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Northern Research Basins Preface 

Annette Semadeni-Davies1*, Lars Bengtsson1 and Göran Westerström2  
1 Dept. Water Resources Engineering, Lund University, Box 118, 22100 Lund, SWEDEN 

2 Dept. Civil & Environ. Engineering, Luleå University of Technology, SE-971 87 Luleå, SWEDEN 
*Corresponding author, e-mail: annette.davies@tvrl.lth.se 

OPENING STATEMENT 
First and foremost, we would like to bid you all welcome to the 30th Anniversary of the 
Northern Research Basins Symposia.  This is the third time Sweden has played host to the 
NRB symposium; the very first was at Edefors in 1975 and while the eighth was held at 
Arbisko in 1990.  These proceedings contain 20 full papers and eight abstracts which cover 
topics ranging from the impacts of climate change on Arctic hydrology to the impacts of 
human activity on local water quality.  We hope the collection furthers research into the 
special nature of hydrological systems in cold regions. 

CONFERENCE THEME 
High latitude environments are of global importance as they are both sensitive to 
environmental changes and can induce those changes.  The significance of Arctic 
environments at the global scale has been explored by the themes of recent NRB symposia, 
notably in terms of climate change.  Examples are:  

Iceland, 1999  – High latitude hydrology and global climate 

Finland/Russia, 2001  – Climate change and impacts on northern hydrology 

Denmark/Greenland, 2003  - The role of high latitudes in global water balance and element 
 budgets 

This NRB symposia takes a step back to the roots of the original objectives set out in 1975 by 
concentrating on the regional and local importance of change in Arctic environments: 

“Linkages between human activities and high latitude hydrological systems” 

The theme stresses the increased demands placed on hydrological basins at high latitudes over 
the last 30 years whether it be due to energy production, new industries or social change 
within Arctic communities.  Obviously, climate variability is also of significance at the 
regional and local scales as changes in snow duration and extent influence animal migration 
as well as the length of the soil active season and plant growth.  The change in focus will open 
the NRB community to new disciplines such as ecology and urban water management. 

NRB HISTORY AND MANDATE 
Arctic environments are vulnerable to change.  The high latitudes include taiga, tundra and 
boreal forest ecosystems.  The topography encompasses both mountains and plains and the 
climate can be maritime or continental.  Yet despite the apparent diversity, there is a common 
thread - the hydrological cycle of the high latitudes is dominated by snow and ice, including 
permafrost. 
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The NRB symposia was established in 1975 as part of the International Hydrological 
Programme (IHP) by the National Committees of Canada, Denmark (Greenland), Finland, 
Norway, Sweden, the USA and the USSR.  The Regional Working Group on Northern 
Research Basins was set up to foster research of river basins in northern latitudes and, unlike 
other snow and ice conferences, NRB is intended specifically for Arctic environments.  
Iceland joined the Working Group in 1992 and Russia has since taken over the role of the 
USSR.  Countries with polar research programmes are eligible for associate membership; 
current associate members are the UK and Japan.  Symposia are held every two years and 
alternate between North America and Europe.   

Each member country can send up to ten delegates to an NRB meeting, and the host country 
can nominate additional participants as observers.  Attendance is also open to observers from 
associate member countries and occasionally non-member countries.  The chief delegate of 
the host country acts as the Chair for the interval from the conclusion of the previous meeting 
until the end of the current meeting. 

Most NRB participants are hydrologists or glaciologists, however, participants have also 
included climatologists, geomorphologists, biologists and ecologists.  The objectives of the 
Northern Research Basins Working Group are: 

(1) to gain a better understanding of hydrologic processes, particularly those in which 
snow, ice, and frozen ground have a major influence on the hydrological regime, 
and to determine the relative importance of each component of the water balance;  

(2) to provide data for the development and testing of transposable models which may 
be applied to regional, national and international water and land resource 
programmes;  

(3) to relate hydrologic processes to the chemical and biological evolution of northern 
basins;  

(4) to assess and predict the effect of Man's activities on the hydrologic regime in 
northern environments;  

(5) to encourage the exchange of personnel (technicians, scientists, research officers 
and others) among participating countries;  

(6) to provide information for the improvement and standardization of measurement 
techniques and network design in northern regions;  

(7) to encourage exchange of information on a regular basis and  

(8) to set up task forces to promote research initiatives on topics of special interest to 
northern research basins.  

NRB TASKFORCES 
NRB fosters research between symposia by initiating taskforces which ask specific questions 
about the Arctic environment.  Current taskforces included prediction for un-gauged basins 
(PUB), remote sensing and water balances in polar regions.  The following terms of reference 
for research taskforces is reprinted from the 9th International Northern Research Basins 
Symposium/Workshop, Canada, 1992. NHRI Symposium No. 10, T.D. Prowse, C.S.L. 
Ommanney and K.E. Ulmer (editors), p. 891-892. 
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(1) The objective of an NRB Task Force is to continue liaison among member 
countries between NRB meetings, through investigation of an area of mutual 
concern. 

(2) A Task Force is constituted for two years, with the possibility of renewal for a 
maximum of two additional years. The Task Force is created during an NRB 
meeting, with a minimum participation of four member countries. 

(3) The Chair of the Task Force is appointed by the member country which proposes 
the subject for the Task Force. The Chair will confirm membership from 
supporting countries within one month of the NRB meeting. 

(4) A work plan should be formulated by the Task Force within one month of its 
creation. The plan is to include the objectives, the investigation approach and 
tangible outputs of the Task Force. 

(5) Membership and work plan of the Task Force must be approved by the Chief 
Delegates of the participating countries. 

(6) A progress report is to be distributed to the Chief Delegates at the end of the first 
year. Modifications are to be made to the work plan as appropriate.  

(7) A final report is to be delivered to the Chief Delegates one month before the next 
NRB meeting so that it may be distributed to the delegates in advance of the 
meeting.  

(8) A summary presentation is to be made by the Chair of the Task Force at the NRB 
meeting.  

(9) It is highly desirable that a proposed Task Force be identified and the concept 
circulated among Chief Delegates prior to an NRB meeting.  

ACKNOWLEDGEMENTS 
The organisers of the 15th NRB Symposium would like to thank FORMAS (Swedish 
Research Council for Environment, Agricultural Sciences and Spatial Planning) and 
Vattenfall for their kind sponsorship.  We would also like to thank our two student helpers: 
Charlotta Borell Lövstedt and Karin Reinosdotter. 
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Exploring the range of uncertainty in climate change 
impacts on runoff and hydropower for the Luleälven River 

Bengt Carlsson*, L. Phil Graham, Johan Andréasson and Jörgen Rosberg 
1 Swedish Meteorological and Hydrological Institute, SE-60176 Norrköping, SWEDEN 

*Corresponding author, e-mail: bengt.carlsson@smhi.se 

ABSTRACT 
River Luleälven is the most important river for hydropower production in all of the Nordic 
countries. The hydrological consequences from climate change are therefore of great 
importance. In this paper a thorough investigation of the effects on the River Luleälven 
resulting from interpretation of two global climate models (GCMs) and numerous regional 
climate models (RCMs) is given. The GCMs used are the models from Hadley Centre 
(HadAM3H) and Max Planck Institute (ECHAM4). The impact from increased resolution in 
the same climate model is addressed.  

Two different approaches, the delta change and the direct methods, to transfer climate change 
from the RCMs to hydrological models are compared. A rudimentary estimate of change in 
hydropower potential on the Luleälven River due to climate change is also presented. The 
ensemble results indicate an overall increase in river flow and earlier spring peak flows 
compared to the present climate. 

KEYWORDS 
Climate change; hydrology modelling; river Luleälven Sweden; HBV; RCM; GCM 

1. INTRODUCTION 
Future changes to climate and climate variability will potentially impact on hydrological 
systems and affect the flow in rivers. This paper discusses both expected hydrological 
outcomes from climate change and differences in methods for estimating these outcomes. The 
work is based on an ensemble of regional climate model (RCM) simulations created within 
the EU PRUDENCE Project (Prediction of Regional scenarios and Uncertainties for Defining 
EuropeaN Climate change risks and Effects. The multiple RCM simulations were used with 
hydrological modeling to estimate hydrological response to changes in climate. We refer to 
this as “hydrological change” in this paper. The focus here is on the Luleälven River Basin in 
the far north of Sweden. 

This paper looks first at how using different RCM simulations affects hydrological change for 
the Luleälven River Basin, as modeled by offline hydrological models. This includes 
modeling 15 anthropogenic climate change scenario simulations from seven different RCMs. 
Aside from multiple RCMs, differences in the climate simulations include two GCMs, two 
emissions scenarios, and different horizontal resolutions in the RCMs. Secondly, the paper 
investigates how using different climate transfer methods affects the outcome of hydrological 
change results. This incorporates the use of more direct transfer methods for selected RCM 
simulations. Finally, rudimentary estimates of change in hydropower potential due to 
hydrological change are presented for the Luleälven River. 
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1.1 The Luleälven River basin 
Figure 1 

The Luleälven River Basin including 
subbasin divisions (thin black lines). 
The grid delineation is one example of 
an RCM resolution at about 50 km 
(RCAO). The red (thick) line shows 
the division into northwest and 
southeast used for calculation of the 
delta factors. The background colors 
indicate elevation. 

 

The Luleälven River is situated in northern Sweden, flowing southeast from the Scandinavian 
Mountains to Bothnian Bay in the Baltic Sea, as shown in Figure 1. The basin area covers 
some 25 000 km2 and the main river channel is about 350 km long. The annual mean 
temperature is about –2.5º C (1961-1990) and the total mean annual precipitation range from 
1000 mm in the upper regions down to 5-600 mm towards the coast. Snowmelt induced peak 
river flows typically occur in late May or early June. Mean annual river discharge for the 
period 1930-1990 is 486m3/s. The Luleälven River is extensively regulated with a total of 15 
hydropower stations along its mainstem and tributaries. 

2. METHODS AND MODELS 

2.1 Regional Climate Models and scenarios 
RCMs are used as a means to downscale from the global scale of GCM simulations to 
regional scales. In this sense, the GCM is used to provide a consistent representation of the 
large-scale global circulation, while the RCM is used to introduce more detail to the climate 
simulations due to regional features such as topography and inland seas (Rummukainen et al., 
2001). In both cases, simulations are produced for a control climate representing present-day 
climate conditions and for future climates representing various greenhouse gas emissions 
scenarios.The two future climate scenarios are based on the IPCC (Intergovernmental Panel 
on Climate Change) A2 and B2 SRES anthropogenic emissions. The A2 scenario is the more 
severe of the two. Two GCMs were used to provide boundary conditions for the RCMs. 
These were the HadAM3H (an atmospheric version of HadCM3, Hadley Centre, United 
Kingdom; (Gordon et al., 2000; Pope et al., 2000) and ECHAM4/OPYC3 (Max-Planck-
Institute for Meteorology, Germany; (Roeckner et al., 1999). Most simulations were 
performed with a horizontal resolution around 50 km, using the HadAM3H scenario A2 as 
driving conditions at the RCM boundaries. With the exception of the two 25 km simulations 
(RCAO25, HIRHAM25), all references to RCM names henceforth indicate the ~50 km 
simulations. For all cases, 30-year control climate simulations of present climate representing 
the period 1961-1990 were compared to future climate simulations representing the period 
2071-2100.  

2.2 HBV Hydrological Model 
The HBV hydrological HBV (Bergström, 1995; Lindström et al., 1997) was used to interpret 
hydrological change from the ensemble of climate scenarios. This is a conceptual semi-
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distributed rainfall runoff model originally developed for operational runoff forecasting. It has 
also been extensively used to perform impact studies for climate change assessments 
(Vehviläinen and Huttunen, 1997; Bergström et al., 2001; Gardelin et al., 2002; Andréasson et 
al., 2004). The model is usually operated on a daily timestep and includes routines for snow 
accumulation and melt, soil moisture accounting, groundwater response and river routing. 
HBV is typically calibrated against river flow observations with the help of an automatic 
calibration routine (Lindström, 1997) to obtain optimal performance in terms of both seasonal 
dynamics and balanced runoff volume. 

2.3 Interfacing the transfer between RCMS and HBV 
Outputs from regional climate models are subject to systematic biases. Although this can be 
particularly pronounced for precipitation, it can also be true for 2 m temperature. Due to such 
biases, direct use of output from RCM control simulations into hydrological model 
simulations typically leads to considerable deviation in river discharge from observations. 
Therefore, an interface to transfer simulation results from RCMs to hydrological impact 
models is required. 

 

Figure 2 Schematic illustration of (a) the delta approach, and (b) the scaling approach. 

2.3.1 Delta Approach 
The most common method used to transfer the signal of climate change from climate models 
to hydrological models has been the delta approach (e.g. (Vehviläinen and Huttunen, 1997; 
Lettenmaier et al., 1999; Middelkoop et al., 2001; Graham, 2004), sometime referred to as the 
“delta change” approach. In this approach, only differences in the most relevant climate 
variables—typically precipitation, temperature and evapotranspiration—are extracted from 
the control and scenario simulations of the climate model and processed in a model interface 
before being transferred onto an observed database. The delta-perturbed database is thereafter 
used to make offline simulations with a hydrological model to provide a response to the future 
climate. A schematic illustration of this modeling chain is shown in Figure 2a. 

2.3.2 Scaling Approach 
In a perfect world, using the output from climate model control simulations in hydrological 
models should give a similar mean hydrological response as using observed climate input for 
the same representative period. The fact that this is typically not the case is the most common 
argument for using the delta approach. However, using the delta approach typically does not 
include changes in variability between RCM control and scenario simulations. One way to 
make more use of information from climate models while producing reasonable hydrological 
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simulations for the present climate is to use a scaling approach. Scaling implies an adjustment 
of specific variables to reduce systematic biases; a schematic of this approach is shown in 
Figure 2b. In this approach, the scaling factors derived for the control simulation of a 
particular climate model are applied to adjust scenario simulations from the same RCM. With 
the aim of altering RCM results as little as possible, only simple techniques for scaling 
precipitation and temperature were tested here. 

2.4 Assessing effects on hydropower 
The Luleälven River is an important source of hydropower for both Sweden and the other 
Nordic countries. To determine how projected climate change might affect this economic 
resource, a simple method to calculate hydropower potential was used. This employs a simple 
linear relationship of annual hydropower production against total annual river discharge in the 
river. As documented by Carlsson (2001), a linear regression fitted to data for the period 
1982-1997 achieved an R2 fit of 0.7. Although this is admittedly a coarse approach, it does 
provide numbers for a relative comparison. However, it is important to point out that this 
method only provides estimates of “potential.” Generation and timing of hydropower is based 
on numerous complex parameters and a detailed study of future hydropower requires much 
more detail than can be provided here, not the least of which would be scenarios of how the 
future regional power mix for Northern Europe will develop. 

3. RESULTS 

3.1 Ensemble of delta approach simulations 
Results from the RCM ensemble of delta approach hydrological simulations for the total 
Luleälven River are shown in Figures 3 and 4. A hydrological simulation using the GCM 
HadAM3H was also included, bringing the total to 15 simulations. Figure 3 presents both the 
climate model meteorological changes interpreted with the delta approach and the resulting 
impacts on river discharge; for simplicity, specific RCMs are not identified.  

Looking first at Figure 3a, the range of mean seasonal 2 m temperature from the future 
climate states is shown. Although all of the models exhibit similar dynamics, they differ from 
each other some 1-2ºC throughout the year. Most of the simulations correspond to an annual 
increase of 4 to 5ºC. The HadAM3H-A2 driving GCM exhibits the warmest trend for summer 
and autumn temperatures, but does not stand out during the rest of the year. The largest 
change in temperature for all model simulations occurs in the winter months. Although the 
largest temperature change occurs at mean temperatures well below zero, one should keep in 
mind that these are average values in both time and space over the entire basin and do not 
exclude the occurrence of increased snowmelt for different parts of the basin during some 
years.  

From Figure 3b, it can be seen that all simulations project an increase of precipitation 
throughout the year for the Luleälven River Basin. The largest increases are shown during 
autumn and winter for most of the simulations.  
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Figure 3 Basinwide a) 2 m temperature, b) precipitation, and c-f) river discharge for HBV 
hydrological simulations using the delta approach with an ensemble of 15 climate 
model simulations for the Luleälven River Basin. Meteorological inputs a) and b) 
represent future conditions and are observations from 1982-1998 plus scenario 
changes. The grey lines are the actual observations used for the reference 
simulation; the dotted line in a) shows results from HadAM3H. Mean river 
discharge for all simulations is shown in c). The remaining plots show mean 
maximum and minimum for, d) all A2 (thick lines) and all B2 (thin lines) 
simulations, e) all HadAM3H (thick lines) and all ECHAM4/OPYC3 (thin lines) 
simulations, and f) the two 25 km simulations. Observed river discharge is shown 
in grey. 

All of the river discharge results are shown in Figure 3c, which provides an overview of the 
range of impacts from the different RCM simulations. The remaining plots in Figure 3 
summarize simulations according to similar driving conditions and model resolutions. In each 
of these plots, the mean maximum and mean minimum river discharge for each grouping are 
plotted to show corresponding ranges. Figure 4 summarizes mean annual river discharge for 
all of the delta approach simulations. Maximum, mean and minimum annual river discharge 
resulting from each of the climate models is shown, together with the reference simulation for 
the present climate.  

3.2 Scaling approach simulations 
Three climate model pairs of control and A2 scenario simulations were chosen for use in tests 
of the scaling approach. These were from the global climate model HadAM3H and two RCM 
simulations, RCAO and RCAO25, driven by the same model. Choosing these three model 
simulations also provided consistent results to assess the value of increased climate model 
resolution. 
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Figure 4 Mean maximum, mean annual and mean minimum river discharge for Luleälven 
River from HBV hydrological simulations using the delta approach. The 
simulations are grouped according to boundary GCM and scenario. For 
comparison, the HBV reference simulation for 1982-1998 is shown. 

None of these climate models, regardless of resolution, were able to produce hydrological 
model simulations that were comparable to using observed climate as input (i.e. the reference 
simulation). The direct input simulation from the GCM gave a volume error of –9% as 
compared to the reference simulation.  

With scaling applied on an annual basis, the volume error for the GCM control simulations 
was reduced to less than 3%, but the spring peak flow was overestimated by as much as 30%, 
on average; winter and autumn river discharge was underestimated. Scaling on a monthly 
basis considerably improved the results, but the spring peak flow was still overestimated by 
13%, on average. The scaling simulations using RCAO and RCAO25 simulations gave nearly 
identical results for both annual and monthly scaling.  

Figure 5 shows how annual corrections for precipitation and temperature vary spatially within 
the basin. High corrections are needed for the GCM in the northwestern part of the basin and 
lower corrections are needed to the southeast. 

For temperature, all three model cases show a warm deviation from the observed temperature. 
The highest correction factors were needed for the GCM simulation for all seasons. The 
lowest correction factors were needed for RCAO25, although the difference compared to 
RCAO was small.  
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Figure 5 Deviation from observed precipitation (corrected for undercatch) and temperature 
for HadAM3H, RCAO49 and RCAO25 in the Luleälven River Basin. 

3.3 Delta simulations versus scaling simulations 
Some comparison of results, based on the RCAO-H simulations, between the delta approach 
and the scaling approach follows here, Figures 6a and 6b. Three main questions are of 
interest, 1) changes in seasonal dynamics, 2) changes in runoff volumes and 3) changes in 
extreme river discharge. Concerning seasonal dynamics, both methods agreed on an earlier 
spring flood and higher winter and autumn runoff. Use of the delta approach, however, 
resulted in lower spring peak flows, whereas the scaling approach shows some increase. The 
opposite is true for summer flows, where the scaling approach shows more decrease than the 
delta approach. Regarding mean annual runoff volumes, the two methods gave comparable 
results with an increased annual volume of about +15%, which can be seen from the location 
of the plotted means in Figure 6a. 

The largest difference between the methods was found for extreme runoff, as shown in 
Table V and Figure 6b. Table 1 lists changes in the 20-year flood for the delta approach with 
RCAO and the scaling approach with HadAM3H, RCAO, RCAO25. The delta approach 
resulted in a decrease of the 20-year flood of about 10%, both on an annual basis and for 
spring. The autumn flood increased by almost 20%. For the scaling approach based on the 
same resolution (RCAO-H/A2), the result was almost the opposite. Both the annual and 
spring 20-year floods increased by about 15%, while the autumn flood decreased by 19% 
compared to the reference simulation and 10 % compared to its own control simulation. These 
differences are also apparent in Figure 6b, which shows differences in the annual maximums. 
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a b 

Figure 6 (a) Mean annual runoff and (b) maximum annual runoff plotted against mean 
annual temperature for the HBV reference simulation (1961-1990), annually 
scaled RCAO49-H/ctrl, HadAM3H-ctrl, corresponding scaled A2 scenarios, and 
the corresponding A2 delta scenario. Small dots show individual years and large 
dots are the respective mean values for all years. 

Table 1 Percent change in 20-year flood relative to the reference simulation and also 
relative to the scaled control for scaling simulations. All simulations were scaled 
on an annual basis. Spring is defined as January-July and autumn as August-
December. 

  

scaled 
HadAM3H 

ctrl 

scaled 
RCAO    

ctrl 

scaled 
RCAO25  

ctrl 

Delta 
RCAO 
H/A2 

scaled 
HadAM3H 

A2 

scaled 
RCAO     
H/A2 

scaled 
RCAO25   

H/A2 
Period Ref Ref Ref Ref Ref Ctrl Ref Ctrl Ref Ctrl

Spring (%) 42 3 0 -10 40 -1 17 14 12 12 
Autumn (%) 5 -10 -12 19 26 20 -19 -10 -9 4 
Annual (%) 42 3 0 -12 39 -2 17 14 12 12 

 

Table 2 Annual percent change in potential hydropower production. The headings indicate 
 the GCM used (H=HadAM3H, E=ECHAM4/OPYC3) and the emissions 
scenario  (A2, B2). 

Model  RCAO 
H/A2 

RCAO
H/B2 

RCAO 
E/A2 

RCAO 
E/B2 

RCAO25 
H/A2 

HIRHAM 
H/A2 

HIRHAM 
E/A2 

TWh (%)  26 18 59 44 29 34 50 

Model HIRHAM 
E/B2 

HIRHAM25 
H/A2 

CHRM
H/A2 

RACMO 
H/A2 

CLM 
H/A2 

REMO 
H/A2 

HadRM3 
H/A2 

HadAM3H 
A2 

TWh (%) 39 31 27 25 27 28 37 36 

3.4 Effects on hydropower 
Table 2 summarizes the annual percent change in potential hydropower from the Luleälven 
River according to the 15 delta approach simulations presented in section 3.1. Given the fact 
that all simulations showed some increase in annual river discharge (Figure 4), it is not 
surprising that all simulations also show an increase in hydropower potential using the simple 
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linear regression approach introduced in section 2.4. The range is from +18% for the RCAO-
H/B2 simulation to +50% for the HIRHAM-E/A2 simulation. The mean from the ensemble of 
RCM simulations (excluding the HadAm3H simulation shown in the table) is +34%. 

4. DISCUSSION 
Results from the delta approach provide an overall comparison of how the assessment of 
hydrological change is affected by using numerous different RCM configurations. It is a 
robust method making it possible to use output from climate models even if they do not 
produce a present climate with similar statistics to observations. The scaling approach 
provides results on extremes that are more consistent with the RCMs, however it is best used 
with models that provide good representation of regional seasonality. Both of these methods 
make considerable modification to climate model results and implicitly assume that the 
systematic biases for the present climate will be the same for the future climate. Advantages 
and shortcomings of the two approaches are detailed below. 

Advantages of the delta approach: As it uses observed climate as a baseline, the capability of 
the RCM to produce simulations that are comparable to observed climate is unnecessary. It is 
stable and always gives results that can be related to present conditions. 

Shortcomings of the delta approach: The use of observed climate as a baseline implies that 
the number of rainy days does not change for a future climate. Extreme precipitation is 
modified by the same factor as all other precipitation events.  

Advantages of the scaling approach: It provides a more direct representation of RCM results 
and thus climate variability more consistent with the RCM simulations. It has potential to 
develop together with the RCMs, such that eventually little or no scaling may be necessary. It 
can make use of increased detail in the RCM simulations, e.g. increased resolution. 

Shortcomings of the scaling approach: It is quite sensitive to the quality of the RCM used as 
input. It assumes a static bias correction that may not adequately represent future climate 
changes, such as changes in circulation.  

5. CONCLUSIONS 
Specific conclusions highlighted by this work are listed below: 
• An ensemble of future climate projections indicates an overall increase in runoff from the 

Luleälven River Basin, with peak spring flows occurring about one month earlier than for 
the present climate. 

• The ensemble of future climate simulations indicates a mean increase in hydropower 
potential of some 34% over present day conditions. 

• The choice of GCM in providing boundary conditions for RCMs plays a larger role in 
hydrological change than the choice of emissions scenario. 

• Although using numerous RCMs driven by the same GCM results in similar overall 
trends, it provides the addedbenefit of a range of outcomes that would not be available 
from a single RCM. 

• The delta approach is limited as to how much it can take advantage from increased RCM 
resolution. 
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• The delta and scaling approaches give similar results regarding changes in runoff 
volumes, but they differ regarding seasonal dynamics and extreme river discharge. 
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ABSTRACT 
Records of discharge from partially-glacierised basins in the upper Rhône catchment, 
Switzerland, were examined together with air temperature and precipitation data in order to 
assess impacts of climatic fluctuation and percentage glacierisation on runoff, as glaciers 
declined from dimensions attained during the Little Ice Age.  Above 60% glacierisation, year-
to-year variations in runoff mimicked mean May-September air temperature, rising in the 
warm 1940s, declining in the cool 1970s, before increasing (by 50%) into the warm dry 
1990s/2000s.  In basins with between 35 and 60% glacierisation, flow also increased into the 
1980s but waned through the 1990s.  With less than 2% glacierisation, the pattern of runoff 
was broadly the inverse of temperature, dipping in the 1940s, rising in the cool wet late 
1960s, and declining into the 1990s/2000s, glacier melt in warm years being insufficient to 
offset lack of precipitation.  As smaller glaciers tend to exist at relatively low elevations and 
have limited vertical extent, the transient snow line probably rises higher than the highest 
point.  Only on large glaciers with considerable vertical ice extent can the transient snowline 
continue to ascend exposing more ice to melt, increasing runoff in warm years if the area 
added at the upper end exceeds that lost at lower margins through glacier recession.                    

KEYWORDS 
Glacierised basins; runoff; meltwater discharge; glacier recession; climatic fluctuation 

1. INTRODUCTION 
As glaciers decline from dimensions attained during the Little Ice Age, destocking of ice adds 
a component to runoff from glacierised Alpine basins in excess of that related to 
contemporary levels of precipitation.  This additional component of flow can not be sustained 
indefinitely, as, if climatic trends continue, glaciers will ultimately disappear, and runoff will 
be reduced to amounts solely reflecting precipitation.  Runoff from a glacierised basin 
consists of two fractions, one arising from the ice-free portion and the other from the glacier 
itself.  Opposing responses of the ice-free and glacierised portions of a catchment to the same 
hydrometeorological input tend to moderate year to year variation of runoff from a glacierised 
basin.  Even a small percentage of ice cover (<1%) reduces the variability of annual total 
runoff with respect to that of annual total precipitation (Kasser 1959), variability declining 
further to a minimum as glacierisation reaches between 20 and 60% of basin area (Krimmel 
and Tangborn 1974; Fountain and Tangborn 1985; Collins 1988).  That this interaction is 
influenced by the relative areal dimensions of  ice-free and glacier-covered portions of a basin 
(as well as by precipitation and thermal energy availability for melting) suggests that 
percentage glacierisation of basin will also affect runoff responses to warming climate and 
associated declining glacier-cover.  How runoff responds to declining glacierisation depends 
on the rate at which energy input is enhanced, any changes in precipitation regime, and the 
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rate at which glacier dimensions respond to climatic fluctuations.  Although runoff from 
glaciers will in the end decline, there remains the question of whether flow will first increase 
before decreasing, as has been suggested in some assessments (e.g. World Wildlife Fund 
2005).  The aim of this paper is to describe variations in hydrometeorological conditions and 
runoff from Alpine glacierised basins with differing percentage glacier cover, during a period 
of climatic fluctuation and glacier decline.  Four basins in the upper Rhône catchment, above 
Lac Leman, Switzerland, previously studied by Collins (1989a), are examined. 

Total runoff in a year from the ice-free zone is always less than the annual total precipitation 
over that area, is directly proportional to the amount of precipitation, and has year-to-year 
variability close to that of precipitation.  Total annual runoff  from the glacierised area 
essentially depends on the interaction between snowfall and the amount of heat energy 
available for melt.  The sooner and higher the transient snowline rises in early summer, the 
thicker the layer of ice melted and the larger the area of ice exposed to melt.  High runoff is 
favoured therefore when warm summers follow winters with limited snow cover.  Under such 
conditions, runoff can exceed precipitation as the glacier loses more mass through ice ablation 
than is replenished by snow accumulation above the final high elevation to which the transient 
snow line rises.  Collins (1989a) considered that runoff would probably be maintained as 
Alpine glaciers continued to retreat.  The transient snowline would progressively rise to 
higher elevation, expanding the area exposed to melting and offsetting loss of planimetric area 
at lower ice margins, until such time that the snowline rose above the upper limit of the 
glacier at high elevation.  Addition of 15 years data to the hydrometeorological and discharge 
records now allows evaluation of this prognostication.  

2. MEASUREMENTS 

2.1 Characteristics of basins 
Records of runoff from four basins, with differing extents of glacier cover but exposed to the 
same pattern of climatic influences, have been examined.  Physiographic characteristics of the 
basins and glaciers are given in Table 1, and locations shown in Figure 1.  With the exception 
of Grande Eau basin, which has been slightly influenced by hydropower adduction since 
1957, choice of basins was limited to those subject to natural flow.  Following construction of 
a dam, the gauge on the Massa was relocated to Blatten-bei-Naters, upstream of the former 
station at Massaboden, from 1965, with concomitant shifts in basin area and glacierisation.  
Several small glaciers fringe the south-eastern rim of the Grande Eau catchment.   

2.2 Hydrometeorological records and climatic variables 
Mean summer air temperature between May and September (T5-9) extracted from the long 
record (from 1865) at Couvent des Capucins, Sion (549 m a.s.l.) has been found to correlate 
well both with temperature records from other stations in the upper Rhône basin and with 
discharge from glacierised basins (Collins 1987, 1989b), and hence can be taken as indicative 
of temporal patterns of energy availability in the region.  Measurements at Sion ceased in 
1977, but the subsequent series can be constructed from relationships between air 
temperatures at Sion, Grächen (1617 m), and Saas Almagell (1669 m) where measurements 
ceased in 1994.  Precipitation in Alpine areas is not uniform, but the record at Zermatt 
probably indicates year-to-year variations of precipitation over glacierised basins at higher 
elevations. Total precipitation between November and October (P11-10) reflects build up of 
winter snowpack and release in the following summer. 
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Table 2 Characteristics of glacierised areas and drainage basins 
River/Gauging station Area Basin Elevation Range Glacierisation 
    km2 m a.s.l. % year
Grand Eau/Aigle 132.0 414-3210 1.9 1977
  1.8 2002
Lonza/Blatten 77.8 1520-3897 40.6 1977
  36.5 2002
Rhône/Gletsch 38.9 1761-3634 56.4 1977
  52.2 2002
Massa/Massaboden 202.0 687-4195 67.6 1934
  64.1 1957
Massa/Blatten-bei-Naters 195.0 1446-4195 66.6 1977
  65.9 2002

 

 

Figure 2 Locations of catchment areas nested in the Rhône basin, Valais, Switzerland.  
Gauging and meteorological stations, from which records have been used in this 
study, are indicated.  Glacierised areas within the study basins are shaded. 
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3. TEMPORAL VARIATIONS OF CLIMATE AND RUNOFF 
Secular trends in climatic variation influencing runoff and glacier decline from maximum 
Little Ice Age extent are illustrated by plots of T5-9 at Sion, Grächen and Saas Almagell, and 
P11-10 at Zermatt (Figure 2).  Year-to-year variability of T5-9  was considerable throughout but 
with underlying cyclical fluctuation.  From warm years in the 1860s, mean quinquennial T5-9 
fell about 2 Celsius degrees by the 1880s, before rising again at the beginning of the twentieth 
century to 17.3°C in 1906.  After a low of 15.9°C in 1914, five-year running means of T5-9 
reached maxima of 18.4°C in the late 1940s, with an exceptionally warm summer in 1947.  
Summer temperature then generally declined until the late 1970s (mean of 16.8°C centred on 
1979), with 1965, 1972 and 1978 cool years.  Recovery from the early 1980s has been 
sustained, to the series maximum five-year mean of 19.2°C in 1999-2003.   T5-9 in 2003 
(20.85°C)  exceeded 1947 by 1.08 degrees. 

 

 

Figure 3 Year-to-year variation of mean summer air temperature (T5-9) at Sion, Grächen 
and Saas Almagell (upper), annual total precipitation between November and 
October (P11-10) at Zermatt (centre), and annual total discharge of the Massa in the 
months May through September (Q5-9).  From 1978 through 2000, (T5-9) at Sion 
(thin line) was estimated from records at Grächen and Saas Almagell.  The mean 
of each series is indicated by a horizontal line. 
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Total annual precipitation (P11-10) at Zermatt was also characterised by year-to-year 
variability.  Very dry years at the end of the nineteenth century were followed by two decades 
which included the three wettest years.  From the late 1930s to the early 1950s, precipitation 
was relatively low, accompanying generally warm summers, with 1942/43 the driest year of 
the twentieth century.  Wetter conditions returned with cooler summers from the late 1950s 
through to the early 1980s, 1979/80 being the wettest year since 1913/14.  The years 1976/77 
through 1980/81 had the highest quinquennial total annual precipitation in the record.  
Precipitation was then generally below average for much of the warm 1980s and 1990s. 

Annual discharge totals of the Massa, which drains the basin containing Grosser 
Aletschgletscher, for the months May through September (Q5-9) varied substantially from year 
to year, Q5-9 mimicking fluctuations in T5-9., as shown in Figure 2.  Runoff increased 
substantially in response to warming between the 1930s and 1940s – an increase of 23.5% for 
a rise in decadal average T5-9 of 0.71 Celsius degrees.  Discharge then declined by 21.7% 
from the 10-year period high (1941-1952) to the low (1972-1981), reflecting a fall in 
corresponding decadal mean summer air temperature of 1.06°C.  Discharge in the 1970s was 
reduced by comparison with the 1930s by ~15%, with decadal T5-9 reduced by 0.4°C.  Change 
in location of the gauging station on the Massa accounts for about a 3% change in runoff.  
Runoff was restored with rising energy availability from 1982.  Quinquennial average 
summer runoff increased substantially (by 51%) between 1976-1981 (minimum of 313.67 × 
106 m3) and 1999-2003 (maximum of 473.50 × 106 m3) for a surprisingly large corresponding 
increase in T5-9 of 2.34 degrees Celsius.  Although summer of 2003 was warmer than that of 
1947, Q5-9 of 605.94 × 106 m3 in 2003 failed to exceed the series maximum, 631.62 × 106 m3. 

Year-to-year variations in annual total runoff (Q1-12) for the four basins are shown in Figure 3.  
Intra-annual variations of runoff in the Lonza, Rhône and Massa, the rivers draining the three 
basins with significant glacierisation, were broadly synchronous, aligned with fluctuations of 
T5-9.  However, whilst the patterns of first differences of runoff between years correspond, 
there is little coherence in absolute annual runoff amounts.   Runoff in the Lonza and  Rhône 
failed to show the great increases of the more highly-glacierised Massa in the 1990s.  
Nonetheless, runoff was significantly higher than in surrounding years in all three basins in 
the same four years in the warming period from 1982.   The years with the four highest flows 
were 1982, 1994, 1999 and 2003.   Annual total runoff in the Massa was greater in 2003 than 
in 1994.  The rank ordering of years by decreasing discharge in the Massa is 2003,  1994, 
1999 and 1982.   For the Rhône, the order is 1994, 1999, 1982 and 2003,  and for the Lonza, 
1982, 1994, 2003 and 1999.  In the latter two basins, with between 35 and 60% glacier cover, 
the year with the highest annual runoff in the warming period since the cool 1970s was not 
the year with the warmest summer.                   

In the least-glacierised basin, discharge of the Grande Eau generally reflected precipitation, 
rising to a maximum in the late 1960s, declining in the early 1970s before increasing again in 
the late 1970s/early 1980s.  During the warm period since 1982, runoff has declined, again 
reflecting below average precipitation inputs and high evaporation.  Flow was much depleted 
in 2003.  Particularly wet years stand out in the record, 1965/66, 1969/70, the period 1976/77 
through 1980/81, and 1994/95.  In many respects, the year-to-year pattern of runoff in the 
Grande Eau is the opposite of that from the highly-glacierised Massa basin.  During the drier 
early 1970s, when icemelt from the small glaciers might have been expected to offset reduced 
runoff from precipitation, flows in the Grande Eau were low because of reduced energy 
inputs.  In the 1990s and the first few years of the twenty-first century, melting of ice in the 
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small glacierised area was insufficient to make an impression on runoff reduced through the 
lack of precipitation over the large ice-free zone in winter. 

4. DISCUSSION 
The underlying cyclical pattern of warming following the period of maximum extent of 
glaciers in the Little Ice Age indicated by the meteorological records from Sion and Zermatt 
parallels the general pattern experienced in the Alps (e.g. Beniston et al. 1994; Beniston 
2000).  Mean summer temperature has oscillated through about 2.5°C from the beginning of 
the twentieth century to the late 1940s, down to the late 1970s and then up again in the 
1990s/2000s warm period.  Whilst the 1940s warming was also accompanied by drier 
conditions, the warming experienced from the early 1980s was accompanied by significant 
reduction in precipitation, related to persistent blocking high pressure conditions across the 
Alps (Beniston and Jungo 2002).  

 

Figure 4 Year-to-year variations of annual total discharge (between January and 
December(Q1-12)) of the Grande Eau, Lonza, Rhône and Massa.  

From Little Ice Age maximum extents, individual glacier areas have been reducing since 
around 1850.  Typically, the planimetric area of Rhônegletscher was reduced in extent from 
20.19 km2 in 1850 to 17.60 km2 in 1973, a loss of 12.8% of the area (Maisch et al.1999).  The 
glacierised area of the Rhône basin above the gauge at Gletsch (i.e. Rhônegletscher and other 
small bodies of ice) was then further reduced by 7.5% between 1977 and 2002.  Loss of  
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glacier area occurred at an accelerating rate in the warm and dry conditions existing from 
1982.  The glacierised area in the Massa basin however diminished only by 1.05% between 
1977 and 2002 (Table 1), having previously lost 7.27 km2 of ice surface area (5.34%) between 
1934 and 1957.  In the longer term, as the mass of ice is reduced, runoff from the glacierised 
portion of a basin area might be expected to decline, as water yield is effectively determined 
by the rate of heat exchange and the surface area of ice over which melting takes place.  How 
removal each year of a layer (a volume) of ice from the ablation zone surface translates into 
loss of planimetric area depends on the geometry of glacier cross-sectional area.  Glacier area 
will be reduced most readily where ablation area ice margins are thin.  Each glacier will suffer 
different patterns of  area loss for a given mass loss according to local physiography.  
Reduction in glacier area occurred throughout the twentieth century, including periods when 
energy availability for melting was reducing. For example, glaciers continued to lose mass 
during the cooling period between the 1940s and the 1980s.  Throughout the twentieth 
century therefore it appears that precipitation levels were inadequate to maintain the flow of 
glaciers to lower elevations to replenish melted ice.   

In the longer term, loss of ice surface area at the lower margins of the ablation zone may 
however be offset by the transient snowline progressively ascending sooner to higher 
elevations and exposing ice or firn to melt.  The additional area that could contribute to melt 
added for a given rise of the transient snowline depends on the hypsometry of the glacier. 
Different runoff responses to the same pattern of warming between 1982 and 2003 in basins 
with differing proportions of ice cover are of interest with respect to the impact of changing 
glacier areas on runoff. Glaciers are expected to moderate year-to-year variations in runoff 
from partially glacierised basins, in hot dry summers, by producing meltwater to maintain 
flow when other sources of runoff are scarce. In 2003, glacier melt appears to have been 
lacking in both the Grande Eau and Rhône basins.  In the Massa basin, more heat in 
successive years continued to produce more runoff.   

Variation in runoff response to warming in the four basins with differing percentage 
glacierisation relates at least in part to the distribution of the glacier-covered area with 
elevation and the vertical extent of the glacier.  As precipitation increases with elevation, 
glaciers originating at higher elevations will accumulate sufficient mass to withstand melting  
and hence flow farther down slope to lower elevations.  The upper limit of glacierisation in a 
mountain range depends on topography, and summit elevations fix that limit.  The altitudinal 
limits of the glacierised areas in each of the basins are plotted as a vertical line with respect to 
percentage glacierisation in Figure 4.  Grosser Aletschgletscher in the Massa basin is the 
largest glacier and starts higher and terminates lower than the other three.  The watershed of 
the Grande Eau basin is of limited height, and consequently glaciers are poorly nourished, are 
small and have limited vertical extent.  A schematic distribution of vertical extents of glaciers 
for theoretical percentage glacierisation of basin in the upper Rhône catchment is shaded in 
Figure 4. 

Assuming, in a fairly warm dry period, the transient snow line rises to a final elevation of 
about  3500 m a.s.l.  Snow will have been  removed from all the glacierised area in the 
Grande Eau basin each year.  Mass balance of the small glaciers will be strongly negative.  
The ice area over which heat can be exchanged whilst small is at a maximum, and the glacier 
component of runoff  depends on energy availability only.  The glaciers in the Grande Eau 
basin, already small, will soon disappear.  In a very warm year the same area will be exposed 
to melt.  In the Rhône basin, as the transient snow line rises up the glacierised area, runoff 
production is related both to area and energy input.  Once the snow line has exposed all the 
glacierised area, runoff production is just energy related.  In both the Lonza and Massa basins, 
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rising of the transient snow line ever higher continues to expose a wider area of ice to melt 
and hence leads to increasing discharge.  In Figure 4, the gauge on the Rhône at Gletsch 
provides an anomaly in that relatively high percentage glacierisation is achieved by locating 
the gauge close to a relatively small glacier, which occupies a limited elevation range.  This 
explains the anomalous runoff response of the Rhône to hydrometeorological conditions in 
particularly warm years.  For although the basin was 52% glacier covered, in a warm year all 
the glacier is exposed to melt. There is no further possible extension of the area of exposed ice 
in very warm year. 

 

 

Figure 5 Elevations of upper and lower limits of the glacierised area plotted against 
percentage basin glacierisation.  The shaded area shows schematically the ranges 
of elevations within which glaciers occur in the Rhône basin assuming glacier 
dimensions increase with increasing glacierisation. 

5. CONCLUSIONS 
Since the Little Ice Age maximum, areal extent of glacier-cover in sub-basins of the upper 
Rhône catchment, as elsewhere in the Alps, reduced considerably in response to two periods 
of climatic warming during which  energy availability for melting generally increased and 
precipitation declined.  Glacier melt, and hence runoff from glaciers, is influenced by energy 
availability for melting, which also influences the area of bare ice exposed to melt, and which 
in turn affects the mass of ice melted.  The area of ice exposed to melting also depends on 
winter precipitation such that the bare ice area is likely to be greater in years with limited 
accumulation of snow pack.  Runoff from highly-glacierised basins in the Alps, containing 
large glaciers with large vertical extents, was therefore strongly influenced by energy 
availability for melting with high levels of discharge during the 1940s/1950s and in the 1980s 
through 2000s.  Year-to-year variability of runoff in such basins is marked, but, 
hydrologically, in the longer term, loss of surface area by recession of the lower margins of 
glaciers has been offset by the transient snowline progressing up glacier to yield melt at 
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higher elevations. Runoff in the second warming period, since 1982, has reached levels 
previously attained in the 1940s in spite of overall decline in glacier planimetric area.  As 
glaciers recede through warming and drying, provided sufficient vertical extent, runoff can 
increase before decreasing provided the rate at which the transient snow line enlarges the 
bare-ice area is greater than the rate at which ice is lost at lower margins.   

Runoff from glaciers with limited vertical extent has been constrained, in the longer term, in 
that once the elevation attained by the transient snowline has encompassed the entire area of 
the glacier, the area of ice over which melting takes place diminishes.  Year-to-year variations 
in runoff from basins with small percentage glacierisation tend to be dominated by 
fluctuations of  total annual precipitation.  Although the quantity of water produced by melt 
per square metre of ice will be higher than the water yield (precipitation-evaporation) per 
square metre of  ice-free area, the product of specific yields and areas of respective portions of 
basin favours the ice-free area.   Runoff from ice-free areas declined in the dry 1980s-2000s, 
and in basins with small glaciers only, icemelt was not enough to compensate for much of that 
loss.  Runoff from smaller glaciers will decline as the area of ice reduces.  In large basins, 
which include large glaciers, but as a small portion of overall area, during warm dry periods 
runoff will decline overall, even if close to the glaciers flow actually increases.  

The term ‘percentage glacierisation’ is arbitrary.  The location of a gauging station defines 
basin area and hence the glacier area contained.    The basin of the Rhône at Gletsch is highly-
glacierised at 52%, but the area of ice included is small (20.3 km2 in 2002) and of limited 
vertical extent.  The Lonza above Blatten contains 28.4 km2 of ice, descending from 3892 m 
a.s.l., but making up only 36.5% of the area. Glacier dimensions and glacier hypsometry, the 
distribution of ice area by elevation, may prove  more useful concepts in assessing future 
water yield as glaciers decline. 
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ABSTRACT 
The main aim of the present study is to estimate the regional climate change and its variability 
by analysing data from multi-year records of basic climatic parameters (air temperature, 
precipitation, evapotranspiration, river runoff, etc.). Variability of the hydrological regime of 
individual rivers and lakes, as well as the study area at large related to the regional climate 
change is presented and discussed. As the result of the statistical analysis of the climate, water 
balance and water level for the largest lakes in Karelia (Ladoga and Onego) over the period 
1880-2000, their noticeable changes were detected. It was found that time series of annual air 
temperature, precipitation and evapotranspiration over a 120-year period contain significant 
positive linear trends, and river runoff contains a negative trend for the given period. 
Considerable climate changes in the region in those years are manifest also in a shorter period 
of snow cover in the catchments and a longer ice-free period on the lakes. Potential changes in 
the regional climate and hydrologic regime for the period 2000-2050 were estimated using the 
results of numerical modeling with the ECHAM4/OPYC3 model and for two scenarios of the 
global climate change. 

KEYWORDS 
Climate change, water balance elements, index of continentality, water mass temperature 

1. INTRODUCTION 
Statistical analysis of the meteorological and water balance data reveals noticeable changes 
and fluctuations of the climatic and hydrological regime in Northwest Russia in 1880-2000. 
Seasonal air temperature statistics for weather stations located in Karelia show some temporal 
sequences for different seasons with positive and negative linear trends. Considerable climate 
fluctuations in the region are manifest also in the varying length of the period of snow cover 
in the catchment areas and the ice-free period on the lakes. Regarding the ice cover on Lake 
Onego, from 1880 to present, the number of ice-free days decreased from 225 to 217. 
According to GCM modelling, noticeable changes in water balance elements may take place 
(increase in annual precipitation and, more strongly, in evaporation, and decrease in the total 
river runoff). In the future, climate conditions in the area of the Large European Lakes may 
become warmer for the summer and winter months, whereas the modelling does not predict 
noticeable changes in the air temperature during the spring and autumn seasons. Under this 
development, serious changes will be possible in the hydrodynamic regimes of the largest 
lakes of Europe, affecting the rate of eutrophication processes. 

The present study is a continuation of the investigations started in the Northern Water 
Problems Institute in the late 1990s, and its results were presented at the 13th NRB 
Symposium and Workshop (Filatov et al., 2001). 
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2.  MATERIALS AND METHODS 
Statistical analysis of the longest meteorological and water balance time series for NW Russia 
was performed for the period 1880-2000. The water balance was analysed using the equation, 

R = P-E ±∆W±ε, (1) 

where R is river runoff from the territory, P is precipitation, E is evapotranspiration, ∆W is the 
change in water storage, and ε is total error of calculation of the water balance elements. 

For relatively long time intervals, it is possible to assume that ∆W = 0 and ε = 0. Total annual 
river runoff R for Karelia was recalculated with using measured runoff data as mean weighted 
values: 

R = 0.11RS + 0.10 RV + 0.28 RK + 0.29R NV + 0.19RKV + 0.08RSN   (2) 

where indices stand for annual runoff (in mm) for the main Karelian rivers Shuja, Vodla, 
Kem, Nizhniy Vyg, Kovda and Suna, respectively. Total precipitation P for the studied 
territory was calculated using data from instrumental observations at four weather stations 
located in NWR. Their comparison with the total precipitation in Finland obtained by R. 
HEINO (1994) shows a high correlation between the two series (r = 0.78). Evapotranspiration 
E for the territory of NWR was calculated using the well-known Oldekop formula: 

E = Eo tanh(P/Eo),   (3) 

where Eo – is the potential rate of evaporation (or evaporativity), mm. 

The 15-year moving averages of Eo were calculated in accordance with the regional functional 
relationship obtained by Yu. Salo (2003): 

Eo =329+62·T +2.14·T2, (4) 

where T – is the air temperature, averaged for the whole study region, oC (15-year moving 
averages). 

The water balance elements for the study area were analysed by the formula: 

P=R + E (5)  

Water mass temperature in Lakes Ladoga and Onego was calculated using measured air 
temperature data as mean weight values in accordance with the following equations obtained 
in NWPI: 

а)  For the February – July phase 

ТWМL=0,336+0,057ТAL+0,017ТAL
2+8,52·10-5ТAL

3-3,38·10-5ТAL
4+1,9·10-6ТAL

5, (6) 

ТWМO=0,535+0,506ТAO+0,0169ТAO
2+0,0008 ТAO

3-0,00002 ТAO
4,   (7) 

b) For the August – January phase 

ТWМL=4,891+0,336ТAL-0,012ТAL
2-4,32·10-4ТAL

3+4,57·10-5ТAL
4-1,31·10-6ТAL

5, (8) 

ТWМO=5,528+0,497ТAO-0,00179ТAO
2-0,001ТAO

3+0,00001ТAO
4,    (9) 
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where ТWМL is Ladoga Lake water mass temperature, oC; ТWМO is Onego Lake water mass 
temperature, oC; ТAL and ТAO are calculated air temperature data as mean weight values over 
the water area of lakes Ladoga and Onego, oC. 

A comparative analysis of observed data and the parameters calculated using the Max-Plank 
Institute for Meteorology model (ECHAM-4/OPYC3) was carried out for the period 1960-
1999. Possible climate changes in the studied region were evaluated for the period 2000-2050 
(two scenarios of CO2 changes: with/without aerosol). 

3. RESULTS 
The analysis of general tendencies in the long-term meteorological and hydrological time 
series in Northwest Russia from the 1880's up to now shows the presence of positive linear 
trends for annual air temperature, precipitation and total evaporation for all large drainage 
basins. In East Fennoscandia in general, the mean annual air temperature did not grow 
continually throughout the century: the warm 1930s were followed by a cold period in 1965-
1970 succeeded by a rise in mean annual air temperatures in the late 1980s. For the second 
half of the past century (1950-1999), linear trends in annual air temperature are characterized 
by positive values and equal to 0.60 °C/50 yrs. 

The warming has not been uniform in time and space. Analysis of the seasonal air 
temperature shows that there are few zones in Northwest Russia for each season with a 
positive and negative tendency, and only spring temperatures have positive trends (up to +3.5 
oC/50 year) all over the study area (Figure 1). 

Since the late 1970s, rather high amounts of precipitation and raised water levels in lakes 
were recorded in Karelia and Northwest of Russia. In the annual precipitation time series 
positive tendencies were detected, about 38 mm/50 yrs for Karelia. Water balance elements 
(15-year moving average values for the period 1950-1999) for this territory show the 
following trends: +49 mm/50 yrs for potential evaporation, -16 mm/50 yrs for 
evapotranspiration and +54 mm/50 yrs for river runoff for the region at large (Filatov et al., 
2001). 

The ECHAM-4/OPYC3 model designed by Max Planck Institute for Meteorology was used 
(Bengtsson, 1997). Simulated data (about 40 parameters, including air temperature, total 
precipitation and others) were obtained for the 1960-1999 period and for two scenarios for the 
2000-2050 period: a) doubled amount of greenhouse gases (hereinafter we denote it as G-
scenario), and b) doubled of greenhouse gases taking into account the direct effect of 
atmospheric aerosols (GA-scenario). 

Analysis of the data received using the ECHAM-4/OPYC3 model shows that the general 
tendencies of increasing annual air temperature (Figure 2) and precipitation (Figure 3) will 
remain in the future climate over the region. 

Due to estimates for both the G- and GA-scenarios, all water balance elements, excluding 
river runoff, will be increasing in Ladoga and Onego lake areas. This result is in good 
agreement with model data obtained by other GCMs (Golitsyn et al. 2000, Busarova & Gusev 
1995). For the territory of Karelia under the new climate conditions, mean annual 
precipitation may increase from 580 to 610-640 mm, evapotranspiration from 260 to 320-350 
mm, and, as the result, river runoff determined as a difference between precipitation and total 
evaporation may decrease from 320 to 280-290 mm (Table 3 and Figure 4). 
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Figure 1 Distribution of zones with positive (+) and negative (-) trends of seasonal air 

temperatures in Northwest Russia in the period 1951-1999 (1 stands for winter, 2 
for spring, 3 for summer, and 4 for autumn). All numeric values are given in 
°C/50 yrs. 

 

Figure 2 Mean annual air temperature in the study area at present (1950-1999) – (1) and in 
the future (2000-2050) according to the two scenarios of EHCAM-4/OPYC3 
simulation (2 – G- and 3 – GA-scenarios). 
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Figure 3 Total precipitation in the study area at present (1950-1999) – (1) and in the future 
(2000-2050) according to the two scenarios of EHCAM-4/OPYC3 simulation (2 – 
G- and 3 – GA-scenarios). 

The spring air temperature over the territory has the most marked positive trend now. In 
future, in accordance with the G- and GA-scenarios, the winter season (December-February) 
would have the largest rise. In future, climate conditions in the study area will become 
warmer in the summer and winter months, while there will be no noticeable changes in air 
temperature during the spring and autumn seasons. Mean average annual air temperature for 
the next 50 years will rise from 1.6 to 2.7-3.0oC (Table 2 and Figure 5) 

The increase in annual amplitudes of the air temperature will be characteristic for the new 
climatic conditions. The value of annual amplitude of the air temperature is used to determine 
the continentality of the climate. There are about 20 known variants to determine the index of 
continentality (IC), offered by different authors. In our work, the IC calculation method 
proposed by Gorchinsky was used. IC was calculated using the formula: 

4,20
sin

7,1
−=

ϕ
AIC  

where A is the annual amplitudes of air temperature, оС, φ is the geographical latitude. Thus, 
for a maritime and transitional climate IC changes from 0 up to 33 %, for a continental 
climate - from 34 up to 66 %, for strongly continental - from 67 up to 100 %, respectively. 

The IC of Karelia’s climate was calculated by Gorchinsky’s method for all weather stations 
for 1951-2000. The IC values were basically 25-30%, testifying to the presence of maritime 
climatic features in the study area. Only in the southeast of Karelia the IC value increases to 
34-35 %. As the result of these calculations, the schematic map of the distribution of areas 
with a transitional and continental climate now and at possible climatic change in the region 
according to the scenarios of climate change up to 2050 (Figure 6) was produced. 

The increase in climate continentality towards the east of Karelia is shown in Figure 6. The IC 
has the lowest values over large lakes: 21.7% at Valaam Island (Lake Ladoga), 28.5% at 
Vasilisin Island, and 28.7% at Majachny Island (Lake Onego). 
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Table 4 Variability of water balance elements in the territory of Karelia in the period 
1900-2050 (15-year moving averages). 

Linear trend Water balance 

parameter 

Period, 

years 

Mean, 

mm mm/yr mm/50 yrs 

Scenario  

  

1900-1949 578 -0.244 -12  

1950-1999 588 +0.772 + 38  

2000-2049 635 +0.786 + 39 G 

 

Precipitation, 

P 

 2000-2049 609 +0.216 + 11 GA 

1900-1949 376 +0.369 + 19  

1950-1999 374 +0.971 +49  

2000-2049 504 +2.388 + 119 G 

 

Potential 

evaporation, 

Eo 2000-2049 459 +0.887 +44 GA 

1900-1949 276 +0.374 + 19  

1950-1999 264 -0.313 -16  

2000-2049 348 + 1.226 +61 G 

 

Evaporation, 

E 

 2000-2049 323 +0.451 +23 GA 

1900-1949 300 -0.613 -31  

1950-1999 319 + 1.085 +54  

2000-2049 287 -0.454 -23 G 

 

River runoff, 

R 

 2000-2049 286 -0.270 -14 GA 

The IC of Karelia’s climate was calculated by Gorchinsky’s method for all weather stations 
for 1951-2000. The IC values were basically 25-30%, testifying to the presence of maritime 
climatic features in the study area. Only in the southeast of Karelia the IC value increases to 
34-35 %. As the result of these calculations, the schematic map of the distribution of areas 
with a transitional and continental climate now and at possible climatic change in the region 
according to the scenarios of climate change up to 2050 (Figure 6) was produced. 

The increase in climate continentality towards the east of Karelia is shown in Figure 6. The IC 
has the lowest values over large lakes: 21.7% at Valaam Island (Lake Ladoga), 28.5% at 
Vasilisin Island, and 28.7% at Majachny Island (Lake Onego). 
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Figure 4 Observed (up to 2000) and model for G- and GA-scenarios time series of water 

balance elements for the territory of Karelia. All values are 15-year moving 
averages.  

Table 2 Some statistical characteristics of annual air temperature in Karelia for different 
periods (observed and simulated data). 

Period, years Mean, °C Min., "C Max., °C Linear trend Scenario 

    °C/yr oC/50 yrs  

1900-1949 1.7 -1.1 4.1 +0.011 0.55  

1950-1999 1.6 -0.8 4.5 +0.012 0.60  

2000-2049 3.0 1.4 4.5 +0.027 1.35 G 

2000-2049 2.7 1.6 3.8 +0.015 0.75 GA 
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Figure 5 Observed (up to 2000) and model for G- and GA-scenarios time series of air 

temperature for the territory of Karelia. All values are 15-year moving averages.  

The index of continentality calculated using Gorchinsky’s method shows that in the new 
climatic conditions Karelia’s climate will grow more continental. A climate transitional to the 
maritime type will only remain in regions about the White Sea and Lake Ladoga. Because in 
the G-scenario the annual amplitudes of the air temperature will increase less considerably, 
the area retaining the transitional to a marine climate (IC less than 34 %) will be more 
extensive in this scenario. 

 

Figure 6 Regions of Karelia with transitional and continental (shaded) climate in 1951-
2000 (1) and possible climate changes following the G-(2) and GA-scenarios (3). 

The values of Lake Ladoga and Onego water mass temperatures were analysed using Eq.(6)-
(9) for the new climate conditions for the G- and GA-scenarios (Table 3 and Table 4). The 
estimate shows that the water temperature will increase in both scenarios. 

4. CONCLUSIONS  
As the result of the statistical analysis of meteorological and water balance data positive linear 
trends were detected for annual air temperature, precipitation and evapotranspiration for 
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Karelia for the period 1880-2000. Analysis of mean annual data on air temperature reveals a 
positive trend with a 0.6oC growth over the last 50 years. The time series of seasonal air 
temperatures show considerable differences among stations located in different regions. Only 
the spring air temperature series showed a positive value of the trends from 0.8 to 3.6oC/50 
yrs for all 34 stations. Investigations have shown that the time series of total annual 
precipitation for the study area for the 1950-1999 period contains a positive linear trend equal 
to 38mm/50 yrs. The water balance elements (15-year moving average values for the 1950-
1999 period) for Karelia displayed the following trends: +49 mm/50 yrs for potential 
evaporation, -16 mm/50 yrs for evapotranspiration and +54 mm/50 yrs for river runoff for the 
territory at large. 

Table 3  Change in the monthly average Lake Ladoga water mass temperature in different 
periods (observed and model data) 

Lake Ladoga water mass temperature ТWМL, оС 

 

 

Period 

 I II III IV V VI VII VIII IX X XI XII Year 

1956-1967 1.6 0.8 0.4 0.5 1.9 3.9 5.8 7.2 7.0 6.2 4.7 2.9 3.5 

2000-2050 

G-scenario 

3.0 0.6 0.4 0.4 1.7 3.2 6.0 6.9 7.1 6.7 5.3 4.3 3.8 

2000-2050 

GA-scenario 

1.4 0.8 0.7 0.3 1.5 3.0 5.5 6.9 7.1 6.5 4.9 3.4 3.5 

 

Table 4  Change in the monthly average Lake Onego water mass temperature in different 
periods (observed and model data) 

Lake Onego water mass temperature ТWМO, оС 
 

 

Period  

I II III IV V VI VII VIII IX X XI XII Year 

1956-1967 1.3 0.7 0.6 0.6 1.7 4.6 7.9 9.8 9.3 7.5 4.8 2.5 4.3 

2000-2050 

G-scenario 

1.8 0.7 0.5 0.6 2.9 7.0 9.1 9.3 9.7 8.4 5.7 3.2 4.9 

2000-2050 

GA-scenario 

3.0 1.0 0.5 0.7 2.5 5.3 7.3 9.6 9.7 8.9 7.2 5.0 5.1 

Numerical experiments on the ECHAM-4/OPYC3 model show changes in the climate and 
hydrological regime. For the first half of the XXI century linear trends in annual air 
temperature will be characterized by positive values. Mean average annual air temperature 
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will rise from 1.6 to 2.7-3.0oC. In the next 50 years the climate in the summer and winter 
months in Karelia will become warmer. As the air temperature increases, the water 
temperature in lakes will also increase. Our results have demonstrated that the water mass 
temperature of large lakes in East Fennoscandia will rise to 3.8oC (Lake Ladoga) and 4.9-
5.1oC (Lake Onego). In the future, climate in the Karelian region will become more 
continental. All water balance parameters, excluding river runoff, in Karelia will increase over 
the next 50-year period. Total river runoff in this region may slightly decrease, from the 
modern mean average annual value of 319 mm down to 287 mm. The climate and water 
regime changes, if they do occur, will demand changes in the management of the main sectors 
of the region’s economy. 
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ABSTRACT  
This paper reviews and synthesises available information on sediment transport to the Arctic 
Ocean and adjoining seas with open contact to the Atlantic and Pacific Oceans. Special 
emphasis is placed on calculation and estimation of the sediment flux from the mostly 
ungauged high arctic areas on the American continent, in Greenland, and on islands in the 
Arctic Ocean, and from Russia. In the absence of reliable information on bedload fluxes for 
most rivers, attention is directed primarily to suspended sediment loads. By combining 
available monitoring data and estimates for ungauged areas, the total sediment transport to the 
Arctic Ocean is estimated to be 329.8–894.6*106 t y-1. Of this total, only a maximum of about 
63% can be considered as monitored, while the rest is based on different types of estimate, 
ranging from morphologically- and process-based estimates to more empirically-based 
estimates. It is clearly demonstrated that the monitoring network in the high arctic is 
inadequate and that there is a lack of knowledge concerning the proportion of the load that 
actually reaches the sea.  

KEYWORDS 
Arctic, Arctic Ocean, glacierized basins, non-glacierized basins, sediment fluxes, specific 
sediment yields, sediment transport.  

1. INTRODUCTION AND SCOPE 
The Arctic Ocean and the adjoining cold oceans play an important role in the global energy 
balance, by strongly influencing the global ocean current circulation. These oceans are 
dominantly ice covered. The influx of freshwater and sediment influences the formation of 
ice. In recent years, it has been widely accepted that global warming is taking place, and in 
several areas this has caused increased melting of icecaps and local glaciers, resulting in an 
increased influx of fresh water. However, the influence of global warming on the influx of 
sediment cannot be treated as a simple function of the increased fresh water input, because the 
magnitude of the sediment flux will also depend on both sediment availability and the 
presence of sinks. Syvitski & Morehead (1999) noted that the magnitude of the sediment load 
transported by a river is positively correlated with the mean annual temperature in its drainage 
basin and Syvitski (2002) analysed the available sediment yield data for 48 circumpolar arctic 
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basins and estimated that if mean annual temperature was to increase by 2ºC, the sediment 
load carried by rivers in the Arctic would increase by about 30%. 

Several global-scale assessments of sediment transport and sediment yield to the oceans have 
been carried out (e.g. Milliman & Meade, 1983; Jansson, 1988; Walling & Webb, 1996; 
Syvitski & Morehead, 1999). Common to all these assessments is the conclusion that the 
sediment input to the Arctic Ocean is low, but also a recognition that the available 
information on sediment inputs is currently rather limited. 

Icecaps and glaciers cover many parts of the land area surrounding the Arctic Ocean and 
several authors (e.g. Hallet et al., 1996; Bogen, 1996; Gurnell et al., 1996; Hasholt, 1996) 
have observed that glacial erosion is responsible for some of the largest specific sediment 
yields in the world. In contrast, other parts of the Arctic Ocean are bordered by areas 
dominated by pristine boreal forests and tundra with low relief that are known to have some 
of the lowest specific sediment yields in the world (e.g. Bobrovitskaya et al., 1996, 2003). 
The magnitude of the specific sediment yields of rivers discharging to the Artic Ocean is 
therefore characterized by extreme variability. 

Information on sediment transport to the Arctic Ocean and adjoining cold oceans is spread 
through a wide rage of literature; some is available from literature dealing with fluvial 
transport and erosion, some from the work of coastal geomorphologists and geologists using 
sea-bottom cores to investigate sedimentation rates and some from the work of geochemists 
investigating the global carbon cycle.  

The aims of this contribution are to review existing knowledge regarding sediment transport 
to the cold oceans, with particular emphasis on high arctic areas, to provide a state-of-the-art 
update of current knowledge relating to the geomorphological processes responsible for 
erosion and sediment mobilisation processes in the region, to evaluate contemporary 
measuring programmes and their limitations, and, finally, to identify future research needs. 

2. THE STUDY AREA 
The Arctic Ocean is clearly the primary area of interest, but its margins bordering the 
continents incorporate a number of local seas, which are the primary recipients of the 
sediment transported from the adjoining land areas. From the Bering Strait eastwards, the 
Chukchi Sea, Beaufort Sea, Lincoln Sea, Wandel Sea, Greenland Sea, Norwegian Sea, 
Barents Sea, Kara Sea, Laptev Sea and the East Siberian Sea, are all treated as part of the 
Arctic Ocean.  

The main exchange between the Arctic Ocean and the other oceans takes place through the 
Denmark Strait and between Iceland and Norway. Therefore, information from East 
Greenland, Iceland and Norway is included in this study. Other areas where exchange is of 
less importance are considered, when information is found that is of relevance to the main 
study area. The Arctic Ocean and the main catchments that drain into it are shown in Figure 1.  

The Alaskan catchments are rather small, delimited to the south by the Brooks Range, and are 
characterized by tundra with low relief. The western part of Canada is dominated by the 
Mackenzie River basin outflow. Other basins along the coast and the archipelago up to 
Ellesmere Island are small and of moderate relief. Ellesmere Island has several ice caps and 
steep relief. The parts of Greenland bordering the Arctic Ocean include both local glaciers and 
outlets from the Greenland Ice Sheet. Iceland is characterized by loose sediments (volcanic 
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ash) and both glaciers and areas with high relief. Norway is mountainous, having some local 
glaciers. The major landmass contributing to the Arctic Ocean is situated in Russia. Here the 
topographic divide is situated up to 2000 km from the coast of the Arctic Ocean, the relief is 
relatively low and the terrain is covered by tundra or boreal forest. Close to the Bering Strait 
the relief is greater, but, as in Alaska, the contributing area is less. Within the Arctic Ocean 
there are several islands characterized by steep relief and the presence of glaciers, namely, 
Svalbard, Franz Joseph Land, Novaja Zemlya, and North Land. 

 

Figure 1:  The Arctic Ocean and the main contributing catchments. The heavy black line 
delimits the catchment area in Arctic Canada, Greenland and Iceland. Numbers 
refer to particular river basins and catchment areas viz. 1) Colville River and 
others, 2) West of Mackenzie River, 3) East of Mackenzie River, 4) Low arctic 
islands, 5) High arctic islands, 6) North East Greenland (Zackenberg), 7) South 
East Greenland (Sermilik), 8) Svalbard, 9) Russian arctic islands, 10) Norway, 11) 
Northern Iceland, 12) Severnay Dvina, 13) Pechora, 14) Ob, 15) Yenisey, 16) 
Lena, 17) Yana, 18) Indigirka, and 19) Kolyma. 

3. GEOMORPHOLOGICAL PROCESSES IN THE HIGH ARCTIC 

3.1 Weathering 
The cold regions draining to the Arctic Ocean are dominated by mechanical weathering due to 
the frequent freeze-thaw cycles (e.g. Harbor & Warburton, 1993). Temperature fluctuations 
alone do not cause rock disintegration, but freezing of water in cracks and joints, promotes the 
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disintegration of rocks into small fragments. Where such fragments are abundant, felsenmeer 
and talus deposits are found. 

3.2 Soil erosion  
Erosion by running water, and to lesser extent by wind, causes the redistribution of weathered 
material and its transfer to watercourses. Where the vegetation cover is continuous, as is the 
case for most arctic catchments, such processes are of limited importance. However, land 
clearance for agriculture or for timber harvesting may cause a substantial increase in the 
mobilisation of sediment from such catchments. Another human activity that can significantly 
increase sediment mobilisation is mining; especially the hydraulic operations used in gold 
recovery (Bobrovitskaya et al., 2003).  

3.3 Periglacial processes 
Major parts of the basins draining to the Arctic Ocean are underlain by permafrost, either 
continuous or discontinuous. Depending on its water content, the active layer above the 
permafrost, can become plastic or fluid like during the summer months and this promotes 
mass movements. Periglacial processes including cryoturbation, gelifluction, active layer 
detachment and thermokarst are all effective in producing and transporting sediment to the 
fluvial system (French, 1996). The accumulation of snow on the lee sides of hills produces 
altiplanation terraces and tors by nivation, with associated erosion and transport of sediment 
from the hillsides (e.g. Christiansen, 1998). Intrusive or segregated ground ice may occupy up 
to 90% of the volume in frost-susceptible soils (Mackay & Dallimore, 1992). Deepening of 
the active layer commonly leads to spatially variable melting and collapse associated with 
melting of this ground ice, along with accelerated sediment mobilisation. Similarly, active 
layer detachment is becoming more common in the Artic, due to global warming (Harris and 
Lewkowicz, 1993), producing abundant sediment as it occurs, and exposing ice-rich 
permafrost to subsequent thermokarst development.   

3.4 Channel erosion  
In arctic areas, the relatively warm river water thaws the frozen banks during spring and 
summer, causing under-cutting and subsequent slumping of oversteepened banks and 
sediment inputs to the river system. In combination with periglacial processes, bank erosion 
can mobilise large amounts of loose sediment that are transported downstream. However, 
Scott (1978) reported that permafrost restricted bank erosion during the break-up period in 
streams draining the North Slope of Alaska, due to the increased soil strength. Slumping and 
bank failure tended to occur later in the season as the soil thaws. Slumping process can be 
intensified by freezing of water in vertical cracks developed in the banks, in particular along 
the concave parts of meander bends. Ice frozen to the banks can be lifted and broken loose by 
the river and incorporated material originating from the banks may be transported long 
distances as ice-rafted material. Evidence of such long distance transport is provided by the 
presence of Siberian driftwood, with roots still present, on the shores bordering the Arctic 
Ocean.    

In-stream ice has been shown to both enhance and restrict erosion in ice-affected rivers. Scott 
(1978) reported that channels in northern Alberta, Canada tend to be enlarged due to the 
scouring action of ice during break-up. Although these rivers are not in the Arctic, the same 
principle may apply wherever floating ice exists. However, Kellerhals et al. (1972) suggested 
that scouring by ice is not a significant geomorphic process and Kellerhals & Church (1980) 
indicated that the channel enlargement reported by Smith (1979) is not caused by ice scour, 
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but is probably caused by the increased water levels associated with ice jams downstream. In 
either case, however, it appears that in large, ice-affected rivers, ice may be responsible for 
enlarged channels and enhanced sediment transport. 

3.5 Sediment Transport  
Sediment transport in arctic rivers is frequently dominated by extreme events. Recent 
investigations in Zackenberg, North-east Greenland have shown that an event in 1998 lasting 
only a few days transported as much sediment as would be transported during several normal 
years (Mernild et al., in press). Extreme events may be caused by the collapse of snow dams, 
jökulhlaups, and major debris flows or landslides entering a river, perhaps in connection with 
slush flows. When anchor ice formed on the riverbed is released, the resulting ice rafting can 
transport even coarse material over long distances and explain the existence of clasts within 
the finer deposits found in lakes and coastal areas. In terms of more ‘normal’ years, Walker & 
Hudson (2003) report that about 62% of the annual sediment load of the Colville River, 
Alaska is transported in about 13 days, or 4% of the year.   

McNamara (2000) has proposed that in headwater streams, where ice typically freezes to the 
streambed, the presence of ice might reduce, rather than enhance, sediment transport. In such 
streams, flow during the breakup period tends to occur over ice that protects the bed sediment 
from entrainment. Oatley et al. (2005) demonstrated that peak flows during the snowmelt 
period in the Upper Kuparuk River were competent to move sediment in the cobble-bed stream 
during 3 out of 10 years, although minimal movement actually occurred because of anchor ice. 
During the study period, a large summer rainstorm occurred that caused dramatic channel 
changes. A detailed analysis, involving tracer cobbles, cross-section surveys, and scour gauges, 
indicated that this single event transported approximately the same amount of material as the 
three competent snowmelt floods would have moved during 10 years, if anchor ice were not 
present. This implies that although rainstorms produce the largest sediment loads in headwater 
streams, the suppression of bed load transport by river ice may be a significant factor in 
producing the low sediment yields characteristic of the Arctic. Prowse (1993) has described 
large concentrations of suspended sediment related to ice break-up and Milburn & Prowse 
(2002) have described the formation of a plume of cohesive sediment before the ice break-up. 

The building of dams and reservoirs will significantly reduce downstream sediment transport 
by trapping fluvial sediment. To date few dams have been built in sparsely populated northern 
drainage basins, although a number of the major Russian rivers draining to the Arctic Ocean 
are now influenced by dams. Major projects previously proposed in Canada and Siberia are 
not now being actively considered. 

3.6 Glacial erosion 
Glacial erosion results from the movement of ice across rock- or sediment-covered surfaces 
below the glacier. This erosion can pluck large fragments of rock from solid rock surfaces and 
excavate deep valleys in fractured rock or sediments (Hallet et al., 1996). Furthermore, the 
strong forces present under the ice cause the disintegration of larger particles and the 
production of silt- and clay-sized particles, resulting in an abundance of fresh, chemically 
active surfaces. Glacial erosion produces its own type of sediment termed till that is deposited 
in a systematic pattern in relation to the glacier as moraine deposits. Material released by 
glacial erosion is frequently transported over large distances by the meltwater emanating from 
the glacier. Large areas of the northern hemisphere, which were covered by ice during the 
Pleistocene Ice Ages, are now covered by glacial deposits, which are currently being eroded 
by other types of erosion or by advancing glaciers. 
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Several authors (e.g. Hallet et al., 1996; Gurnell et al., 1996) have suggested that   
contemporary glacial erosion produces the highest specific sediment yields in the World. 

3.7  Ice-streams and surging glaciers 
Large ice-streams, such as the Jakobshavn Ice Stream, emanate from the Greenland Ice Sheet 
and calving produces icebergs that carry eroded material over long distances within the   
ocean (Gilbert, 1990). Rates of calving have been estimated by Reeh (1994) and Weidick 
(2000). 

Surging glaciers are those that advance dramatically during short periods between longer 
periods of quiescence. Because of the remote locations of such glaciers and the short duration 
of the surge, few observations on surging glaciers are available (e.g. Hattersley-Smith, 1969; 
Higgins & Weidick, 1988; Humphrey & Raymond, 1994). In recent years, a surge event has 
been successfully observed on Disko Island in Greenland (Gilbert et al., 2002; Møller et al., 
2001). The results show that this type of glacial erosion and transport results in very high 
rates of sediment transport to the sea, but the amount of material transported depends on the 
amount of loose sediment present beneath the surging glacier and in the valley system in front 
of the advancing glacier.   

4. MEASUREMENT OF SEDIMENT FLUXES IN ARCTIC RIVERS 
Although international and national standards are available for many methods of measuring 
sediment transport e.g. ISO772, CEN, and EN872, the methodology employed in this field is 
often based on methods developed for specific projects or standard methods modified to suit 
particular local conditions. New developments are also taking place, including, for example, 
the use of continuously recording sensors, including OBS (optical backscatter) probes and 
other types of transmissometer. Bed load is not included in most monitoring programmes and 
where attempts are made to measure this component of the total sediment load they are 
usually based on specialized methods, including, for example, the use of tracers, monitoring 
of bed form movement or inserting radio transmitters in pebbles. 

4.1 Sampling techniques 
Information on sediment transport in Arctic rivers is commonly restricted to the suspended 
load and monitoring programmes usually involve the measurement of discharge in a river 
cross-section and the collection of water samples from the section which are subsequently 
used to determine the suspended sediment concentration. The product of the water discharge 
and the mean suspended sediment concentration in the cross-section provides an estimate of 
the suspended sediment load. Where the suspended sediment is fine-grained and uniformly 
mixed throughout the cross-section, a representative sample of the concentration can be 
obtained relatively easily using a simple bottle sampler. However, this is generally not the 
case, and specially designed time- and/or depth-integrating samplers are usually employed to 
obtain isokinetic samples that provide a representative estimate of the mean concentration in 
the cross-section. The most widely used samplers are the USDH-48 and USDH-49 depth 
integrating samplers and the US P-61 point integrating sampler (Hershy, 1999). 

In Scandinavia and Greenland, a sampler of Swedish origin (Nilsson, 1969) is widely used, 
whilst in Russia a standard national sampler is employed. Automatic water samplers are often 
used in the different countries, when it is necessary to obtain frequent samples. The use of 
such samplers is generally restricted to smaller rivers and streams, due to their use of a single 
fixed sampling intake. In Norway most of the sediment monitoring programmes are based on 
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the collection of samples from turbulent river reaches using ISCO automatic samplers, which 
employ a peristaltic pump to withdraw the sample from the river (Bogen 1988, 1992).       

OBS (optical backscatter) probes and transmissometers have been used in several 
investigations (e.g. by Hasholt, 1992) to investigate short-term fluctuations in concentration, 
since they are capable of providing continuous records of turbidity. However, the records 
provided by such instruments need to be calibrated against measurements of suspended 
sediment concentration undertaken on conventional water samples, as described above, if the 
suspended sediment transport is to be calculated. 

4.2 Analysis of suspended sediment samples 
To establish the suspended sediment concentration associated with a water sample, the 
sediment is separated from the water by filtering. In recent years many different types of filter 
have been used. Millipore HA 0.45 µm membrane filters require a very long time for the 
filtrate to pass through the membrane when the sediment concentration is high, and glass fibre 
filters are often used as being more rapid and therefore more practical. The nominal retention 
diameter is 0.7 µm for Whatman GF/F filters and 1.2 µm for GF/C filters. These filters 
correspond to Millipore APFC filters and have been adapted as the EC standard (CEN, 1996). 
As different filters are used in the different countries, the resulting concentration data are not 
always strictly comparable, although the differences involved are likely to be minor. 

4.3 Sampling networks 
The number of monitoring stations in Arctic areas is generally low. Furthermore, the 
monitoring stations have frequently been established to monitor the environmental impact of 
particular human activities, such as mining, or as part of investigations of landscape 
evolution, rather than to assess land-ocean fluxes. Sediment monitoring networks are 
currently being operated in Alaska, parts of Canada, Norway, and Russia. However, in 
Canada and Russia there has been a marked reduction in the number of stations in recent 
years. In Greenland only two stations on the east coast are currently operating, but it is 
planned to establish at least one additional station at the outlet of a major basin draining the 
Greenland Ice Sheet.    

4.4 Sampling frequency 
Manual samples are generally collected at infrequent intervals, sometimes on a regular basis 
and sometimes on a more irregular basis related to the occurrence of significant flood events 
etc. Where samples are collected once per day, the existence of significant diurnal variation 
may bias the resulting data (Mernild et al., in press). More often, however, samples are 
collected weekly or even monthly. Automatic samplers can provide more frequent samples. 
However, even with automatic samplers, often only one sample, representing a composite of 
several samples collected during the day, is analysed. Automatic samplers often suffer from 
problems with battery voltage in cold environments. During winter, sampling is not carried 
out when ice covers the river or during the ice break-up, because of the hazards involved. 

4.5 Position of the sample 
In intensive studies, several samples are commonly taken in the cross section, in order to take 
account of the variation of sediment concentration both laterally and in the vertical. In most 
cases, however, only a single sample is collected to represent the concentration in the cross 
section. In this case the sample is most often taken in the deepest third of the cross section. 
Depth-integrated samples are most often used, but in some studies, such as that of the Colville 
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River in Alaska reported by Arnborg et al. (1967), samples were collected near the surface. In 
Russia, samples are generally collected at 0.6depth from the surface. 

4.6 Load calculation procedures 
The instantaneous suspended sediment load at the time of sampling (e.g. kg s-1) can be 
established by multiplying the discharge and the corresponding sediment concentration 
determined by laboratory analysis. In most cases, however, estimates of the longer-term (e.g. 
annual) load will be required and it is necessary to combine the flow record with the values of 
suspended sediment concentration provided by infrequent samples. When daily, or at least 
weekly, samples are available, the load is commonly calculated using linear interpolation to 
estimate the values of hourly or daily concentration which are multiplied by the 
corresponding discharge values. This procedure has been applied in Norway. When the 
sampling frequency is too low to permit the use of linear interpolation, rating curves 
expressing concentration as a function of discharge are often applied. Very often the spread of 
observations around the fitted line is quite large and the relationship is frequently not well 
defined. This situation can lead to significant errors in the resulting load estimates or biasing 
of the results. 

5. Synthesis of the available data on sediment loads 
Unlike meteorological data, which take a standard form and are generally easily abstracted 
from national data-bases, sediment load data are rarely fully standardized or readily available. 
Furthermore, significant variations in both the density of the measuring network and record 
duration, as well as in the likely accuracy and reliability of the data, can make combination of 
data from different sources and different countries difficult. Recent reviews covering parts of 
the area covered by this study are, however, provided by Walling and Webb (1996), Hallet et 
al. (1996), Syvitsky & Morehead (1999), and Holmes et al. (2002). Other information is 
available for individual studies, published in scientific journals, technical reports and theses. 
The information available for individual countries is summarised below. Although the 
objective is to quantify sediment inputs to the Arctic Ocean, it must be recognised that the 
data presented relate almost exclusively to the suspended sediment load, rather than the total 
sediment load, since bed load is rarely measured. Furthermore, the measuring stations for 
which data are available are rarely located where the river meets the sea, since measurements 
of sediment transport are difficult to undertake at such sites. As a result, the available values 
or estimates of sediment flux may overestimate the load-ocean flux, since appreciable 
deposition may occur within the lower reaches of a river system, particularly where major 
floodplains exist, and within estuary and delta systems.  

Table 1: Sediment Transport to the Arctic Ocean and Adjoining Cold Oceans from Alaska, Canada, Greenland, 
Svalbard and other Arctic islands, Norway (mainland), Iceland, and Russia. (*) Contribution in % of total 
minimum including minimum calving.  
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Alaska           

Copper 
River 

63000     73 1160 M   

Susitna 
River 

     23  M   

Yukon 
River 

     59 72 M   

Colville 
River 

53000 62 1   4.1-5.8 86-116 M  100 

Sagavanirt
ok River 

4815     0.3 69 M  100 

To Chuckhi 
Sea 

     11.6  E 3.1 0 

To 
Beaufort 
Sea 

     12.8-18.1  E 3.3 32.0 

To Arctic 
Ocean 

     21.3, 

24.4-29.7 

 E 6.4 16.8 

Sum 
Alaska 

     183.5-
190.5 

 M+E   
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(106 t y-1) 

Specific 
sediment 
delivery 

(t km-2y-1) 
Method 

Contributi
on to 
Arctic 
Ocean 
(%) (*) 

Measured 
(%) 

Canada           

West of 
Mackenzie 
River 

     5.9- 9.3 74-116 E 1.6 0 

Mackenzie 
River 

1680000     124 + 4 
bedload 

74 M 32.6 100 

East of 
Mackenzie 
River 

     13.0-20.3 74-116 E 3.4 0 

Low arctic 
islands 

     4.4-6.8 74-116 E 1.2 0 

High arctic 
islands 

     10.6-19.0 200-359 E 2.8 0 

Sum 
Canada 

     157.9-
179.4 

 M+E 41.6 78.5 
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(kg s-1) 
Sediment 

load 
(106 t y-1) 
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sediment 
delivery 

(t km-2y-1) 
Method 

Contributi
on to 
Arctic 
Ocean 
(%) (*) 

Measured 
(%) 

Greenland           

North 
coast 

     6.7 10-200 E 1.8 0 

Zackenber
g 

514 1994-2005 10 0  0.015-0.13 29-253 M   

East coast      19.3 50-200 E 5.1 0 

Sermilik 10 1972-2005 4 + part of 
season 

  0.01 1000 M   

Calving      50-500  E 13.2 0 

Sum to 
Arctic 
Ocean and 
Greenland 
Sea 

     76-526   20.1 0 

Svalbard 36598     16 83-2900 M+E 4.2 20? 

Other 
arctic 
islands 

~140000     12-50 83-359 E 3.2 0 
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(106 t y-1) 

Specific 
sediment 
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(t km-2y-1) 
Method 
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on to 
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Ocean 
(%) (*) 

Measured 
(%) 

Norway 
Mainland 

          

Glacial 
areas 

2806     1.05 22-1577 M+E   

Forest etc. 148140     0.43 1.9-2.9 M+E   

Mountain 152819     0.76 5 M+E   

Agricultural 187433     0.16-0.19 37-155 M+E   

Sum      2.58  M+E 0.7 50? 

Iceland           

North 
coast 

     18.1 10-20000 M 4.8 100 
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(kg s-1) 
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(106 t y-1) 

Specific 
sediment 
delivery 

(t km-2y-1) 
Method 

Contributi
on to 
Arctic 
Ocean 
(%) (*) 

Measured 
(%) 

Russia           

Severnaya 
Dvina at 
Ust-Pinega 

348000 1950-1988 39 24 96.2 3.0 8.7 M 0.8 100 

Pechora at 
Ust-Tsilma 

248000 1951-1988 38 28 232 7.3 29.5 M 1.9 100 

Ob at 
Salekhard 

2430000 1938-1996 59 8 482 15.2 6.3 M 4.0 100 

Yenisei at 
Igarka 

2440000 1941-2000 60 22 177 5.6 2.3 M 1.5 100 

Lena at 
Tabaga 

897000 1942-1992 51 1 245 7.7 8.6 M 2.0 100 

Yana at 
Verkhoyan
sk 

45300 1936-1992 45 8 49.9 1.6 34.7 M 0.4 100 

Indigirka at 
Vorontsovo 

305000 1937-1986 31 2 381 12.0 39.4 M 3.2 100 

Kolyma at 
Ust-
Srednakan 

99400 1936-1988 48 0 87.1 2.7 27.6 M 0.7 100 
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(kg s-1) 
Sediment 

load 
(106 t y-1) 

Specific 
sediment 
delivery 

(t km-2y-1) 
Method 

Contributi
on to 
Arctic 
Ocean 
(%) (*) 

Measured 
(%) 

Other 
areas 

2833000     17.7 6.2 E 4.7 0 

Sum      72.8  M+(E) 19.2 75.7 

Total min. 
to Arctic 
Ocean + 
Greeland 
Sea 

     329.8   86.8 62.8 

Total min. 
incl 
min.calving 

     379.8   100 54.5 

Total max. 
to Arctic 
Ocean + 
Greenland 
Sea 

     394.6   103.9 52.5 

Total max.  

incl max. 
calving  

     894.6   235.5 23.1 
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5.1 Alaska 
The US Geological Survey has been operating stream-gauging stations in the Alaskan Arctic 
since 1962. The maximum number of stations was 25, but the network has now been reduced 
to 4 stations, including the Colville River (53,000 km2), the Kuparuk River (8,140 km2), the 
Sagavanirktok River (4,815 km2), and a tributary of the Sagavanirktok called the Atigun River 
(126 km2). Sediment monitoring has not been undertaken routinely at any of the stations and 
has been restricted to short periods of time. Short-term investigations have measured sediment 
transport by other rivers in conjunction with specific projects (e.g. Trefry et al., 2003), but no 
comprehensive evaluation of sediment discharge has taken place for the Alaskan Arctic.  

In 1962, sediment transport by the Colville River, which drains to the Beaufort Sea (Figure 1), 
was investigated by Arnborg et al. (1967). Water samples were collected close to the surface 
and the sampling frequency ranged between daily and weekly. Calculations of the transport 
were based on rating curves. The annual sediment flux from the 53,000 km2 drainage basin 
was estimated to be 4.1–5.8*106 t y-1, corresponding to a specific sediment yield of 77–109 t 
km-2 y-1. Because the samples were collected from the surface of the water column, these 
values probably underestimate the true flux. Using similar methods in 2001, Trefry et al. 
(2003) reported an annual load for the Colville River of 5.0*106 t y-1, which corresponds to a 
specific sediment yield of 94 t km-2 y-1. In addition to the Colville River, Trefry et al. (2003) 
reported that the annual load of the Sagavanirktok River was 0.3*106 t y-1 (69 t km-2 y-1) and 
that of the Kuparuk River was 0.02*106 t y-1 (2 t km-2 y-1). Although the specific sediment 
yields of the Sagavanirktok and Colville Rivers are different, they are both of a similar 
magnitude and very much larger than that of the Kuparuk River. The relatively low specific 
sediment yield of the Kuparuk River is likely to reflect the lack of glaciers in the catchment. 
Approximately 55% of the area of the North Slope of Alaska is drained by basins containing 
glaciers (based on the 100m DEM of the North Slope and the World Glacier Inventory 
archived at the National Snow and Ice Data Center, Boulder, Colorado, USA). Using a 
weighted average of the specific sediment yields of the Colville and Sagavanirktok Rivers (82 
t km-2y-1) to represent glacierized catchments and the specific sediment yield from the 
Kuparuk River to represent non-glacierized catchments, the mean specific sediment yield of 
the area draining to the Arctic Ocean is estimated to be 52 t km-2 y-1. The associated estimate 
of the total sediment output from Alaska to the Arctic Ocean is 21.3*106 t y-1. 

The Copper River (63,000 km2) drains into the Gulf of Alaska. It is included here because it is 
representative of the contribution from basins with a substantial coverage of glaciers. The 
contribution from the Copper River has been reported to be 73*106 t y-1, providing a 
corresponding specific sediment yield of 1160 t km-2 y-1. The Yukon River, the largest in 
Alaska, drains into the partially closed Bering Sea (Figure 1), which is not part of the Arctic 
Ocean. The annual sediment transport from the Yukon River is 59*106 t y-1 and the 
corresponding specific sediment yield is 72 t km-2 y-1. Because of the relatively small area of 
the Bering Sea, the sedimentation rate expressed as a ratio of the sediment influx from the 
surrounding land area to the area of the sea is high. The southern part of the Chukchi Sea 
(Figure 1) receives sediment from the Noatak River, which drains into the enclosed Kotzebue 
Sound. No information is available for this river, and its contribution must be estimated on the 
basis of its catchment area and the likely specific sediment yield. The rest of the Chukchi Sea 
from Point Hope to Point Barrow receives drainage from the northern slopes of the Brooks 
Range, where the rivers are rather short and without glaciers in their catchments and pass 
through tundra areas near to the coast. The lack of major deltas indicates a modest sediment 
contribution. 
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5.2 Canada 
Sediment transport has been monitored in Canada as part of its national hydrometric 
programme since the 1960s, although sediment sampling on a project-specific basis started in 
1948. The national programme reached its peak in 1975, when 273 full-time stations and 200 
targeted or event-driven stations were sampled. The national programme has been decreasing 
in size ever since, and there are now only 11 full-time stations and 165 targeted stations. None 
is in northern Canada.   

Various studies aimed at designing a sediment monitoring network for northern Canada have 
demonstrated that a comprehensive network covering remote reaches of northern rivers would 
be costly, and consequently, sediment surveys have been limited to specific research needs or 
project appraisals. Because of rising costs of the network, the number of measuring stations 
was reduced, based on an evaluation of the information obtained after 30 years of observation 
(Day, 1996). By 1999, the sediment survey component of the hydrometric programme was 
eliminated. At present, suspended sediment is monitored only through surface water quality 
programmes and thus the resulting suspended sediment data do not truly reflect the actual 
sediment loads that would be derived using information obtained from sampling the full water 
column. An exception to the water quality surveys is the ongoing Pan Arctic River Transport 
of Nutrients, Organic Matter and Suspended Sediment (PARTNERS) to the Arctic Ocean 
initiative, sponsored by the US National Science Foundation. Regular, whole river, depth-
integrated sampling of water quality and suspended sediment concentrations is conducted on 
the Mackenzie River at Arctic Red River. 

The major north-flowing rivers to the Arctic Ocean include the Anderson, Back, Burnside, 
Coppermine, Ellice, Hood, Hornaday, Mackenzie, and Tree rivers. The Back, Hood and 
Horton rivers and the headwaters of the Coppermine River flow across Precambrian Shield 
bedrock and are characterized by low suspended sediment fluxes. The lower reaches of the 
Coppermine River produce higher suspended sediment concentrations and had a suspended 
sediment monitoring programme in the past, but the overall loading to the Arctic Ocean is 
dominated by the inputs from Mackenzie River and its tributaries. The annual spring break-up 
is the driving mechanism for sediment mobilization and transport and it has been observed 
that just before break-up, in-channel hydraulic conditions cause the formation of a fine-
grained sediment plume followed by a dramatic rise in sediment concentrations at break-up, 
as moving ice erodes the channel bed and banks (Milburn & Prowse, 1998, 2000). Sediment 
concentrations remain relatively high in these river systems throughout the open-water period 
and decrease to low concentrations before freeze-up. As discussed below, there are other 
minor contributions from rivers on the Arctic Islands of Canada. 

The Mackenzie River is one of the great river systems in the world and ranks twelfth by 
drainage area and eleventh in terms of mean annual discharge. The basin area is 1.68*106 km2 
and comprises five major rivers (the Peace, Athabasca, Slave, Liard, and Peel rivers), three 
major lakes (Athabasca, Great Slave, and Great Bear), two significant freshwater deltas 
(Peace-Athabasca and Slave) and the tenth largest marine delta (Mackenzie) (Lewis et al. 
1992). All major rivers in the basin transport significant amounts of sediment and the 
contribution of suspended sediment from both the boreal forest and tundra regions transported 
to the Mackenzie Delta is 124*106 t y-1, which corresponds to a specific suspended sediment 
yield of 74 t km-2 y-1. In addition, an annual bed load flux of 4*106 t y-1 has been reported by 
Carson et al. (1998).  

Close to the border of Alaska, the area is drained to the sea by short (less than 200 km), high 
gradient rivers, while on the eastern side of the Mackenzie River Basin, longer (less than 500 



15th International Northern Research Basins Symposium and Workshop 
Luleå to Kvikkjokk, Sweden, 29 Aug. – 2 Sept. 2005 

 

 
Hasholt et al. 57 

km) rivers with moderate gradients are found. Neither of the areas have significant glacier 
coverage. East of Cape Bathurst, the rivers drain into the essentially closed Amundsen Gulf 
and therefore probably only a minor proportion of the load will reach the Beaufort Sea. North 
of Cape Bathurst, Banks Island, Prince Patrick Island, and some minor islands, which are part 
of the Queen Elizabeth Islands archipelago, border the Beaufort Sea. Rivers on these islands 
are quite short and the contributing land areas draining to the sea are quite small and the 
glacier coverage is also quite low. Overall, the load from this area can be expected to be of 
minor importance, but this cannot be confirmed by actual measurements. Further north from 
these islands, Axel Heiberg Island and the northern coast of Ellesmere Island are steep and are 
characterized by substantial glacier coverage. This is likely to result in a significant 
contribution to the Arctic Ocean from their catchments. 

Suspended sediment sampling, during the period of the Sediment Survey, was conducted 
opportunistically, when ever hydrometric measurements were taken. National standard 
methods, equipment (USDH 49, USDH 59, and USDH96) and analyses were employed. 
Focussed research programs, such as those reported by Milburn and Prowse (1998, 2002) and 
Milburn & Krishnappan (2003), also used these standard methods.   

The total sediment output from Canada to the Arctic Ocean can be estimated as the sum of the 
measured output from the Mackenzie River and an estimate of the contribution from the 
remaining area, based on the area not covered by glaciers multiplied by a specific sediment 
yield equal to similar to areas in Alaska and Siberia, and the product of the area of Axel 
Heiberg Island and Ellesmere Island draining towards the Arctic Ocean and a specific 
sediment yield representative of similar glacierized areas. The total estimated annual output 
from Canada is in the range of 157.9–179.4*106 t y-1. 

5.3 Greenland 
A summary of the results of sediment transport measurements undertaken in Greenland has 
been presented by Hasholt (1996). It was found that a glacierized basin had a specific 
sediment yield of about 1000 t km-2 y-1, whereas non-glacierized basins had specific sediment 
yields as low as 5 t km-2 y-1. Measurements undertaken since 1996 at Zackenberg have been 
documented by Hasholt & Hagedorn (2000), Rasch et al. (2000), and Mernild et al. (in press). 
They report an annual sediment load of 15,000–130,000 t y-1, which corresponds to a specific 
sediment yield of 29–253 t km-2 y-1. Recent findings by Hagedorn & Hasholt (in prep) 
indicate that the contributing area is less than 514 km2, because of sediment trapping in lakes, 
resulting in a higher specific sediment yield from areas underlain by sedimentary rocks. 
Recent measurements at Sermilik, Hasholt (unpublished) confirm the earlier reported 
sediment yields of about 1000 t km-2 y-1, from the glacierized area. 

On Disko Island, West Greenland, observations of a surging glacier and associated 
sedimentation in the adjoining fiord system have been reported by Møller et al. (2001), 
Gilbert et al. (2002), Desloges et al. (2002), Thorsøe (2002), and Rasch et al. (2003). These 
studies found an annual transport of 2.3*106 t y-1, which corresponds to a specific sediment 
yield of 4,243 t km-2 y-1. The results clearly demonstrate the very large amounts of sediment 
transported by the surge event, during which several samples with concentrations up to and 
exceeding 10 g l-1 were collected. 

There is, however, no regular network of stations for monitoring sediment transport in 
operation in Greenland. Along the whole coast of East Greenland, only two stations have been 
operating and are still operating. Only the Zackenberg Station covers the whole melt season. 
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Monitoring at the Sermilik Station has covered a few full seasons, but most of the time only 
the later part of the melt season has been monitored. In this report, the main focus is on the 
north and east coast of Greenland, because sediment transported from West Greenland ends 
up in Davis Strait, which is not connected to the Arctic Ocean. 

Attempts have been made to extrapolate the few measured values for Greenland to larger 
areas. Møller et al. (2001) have used measurements of concentration and discharge from 
several water courses, to investigate the correlation between specific transport in kg s-1 km-2 

and catchment characteristics, such as per cent coverage by glaciers, catchment slope and the 
percentage of the catchment occupied by lakes. The importance of the area covered by 
glaciers was confirmed as well as the effect of slope. However, the results are representative 
of areas underlain by basaltic rocks and are not readily transferable to other areas of 
Greenland, partly because detailed information on catchment characteristics is not available 
for all of Greenland.   

Hasholt (2003) has suggested a different approach to data extrapolation. The erosion rate (t 
km-2 y-1) from areas underlain by a specific lithology is estimated, based on a score of six 
erosion parameters, namely, Temperature regime, Temperature variability, Runoff, Slope 
steepness, Snow cover, and Glacier percentage. If all parameters exhibit a high score and the 
substrate is characterized by loose sediments, the erosion rate estimated to be at the maximum 
(>1000 t km-2 y-1). However, if all six scores are low, the erosion rate is estimated to be at the 
minimum (< 5 t km-2 y-1). The amount of sediment actually reaching the open sea (delivery 
ratio) depends on another set of six scores, namely, Distance from source to coast, Slope 
steepness, Runoff, the presence of Sinks (lakes), the presence of Coastal sinks and the 
Dynamics of the coast. If all scores are high, up to 100% of the eroded material reaches the 
open ocean, while if all scores are low, less than 5% reaches the open sea. This method is, 
however, also difficult to apply, because of the lack of morphological data, although its 
application will be greatly facilitated when digital elevation models become generally 
available for Greenland. Hasholt (2003) therefore only provides a tentative estimate of the 
variation of erosion rates and delivery ratios around Greenland. This procedure can be used 
for basins not influenced significantly by the Greenland Ice Sheet, but not where glaciers 
calve into the sea. To apply the method the contributing area must be known, but the available 
statistics on land types in Greenland are frequently inconsistent. The total ice-free area is 
reported as 410,449 km2 by the Greenland Statistical Yearbook (2003) and as 384,850 km2 by 
the Kalaallit Nunat Atlas (1989). The ice-free area for the individual regions can be obtained 
from the Atlas, but the ice-free area of North Greenland and East Greenland must be 
estimated as the difference between the total area and the sum of the ice free areas of the other 
regions. The resulting estimates of the ice-free area, extending from Thule to Scoresby Sund, 
range from 178,000–204,000 km2. The north coast of Greenland from Robeson Channel to 
Nordostrundingen is characterized by a cold dry climate producing little runoff, resulting in a 
low to moderate specific sediment yield of ca. 10 t km-2 y-1, according to Hasholt (2003). 
However, local glaciers are present on Peary Land, and the contribution of sediment from this 
area is estimated to be of the order of 200 t km-2 y-1. The overall sediment contribution from 
the northern part of Greenland is therefore estimated to be 6.7*106 t y-1, excluding the 
contribution from calved ice. From Nordostrundingen to Ile de France, several local glaciers 
are present and also some major outlets from the Greenland Ice Sheet. The supply of sediment 
from this reach is assumed to be greater and of the order of 200 t km-2 y-1. From Ile de France 
south to Scoresby Sund, the local glaciers are located some distance from the coast and 
sediment is transported to the sea via fiord systems. The Zackenberg Station is located in this 
area. Taking the possibility of sedimentation in the fiords into account, a specific sediment 
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yield of 50 t km-2 y-1 is seen as reasonable for this part of the coast. The sediment load 
reaching the open sea from this area is estimated to be approximately 9.5 t km-2 y-1. From 
Scoresby Sund to Ammassalik Island, the terrain is very steep, precipitation is high and the 
glaciers are close to the coast. This area is probably one of the major contributors of sediment 
to the Denmark Strait, estimated at 6.5*106 t y-1. The coast further south to Kap Farvel is also 
assumed to contribute significant amounts of sediment, with a sediment flux estimated at 
3.3*106 t y-1. The total input of sediment of fluvial and glacio-fluvial origin to the ocean from 
North and East Greenland is estimated to be approximately 26*106 t y-1. Sediment from the 
west coast is not included, because the ocean current travels north around Kap Farvel into the 
essentially enclosed Davis Strait. 

Weidick (2000) noted that about 200 potential surging glaciers are located within the high 
land on the east coast of Greenland, but the frequency of surging and its influence on 
sediment fluxes has not yet been assessed. 

The amount of sediment transported by icebergs is extremely difficult to estimate with any 
degree of accuracy. The estimated annual total volume of calved ice produced from 
Greenland is 350 km3 (Reeh, 1994; Weidick, 2000). Approximately 69 km3 calves from the 
high land between Ammassalik and Dronning Louise Land on the east coast; the remaining 
parts of the northern and eastern coast are estimated to produce 130 km3, giving a total of 200 
km3. The sediment content of the icebergs is not known (Gilbert, 1990), but can be 
substantial. In a warm based glacier, the sediment will be concentrated near the bottom, whilst 
in cold based glaciers the sediment can be located higher up in the ice. Based on density 
considerations the maximum concentration of sediment in a floating iceberg can be as great as 
160 g l –1, although this is greater than found in most icebergs. However, Gilbert et al. (2005) 
reports the occurrence of iceberg fragments that were submerged because of their high 
sediment content. From personal observations of icebergs it is estimated that a sediment 
content of 0.1–0.01% by volume is more realistic, providing an estimate of the amount of 
sediment transported to the sea by calving in the range 50–500*106 t y-1.           

Reeh et al. (1999) found that the dominant mechanism of iceberg formation is bottom melting 
north of 77oN, while it is calving south of this latitude. There is a potential for increased 
iceberg derived (IRD) transport in relative warm periods and it should be recognised that 
North-east Greenland is an area that is affected by global warming. 

5.4 Svalbard and other islands in the Arctic Ocean  
A useful summary of information on sediment transport from Svalbard is provided by Bogen 
(2004), together with a synthesis of information on sediment transport from other high arctic 
areas. Three basins in Svalbard have been monitored for periods ranging from 4 to 13 years 
and these are some of the most accurate observations from this environment. Specific 
sediment yields were reported to be 359 t km-2 y-1 for the glacier-fed Bayelva river and 586 t 
km-2 y-1 from the Brøggerbreen glacier and the moraine covered part of the same catchment. 
A non-glacierized basin had a sediment yield of 82.5 t km-2 y-1. 

More short-term measurements in other parts of Svalbard have provided estimates of specific 
sediment yields ranging from 28 to 38 t km-2 y-1 in non-glacierized catchments. In glacierized 
catchments, much higher specific sediment yields, in the range of 303 t km-2 y-1 to 2900 t km-2 
y-1, have been reported (Elverhøy et al., 1983; Kostrewski et al., 1989; Svendsen et al., 1989; 
Krawczyk & Opolka-Gadek, 1994; Barsch et al., 1994; Hodson & Ferguson, 1999).  
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In Svalbard, the glaciers are polythermal and glacial erosion rates are influenced not only by 
lithological and glaciological controls, but also their temperature regime. The largest sediment 
yields are associated with large, warm-based glaciers. The total area of Svalbard is 36,598 
km2, of which about 2,229 km2 represents glaciers. The temperature regime of all the glaciers 
is not known, but one third of the area is occupied by small glaciers that are believed to be 
cold and frozen to the bed. If the specific sediment yield of 586 t km-2 y-1, documented for the 
Brøggerbreen glacier, is assumed to be representative of the remaining glaciers and a specific 
sediment yield of 82.5 t km-2 y-1 is assigned to the non-glacial area, the annual sediment 
contribution from Svalbard can be estimated to be of the order of 16*106 t y-1 (Bogen & 
Bønsnes, 2003a, 2003b).  

Other high arctic islands, with a large proportion of their area covered by glaciers, include 
Zemlya Frantsa Josifa, the northern part of Novaya Zemlya and Severnaya Zemlya. If the 
observations from Svalbard are treated as representative of these areas, the total amount of 
sediment derived from these islands, which have a total area of about 140,000 km2, is 12–
50*106 t y-1.   

5.5 Norway 
The variability of specific sediment yield between the different glaciers in mainland Norway 
is large, ranging from 22 to 1577 t km-2 y-1. However, this range may be further subdivided by 
the recognition of distinct groups of glaciers. Disregarding glaciers on schistose bedrock that 
occupy only minor areas, the calculated mean sediment yield of smaller cirque or plateau 
glaciers is 116 t km-2 y-1. The yields of larger valley glaciers and outlet glaciers from ice caps 
are somewhat larger, and a mean value of 528 t km-2 y-1 has been ascribed to this group 
(Bogen 1996, 2004). The total glacier-covered area in Norway is 2,806 km2. Out of this area, 
1,042 km2 is covered by glaciers smaller than or equal to 3 km2, while 1,763 km2 is covered 
by larger glaciers. The total amount of sediment derived from glacial erosion and from 
glacierized areas is estimated to be 1.052*106 t y-1.  

The mean value for the measured sediment yields from areas classified as “forests“ has been 
given as 1.9 t km-2 y-1 (Bogen, 1996). A very large part of the country falls into this category 
and areas of marshland and areas with sparse vegetation, are also included in the 148,140 km2 
ascribed to this category. The sediment yields from this area vary regionally according to the 
thickness and occurrence of Pleistocene sediments and temporally with their availability for 
erosion. The inclusion of long term data (Bogen, 2004) produced a somewhat larger mean 
specific sediment yield of 2.88 t km-2, giving an estimated yield from this area of 0.427*106 t 
y-1.  

The sediment yield of unglacerized mountain areas varies in the same manner, according to 
the availability of sediments for erosion. In estimating the sediment yield of a large region, it 
is also necessary to take into account the variable thickness of the sediment cover and the 
large number of lakes. Thus, a new estimate for these areas was made where the sediment 
yields reported by Bogen (1996, 2004) were related to the whole of their catchments and not 
to the “contributing areas”. In this way a mean sediment yield of 5.0 t km-2 y-1 was proposed 
for the mountain areas in mainland Norway. Their total area is 152,819 km2, giving a total 
sediment supply of 0.764*106 t y-1. 

A recent estimate of the soil loss from agricultural areas throughout the entire country is 
1.874*106 t y-1 (Eggestad, 2005), which corresponds to a mean specific sediment yield of 37 t 
km-2 y-1. 
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The sediment yield from gullies incised in clay areas outside the agricultural land is subject to 
large variations caused by differences in stability (Bogen, 1996). To obtain an estimate for the 
whole country, the mean value for the erosion activity in the 340 km2 clay area within the 
catchment of the river Leira was applied. The mean sediment yield from this area has been 
estimated as 155 t km-2 y-1, from data given by Bogen et al. (1993). The most extensive 
marine clay areas are situated in the southeastern and central parts of the country, but 
significant deposits are also found in Northern Norway. Assuming that the area affected by 
river and gully is approximately 1,000 km2, the overall sediment supply from this type of 
erosion activity may be estimated at 0.155*106 t y-1. The total sediment supply from all the 
different areas in Norway amounts is estimated to be 2.585*106 t y-1. Since most rivers 
deposit much of their sediment load in the fjords or the coastal zone, this value provides only 
an indication of the sediment flux from Norway into the ocean. However, even in southern 
Norway parts of the fine material enter the Norwegian costal current and are carried 
northwards into the Norwegian Sea.  

It is interesting to note that the estimate given above is of the same order of magnitude as the 
grand total of 4.172*106 t y-1 estimated by Holtan et al. (1991). That estimate was calculated 
in a completely different way, and also took industrial and sewage effluents into account.  

5.6 Iceland 
Sediment transport investigations from Iceland have been reported by Thomasson (1990, 
1991). Icelandic glacial rivers are characterized by very high sediment yields, ranging from 
1,000–20,000 t km-2 y-1. The reason for the high values is that glacial erosion is acting on 
loose sediments, predominantly volcanic ashes. However, most of the glacial-fed rivers drain 
towards the south coast, which is outside the area of interest of this study. Measured sediment 
transport to the northern coastal areas is 18.1*106 t y-1. At least two of the rivers draining 
towards the north provide evidence of the occurrence of catastrophic floods. 

5.7 Russia 
Results of sediment transport investigations from Russia have been reported by 
Bobrovitskaya et al. (1996, 2003) and Holmes et al. (2002). Some of the longest records of 
sediment transport to the Arctic Ocean are from Russia (former Soviet Union) where 
measurements started in 1935. Unfortunately several stations were closed in the late 1980s.  

Although values as high as 7,000 t km-2 y-1 have been reported from the piedmont regions in 
the upper part of the basins, sediment yields at the mouths of the very long rivers are 
relatively low, and only around 5 t km-2 y-1 (Bobrovitskaya, 1996). The record is long enough 
to demonstrate the effect of increased human activities, in particular the effects of dam 
building in reducing sediment loads, which has lowered the specific yield from 5.4 to 1.8 t 
km-2 y-1. Recently reported values for the mean outputs to the Arctic Ocean from the Ob River 
and Yenisey River are 15.2*106 t y-1, and 5.6*106 t y-1, respectively. The latter was reduced 
from12.4*106 t y-1 because of the building of dams upstream. Bobrovitskaya (2003) reported 
that sediment transport in the Kolyma River has increased nearly 100% because of gold 
mining in the catchment. Results from stations situated close to the mouths of the rivers are 
given in Table 1. 

In Holmes et al. (2002) the sampling and calculation procedures applied on russian arctic 
rivers are described. He reports “best estimates” of the six largest rivers and characterize the 
confidence of flux estimates from good to fair except for Pechora: Yenisej 4.6*106 t y-1, Lena 
20.7*106 t y-1, Ob 15.5*106 t y-1, Kolyma 10.1*106 t y-1, Pechora 9.4*106 t y-1, and Severnay 
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Dvina 4.1*106 t y-1. Holmes et al. (2000) also report results from 10 minor rivers, Indigirka 
11.1*106 t y-1 and Yana 4.0*106 t y-1. Sediment yield from the 10 rivers varies from 3.4–36.4 t 
km-2 y-1. Based on an estimation of the areas without monitoring stations and an assumed 
sediment yield for the respective areas the resulting unmeasured load is calculated and given 
in Table 1. The total transport from Russia is then 72.8*106 t y-1.   

6. Summary 
The total transport of sediment to the Arctic Ocean and the northern part of the Atlantic 
Ocean is estimated to be between 329.8–894.6*106 t y-1 (Table 1). The lower number is in 
accordance with an estimate of the suspended sediment yield to the Arctic Ocean produced by 
the USSR National Committee for the IHD (1974). The part of this load that is actually 
monitored is approximately 63% of the lower estimate of the total but only around ca.23% of 
the higher estimate. The specific sediment yields reported for individual catchments are 
characterized by considerable variation, ranging from about 5 t km-2 y-1 to 7000 t km-2 y-1 and 
for Iceland up to 20000 t km-2 y-1. The highest specific sediment yields are found in 
mountains and in glacierized areas. A major part of the range in estimates can be attributed to 
the difficulty of estimating the contribution from calving glaciers.   

As emphasised above, any attempt to assess the total transport of sediment to the Arctic 
Ocean depends heavily on the availability of measurements and the considerable uncertainties 
in extrapolating those measurements to ungauged areas. The results presented above can 
therefore only be viewed as a tentative and provisional estimate. Further work is required to 
assess the accuracy and precision of the available data and the problems of integrating data 
collected over different periods and which are likely to show trends as a result of the impact 
of human activities, such as dam building and catchment disturbance. In addition, it should be 
recognised that the data and results presented relate almost exclusively to the suspended load 
component of the total sediment load. It is traditionally assumed that the suspended load 
dominates the total load, but this requires explicit confirmation. Furthermore, it must also be 
recognised that any attempt to assess land-ocean fluxes needs to take account of the point 
along the river-estuary/delta-coast-ocean continuum for which the measured data are 
available. Much of the sediment load recorded as passing a measuring station in the lower 
reaches of a river system may be deposited further down the river, in the estuary or delta, or in 
the coastal sea, before reaching the ocean. The sediment load ultimately reaching the ocean is, 
therefore, likely to be significantly less than the estimates proposed above, which relate 
primarily to sediment fluxes in the lower reaches of the rivers draining to the ocean. 

7. FUTURE RESEARCH NEEDS 
Both the number of monitoring stations in arctic areas and the sampling frequency employed 
at those stations are relatively low. As a result the estimates of the sediment flux to the Arctic 
Ocean from several areas involve considerable uncertainty. Compared to its area and length of 
coastline bordering the Arctic Ocean and the Greenland Sea, the monitoring network in 
Greenland is very sparse. In particular, there is a lack of information from major basins 
draining the Greenland Ice Sheet. The presence of glaciers, in particular surging glaciers or 
ice-streams can result in very high sediment transport rates. 

Even in areas where glaciers are less important, extreme events of short duration can produce 
sediment loads larger than those associated with several years of "normal" transport. 
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The need for accurate information must be carefully assessed. It is not necessarily the same in 
all areas. When decided, the appropriate number of monitoring stations and the appropriate 
sampling frequency must be established. In order to avoid the high cost of an extensive 
network, a strategy based on the monitoring of representative areas could be adopted. 
Selection of representative areas could be based on landscape analysis using GIS. Results 
from research catchments can also be upscaled to larger areas using DEMs and distributed 
hydrological modelling. More monitoring of sediment transport from surging glaciers and ice 
streams and detailed investigation of the associated erosion processes is needed. However, the 
mechanisms resulting in very large sediment transport rates from other arctic areas should 
also be given more attention. The potential importance of iceberg rafting and the sediment 
content of icebergs again require further investigation.  
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ABSTRACT 
In this paper, the long term variability of precipitation, temperature and discharge of Icelandic 
rivers is analyzed with respect to trends. The study is part of a Nordic cooperative research 
project, Climate and Energy. For the trend analysis of discharge, two periods are considered, 
the period 1941-2002 and the period 1961-2000. An eventual trend in the time series is 
analysed using the Mann-Kendall test. The test is applied to the time series data, both annual 
and seasonal values, and also to the timing and volume of the maximum daily discharge in 
spring and autumn, respectively.  The general conclusion from the shorter period is that the 
summer discharge has been increasing for the past 40 years, probably connected to a delay of 
snow melt into the summer as reflected by trends in timing of maximum daily discharge. The 
annual values of discharge, however, do not show clear trends. Values of annual measured 
precipitation have been increasing for both periods while spring temperatures have been 
decreasing. Summer and autumn temperatures have been increasing for the shorter period 
while for the longer period they have been decreasing; inconsistent trends in temperature 
series for the two periods may be related to large decadal variations. 
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1. INTRODUCTION 
The rivers in Iceland are of three origins, direct runoff, groundwater fed and glacial rivers. 
There are vast areas of post glacial lava where the permeability of the ground is high and the 
groundwater aquifers filter out short term variations in precipitation. Approximately 50% of 
the country is above 500 m a.s.l. and glaciers cover 11% of the country. Therefore, 
precipitation gets stored as snow or ice between seasons and sometimes between water years 
dependent on temperature. 

A trend study of discharge series has recently been performed for the Nordic countries by 
Hisdal et al. (2004). Icelandic discharge series were not included in the study but will be in a 
publication which is in preparation by Hisdal et al. (in preparation). This study of trends in 
Icelandic discharge, precipitation and temperature series will complement the study by Hisdal 
et al. (in preparation) and explain trends found in Icelandic discharge series. 

Trends in Icelandic discharge series have earlier been studied by Hisdal et al. (1995). Trends 
in meteorological series have been studied and recent findings are discussed by Hanna et al. 
(2004) and Jónsson and Miles (2001). Trends are, however, very dependent on the period 
analyzed and the earlier studies analyze different periods than here. The dependency on the 
period studied may partly be explained by decadal variability in the time series. Fig. 1 shows 
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the annual time series of river Hvíta at Kljáfoss which is a clear example of such decadal 
variability. 

 

Figure 6 Annual deviations from mean discharge at Hvítá; Kljáfoss. Columns show annual 
values while the line represents Gauss filtered values (σ =√3). 

In a Nordic study by Hisdal et al. (1995) annual and seasonal discharge regional series 
assembled from seven discharge gauges in Iceland were analyzed for the period 1950-1990. 
Regional series showed no significant trend in annual runoff and a regional series from glacial 
rivers showed no change either in seasonal runoff. A non-glacial regional series showed a 
positive trend in the spring and summer season, but a negative trend in the winter season. 

Long time series of pressure in Iceland, from 1820-2002, show no significant overall trends 
(Hanna et al., 2004). However, a study by Jónsson and Miles (2001) shows that in recent 
decades, the low pressure period, that usually ends around mid-February, has extended into 
March. This lengthening of the low-pressure season can be linked to the contribution of the 
Icelandic Low to the positive trend in North Atlantic Ocean index since the 1960s (Jónsson 
and Miles, 2001).  

Hanna et al., (2004) reveals that, according to most station records, the temperature in Iceland 
has been increasing in all seasons during the period 1871-2001. However, there has not been a 
simple trend towards higher temperatures through the whole series. Records show that the 
temperatures increased most rapidly during the years 1920s, especially during the spring. The 
years 1965 to 1983 show a cooling, while during the years 1984 to 2004 the mean 
temperature has been increasing again, especially after 1995 (Hanna et al., 2004). 

Hanna et al., (2004) analyzed the longest precipitation records in Iceland, 1881-2002. Those 
records are from Stykkishólmur, Vestmannaeyjar and Teigarhorn. The annual series show a 
positive trend in precipitation over the period 1881-2002 but only in Vestmannaeyjar, the 
record has a statistically significant annual trend, accompanied by a significant trend in the 
spring and summer. 

2. DATA 
In this study, series of monthly precipitation, temperature and discharge were analyzed and 
compared. In accordance with a trend study done by Hisdal et al., (2004) two periods were 
analyzed, 1941-2002 and 1961-2000. Seasonal values of meteorological variables and 
discharge are according to the four season division, autumn, Sep–Nov (SON), winter, Dec–
Feb (DJF), spring, March–May (MAM) and summer, June–Aug (JJA). For discharge, the 
spring season is, however, defined as April–June (AMJ).  
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2.1 Precipitation 
Monthly values of precipitation were collected from the database of the Icelandic 
Meteorological Office (IMO). The stations have earlier been tested for non-homogeneity with 
a standard non-homogeneity test (SNHT, Alexandersson, 1986) for the time period 1966-
2001, annual values. Only stations that appeared homogeneous during that time period were 
used in this study. Thirty selected stations span the shorter period 1961-2000 while 16 stations 
span the longer period 1941-2002. The stations all have less than 10% missing monthly 
values; missing monthly values were replaced by the long-term average for the specific 
month. 

2.2 Temperature 
Monthly values of temperature were extracted from the database of the IMO. The 20 series 
selected have a good geographical coverage and they all span both time periods. 

2.3 Discharge 
Monthly discharge data series were obtained from the Hydrological Service of the National 
Energy Authority in Iceland. The stations were selected according to the length of their time 
series and excluded if they appeared to have a break in the time series according to a SNHT 
for the time period 1966-2001. The resulting 11 time series are available during the time span 
of 1961-2002 while only two stations are available during the whole period 1941-2002. 
Missing monthly values were replaced by watershed model results for the same watershed. 

For the analysis of floods a spring flood is defined as the maximum daily discharge between 
March 1 and July 16, and an autumn flood is defined as the maximum daily discharge 
between July 17 and November 30. 

3.  METHODS 

3.1 SNHT 
A standard normal homogeneity test – SNHT (Alexandersson, 1986) has earlier been used to 
test the homogeneity of discharge and precipitation series, annual values, for the period 1966-
2001 (Jónsdóttir and Uvo, submitted). The test is purely statistical. It is based on the 
assumption that the ratio between the time series of a precipitation/discharge station being 
tested and a time series from a neighboring reference station is fairly constant in time and a 
break in one of the series will then be revealed if this ratio has a definite change. The details 
of the tests are described in Alexandersson, (1986). A further study of homogeneity of the 
meteorological and discharge series for the whole time period 1941-2002 is in preparation. 

3.2 Mann-Kendall test 
The Mann-Kendall (Salas, 1993) nonparametric test was used to detect trends in the datasets. 
According to Zhang and Zwiers (2004), the trend test may, however, reject the null hypothesis 
of no trend more often than specified by the significance level, in the case of serially 
correlated data. Many of the discharge series appear to have a significant autocorrelation at 
the time lag of one year. Therefore, prior to applying the Mann Kendall test, the discharge 
series were prewhitened according to a procedure found in Appendix A of Wang and Swail 
(2001) as recommended by Zhang and Zwiers (2004). Furthermore the method of evaluating 
the trend line parameters described by Wang and Swail (2001) is used here. 
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4. RESULTS 
The results of the trend analysis are shown in Fig. 2-5. The figures show trends significant at 
the 95% confidence level, large dots, and the 70% confidence level, smaller dots. Black dots 
denote stations with a positive trend while white dots denote stations with a negative trend. 
Small grey dots show stations with no trend apparent at the 70% confidence level. 

In general annual precipitation has increased during both periods. Trends in annual and 
seasonal precipitation are shown in Fig. 2. The stations with a significant trend at the 95% 
level show a trend of 3-8% increase of precipitation per decade for the period 1941-2002 but 
4-15% increase per decade for the period 1961-2000. The winter (DJF) and autumn (SON) 
show stronger positive trends than the other seasons. Negative trends appear only in the north-
eastern part of the country for the 1961-2000 summer season (JJA) and in the south-western 
half of the country during the autumn for both periods.  

The Mann-Kendall test seems to reject the null hypothesis of no trend more often if the series 
are long or have small fluctuations, therefore, there is not a simple relationship between the 
strength of the trend in individual series and whether the trend is identified as significant. 

Since decadal variations in temperature during the last century have been high, and the 
decades 1940s and 1950s were warm compared to the late 1960s and 1970s, trend analysis of 
these two periods 1941-2002 and 1961-2000 give quite different results (Fig. 3). For the 
longer period 1940-2002 annual temperature has decreased while for the shorter period annual 
temperature has increased. The stations with a significant trend at the 95% level show a trend 
of 0.1-0.2°C decrease of temperature per decade for the period 1941-2002 but 0.2-0.6°C 
increase per decade for the period 1961-2000. Spring, MAM is the only season with a 
consistent negative trend in both periods, coinciding with the trend in the lengthening of the 
low pressure period discussed by Jónsson and Miles (2001). Summer and autumn account for 
most of the annual temperature increase during 1961-2000, the summer having particularly 
high increase of temperature, up to 0.6°C per decade where series of other seasons do not 
reach higher than 0.3°C per decade. 

In discharge series autocorrelation with a time lag of one year is significant in many of the 
Icelandic discharge series. Therefore, a prewhitening procedure was performed on the 
discharge series depending on its autocorrelation coefficient as discussed in the methods 
chapter. Using this method instead of applying the Mann Kendall test to the original series 
reduced the number of series where a significant trend was identified. 

Discharge series show almost no significant trends at the 95% confidence level (Fig. 4). The 
few stations that show a significant trend (95% level) show a 4-6% change per decade for the 
period 1941-2002 and a 5-8% change per decade for the period 1961-2000. Only two series 
are available during the longer period, and they show opposite trends in all seasons. For the 
period 1961-2000 trends in the summer season (JJA) are most clear, for the summer season 
most stations have increased runoff. The reason for the increased summer runoff can be 
attributed to cooler spring temperatures (Fig. 3). The snow melt in watersheds at high 
elevations appears to become increasingly delayed from the spring to the summer. 

The effect of this cooling in the spring also appears in the trend analysis of timing and volume 
of spring floods (Fig. 5). Both of the series in the 1941-2002 period show a delay of spring 
flood, 3 days per decade. The timing of spring flood is delayed 5-10 days per decade for four 
stations during the period 1961-2000 counting trends significant at the 70% and 95% level. 
Others, significant at the 70% level have a shorter delay, 2-3 days. The volume of spring 
maximum daily discharge has also increased in some of the series in relation to the delay of 
the spring flood. Possibly, both because the snow accumulation period extents longer into the 
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year and because of a greater chance of a sudden warming when the spring is delayed, and 
therefore, faster melting of the snow pack. No clear trends appear in the autumn floods (Fig. 
5) except for two watersheds where the melt of the snow pack and glacier extends into the 
period of autumn floods. River Tungnaá at Maríufoss is one of those rivers. The delay of 
spring flood is shown in Fig. 6 as well as the increasing tendency towards late snow melt 
floods to be higher than late autumn floods caused by autumn precipitation. 

 

Figure 7 Trends in annual and seasonal precipitation. 
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Figure 8 Trends in annual and seasonal temperature. 
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Figure 9 Trends in annual and seasonal discharge. 
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Figure 10 Trends in spring and autumn floods. 

 

Figure 11 Time of spring and autumn maximum daily discharge at V96, Tungnaá; 
Maríufoss. 
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5. CONCLUSIONS 
The Mann-Kendall test was used to investigate trends in the precipitation, temperature and 
rivers discharge for the periods 1941-2002 and 1961-2000, both annually and seasonally. A 
significant increase was observed in annual precipitation and especially autumn and winter 
precipitation for both periods while temperature trends for the two periods do not agree 
because of large decadal variations. Still both periods show cooling of the spring season and 
the shorter period shows warming during the summer and autumn season. Discharge series do 
generally not reflect the trends seen in the precipitation series. Only summer discharge has 
increased during 1961-2000, probably caused by cooling spring season and delay of snow 
melt into the summer season. The analysis of spring floods also reflect the cooling of the 
spring season where spring floods are delayed in most of the watersheds and their volume 
tends to increase. 

The trend in precipitation is strongest in the northern and eastern part of the country during 
autumn and winter. In these parts of the country much of the precipitation falls as snow 
during autumn and winter and as explained by Haraldsdóttir et al. (2001) precipitation is 
generally underestimated by precipitation gauges in wind and for temperature below 0°C. 
Wind shields on precipitation gauges reduces the underestimation but wind shield installation 
occurred on most gauges during the period 1950-1960 (Jónsson, 2003) and may therefore 
explain some of the trends seen in precipitation during 1941-2002. Precipitation trends in the 
period 1961-2000 can, however, not be explained by wind shield installation. 

The trends seen in the 1961-2000 historical precipitation series do not fully agree with trends 
indicated by two climate scenarios simulated by the HIRHAM model with boundary 
conditions from global simulations from the Hadley centre, based on A2 and B2 emission 
scenarios (Rögnvaldsson and Ólafsson, 2005). The climate scenarios indicate that 
precipitation may increase substantially in NE-Iceland from 1961-1990 to 2071-2100 during 
mid-winter, which the 1961-2000 historical trend agrees with. However, the scenarios 
indicate increase in precipitation in S-Iceland in the autumn, the only season where the 
historical trend indicates decrease in precipitation in SW-Iceland. 

The hope is that this study will be of importance for the further study of the effects of climate 
change in northern Europe, in particular the Nordic countries, where this framework of 
analysis is applied to data from other regions. The results of this study are also being used as a 
basis for further analysis of the trends and variability in the discharge data in relation to 
meteorological measurements of precipitation and temperature as well as to other climatic 
indicators such as the North Atlantic Oscillation (NAO) index. 
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ABSTRACT 
Ice, snow frozen soils and large annual fluctuations in the surface energy balance are 
characteristics of high latitude catchments; it is therefore accepted that the hydrologic 
response of these watersheds will differ from those in more temperate regions at lower 
latitudes.  The difficulty is that there have only been a few water balance studies at high 
latitudes, often marginally supported.  Water balance data from 39 high latitude catchments 
was presented and discussed at a synthesis workshop in 2004 at Victoria, BC, Canada.  When 
we examine these data sets, we see that there are outliers in almost all of the plots which 
generally have a simple explanation.  Usually, annual precipitation decreases with latitude, 
although precipitation decreases with latitude the fraction that is snow increases with latitude, 
runoff ratio increases as the snow fraction increases, average annual ET decreases with 
increasing latitude due primarily to the decreasing energy availability, there is no relationship 
between ET and vegetation (both boreal/mixed forest and tundra had a very wide range of 
annual ET), the ratio of average annual ET over the average annual precipitation decreases as 
latitude increases, and the runoff ratio increases at higher latitudes.  Storage in many forms is 
a major contributor to the closure error in the water balance computation. 

KEYWORDS 
Water balance; experimental watersheds; high latitudes, synthesis, hydrologic processes  

1. NTRODUCTION 
Should we expect the hydrologic response of high latitude watersheds to be predictable?  In 
general, it should be expected that with increasing latitude that the amount of energy available 
for the hydrologic cycle will decrease. How is this limited available energy partitioned 
between the various components of the hydrologic cycle such as evaporation, transpiration, 
snowmelt, etc.?  It should also be true that the percentage of annual precipitation that is in the 
form of solid precipitation should increase with higher latitudes and the winter seasons should 
be longer.  Are there other less directly obvious relationships that we can garner from 
hydrologic data sets of experimental watersheds? 

This paper and several parallel papers have resulted from a circumpolar effort to compile and 
synthesis hydrologic water balance data from many of the experimental watersheds in high 
latitudes that have existed the past few decades.  Thirty-five hydrologists that have performed 
hydrologic studies in seven circumpolar countries convened in a workshop in Victoria, BC, 
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Canada in March 2004.  Collectively, results from 39 research watersheds (Japan 1, Russia 
13, Finland 3, Norway 2, Greenland 2, Canada 13 and United States 5) were presented and the 
results are published in IAHS Publication 290 (Kane and Yang, 2004). 

The research watersheds are found in a circumpolar band (Figure 1) that extends from 50 ºN 
to 80 ºN, with one exception.  The drainage areas of these basins range from 0.1 km2 to 432.0 
km2.  The length of study of an individual research watershed was as short as one season and 
as long as 45 years.  Although some watershed studies have been ongoing for several years 
(Figure 2), it does not mean that water balance data was available for all years.  It can also be 
seen that some watershed studies had terminated before others got started.  We have 
cumulatively over 500 years of water balance data from these 39 catchments.  Can we 
advance our knowledge of high latitude hydrology through an examination of the collective 
water balance data presented in the International Association of Hydrological Sciences 
(IAHS) “Redbook” edited by Kane and Yang (2004)?  

 

Figure 1 Location of experimental watersheds in the northern hemisphere. 

2. CHALLENGES 
Several challenging factors can disguise hydrologic relationships that may exist.  First, there 
is the quality of data measurements.  Next is the natural variability of the hydrologic 
processes.  In some cases the duration of the research watershed studies is quite short and 
therefore there is very little chance of capturing variability.  Finally, with a changing climate, 
the hydrologic response of each of these watersheds may be subtly changing.  Another issue is 
the hydrologic setting of each watershed.  Some watersheds (in Japan, Russia, Norway, 
Greenland, Finland and Canada) are near an ocean or sea and therefore are prone to receiving 
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more precipitation.  This is especially true for Eastern Greenland, Norway (Svalbard) and 
Japan, but also true, to a lesser extent, for Western Greenland, Northern Finland and 
Northwestern Russia.  Watersheds in North Central Russia (Tiksi River) and the High 
Canadian Archipelago, although near the Arctic Ocean, receive precipitation amounts similar 
to continental watersheds.  This is most likely due to the fact that the Arctic Ocean and 
accompanying seas are ice covered for most of the year and not a source for precipitable 
water.  

 

Figure 2 Duration of water balance studies at the 39 experimental watershed studies 
included in this study (Kane and Yang, 2004).  Note the numbers associated with 
each watershed correspond to the numbers on following figures. 

Another challenge of this study is that numerous methods have been used to measure or 
determine various components of the hydrologic cycle for water balance computations 
(Young and Woo, 2004).  How comparable are these methods?  In many cases the variability 
at time scales less than one year is ignored in order to simplify and derive annual water 
balance results.  For example, Imnavait Creek and Upper Kuparuk River on the North Slope 
of Alaska (Kane et al.,  2004), it is assumed that there is no change in the storage of the active 
layer from one freeze-up period until the next.  This assumption is partially based on some 

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

1. Log Usadievsky 
2. Log Taezhny

3. Polomet
4. Caribou Creek - C2

5. Caribou Creek - C3 
6. Caribou Creek - C4 

7. Pisissarfik
8. Tiksi

9. Moshiri
10. Mittivakkat 
11. Wolf Creek

12. Upper Kuparuk 
13. Imnavait 
14. Bayelva

15. De Geerdalen
16. Trail Valley 

17. Havikpak 
18. Scotty Creek

19. Vähä - Askanjoki
20. Iittovuoma

21. Laanioj
22. Dead Creek

23. Teako 
24. Wild Goose 

25. Nelka 
26. Zakharenok 

27. Filiper 
28. McMaster

29. Gully River
30. Ross Point

31. Intensive
32. Hot Weather 

33. Heather Creek
34. Yasenok
35. Devitsa

36. Dolgy Ravine
37. Kantakovy

38. Yuzhny
39. Severny
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measurements (Hinzman et al.,  1991) and the fact that usually these two watersheds receive 
significant precipitation at summers end when ET is minimal (plants have senesced and the 
amount of energy available is low), thus producing an active layer with similar moisture 
levels just prior to freeze-up.   

The amount of error associated with the field measurement can be quite significant for some 
of the components of the water balance equation.  We know the difficulties of measuring solid 
precipitation, especially for windy conditions (Yang et al., 2000; Goodison et al., 1998) on 
the input side of the equation.  For some high latitude watersheds condensation or trace 
precipitation can also be very important.  On the output side, runoff estimates during the 
winter (Hamilton, 2004) and measurements during breakup can be quite demanding with 
floating ice in the channel.  ET in general is always a challenge; this partially explains the 
large number of diverse methods used to estimate ET.   

Storage terms are probably the most neglected terms in the water balance equation.  These 
storage reservoirs exist below the surface (groundwater and vadose) and on the surface (lakes, 
ponds, wetlands, glaciers, aufeis, snowfields, etc.).  Three watersheds in this study have 
runoff coefficients greater than 1.0 (Killingtveit, 2004; Hasholt and Mernild, 2004).  Why is 
this possible?  It is only possible when water is taken from storage, usually from glaciers, late 
lying snowfields, etc.  However, it is not always easy to quantify accurately changes in 
storage, at least not at short time intervals.     

The three main features of the water balance equation are the input (P), changes in various 
storage terms (∆S) and outputs (ET and R):  

P – ET – R ± ∆Ssur ± ∆Ssub ± ∆Svad ± ∆Sglac ± ∆Ssnow/ice = η  (Eq. 1) 

Where, 

 P = precipitation, both snowfall and rainfall (possibly condensation), 

 ET = evapotranspiration (possibly sublimation), 

 R = runoff throughout the entire period of flow, 

 ∆Ssur = change in surface storage (lakes, wetlands, reservoirs, channels, etc.), 

 ∆Ssub = change in subsurface storage of groundwater, 

 ∆Svad = change in storage of unsaturated (vadose or active layer) zone, 

 ∆Sglac = change in storage in glacier, 

∆Ssnow/ice = change in storage of snowpack (including late lying snowdrifts, aufeis,         
river and lake ice, etc.), and 

 η = error term on closure. 

3. WATERSHED STRUCTURE 
It is clear that the 39 research watersheds used in this study have very different physical 
elements that impact the response of the hydrologic cycle of each watershed.  The roles of 
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vegetation, permafrost extent, surficial soils and geology, topography, lakes, glaciers, 
snowfields, etc. vary widely among these watersheds.  From the vegetation perspective, these 
watersheds vary from one agricultural watershed, to forested, to grasses and shrubs and finally 
barren.  The extent of permafrost varies from none, to discontinuous and finally continuous 
that is quite cold and deep and precludes any interaction with subpermafrost groundwater.  
The soils in each watershed vary for a variety of reasons, with some areas having extensive 
surficial organic soils and other areas completely void of soils.  Likewise the role of bedrock 
is quite variable.  In this study we had three basins where glaciers had a significant impact.  
Snowfields and aufeis are present in some basins but appear not to have a significant impact 
on the hydrologic cycle.   

4. WATER BALANCE CLOSURE  
Ideally, all components of the hydrologic cycle would be measured in a watershed study and 
when they are totaled up for a given time period (month, season, year, etc.) the error term (η) 
is equal to zero.  Unfortunately in a majority of the studies reported here, the water balance 
equation is used to determine one of the unknown hydrologic terms and therefore by default 
the researchers are assuming that the error term is zero.  More realistically, it means that all of 
the error is shunted into the unknown term that is solved for by the water balance equation.    

Only for 12 research watersheds in Russia (Vasilenko, 2004; Zhuravin, 2004a and 2004b; 
Balonishnikova et al., 2004) and 2 in Norway (Svalbard; Killingtveit, 2004) were complete 
measurements made so that the error term could be truly determined.  In some cases the 
change in storage term was assumed to be negligible and therefore ignored.  For those 
watersheds where the error term was determined, the error ranged from 0 to 27 % of annual 
precipitation, with an average of about 8 %.  Assuming that the quality of measurements are 
the same in all research watersheds, this implies that we are overall doing a fair job of 
measuring the variables in the water balance equation, but it does not indicate what the 
measurement error associated with each individual term is.  Of course there is also the 
argument that the final water balance closure is small because of offsetting errors.  

It is not easy to put error terms on each measured or estimated hydrologic variable.  For each 
variable measured or estimated, there is a diversity of types of instrumentation (for example 
each country has their own acceptable precipitation gauge) or techniques used (for example, 
ET estimates), each with their own range of errors.   

5. SYNTHESIS OF WATERSHED DATA 
What is the relationship between mass and energy fluxes in high latitude catchments?  It is 
generally accepted that as the latitude increases that precipitation will decrease; for these 
watersheds, Kane and Yang (2004) have shown this to generally be true with some coastal 
exceptions.  First, the atmosphere can hold less moisture at higher latitudes because it is 
cooler, but also the amount of evaporation from the oceans at high latitudes is both restricted 
because in the northern hemisphere much of the potential ocean area is replaced by land and 
the Arctic Ocean is also covered with ice for most of the year, if not for the entire year.  
Because of the low sun angles that solar radiation enters the atmosphere at high latitudes, the 
amount of energy supplied to the hydrologic cycle is diminished.  This means less recycling 
of water through precipitation and ET processes, longer cold season and colder soils, more 
precipitation as snow, lower runoff and more.  One of the hydrologic characteristics of high 
latitude watersheds is the dominant role of phase change: evaporation, transpiration, 



15th International Northern Research Basins Symposium and Workshop 
Luleå to Kvikkjokk, Sweden, 29 Aug – 2 Sept 2005 

 

 
84 Synthesis of High Latitude Hydrologic Water Balances 

sublimation, snowmelt, soil freezing and thawing, and lake and river ice formation and decay 
(including aufeis and glaciers). 

y = -0.7413x + 59.689
R 2 = 0.33
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Figure 3 Average annual air temperature as a function of latitude of experimental 
watersheds. 

With increasing latitude there is generally a spatial trend of decreasing mean annual 
temperature, this is generally true for our research watersheds (Figure 3). This conforms to the 
reduced incoming solar radiation and high surface albedo for most of the year alluded to 
above.  In this figure the squares imply coastal areas with maritime influence and circles 
represent watersheds with continental type climates.  Bayelva (#14) and De Geerdalen (#15) 
in Svalbard are warmer than their latitude would suggests while six watersheds in Russia and 
one in Canada are colder than their latitude would suggests.  These watersheds have basically 
a continental climate.  Moshiri watershed (#9) on Hokkaido Island, Japan is actually cooler 
than it should be according to the relationship.  

It should be expected that the percent of annual precipitation as snow should increase with 
higher latitudes and this clearly apparent in Figure 4.  The two clearly obvious outliers in this 
graph are Moshiri watershed (#9) on Hokkaido Island in northern Japan that receives 
substantially more snowfall than would be expected and Hot Weather Creek catchment (#32) 
on Ellesmere Island, Canada that receives considerable less snow than expected.  
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y = 0.30474x + 52.055
R 2 = 0.52
R  = 0.72
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Figure 4 Relationship between the increasing average percent of annual precipitation as 
snow with increasing latitude.   
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Figure 5 Except for two coastal catchments, the snowpack water equivalent (SWE) is quite 
low, generally less than 200 mm in most of these watersheds. 



 

 

Table 1 Some statistics to demonstrate the variability of hydrologic processes in high latitude watersheds; 
watershed selection was based on having a relatively long period of data collection. 

Watershed Duration   Annual P (mm)   Annual ET (mm)   Annual  R (mm) 

  Years Average Standard 
Deviation Max Min Average Standard 

Deviation Max Min Average Standard 
Deviation Max Min 

12 Upper Kuparuk 7 376 46.8 460 317 140 28.2 175 87 237 54.5 312 164 

13 Imnavait 19 359 51.4 469 269 179 30.1 231 109 181 55.7 294 92 

14 Bayelva 12 890 339.4 1472 355 35 9.5 45 11 1073 138.4 1316 877 

15 De Geerdalen 12 548 143.6 750 322 72 17.6 103 45 539 69.1 641 429 

16 Trail Valley 10 231 35.9 298 187 110 9.6 126 95 118 20.3 155 89 

17 Havikpak 10 283 29.8 347 246 134 13.3 153 109 110 14.7 135 88 

19 Vähä - Askanjoki, 114 46 644 100.2 988 461 222 68.8 447 84 422 86.0 632 188 

20 Iiitovuoma, 117 27 573 99.7 771 3+64 231 79.2 417 70 342 86.0 587 212 

21 Laanioja, 121 28 703 103.3 892 495 240 68.3 368 92 463 89.7 641 335 

34 Yasenok 16 621 103.8 820 490 448 37.7 522 384 96 23.7 139 56 

35 Devitsa 16 609 102.1 816 487 448 37.7 522 384 138 32.5 208 85 

36 Dolgy Ravine 16 633 103.4 824 498 448 37.7 522 384 12 12.6 38 0 

37 Kantakovy (Kolyma) 16 405 60.1 495 312 137 15.5 178 119 296 86.2 419 142 
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One interesting feature of precipitation (Figure 5) is that most of these watersheds have less 
than 200 mm of snow water equivalent (SWE).  The two outstanding exceptions are Moshiri 
watershed (Hokkaido Island, Japan) with an annual average of 601 mm SWE and 1068 mm of 
rain and Mittivakkat catchment (Eastern Greenland) with 719 mm SWE and 317 mm of rain.  
Catchments that are classified as coastal but are in the high Arctic of Canada and Tiksi that is 
located centrally on the North coast of Russia behave more like inland catchments that have a 
continental climate.  This is due to the oceans in their vicinity being ice-covered for most of 
the year and therefore not a source of precipitable water. 

6. VARIABILITY 
Most of the data shown here represents averages for the period of study for each catchment 
with the duration varying from 1 year to 46 years.  Data from those watersheds with relatively 
short study duration may not represent average conditions in the basin as that data could have 
been collected during either a drought or wet period.  There is considerable variation from 
year to year in the hydrologic data collected.  For 13 experimental watersheds with a 
relatively long study period, the average, standard deviation, maximum and minimum are 
shown in Table 1 for the annual values of precipitation (P), evapotranspiration (ET) and 
runoff (R).   

The standard deviation of the average annual precipitation values ranges from 10 to 40 %.  
The maximum annual precipitation exceeds the minimum precipitation by 1.4 to 4.2 times 
with the minimum occurring in NWT, Canada and the maximum occurring in Svalbard.  The 
standard deviation of the average annual ET varied from 8 to 35 %; the maximum ET 
exceeded the minimum ET by a factor of 1.3 to 6.0 with the minimum variation occurring in 
Trail Valley Creek in Canada and the maximum in Finland.  The standard deviation of the 
annual runoff (R) ranged from 13 to 29 % (excluding the small Dolgy Ravine watershed (2.8 
km2) that had minimal runoff during the 16 years of recorded data with one year equally 0.0.  
The maximums and minimums differed by a factor of 1.5 to 3.4 with the minimum occurring 
in Havikpak Creek, Canada and the maximum and the again in Finland. 

Like all watersheds, these go through both wet and dry cycles that contribute to the variability 
in the hydrological processes. 

7. SUMMARY 
Although there are many limitations to these watershed studies, they do represent the best 
hydrologic data that we have for northern basins.  Therefore results from the IAHS 
“Redbook” papers on the individual papers and synthesis papers like this one should be useful 
for verify modeling results from mesa and global scale climate models.  

It is clear that we as hydrologist and meteorologist struggle to make good measurements in 
these high latitude environments.  There are few measurements that we can say that we have 
mastered.  Air temperature is probably one of the few measurements where we can 
confidently agree that we are close.  Unfortunately there are numerous hydrologic processes 
that we lack adequate tools to measure them accurately (ET, sublimation, etc.) and there are 
numerous storage reservoirs (subsurface, lakes, ponds, glaciers, snow fields, etc.) that we can 
only hope to make annual estimates of change because such measurements are financially and 
labor intensive. 
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Most past watershed studies have been carried out at the small watershed scale and we have 
not availed ourselves to coupling these studies with atmospheric processes.  In the future, we 
should consider studying much larger watersheds (>10,000 km2) that can be coupled with 
atmospheric models.  Such efforts will require a substantial investment by countries that 
perform such studies; an investment that they have been unwilling to make in the past.   
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ABSTRACT 
The longest ice break-up series, from River Tornionjoki, started in spring 1693. There are 
freezing and break-up records at least since the mid-19th century from three lakes - Kallavesi, 
Näsijärvi and Oulujärvi. The number of time series starting in the late 19th century amounts to 
at least twenty. There are a few ice thickness series that started already in the 1910s but most 
of them started as late as at the beginning of the 1960s. A large number of ice observations 
has been analysed recently in order to calculate long-term changes in the ice regime. The 
analysis clearly shows that there is a statistically significant change towards earlier ice break-
up in Finland, from the late 19th century to the present time. There is also a significant trend 
towards later freezing in the longest series and thus also towards a shorter ice cover duration. 
For those series which started in the 20th century, the trend is not significant in most cases. 
The series of maximum thickness of ice showed both decreasing and increasing trends. The 
trends were statistically significant for roughly half of the observation sites. Decreasing trends 
were found in the southern part of the country and increasing trends in the central and 
northern parts. 

KEYWORDS 
ice cover; break-up; freezing; ice thickness; trends; lakes; Finland 

1. INTRODUCTION 
Ice cover is a natural phenomenon in lakes and rivers in the countries of high latitudes. 
Formation of ice and its disappearance are among the oldest hydrological observations in 
Finland because observing does not need any specific instruments. The long datasets of ice 
break-up and freezing are an interesting subject of analysis because they are good indicators 
of climate change and variations. 

The aim of this study was to investigate the long-term changes in ice regime of Finnish lakes 
and rivers. Kuusisto (1987) and Magnuson et al. (2000) have analysed the trends of some 
Finnish ice records, but in this study a large number of other sites were introduced. This study 
also includes a trend analysis of maximum ice thickness which was not discussed by 
Magnuson et al (2000). Kuusisto (1994) has presented a couple of longest maximum ice 
thickness series but the trends were not defined in that analysis.  

2. MATERIALS AND METHODS 
Ice conditions in lakes and rivers have been observed in Finland for a long time. The longest 
continuous ice break-up series from River Tornionjoki dates back to the late 17th century 
(Kajander, 1995). The longest freezing and break-up series of lakes are from Lake Kallavesi, 
Lake Näsijärvi and Lake Oulujärvi. Observations in these lakes begun by the middle of the 
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19th century. There are also some other lakes from which there are records since the late 19th 
century. A large number of sites have records since the 1910s. Continuous ice thickness 
observations begun also in the 1910s at some lake sites in central and southern Finland. Most 
of the ice thickness measurements begun in the 1960s. In this study, the freezing and break-up 
records of almost ninety sites and thickness records of over thirty sites were analysed (Figure 
1). All the sites studies have records at least since the 1960s. 

 

Figure 1 A map of locations of the sites studied in this analysis. Block letters S, C and N 
indicate division of the country to southern, central and northern parts. 

The date of permanent freezing of a whole area in sight of the observation site was chosen to 
be used as an official freezing date. The break-up date was chosen by the date when there are 
no more ice in sight of the observation site. Duration of ice cover in days was defined by the 
difference between the break-up and the freezing date. The ice thickness is measured in the 
wintertime every 10th, 20th and 30th of the month since the late 1970s. Before that, ice 
thickness was measured every 15th and 30th of the month. Manual gauge and drill are used 
when measuring ice thickness and the average value of three different holes is defined as the 
official record. Since the late 1970s snow ice thickness is also measured beside the total 
thickness of the ice cover. 

Long-term trends were tested in order to find out if changes are statistically significant. The 2-
tailed t-test was used with the significance level of 5%. 
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3. RESULTS AND DISCUSSION 

3.1 Average ice regime in lakes in 1961-2000 
The freezing of lakes occurs in Lapland at some sites on the average already in late October. 
In the southern coastal areas the freezing of lakes typically takes place at the beginning of 
December. There are considerable variations in the freezing date due to the size of the lake 
but the depth of the lake is also important. Deep and large lakes in a certain area can freeze as 
much as one month later than shallow and small ones in the same area.  

The deepest parts of the largest lakes freeze on average as late as at the end of December. For 
instance, in Lapland, the largest open areas of Lake Inari freeze on average at the end of 
November. The variation of the freezing date is larger in the southern part of the country than 
in the north. The average standard deviation of the freezing date is about two weeks, which is 
about twice as large as a one of the break-up. 

The mean maximum ice thickness in southern Finland is below 50 cm, in central Finland 50 
to 60 cm, in Northern Ostrobothnia and Kainuu 60 to 70 cm and in Lapland mainly 70 to 80 
cm. However, in Lake Kilpisjärvi in the most north-western part of the country, the mean 
maximum thickness is no less than 90 cm. The date of the maximum thickness occurs in the 
middle of March in the south and in April in Lapland - in southern Lapland at the beginning 
of April but in Lake Kilpisjärvi as late as at end of the month. 

Snow ice is porous ice formed of snow. Snow ice is formed when snow cover depresses ice so 
that water floods on the ice and freezes again. Also rain can form snow ice. The thickness of 
snow ice is typically higher in those lakes which have more snow around them on the 
surrounding land. Thus, snow ice thickness is in general largest in northern Finland and 
smallest in Southern Finland. The thickness of snow ice varies by a lake. Shore and bay areas 
have more snow ice than open areas. Also, the total ice thickness is a little bit higher near 
shores than in open areas. 

The mean duration of ice cover in the south and in the large lakes is about 140 days, in central 
Finland mainly 150 to 180 days, in Northern Ostrobothnia and Kainuu 180 to 200 days; and 
in Lapland 200 to 220 days. 

The break-up of ice occurs in southern Finland at the end of April, in central Finland by the 
middle of May, in Northern Ostrobothnia and Kainuu after middle of May, in southern and 
middle Lapland by the end of May and in northern Lapland at the beginning of June. In Lake 
Kilpisjärvi ice breaks up as late as after mid-June. Ice breaks up simultaneously within a 
region almost regardless of the size of the lake. There are no major differences between the 
south and the north of Finland concerning the variation of the break-up date. 

The negative air temperature sums needed for a lake to freeze vary depending on the size of 
the lake. The most significant factor is the depth of the lake. For very shallow lakes, sums of 
20 degree days are sufficient whereas the deepest parts need more than 200 degree days. The 
positive air temperature sum needed for the break-up of ice is less clearly dependent on the 
lake morphometry than the sum for the freezing. The average temperature sum for the break-
up of middle-sized lakes is 100 to 160 degree days. 

3.2 Trends of ice cover 
Less than half of the ice cover series studied had at least some statistically significant trends 
for the whole observation period, until year 2002. Most of the trends were found for the 
break-up date. The break-up date has become earlier and the freezing date later at many 
observation sites during the last few decades. The trends are statistically significant mainly in 
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those sites which have records at least since the late 19th century. Trends of the series that 
started in the 20th century were in most cases not statistically significant but also some trends 
were found for shorter periods, especially in southern Finland. In the series that started in the 
late 19th century, the ice break-up had moved 6 to 9 days earlier in hundred years (Table 1, 
Figure 2). The freezing has been delayed since the late 19th century, in most cases by 5 to 8 
days per century (Table 1, Figure 2). Also the duration of the ice cover has significantly 
shortened at sites with the longest records, and the change is about two weeks per hundred 
years (Figure 3). Not all of the longest freezing and duration of ice cover trends are 
statistically significant. In some cases no changes were detected. Also some trends towards an 
earlier freezing date were found. In the late 1920s and the early 1930s freezing occurred 
extremely late. On the other hand, in autumn 2002 freezing occurred in southern Finland 
extremely early. These results show a statistically significant trend towards earlier freezing in 
some small lakes in southern Finland. The trends of break up are stronger than that of the 
freezing date. The large variation of freezing dates hides the trends of freezing, especially in 
the lakes with short periods of records. There were no statistically significant trends of break-
up, freezing or duration of ice cover found in northern Lapland, but the time series from this 
part of the country are still relatively short. Generally, trends were mainly stronger in the 
southern part of the country. 

The fact that trends of break-up were stronger than the trends of freezing also agrees with 
observed long-term changes in air temperatures in Finland (Tuomenvirta, 2004; Klingbjer and 
Moberg, 2003). Also, air temperatures have increased more in the spring than the in autumn 
or in the winter. 
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Figure 2 Time series of break-up and freezing in three lakes. 

Figure 3 Time series of duration of ice cover in the lakes Oulujärvi, Kallavesi and Näsijärvi 
(11-year moving average). 

Table 1  Statistically significant (p < 0.05) trends of break-up, freezing and duration of ice 
cover for the whole observation periods available until 2002 and also for the 
period of 1901-2000. Trends marked with asterisk (*) are statistically significant 
only when gaps are filled with records from neighbouring stations. S means that 
the location of the observation site is in the southern part of Finland, C in the 
central part of Finland and N in the northern part of Finland. UR means that some 
of the records of that site are considered unreliable. 

Observation site Variable and period (number of missing 
years) 

+/- p< 
 

trend 
days / 10 a 

Lake Simpelejärvi (S) Break-up 1913-2002 (1) - 0,05 0,75…0,83 

Lake Pielinen (C) (UR)  Break-up 1885-2002 (24 ) 
Break-up 1901-2000 (14 )* 
Duration of ice cover 1886-2002 (28)* 

- 
- 
- 

0,01 
0,05 
0,01 

0,76…0,79 
0,54…0,56 
1,51 

Lake Kallavesi (C) Break-up 1822-2002 
Freezing 1833-2002 
Duration of ice cover 1834-2002 

- 
+ 
- 

0,001 
0,001 
0,001 

0,60 
0,67…0,70 
1,49…1,52 

Lake Haukivesi, Oravi (C) Break-up 1885-2002 (9) 
Break-up 1901-2000 (8) 
Duration of ice cover 1886-2002 (14) 
Duration of ice cover 1901-2000 (12) 

- 
- 
- 
- 

0,001 
0,01 
0,01 
0,05 

0,78…0,79 
0,73…0,76 
1,30…1,35 
1,29…1,33 

Lake Pihlajavesi (C) Break-up 1911-2002 * - 0,05 0,72 

Lake Saimaa, Lauritsala (S)(UR) Break-up 1885-2002 (1) - 0,001 0,90…0,93 
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Break-up 1901-2000 
Freezing 1885-2002 (3) 
Freezing 1901-2000 (1) 
Duration of ice cover 1886-2002 (3) 
Duration of ice cover 1901-2000 (1) 

- 
+ 
+ 
- 
- 

0,001 
0,001 
0,01 
0,001 
0,001 

1,13 
1,53…1,66 
1,20…1,30 
2,48…2,53 
2,21…2,23 

Lake Saanijärvi (C)  Break-up 1911-2002 (7) * - 0,05 0,53…0,54 

Lake Kolima (C) Break-up 1910-2002 (15) * - 0,05 0,53 

Lake Kivijärvi (C) Break-up 1912-2002 (2) - 0,05 0,66…0,79 

Lake Vatianjärvi (C) (UR) Break-up 1909-2002 (3) 
Freezing 1909-2002 (2) 
Duration of ice cover 1909-2002 (3) 

 - 
+ 
- 

0,05 
0,05 
0,01 

0,68…0,84 
1,27…1,34 
2,22…2,32 

Lake Pielavesi, Säviä (C) Break-up 1887-2002 (7) 
Duration of ice cover 1892-2002 (7) 

- 
- 

0,01 
0,01 

0,64…0,66 
1,31…1,34 

Lake Konnevesi (C) (UR) Break-up 1909-2002 (8) 
Freezing 1911-2002 (9) 
Duration of ice cover 1913-2002 (15)* 

- 
- 
+ 

0,05 
0,001 
0,05 

0,80…0,90 
2,55…2,88 
1,73 

Lake Vesijärvi, Lahti (S) Break-up 1909-2002 (2) - 0,05 0,70…0,77 

Lake Vesijärvi, Vääksy (S) Break-up 1886-2002 (2) 
Break-up 1901-2000 (1) 

- 
- 

0,01 
0,05 

0,70…0,77 
0,57…0,60 

Lake Päijänne, Vääksy (S) Break-up 1886-2002 (4) 
Duration of ice cover 1886-2002 (4) 

 - 
- 

0,01 
0,05 

0,78…0,83 
1,28…1,34 

Lake Kyyvesi, Haukivuori (C) Break-up 1910-2002 * - 0,05 0,70 

Lake Puula (C) Break-up 1910-2002 * - 0,01 0,86 

Lake Pyhäjärvi (S)  Break-up 1954-2002 * - 0,05 2,03 

Lake Lohjanjärvi (S) Break-up 1911-2002 * - 0,01 1,00 

Lake Pyhäjärvi, Kauttua (S) 
(UR) 

Break-up 1958-2002 (4) - 0,05 2,61…2,79 

Lake Längelmävesi, Kaivanto 
(S) 

Break-up 1911-2002 - 0,05 0,67 

Lake Vanajavesi (S) (UR) Break-up 1884-2002 (5)* 
Break-up 1901-2000 (3) * 
Freezing 1884-2002 (8)* 
Freezing 1901-2000 (4)*  
Duration of ice cover 1885-2002 (8)* 
Duration of ice cover 1901-2000 (3)*  

- 
- 
+ 
+ 
- 
- 

0,05 
0,01 
0,001 
0,01 
0,001 
0,001 

0,57…0,71 
1,04…1,15 
2,19…2,23 
1,92…2,08 
2,80…2,97 
2,99…3,05 

Lake Ähtärinjärvi (C) (UR) Break-up 1911-2002 (1) 
Freezing 1910-2002 

- 
- 

0,05 
0,01 

0,64…0,65 
1,87 

Lake Visuvesi (C) Break-up 1885-2002 (3) 
Break-up 1901-2000 * 

- 
- 

0,01 
0,05 

0,59…0,64 
0,58 
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Duration of ice cover 1885-2002 (9) - 0,05 1,11…1,18 

Lake Ukonselkä (C) Break-up 1897-1998 (7) 
Break-up 1896-2002 * 
Break-up 1901-2000 (7) 

- 
- 
- 

0,01 
0,001 
0,01 

0,77…0,79 
0,86 
0,77…0,80 

Lake Palovesi, Murole (C) Break-up 1884-2002 (21) 
Duration of ice cover 1884-2002 * 

- 
- 

0,01 
0,05 

0,54…0,61 
1,23 

Lake Näsijärvi, Tampere (S) Break-up 1836-2002 
Freezing 1836-2002 
Duration of ice cover 1837-2002 

- 
+ 
- 

0,001 
0,01 
0,001 

0,80…0,91 
0,59…0,74 
1,57…1,62 

Lake Pyhäjärvi, Tampere (S) Break-up 1891-1995 (19) 
Break-up 1891-2002* 
Break-up 1901-2000* 
Duration of ice cover 1892-2002* 

- 
- 
- 
- 

0,01 
0,001 
0,05 
0,01 

0,88…0,90 
0,91 
0,73 
1,62 

Lake Kuivajärvi (S) Break-up 1931-2002 (2) 
Freezing 1929-2002 (2) 

- 
- 

0,05 
0,05 

0,92…1,11 
1,83…1,87 

Lake Lappajärvi (C) Break-up 1912-2002 (2) 
Freezing 1911-2002 (2) 

- 
- 

0,05 
0,05 

0,60…0,65 
1,49…1,53 

Lake Kianta, Ämmänsaari (N) Break-up 1885-2002 (21) 
Freezing 1885-2002 (15) 
Freezing 1901-2000 (15) 
Duration of ice cover 1886-2002 (23) 
Duration of ice cover 1901-2000 (21) 

- 
+ 
+ 
- 
- 

0,05 
0,05 
0,05 
0,01 
0,05 

0,64…0,68 
0,70…0,81 
1,05…1,24 
1,37…1,43 
1,27…1,48 

Lake Lentua, Varajoki (N) Break-up 1885-2002 * 
Freezing 1885-2002 (24) 
Duration of ice cover 1886-2002 (27) 

- 
+ 
- 

0,05 
0,05 
0,01 

0,55…0,56 
0,79…0,81 
1,29….1,38

Lake Lammasjärvi (N) Break-up 1885-2002 * 
Duration of ice cover 1885-2002 * 

- 
- 

0,01 
0,01 

0,62 
1,17 

Lake Ontojärvi (N)  Duration of ice cover 1956-2002* - 0,05 3,49 

Lake Nuasjärvi (N) Break-up 1885-2002 (4) 
Break-up 1901-2000 (3) 
Duration of ice cover 1886-2002* 
Duration of ice cover 1901-2000 * 

- 
- 
- 
- 

0,001 
0,001 
0,01 
0,05 

1,13…1,19 
1,08…1,11 
1,61 
1,44 

Lake Oulujärvi, Vaala (N) Break-up 1854-2002 (1) 
Break-up 1901-2000  
Freezing 1854-2002 (1) 
Freezing 1901-2000  
Duration of ice cover 1855-2002 (1) 
Duration of ice cover 1901-2000  

- 
- 
+ 
+ 
- 
- 

0,001 
0,05 
0,05 
0,05 
0,001 
0,05 

0,67 
0,53 
0,43 
0,80…0,81 
1,16 
1,15 
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Lake Poussunjärvi (N) Break-up 1961-2002 * - 0,05 2,27…2,28 

Lake Livojärvi, Säikkä (N) Break-up 1960-2002* 
Duration of ice cover 1960-2002* 

- 
- 

0,01 
0,05 

2,54 
3,92 

Lake Oijärvi (N) Break-up 1954-2002 - 0,05 1,54 

River Tornionjoki, Tornio (N) Break-up 1693-2002 - 0,001 0,43 

 

Table 2 Statistically significant trends (p < 0.05) of maximum ice thickness for the whole 
observation period available and for the period 1961-2000. Trends marked with 
asterisk (*) are significant only when gaps are filled with records from 
neighbouring stations. S means that the observation site is situated in the southern 
part of Finland, C in the central and N in the northern part. UR means some of the 
records of that site are considered unreliable. 

Observation site Period (missing years) +/- p< trend (cm / 10 a) 

Saimaa, Lauritsala (S) (UR) 1925-2002 
1961-2000 

- 
- 

0,05 
0,05 

1,5 
2,8 

Pielinen, Nurmes (C) 1963-2000  + 0,01 2,8 

Muurasjärvi (C) 1910-1999 (6) 
1910-2002 * 

+ 
+ 

0,01 
0,01 

1,1 
1,0 

Saanijärvi (C) 1961-2002 
1961-2000 

+ 
+ 

0,05 
0,05 

2,2 
2,7 

Kivijärvi (C) (UR) 1961-2002 (2) 
1961-2000 (2) 

+ 
+ 

0,01 
0,001 

3,7…3,8 
4,8…4,9 

Pielavesi (C) 1912-2002 (30) + 0,01 0,8…0,9 

Päijänne, Tehi (C) 1961-2002 (1) 
 1961-2000 (1) 

- 
- 

0,01 
0,05 

3,0…3,3 
2,8…3,2 

Kukkia (S) 1961-1999 
1961-2002 * 

+ 
+ 

0,05 
0,05 

3,1 
2,3 

Kitusjärvi (C) 1961-2002 
1961-2000 

+ 
+ 

0,01 
0,01 

2,9 
3,5 

Näsijärvi (S) 1961-2000 (1)  
1912-2002 * 

- 
- 

0,05 
0,05 

2,5…2,7 
0,9 

Kuivajärvi (S) 1912-2002 (9) - 0,01 1,0…1,1 

Jerisjärvi (N) 1962-2000(1) 
1962-2002* 

+ 
+ 

0,001 
0,001 

4,0…4,4 
3,2 

Inari, Nellim (N) 1950-2002  + 0,01 2,9 

Inari, Ulappa (N) 1961-2002 (5) 
1961-2000 (5) 

+ 
+ 

0,05 
0,05 

2,3…2,4 
2,8 

Kuusamojärvi (N) 1942-1998 (3) + 0,05 2,2…2,3 
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1942-2002* 
1961-2000* 

+ 
+ 

0,05 
0,05 

1,9 
2,8 

 

Figure 4 Time series of maximum ice thickness at different sites. 

Both decreasing and increasing trends can be found in the maximum ice thickness time series. 
At about half of the sites the trends were statistically significant. The maximum thicknesses 
have mostly increased in eastern, central and northern Finland and decreased in southern 
Finland. The series with records since the 1960s had significant trends of 2 to 3 cm per ten 
years, for longer series the trend was mainly 1 to 2 cm per ten years (Table 2, Figure 4).  

The time series of snow ice and snow thickness are rather short, about twenty years, thus no 
long-term analysis can be done. In the 1980s there was much snow and snow ice in southern 
and central Finland. Thus the snow ice thickness has in most cases decreased from the 1980s 
to the year 2000 in southern and central Finland. In northern Finland, the snow ice thickness 
has increased in some places during the twenty year period. Trends of the maximum ice 
thickness are quite similar with trends of snow water equivalent (Hyvärinen, 2004). Snow 
water equivalent has increased in northern and eastern Finland and decreased in southern and 
western part of country. Thus, snow ice thickness probably explains the reason for maximum 
ice thickness changes. The effects of climate change on the ice thickness are rather complex 
because the ice thickness depends on both temperature conditions and on snowfall. This 
matter was also discussed earlier by Kuusisto (1994).  

CONCLUSIONS 

Almost ninety break-up and freezing series and over thirty ice thickness series were analysed. 
The freezing of lakes occurs usually from late October to early December, from Lapland to 
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southern Finland respectively. The average year-to-year variation of freezing date is about 
two weeks. The variation of the break-up date is about half of the variation of the freezing 
date. The lake ice break-up occurs generally in late April in southern Finland and in early 
June in northern Finland. The average maximum ice thickness from the south to the north is 
from 50 cm to 80 cm. 

The analysis shows a statistically significant change towards earlier ice break-up in Finland, 
from the late 19th century to the present time. There is also a significant trend towards later 
freezing in the longest series and thus also towards a shorter ice cover duration. For those 
series which started in the 20th century, the trends are not significant in most cases. The series 
of maximum thickness of ice showed both decreasing and increasing trends. The trends were 
statistically significant for roughly half of the observation sites. Decreasing trends were found 
in the southern parts of the country, increasing trends in the central and northern parts. 
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ABSTRACT 
Resuspension of fine sediments in shallow lakes affects nutrient cycling and light attenuation 
and is therefore an ecologically important process. Many researchers have in different ways 
tried to model resuspension events in lakes.  

Even though several important factors in resuspension are known to have seasonal variations, 
this has not been investigated so far according to the authors’ knowledge. The potential 
factors that could cause seasonal patterns in resuspension discussed in this report is mainly 
water level variations and vegetation development, and briefly wind conditions, ice cover 
period, fish activity and runoff variations. 

The aim of this report is to examine how some potential factors could interact and affect 
resuspension in shallow lakes in a seasonal way. One conclusion is that the aspect of 
seasonality could be important for further modelling of resuspension and an important tool in 
lake management. 

KEYWORDS 
Resuspension; shallow lake; seasonal variation; submerged vegetation 

1. INTRODUCTION 
Resuspension is of great importance to limnological ecosystems, and is a major factor 
concerning water quality and environmental problems (e.g. (Bailey and Hamilton, 1997; 
Bengtsson and Hellström, 1992; Malmaeus and Håkanson, 2003). During resuspension, a 
particle can be exposed to biogeochemical processes and travel long distances and is therefore 
important in the cycling of nutrients and pollutions (Sanford, 1992). Further is resuspension 
important to the light climate of a lake, both directly by increasing the amount of particles in 
water mass, and indirectly by increasing the internal nutrient load, which enhances growth of 
phytoplankton, which in turn increases the light attenuation. Thereby resuspension affects the 
growth of submerged macrophytes and all species that depend on these, for example fish and 
waterfowl (Van Druin et al., 2001).  

In shallow lakes resuspension events occur frequently and over large areas (Bloesch, 1995). 
Bloesch (1995) also states that wind, currents and lake morphometry are the most important 
forces behind resuspension, and that bottom shear stress and cohesion of sediments are key 
mechanisms. Other important factors that affect resuspension is sediment composition, 
resuspension history, and macrophyte biomass (Schallenberg and Burns, 2004; Van Druin et 
al., 2001). 
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Several researchers has built models to predict the total suspended solids (TSS) 
concentrations and included seasonal variations in the biological part of TSS (mainly 
phytoplankton) (Hamilton and Mitchell, 1996; Schallenberg and Burns, 2004; Van Druin et 
al., 2001). Malmaeus and Håkanson (2003) write that even though extended research has been 
addressed to resuspension, it is still extremely difficult to predict the concentration of TSS in 
lakes and rivers.  

Wind-induced resuspension is often seen as a short time scale problem and has not yet, to the 
authors’ knowledge, been treated as a mechanism that includes seasonal variations. Some 
researchers have reported some indications that this could be important. For example, it has 
been showed that the critical bottom shear stress change with season (Maa et al., 1998). 
Another report shows that the sedimentation rate is different during different seasons because 
of differences in mass, area, and organic fraction of the particles (Douglas et al., 2003) 

The aim of this report is to show how some potential factors could affect the resuspension 
seasonally in a shallow lake, and that this seasonality could be important to further modeling 
of resuspension. The moderately eutrophic very shallow Lake Krankesjön in southern Sweden 
(mean depth 0.7 m, max depth 3.0 m, and area 3.4 km2) serves as a data example. 

2. POTENTIAL FACTORS 
Resuspension starts when the bottom shear stress exceeds the critical bottom shear stress, 
which means that the force from the stress is higher than the friction force between the 
particles of the sediment. The force behind bottom shear stress can be either waves or 
currents. In most lakes, waves are the only important resuspension force and currents are 
negligible (Hawley and Lesht, 1992). Resuspension is thereby determined by the force acting 
on the water surface, the transfer of the energy from the surface to the bottom, and the 
sediment characteristics that affects the critical value for the bottom shear stress.  

2.1 Water level fluctuations 
Water level fluctuation is an important factor in resuspension. If the water is shallower the 
wave energy can easy “reach” the bottom and suspend the material, but if the water is deeper 
then the waves has to be larger to transport enough energy to the bottom to cause the critical 
value for bottom shear stress. Even deeper water will never be affected by the waves.  

Here follows one method to calculate the maximum velocity at the bottom which is directly 
proportional to the shear stress at the bottom (Bengtsson, 1986). The velocity at the bottom 
created by wind can be calculated using data on waves, which in turn can be calculated by the 
SMB-method from data on water depth, fetch and wind speed (Bengtsson, 1986): 
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2W
Fg

B
⋅

=  (4) 

( )75.0578.0tanh AC ⋅=  (5) 

( )375.0520.0tanh AD ⋅=  (6) 

where g is the acceleration of gravity (m2/s), H is the significant wave height (m), W is the 
wind speed (m/s), T is the significant wave period (s), h is the water depth (m), and F is the 
fetch (m).  

The approximate wavelength can be calculated by the following equation (CEM, 2002): 
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where L is the wavelength (m).  

Finally the maximum bottom speed and the bottom shear stress can be calculated as 
(Bengtsson, 1986): 

( )LhL
TgHu
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2max  (8) 

2

2
maxu

f ⋅⋅= ρτ  (9) 

where umax is the maximum bottom velocity (m/s).  

If the maximum bottom speed is to be kept constant, the wind speed has to increase linear 
with the increase in depth using those equations. For example: if the critical bottom velocity is 
reached when the wind speed is 9 m/s at a point where the water depth is 0.9 m, and the water 
level is increased by 0.3 m to 1.2 m, then the wind speed has to increase to almost 11 m/s to 
create the same maximum bottom velocity, if all other parameters are kept constant. This is a 
way to show how critical the water level is for resuspension. 

Van Druin et al. (2001) states that “a decrease in depth usually increases the resuspension 
flux”, and comments this is valid although the wave heights are smaller in shallow water. This 
is also in line with what the equations (1)-(9) show. 

Another method to determine if resuspension will occur is if the water depth is less than half 
the wavelength, then resuspension will occur (Carper and Bachmann, 1984). According to this 
method the resuspension will also be less if the water depth is increased. 

Seasonal water level fluctuation is a known characteristic of many water ecosystems. For 
example the Great Lakes in the USA show a large seasonality in water level (Chow-Fraser, 
2005). 

Also in Lake Krankesjön the water levels changes seasonally. In the early spring the levels are 
high and decreasing until August when the water level is lowest (Figure 12). The mean 
difference in water level from April to August is 25 cm (34% of the mean depth). 
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In terms of the equations listed above, the same wind speed and direction in spring would not 
cause as much bottom shear stress as if it occurred in the summer in Lake Krankesjön. 

2.2 Vegetation development 
Both submergent and emergent vegetation affects the resuspension. They decrease the 
resuspension by 1) dampening waves, 2) inhibiting the kinetic energy transfer from the 
surface water to the bottom, and 3) stabilizing the sediment by their root system. There are 
several reports on that macrophytes reduces resuspension (González Sagrario et al., 2005; 
Hamilton and Mitchell, 1996; Madsen et al., 2001; Scheffer, 2001). 
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Figure 12 Average variations in mean water level (cm) in Lake Krankesjön 1985-1994 (data 
from (Blindow et al., 2002). 

Houwing et al. (2002) showed that the vegetation dampens waves different depending on for 
example the height and flexibility of the vegetation. They showed that natural vegetation that 
was 50 cm in 80 cm deep water reduced the wave heights by 20% (Houwing et al., 2002). The 
effect of sea grass on waves is reported to be approximately the same as reducing the water 
depth with the height of the vegetation canopy (Teeter et al., 2001). From monitoring data 
from Lake Krankesjön it has been showen that the development of Chara (a common 
macrophyte) is strongly connected to chemical, physical and biological variables in the lake 
(Blindow et al., 2002). Blindow et al. (2002) also reports that the biomass of the submerged 
vegetation must reach a certain threshold value to affect the clarity of the whole lake.  

Resuspension and vegetation development have a positive feed back system. Since the 
vegetation is reducing resuspension, the turbidity of the water decreases. This increases the 
light availability and thereby enhancing the growth of the macrophytes (Scheffer, 2001).   

The impact that vegetation development has on the equations (1)-(9) is that the waves are 
reduced, the maximum velocity at the bottom is reduced and the critical value for the bottom 
shear stress when resuspension is increased. Since the vegetation develops seasonally, these 
factors will change seasonally. For example in Lake Krankesjön the macrophytes are almost 
not visible from the surface during winter and early spring, while in summer and autumn they 
cover large parts of the lake area, up to the surface in some areas (authors’ observations). 
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2.3 Other factors 
The main factors discussed in this report that could affect the resuspension seasonally are 
water levels and vegetation development. Of course there are other factors that could have 
similar impact. Some of them are listed here. 

2.3.1 Wind conditions 
The average wind speed can have some seasonality. In Krankesjön the wind speeds are higher 
in spring and lower in mid summer (Figure 13) and the energy input for resuspension will 
therefore be higher during spring. 
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Figure 13 Mean wind speed close to Lake Krankesjön 1996-1999 (data from (Blindow et al., 
2002). 

2.3.2 Ice cover period 
If the lake is completely covered by ice the resuspension will of course be very low. The 
timing of the ice-break can be of importance to the resuspension. The resuspension can be 
high directly after the winter calm, which can affect the TSS and nutrient concentration in the 
early spring (Malmaeus and Håkanson, 2003; Malmaeus and Håkanson, 2004). Lake 
Krankesjön is covered with ice from about January 1 - March 15 (SMHI).  

2.3.3 Fish activity 
Fish that feed in the bottom sediments makes the bottom more sensitive to resuspension 
(bioturbation) (Bloesch, 1995; Sanford, 1992; Scheffer et al., 2003). Bioturbation can make 
the bottom surface act as non-cohesive during resuspension, although it has cohesive 
characteristics (Leuttich et al., 1990). A reduce of the fish stock is sometimes used as 
biomanipulation to make lakes less turbid, for example a reduce of almost the whole 
community of common carp (Cyprinus carpio) in Cootes Paradise Marsh (L. Ontario) 
reduced the TSS concentration by approximately 25% (Chow-Fraser, 2005). 

Predation by fish varies seasonally, with increasing intensity as the water warms up in spring 
(Hairston, 1988). In northern Europe, bream (Abramis brama L.) is a common 
benthivorous/planktivorous fish species that feeds on zooplankton in spring, until the seasonal 
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peak in plankton biomass is passed as large cladocerans are drastically reduced, which may 
cause bream to switch to feeding on benthic prey (Lammens et al., 1985; Van de Bund and 
Groenendijk, 1994). Although many studies show that fish can have profound effects on 
benthic invertebrates, not many address seasonal aspects, despite the fact that temporal 
variation in predation pressure can have a substantial impact on spatio- temporal patterns 
(Batzer, 1998; Butler, 1989). 

2.3.4 Runoff variations 
Runoff can contribute to an easily resuspended layer. Differences in rainstorm frequency and 
intensity during the season can therefore affect the resuspension seasonally, as well as if the 
precipitation falls as rain or snow.  The amount of soil that is transported with the runoff is 
probably also changed during the season due to the seasonality of land vegetation. There is no 
monitoring data on runoff to Lake Krankesjön available, but Figure 14 shows the monthly 
mean in precipitation which can indicate the variations in runoff. Note that some of the 
precipitation during winter will fall as snow, and will therefore not give any immediate 
runoff.  
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Figure 14 Mean precipitation in the Lake Krankesjön area 1961-1990 (SMHI). 

3. DISCUSSION 
Differences in water level changes the energy transfer through the water (longer distance), 
vegetation development changes the energy transfer (dampens waves and wave induced 
movements) and the critical bottom shear stress (bind the sediment), wind variations changes 
the energy input, ice cover period inhibits the energy input, fish activity changes the critical 
bottom shear stress (more easily resuspended) and runoff variations also changes the bottom 
shear stress (an easily eroded top layer). All of these factors can have seasonal patterns, and 
therefore have the potential to bring seasonality in resuspension.  

Several researchers reports on indications that resuspension could change seasonally. Nõges 
et al. (1999) made experiments with sediment traps in Lake Võrtsjärv. Their result showed 
that 85-96% of the trapped material was resuspended particles. Variations in mean wind 
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velocity and mean depth explained 2/3 of the variance. They had a low correlation between 
mean wind and mean weight of the trapped material, which they explain by seasonal 
variations. They also showed that one year with extreme low water levels resulted in 
significantly increased resuspension (Nõges et al., 1999).  

Another report shows that there was seasonality in the sedimentation rate in Lake Jussi in 
Estland  (Punning et al., 2003). This seasonality could affect the resuspension by changing the 
properties of the upper sediment layer. Hawley and Lesht (1992) created a model for TSS 
concentrations which they found useful, but with different precision during different seasons. 
They explain this by turbid inflows, which in turn could affect the seasonality in resuspension. 

Water level fluctuations also affect the resuspension indirectly by having an impact on 
vegetation development. Lowering the water level is a way to make macrophytes reestablish 
in a lake, and thereby improve the water quality by decreasing the resuspension. This means 
that a lowering of the water surface both has a direct positive impact on resuspension but can 
indirectly lead to a lower resuspension rate. Here, the magnitude, timing, and duration of the 
water level decrease as well as the initial vegetation cover and the bathymetry of the lake 
probably has a great impact on if the resuspension will be increased or decreased.   

If there is seasonality in resuspension this will probably have an impact on the lake 
ecosystem, since there are periods when resuspension is more critical to the system. The most 
obvious example is during the spring when the submerged vegetation is developing. It is also 
important in lake restoration management to be aware of when on the season which measure 
will be most effective. 

It is not clear how to investigate if there is an important seasonality in resuspension, and if so, 
which the most important factors behind this are. Resuspension is often measured indirectly 
by filtrating water samples, measuring turbidity or using sediment traps. Therefore it is 
difficult to distinguish exactly how much of the suspended material that originate from 
resuspension events, and not for example from inflows. Since resuspension is a very varying 
phenomenon in time, there has to be long time series and short intervals between the data 
points, together with a measuring program monitoring related factors, as wind speed and 
direction, temperatures, precipitation, water levels, vegetation cover, inflow, etc, to be able to 
make any conclusions on the seasonality.  

4. CONCLUSIONS 
There are theoretical indications that resuspension could have a seasonal pattern in shallow 
lakes. Some potential factors behind this could be water level fluctuations, annual 
development of macrophytes, variations in wind pattern, ice cover period, fish activity, and 
runoff variations. Several researchers has also reported on indications that resuspension could 
change seasonally.    

Further investigations and knowledge of this phenomenon could contribute to a better 
understanding of the nature of resuspension, and thereby lead to more precise modeling, and 
also be of importance in lake restoration management.  
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ABSTRACT 
Assessment in the form of a large project and field- and laboratory work was shown to be 
successful when applied to a course in snow engineering for university students with various 
backgrounds. The course was interdisciplinary, with teachers representing three different 
engineering disciplines. The project work was assessed by a report, a short oral presentation 
and an optional presentation such as a home page, a poster or a physical model. The students 
experienced that they had learned more with this assessment strategy than from courses with a 
final written exam. Peer evaluation of the relative contributions to the project work was 
applied and was appreciated by the students. The experiences of practical engineering tasks 
during the project work were also appreciated.  

KEYWORDS 
Assessment, deep learning approach, recruit, project work.  

1. INTRODUCTION 
At Luleå University of technology (LTU) most students have a fairly large fraction of 
optional courses and the departments are paid in proportion to the number of students that 
choose their courses so there is need to design attractive courses without reducing the 
demands on student performance. 

The examination strategy greatly influences course structure and student study strategies 
(Marton et al. 1999). Most written exams seem to favour student-learning strategies that lead 
to surface learning since the exams favour detail knowledge.  

Surface learning strategies are characterized by:  “Students focus their attention on the details 
and information in a lecture or text. They are trying to memorise these individual details in the 
form they appear in the lecture or text or to list the features of the situation” while deep 
learning is characterised by: “Students focus their attention on the overall meaning or message 
in a lecture, text or situation. They attempt to relate ideas together and construct their own 
meaning, possibly in relation to their own experience” (Gibbs, G. Workshop at LTU, 1997).        

Written exams at the end of a course usually put large emphasis on theoretical knowledge and 
very little emphasis on other qualities also important for engineers. Recent graduates rated the 
ability to assess their own performance as one of the most important skills required in their 
work, but this ability was almost totally ignored in their education (Midgley and Petty, 1983).  
Students at the civil and environmental engineering programmes at LTU claimed that written 
examination was a too dominating form of assessment at the university (Petterson and 
Jonsson, 1998).  Every assessment method will place some students at a disadvantage to a 
certain extent. A range of assessment strategies should be adopted so that students who are at 
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a disadvantage under one assessment method will have the opportunity to excel in others 
(Brown et al., 1994). Studies show that project and problem based courses encourage deep 
learning (Gibbs 1992; Brown et al. 1994) and course structures that favour co-operative work 
in small groups with frequent and individual teacher response was shown to be important for 
study success according to Light (2001).  

In order to increase the diversity in assessment forms and to encourage the students to adopt 
deep learning strategies a three-year project “Environmental education with alternative 
assessment methods” was started. Within the project three courses were reconstructed. With a 
diversity of assessment forms, the intent was to assess the theoretical knowledge of students 
as well as their ability to co-operate, to analyse, to synthesise, to be creative etc and hopefully 
also to facilitate deep learning. The project was a cooperative exercise between teachers and 
student representatives and before any larger course changes took place, the suggested 
changes were discussed with the student representatives and they also acted as “test pilots” for 
new construction tasks etc. 

A diversity of assessment forms was tested within the project and the aim with this 
manuscript is to describe the experiences from the assessment of an optional course in snow 
engineering where the main assessment was made by a large team project. How the students 
and the teachers experienced the course is reported and also how successful this course design 
has been in attracting students.   

2. THE SNOW COURSE  
The course chosen for this form of assessment was a course in snow engineering for students 
with very varying backgrounds. The course corresponded to four weeks full work (6 ECTS 
credits) distributed over a ten weeks period. The aim of the course was to give the students 
basic understanding of snow engineering processes and to improve general academic skills 
not directly linked to the snow-engineering subject. Examples of such skills are: oral 
presentation skill, report writing skill and co-operation skill. The teaching language was 
English to allow exchange students to participate. The course was an optional choice for 
students from Master of Science in Engineering and University Diploma in engineering 
programmes. Approximately 30 students ranging from their second to their final year attended 
the course. Roughly half of the students were exchange students. The variety in student 
background meant a highly diversified student group. The teachers represented water 
resources, sanitary and construction engineering, so the diversity in teacher background was 
also larger than in most engineering courses.  

The course started with an introduction that explained the practical details of the course and 
optional project suggestions. Then a few “traditional” lectures with basic knowledge about the 
snow subject were presented. The rest of the course consisted of 3-days fieldwork followed by 
some laboratory work and a large project task (Table 1).  

The course had a graded scale (not passed, 3, 4 or 5).  The student contributions to the 
different parts of the course formed the basis for the grading of the students. The project 
report was estimated to ≈50% of the final grade.  A field and a laboratory report and a short 
written examination accounted for the remaining 50% of the grading. Since the project was 
the main assessment form, this article will focus on the project. 
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Table 1 Snow course outline  

Week 1 2 3 4 5 6 7 8 9 10 

Lectures Introduction 

X 

X Written 
test 

       

Field   Field 
days 

Field 
report 

      

Lab      Lab   Lab 

report 

   

Project Introduction  Meet 
tutor 

Start 
project 

X X X X Project 
report 

Oral 
present. 

3. COURSE PROJECT 

3.1 Aims 
The aim of the project work was to improve students’ knowledge of subjects within snow 
engineering and to facilitate deep learning through the use of: a) team work b) report writing 
c) presentation of results and d) peer assessment of performance. The project work and the 
other parts of the course were designed in order to achieve these goals.  

3.2 Formation of groups and choice of project 
A large proportion of the work in the course (laboratory work, field work and project) was 
done in groups of 4-6 students.  The field days were scheduled before the project work to give 
the students the opportunity to learn to know each other and discuss possible project tasks. 
The project groups were formed in co-operation between the students and the teachers. The 
students chose what project to work with but with some restrictions. Too homogenous groups 
were not allowed. The reason for this was that teams with a large diversity of skills generally 
present better results.  A second reason was to force students to co-operate with people they 
did not know or even did not like. We also tried to make sure that the exchange students 
become mixed with the Swedish students. The groups were linked two and two and the two 
groups acted as "opponents" on each other's work. The teachers presented a diversity of 
project options for the students, but the students were also encouraged to suggest own project 
works. 

3.3 Project supervision 
For each team an examiner (senior lecturer) was assigned. For some teams a separate tutor 
(PhD student or technician) that handed the daily supervision was also assigned. The students 
were equipped with a schedule for contacts with their tutor/examiner. The schedule contained 
dates for initial meeting, progress reports and delivery dates.  

3.4 Team work and examples of project work 
At the introductory lesson, the importance of teamwork and the advantages and difficulties 
with working in a team were discussed. The students were then encouraged to read the 
introduction to teamwork by Prpic and Hadgraft (1997) and to reflect on how they and their 
team-mates acted in the group. 

An ideal project contains a literature review, a small practical experiment and consumer 
interest in the result of the work. The consumer may be the head of a road management 
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department of a community or a PhD student or a researcher at the university. The ambition 
was to only present this type of project but we did not always fulfil all requirements. 
Examples of projects used in this course were:  “Pullout test of reinforcement in snow”, 
“Compare two different methods for evaluation of snow strength”, “Design a snow making 
system for a cross country track”, “Snow deposits, local or central?”  “Snow removal as a 
resource”, “Use of remote sensing techniques to determine snow water equivalent”, “Wood 
chips as thermal insulation of snow – an old technique that is being revived”, “Relationship 
between snow density and terrain characteristics”  

Here follows a short description of two last mentioned tasks to illustrate the types of tasks 
assigned to the students.  

Project a) Wood chips (cuttings) as thermal isolation of snow – an old technique being 
renewed. The students working with this task assisted a PhD student with his experiments. 
The experiment was dealing with the insulation of a large-scale system that used snow for 
cooling of a hospital during summer. The building ventilation system was cooled using heat 
exchangers and water circulating through the snow storage. To decrease the natural melting, 
the snow was thermally insulated with a 0.2 m layer of wood chips. The task for the team was 
to assist the PhD student in his search for materials that are inexpensive, environmentally 
harmless and even better insulators than wood chips. The team worked mainly with a pilot 
experiment (≈1 m2) where different insulation materials were tested. Their work included 
instrument installation, calibration and a pilot test of the measurement equipment. They also 
helped with topographical levelling of a 30,000 m3 large-scale snow storage system.  The 
study included a literature review. 

Project b) “Relationship between snow density and terrain characteristics”.  The students 
working with this task also assisted a PhD student. They applied GIS-technique on snow dept 
and density measurements to look for relationships between snow density and terrain 
parameters such as forest/open land, altitude, and snow depth.  They also reviewed 
publications on snow density. This project work later resulted in a reviewed publication.  

Preparations for the project work “Snow and ice friction” are shown in Figure 1 a) and snow 
density measurements made in the field work are shown in Figure 1 b).  

  

Figure 1 a) Preparations for project work: 
“Snow and ice friction”. 

b) Measurements of snow density 
variations in a pit. 
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3.5 Project presentation with assessment and grading 
The projects were presented in three different ways: a) as a short written report (≈5 pages), b) 
by a short oral presentation and finally in a third c) optional way: as a home page, a physical 
model or poster presentation etc.   

Report The report should refer to a minimum of five articles (not textbooks) with correct 
references to those. In order to help the students to find relevant articles, we provided them 
with links to snow- and cold-climate-databases.  The report should be written in English and, 
for students not having English as their native language, we supplied links to electronic 
lexicons. We also provided electronic links to instructions for report writing and practiced 
peer assessment with the aim to enhance the writing skills of the students. This was made 
with a feedback evaluation sheet to check report structure, grammar/spelling etc. The 
examiners graded the final report. Then they also used the evaluations sheet by the opposing 
group.  

Oral presentation and optional presentation form   At the end of the course, two student 
presentations were scheduled. Each group gave a short oral presentation (≈10 minutes) and 
presented their work as a poster, a home page, a physical model or in some other form. We 
had provided the students with electronic links to instructions for poster and home page 
presentations. During the presentations, both the examiners and the peer (opposing) group 
assessed the presentation by filling in an evaluation sheet for the oral presentation. 
Presentation structure, language, illustrations and performance were assessed.   

Grading  The project was then graded (report, oral presentation and optional presentation) by 
the examiners by giving it a number of working points. An accepted project work was given 
30-50 points with 30 points for poor work and 50 points for excellent work. In order to 
improve the student’s ability to assess performance, the students were encouraged to assess 
the performance of their peers.  The team members estimated the fraction of the project work 
the other members in the group had contributed. This arrangement also allowed for different 
grading between different students within the same team. They were not allowed to estimate 
their own contribution. For a team that had submitted an excellent project (estimated to 50 
points) the individuals could achieve 25 to 75 working points depending on their contribution. 
For a group of 5 students, 20% contribution was expected from each student. A student that 
was assessed to have contributed 30% of the total workload got 30/20 of the total point. So, 
instead of 50 points the student got 30/20*50 = 75 points. In order to allow the supervisor to 
take action before it was too late, the team members were not allowed estimate the workload 
of another team member to less than 10% contribution unless the supervisor had been notified 
that the student was not doing a fair share of the work. The total grade for the course was 
finally calculated weighing the grades of the project, the field and the laboratory report and 
the short written test.   

4.  STUDENT EVALUATION OF THE COURSE 
At the last lesson, the students filled in a questionnaire about the course.  Twenty-six students 
(out of thirty-six) answered the questionnaire (in year 2001). Two project groups (10 persons) 
were not present. The work by the two missing project groups were not significantly different 
from the other groups, so there was no reason to assume that their evaluation of the course 
would have been markedly different from the rest of the group.  

The students who participated in the evaluation graded how well they agreed with a number 
of statements regarding the course using a 6-point scale. A score of six = agrees totally and a 
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score of one = disagrees totally. Marks 4-6 on the 6-point scale are here interpreted as positive 
to the statement. The students seem to have appreciated the entire course (Figure 2 a; 91% 
agreed), and the assessment form (Figure 2 b; 96% agreed). The work-load during the course 
was appropriate (82% agreed) and evenly distributed over the period (86% agreed).   

The field days were scheduled before the project work to give the students an opportunity to 
form interdisciplinary groups, learn to know each other and to discuss possible project works. 
This arrangement served its purpose since 96% of the students agreed with the statement: The 
fieldwork helped with forming interdisciplinary groups and to get the groups together.  The 
students were (according to themselves) successful in learning about the project subject they 
had chosen (Figure 3a, all students accepted the statement). The project work helped the 
students to reflect on how they acted in the team (Figure 3b, 88% accepted statement).  
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Figure 2 Percentage of students that agrees or disagrees with statement below:  

a) The entire course has worked well and given me deeper knowledge about snow 
processes.  
b) I have learned more with this approach, where the parts of the assessment are 
constructed with the aim to improve my learning than with a "traditional course" 
with a written exam at the end of the study period. 
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Figure 3   Percentage of students that agrees or disagrees with statement below about the 
project task:  
a) The project task made me learn about the subject I had chosen to study.  
b) The project task made me reflect about how I act when I work in a group.  

The project work did improve their skill in report writing (Figure 4a, 67% of students 
accepted statement).  Almost all students considered that they had got practical experiences 
not found in traditional courses (Figure 4b, 96% accepted statement). Two thirds of the 
students appreciated the option of peer evaluation of the relative contribution to the project 
work.  
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5. DISCUSSION 
One of the aims with using these assessment forms instead of a final written exam was 
to favour deep learning. The students experienced that they had learned more from this 
course than from courses with a final written exam but we did not really prove that the 
students had experienced deep learning. It is, however, likely that deep learning had 
taken place since we tried to avoid course characteristics (Biggs, 1999) associated with a 
surface approach and instead use features, which can foster a deep approach.  
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Figure 4 Percentage of students that agrees or disagrees with statement below about the 
project task:  
a) The project task has improved my skill in writing reports.   
b) The project task has given practical experiences not found in traditional 
courses. 

5.1 Course characteristics associated with surface approach - with comments 
on how we tried to or succeeded in avoiding them:   

a) Heavy workload – the workload was OK according to student evaluation. 

b) Excessive course material – we did not use excessive course material. 

c) Lack of opportunity to study subjects in depth – the projects gave the students 
opportunity to study the subjects in depth.  This since the project work encouraged 
them study one subject deep instead the studying many subjects superficial. 

d) Lack of choice over subjects – the students were allowed to choose a project topic 
themselves.  

e) Anxiety provoking assessment system – this type of assessment is less anxiety 
provoking than a final written examination. 

f) Assessment, which tolerates regurgitation – only the short written test at the beginning 
of the study period (which assessed ≈10 % of the course) tolerated some regurgitation. 
The short test was used to force the students to acquire basic knowledge about snow 
processes before they started the project work.  

5.2 Features which can foster a deep approach - with comments on how we 
succeeded in using them: 

a) Motivational context – most of the projects had a consumer interest in the result of the 
work; this created a motivational context.  
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b) Learner activity – the project work included a lot of learner activity. 

c) Interaction with others – the project team work was based on interaction with others. 

d) A well-structured knowledge base – the initial traditional lectures provided them with 
a structured knowledge base. 

The quality of the project work was generally good, so the aim to improve students’ 
knowledge of subjects within snow engineering was well fulfilled (according to the 
examiners). The examiners and tutors experienced that the questions from the students 
reflected more of a deep learning attitude than in traditional courses. Questions like “will this 
be examined at the test?” were exchanged for questions like “how come?” 

When we discussed implementing peer evaluation of the relative contribution to the project 
work we were a bit hesitant how to do it. We wanted to offer the students an opportunity to 
practice assessment of performance, but our earlier experience was that students were very 
reluctant to assess the work of others. So we were relieved when we realised that most of the 
students appreciated the opportunity of peer evaluation of the relative contribution to the 
project.  

We did not actually measure improvement in student skills, but according to the students 
themselves they improved their team working skill and practical skills. The team working 
skill was improved since we a) gave the students an introduction to advantages and 
difficulties with working in a team, b) gave them material about team working, c) encouraged 
them to reflect over how they and their team mates acted in the team situation and d) made 
theme work in a project form.   

Many of the projects included installation and testing of measurement equipment. This is in 
contrast to most laboratory work where the measurement equipment is adjusted to suit the 
measurements. This should have given the students practical experiences they lack in their 
education (cf. 96% of the students said they got practical experiences not found in other 
courses).  

We were less successful regarding report writing (Figure 3a) where 67 % of the students 
agreed that they had improved their report-writing skill. That the students did not improve 
their report-writing skill as much as we had expected might be due to three things: a) When 
the tutor also was a consumer interested in the result of the work, it was likely that he/she was 
more interested in the result of the work than in checking that the report was correctly written. 
b) It was difficult for the team to find the time to correct the report. We noticed that the 
students had problems with keeping delivery dates regarding the report and this caused 
negligent corrections of the improvements suggested by the opposing group and of the tutor. 
c) Too large groups – in the larger teams we believe that the students divided the work 
between them. Some of the students worked a lot with the experiments and less with the 
presentation of the work. Others put more effort on the report writing and the presentation and 
contributed less during the experiments.  

The reason that we used the team size 4-6 students the year of the evaluation was that more 
students than expected chose the course we and we were not prepared with good project 
suggestions and tutors for more than seven teams.  We are now prepared with projects and 
tutors for much larger classes. This means that one of the identified weaknesses with the 
course:  That the teams were too large have been resolved and we now use smaller teams (3-4 
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students) in order to assure that all students participate in all parts of the project work. To 
increase the calendar time of the course has not been possible, but instead we have speeded up 
the tutor response time on the student work in order to assure that the students get frequent 
feedback on their project work. 

This course has all the way from the beginning attracted many exchange students and the last 
few years they have been in majority.  Not all of them know how to dress and behave in the 
field winter time and we have thus included a section about winter field work into the course 
to avoid that some students show up at the field work with improper clothing .  

The evaluation reported here was made a couple of years ago and since then we have made a 
number of modifications besides the ones mentioned above.  The course now covers both 
snow and ice issues and teacher from additional departments has also been involved in the 
course. Both engineering students and students from other programs are accepted to the 
course but the great majority of students at the course are still engineering students.   

The last year roughly 60 students chose the course so we have obviously managed to create an 
attractive course without reducing the demands on student performance.    

The course design and assessment forms used in the other courses reconstructed within the 
project “Environmental education with alternative assessment methods” have also been 
reported. The course design and the assessment of a course in hydrology and hydraulics is 
reported in Lundberg, (2004) and of a course in Sanitary Engineering in Lundberg et al. 
(2005).   

6. CONCLUSIONS 
Assessment in the form of field- and laboratory work and a large project was shown 
successful when applied to a course in snow engineering for university students with various 
backgrounds. Many students chose the optional course and they experienced that they learned 
more with this assessment form than with courses using a final written exam. The teachers 
experienced a deep learning approach among the students and the resulting projects were 
generally of high quality. Peer evaluation of the relative contributions to the project work was 
applied and was appreciated by the students.  
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Regional Climate Impacts of Small Lakes: A Sub-gridscale 
Lake Module for CLASS 
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Meteorological Service of Canada, Climate Research Branch, 4905 Dufferin Str. Toronto, Canada.  
e-mail: murray.mackay@ec.gc.ca 

ABSTRACT 
A 1-dimensional dynamic mixed layer lake model suitable for incorporation into a land 
surface scheme is proposed.  The model (iteratively) computes the surface energy balance and 
solves the 1-dimensional heat equation under specified atmospheric forcing.  Turbulent 
mixing is parameterized based on the integrated turbulent kinetic energy approach developed 
in the 1980’s for modelling lake and oceanic mixed layers.  The model is intended to 
represent a “tile” in the land surface mosaic of the Canadian Land Surface Scheme, the 
operational land surface model of Environment Canada’s regional and global climate models. 

KEYWORDS 
Lakes; mixed layer model; TKE; surface energy balance; Canadian Land Surface Scheme 

1. INTRODUCTION 
Canada has nearly two million fresh water lakes ranging in size from less than 1 km2 up to 
some of the largest lakes in the world. It is well known that large lakes can perturb local 
climates through atmospheric mesoscale circulations (e.g. lake-effect storms, lake-breezes 
etc.), and that weather events can greatly influence the hydrodynamic regimes of lakes (e.g. 
surface layer mixing, deep water upwelling, etc.). The impact of numerous small lakes (which 
make up more than half of the lake covered area in Canada) on regional weather and climate 
is less well known.  Small in this case refers to lakes which are sub-gridscale in atmospheric 
models, and thus require a suitable parameterization scheme embedded within the underlying 
land surface module.  Even if the fractional grid cell area covered by lakes is small, the grid 
cell average fluxes of heat, moisture, momentum, and radiation can be significantly different 
due to the presence of open water.  This is due to the large difference in heat capacity, 
roughness length, and albedo of water compared with nearby soil and vegetation, as well as 
differences in the vertical transfer of heat in the water column compared with that on land. For 
both large and small lakes, the importance of atmosphere-lake interaction in the north, where 
it is believed that climate sensitivity and the potential for climate change are particularly high, 
is entirely unknown.   

The Canadian Land Surface Scheme (CLASS; Verseghy 1991) is the operational land surface 
scheme in Environment Canada’s Global Climate Model, as well as a developmental version 
of the Canadian Regional Climate Model.  This scheme models the moisture and energy 
balance of soil, vegetation and snow, modeling each component as thermally and 
hydrologically distinct.  It incorporates a sophisticated treatment of radiative and turbulent 
exchange with the overlying atmosphere, and utilizes a mosaic approach to represent land 
surface heterogeneity.  In this paper, a sub-gridscale lake scheme is proposed for inclusion 
into CLASS as a tile in this mosaic. 
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2. MODEL OUTLINE 
The proposed lake scheme consists of a simple 1-dimensional thermal model along with a 
turbulent mixing parameterization based on the integrated turbulent kinetic energy (TKE) 
approach developed in the 1980s for modeling lake and oceanic mixed layers.  In particular, 
the mixed layer model of Rayner (1980) and Imberger (1985), along with some modifications 
will be adapted to the CLASS framework.   

2.1 Thermal model 
The 1-dimensional heat equation for lake water, in the absence of turbulence, can be written 
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where T and ρ are the local water temperature and density, cw is the specific heat capacity of 
water, F is the heat flux due to thermal conduction, and Q is the radiative energy flux.  Only 
vertical exchanges of energy are considered.  Equation (1) indicates that the local tendency in 
temperature is proportional to the flux convergence of both thermal and radiative energy.  
Thermal conduction in water is governed simply by  

z
TKzF

∂
∂
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where K is the thermal conductivity of water.  The radiative flux term is slightly more 
complicated.  While water is nearly opaque to longwave radiation, solar radiation penetrating 
the surface is absorbed at depth following Beer’s Law 

[ ]BzQzQ −= exp)( * ,  (3) 

where Q* is the surface net solar radiation and B is an extinction coefficient which depends on 
both wavelength and turbidity.  These dependencies are generally handled by considering a 
sum of terms in the form of (3).  McCormick and Meadows (1988) partition the solar flux into 
visible and near infrared (NIR) bands and propose 

( ) ( ){ }zbazbaQzQ 2211
* expexp)( −+−= , (4) 

with a1=0.45,  a2=0.55,  b1=0.28 m-1, and  b2=2.85 m-1.  In this case visible radiation makes up 
45% of the incoming solar flux and is absorbed in the water column with an e-folding length 
of 3.6 m, while NIR radiation makes up 55% of the incoming flux and penetrates much less 
deeply (e-folding length of 0.35 m). 

2.1.1 Boundary conditions 
Equations (1), (2), and (4) can be solved numerically relatively easily using an explicit 
forward finite difference in time.  Complications arise, however, with the boundary 
conditions.  The surface energy balance is determined by radiative and turbulent heat 
exchange with the atmosphere, and is a strongly nonlinear function of the surface “skin” 
temperature T0: 

ES HHLQQF −−+=+ **
00 , (5) 
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where F0 and Q0 are the downward thermal and radiative energy fluxes at the surface (see Fig. 
1), Q* and L* are the surface net solar and longwave radiation, and HS and HE are the turbulent 
sensible and latent heat fluxes into the atmosphere. Note that by convention radiative fluxes 
are positive into the surface and turbulent fluxes are positive into the atmosphere.  Equation 

 

Figure 15 Thermal model schematic.  Variables defined in text. 

(5) expresses the conservation of energy at the surface.  If we assume only solar radiation 
penetrates the surface then (5) can be expressed as: 

*
0 QQ = , (6) 

ES HHLF −−= *
0 . (7) 

Net solar radiation is determined by: 

( )α−= ↓ 1* QQ ,  (8) 

where Q↓ is the incoming solar flux, and α is the surface albedo, itself a function of the solar 
zenith angle as well as lake colour and surface wave state.  In this version the albedo is 
modelled following McCormick and Meadows (1988): 
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where θ is the solar zenith angle.  The terms on the R.H.S. of (7) are all functions of the skin 
temperature.  In particular: 

4
0

* TLL εσε −= ↓ ,  (9) 

where L↓ is the incoming longwave radiation, σ is the Stefan-Boltzmann constant, and ε is the 
thermal emissivity of water. In CLASS the turbulent heat exchange with the atmosphere is 
governed by 

aapaS rTTcH /][ 0 −= ρ , (10) 

and 

aaaE rqqlH /][ *
0 −= ρ , (11) 

where l is the latent heat of vaporization; cp is the specific heat capacity of the air; ρa, qa, and 
Ta are the density, specific humidity, and temperature in the atmospheric surface layer; and ra 
is the aerodynamic resistance.  Humidity at the surface is assumed saturated with respect to 
water (q0

*).  The aerodynamic resistance depends on wind speed, surface roughness, and 
atmospheric stability following Abdella and McFarlane (1996).  This approach will also be 
adopted in this model, but for now we employ a fixed drag coefficient Cd = 0.0013.  For 
simplicity, an adiabatic lower boundary condition is assumed.  Note that (1),(2),(4),(6) – (11) 
express the energy balance of a column of water: this model presently ignores the lake mass 
balance. 

2.1.2 Discretization 
Fig.1 illustrates the staggered grid used in solving the thermal model described above.  A 
column of water of depth D is divided into N evenly spaced layers of thickness ∆z.  Thermal 
(Fi) and radiative (Qi) fluxes are solved on nodes (zi) and layer temperatures are solved on 
half-nodes (zi-i/2) with the exception of the skin temperature T0 which is solved on z0. 
Equations (1) and (2) are discretized as 
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i cC 2/12/1 −− = ρ , is the volumetric heat capacity of the ith layer at timestep j, and ∆t is the 
model timestep.  At the surface, the conductive heat flux is 
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and the surface energy balance (7) becomes 
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where jE0 is the net surface energy (the R.H.S. of (7)) at timestep j, and is a nonlinear function 
of jT0 .  But from (12): 
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where the L.H.S. is a nonlinear function of jT0 and the R.H.S. is a function of temperature and 
solar fluxes from the previous timestep.  Thus (16) can be solved iteratively for jT0 , (14) can 
be solved for jF0 , and finally (12) can be solved for 1

2/1
+

−
j

iT . 

2.2 Turbulence model 
Turbulent mixing is parameterized following the slab model of Imberger (1985), with some of 
the improvements noted in Spigel et al. (1986).  This scheme models a fully turbulent surface 
mixed layer of uniform properties and depth h (see Fig. 2).  Imberger expresses the 
momentum balance in the mixed layer by: 

( ) 2
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d
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where u is the mixed layer velocity and *u is the surface friction velocity, given by: 
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where Ua is the near surface wind speed.   

In fact internal seiching will tend to produce horizontal pressure gradients that limit the ability 
of surface stress to accelerate the flow.  Imberger (1985) and Spigel et al. (1986) proposed a 
fixed period during which this equation is valid (based on observation but which is related to 
the period of the fundamental internal seiche): subsequent to this u decreases linearly in time. 
As Spigel et al. point out, such an approach is not applicable in a purely prognostic model, 
and cannot be adopted here.  Instead we account for the impact of horizontal pressure 
gradients crudely by including a Newtonian relaxation on a timescale of λ-1 so that the 
momentum balance becomes: 

( ) ( )uhuuh
dt
d λ−= 2

* . (17) 

Coriolis effects will also produce horizontal pressure gradients, but would generally only 
affect larger lakes than we are considering here.  Below the mixed layer the velocity is set to 
zero.   
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Figure 2 Turbulent mixing model schematic. Variables defined in text.   

The integrated TKE budget in the surface mixed layer is expressed as: 
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where ½Es is the average TKE per unit mass in the mixed layer.  Wind driven stirring and 
buoyancy fluxes provide mechanical energy input at the surface.  Imberger (1985) represents 
this mechanical energy flux Fq as: 
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where cn is a constant and w* is a penetrative convective velocity scale (Deardorff, 1970) 
defined by Bhw =3

* .  The buoyancy flux B is defined by: 
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where α is the coefficient of expansion and H* the “effective” surface heat flux (Rayner, 
1980), which includes the impact of the non-penetrating heat flux given by (7) as well as the 
stabilizing influence of the solar radiation Q: 
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Note that if the first term on the R.H.S. of (20) is positive (surface cooling) and sufficiently 
large, then the buoyancy flux is a source of TKE.  The sum of the remaining (radiative) terms 
is always negative for solar radiation that decays exponentially, indicating that the stabilizing 
influence of solar radiation on the water column is a sink of TKE. 
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Shear production Fs at the bottom of the mixed layer results from the velocity jump ∆u=u 
across the thermocline: 

dt
dhucF ss

2

2
1

∆= . (21) 

As noted below, shear production is only relevant during periods of active turbulence: during 
periods of turbulent decay, ∆u is reset to zero following Spigel et al. (1986).  An important 
process neglected by Imberger (1985) but discussed at length in Spigel et al. is billowing 
along the thermocline due to Kelvin-Helmholtz instability.  Billowing itself does not deepen 
the mixed layer, but it does broaden the thermocline both directly through mixing and 
indirectly by reducing the density gradient across the thermocline and thereby enhancing 
entrainment.  Following Spigel et al. the finite width of the thermocline resulting from 
billowing can be expressed as: 

gu ′∆= /3.0 2δ , 

where g ′  is the reduced gravity.  In this model the kinematic effects of billowing are 
approximated by assuming a linear temperature variation throughout the thermocline layer.  
This is simpler than the approach of Spigel et al. who also include the energetics of billowing. 

Dissipation within the mixed layer is represented by: 
2/3

2
1

sed EcF = ,  (22)  

and the transport of TKE to the thermocline (the rate of work of turbulence on the interface) 
is: 

2/3

2
1

sfi EcF = . (23) 

These fluxes are always sinks of TKE in the mixed layer.  Finally, entrainment of bottom 
water at the thermocline changes the potential energy of the mixed layer: 

dt
dhTgh

dt
dhhgFp ∆−=

∆
= α

ρ
ρ

2
1

2
1 ,  (24) 

where ∆ρ and ∆T are the jumps in density and temperature across the thermocline and the 
second equality neglects salinity effects. 

Now the energy budget (18) can be written: 

psdqs FFFFhE
dt
d

−+−=⎟
⎠
⎞

⎜
⎝
⎛

2
1 .  (25) 

However, Rayner (1980) assumes separate energy balances within the mixed layer and at the 
base of the mixed layer, so that: 

idq
s FFF

dt
dEh

−−=
2

,  (26) 
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and  

psi
s FFF

dt
dhE

−+=
2

. (27) 

Now (17), (26), and (27) form a closed system of equations in u, h, and Es with the four 
constants cn, cs, ce, cf.  Rayner (1980) discusses the values of these constants based on 
experimental data and recommends the following values which we adopt here: cn=1.33; 
cs=0.20; ce=1.15; cf=0.25.  It is important to note that this model neglects a number of 
processes frequently considered important in the mixed layer dynamics of lakes, including the 
impact of Kelvin-Helmholtz instability and internal wave generation at the base of the mixed 
layer, the existence of inflows and outflows, etc.  Such processes could be included at the 
expense of increasing complexity.  On the other hand, the use of Rayner’s (1980) closure 
hypothesis, (26) – (27), allows explicit (i.e. prognostic) modeling of the mixed layer TKE 
which, as discussed in Spigel et al. (1986), has significant advantages over schemes which 
assume that the TKE is a fixed fraction of the external energy input.  For the purpose of 
examining the impact of lakes on (atmospheric) climate, the only real variable of interest is 
the depth h of the mixed layer, as this directly impacts the surface temperature and thus the 
surface energy balance. 

2.2.1 Solution 
Equations (17), (26), and (27) can be written: 

u
dt
dh

h
u

h
u

dt
du λ−−=

2
* ,  (28) 

( ) 2/3*3
*

3 11
sefBn

s Ecc
h
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hdt

dE
+−+= , (29) 

dt
dhTgh

dt
dhucEc

dt
dhE ssfs ∆++= α22/3 , (30) 

where 
0ρ

α

w
B c

gc = .  Now (30) can be rearranged to give: 

TghucE
Ec
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sf

∆−−
=

α2

2/3

,  (31) 

so that tendencies in Es, h, and u can be solved from (29), (31), and (28) using explicit 
forward finite differences.  Note, however, that (31) will diverge when  

TghucE ss ∆+= α2  

which can occur when shear production alone sustains the deepening process. Under these 
circumstances, following Spigel et al. (1986) (but neglecting salinity effects and the effect of 
a thermocline of finite thickness) we set h to the shear penetration depth (Pollard et al.1973): 

Tg
uch s

∆
−=

α

2

. 
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At this point it is worth emphasizing that (28), (29), and (31) represent the deepening of the 
mixed layer through the creation of TKE by various processes described above.  When the 
stabilizing influence of solar heating overwhelms wind induced stirring, turbulence begins to 
decay.  Spigel et al. (1986) handles this case by resetting the shear velocity ∆u to zero, and 
reducing the mixed layer depth h.  As noted above, we also reset the shear velocity in this 
manner.  However, in a departure from Spigel et al. we again impose a Newtonian relaxation 
on h (towards zero) during periods when the TKE vanishes.  The timescale of this relaxation 
is currently set to γ-1 = 12 hours.   

It is also clear that (28) – (30) are not appropriate when h vanishes, since strictly speaking Es 
and u would also vanish in this case.  In this model we shall restrict the minimum depth of the 
mixed layer to some finite value to avoid the breakdown of (28) – (30). 

2.3 Model solution 
For each timestep, the thermal model is solved, based on atmospheric input, following the 
numerical procedure outlined above.  The key step is the (iterative) solution of the surface 
energy balance as this determines the turbulent and radiative exchange with the overlying 
atmosphere.  Lake – atmosphere feedback is entirely governed by this flux exchange.  Once 
the thermal model is solved, the mixing model is solved for h and temperatures are 
homogenized on nodes that are contained within h during periods of active turbulence.  That 
this has a direct impact on the surface energy balance (of the next timestep), can be clearly 
seen in (16).  Finally, the thermocline thickness δ is computed and temperature is linearly 
interpolated between the surface and deeper waters through this layer. 

3. PRELIMINARY RESULTS 
Meteorological forcing data taken from a recent simulation of the Canadian Regional Climate 
Model (MacKay et al. 2005) for a grid cell over Great Slave Lake in Northern Canada was 
used to force the proposed lake model for the summer of 2003.  For comparison, the same 
data were used to drive a simulation of the University of Western Australia’s 1-dimensional 
Dynamic Reservoir Simulation Model (DYRESM).  Both models were initialized 
isothermally at 4 oC on June 22 and run for 96 days with a 15 minute timestep.  Actual 
bathymetry data were used by DYRESM, while the model proposed here simulated the first 
40m only (in general bathymetry data will not be available for the lakes of interest in our 
regional climate studies).  In both cases the assumption of 1-dimensionality for such a large 
lake is certainly suspect: the goal here is simply to compare the response of the models to 
identical forcing conditions.  This comparison is presented in Fig. 3. 

The simulations have not yet been analyzed in detail, but it is clear that both models simulate 
periods of thermal stratification punctuated by episodic mixing events, as well as a deep 
mixing event in Autumn.  Also, a clear diurnal signal is evident in both cases. However, there 
are some qualitative differences.  DYRESM produces a deeper mixed layer and more diffuse 
thermocline than the proposed slab model, which may be the result of our crude handling of 
the billowing process. 
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(a)

(b)

 
Figure 3 Temperature profiles from proposed lake model (a) and DYRESM (b).  

Meteorological forcing taken from a single grid cell from the Canadian Regional 
Climate Model over Great Slave Lake.  Initial temperature profiles isothermal at 4 
oC.  Simulation begins June 22, 2003 and runs for 96 days.  Contour interval is 0.5 
oC. 
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ABSTRACT 
The western Arctic coast of Canada is dominated by a vast number of small lakes and ponds. 
These tundra lakes have developed due to the complex interaction of climate, permafrost, and 
hydrology, and are in a state of instability, with some lakes draining and others enlarging 
under present conditions. There is concern that these lakes are sensitive to ongoing climate 
change and/or proposed natural gas development, with such changes modifying past rates of 
lake drainage or enlargement. Since lake drainage often results in the development of new or 
enlarged stream outlets, they could have significant implications to proposed natural gas 
development in the region. This paper will address a number of issues related to lake 
drainage, and the potential implications to future development, including: (1) rates of lake 
drainage over the last 50 years, (2) analysis of spatial variability in lake drainage, and (3) an 
analysis of the size of typical enlarged stream channels.  

KEYWORDS 
Arctic, small lakes, rapid drainage, hydrocarbon development, ground ice 

1. INTRODUCTION 
The western Arctic coast of Canada, including the Tuktoyaktuk Peninsula and Richards 
Island, has a vast number of lakes and ponds that cover between 15% and 50% of the total 
area. These lakes have developed in an ice-rich permafrost environment, and there is 
widespread agreement (see Mackay 1992a for a complete listing of references) that a large 
percentage of these lakes have formed due to thawing of ice rich permafrost (Pollard and 
French, 1980). Settlement of such ice rich permafrost may be initiated by removal of surface 
vegetation by fires, downslope mass wasting which impounds water, or increased active layer 
thickness (due to climatic warming for example). Many of these thermokarst lakes developed 
during a postglacial warm period between 13 000 BP and 8 000 BP (Mackay, 1992a), while 
loss of these lakes from the landscape has occurred continuously since that time due to the 
melting or erosion of drainage channels through the ice-rich permafrost. A drainage rate of 
two lakes per year over the 1950-86 period has been estimated by Mackay (1988, 1992a) for 
the Tuktoyaktuk Peninsula and Richards Island from a comparison of maps and images, and 
approximately one lake per year over the last few thousand years as estimated from the 
analysis of the number of pingos in the region (Mackay 1988, 1992a). Due to errors involved 
in these estimates, no conclusions can be drawn on past changes in the frequency of lake 
drainage. Similar thaw lake formation and drainage processes are applicable to ice-rich 
permafrost areas of the Alaskan Coastal Plain (Brewer et al., 1993), Banks Island (Harry and 
French, 1983). Smith et al. (2005) described the drainage of lakes in Siberia between 1973 
and 1997-98. It is not clear if the process of lake drainage in this case is similar to that noted 
in the Canadian and Alaskan studies.  
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Scenarios of natural lake drainage presented by Mackay (1988, 1992a) suggest that drainage 
occurs during periods of high water, either due to snow damming of the outlet channel during 
spring melt or due to high snowmelt or rainfall. Drainage is typically through areas of ice-
wedge cracks, as either underground tunnel flow through interconnecting ice-wedge cracks, or 
by sustained flow through ice-wedge troughs. In either case, once drainage begins, rapid 
enlargement of the drainage channel occurs with complete lake drainage in less than one day 
(Marsh and Neumann, 2001). The relative importance of erosion vs. melting is not well 
known, but the dominance of melting is suggested by observations of large volumes of 
ground ice in the walls of lake drainage channels (Mackay, 1988, 1992a; Brewer et al., 1993) 
and by the lack of observations of floating ice or large amounts of sediment (Brewer et al., 
1993) downstream of recently drained lakes. Brewer et al. (1993) noted that total ice volume 
varied between 60 and 85% of the upper few metres of the ground in the vicinity of a drained 
lake on the Alaskan coastal plain. Likewise, in the vicinity of the drained lake sites noted by 
Mackay (1988, 1992a), Pollard and French (1980) showed that ice volume in excess of the 
pore volume was common, with ground ice volume in excess of 60% in the upper 2 m, and 
with ice wedges with an average width of 1.5 m and an average depth to width ratio of 3:1, 
constituting as much as 50% of earth materials in the upper 1 m of permafrost. Marsh and 
Neumann (2001) suggested that melting was the dominate process, and showed that a glacial 
dammed lake model, with ice melting as the sole process, properly accounted for the 
discharge from two drained lakes.  

One of the few observations of lake drainage was by Mackay (1981) during the induced 
drainage of Lake Illisarvik. Mackay (1981) noted that "at all times the drainage was 
underground, first in a narrow box canyon and then as the channel widened and deepened, in 
a 45 m long keyhole-shaped tunnel with the slot open to the sky". Observations after drainage, 
showed large amounts of ice-wedge and “pool” ice in the channel walls, suggesting that melt 
may have been a factor in rapid enlargement of the drainage channel. Marsh and Neumann 
(2001) showed that melting alone could account for near complete drainage of Lake Illisarvik, 
plus the Trail Valley drained lake, in less than 24 hours.  

Since the complex interaction between climate, hydrology and thaw lake formation/drainage 
is not well understood, neither are the number of lake drainage events per year or the location 
of high risk areas. Improved understanding is required to understand the evolution of this 
landscape and for minimizing the risk posed by these lakes to future development. Factors 
that should be considered include: the effects of natural climate variability on active layer 
thickness (deeper active layer would likely increase drainage events), bank slumping (which 
may trigger lake drainage), snowfall (which may limit ice-wedge cracking, thus diminishing 
lake drainage), and the role of increased snowfall or rainfall (with higher lake levels resulting 
in increased rate of lake drainage). Of the two studies to date that consider the role of climate 
and lake drainage, Brewer et al. (1993) noted that 10 lakes drained on a section of the Alaskan 
coastal plain during the summer of 1989, a warmer and wetter than normal year, while Marsh 
and Neumann (2003) noted the drainage of a lake north of Inuvik during the same warm, wet 
summer. Brewer et al. (1993) suggested that climate change could lead to increased rate of 
lake draining, with increased precipitation potentially more important than increased air 
temperature. 

Objectives of this paper are to: (1) estimate the number of lakes that have drained in the study 
area over the past 50 years and consider whether the rate of drainage is changing, (2) consider 
the spatial distribution of these lakes in relation to permafrost and terrain conditions, and (3) 
consider the size of lake drainage channels. Preliminary results will be provided. 
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2. STUDY AREA 
The study area includes Richards Island and the region SE of Richards Island to Inuvik 
(Figure 1). Lakes in this 5,400 km2 study area are large in number (Figure 1) and cover up to 
50% of the total surface area in portions of Richards Is. Lake density decreases south of the 
Caribou Hills (Figure 1).  

Long term climate observations by Environment Canada’s Meteorological Service of Canada 
(MSC) are available for Inuvik on the eastern margin of the Mackenzie River Delta (Figure 
1), and Tuktoyaktuk (Figure 1) on the coast of the Beaufort Sea. Temperature and 
precipitation observations at Inuvik and Tuktoyaktuk commenced in March 1957 and June 
1957 respectively. In addition, there are National Water Research Institute (NWRI)  
measurements of temperature, RH, wind speed and direction, net radiation, 
incoming/outgoing solar radiation, precipitation, and soil temperature at the Trail Valley 
Creek research basin (Figure 1). Water Survey of Canada (WSC) operate a stream discharge 
station at Trail Valley Creek.  

 

 

Figure 16: Mackenzie Delta area, showing Richards Is. (A), Caribou Hills (B), and 
Tuktoyatuk Peninsula (C). Note the smaller number of lakes in the southern 
portions of the study area. The study area is approximately 5,400 km2 in area. 
Also shown are the locations of the MSC weather stations at Inuvik (E) and 
Tuktoyaktuk (D), and the Trail Valley Creek research basin (F) 

3. METHODS 

3.1 Mapping drained lakes 
“Recently” drained lakes and pingos, were identified from a series of airphotos flown in 
August 2000. These lakes were identified by: (a) “well” defined, abandoned shorelines, (b) 
wetland vegetation that contrasts to the drier tundra vegetation surrounding the drained lake, 
and/or (c) non-vegetated lacustrine sediments. Older drained lakes are often identified by the 
occurrence of pingos. In order to better define the date of draining, the recently drained lakes 
were separated into two groups: lakes that had drained prior to 1950, and those that drained 
after 1950 (i.e. the first date with complete air photo coverage of the study areas). 
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The approximate date of draining for the post 1950 drained lakes was then determined from a 
sequence of air photos for 1973, 1985, and 2000, and field observations in 2004. 

4. RESULTS 

4.1 Number of drained lakes and rate of lake drainage 
A total of 65, partially or fully, “recently” drained lakes were identified from the August  
2000 airphotos. During September 2004, field observations confirmed that each of these lakes 
was in fact a drained lake. In addition, another 8 lakes were located during field observations 
that had not been identified on the air photos images, for a total of 73 drained lakes (Figure 
2a). Comparison to airphotos flown in 1950 shows that 50 of these lakes drained pre-1950 
(Figure 2b) and 23 post 1950 (Figure 2c). Of these post 1950 lakes, 14 drained between 1950 
and 1973 (Figure 2d), 5 lakes between 1973 and 1985 (Figure 2e), and 4 lakes between 1986 
and 2004 (Figure 2f).  

Based on the results shown in Figure 2, the average rate of lake drainage from 1950 to 2004 
was approximately 0.42 drainage events/year. Since the study area is approximately 1/3 the 
area considered by Mackay (1992a), the rate of drainage is similar to the rate of 1 to 2 
drainage events/year suggested by Mackay (1992a) for the entire Richards Is and Tuktoyaktuk 
Peninsula. From 1950 to 1973 (Figure 2d), the average rate of drainage was 0.58/yr, while 
from 1973 to 1985 (Figure 2e) the average was 0.42/yr, and from 1986 to 2004 it was 0.21/yr.  

These data show a number of interesting trends. First there has been a significant decline in 
the annual rate of lake drainage. However, since the area, and number of drained lakes is 
fairly small, we have increased the study area to the east along the Tuktoyaktak Peninsula. 
Final analysis has not been completed, but preliminary results demonstrate similar trends. 
Second, the number of drainage events on Richards Island has declined dramatically, with no 
events between 1986 and 2004. This is in contrast to the pre 1950 drained lakes and pingo 
distribution (Figure 2a and 2b) where the majority of drainage events were on Richards Is. 
Third, there has been a slight increase in the number of drained lakes south of the Caribou 
Hills since 1950 (Figure 1 and 3). In fact for the pre 1950 case, there were no lakes 
significantly south of the Caribou Hills. However, since 1950, 22% of drained lakes were 
south of the most southerly drained lakes pre-1950. 

Although it is likely that these changes are related to climate, the exact processes responsible, 
or whether this is part of a trend or cyclical pattern, are not clear. Based on our present 
understanding of the factors controlling lake drainage, the following factors should be 
considered in greater detail. Mackay (1992a) suggested that over winter ice wedge cracking 
plays an important role in lake drainage and Mackay (1992b; 1993) showed that ice wedge 
cracking ceases with warmer winter temperatures and/or deeper snowcover, and suggested 
that ice wedge cracking does not currently occur in the Inuvik area. In a more recent study of 
ice wedges on Richards Is., Wolfe et al. (2000) noted that increased thaw depths have resulted 
in the truncation of the tops of ice wedges in northern Richards Is. These results suggest that 
significant changes in ice wedges since the 1970’s, likely due to warmer winter temperatures 
(Marsh and Neumann, 2003; Marsh et al., 2002; Wolfe et al., 2000), and possibly enhanced 
by deeper snowcovers due to increased prevalence of shrubs which trap snow (Marsh et al., 
2003). If the rate of ice wedge cracking has declined, it may have resulted in decreased rates 
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Figure 2: Drained Lakes in the study area: (A) 73 “recently” drained lakes (black circles) 
identified from air photos and ground truth, and pingos (gray circles). Note that 
the distribution of drained lakes and pingos is very similar. (B) “Recently drained 
lakes that drained prior to 1950. (C) Lakes that drained between 1950 and 2004. 
(D, E, F) Drained lakes for 10 to 20 year periods after 1950. Note that the rate of 
lake drainage (number of lakes per year), decreased throughout the period of 
study.  
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The size of a typical lake drainage channel was estimated from a high resolution digital 
elevation model (DEM) obtained from airborne LiDAR flown in August 2004. This DEM has 
2 m pixels, with a vertical accuracy of 0.3 m and a horizontal accuracy of 0.6 m. of lake 
drainage in the northern portions of the study areas where ice wedges occur more frequently. 
In contrast to the northern portions of the study area, lake drainage has increased in the 
southern portions of the study area. One potential mechanism of drainage in this area is bank 
slumping around lake margins. Further work is required to determine if this is an important 
mechanism.   

4.2 Regional Variations in lake drainage 
For the period between 1950 and 2000, approximately 1.4 lakes drained per 100 km2 over the 
study area. However, there are significant regional variations in the distribution of drained 
lakes (Figure 3), with the highest rates on Richards Island and another smaller grouping of 
drained lakes south of Richards Island but north of the Caribou Hills. There is another 
grouping just north of TVC and south of Parsons Lake, as well as just south of TVC near 
Noell Lake. Although this distribution is at least partially due to the larger number of lakes in 
the northern portion of the study area, it is also likely that other factors, such as ground ice 
(Côté et al., 2003) and surficial geology, play an important role in controlling the distribution 
of drained lakes. As a first step in this analysis, we carried out a simple comparison of the 
Côté et al. (2003) ground ice data to that shown in Figure 3. This preliminary comparison, 
suggests that the increased number of drained lakes and pingos on Richards Is. is related to 
the larger number of ground ice occurrences. Additional analysis is required, and is ongoing. 

 

Figure 3: Number of drained lakes within individual 100 km2 grids, using the entire 73 lake 
data base. It is estimated that this represents all lakes that have drained over the 
last 150 years. 

4.3 Case study of a drained lake 
On September 4, 1989 the discharge of Trail Valley Creek (Figure 1) was observed to be 
higher than expected. Aerial surveys revealed that a lake located in the middle part of the 
research basin was almost completely drained, with a deep and wide drainage channel 
adjacent to the normal outlet (Marsh and Neumann, 2001). This channel is currently 
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approximately 30 m wide, 5.5 m deep, and 300 m in length (Figure 4). It is important to note 
that this channel was approximately 5 m wide when observed in 1989, and has widened since 
that time.  

 

 

Figure 4: LiDAR derived DEM of the TVC drained lake in 2004. Also shown are cross 
channel profile of the lake channel, and a profile along the lake channel. Although 
it is currently 30 m in width, it is important to note that the channel has widened 
over the 15 years since drainage occurred in 1989. Observations at the time 
suggested the channel was approximately 5 m wide and 5 m deep, and 
approximately 300 m in length.   

It is unknown if the TVC lake drained via a surface channel or a subsurface tunnel which 
subsequently collapsed. Prior to drainage the lake level had been high, as indicated by a light 
sediment deposit on the shoreline vegetation. Ground ice was extensive in the walls of the 
new drainage channel. As there was a Water Survey of Canada gauging station downstream of 
the drained lake, it was hoped that there would be a record of the drainage event. 
Unfortunately, analysis showed that the discharge record could only be used to constrain the 
time available for the lake drainage (Marsh and Neumann, 2001).  

Marsh and Neumann (2001) did not consider the mechanism that started drainage of this lake, 
but once drainage had begun they postulated that the primary process controlling drainage of 
the lake was the melting of ice-rich permafrost, in a manner similar to that controlling the 
drainage of glacier-dammed lakes. Analysis showed that the energy contained in the lake 
water was sufficient for melting the ice content of the resulting drainage channel for the Trail 
Valley Lake. Discharge estimated using a glacier-dammed lake model developed by Clarke 
(1982) compared reasonably well with measured discharge during the period of rapid channel 
enlargement at Trail Valley Creek lake within the brief period indicated by the WSC gauging 
station. These results suggest that melting of the ice-rich permafrost during drainage 
dominates at least the early stages of drainage. Additional work is required to consider the 
processes of mechanical erosion, which in some cases may dominate the later stages of 
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drainage, and to consider the appropriateness of certain assumptions in the lake drainage 
model. This analysis showed that the Trail Valley Creek lake drained in approximately 16 
hours and that the peak discharge was between 10 and 29 m3/s, and was at least as large as the 
spring peak flows and possibly three times larger.  

Field observations show that drainage did not occur through the existing channel on the SE 
shore of the lake (Figure 4), but instead from a new channel on the southern shore of the lake 
(Figure 4). The mechanism leading to the initiation of drainage at this new channel is unclear. 
1950 air photos do not show ice wedges in the drainage location, but do show bank slumping 
near where drainage occurred. Although the trigger for drainage at this location is not known, 
climate records show that 1989 had the warmest August on record at Inuvik and second 
warmest at Tuktoyaktuk, while the summer mean daily temperature (June-July-August) was 
the warmest on record at Tuktoyaktuk and second warmest at Inuvik (Marsh and Neumann, 
2003). These warm temperatures resulted in deeper than average active layers in the region 
(Marsh and Neumann, 2003). In addition, Inuvik precipitation for 1989 was slightly wetter 
than normal (Marsh and Neumann, 2003) with a number of extreme rain events. On July 16, 
1989 an event of 38.4 mm was the second largest single day summer precipitation event on 
record and the largest July single day precipitation event on record. As a result, July rainfall 
was nearly double the normal values but accumulations are near or below normal for June and 
August. Although this was a large precipitation event, the occurrence of low residual moisture 
(as implied by the extremely low TVC discharge prior to the event) only resulted in TVC 
discharge rising from 0.01 to .93 m3/s. Although precipitation in August was lower than 
normal, events immediately prior to lake drainage totaled 31 mm. These events raised Trail 
Valley Creek discharge from approximately 0.01 m3/s to over 2.0 m3/s on August 22, 1989. 
By August 28, the day of the TVC lake drainage, discharge had declined to approximately 0.7 
m3/s. Such a deeper than normal active layer, high lake levels and high soil moisture are 
believed to have provided both a greater opportunity for thermal melting of the ice rich 
ground and for slope instability. 

Although Brewer et al. (1993) felt that high precipitation was more important than increased 
active layer thickness, it is likely that lake drainage was triggered by the combination of a 
deep active layer, and high lake levels following the large rainfall event the week prior to lake 
drainage.  

5. DISCUSSION AND CONCLUSION 
The area of north of Inuvik to Richards Is. has a large number of lakes, many of which are 
prone to rapid drainage. Such rapid drainage has drained lakes in the area at a rate of 
approximately 0.4/yr over the last 50 years. However, the rate of lake drainage has declined 
over the last 50 years from a high of 0.58/yr early in the period of record, to a low of 0.21/yr 
over the last 18 years. Additional studies are ongoing to verify this decline in the rate of lake 
drainage over a larger area. There are also significant regional variations in lake drainage, 
with preliminary studies suggesting that lake drainage is related to the occurrence of ground 
ice. Again, additional studies are required to quantify this relationship and to consider the 
impact of surficial geology for example.  

A case study for a lake in the Trail Valley Creek research basin demonstrates some of the 
conditions resulting in lake drainage, and provides an example of the size of a lake drainage 
channel and of discharge occurring during drainage. Such large drainage channels pose a 
significant risk to proposed gas pipelines in the study area. Issues include potential rupture of 
the pipe, and if the pipe was not damaged how industry would re-bury a pipe exposed by lake 
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drainage. It is important to note that although drainage often follows the original lake outlet 
channel, drainage may also occur through a new channel located at a different location. As a 
result, it is difficult to determine where drainage may occur and to develop adequate 
protection for pipelines prior to drainage. There is also concern that increased traffic in the 
vicinity of lakes may promote lake drainage. Mackay (1992) provided an example of this 
occurring.  

For the Trail Valley Creek lake, drainage occurred naturally in August of 1989, a summer that 
was both warmer and wetter than normal with two extreme precipitation events prior to 
drainage. Brewer et al. (1993) also described the drainage of a number of lakes in the Alaskan 
Coastal Plain during 1989, and noted that the summer was also warmer and wetter than 
normal in that region. It is not known if there were a larger than normal number of lake 
drainage events in the Canadian Arctic Coastal Plain in 1989. Brewer et al., (1993) suggested 
that the drainage of the lakes on the Alaskan Coastal Plain was due primarily to the increased 
precipitation and that increased temperatures or increased active layer thickness were not an 
important factor. However, the exact mechanism that initiated lake drainage was not explicitly 
described by Brewer et al. (1993) and it is also not known for the Trail Valley Creek lake. 
Given this, it is difficult to determine if high water levels in conjunction with a deeper than 
normal active layer resulted in increased ground water flow through the active layer, hence 
increased thaw of ice-rich permafrost, followed by ground slumping, and further increased 
flow or whether bank slumping alone was sufficient to initiate lake drainage.  

Currently our knowledge is not sufficient to make predictions of future changes in lake 
drainage due to changing climate. One aspect of lake drainage is relatively clear; with warmer 
air temperatures, there would be an associated increase in lake temperature and as shown by 
Marsh and Neumann (2001), this would result in higher peak flows as the lake drainage 
channels expand more rapidly due to more rapid melt of ground ice during drainage. Such 
flows would often be larger than those during the spring snowmelt season, with implications 
on channel erosion, water quality, riparian vegetation and aquatic fauna. 
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ABSTRACT 
Discharge is simulated for the Mittivakkat glacier catchment (18.4 km2, 78% glacier cover), 
located on Ammassalik Island, SE Greenland, based on a conceptual linear runoff reservoir 
model, the NAM rainfall-runoff model. Discharge simulations were performed for three 
periods based on observed data (1999–2004), control data (1993–1999) and scenario data 
(2071–2100). The NAM model was calibrated against the observed discharge data and 
validated against the control discharge data. The future scenario was included to predict and 
elucidate the influence from future climate changes on discharge from the Mittivakkat Glacier 
catchment. Future climate changes are modeled by the HIRHAM regional climate model 
(RCM) on the basis of the IPCC A2 and B2 climate scenarios. HIRHAM RCM generated data 
were corrected to fit observed mean monthly values. The simulated discharge overestimated 
the observed discharge by 4% and 2%, on average for 1999–2004 and 1993–1999 
respectively, with yearly overestimates and underestimates of simulated discharge up to11% 
and 8%. The timing and magnitude of the simulated discharge were in general accordance 
with observed discharge (1993–2004), daily simulated peak discharge can be underestimated 
up to 3.4 m3 s-1, approximately 44%. The simulated river break-up occurred from mid-May to 
the beginning of June, approximately 1 to 3 days before the observed river break-up (1993–
2004). The difference between the simulated and the observed runoff indicates a reasonable 
confirmation of NAM´s capability in arctic glacial environments. Mean annual simulated 
runoff from the Mittivakkat Glacier catchment based on the IPCC A2 and IPCC B2 climate 
scenarios (2071–2100) indicate a runoff of 3,181 mm w.eq. and 3,234 mm w.eq., 
respectively. The increasing runoff indicates an increasing negative glacier net mass balance, 
ranging from -530 mm w.eq. (1995–2003) to -1,977 mm w.eq. for IPCC A2, while up to -
1,967 mm w.eq. for IPCC B2 (2071–2100). 

Keywords  
Greenland; Ammassalik Island; Mittivakkat Glacier catchment; NAM rainfall-runoff model; 
discharge  

1. INTRODUCTION 
It is generally agreed that global warming is taking place (Maxwell, 1997; Kane, 1997; 
Crowley, 2000; WHO, 2001; Box, 2002; Sturm et al., 2005), which has caused the increased 
melting of local glaciers in the Arctic, resulting in an increased influx of fresh water to the 
oceans (Hasholt et al., 2005). Simulations of future climate by Global Circulation Models 
(GCM) indicate an increase in global air temperature, and that warming will be more 
pronounced in northern latitudes (Maxwell, 1997; Flato & Boer, 2001; Rysgaard et al., 2003). 
Northeast Greenland Atmosphere-Ocean Models indicate an air temperature increase of up to 
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6–8°C over the next approximately 100 years (Rysgaard et al., 2003), with largest changes in 
autumn and winter seasons (Sælthun & Barkved, 2003). As a result, the contribution of fresh 
water from Eastern Greenland to the Greenland Sea and the Straits of Denmark will increase 
during this century. This flux of freshwater may affect the density-driven sinking of cold 
surface water, the thermohaline circulation, in the sea outside east Greenland (Broecker et al., 
1985; Broecker & Denton, 1990), combined with a pronounced reduction of sea ice within the 
Arctic sea, including the Greenland Sea (Serreze et al., 2002; Sturm et al., 2005). 
Furthermore, the influx of fresh water could be used for assessing the contribution of runoff to 
sea-level rise and for the addition of nutrients to the ocean (Tangborn, 1984; Bøggild et al., 
1998; Rysgaard et al., 2003). Changes in fresh water influx must be taken into account when 
planning hydroelectric power schemes and water supply (Hasholt, 1980; Hock & Jansson, 
2005). 

Discharge simulations based on the effect of climate control has been estimated and predicted 
earlier from snow-covered or glacierised areas (Bøggild, et al., 1998; Hock, 1999; Hag et al., 
2001; Hock, 2003; Hirashima et al., 2004). Computations of glacier discharge require an 
understanding of two main separate processes: melt water production on snow covered and 
glacierised areas, and drainage processes within the snow/firn cover and glacier ice (Baker et 
al., 1982; Marsh & Woo, 1984; Tseng et al., 1994; Conway & Benedict, 1994; March & 
Pomeroy, 1995; Marsh, 1999; Waldner et al., 2004). Calculations of melt water production is 
normally based on two methods: energy balance modelling, which attempts to quantify melt 
as residual in the heat balance equation (Baker et al., 1982; Brun et al., 1989; Blöschl et al., 
1991; Liston, 1995; Arnold et al., 1996; Hock & Noetzli, 1997; Liston & Elder, 2005; 
Mernild et al., 2005b); and temperature-index (degree-day) modelling, assuming an empirical 
relationship between air temperature (sensible heat) and melt rates (Hoinkes & Steinacker, 
1975; Braithwaite, 1995; Hock, 2003; Hasholt & Mernild, 2004). Despite of their simplicity, 
the degree-day models have produced reasonable results for periods of several days and 
weeks. However, the accuracy decreases with increasing time resolution, for example on an 
hourly basis (Baker et al., 1982; Hock, 1999). Attempts have been made to describe the 
drainage processes and the delay of runoff within the glacier. Processes of water movement in 
and under a glacier are intrinsically complex and far less understood, because it involves the 
liquid phase (water) moving through the solid phase (ice) at the melting temperature, while 
the ice is deformable allowing englacier conduits to change size and shape (Hock & Jansson, 
2005). Campbell & Rasmussen (1973) described the whole glacier as a porous media, and 
later e.g. Nilsson & Sundblad (1975), Baker et al. (1982), van der Val & Russel (1994), Hock 
& Noetzli (1997), Jansson et al. (2003) and Hock (2003) described the glacier as a system of 
reservoirs, corresponding to the different storage properties of the media: snow, firn, and ice. 
Despite of their simplicity, the linear reservoir models tend to perform remarkably well 
(Jansson et al., 2003).  

The goal of this study is to test the applicability of the NAM rainfall-runoff model, a 
conceptual linear runoff reservoir model, for a SE Greenland snow covered and glacierised 
catchment with the following sub-objectives: (1) to model the variation in daily and in yearly 
runoff from the Mittivakkat Glacier catchment based on observed data from 1999–2004 and 
control data from the period 1993–1999; and (2) to model the monthly and yearly runoff from 
the Mittivakkat Glacier catchment based on climate change predicted by the HIRHAM 
regional climate model (RCM) on the basis of the IPCC A2 and B2 scenarios covering the 30 
year scenario period from 2071–2100. 
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2. Study area 

2.1  Physical settings 

 

Figure 1: Location map showing the Mittivakket Glacier catchment (18.4 km2), Sermilik, on 
the Ammassalik Island including the hydrometric station at Isco Island located in 
the pro-glacial valley. The automatic digital camera takes daily photos (at 12 
noon) of the pro-glacial valley, the meteorological stations at Station Nunatak and 
Station Coast and the Meteorological Station in Tasiilaq (Ammassalik). The 
dashed line indicates the non-stable topographic watershed divide on the 
Mittivakkat Glacier, and the full-drawn line the topographic watershed divide on 
bedrock for the Mittivakkat Glacier catchment. The inset figure indicates the 
general location of the Mittivakkat Glacier catchment within Eastern Greenland 
(Modified after Greenland Tourism).    
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The Mittivakkat Glacier (31 km2) (65°42’N latitude; 37°48’W longitude) is located on 
Ammassalik Island, Southeast Greenland, approximately 15 km northwest of the town 
Tasiilaq (Ammassalik) and 50 km east of the eastern margin of the Greenland Ice Sheet, 
separated from the mainland by  the 10–15 km wide Sermilik Fiord. The study catchment 
(18.4 km2) is drained by the glacier outlet from the most southwestern part of the Mittivakkat 
Glacier through a proglacial valley (Figure 1). The catchment is characterized by a strong 
alpine relief, and ranges in elevation from 0 to 973 m a.s.l., with highest altitudes in the 
eastern part of the catchment. 

Approximately 78% (14.4 km2) of the catchment is covered by parts of the Mittivakkat 
Glacier complex, ranging from approximately 160 to 930 m a.s.l. in elevation. Since the first 
observation in 1933, the glacier terminus has retreated approximately 1.2 km, with a decrease 
in glacier surface elevation up to 100 m (below the 300 m a.s.l. elevation) (Valeur, 1959; 
Fristrup, 1961; Hasholt, 1986, 1988, 1992; Knudsen & Hasholt, 2004). The average winter 
mass balance, summer mass balance, and net mass balance (1995–2003) are, respectively, 
1.27 m w.eq., -1.80 m w.eq., and -0.53 m w.eq. (Knudsen & Hasholt, 2004; Mernild et al., 
2005b). Approximately 22% of the catchment is covered by bedrock (in higher elevations), 
loose sediments as talus and debris flow deposits (in lower elevations) and moranic deposits 
or sediment of fluvial origin in the proglacial valley bottoms. 

2.2 Climate 
According to the Köppen classification system, the Mittivakkat Glacier catchment has a 
subarctic, ET, tundra climate. Two meteorological stations are located within the catchment: 
Station Nunatak (515 m a.s.l.) and Station Coast (25 m a.s.l.) (Figure 1). Based on data from 
these stations, the mean annual air temperature (MAAT) for the area is -1.6°C (1999–2004), 
while the maximum monthly average is 4.9°C in July and the minimum is -7.6°C in February. 
The mean annual relative humidity is 88% (1999–2004). The total annual precipitation (TAP) 
at Station Nunatak is 1,629 mm w.eq. and 1,143 mm w.eq. at Station Coast (1999–2004), 
indicating a positive orographic effect/an orography factor of 99 mm w.eq. 100 m-1 between 
the stations (Mernild et al., 2005b). Between 65–85% of the TAP falls as snow. The mean 
annual wind speed is 4.0 m s-1 (1999–2004), mainly dominated by N and E winds during 
autumn, winter, and spring, and SW, S, and E winds during summer. Wind velocity during a 
piteraq can gust to 85 m s-1. 

3. Hydrological regime  
In the end of the winter season and beginning of the melt season, melting from snow layers on 
the bedrock and glacier does not often cause runoff (i.e., no responding hydrological regime), 
due to internal refreezing of percolating surface melt water (Marsh & Woo, 1984; Trabant & 
Mayo, 1985; Conway & Benedict, 1994; Marsh, 1999; Bøggild et al., in prep). Latent heat 
from internal refreezing of water heats up the snow and firn layers to maximum 0°C through 
the melt season, resulting in an increasing proportion of runoff (i.e., responding hydrological 
regimes). After melting the snow cover through the summer season, the exposed bedrock and 
glacier ice results in relatively rapid responding hydrological regimes, giving relatively high 
surface peak flow after liquid (rain) precipitation and daily glacier surface melt events. The 
supraglacial flow is initially dominated by the surface gradient, and further downwards by the 
gradient and the orientation of surface cracks and surface rivers. After entering into the 
glacier, the englacial flow is dominated by the potential gradient, the orientation, the 
size/form of the crevasses (Fountain et al., 2005), and the orientation and the expansion of 
englacial and subglacial drainage system through the melt season (Shreve, 1972; 
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Röthlisberger, 1972; Röthlisberger & Lang, 1987). The impermeable bedrock results in rapid 
responding hydrological regimes giving high surface peak flow, and no base flow discharge. 
The loose sediments, debris flow deposits, and moronic deposits results in relatively lower 
responding hydraulic regimes, giving lower amounts of overland flow and contributions from 
subsurface flow.  

4. METHODS 
The NAM rainfall-runoff model is a conceptual model: a lumped hydrological model (DHI, 
2003a; 2003b) describing the hydrological system in a catchment by routing water through 
three to five linear reservoirs. Therefore, the model is not able to give details of physical 
processes.   

To simulate the runoff through the NAM system of equations for the Mittivakkat Glacier 
catchment, the following basic input information was required: catchment dimensions (area 
and elevation), the hydrological catchment characteristics (runoff parameters, storage content, 
storage thresholds, and routing constants), climatic conditions (temporally-varying fields of 
meteorological data obtained from meteorological stations within the simulation domain and 
lapse rates), and initial conditions (e.g. snow distribution, and the hydrological catchment 
characteristics). 

4.1 Actual model setup and model parameters 
For the actual model setup, four linear reservoirs are used: (1) snow storage (including snow, 
firn, and glacier storage); (2) surface storage; (3) rootzone storage; and (4) ground water 
storage. The snow melt routine in the NAM model is included in the modeling and the 
following snow conditions are applied: (1) subdivision of the catchment into 10 elevation 
zones done for each 100 m elevation; (2) minimum storage of 0.5 m for full snow coverage in 
elevation zone below 200 m a.s.l. (on the bedrock) and on 0.01 m above 200 m a.s.l. (on the 
glacier) due to the snow-holding depth (roughness elements) in the catchment (Hasholt & 
Mernild, 2004; Mernild et al., 2005b); (3) maximum water content retained in the snow pack 
of each elevation zone on 0.05 m; (4) mean annual air temperature lapse rate on -0.24°C 100 
m-1 (1999–2004) (Mernild et al., 2005b). For the determination of whether precipitation falls 
as rain or snow and whether surface melt occurs, 0°C is chosen as the discriminating air 
temperature; and (5) monthly degree-day factor on 0.5 mm w.eq. ºC-1 day-1 (September to 
May) and 3.7 mm w.eq. ºC-1 day-1 (June to August); and (6) initial snow cover conditions 
(1993–2004) on 115 m used for elevation zones above 200 m a.s.l. indicating the location of 
the Mittivakkat glacier in the catchment. The 115 m snow thickness is based on the mean 
estimated glacier thickness of 115 m found by radio-echo sounding in 1994 (Knudsen & 
Hasholt, 1999). For the scenario period (2071–2100), a snow storage of 75 m is used for 
elevation zones above 300 m a.s.l., due to changes in air temperature from 1999–2004 to 
2071–2100 modeled by the HIRHAM RCM.  

4.2 Climate, climate-related and discharge input data  
The driving variables in the NAM model are: precipitation (P) (mm w.eq.), air temperature 
(TAIR) (°C), and potential evapotranspiration (Ep) (mm w.eq.) based on 1-day time step for the 
periods: 1999–2004 (observed period), 1993–1999 (control period), and 2071–2100 (scenario 
period). For calibration and validation of the NAM model, observed discharge (QOBS) (m3 s-1) 
is obtained for the periods 1999–2004 (observed period) and 1993–1999 (control period). The 
yearly simulation period starts from September to August the following year, in order to 
follow the period used to calculate the yearly cycle of the Mittivakkat glacier net mass 
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balance (Knudsen & Hasholt, 2004; Mernild et al., 2005b). The simulations were performed 
on 1-day time step, which is reasonable taking into account that the water travel time on 3–4 
hours (median transit velocity: 4.8–12.2 m min-1, based on uranine dye experiments; Mernild, 
2005) through a well-developed englacial drainage system during summer.  

4.2.1 Input parameters for 1999–2004 (observed period) and 1993–1999 (control 
period)  

Precipitation (P) input into the NAM model consists of liquid and solid precipitation. Liquid 
(rain) precipitation was measured at Station Nunatak (515 m a.s.l.) approximately 0.45 m 
above ground, and used directly in the model without wind corrections because the orifice of 
the gauge was located at approximately the same height as the local roughness elements. 
Solid (snow) precipitation was calculated from the ultra sonic snow-depth sounder 
observations. The noise was removed from the sounder data, and the remaining snow-depth 
increases were adjusted by a temperature-dependent snow density (from 67.9 kg m-3 to 217.6 
kg m-3, mean 85.8 kg m-3; Brown et al., 2003) and an hourly snow pack settling rate 
(Anderson, 1976), to estimate the snow water equivalent (SWE) precipitation. The end-of-
winter SWE precipitation (May 31) from Station Nunatak was underestimated by 18% to 38% 
compared to the observed winter mass balance from the Mittivakkat Glacier (1999–2004). 
The Station Nunatak SWE precipitation was, therefore, adjusted against the observed 
Mittivakkat Glacier winter mass balance (Mernild et al., 2005b). The reason for the 
underestimated SWE is the exposed station location on the nunatak, where precipitation was 
removed by snow drift and did not accumulate under the snow-depth sounder used to 
reconstruct the precipitation history (Hasholt & Mernild, 2004; Mernild et al., 2005b). 

The air temperature (TAIR) (2 m) was measured at Station Nunatak (515 m a.s.l.). Mean 
annual air temperature lapse rates were calculated based on air temperature data (2 m) from 
Station Nunatak (515 m a.s.l.) and Station Coast (25 m a.sl.) (1999–2004) (Mernild et al., 
2005b). The potential evapotranspiration (Ep) was calculated based on the Makkink formula 
(1957), using incoming short-wave radiation (Si) (4 m) and air temperature (TAIR) as input 
parameters from Station Nunatak. 

The discharge (QOBS) from the glacier catchment is calculated from yearly stage-discharge 
relationships found by regression analysis of observations at the hydrometric station at Isco 
Island (R2-values from 0.91 to 0.99). The discharge cross section has been stable for about 30 
years, and the accuracy of a single discharge measurement of 5–10% is assumed (Hasholt & 
Mernild, 2004). 

4.2.2 Input parameters for scenario period (2071–2100) 
The IPCC A2 and B2 climate scenarios (www.ipcc.ch) are used for the periods 1961–1990 
(the HIRHAM control period) and 2071–2100 (the scenario period) in the HIRHAM regional 
climate model (RCM), generated in 360 days (12*30 days) as mean daily values for a 50 km 
grid cell increment covering the Ammassalik Island. In normal years, five days are added 
manually, while six days are added for leap years. The extra days are added in between the 
existing 15th and 16th day in the following months: February (only in leap years), May, July, 
August, October, and December. Data values on the new days are calculated as an average of 
the previous and the following days. Before the HIRHAM RCM output data can be trusted for 
any practical use, it needs to be tested against observed climate data. The overall working 
approach in this test is based on if the model data can reproduce the past, then it can be trusted 
to estimate the future. Air temperature (TAIR), precipitation (P), and potential 
evapotranspiration (Ep) modeled by the HIRHAM RCM for the period (1961–1990) for the 
Ammassalik Island are tested against measured air temperature (TAIR), precipitation (P), and 
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calculated potential evapotranspiration (Ep) at Station Nunatak to estimate the quality of the 
HIRHAM RCM output data. The same calibration factor is applied to the scenario period 
(2071–2100). Data from Station Nunatak extends back to 1993, to estimate air temperature 
(TAIR), precipitation (P), and calculated potential evapotranspiration (Ep). For older data, 
linear regressions between Station Nunatak and the Meteorological station in Tasiilaq (Figure 
1) are used. The HIRHAM RCM output data is compared with observed data as mean 
monthly values. 

4.3 NAM model calibration and validation 
A split sample technique is used for the calibration of the NAM model on the observed data 
(1999–2004). The calibration for the 1999–2004 model period is performed manually by 
adjusting model parameters so the simulated discharges correspond to the observed 
discharges as well as possible. Special calibration regarding high flow has been accomplished 
with the auto calibration tool in NAM. Water balance and R2-value are used for a calibration 
of the simulated discharge against the observed discharge to estimate the maximum error. 
Furthermore, simulated peak discharges are calibrated against observed peak discharges to 
estimate the error in extreme runoff situations. The NAM model is then validated against 
control data (1993–1999). 

5. Results 
Table 1 presents the observed discharge and the corresponding simulated discharge from the 
Mittivakkat Glacier catchment, and the maximum daily difference in observed and simulated 
discharge from the observed period (1999–2004). A full year comparison between the 
observed and the simulated discharge is not possible because discharge cannot be measured in 
the beginning/end of the runoff season due to logistic difficulties. The observed discharge 
period varies from year to year (Table 1), and therefore the observed discharge is not 
comparable between years. A comparison between observed discharge with the corresponding 
simulated discharge indicates an overestimation of the simulated discharge from 1.2% (2003) 
to 11.4% (2001), except for 2002 where the simulated discharge is underestimated by 6.9% 
(Table 1). A linear regression exists between daily simulated and observed discharge values 
with a R2-value on 0.79 (1999–2004) (Eq. 1): 

 

QOBS (m3 s-1) = 0.96QSIM (m3 s-1) (R2 = 0.79, p < 0.01)  (1) 

 

where, the term 0.96 indicates an average overestimated daily simulated discharge of 4% for 
the runoff periods and p is the level of significance. A comparison of the daily observed 
discharge and the daily simulated discharge values illustrates a maximum difference from 1.9 
m3 s-1 (67%) (2003) to 3.4 m3 s-1 (44%) (2002) (Table 1 and Figure 2). 

The annual variations (September to August) in simulated discharge are shown on Figure 2 
(1999–2004). The timing and the magnitude of the simulated discharge are, in general, in 
accordance with the observed discharge, except for simulated peak discharges in June and 
July 2002 and 2004 which are underestimated by approximately 2–3 m3 s-1 (Table 1 and 
Figure 2). From October/November to April/May (through winter) simulated discharge events 
occur in relation to hot spells (Føhn winds) and liquid (rain) precipitation events in the 
catchment (Figure 2). Due to the lack of observed discharge in winter periods, it is attempted 
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to verify the simulated discharge events by using time lapse photos from the pro-glacial 
valley. The daily photos taken at 12-noon are used to validate all simulated discharge events 
in the catchment through winter (1999–2004) (Figure 3). On Figures 2 and 3, some examples 
of the winter runoff events are shown by the letters A to G, confirming or not confirming the 
occurrence of runoff in the pro-glacial valley, out of the catchment, during/after hot spells and 
liquid precipitation events. As an example, photos A, B, D, E, F, and, G confirms that runoff 
occurs in the pro-glacial valley through winter. In photo C (Figure 2 and Figure 3), runoff 
does not occur in the pro-glacial valley. A possible explanation for this is that the amount of 
surface snow melt water percolated into the snow pack, and was then trapped by capillary 
forces in snow/firn pores and refrozen in the snow/firn pack or at the glacier surface as 
superimposed ice during winter. Snow surface depressions are not seen on the photos of the 
pro-glacial valley. Therefore, there is no reason to believe that runoff occurred under the snow 
cover, e.g. in tunnels. Table 2 shows the resulting amount of refreezing water in the snow 
pack or on the glacier surface through winter periods (1999–2004), after comparing the daily 
simulated runoff with the occurrence of observed runoff on the daily pro-glacier valley 
photos. The amounts of refreezing water varies from 70,848 m3 (4 mm w.eq.) in 2003 to 
1,033,344 m3 (56 mm w.eq.) in 2001. On average, 0.9% (19 mm w.eq.) (1999–2004) of the 
total annual runoff refreezes in winter in the snow pack or at the glacier surface as 
superimposed ice. The annual simulated runoff from the Mittivakkat Glacier catchment is 
estimated from 1,326 mm w.eq. (2002/2003) to 2,282 mm w.eq. (2000/2001), with an average 
value on 1,977 mm w.eq. (1999–2004) (Table 2). 

Table 1:  Observed discharge and simulated discharge from the Mittivakkat Glacier 
catchment, together with maximum daily difference in observed and simulated 
discharge (1999–2004). (*) The period is equal for daily simulated discharge and 
observed discharge. 

 Period with 
observed discharge  

Sum 
observed 

discharge 
(m3) 

Sum 
simulated 

discharge 
(m3) (*) 

Difference between 

sum observed and 
sum simulated (%) 

Max daily difference in 

observed and simulated 
discharge (m3 s-1) 

2000 8 JUN – 17 SEPT 34571232 37932673 9.7 2.6 

2001 18 JUN – 15 SEPT 31753728 35360515 11.4 2.3 

2002 10 JUN – 5 SEPT 34422624 32043796 -6.9 3.4 

2003 7 JUN – 20 AUG 17051904 17256338 1.2 1.9 

2004 14 JUN – 27 AUG 35092224 36213647 3.2 3.2 

Average ----- ----- ----- 3.7 ----- 

The simulated date for river break-up in the Mittivakkat Glacier catchment (defined as days 
with subsequent continuous discharge) is also compared with the daily photos of the pro-
glacier valley. The simulated date for river break-up occurs 1–3 days before the observed 
river break-up (Table 2). 

The NAM model is validated against existing discharge data from 1993, 1994, 1995, and 
1999 (Figure 4 and Table 3). However, observed discharge is missing for 1996, 1997, and 
1998. The discharge from the observed period is compared with the corresponding simulated 
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discharge (Table 3), resulting in an underestimation from 4.5% (1995) to 8.2% (1993) and an 
overestimation from 8.6% (1999) to 10.5% (1994) of the simulated discharge. A linear 
regression exists between daily simulated and observed discharge with a R2-value on 0.77 
(1993–1999) (Eq. 2):  

 

QOBS (m3 s-1) = 0.98QSIM (m3 s-1) (R2 = 0.77, p<0.01)  (2) 

where, the term 0.98 indicates an average overestimated daily simulated discharge of 2% for 
the runoff periods. The difference between daily observed and simulated discharge values for 
the corresponding periods are shown in Table 3, illustrating a maximum variation from 2.0 m3 
s-1 (50%) (1994) to 3.4 m3 s-1 (39%) (1995). On Figure 4a the simulated discharge and the 
observed discharge (1993–1999) is shown. Figure 4b to 4d show examples with a higher time 
resolution of simulated and modeled discharge from June to September (1994, 1995, and 
1999). 

Table 2:  Simulated and observed date for river break-up, amount of trapped runoff in 
winter, and annual sum of simulated runoff from the Mittivakkat Glacier 
catchment (1999–2004).   

 Simulated date 
for river 

break-up 
(continuous 
discharge)  

Date for river 
break based on 
photos from the 

Pro-glacier valley 

Simulated sum of runoff 

possible trapped in the 
snow pack or at the ice 
surface through winter 

(m3). The percent (%) is 
in relation to the annual 

sum of simulated 
discharge 

Annual sum simulated 
discharge  

from Mittivakkat  

Glacier Catchment   

(m3 and mm) 

1999/2000 11 MAY 13 MAY 130680 (0.3%) 39466120 m3 (2,145 mm)  

2000/2001 23 MAY 26 MAY 1033344 (2.6%) 41985856 m3 (2,282 mm) 

2001/2002 27 MAY 28 MAY 371520 (0.9%) 34404480 m3 (1,870 mm) 

2002/2003 8 JUN 10 JUN 70848 (0.2%) 24404480 m3 (1,326 mm) 

2003/2004 25 MAY 26 MAY 155520 (0.4%) 40287680 m3 (2,190 mm) 

Average ----- ----- 352383 (0.9%) 36371148 m3 (1,977 mm) 

The annual simulated discharge (September to August) from 1993 to 1999 is shown in Table 
4. For this period, there are no photos to confirm the occurrence of winter runoff. Therefore, a 
fixed value on 19 mm w.eq. year-1 is used for refreezing of water in the snow pack or at the 
glacier surface as superimposed ice through winter. The annual simulated runoff from the 
Mittivakkat Glacier catchment is estimated from 1,639 mm w.eq. (1998/1999) to 2,144 mm 
w.eq. (1993/1994), with an (95% confidence interval) with the 1999–2004 average runoff 
value of 1,977 mm w.eq. (Table 2). This indicates an increase in simulated discharge of less 
than 1%. The simulated date for river break-up (1993–1999) varies approximately within 
three weeks from 10 May (1997/1998) to the 28 May (1995/1996) (Table 4), which is 
expected to be 1–3 days before the factual river break up. 
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A test of the HIRHAM RCM output data against climate data from the Station Nunatak 
indicates that the data are not significantly identical (95% confidence interval). The mean 
annual HIRHAM RCM calibrated air temperature is -2.6ºC (1961–1990), while the IPCC A2 
and B2 scenarios (2071–2100) indicate a mean annual air temperature (MAAT) after 
calibration of -0.3ºC and -0.2ºC, respectively. The HIRHAM RCM calibrated mean annual 
precipitation is 1,669 mm w.eq. (1961–1990), while the IPCC A2 and B2 scenarios (2071–
2100) indicate a mean annual precipitation of 1,635 mm w.eq. and 1,712 mm w.eq. The 
HIRHAM RCM calibrated mean annual potential evapotranspiration is 381 mm w.eq. (1961–
1990), while the IPCC A2 and B2 scenarios (2071–2100) indicate a mean annual potential 
evapotranspiration sum of 431 mm w.eq. and 445 mm w.eq. Table 5 illustrates the mean 
annual runoff modeled in NAM based on the HIRHAM RCM data from 1961 to 1990 and 
from the IPCC A2 and B2 scenarios from 2071 to 2100, indicating a future increase in runoff  
of 56% from 2,039 mm w.eq.  (1961–1990)  to 3,181 mm w.eq. (2071–2100) for the IPCC 
scenario A2, and an increase in runoff of 58% from 2,039 mm w.eq. (1961–1990) to 3,234 
mm w.eq. (2071–2100) for the IPCC scenario B2. The maximum runoff for the IPCC A2 and 
B2 scenarios occurs in July and August with values around 900 mm w.eq. (Table 5), 
approximately 300 mm w.eq. higher than July and August 1961–1990. The increasing runoff 
indicates an increasing negative glacier net mass balance from -530 mm w.eq. (1995–2003) to 
-1,977 mm w.eq. for the IPCC A2  and to -1,967 mm w.eq. for the IPCC B2 (2071–2100). 

 

 

Figure 2:  Observed discharge at the Isco Island hydrometric station and simulated discharge 
from the Mittivakkat Glacier catchment, Sermilik, from August 1999 to 
September 2004. The letters A to G referrer to daily photographic time lapse on 
Figure 3, confirming and not confirming to the occurrence of runoff in the pro-
glacial valley during and after hot spells and liquid precipitation events through 
winter.  

6. Discussion  
The NAM rainfall-runoff model is originally developed for non-glacierized basins. Here, 
however, it has been used on the Mittivakkat Glacier catchment, covered 78% (14.4 km2) by 
glaciers. 
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During winter (September to May), the processes of snow accumulation, redistribution by 
wind (horizontal flux), and sublimation (phase change processes, vertical flux) significantly 
affect the watershed snow distributions and the high-latitude hydrological cycle (Mernild et 
al., 2005b). Previous studies in Arctic Canada show that within the first 300 m of fetch, 38–
85% of annual snowfall is removed by wind erosion. This amount increases with wind speed 
(Pomeroy et al., 1993), and the wind redistribution processes influence snow depths over 
distances of 10´s of centimetres to 100´s meters (Liston & Haehnel, 2005). Blowing-snow 
model simulations for the Ammassalik Island 1997/1998 by Hasholt et al. (2003) and 1999–
2004 by Mernild et al. (2005b) show significant snow redistribution from east-facing slopes 
to west-facing slopes, and greatest drift accumulation at the Mittivakkat Glacier between 200–
300 m a.s.l and 600–700 m a.s.l., respectively. Studies in Arctic Canada and Greenland (e.g. 
Pomeroy & Gray, 1995; Pomeroy et al., 1997; Liston & Sturm, 1998; Essery et al., 1999; 
Pomeroy & Essery, 1999; and Hasholt et al., 2003) found significant sublimation losses on an 
annual basis (i.e., 5–50% of the solid precipitation). Mittivakkat Glacier studies 1997/1998 by 
Hasholt et al. (2003) and 1999–2004 by Mernild et al. (2005b) show that as much as 15% of 
the annual precipitation and 12% of the solid precipitation are returned to the atmosphere by 
sublimation. The snow routine in the NAM model only incorporates the accumulation of 
snow, and does not take into account the redistribution processes of snow by wind or the 
sublimation processes of wind-transported snow. The absent redistribution and sublimations 
processes may affect uncertainties in the high-latitude hydrological cycle of approximately 
150–200 mm year-1 for the Mittivakkat Glacier catchment, and further uncertainties in runoff 
quantity, timing, and variability. 

 



15th International Northern Research Basins Symposium and Workshop 
Luleå to Kvikkjokk, Swenden, 29 Aug. – 2 Sept. 2005 

 

 
152 Climatic control on river discharge simulations, SE Greenland 

 

Figure 3: Photographic time lapse of the pro-glacial valley at 12 noon, including the location 
of the Isco Island hydrometric station (se arrow on photo a). Photo (a) confirms 
the occurrence of runoff from the Mittivakkat Glacier catchment (April 29, 2000); 
(b) confirms the occurrence of runoff (January 31, 2001); (c) confirms that runoff 
does not occur (April 25, 2002); (d) confirms the occurrence of runoff (January 4, 
2003); (e) confirms the occurrence of runoff (April 19, 2003); (f) confirms the 
occurrence of runoff (November 10, 2003); and (g) confirms the occurrence of 
runoff (Marts 12, 2004).     
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Figure 4a–d: (a) Observed discharge at the Isco Island hydrometric station and simulated 
discharge from the Mittivakkat Glacier catchment, Sermilik, from August 1993 to 
September 1999; and (b–d) illustrate an example of a higher time resolution 
(close-up picture) of the observed and simulated discharge from June to 
September from 1994, 1995, and 1999.       
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Table 3: Observed discharge and simulated discharge from the Mittivakkat Glacier catchment, 
together with maximum daily difference in observed and simulated discharge 
(1993, 1994, 1995, and 1999). (*) The period is equal for daily simulated discharge 
and observed discharge. 

 Period with 
observed discharge  

Sum 
observed 

discharge 
(m3) 

Sum 
simulated 

discharge (m3) 
(*) 

Difference 
between 

sum observed and 
sum simulated (%) 

Max daily difference in 

observed and simulated 
discharge (m3 s-1) 

1993 1 SEPT – 21 SEPT 7023768 6445550 -8.2 2.8 

1994 30 JUN – 28 AUG  24046848 26566685 10.5 2.0 

1995 1 JUL – 31 AUG 34883136 33329418 -4.5 3.4 

1996 No data No data No data No data No data 

1997 No data No data No data No data No data 

1998 No data No data No data No data No data 

1999 22 JUN – 31 AUG 17242848 18729531 8.6 3.2 

 

Table 4: Simulated date for river break-up and annual sum of simulated discharge from the 
Mittivakkat Glacier catchment (September 1993 to August 1999). 

 

 1993–1994 1994–1995 1995–1996 1996–1997 1997–1998 1998–1999 Average 

Simulated date for 
river break-up  

(continuous 
discharge) 

22 MAY 27 MAY 28 MAY 17 MAY 10 MAY 23 MAY ----- 

Annual sum 
simulated discharge 

from Mittivakkat 

Glacier Catchment  

 (m3 and mm w.eq.) 

39453522 
m3 

(2,144 mm 
w.eq.) 

38472996 
m3 

(2,091 mm 
w.eq.) 

34305982 
m3 

(1,864 mm 
w.eq.) 

39110408 
m3 

(2,126 mm 
w.eq.) 

35232321 
m3 

(1,914 mm 
w.eq.) 

30161547 
m3 

(1,639 mm 
w.eq.) 

36122796 m3

(1,963 mm 
w.eq.) 



 

 

 

Table 5:  Mean annual simulated runoff from the Mittivakkat Glacier catchment, based on the HIRHAM RCM output data from 1961–1990 
and from the IPCC A2 and B2 climate scenario from 2071–2100. 

 

 September October November December January February March April May 

Runoff 

after calibration, 
1961–1990 

(m3 and mm w.eq.)

4966571 

(270) 

1068677 

(58) 

281156 

(15) 

85867 

(5) 

77596 

(4) 

98706 

(5) 

53446 

(3) 

375993 

(20) 

1482061 

(81) 

Runoff  IPCC 
scenario A2,  

2071–2100 

 (m3 and mm w.eq.)

8482284 

(461) 

 

2241577 

(122) 

 

979425 

(53) 

 

219326 

(12) 

 

81152 

(4) 

 

98706 

(5) 

 

81064 

(4) 

 

992819 

(54) 

 

2789485 

(152) 

 

Runoff  IPCC 
scenario B2, 

2071–2100 

 (m3 and mm w.eq.)

8187309 

(445) 

2138359 

(116) 

1036451 

(56) 

217634 

(12) 

82214 

(4) 

98706 

(5) 

104301 

(6) 

996990 

(54) 

2919360 

(159) 

 

 



 

 

 

 

 June July August Sum 

Runoff 

after calibration, 
1961–1990 

(m3 and mm w.eq.)

6532627 

(355) 

10932181 

(594) 

11577680 

(629) 

37532561 

(2,039) 

Runoff  IPCC 
scenario A2,  

2071–2100 

 (m3 and mm w.eq.)

9052812 

(492) 

 

16319968 

(887) 

 

17214905 

(936) 

 

58539209 

(3,181) 

Runoff  IPCC 
scenario B2, 

2071–2100 

 (m3 and mm w.eq.)

9384442 

(510) 

17484200 

(950) 

16877298 

(917) 

59514572 

(3,234) 
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The NAM model use the mean annual air temperature lapse rate to account for the altitudinal 
spatial variations in air temperature, indicating the influence of the climate on the 
environment. A mean annual lapse rate of -0.24°C 100 m-1 (1999–2004) is used in the model 
(Mernild et al., 2005a; 2005b). Previous Mittivakkat Glacier catchment studies (Mernild et 
al., 2005a; 2005b) showed a monthly variation in air temperature lapse rates, shown by a 
minimum monthly lapse rate of -0.51°C 100 m-1 for November and February, and a maximum 
monthly lapse rate of 0.33°C 100 m-1 in June and July (1999–2004). These maximum monthly 
values are governed by daytime summer sea breezes, which are predominately from the S and 
SW. The use of the mean annual air temperature lapse rate as a fixed value in NAM will 
ignore the monthly variation in lapse rates as well as the frequent daily occurrence of 
temperature inversions in the catchment. 

The NAM model operates with a certain melt threshold (base air temperature) and a variable 
monthly degree-day factor through winter and summer, in which the monthly degree-day 
factor is identical for the entire Mittivakkat Glacier catchment. Using the same degree-day 
factor for the entire glacier gives an uncertainty in melt rates, due to changes in surface 
characteristics through the ablation period from snow cover to exposed ice followed by e.g. a 
decreasing albedo and increasing melt rates (Oke, 1987). Through the ablation period, the 
snow line (defined as the difference between exposed ice and snow cover) moves up-glacier, 
changing the spatial distribution of surface characteristics to more exposed ice and less snow 
cover. Therefore, using a certain degree-day factor routine for the entire glacier catchment 
will ignore the spatial surface distribution and variation and affect an uncertainty in the high-
latitude hydrological cycle. 

Runoff modeling on glacierized basins differs from conventional hydrological modeling, 
because glaciers significantly modify stream flows in quantity, timing, and variability by 
temporarily storing water as snow and ice on different time scales (Jansson et al., 2003). The 
dominant characteristics of a glacier catchment are: (1) the characteristic melt-induced diurnal 
cyclicity, which for the Mittivakkat Glacier catchment is effaced in the simulated discharge 
due to the daily time resolution in the model and; (2) the pronounced concentration of annual 
runoff during the melt season, from approximately mid or end of May to the end of October 
for the Mittivakkat Glacier catchment (Figure 2 and Figure 4a–d). The seasonal change in 
discharge hydrographs from a glacierized basin reflects fluctuations in melt water and a delay 
in runoff (Stenborg, 1970), but also an increase in efficiency of the englacial drainage system, 
as it evolves during the melt season, indicating an increasing responding hydrological regime. 
Modeling of glacier hydrology, therefore, consists of two principal steps: (1) estimating the 
water input to the glacier (surface melt and liquid precipitation); and (2) routing of water 
through the glacier, transforming the input contributions into a runoff hydrograph. For the 
Mittivakkat Glacier catchment NAM rainfall-runoff model, both surface melt and liquid 
precipitation are used as water input parameters, while routing of water through the glacier 
(through the snow cover, firn cover, and the ice) is performed by one reservoir only (the snow 
reservoir) with the same annual storage constants. Previous runoff modeling studies (Hock, 
2003; Jansson et al., 2003) subdivide the glacier into several linear reservoirs, with one 
reservoir for each component (snow, firn, and ice) and different storage constants 
(intermediate storage constant for snow, large constant for firn, and small constant for ice). 
The shape of the discharge hydrographs change over the ablations period, because the area of 
exposed ice increases. This increases the portion of water routed through the “faster” ice 
reservoir, therefore generating more peaked hydrographs. The NAM model operates with the 
same annual storage constants for routing water through the linear reservoir. Therefore, the 
simulated date for river break-up occurs more or less earlier than the observed date for river 
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break-up. This occurs because the NAM model is calibrated against observed runoff data 
from approximately mid June to end of August or mid September, a period where the internal 
drainage system is relatively well-developed. The absent delay in runoff explains the 
simulated river break-up 1 to 3 days before the observed river break-up (Table 2). 

Routines related to the seasonal variation in the snow cold content are not integrated in the 
NAM model. Therefore the following processes are not included in the NAM model: the cold 
content routine, subsequent trapping effect of percolating water by capillary forces, and 
refreezing possibility of trapped percolating water in the snow and firn pack or at the ice 
surface as superimposed ice heating up the snow pack. These minimize the cold content based 
on the release of latent heat, which affects a higher responding hydrological regime. Through 
the ablation period, the difference in simulated and observed responding hydrological regimes 
will be minimized due to the decreasing cold content. Due to the previously described missing 
routines, the water trapped in the snow/firn and on the ice is estimated to vary from 0.3% (4 
mm w.eq.) to 2.6% (56 mm w.eq.), with an average of 0.9% (19 mm w.eq.) (Table 2) of the 
annual simulated runoff. The size of the refreezing melt water (19 mm w.eq. year-1) is based 
on the cold content in the snow pack, which is directly controlled by winter climate (air 
temperature) penetrating into the snow pack (Bøggild et al., in prep). Statistically, the mean 
air temperature for the Mittivakkat Glacier catchment from 1999 to 2004 and from 1993 to 
1999 is significantly identical (95% confidence interval). Consequently, the fixed value of 19 
mm w.eq. year-1 (349,600 m3 year-1) is used for the refreezing of melt water in the snow pack 
for the period 1993–1999 and subtracted from the annual simulated runoff. The 0.9% (19 mm 
w.eq.) is within the uncertainty of the total estimated annual runoff. Therefore, the missing 
refreezing routine for the Mittivakkat Glacier catchment is mostly decisive for the date of 
river break-up. 

Figures 2 and 4a-d compare the observed and the simulated discharge from the Mittivakkat 
Glacier catchment from 1999–2004 and 1993–1999, respectively. The timing and magnitude 
of the simulated discharge in both periods are generally in accordance with the observed 
discharge through the observed runoff periods, but the simulated discharge tended to be 
overestimated during the main ablation period and underestimated at particularly the peak 
flows. For 1995 (Figure 4c) as the only year, the simulated runoff is generally underestimated 
for the entire runoff period compared to the observed runoff. Therefore, the yearly stage-
discharge relationship might probably overestimate the observed runoff that year. 
Furthermore, other possible reasons for the discrepancies (R2-values of 0.79 (1999–2004) and 
0.77 (1993–1999)) between daily simulated and observed discharge and relevant to the use of 
the NAM model on a glacier catchment may be: (1) the temporal pattern of englacial bulk 
water storage and release; and (2) the unstable topographic watershed divide on the 
Mittivakkat Glacier (Figure 1). The watershed divide on the Mittivakkat Glacier is dynamic 
due to the internal deformation and the basal sliding of the glacier, and therefore, a continuous 
change in catchment size will occur. Furthermore, modeling studies by Hasholt (unpublished) 
shows that the Mittivakkat Glacier catchment receives and delivers englacial and subglacial 
water flow through crevasses, moulins, and tunnels from and to nearby glacier catchments, 
involving unknown water volumes. Dye experiments in the lower part of the ablation area, 
confirm englacial and subglacial water flow to nearby glacier catchments (Mernild, 2005). 
The dynamics of the glacier constantly change the structure of the internal drainage systems, 
and therefore, the amount of received and delivered water continuously varies. The simulated 
discharge, despite the NAM model’s simplicity, seems to be useful due to the R2-values on 
0.79 and 0.77, in describing and quantifying daily variation in discharge, as well in the 
beginning and end of the runoff season. 
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In Table 2 and Table 4, the mean annual simulated runoff for the Mittivakkat Glacier 
catchment is 1,977 mm w.eq. for 1999–2004 and 1,963 mm w.eq. for 1993–1999. These 
values are significantly identical (95% confidence interval). In some of the years (1993–2004) 
as much as 2,200 mm w.eq. simulated runoff occurred. The amount of simulated runoff 
increases in the future (2071–2100) based on the IPCC A2 and B2 climate scenarios, with 
mean annual runoff values up to approximately 3,200 mm w.eq. and maximum monthly 
values (July and August) around 900 mm.w.eq. (Table 5). The HIRHAM RCM calibration 
period (1961–1990) compared with the scenario period (2071–2100) shows a change in mean 
annual air temperature (TAIR) from -2.6ºC to, respectively -0.3ºC for the A2 scenario and to -
0.2ºC for the B2 scenario. The increasing air temperature (TAIR) of approximately 2.4ºC 
affects the runoff from the Mittivakkat Glacier catchment more than changes in potential 
evapotranspiration (Ep) and precipitation (P). The potential evapotranspiration (Ep) shows an 
increase of approximately 60 mm w.eq., while precipitation (P) is almost constant between 
the two time periods (1961–1990 and 2071–2100). The climate controls for future river 
discharge are, therefore, mainly caused by the increasing air temperature (TAIR) and 
subsequently the melt water input to the glacier based on surface melt. The increasing air 
temperature (TAIR) indicates an increasing negative glacier net mass balance from 
approximately -530 mm w.eq. (1995–2003) to approximately -1,970 mm w.eq. (2071–2100) 
for both climate scenarios A2 and B2. 

7. Conclusion 
This collection of observations and NAM rainfall-runoff simulations have shown the 
following: 

• On average, the simulated discharge overestimates the observed discharge by 4% 
and 2% for 1999–2004 and 1993–1999, respectively, with yearly overestimations 
and underestimations in simulated discharge up to 11% and 8%. 

• The timing and the magnitude of the simulated discharge are in general accordance 
with observed discharge (1993–2004), and daily simulated peak discharge can be 
underestimated up to 3.4 m3 s-1 (44%). 

• The simulated river break-up occurred approximately 1 to 3 days before the 
observed river break-up (1993–2004). 

• The difference between the simulated and the observed runoff indicates a 
reasonable confirmation (R2 = 0.79 (1999–2004) and R2 = 0.77 (1993–1999)) of 
NAM´s capability in arctic glacial environments due to the absent redistribution 
processes of snow by wind, absent sublimation processes of wind-transported 
snow; model use of a mean annual air temperature lapse rates; model use of a 
monthly degree-day factor identical for the entire catchment; absent variable 
storage constants through the ablations period based on the cold content; absent 
variation in the englacial drainage system; absent temporal pattern of englacial 
bulk water storage and release; and unstable topographic watershed divide on the 
Mittivakkat Glacier.        

• The mean annual simulated runoff for the Mittivakkat Glacier catchment is 1,977 
mm w.eq. (1999–2004) and 1,963 mm w.eq. (1993–1999), values significantly 
identical (95% confidence interval). 
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• The amount of simulated runoff increases in the future (2071–2100), based on the 
IPCC A2 and B2 climate scenarios in the HIRHAM RCM, with mean annual 
runoff values up to approximately 3,200 mm w.eq. The increasing runoff is mainly 
based on the increasing air temperature of approximately 2.4ºC. 

• An increasing negative glacier net mass balance from approximately -530 mm 
w.eq. (1995–2003) to approximately -1,970 mm w.eq. (2071–2100) for both 
climate scenarios A2 and B2. 
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ABSTRACT 
Many watersheds in northern Canada are experiencing increasing pressures from resource 
extraction, development and the long range transport of atmospheric pollutants. This study 
examines the spatial and temporal distribution of trace metals in bottom sediment of down 
gradient lakes in the headwaters of the Coppermine River basin and evaluates the role of 
sediment as an environmental indicator for environmental planning and management of 
northern aquatic ecosystems. Sediment cores were collected from Lac de Gras, Desteffany 
Lake, Point Lake and Daring Lake using a plastic lined K-B single gravity corer. Each core 
was dated using 210Pb and trace metals (As, Cu, Hg, Pb) were determined in core sections 
using standard methods. Sedimentation rates ranged from 101 g/m2/yr at Desteffany Lake to 
156 g/m2/yr at Daring Lake and are comparable to other northern lakes. Concentrations of As 
and Cu were significantly higher at Lac de Gras. Metal loading data and enrichment ratios 
show that concentrations of Pb and Hg are elevated compared to historic background levels. 
Metal enrichment is from anthropogenic activities and atmospheric inputs. Lake sediment 
represents a good indicator of state for the Coppermine basin and documents historic trends of 
metal deposition. However, the indicator has low sensitivity to change and coarse temporal 
resolution due to low sedimentation rates in northern environments.  

KEYWORDS 
Sediment cores, lake sediment, trace metals, environmental indicator  

1. INTRODUCTION 
Scientific knowledge regarding the state of northern aquatic ecosystems is incomplete 
(Landers et al., 1995) and ecological uncertainty in these environments is high (Mulvihill and 
Jacobs, 1991). Consequently, gaps in scientific knowledge have serious implications for 
planning and management of northern ecosystems. The Coppermine River basin is a 
transboundary watershed located in the western portion of the Northwest Territories and 
Kitikmeot Region of Nunavut, Canada. The basin is typical of many remote northern 
ecosystems experiencing resource extraction and development pressures causing 
environmental change (MacDonald et al., 1999). Water resource managers are concerned 
about ecosystem health of the basin, and the sensitive northern aquatic ecosystems are 
significant to Aboriginal culture and health (Cizek et al.,1995). Consequently, there is a need 
to develop suitable indicators to assist in environmental planning and management of aquatic 
ecosystems in the Canadian north, including the Coppermine River basin.   
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Lake sediment is one potential environmental indicator for planning and managing northern 
ecosystems. The quality of bottom sediment influences the health of aquatic ecosystems 
(McIntosh, 1991) and integrates terrestrial and atmospheric inputs to lakes, thus providing an 
indicator of the degree of pollution in aquatic ecosystems (Kumar et al., 1998). Bottom 
sediment contains a historical record of environmental information (Baudo et al., 1990) and 
analyses of metals in sediment cores have been used to determine natural, background 
conditions and accumulation of metals from anthropogenic sources (Engstrom et al., 1994) 
including the long-range transport of atmospheric pollutants (Lockhart et al., 1998). While a 
few studies have investigated surface characteristics of lake sediment in the Coppermine 
River basin (MacDonald et al., 1999; Stephens, 1999; Puznicki, 1997), little is known about 
historical changes to metal loading in the basin.   

This paper examines the distribution of trace metals (As, Cu, Hg, Pb) in sediment cores 
collected from a series of down gradient lakes in the Coppermine River basin. Sediment cores 
are dated to estimate sedimentation rates and infer historical changes to metal loading. 
Implications of lake sediment as an environmental indicator and its contribution to 
environmental planning of northern aquatic ecosystems are discussed.      

2. METHODS 

2.1 Study Area and Sample Collection 
The Coppermine River basin is a transboundary watershed located in the western portion of 
the Northwest Territories and Kitkimeot Region of Nunavut, Canada (Peramaki, 2001). The 
basin drains an area of 50,800 km2 and flows 845 km north from the headwater region to its 
confluence with the Arctic Ocean at Kugluktuk (Wedel et al., 1988). The Coppermine River 
basin is undergoing significant land use change due to resource extraction and concerns have 
been raised about the cumulative effects of mining and other human activities (MacDonald, 
1999).  Diamond mining activities are ongoing in and near Lac de Gras, at the headwaters of 
the river.  

Sediment cores were collected from three down gradient lakes (Lac de Gras, Desteffany Lake, 
Point Lake) and one reference lake (Daring Lake). The location, water depth and core length 
for each lake are shown in Table 1. Replicate cores were collected using a stainless steel 
Kajak-Brinkhurst single-gravity corer with plastic liners (Mudroch and Azcue, 1995). Cores 
were sectioned at 1 cm intervals in the top 10 cm and at 2 cm intervals below 10 cm.  

2.2 Laboratory Methods and Calculation of Enrichment Ratios 
Sediment cores were dated using 210Pb at MyCore Scientific, Deep River, Ontario. The 210Pb 
profiles from the study lakes indicate that the sediment cores can be used to investigate 
temporal trends in sediment characteristics. Decreasing 210Pb levels with depth show little 
disturbance over time and that relatively undisturbed sediment profiles were obtained from 
each lake (Peramaki, 2001). Sedimentation rates were estimated according to the constant rate 
of supply model (Engstrom et al., 1991). 

Metal concentrations (As, Cu, Hg, Pb) were determined at the Taiga Environmental 
Laboratory, Yellowknife, NWT using ICP-MS according to standard methods. Accuracy of 
the analysis was verified by running Canadian reference standards and comparing results with 
stated reference values for trace elements.  
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Metal enrichment factors were determined by comparing recent and background metal 
concentrations (Lockhart et al., 1995). Enrichment ratios are defined as the ratio of surface 
(recent) to historic metal fluxes. Surface flux is calculated by multiplying sedimentation rates 
with metal concentrations in the surface sediment section (0 to 1 cm depth). Historic metal 
flux is estimated by multiplying metal concentrations from 10 to 12 cm depth with median 
sedimentation rates for the core. Metal enrichment ratios < 2 are interpreted as inputs 
primarily from natural, geologic sources within the watersheds while enrichment ratios > 2 
indicate inputs primarily from anthropogenic sources (Lockhart et al., 1995). Metal profiles 
were also compared to Al profiles. Metal profiles with patterns visually similar to the Al 
profile are considered to be largely influenced by natural phenomena, while metals that 
increase at a rate faster than that of Al may be anthropogenic pollutants (Gubala et al., 1995). 

Table 5 Location and characteristics of sediment cores.   

Lake Lake Area 
(km2) Latitude Longitude Water 

Depth(m) 

Core 
Length 

(cm) 

Lac de Gras 577 64 32 N 110 58 W 30 28 

Desteffany Lake 40 64 36 N 111 36 W 55 28 

Point Lake 594 65 17 N 113 05 W 60 28 

Daring Lake 15 64 50 N 111 38 W 27 30 

3. RESULTS AND DISCUSSION  

3.1 Sedimentation Rates 
Mean sedimentation rates in the four study lakes are generally low, ranging from 101 g/m2/yr 
at Point Lake to 156 g/m2/yr at Daring Lake (Table 2). While these rates may be 
overestimated because sediment was sampled in deep-water sites (Charles et al., 1994), they 
are comparable to other northern lakes, including Great Slave Lake (54 – 112 g/m2/yr) 
(Mudroch et al., 1989) and high Arctic lakes (121 – 278 g/m2/yr) (Muir et al., 1995). In 
contrast, sedimentation rates in the four study lakes are lower than in Lake Ontario, a 
temperate lake (325 – 635 g/m2/yr) (Kemp and Thomas, 1976). 

3.2 Metal Distribution  
The mean, range and variability (coefficient of variation, %) of trace metals (As, Cu, Hg, Pb) 
in the study lakes are shown in Table 3. Compared to Slipper Lake in the Coppermine River 
basin (Stephens, 1999), concentrations of As and Cu are generally lower at Desteffany, Point 
and Daring Lakes but levels of Hg are comparable. Metal concentrations in Lac de Gras are 
often higher than concentrations previously reported in surficial sediment by MacDonald et 
al., (1999).  

National sediment quality guidelines have been developed to interpret possible effects of 
sediment–associated metals in aquatic ecosystems (CCME, 1999). The Interim Sediment 
Aquatic Guideline (ISGQ) indicates a level that likely has no effect on the majority of 
sediment dwelling organisms. The Probable Effects Level (PEL) indicates a level that is likely 
to affect aquatic biota adversely. Metal (As, Cu, Hg, Pb) concentrations in dated sediment 
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cores are compared to the ISGQ and PEL of the CCME aquatic sediment guidelines in 
Figures 1 to 4, respectively. Lead and Hg concentrations of sediment in the four study lakes 
are below the ISQG guidelines for the protection of aquatic life and therefore pose little risk 
to biota (Figures 3 and 4). Levels of Cu are above the ISQG in Lac de Gras, Desteffany and 
Point Lake (Figure 2). The PEL for As is exceeded in surface sediment collected from Lac de 
Gras, Point Lake and Daring Lake (Figure 1).  

Table 6 Sedimentation Rates (g/m2/yr).  

Core Section Lac de Gras Desteffany 
Lake Point Lake Daring Lake 

0 – 1 cm 128 105 62 160 

1 – 2 cm 237 154 58 151 

2 – 3 cm 174 239 99  
3 – 4 cm 125 147 189  
4 – 5 cm 130 95 121  
5 – 6 cm 119  77  
6 – 7 cm 119 103   
7 – 8 cm 98    
8 – 9 cm 84    
9 – 10 cm 90    
mean 130 141 101 156 

median 122 126 88 156 

cv (%) 35 49 39 4 

cv: coefficient of variation 

3.3 Metal Enrichment and Loading 
Previous studies have reported metal enrichment in bottom sediment of northern Canadian 
lakes. Lead and Hg were enriched in southeastern Hudson Bay by a factor of 3.2 and 3.5, 
respectively (Hermanson, 1991). In northern Quebec lakes, Lucotte et al. (1995) reported 
enrichment in Pb by factors of 3.0 to 147 and Hg by factors of 2.3 to 11. Metal enrichment 
has been reported in Norwegian and Russian Arctic lakes where concentrations of Pb are 
enriched by a factor of 1 to 6, while Hg is enriched by a factor of 1.6 to 2.8 (Rognerud et al., 
1998). All three studies attributed the enrichment of metals in lake sediment to anthropogenic 
processes, specifically long-range transport of atmospheric pollutants (LRTAP).  

Metal loading and enrichment data for lakes in the Coppermine River basin are shown in 
Table 4. According to criteria developed by Lockhart et al. (1995), metal loading at Point 
Lake is dominated by natural weathering of surficial materials (i.e., natural, geologic sources). 
All metal enrichment ratios at Point Lake are < 2 and metal loading from anthropogenic 
sources is considered to be very low. While Pb and Hg are slightly enriched in surface 
sediment at Point Lake, natural weathering is most likely the primary source of these metals. 
Loadings of metals have increased, but have not exceeded geologic inputs (Lockhart et al., 
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1995). This finding is corroborated by comparisons of Pb and Hg with Al profiles, which 
suggest natural processes (Peramaki, 2001). 

Other lakes in the Coppermine basin show evidence of recent metal inputs dominated by 
anthropogenic sources. At Desteffany and Daring Lakes, Hg enrichment ratios are greater 
than or equal to 2. Changes in metal flux suggest an increase in Hg loading from 
anthropogenic sources (Lockhart et al., 1995). Surface fluxes range from 6.2 to 12.6 ug/m2/yr 
and historic fluxes range from 3.0 to 6.2 ug/m2/yr. Mercury enrichment at Lac de Gras may 
also be attributed to anthropogenic sources (enrichment ratio = 1.9). Comparisons of Hg and 
Al profiles at Lac de Gras, Desteffany and Daring Lakes also suggest anthropogenic sources 
are causing Hg enrichment.  

Table 7 Trace metal concentrations (µg/g) in sediment cores 

 
Lac de Gras Desteffany 

Lake  
Point Lake Daring Lake 

Number samples 
(n) 

15 19 15 20 

As mean 264.9 10.2 20.1 6 
 range 43.4 – 753.0 5.2 – 59.9 16.8 – 24.2 4.0 – 20.3 
 cv 94 119 10 58 
      
Cu mean 105.3 49.2 69.2 23.3 
 range 84.4 – 129.0 44.5 – 62.5 54.5 – 92.6 19.6 – 26.8 
 cv 15 9 13 8 
      
Hg mean 0.06 0.06 0.05 0.02 
 range 0.05 – 0.09 0.04 – 0.12 0.04 – 0.08 < 0.01 – 0.04 
 cv 22 36 22 --- 
      
Pb mean 6.5 6.9 9.5 5.1 
 range 4.0 – 9.8 6.0 – 12.8 7.5 – 15.3 4.2 – 10.7 
 cv 26 22 20 31 

At Daring Lake, the Pb enrichment ratio is > 2, which indicates an increase in Pb loading 
likely from anthropogenic sources (Lockhart et al., 1995). Surface flux of Pb is 1712 ug/m2/yr 
and the historic flux is 718 µg/m2/yr Lead enrichment at Lac de Gras may also be attributed to 
anthropogenic sources (enrichment ratio = 1.9). Comparisons of Pb and Al profiles at these 
two lakes corroborate the suggestion of anthropogenic sources of Pb loading. 

The source of anthropogenic metal enrichment in the study lakes is likely LRTAP. Increased 
metal inputs from anthropogenic sources began a few decades ago. For example, Pb at Daring 
Lake increased after 1954, while Hg at Desteffany and Daring Lakes increased after 1887 and 
1954, respectively. No point sources existed near these lakes at these times and the only 
possible anthropogenic source is LRTAP. Furthermore, several researchers have found similar 
metal enrichment in surface sediment in northern aquatic ecosystems and attributed it to 
LRTAP (Rognerud et al., 1998; Lockhart et al., 1995; Lucotte et al., 1995; Hermanson, 
1991). 
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The implications of metal enrichment for biotic health have not been fully established. 
However, if some portion of the increased metal levels in sediment enters the aquatic food 
chain, then increased metal uptake by fish might be expected (Lockhart et al., 1995). Previous 
research has found sediment-associated metal concentrations correlated to metal 
concentrations in aquatic organisms (Rognerud and Fjeld, 1993; Johnson, 1987). The 
pathways of metal transfer from sediment to biota include direct contact with sediment 
particles and ingestion of sediment particles and sediment-pore water. In the study lakes, 
enriched metals, particularly As, Pb and Hg, may be detrimental to biota.  

While numeric sediment quality guidelines may offer a proxy for potential toxicity, guidelines 
have not been developed specifically for northern environments and current guidelines may 
not be applicable in some cases (Puznicki, 1997). Consequently, a comprehensive assessment 
of bottom sediments using the Sediment Quality Triad (Chapman, 1991) should be conducted 
to measure impacts of metals in lake sediments on biota. The Sediment Quality Triad includes 
sediment chemical analysis, examination of in situ benthic community composition and 
measurement of sediment toxicity. In addition, bioaccumulation measurements should be 
conducted using lake sediment to determine whether metals are bioavailable, if there is a 
measured response and if the metals are causing the response (Borgman et al., 2001).  

Metal enrichment of lake sediment does not decrease with distance from diamond mining 
activities. However, the low sedimentation rates at the study lakes mean there is substantial 
uncertainty assessing recent impacts, such as those associated with diamond mining. 
Nevertheless, Lac de Gras, the focus of mining activities, does not show greater metal 
enrichment over time compared with other lakes. The source of anthropogenic metal loading 
to the study lakes is atmospheric transport, rather than point source. Metal enrichment and 
metal loading in the study lakes is lower than at lakes in northeastern US (Engstrom et al., 
1994), northern Quebec (Lucotte et al., 1995) and southeastern Hudson Bay (Hermanson, 
1991). Results of the present study are similar to the spatial patterns of contaminant 
distribution in northern freshwater lakes (Blais and Kalff, 1993; Schindler et al., 1995). There 
is a tendency for bottom sediment to be less contaminated at higher latitudes, and there is a 
general decrease in metal contamination from east to west in the North, probably related to 
wind patterns.  

3.4 Planning and Management Implications 
Using an indicator framework developed from a critical review of the literature, Peramaki 
(2001) combined the results of personal interviews with thirty interested parties (including 
representatives of government, industry, environmental non-governmental organizations and 
Aboriginal and community groups) and sediment analyses described above to evaluate lake 
sediment as an environmental indicator for planning and managing northern ecosystems. The 
research concludes that metal content in lake sediment is a good indicator of state for the 
Coppermine River basin. The indicator provided information about historical trends over time 
and indicated evidence of LRTAP, an environmental concern. The indicators greatest 
weaknesses are its low sensitivity to change and coarse resolution due to low sedimentation 
rates. From a planning and management perspective, the indicator can be used to 1) report 
information on historic trends, 2) facilitate communication between decision-makers 
(provided the information is presented in an understandable language and format) and 3) 
develop and evaluate policies, including those related to the anthropogenic release of metals.   
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Figure 20  

4. CONCLUSION  
The spatial and temporal distribution of trace metals in bottom sediment of down gradient 
lakes in the headwaters of the Coppermine River basin was examined to evaluate the role of 
bottom sediment as an environmental indicator for environmental planning and management 
of northern aquatic ecosystems. Sedimentation rates are comparable to other lakes in northern 
Canada. Concentrations of As and Cu were significantly higher at Lac de Gras. Metal loading 
data and enrichment ratios show that concentrations of Pb and Hg are elevated compared to 
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historic background levels due to atmospheric inputs (rather than point sources). Lake 
sediment represents a good indicator of state for the Coppermine basin and documents historic 
trends of metal deposition. The indicator has low sensitivity to change and coarse temporal 
resolution due to low sedimentation rates in northern environments. 
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Table 8 Metal loading (µg/m2/yr) and enrichment ratios. 

  Lac de Gras Desteffany 
Lake  

Point Lake Daring 
Lake 

As     
     surface flux 5555 1313 1438 3248 
     historic flux 19154 655 1848 967 
     enrichment 0.3 2 0.8 3.4 
Cu     
     surface flux 11430 5628 5741 3664 
     historic flux 14884 6665 6134 3728 
     enrichment 0.8 0.8 0.9 1 
Pb     
     surface flux 1152 1344 949 1712 
     historic flux 610 819 765 718 
     enrichment 1.9 1.6 1.2 2.4 
Hg     
     surface flux 11.5 12.6 4.3 6.2 
     historic flux 6.1 6.2 4.4 3 
     enrichment 1.9 2 1 2.1 
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ABSTRACT 
Precipitation gauge measurements suffer from several sources of errors which can strongly 
influence their accuracy. The method proposed in the paper is based on the correction of 
annual precipitation records for a given river basin using the water balance equation. Two 
versions of the computing plan (for a multi-year period and for an annual interval) are 
presented and discussed. It is pointed out, that the Ol’decop formula for calculation of 
evapotranspiration together with the improved regional formula for potential evaporation as a 
function of annual air temperature is well founded for the catchments situated in Northwestern 
Russia. It was determined for annual intervals that the storage of water in a basin is strongly 
dependent on annual air temperature and, to a lesser extent, on precipitation. This permits a 
more accurate definition of  the computing algorithm for the annual period. An example of the 
method application for two catchments (Ponoj River and the territory of Karelia at large) is 
presented, too. 

KEYWORDS 
Annual precipitation; correction; river basin; water balance equation; evapotranspiration 

1. INTRODUCTION 
The inhomogeneity in precipitation records arises from the natural heterogeneity and because 
of errors associated with gauge installations. The most significant sources of rain-gauge and 
snow-gauge measurement errors are: (a) errors due to gauge types and their changes, (b) 
station relocation, and, (c) near-environmental changes and urbanization influences. As noted 
by Golubev (2003), the world precipitation network combines at present time about 150,000 
gauges where more than 50 different types are used. The employment of each of these gauge 
types needs in a special technique for correction of measured precipitation. Furthermore, the 
practical use of new gauges necessitates the development of corresponding methods for 
recalculation of the precipitation data measured in the past by earlier gauge types. The 
different methods for correction of measured precipitation have been discussed and applied, in 
particular, by Golubev (1981), Heino (1994), Førland et al. (1996), Michelson (2004).  

The method considered in this paper builds upon a different approach. It is based on 
correction of the annual precipitation records not for a given gauge type, but for a given 
territory (for example, for a river basin) using the well-known water balance equation. A first 
attempt to develop and apply the method for the territory of Karelia (Russia) at large (Salo, 
2003) has shown that it can be suitable for correction of precipitation data for different 
catchments for both long- and short-terms periods. 
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The aims of the present study are as follows: (a) to define the principle of the balance-based 
method for correction of annual precipitation records, (b) to propose a simple technique for its 
practical realization, and (c) to test the method developed for drainage basins located in the 
Kola Peninsula and Karelia. 

2. METHODS 
For a given river basin for a certain period, the water balance equation combines precipitation 
(P), evapotranspiration (E), river runoff (R), and temporary storage of water in a basin (W), as 
follows: 

P – R – E  ± W + ε = 0, (1) 

where ε is the total error (including random and systematical ones) of the calculation of the 
water balance components included in Eq. (1). All values in Eq.(1) are in mm (10-3 m).  

While precipitation and runoff are directly measurable, evapotranspiration is most commonly 
estimated by more or less empirical equations. Usually, evapotranspiration is considered as a 
function E(P, E0), where E0 is the potential rate of evaporation (Vershinin, 1999). The latter 
value may be expressed as E0(T), where T is the mean air temperature for a given basin as a 
whole for the given period. In particular, empirical equations of this kind were obtained by L. 
Turc for the annual potential rate of evaporation as a function of the annual air temperature 
(Vershinin et al., 1981), and, recently, by A.N. Postnikov (1999). 

Hence, Eq. (1) can be written in the resulting form as 

P – R – E[P, E0(T)]  ± W + ε = 0. (2) 

The well-known formulae for estimation of evapotranspiration as a function of P and E0 have 
been developed by P. Shreiber, E.M. Ol’decop, L. Turc, and M.I. Budyko. These methods 
have been described, in particular, by Vershinin et al. (1981), V.K. Arora (2002), and W. 
Brutsaert (1985). 

Comparative analysis of these four enumerated formulae has shown the best performance of 
the Ol’decop formula for estimation of both annual and mean annual evapotranspiration for 
the river basins situated in Northwest Russia (Salo, 2003): 

E=Eotanh(P/Eo), (3) 

where tanh(P/E0) is the hyperbolic tangent function of the precipitation to potential 
evaporation ratio. 

Parametrization of the relationship E0(T) carried out for 60 catchments with drainage areas 
ranging from 374 (River Olenitsa, Kola Peninsula) to 79,800 km2 (river Volkhov) and with 
mean annual air temperatures ranging from -2.0 to 4.6 oC has shown that Eo in Eq.(1) can be 
represented as: 

Eo=329 +62T+2.14T2, (4) 

where T is the mean area averaged air temperature for a given basin, oC. 

It has been estimated that the standard error for the calculation of evapotranspiration using Eq. 
(3)-(4) is about 5%, and 76% of errors are within ±40 mm. 
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Thus, the Oldecop’s formula (3) has been improved by the addition of Eq. (4), and can be 
considered as the regional empirical formula for the territory of Northwest Russia. 

The formulae (3) and (4) were tested on an independent set of 45 catchments located over the 
territory of Finland using data on mean annual water balance and the map of annual air 
temperature norms published by V. Hyvärinen et al. (1995) and R. Heino (1994). The trial 
calculation have shown that the difference between the published values of evapotranspiration 
calculated by the standard technique and those computed from Eq. (3)-(4) does not exceed 30 
per cent over the 45 basins tested. In 45% of cases the errors are within ±10%, and the 
difference within ±20% occurred in 80% of cases. 

Eq. (2)-(4) have formed the basis for the development of the method for the correction of both 
mean annual and annual precipitation records, as will be shown further. 

3. METHODS FOR THE CORRECTION OF PRECIPITATION RECORDS  

3.1 Calculation scheme for the mean annual conditions 
It is common knowledge in hydrology that for the long-time scale Eq. (2) can be rewritten in 
an equilibrium form, as follows: 

P – R – E[P, E0(T)] = 0. (5) 

Using Eq. (3)-(5), a simple calculation procedure of precipitation correction for the long-term 
period was developed (Salo, 2003). Block-diagram of the calculation algorithm is given in 
Figure 1, all values are the mean annual area averaged ones, calculated for a given river basin 
at large by usual techniques. 

 

Figure 1 Block-diagram of precipitation correction for the long-term period 
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The step-by-step order of correction is the following. 

At the first step the input variables are: published (uncorrected) precipitation P, air 
temperature T, and river runoff from the basin R. In accordance with the plan (Figure 1), the 
values E0 and E, and the residual ∆ of the water balance equation are calculated one after 
another. If ∆≠0, the initial precipitation value must be increased by the value ∆. It is important 
that the sign of the value ∆ is negative because the initial measured precipitations are lower 
than the “true” ones. At the second step the same calculations are repeated using values (P - 
∆), T and R. At the next step and further the calculations are repeated analogously to the 
second step until ∆ = 0. Usually, two to four iterations is enough to reach ∆ = 0. When this 
condition is reached, the calculations are finished and at the output we have: (a) precipitation 
PCORR obtained at the last step (and, consequently, corrected); (b) evapotranspiration ECALC 
calculated as a function of PCORR and E0(T); and (b) river runoff R without changes. After the 
correction in accordance with the given plan, all water balance elements under consideration 
are in mutual conformity PCORR = R + ECALC, which is obvious for the long-term average 
values (or norms) of these elements. 

3.2 Calculation scheme for the annual time interval 
For a relatively short-time scale, like one calendar or water year, the storage of water in a 
basin (W) cannot be set equal to zero, and the water balance equation for the annual time 
interval can be written as: 

P – R – E[P, E0(T)] ± W = 0. (6) 

Hence, the principal problem was to estimate W as a function of the basic meteorological 
parameters. It has been determined for several river basins located in the Kola Peninsula and 
Karelia (Table 1) that the value W is dependent on the area averaged annual air temperature T 
and precipitation P (Salo, 2003). 

Table 9 Correlation of the water storage (W) with annual air temperature (T) and annual 
precipitation (P) for some catchments 

Coefficient of correlation   

River, station  

 

 

Area, 

km2 

 

Period, years  

r(W,T) 

 

r(W,P) 

 

R(W,T,P)

Ponoj at Kanevka 10,200 1955-1990 -0.72 0.13 0.75 

Tchirko-Kem at 
Jushkozero 

8,220 1955-1987 -0.67 0.03 0.68 

Vodla at Pudozh  13,000 1956-1999 -0.61 0.08 0.65 

Shuja at Besovets 10,100 1955-1999 -0.59 -0.03 0.59 

Karelia at large 174,200 1955-2000 -0.73 0.44 0.90 

The equation of multiple regression of the relationship has been formulated as follows: 

W=b0+b1T+b2P,  (7) 
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where b0, b1, and b2 are the empirical coefficients calculated for the studied river basin using 
the least square method (LSM). 

As one can see from Table 1, the leading parameter defining both the sign and magnitude of 
W is the air temperature. The coefficients of linear correlation between W and annual 
precipitation are lower, from -0.03 to 0.13 for relatively small river basins, and only for the 
whole territory of Karelia the coefficient of correlation is equal to 0.44, explaining only about 
20 per cent of the variability in W. The coefficients of multiple regression R(W,T,P) differ 
widely over the basins, but their magnitudes are still enough to use Eq. (7) for practical 
calculation. For individual parametrization of Eq. (7) for the studied river basins the period 
since the 1950s can be recommended due to the improvement in the quality of precipitation 
measurements since that time (Golubev, 2003).  

 

 

Figure 2 Block-diagram of precipitation correction for the short-term period 

The calculation algorithm for correction of annual precipitation was developed using Eq. (6), 
with Eq. (3)-(4) and (7) taken into consideration, too. It is clear from the block-diagram 
(Figure 2), that the procedure of correction is the same as the above-described procedure for 
the long-time period. The only addition is the block for W(P,T) calculation. Consequently, the 
annual value of water storage in a basin (WCALC) calculated by PCORR and T is an output value, 
too. 
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3.3 An example of the method application 
Both calculation schemes were applied to two drainage areas situated in different 
physiographical settings. 

The basin of the Ponoi River is the largest catchment in the Kola Peninsula (forest-tundra 
zone), its drainage area at Kanevka settlement is 10,200 km2, and annual area averaged air 
temperature over the period 1955-1990 varies from -3.7 to +1.2 oC, with a mean of 1.2 oC. 
Records of annual runoff, as well as area averaged data on the annual precipitation and air 
temperature for the reference period were used for employment of the calculation scheme for 
the short-term period (Figure 2). Multiple regression equation for W for this river basin was 
obtained using LSM, as follows: 

W= 0.183P-0.73T-247. (8) 

The coefficient of multiple regression R(W,T,P) for the 36-year time series is equal to 0.75. 
After step-by-step correction in accordance with the diagram (Figure 2), the corrected time 
series of the annual precipitation were obtained. 

 
Figure 3 Measured (1) and corrected (2) annual precipitation for the Ponoj river basin at 

Kanevka for the period 1955-1990 

As follows from Figure 3, there is a marked difference between the corrected annual 
precipitation and the initial one, in average over the 36-year period it has been +89 mm on 
average, and a maximum difference of +188 mm was in 1960. In two years only – in 1966 
and 1978, the corrected annual values were lower than the measured ones, by 60 and 16 mm, 
respectively. These differences are insignificant because their proportion with reference to the 
corresponding annual precipitation is 16 and 3 per cent, respectively. The mean annual 
precipitation over the 36-year period is P = 449 mm before, and PCORR = 540 mm after 
correction. Thus, the corrected norm of precipitation for the examined river basin exceeds the 
initial one by 20 per cent. It has been calculated too, that the mean annual evapotranspiration 
for the Ponoj River catchment is ECALC = 248 mm. Keeping in mind that the mean annual 
runoff for the given catchment is R = 301 mm, the residual of the mean annual water balance 
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was estimated. It equals 9 mm, or about 1.5 per cent of PCORR, that is, consequently, 
corresponds quite well to the accuracy of the initial data. 

The calculation algorithm for the long-time conditions has been tested for the territory of the 
whole Karelia with a drainage area of about 174,200 km2. The 146-years time series of the 
main water balance elements for the territory were obtained by Filatov et al. (2002). 

On this basis, three time series of the area averaged annual precipitation over the studied area 
for each of the 15-year moving sub-periods have been calculated and compared. Curve 1 in 
Figure 4 presents the initial precipitation records taken from directly climatologic yearbooks. 
Curve 2 is plotted after the initial month precipitation data were corrected using correction 
coefficients taking into account the wind error (K1), wetting loss (K2), and recalculation 
coefficient for the change from the Wild type gauge (prior to 1955) to the Tretyakov gauge 
(K3). Mean coefficients for the studied area were K1 = 1.25, K2 = 1.11, and K3 = 1.05 
(Borisenkov et al., 1988). And, finally, based on the calculation scheme (Figure 1) the 
precipitation time series was obtained (curve 3 in Figure 4). 

As can be seen in Figure 4, there are considerable differences in the obtained time series as 
well as in its linear trends. It can be seen also, that the precipitation records corrected by both 
the standard and the proposed methods have been generally similar since the late 1950s, when 
the Tretyakov gauge (with a Tretyakov windshield) together with the standard correction 
techniques were included into the program of precipitation measurements over the Russian 
national observation network (Golubev, 2003). 

 

 

 

 

 

 

 

 

Figure 4 The 15-year moving average annual precipitation time series and its trend-line for 
the whole Karelia for the period 1854-1999: 1- initial published records, 2 - 
instrumental and formulae corrected, 3 - corrected using the proposed method 

The results of calculations of the mean average water balance elements using the initial and 
the corrected precipitation data for a whole 146-year period are summarized in Table 2. As 
seen from the comparison of the water balance residuals, the best correspondence in both the 
mean average values and the coefficients of linear trend is in the case when the correction of 
precipitation is done using the calculation method. 
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Table 2 Mean annual values (M, mm) and coefficients of linear trends (k) of water balance 
elements for the territory of Karelia for the period of 1854-1999  

Published data Instrument 

and formulae 
corrected only 

Corrected by 
proposed method 

 

Water balance 

component 
M, 

mm 

k, 

mm/100 yrs

M, 

mm 

k, 

mm/100 yrs 

M, 

mm 

k 

mm/100 yrs 

Precipitation, P 554400  6644  667744  7799  772255  2222  

River runoff, R 332211  --1100  332211  --1100  332211  --1100  

Evapotranspiration, E 336688  3388  339977  4400  440066  3322  

Residual, ∆=P-R-E --114499  3366  --4444  4499  --22  00  

4. CONCLUSIONS 
Generalized conclusions from this work are as follows: 

(a) A new balance-based method for correction of annual precipitation records for the 
annual and multi-year time scales was proposed and described. The results of the tests 
suggest that these calculation algorithms can be employed in practical hydrological 
and water balance computations. 

(b) The Ol’decop formula Eq. (3) improved with the proposed Eq. (4) can be 
recommended for estimation of annual potential evaporation and evapotranspiration 
for watersheds located over Northwest Russia. 

(c) It has been determined for the annual time interval that the storage of water in a basin 
is strongly dependent on annual air temperature, and, to a lesser extent, on 
precipitation. 

Further testing of the method developed as well as verification of Eqs. (3)-(4) and (7) for 
different physiographical conditions will be required to be able to employ the method for 
other regions. The method considered could be applicable in the assessment of possible 
changes in the regional and local climate and hydrological regime due to the global climate 
change. The next step in the research considered in the given study would be to modify the 
basic calculation schemes (Figures 1 and 2) to this end. 
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ABSTRACT 
River runoff generation and landscape conditions were examined in the North of European 
Russia, mainly within the North Dvina River basin. Regional relationships have been revealed 
between spring runoff and physiographic features of drainage basins. The greatest attention 
was paid to develop a model of the wetland-related impact on runoff regime of the region. A 
peculiar influence (amplification of peak flow) has been found for channel lowland swamps 
locally called aapa. Detail spatial evaluations of input variables such as snowmelt water yield 
were done for those river basins situated on hilly upland. The studies were conducted to 
facilitate runoff calculations on the rivers along a pipeline route to mitigate the damage 
caused by spring floods. 

KEYWORDS 
Landscape conditions; spring runoff; wetland-related impact; snowmelt water. 

1. INTRODUCTION 
One of the main problems of hydrology is to reveal the influence of local factors on river 
runoff generation. Landscape conditions (forests, numerous shallow lakes and wetlands) in 
the North of European Russia, mainly within the North Dvina River basin, are of a great 
concern. In spite of a relative homogeneity there can be delimited and described substantial 
influences on runoff in several river watersheds. These effects on runoff, particularly on 
spring flow, have an important role when we examine and predict flood discharges. A 
particular importance in this sense is flood predictions and flood design for engineering 
construction of which the gas pipelines were a focus of interest for a number of years (Shutov 
and Kapotov 1998, 2000). When a big pipe (1.6 m in diameter) crosses numerous small rivers 
and brooks it can act like a dam due to inaccurate prediction of maximal flood water stage. 
Such cases in wide flat-bottom valleys lead to durable inundation of surrounding area, 
particularly by spring flood. Hence, the urgency of exact calculation of the spring floods is 
clear, and is the main objective of the applied hydrology projects.   

One of the main hydrologically significant problems is to clarify and evaluate how wetlands 
of various types and different genesis can affect flood runoff. Research studies of boreal 
wetlands in European Russia have long been extensive carried out at five special Wetland 
Research Stations (WRS) situated throughout the most of the boreal forest (taiga) zone: from 
the Kola peninsula to the area south of Lake Ladoga. At present, most of the observations are 
reduced, but two of the WRSs still are in operation, one situated north-west of St. Petersburg, 
another near to the White Sea shore. The author was head of the latter WRS named 
“Brusovitsa” and for five years investigated (Shutov 2004) all the water balance components 
including runoff from wetland watersheds and the physical properties specific of a peat soils. 
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2. REGIONALIZATION 
Based on landscape analysis five regions have been distinguished within the area examined 
situated in northern Russia (Shutov and Kapotov 1998). Qualitatively they may be described 
as follows: (1) moraine plains of the middle-Quaternary age with alluvial lake-glacial lowland 
plains (intrazonal areas), (2) the upper-Quaternary hills called Njandoma upland,  (3) 
limestone karst plateau,  (4) the White Sea littoral lowland and terraces, and (5) lake abundant 
region. 

To define the regions more objectively, we have accepted two particular sets of attributes. The 
first consists of the physiographic features: total drainage area, mean elevation, partial area 
occupied by lakes (FL), wetlands (FW) and sandy soils (FS) obtained by a digital overlay of the 
soil maps, and a set of morphometrical attributes, which includes relative slope, the factor 
IF0.5/25. The second data set consists of runoff characteristics with particular attention to 
spring floods. They are: fraction of spring runoff in annual runoff, mean spring runoff depth 
(h0, mm), the “sharpness factor” of flood which is the ratio of peak specific discharge qmax to 
the h0-value, the “shape factor” described the hydrograph asymmetry through the ratio of 
monthly averaged discharges for April and June qIV/qVI and, the variation factor Cv (ratio of 
the square root deviation to average runoff depth). About the same attributes were proffered to 
be used in framework of the European research program FRIEND (Gustard et al. 1989). 

Cluster analysis was used for regionalization based on the Euclidean metric in multi-variate 
«space» of attributes. It implied first the standard hierarchical procedure (Nathan and 
McMahon 1990) to compose clusters of the most similar basins. The second is an algorithm 
consisted of selecting the «nuclei» ((Shutov 2000a) of the lowest E-metric with consequent 
displacement of marginal objects from one class to another until that internal metrics would 
be minimal. The number of classes was determined based on previous landscape analyses. 

Five clusters revealed as a result correspond to the five hydrological regions, each having its 
representative basin or centroid of the cluster (Table 1). These basins are to be used as 
representatives by calculating the runoff depth. As was found, their annual flow hydrographs 
appear individual, particularly for the region III with cavernous limestone deposits. 

Table 1.  Physiographic and runoff-related features of representative basins  

Region   Rivers (F+1)n FL FW IF0.5/25 h0 qIV/qVI Cv qmax/h0

I  Ustya 4.76 1 2 1.93 160 1.17 0.35 0.62 

II  Lepsha 3.24 1 5 0.97 160 0.89 0.33 0.69 

III  Vaymuga 3.86 2 7 1.78 124 0.77 0.34 0.55 

IV  Nyukhcha 3.41 3 26 2.35 172 0.69 0.25 0.64 

V  Kena 4.33 5 14 1.34 152 0.20 0.27 0.34 

3. WETLANDS SPECIFIC OF THE AREA 
Wetlands of northern Russia varies by texture and composition of peat deposits, by plant 
communities and hydrological regimes. There are three general types of wetlands and bogs: 

− oligotrophic or «blanket» peat bogs of Archangelsk region and southern Karelia; 
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− mesotrophic wetlands and swamps of northern Karelia; 
− so-called hummock peat bogs of the Kola peninsula with insular permafrost. 

Typical oligotrophic peat bogs have generally convex surface with thick (about 10 m at 
central area) peat layer. Their water input is only atmospheric source (precipitation). The 
landscapes of these wetlands are changing lawfully from central to marginal areas: from the 
most complex (mosaic) landscape abounded in shallow lakes with peat deposits at bottom to 
more homogenous pine-forested landscape with sphagnum-and-bushes floor, which surrounds 
the wetland as a ring. Water regime of these wetlands was studied at the WRS Brusovitsa. 
Mesotrophic landscapes with plain surface and herbaceous (mainly eriophorum vaginatum) 
communities prevail on the littoral lowland. There are also so-called varakka which look as 
islands within wetland plain, consist of a bedrock substrate covered by pine stands with moss 
and lichen on the wood floor. 

One of the peculiarities of Karelia is the distrophic wetland complex where hollows are 
covered of bare peat. These landscapes are locally called rimpi. From the Kem’ River 
northwards the mixed-trophic swamps prevail. They are situated within long valleys amidst 
tortuous ridges composed of mineral grounds and rocks. The surface of these wetlands is 
slightly concave and consists of permanently wet landscapes locally called aapa. The open 
water often covers these areas almost all the year round. Hydrological regime of these 
wetlands has been studied insufficiently. It can only be noted that in their feeding the ground 
water resources prevail.  

4. RUNOFF FROM WETLAND WATERSHED 
Extensive studies of water balance (and runoff in particular) are carried out at the special 
Wetland Research Station (WRS) “Brusovitsa” situated near to the White Sea shore (Shutov 
2004). Specific of the annual course of runoff is that it significantly varies from year to year 
depending on both precipitation amount and on varied water retention capacity of wetland. 
Data obtained at the WRS (Figure 1) show a great variability in spring runoff (from 11 to 76 l 
sec-1 km2). 

 
Figure 1. Monthly averaged specific runoff (q) from a wetland watershed 1 – normal year, 

2 – low runoff amount, 3 – high runoff amount 
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Runoff is affected by wetlands so that flood discharges are attenuated due to the storage 
capacity of the peat deposits. Meanwhile, the results of runoff observations testify to a 
complex influence of wetlands on the annual runoff distribution, which does not allow for the 
attenuation only. For example, the Babja and Chernaja small (9 and 4 km2 respectively) 
watersheds (WRS) in the course of a normal or near-normal year, generate much higher 
discharge per unit area during spring snowmelt flood than the discharge typical of the 
Brusovitsa River basin located close by, which is much larger in area (145 km2) and has only 
40% wetland area. Of course, the runoff areal reduction has an effect, though it cannot 
account for the considerable difference (8 l s-1 km-2) for monthly specific runoff. It is clear 
that local conditions, such as wetland types, and the properties of underlying soils, have a 
complex effect on this type of watershed. During a wetter year, this local influence is reduced 
so that the hydrographs lie close to each other. 

5. SPRING RUNOFF CALCULATIONS  
Flood runoff for ungauged rivers is calculated (Sokolov et al. 1978) using the following 
equation:   

Qp = h0 K0 δL δS δW F/(F + 1)n  (1) 

where Qp is maximal river discharge (m3s-1) of given exceedance probability p %, h0 is runoff 
depth (mm), K0 is an empirical factor which depends on “sharpness” of the flood flow 
hydrograph, δL, δS and δW are the factors which respectively indicate that capability of lakes, 
sandy soils and wetlands to regulate flood runoff, F is the drainage basin area, n is an 
empirical regional exponent (for given study area n = 0.17). 

The method is based on the reference data and accomplished with the regional relationships 
developed previously between runoff characteristics and physiographic (landscape) features. 
The empirical factor K0 is specified by using data obtained on the representative basins (see 
above). The runoff depths h0 are evaluated using regional maps. These have been improved 
through the implication of the relationships between runoff depth and watershed 
characteristics. For instance, the following regional relationship between spring runoff depth 
h0 and sandy soil percentage FS has been established for the area: 

h0 = 192 exp (-0.0157 FS )  (2) 

which correlation coefficient equals to 0.85. 

We also took into account the climate-related effects. The time series show that spring runoff 
depth slightly increases for most of the examined rivers except those regulated with 
reservoirs. This quite corresponds to the results obtained for the Baltic Sea basin (Bergström 
and Carlsson 1994). At the same time, fraction of the spring runoff in annual runoff decreases, 
e.g. for the Mosha River basin from 59% in 1950s to 51% by late 1980s. At the same time, 
the warming climate observed during the last two decades entails less intensive peak flows 
that slightly contradicts Scandinavian data (Krasovskaja and Gottschalk 1993). Probably, this 
fact is accounted for less intensive snowmelt by cloudy weather that compensates influence of 
higher temperature. 
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6. WETLAND-RELATED EFFECT ON RUNOFF 
One of the most problematic issues is how to reveal the reductive influence of wetlands on 
spring runoff. We used for this aim a re-evaluation of the factor δW by Eq. 1 for those rivers 
with gauged sites. The key factor K0  has been determined by observation data for gauged 
representatives (see Table 1). Other factors are defined by observation in the studied basins or 
by reference data. Resulting from such re-evaluation, we obtain an array of the factors which 
being presented as in Figure 2 allow to estimate the wetland-related influence on spring 
runoff. 

As was clearly found, the Karelian aapa wetlands affect floods in an unusual way. They do 
not reduce peak flow, in opposite, amplify it so the maximum specific runoff increases. Thus, 
the reductive factor δW  appears to be more than one in this case. This ensues from that the 
lowlands in which situated the aapa are in generally stretched valleys acting as natural macro-
scale drains within the river basins. Melt water starts to flow on deeply frozen ground or 
above ice which covers the aapa. Thereby, the spring runoff rapidly concentrates and flood 
hydrograph crest becomes sharp. The Eq. (1) must then be accomplished with the following: 

δW = 1 + 0.0033 FW (3) 

that is true only for peculiar aapa wetlands and with the formulation 

δW = 1 – 0.35 Ln (0.1 FW  + 1) + 0.0725 (4) 

which is to be used for whole remaining area (in given region, of course). 

These equations can be convenient to use as an addition to adopted manuals (Sokolov et al. 
1978). The errors by calculating the peak flow without this corrective factor can achieve 30 % 
in general case. The peak runoff can be underestimated that eventually leads to the river stage 
expected by design any construction can be exceeded. 

 
Figure 2. Reductive factor (δW) vs. wetland percentage (FW)1 – for most of the area,  

2 – for those basins with the aapa wetlands 
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7. TERRAIN ELEVATION AND FLOOD RUNOFF  
To evaluate the spring runoff as spatially distributed over a hilly terrain that, for instance, is 
very convenient for any construction engineering, we recommend a combined approach. It is 
based on the Eq. 1 and regional relationships. There may be realized at least two variance of 
the method. The first (Shutov and Kapotov 2000) is using regional relationship between the 
spring runoff depth and the mean elevation of gauged watersheds.  

The second implies two empirical relationships: (1) runoff depth vs. snow water equivalent 
(SWE) plus that rainfall amounts (P) during snow melt and (2) SWE vs. elevation of the snow 
survey site. The relationships used take into account both climatic factors and elevation. 
Correlation between runoff depth and SWE plus precipitation (left Figure 3) seems to be more 
proved and correct. It can be approximated as exponential function: 

h0 =  40 exp (0.065 SWE + P) (5) 

which equation (Eq. 5) shows that several part (40 mm) of the total runoff depth is 
independent of the surface accumulation (snow water storage plus rainfall during melt). It is 
explained due to the ground water discharge and, probably, features capacity of the regional 
aquifers. 

The snow water contents and precipitation observed at several sites were interpolated into grid 
cells (15x10 km) with taken into account the elevation gradient obtained previously (Shutov 
1998, 2000b). Influence of elevation is very significant in this area (right Figure 3).  

 
Figure 3. Left: Relationship between spring runoff depth (h0) and snow water equivalent 

(SWE) for several watersheds in northern European RussiaRight: Interpolation 
map of the SWE (mm) comprised the Mosha River basin 

In such a way regional maps were drawn which specify spatial distribution of the spring 
runoff depths. Consequently the maps were used for flood prediction on small river basins 
with drainage areas of the order of 100 km2 which are significant for engineering design. 

8. CONCLUSIONS 
This report is to expound on the particular problems which are encountered for applied 
hydrology in northern Russia: delimiting different landscape and hydrological regions, search 
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for regional relationships between runoff and physiographic conditions (especially wetlands), 
specification of flood predictions, etc. These problems appear very actual for those employed 
for engineering design, but they cannot be decided without experimental information. One of 
the relevant are the data obtained at special Wetland Research Station (WRS), first of all 
represented runoff from small wetland watersheds. Another necessary data source is the 
“elevation – precipitation” and “elevation – runoff” relationships characterised influence of 
terrain relief. These allow to optimally interpolate and map runoff depth. The problem of 
spring runoff prediction as the most actual one has only been outlined here, it requires a lot of 
information on snow cover and soil frost. And, to use of the equations served for runoff 
computation (see Eq. 1) correctly, we need to evaluate parameters as specified for particular 
hydrological as well as landscape regions.  
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ABSTRACT 
Climate and Energy (CE) is a Nordic research project (2003–2006) with funding from the 
Nordic Energy Research programme (NEFP, http://www.nordicenergy.net) and the Nordic 
energy sector. The main objective of the project is to make a comprehensive assessment of the 
impact of climate change on renewable energy resources in the Nordic and Baltic area 
including hydropower, wind power, bio-fuels and solar energy. This study includes the 
evaluation of power production and its sensitivity and vulnerability to climate change on both 
temporal and spatial scales, and the assessment of the impacts of extremes including floods, 
droughts, storms, seasonal patterns and variability. 

KEYWORDS 
Bio-fuels; climate change; hydropower; renewable energy; solar energy; wind power 

1. BACKGROUND AND SCOPE 
In each of the Nordic countries, there are active and ongoing national projects in the field of 
climate research and climate impact assessment. Many of these projects were initiated in light 
of the importance of renewable energy sources in the Nordic countries that will play an ever 
increasing role in the quest for reducing the anthropogenic impact on climate (Snorrason and 
Jónsdóttir, 2004). The Climate and Energy (CE) project extends from 2003–2006 and focuses 
on the four renewable energy sources: hydropower, wind power, bio-fuels and solar energy. 
The CE project benefits from the national projects and extends and integrates their work both 
on a regional scale and for cross-cutting subjects. The projected climate changes will 
influence both the energy requirements and the possibilities of energy production. 
Furthermore, extreme weather events could impact the planning, design and operation of the 
energy system (Snorrason et al., 2000). An important objective of the project is to establish a 
research network creating the critical mass that is necessary for a comprehensive regional 
assessment of the scope described here. 

2. PROJECT ORGANIZATION 
The project organization is based on a matrix structure (Fig. 1). The project manager is 
responsible for the overall management of the project with the assistance of the steering 
group. The project consists of five thematic working groups and five working groups whose 
tasks will cut across the thematic groups. Each of the four renewable energy sources addresses 
production potential in various climate scenarios and sensitivity to extreme events. In this 
chapter the role and major work components of some of the working groups are described but 
an integration of the work from all the different groups is the key to a complete assessment. 
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Figure 1 The CE organizational chart. 

2.1 Climate scenarios 
As is known, the future might unfold in a number of plausible ways. This is due both to the 
remaining uncertainty of climate sensitivity and to the fact that it is not certain how the 
manmade climate forcing evolves during the 21st Century. Within CE, the Climate Group 
(CG) prepares input data for impact modelling by the CE renewables groups, in the form of 
regional climate scenarios. The basic data set refers to a small set of plausible projections 
from the 30-year-period of 1961–1990, to the period of 2071–2100, on a resolution of 
approximately 50 km. This basic data set is based on recent Nordic regional climate 
projections, which were originally prepared in other projects. The climate projections are 
from the Rossby Centre of SMHI (Räisänen et al., 2004), from DMI (Kiilsholm et al., 2003) 
and from met.no (Haugen and Ødegaard, 2003), the projections were prepared using the 
respective regional climate models. The geographical extent of the data Rossby Centre 
modelling domain is shown in Fig. 2.  

In addition to differences due to different regional climate models (RCMs), differences 
between the climate projections in the basic data set arise from the choice of emission 
scenario, both the A2 and the B2 IPCC SRES scenarios have been used (Nakićenović et al., 
2000), and which global climate model (GCM) the large-scale boundary conditions are 
imported from, either HadAM3H (Pope et al. 2000) or ECHAM4/OPYC3 (Kemball-Cook et 
al. 2002).  

As the CE scenarios comprise only a small subset of plausible future evolutions, the CG will 
also utilize additional data and techniques to place the CE results in a greater perspective. The 
main objective is to assess aspects of uncertainty ranges inherent in climate change across the 
Nordic region arising from four sources: emissions scenarios, model formulation, natural 
variability and resolution of the scenario technique. In addition, differences between results 
from dynamical and empirical downscaling techniques are addressed. 
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Figure 2 Rossby Centre regional modelling domain applicable in the context of CE. In a 

previous project a composite scenario of the whole Nordic region was developed 
(Rummukainen et al., 2004). 

2.2 Hydropower; snow and ice 
Climate changes are likely to have a substantial effect on glaciers and runoff from glaciated 
areas in the Nordic countries in the future. Many glaciers and ice caps are projected to 
essentially disappear over the next 100–200 years (Jóhannesson et al. 2004). Snow and 
glacier studies are important for the assessment of the long-term variability of climate in the 
Nordic countries. Furthermore, the effect of climate change on snow cover and glacier mass 
balance is important in connection with changes in average river runoff and seasonality and 
thus on production of hydropower in the near future (Jóhannesson, 1997). In addition, an 
analysis of the impact of climate change on the snow and ice cover of lakes and rivers is 
relevant since they may have large impacts on the operation of the hydropower industry. The 
results from mass balance and dynamic ice flow models on the future shape of the glaciers 
will be used for water resources scenarios of the future.  

2.3 Hydropower; hydrological models 
Hydrological models serve primarily the role of a link between climate scenarios and water 
power production simulations as well as for estimating the magnitude and risk of floods and 
drought. Two main topic areas of research are on one hand, an analysis of the hydrological 
processes and their relationship to changes in climate, and on the other, the integration and 
coupling of climate and hydrological models.  

2.3.1 Comprehensive hydrological climate change maps of the Nordic region  
The intention is to provide maps that shows climate change impacts on the most important 
hydrological components and on water resources in the Nordic region. The maps will be 
based on the climate scenarios and the delta change approach as provided by the CG. They 
will show annual and seasonal average runoff maps for the 30-year periods 1961–1990 and 
2071–2100, annual average of maximum snow water equivalent and number of days with 
snow cover as well as annual and seasonal average of maximum soil moisture deficit for the 
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same periods. The maps will be as consistent as possible, but they rely upon existing national 
work. The climate scenarios will be the same but there will be differences in details of 
hydrological modelling and sub-division of the landscape. 

A major issue within the project is the comparison of the delta change approach with the use 
of direct data from the scenarios. Methods will be developed to enable the use of direct data 
from the scenarios as an input to the hydrological model. As a first approach, simple scaling 
of the precipitation is applied. The effects of different regional climate model resolutions will 
be a part of the comparison of the delta change approach and direct use of data from the 
scenarios.  

2.3.2 Climate change effect on dam safety  
Watershed simulation and forecasting system catchment models will be used to evaluate the 
design floods of large dams in Finland in present and future climate change conditions (2071–
2100). Design precipitation and 40 years of weather data are combined to find the design 
flood in the present and changed conditions. The change of design precipitation due to climate 
change has already been evaluated using the HadCM2 IS92a climate scenario. The change in 
the average precipitation and temperature will be evaluated using climate scenarios from the 
CE climate group. The work will include sensitivity analysis of a design flood to changes in 
design precipitation, temperature and model parameters. Statistical and model based methods 
of design flood assessment will be compared and evaluated. 

2.4 Wind energy 
Methods for downscaling flow parameters (wind speed and direction) from output from 
General Circulation Models (GCM) are not as well developed as those for precipitation and 
temperature. Hence, a significant fraction of the work involves developing and validating 
these methods in order to produce future wind climates for the two scenarios from the two 
GCMs suggested by the CE climate group. Implications of climate change on wind turbine 
performance, particularly with regard to wind speeds, icing and low level jets (important in 
the Nordic area) are also considered together with consequences for design standards. Finally, 
integration of wind power into the energy supply, distribution and transmission systems are 
considered in cooperation with the CE energy systems group. 

2.5 Statistical analysis 
Statistical analysis of long time series of hydrological and meteorological time series, and 
other long time series reflecting the renewable energy sources, is a key area of research. As a 
first approximation, past data are useful in clarifying the background of natural variability on 
which the forced change adds to. Both aspects are relevant for the energy sector. The work 
focuses on studies of trends in both annual and seasonal values, and the magnitude and timing 
of extremes. Furthermore, an analysis of which processes relate the variability of the 
atmospheric circulation to the variability of the Nordic rivers is performed. This will reveal 
the options for predicting the hydrological conditions in the region based on indices, e.g. 
NAO, and information from the prevalent general circulation patterns. 

2.6 Energy systems analysis 
Information from the hydrological models, snow and ice as well as wind energy group will be 
integrated in a model of how the availability of energy in the Nordic countries may change in 
the future. The EMPS model is used in the study; it is an energy model designed for analyzing 
large systems with electrical systems with a significant element of hydropower. The model 
setup currently used for analysis of the Nordic electrical system will be used as a base and 
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scaling will be applied to average values of discharge and wind, seasonal values and 
extremes. Furthermore the current setup of the model will be expanded to include more 
regional details, as far as possible. 

3. PRELIMINARY RESULTS 
The work done in the project is published both on the CE website (http://www.os.is/ce) as CE 
reports as well as publications in scientific journals. Following is a short description of some 
of the projects preliminary results. 

 

Figure 3 Trends in seasonal streamflow 1941-2002: a) winter, b) spring (Hisdal et al., 
2004). 

 

Figure 4 Trends in flood 1941-2002; peak value (left), date of culmination (right) (Hisdal 
et al., 2004). 
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In a paper by Hisdal et al. (2004) a study of streamflow in the Nordic countries reveals that 
the streamflow has already changed. Even though the period analysed and the region studied 
influences the trend seen in the data, the conclusion is that the spring and winter streamflow 
has increased (Fig. 3) and that the snow melts earlier than before (Fig. 4). Figure 3 shows 
trends in seasonal streamflow; the positive trend in winter and spring is regional, while trends 
during summer and fall (not shown) are more localized and regional patterns of change are 
not visible. 

A study of climate change impacts on runoff in Sweden (Andréasson et al., 2004) shows that 
annual runoff volumes will, according to the scenarios, decrease in southeastern Sweden, 
especially summer runoff. However, annual runoff volumes in northern Sweden will increase, 
especially in the mountains. The estimated 100-year flood decreased in large parts of the 
country, but increased in the southwest and along the Norwegian border. Analysis of extremes 
are, however, very uncertain since the method of transferring the climate signal, the delta 
change approach, is questionable when dealing with frequency analyses since it does not 
include any special treatment of extremes. Trends in runoff records in Sweden for the period 
1991–2002 do not contradict the scenario results. 

A paper by Veijalainen and Vehviläinen (2004) discusses the effects of climate change on 
design floods in Finland. In northern Finland, the design floods remain spring floods, they 
stay unchanged or decrease since the increase in design precipitation is partly compensated by 
a decrease in snow accumulation. In central and southern Finland, however, the design floods 
in 2070–2099 are expected to occur during summer or fall (or winter) and these may 
intensify, some considerably.  

In a study by Jónsdóttir and Uvo (submitted) the relationship of the North Atlantic 
Oscillation, sea level pressure patterns, sea surface temperature, precipitation, temperature 
and discharge is analysed by means of principal component analysis. There is a high 
geographic variability of which patterns in the general circulation affect the regional climate 
and, therefore, the hydrology in Iceland. The analyses shows, however, clear patterns of SLP 
and SST that correlate with regional climate in Iceland and for most cases, a physical 
explanation for correlating patterns can be found. The results of the analyses are promising 
and they reveal the possible predictors to the hydrological conditions in Iceland based on the 
general prevalent circulation patterns. A similar study has recently been performed within a 
Norwegian project by Tveito and Roald (2005). 

In a study by Jóhannesson et al. (2004) a dynamical ice flow model is coupled with a degree-
day mass balance model of Hofsjökull ice cap and the southern part of Vatnajökull ice cap in 
Iceland. Runoff from these glaciers is projected to increase by about 30% with respect to 
present runoff by 2030 (Fig. 5), due to increased glacier melt and increased precipitation, 
according to a common Nordic scenario produced in an earlier project. According to the 
model both glaciers will have almost disappeared within 200 years from now (Fig. 6). 
Jóhannesson et al. (2004) concludes that increase in glacier runoff is one of the most 
important hydrological consequences of future climate changes in Iceland, Greenland and 
some glaciated watersheds in Scandinavia. 

In a CE report by Pryor and Barthelmie (2004) the use of RCM simulations to assess the 
impact of climate change on wind energy availability is discussed. One of the conclusions 
from a comparison of RCAO control run (1961-1990) to the projection period (2071-2100) 
with two GCMs is that the ECHAM4/OPYC3 scenario shows slightly increased wind speeds 
from the control period to the projection period whereas the HadAM3H shows practically no 
change in wind speeds. The difference between the two scenarios, both for A2 and B2 
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emission scenarios, are higher than the proposed changes and the conclusion is therefore that 
according to these scenarios no significant changes are to be expected for the projection 
period. 

 

Figure 5 Projected runoff increase from the area initially covered by the Hofsjökull ice cap 
(left) and the southern part of the Vatnajökull ice cap (right) according to four 
scenarios for future changes in temperature and precipitation (Jóhannesson et al. 
2004). 

 

Figure 6 Projected volume of the Hofsjökull ice cap (left) and the southern part of the 
Vatnajökull ice cap (right) according to four scenarios for future changes in 
temperature and precipitation (Jóhannesson et al. 2004). 

4. CONCLUSIONS 
The Nordic research project, Climate and Energy, has created an integrated network of 
institutes and scientists to carry out a comprehensive regional assessment of the impact of 
climate change on renewable energy resources in the Nordic region including hydropower, 
wind power, bio-fuels and solar energy. The final product of the project will be a 
comprehensive report addressing as many aspects of the effects of climate change on 
renewable energy in the Nordic and Baltic area as possible. 

The project can serve as a regional base for a comprehensive global assessment at the scale 
and level that will be necessary in future work on climate change and its impact on water 
resources. The final conference of the project will be a “European conference on impacts of 
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climate change on renewable energy sources”, aiming at creating a forum for the European 
energy sector and researchers to exchange views and disseminate information on present 
research regarding the impacts of climate change on renewable energy. 
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ABSTRACT 
Short term streamflow forecasting and long term planning and design for hydropower are 
difficult in Canada’s Northwest Territories because the present prediction techniques do not 
encompass the predominant processes of the hydrological systems of this region.  This paper 
will discuss how more robust tools are being developed to improve efficiencies on an isolated 
hydropower/diesel generator grid that powers two communities north of Great Slave Lake. A 
three pronged approach is being applied.  First, hydrometric and climate stations were added 
and upgraded to improve monitoring and to provide data for modelling. Second, hydrological 
models are being tested in parallel with current forecast techniques.  Third, field research 
continues to discern the predominant hydrological processes at a range of scales so that they 
can be incorporated into models.  If successful, these tools will provide the future foundation 
for streamflow forecasting for the current operation and for planning of future projects.     

KEYWORDS 
Subarctic; hydropower generation; streamflow forecasting; runoff generation; hydrological 
modelling 

1. INTRODUCTION 
Electricity in the Northwest Territories is produced by the Northwest Territories Power 
Corporation (NWTPC) using either fossil fuel generators or hydropower.  Inuvik, with access 
to the natural gas fields of the Mackenzie Delta, is the sole community powered by natural 
gas.  Some communities south of Great Slave Lake, including Fort Smith, Hay River, 
Enterprise and Fort Resolution receive their electricity from a 21 MW hydro facility on the 
Talston River.  Most communities in the Liard and Mackenzie Valleys and north of Great 
Slave Lake are individually powered by ~1 MW diesel generators.  However, two isolated 
communities north of Great Slave Lake, Yellowknife and Dettah, receive power from a hybrid 
system of hydropower and diesel.  The isolation of this grid from the western North American 
electrical grid makes sound management crucial.  The hybrid nature of this system presents 
unique demands on streamflow forecasters, and this is the subject of this paper.  
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2. THE NORTH GREAT SLAVE ELECTRICAL GRID 
The North Great Slave electrical grid contains four facilities generating 29 MW on the Snare 
River, one 7.5 MW facility at Bluefish Lake on the Yellowknife River and the 31 MW 
Jackfish diesel plant in the City of Yellowknife (Figure 1).  The preferred source for 
electricity is hydropower because production costs are 1/25th the price of electricity produced 
with the diesel generators.  

Diesel is the predominant source of power generation during the annual minimums of storage 
and reservoir inflows of late winter. However, demand can exceed the capacity of the diesel 
generators alone.  Therefore, a hydro-diesel combination must be used in the winter.  This 
requires careful management of the water in the reservoirs during summer and fall so that 
enough storage remains for the late winter months to provide enough power to supplement the 
diesel, if required.  This need for water conservation also means that peak production from the 
hydro facilities in the summer is unlikely, so some demand may be met with diesel, even 
during high water.  Decisions on how much water to route through the turbines depend on 
forecasts of fall and winter conditions.  The isolated nature of the grid and the cold climate of 
the region make reservoir management and streamflow forecasting decisions very important.  
If the grid does not generate enough power, unlike in southern Canada, there is no other 
source of electricity to draw upon, and rotating brown outs would be possible in the coldest 
months of the year. 

3. CURRENT STREAMFLOW FORECASTING METHODS 
NWTPC monitoring and forecasting focuses on the Snare River basin (Figure 2) as the system 
with the largest generating capacity.  The hydrological regime of the Snare is best 
characterized as subarctic nival (Church, 1974) as the annual snowmelt runoff event tends to 
dominate the annual hydrograph on it and its tributaries (Figure 3).  Because this pattern 
traditionally has been predominant, the environmental monitoring by NWTPC has focused on 
two components.  The upstream streamflow in major tributaries and the snow water 
equivalent of the spring snowpack, SWE (mm).  The latter is estimated annually at a network 
of snow courses (Figure 2) and from satellite mounted AVHRR sensors (Chang et al., 1997; 
Walker et al., 2000).  A spring forecast of mean annual runoff, R (mm) is done in May based 
upon: 

6.5326.0814.0 −⋅+⋅= OCTQSWER  (1) 

where QOCT is previous mean October streamflow at Snare below Ghost. 

The spring freshet peak at Snare below Ghost tends to be 3.5 times higher than that at Indin 
above Chalco.  The first summer forecast, in June, is prepared using this ratio after the peak 
spring flow at Indin above Chalco.  This approach can be used because the lake dominated 
water course allows for long lag times in the system, and adequate lead time for decision 
making.  For instance, the average lag time between peaks at Indin above Chalco and Snare 
below Ghost is four weeks.  The initial summer forecast of reservoir inflow is prepared after 
the peak spring flow has been observed at Snare below Ghost.  This is usually early July.  
Monthly updates are made at the beginning of subsequent summer months by extrapolating 
the Indin above Chalco hydrograph.  In most years, by mid October virtually no surface 
runoff enters the water courses and only water already “en route” contributes.  The 
information from Snare below Ghost is used to gauge winter reservoir inflows. 
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Figure 1 Hydropower facilities and transmission lines in the North Great Slave region. 

The occurrence of previously unobserved large fall runoff events in the 1990’s (Figure 3) 
highlighted deficiencies in forecasting applications.  The QOCT term is applied as a measure of 
storage in the water course prior to spring melt.  QOCT is used because little new runoff is 
introduced to the water course after this month and it is the last month before break up during 
which streamflow estimates are not influenced by ice conditions.  In those years when the 
Snare rises in the autumn, Eq. 1 becomes useless for predicting R the next year because its 
coefficients were derived using years with normal recession patterns.  Furthermore, Eq. 1 
does not include any representation of summer hydrological processes that may control the 
frequency and magnitude of fall runoff events such as those in 1996 and 1998 and therefore is 
now limited for long term intra annual prediction.   
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Figure 2 The Snare River basin with notable locations.  The basin is outlined in black.  The 
treeline is the dashed white line.  White circles are snow courses, black squares 
are Water Survey of Canada gauges, and white squares new monitoring sites.   

The ability to predict these autumn events is crucial for efficient water and reservoir 
management.  Conditions in 1998 up to the end of August looked similar to conditions in 
1994, the record low water year on record (Figure 3).  Experience implied that there would be 
low water the winter of 1998/1999, so water was reservoired and $5M was spent on 2 million 
litres of diesel to meet fall power demands (Figure 4).  However, as Figure 3 shows, 
unexpected late summer rains were sufficient to elevate inflows into the Snare reservoirs for 
the upcoming winter.    NWTPC wants to avoid such periods of “perceived low water”.  It is 
crucial forecasts be as certain as possible, as the costs and consequences of mistakes are high.  
NWTPC is a small company, and increased costs of this magnitude are generally passed 
directly to the consumer. 

4. SYSTEM ADJUSTMENTS 
The study partners agreed that addressing the deficiencies in streamflow forecasting should 
follow three themes.  The first was to improve monitoring of environmental variables in the 
basin in support of present forecasting methods.  The second was to test the performance of 
existing hydrological models in reproducing streamflow at key locations in the Snare Basin, 
notably at Snare below Ghost.  If one of these models were successful in simulating 
streamflow, it could be used as a new forecasting tool.  The third was to research  
hydrological processes and develop algorithms to incorporate into and improve upon 
hydrological models. 
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Figure 3 Selected annual hydrographs from Snare River below Ghost River. 
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Figure 4 Generation from the three power sources from 1994 to 2000.  
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4.1 Monitoring  
The most significant information gap in 1998 was the rainfall volume in the upper basin.  Laie 
open water season rainfall has become an important factor in streamflow processes in the 
Snare River. The only reliable rainfall monitoring in the basin in 1998 was at Snare Rapids, 
and the data was not available real time to water managers.  Rainfall monitoring had to be 
improved in the basin and was expanded to two locations.  The first was the Water Survey of 
Canada hydrometric gauge at Snare below Ghost, to which a tipping bucket was added.  The 
advantage of this location was the gauge has real time capability, and its data stream was 
already accessible to NWTPC.   A location in the upper reaches of the basin north of the tree 
line was necessary.  A climate tower located at Winter Lake near the existing snow course 
was outfitted with a tipping bucket for rainfall measurement.  

Roulet and Woo (1988) and Spence (2000) imply that storage in headwater lakes in the 
subarctic and southern arctic can be significant and control the lateral transfer of runoff from 
headwater locations to higher order streams.  Monitoring of water levels in a stream from a 
headwater lake near Winter Lake began in 2001 to determine if such data could be used to 
improve Eq.1.  This will require a long term dataset before the viability of an empirical 
relationship can be tested. 

4.2 Modelling 
A sister station to the climate tower at Winter Lake was installed in the lower reaches of the 
basin near Snare Falls (Figure 3).  Both sites were instrumented to support model applications 
to the basin. Each was instrumented to measure air temperature, Ta (°C), and relative 
humidity, RH (%), at two heights, incoming solar radiation, K↓ (W/m2), net radiation Q* 
(W/m2), sensible heat flux, Qh (W/m2), above the canopy, soil temperature, Ts (°C), at the 
surface, and 10 cm and 25 cm depths, and integrated soil moisture, Ms (%), in the top 30 cm.  
The Winter Lake tower also included an ultrasonic sounder to measure snow depth, Sd (m).   

Two semi-distributed physically based hydrological models were applied to the basin for the 
same four year period of 1999-2002.  Both models’ calibration period was the calendar year 
of 1999.  The short calibration period was unfortunately necessary because of the lack of 
basin climatic data, especially rainfall over the tundra, until 1999.  SLURP - Semi-distributed 
Land Use based Runoff Processes - operates on a daily time step and sub-divides a basin on 
the basis of topography into what Kite (1995) terms aggregated simulation areas (ASAs).  For 
each day of the application period, each land cover in each ASA is simulated as four non-
linear reservoirs representing the canopy, the snowpack, a fast reacting near surface store and 
a slower responding deeper soil store.  Runoff from a land cover type is generated if there is 
water in excess of the calibrated storage capacities of either the shallow or deep soil store.  
The runoff from a particular store depends on the value of a calibrated retention constant 
relative to the volume of water present in each store.  This runoff is routed to the ASA outlet 
using the Manning’s equation for velocity and information on mean distance to the stream and 
mean change in ASA elevation.  Runoff from each land cover type within the ASA is totaled 
and routed to the bottom of the next ASA where runoff from that ASA is added, and so on. 

WATFLOOD applies a grouped response unit (GRU) approach similar to that of the ASA in 
SLURP. The GRU is a grouping of all areas with a similar land cover (or other attribute) such 
that a grid square will contain a limited number of distinct GRUs.  Runoff generated from the 
different groups of GRUs are then summed together and routed to the stream and river 
systems (Soulis et al., 2000).  The surface-water budget in WATFLOOD is computed for 
each GRU within a grid square.  When the infiltration capacity is exceeded by the water 
supply, and the depression storage has been satisfied, the model then computes surface runoff 
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from the Manning equation.  Infiltrated water is stored in a soil reservoir referred to as the 
Upper Zone Storage, UZS.  Water within this layer percolates downward or is exfiltrated as 
interflow to nearby water courses using simple storage-discharge relationships.  All GRUs 
within a grid contribute to the shared lower zone storage, LZS.  Baseflow is calculated as a 
depletion function used to gradually diminish LZS.  The total inflow to the river system is 
found by adding the surface runoff and interflow from all GRUs in a grid and the base flow.  
These flows are added to the channel flow from upstream grids and routed through the grid to 
the next downstream grid using a surrogate channel system with a storage routing technique 
(Soulis et al., 2000).   

Neither model performed substantially better than the NWTPC algorithm during critical dry 
years (i.e., 2000, 2002) (Table 1).  The simulated hydrographs from both models were similar 
to one another, but not necessarily to observed streamflow (Figures 5 and 6).  Both models 
calculate basin subdivision runoff as the sum of runoff of individual GRU’s or land covers.  
Two subdivisions with the same percentages of land-cover types, rainfall, and initial 
conditions will produce the same amount of runoff regardless of how these land-cover classes 
are distributed (Soulis et al., 2000).  The double peak observed in simulated hydrographs (i.e., 
2000) suggests that neither model can simulate the hydrological processes associated with the 
interception of upslope flow by intermediate storage in different land covers (Spence, 2001).  
While modelled storages were overcome in the late summer of 2000, there was ample 
observed storage in typical headwater lakes (Figure 7) preventing runoff from proceeding to 
higher order streams.  Potential forecasting tools that are prone to incorrectly predicting late 
summer runoff events are worse than the present system. They may lead to “perceived high 
water” in late summer.  Decisions could be made to use hydropower in the late summer when 
in fact reservoir storage should be maintained for winter low water periods.   

Table 10 Error associated with each hydrological model in comparison with the original 
NWTPC algorithm. 

 Volume error (%) Mean daily error (m3/s) 

Year WATFLOOD SLURP NWTPC WATFLOOD SLURP 

1999 -10.5 0.69 -48.6 -9.7 -0.57 

2000 -6.6 4.3 -3.7 -3.6 -2.34 

2001 -17.5 23.1 -31.6 -13.7 -18.1 

2002 -19.7 29.8 7.2 -9.2 -10.2 

4.3 Research 
The model comparisons imply that a model structure more appropriate to the region and scale 
of interest is necessary to improve prediction.  While Canadian Shield headwater scale 
hydrological processes have been investigated (Buttle et al., 2000; Spence and Woo, 2003),  
predominant larger scale hydrological processes are not completely understood, nor is there 
an understanding of how headwater and basin scale processes interact.  The Baker Creek 
basin immediately north of Yellowknife (Figure 8) is a typical small subarctic Canadian 
Shield basin 137 km2 in size within which research to address these knowledge gaps is being 
pursued.   The creek has been instrumented with streamflow gauges in a nested fashion to 
address these knowledge gaps.  Research findings will be used to derive appropriate 
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numerical models of runoff routing that can be tested within hydrological models and new 
forecasting tools (Spence, in preparation).   

 

Figure 5 SLURP results. 
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Figure 6 WATFLOOD results 
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Figure 7 2000 open water season water budget of a typical headwater lake in the North 
Great Slave region. E is evaporation, P, rainfall, G, groundwater outflow, and ∆S, 
change in storage. 
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Figure 8 Baker Creek basin.   

5. CONCLUDING REMARKS 
Much work remains to incorporate new knowledge into water management and forecasting 
tools.  Since 1998, there has not been a fall rainfall/runoff event on the Snare River to test the 
hydrological models’ ability to correctly predict occurrence or volume.   Such an event also 
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would be useful to determine the usefulness of the new monitoring.  Research in the Baker 
Creek basin continues to support the water management need of understanding the 
hydrological regimes in which NWTPC hydro facilities operate.  This research strives to 
develop physically based algorithms that can be incorporated into hydrological models.  The 
partnership between scientists and water managers allows for research and development to 
efficiently improve water management.   
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ABSTRACT 
More than 60% of river runoff from the Lena River basin originates from the southern 
mountain region of eastern Siberia within the permafrost zone. We studied the transport of 
dissolved organic carbon (DOC) and particulate organic carbon (POC) within the Mogot 
experimental watershed, where is close to the drainage divide between the Lena and Amur 
River basins in southern mountain taiga region, from August 2000 to November 2001. DOC 
concentrations were strongly related to thawing depth at the bottom of the main valley when 
thawing depth was less than 20 cm. For the time that thawing depth was greater than 20 cm, 
DOC concentration was more closely related to the rate of river discharge. On the basis of our 
observations, we estimate the annual transportation of DOC and POC to be 4.75 g C m-2 yr-1 
and 0.03 C kg C m-2 yr-1, respectively. Transport of organic carbon from the catchment was 
about 4.78 g C m-2 yr-1 during 2001. DOC is the main form of organic carbon flux in the river. 

KEYWORDS 
Dissolved organic carbon; particulate organic carbon; thawing depth; eastern Siberia 

1. INTRODUCTION 
Valentini et al. (2001) reported that carbon exchange between atmosphere and forest varied 
from 100 g C m-2 yr-1 at source to 700 g C m-2 yr-1 at sink. Carbon transport in streams and 
rivers is one of the pathways within the carbon cycle in the terrestrial ecosystem. Hope et al. 
(1994) reviewed published data on carbon transport in rivers, mostly from sites in North 
American and northern Europe, and found the average dissolved organic carbon (DOC) flux 
to be approximately 4.7 g C m-2 yr-1, with particulate organic carbon (POC) flux equal to 
approximately 10% of the DOC flux. Values of POC flux differ between different river 
basins.  

Dolman et al. (2004) estimated that the annual sequestration of carbon above larch forest in 
Yakutsk, far east Siberia, was 160 g C m-2 yr-1 during 2001. The average river-borne carbon 
transport detailed above therefore corresponds to about 2.9 % of net ecosystem production. 
While this is not a large figure, it is important to understand details of the carbon cycle in 
terrestrial ecosystems such as those in eastern Siberia. Transport of carbon in streams and 
rivers of the southern mountain taiga region has been rarely documented. In this study 
therefore, we focus on quantification of the transport of organic carbon in streams of the 
Mogot Experimental Watershed, eastern Siberia. 



15th International Northern Research Basins Symposium and Workshop 
Luleå to Kvikkjokk, Sweden, 29 Aug. – 2 Sept. 2005 

 

 
216 Transport of Organic Carbon from the Mogot Experimental Watershed, eastern Siberia 

2. METHODOLOGY 

2.1 Site description  
The Mogot Experimental Watershed is located in the Nelka River basin, within the southern 
mountainous region of eastern Siberia (55.5°N, 124.7°E) approximately 60 km north of 
Tynda, Russia. The Nelka River basin lies within the Amur River basin, close to the drainage 
divide between the Lena and Amur River basins. The basin is 12 km long and 2.5 km wide, 
with a total area of 30.8 km2. Slopes face northeast and southwest within the basin, and 
topography range from 580 m to 1130 m elevation. Hydrometeorological observations were 
carried out in this region from August 2000 until November 2001 during a joint project 
between the Frontier Observational Research System for Global Change (FORSGC) of Japan 
and the State Hydrological Institute of Russia. 

The location of the study site is shown in Figure 1. The dominant land cover is larch forest 
(Larix cajanderii), although ridges are partially covered by birch and pine forests. Nearly 90% 
of the watershed is covered in forest, with the remaining area covered with grassland. The 
soils of the area are affected by permafrost and are covered by a 10- to 15-cm thick layer of 
moss. The upper 20 cm of soil is an organic soil, with a porosity 85% in most of the 
watershed. Deeper layers consist of a sandy soil. 

2.2 Measurement 
We undertook meteorological and hydrological measurements at sites both above and below 
the larch forest canopy. Precipitation was measured from a Tretyakov gauge at 0800 hrs and 
2000 hrs each day. From August 2000 until November 2001, hydrometeorological 
observations were carried out from a site at the bottom of the main valley. River discharge 
measurements were carried out at the end of valley (site WL on Figure 1) from 2000 to 2001. 
The snow water equivalent was measured via a once a ten days snow survey from 2000 until 
2001. The thaw depth within the surface soil was measured using a cryopedometer at two 
sites near the meteorological observation site at the bottom of the valley.  

River water was sampled weekly at the water level site (site WL on Figure 1) from August 10 
2000 until October 24 2001. Following measurement of water temperature, electrical 
conductivity and pH, a 1 L sample of water was filtrated through glass fiber filter paper 
(Whatman GF/F), with the filtered material retained as the POC sample; and 15 ml of filtrated 
water extracted into a brown glass bottle. DOC measurement involved the addition of 25 Lµ , 
6N Cl to the water sample. River water sampling was suspended from 3 November 2000 until 
the end of April 2001 when the river was frozen. Sampling of river water for DOC and POC 
analysis was carried out weekly. POC concentrations were analyzed using an ultimate 
analysis meter (Thermoquest NA2500), while DOC concentrations were analyzed via the high 
temperature catalyst oxidizing method (Shimadzu TOC5000A). Water samples were analyzed 
for stable isotopes using a MAT252 or DeltaS apparatus with a CO2–H2–H2O equilibration 
device (Thermoquest, USA, manufactured in Germany). The isotope ratio of oxygen was 
expressed as the Oδ18 value:  

1000)1/(Oδ18 ×−= stsampleoo
o RR  (1) 

where sampleR and stR are the isotope ratios (H2
18

O/H2
16

O) of the sample and Vienna standard 
mean ocean water respectively. 

Organic carbon flux is determined using DOC and POC concentrations as described below: 
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DCDCFFF POCDOCPOCDOCOC ⋅+⋅=+=  (2)  

 

where OCF , DOCF , and POCF  are organic carbon, DOC and POC fluxes from the watershed (g 
C m-2 d-1), respectively, DOCC  and POCC  are DOC and POC concentrations (mg L-1), 
respectively, and D  is river discharge from the watershed (mm d-1). 

 

Figure 21 Location of the Mogot Experimental Watershed. ‘WL’ and ‘Tower’ denote the 
water level point and meteorological observational sites, respectively. 

3. RESULTS AND DISCUSSION 

3.1 Hydrological characteristics 
Figure 2 shows temporal variations in river water temperature, air temperature, Oδ18 , pH, 
precipitation and river discharge within the watershed. River discharge was observed from 26 
April 2001 to 14 October 2001, with the total measured river discharge during this period 
being 204.6 mm. Oδ18  values increased initially when runoff started before stabilizing at 
around -14 oo

o  to -16 oo
o . This indicated that snowmelt water contributed for runoff generation 

because snowfall had low Oδ18  value, comparing to rainfall. We defined the period of 
snowmelt runoff to be from the beginning of runoff to the middle of June. Snowmelt river 
discharge totaled 23.7 mm, which represents about 10% of the annual river discharge. Most of 
river discharge was associated with summer rain; we define the summer runoff period to be 
from middle of June until freezing of the river. pH was relatively constant at values of 6 to 7. 
Annual change of river water temperature had a little change from 0 oC  to 10 oC. On the other 
hand, daily air temperature had wide variation from -40 oC  to 20 oC. 
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3.2 Variations in DOC and POC concentrations 
Figure 3 shows temporal variations in the DOC and POC concentrations, river discharge, and 
thawing depth. POC concentrations varied from 0.1 mg /L to 0.2 mg /L, while DOC 
concentrations ranged from 8.9 mg /L to 44.7 mg /L. DOC was therefore the main form of the 
organic carbon in streams of the studied watershed. High DOC concentrations occurred 
during periods of snowmelt runoff, indicating that snowmelt water produced elevated DOC 
concentrations. Surface runoff began once the thawing depth reached the ground surface. 
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Figure 2 Temporal variations of hydrological and meteorological variables measured from 
August 2000 to November 2001. (a) Daily air and river temperature. (b) Oδ18

. (c) 
pH. (d) Snow water equivalent and precipitation. (e) River discharge. 

During the summer runoff of 2000, DOC concentrations are correlated with river discharge. 
Previous studies have documented a relationship between elevated DOC concentrations and 
periods of increased river discharge (e.g. Sakamoto et al., 2001; Carey, 2003). Figure 4 shows 
the relationships between DOC and POC concentrations and river discharge measured in the 
present study. POC concentrations were only about 1.0 % of DOC concentrations, and do not 
show a clear correlation with river discharge. DOC concentrations during periods of snowmelt 
runoff are very high, and DOC concentrations during this time are not clearly related to river 
discharge. A linear regression line has a high determination coefficient of 0.72 during a 
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summer runoff. During times of snowmelt runoff, water flow from the surface organic soil 
results in an increase in DOC concentration. Yamazaki et al. (in press) demonstrated that 
runoff processes within the Mogot experimental watershed are strongly influenced by thawing 
depth; a shallowing of the thawing depth leads to an increase in the rapid surface runoff. 
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Figure 3  (a) Temporal variations in measured DOC and POC concentrations. (b) Temporal 
variation in measured discharge. (c) Temporal variation in thawing depth. 

We will now consider the relation between DOC concentration and thawing depth. During the 
period of snowmelt runoff, there is a clear relationship DOC concentration and thawing depth 
(Figure 5). The thawing depth limits the infiltration of surface water into the ground. Suzuki 
et al. (in press) demonstrated that 23 to 74 mm snowmelt water equivalent (SWE) infiltrated 
the frozen upper 20 cm of the surface organic soil. Once thawing depth approaches more than 
zero, snowmelt water with high DOC concentrations is released from the soil. This occurs 
because snowmelt water retained in the organic soil layer where a source of DOC flux in river 
was when river discharge begins.  

In summary of the above results, DOC concentrations are determined by thawing depth and 
amount of river discharge within the watershed.  
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3.3 Organic carbon flux 
To estimate DOC concentration, we used the following empirical equations based on the 
relationship between DOC concentration, river discharge and thawing depth. 

When thawing depth at the bottom of valley was less than 20 cm, 

9.531.2 +⋅−= TDCDOC  (3) 

When thawing depth at the bottom of valley was greater than 20 cm, 

0.100.4 +⋅= DCDOC  4) 

where TD is thawing depth (cm). 

Given the DOC concentration as described above, the DOC flux can be estimated from runoff 
data (Figure 6). Consequently, the annual DOC flux was set to 4.75 g C m-2 year-1, which is 
slightly less than the value estimated for boreal forest by Hope et al. (1994) even though the 
estimated DOC concentration was higher in the present study. We estimate the DOC flux in 
snowmelt runoff to be 0.82 g C m-2 year-1, which represents approximately 17 percent of 
annual DOC flux. As mentioned above, snowmelt river discharge represents about ten percent 
of annual river discharge, while DOC flux during this period is 17% of annual flux. Snowmelt 
runoff therefore makes a large contribution to DOC flux within this watershed. Carey (2003) 
reported larger contribution of DOC flux in snowmelt runoff was 68% of annual DOC flux in 
Granger basin of subarctic Canada. We assumed that this difference was caused by the 
difference in snow water equivalent because snow water equivalent in present study was 
about half of Granger basin. However, annual DOC flux in present study was nearly three 
times larger than in Granger basin. 

As POC concentration varies little with river discharge, annual POC flux was estimated from 
runoff data assuming constant POC concentration. Annual POC flux was estimated to be 0.03 
g C m-2 year-1. Transport of organic carbon was about 4.78 g C m-2 year-1. 

Net ecosystem production in Siberian larch forest of eastern Siberia was estimated by Dolman 
et al. (2004) to be 160 g C m-2 year-1, with total transport of organic carbon representing about 
3% of this figure. 

Our results show that transport of organic carbon can be correlated with thawing depth and 
river discharge. Recent studies have investigated the change of thawing depth and river 
discharge in arctic basins (e.g. Peterson et al., 2002). These changes will result in a change in 
the organic carbon flux into the Arctic Ocean.  

4. CONCLUSIONS 
(1) DOC concentration is correlated with river discharge and thawing depth. Thawing 

depth limits infiltration when the depth is less than that of the organic layer. 
(2) Snowmelt runoff contains high concentrations of DOC, contributing 17 % of the 

annual DOC flux.  
(3) POC concentrations are just 2.5 % or less of the DOC concentrations. DOC is the 

main form of carbon within rivers in the study area. 
(4) DOC and POC fluxes measured during 2001 were 4.75 g C m-2 and 0.03 g C m-2, 

respectively. The total transport of organic carbon in streams was 4.78 g C m-2 during 
2001. 
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Figure 4  (a) Relationship between DOC concentrations and discharge. (b) Relationship 

between POC concentrations and discharge 
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Figure 5  Relationship between observed DOC concentration and thawing depth during 
snowmelt runoff 

 

Here we did not observe the inorganic carbon flux and POC concentration at the time of 
maximum runoff. Dissolved inorganic carbon (DIC) mainly consists with heavy carbonic acid 
ion, and the amount of heavy carbon acid ion is related to the water pH. During 2001, the 
water pH was low, about 6.0. Although we cannot construct a quantitative argument solely 
from the pH data, we assume that there was only minor outflow of DIC within the watershed. 
Previous research showed that POC concentration could be the maximum. Further study 
should investigate the observation that DOC concentration is strongly correlated with thawing 
depth rather than the amount of river discharge. 
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Figure 6  Temporal variations in estimated and observed DOC flux from August 2000 to 
November 2001 
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ABSTRACT 
Like many high latitude areas, the mountainous region of subarctic Canada experiences recent 
warming and it is an area of large inter-annual temperature variations, notably in winter.  How 
the climatic tendencies affect streamflow, especially in the spring melt season, is important to 
water resource management.  The scarcity of climate stations in the remote region prevents a 
comprehensive appraisal of climatic influences on discharge, but results from regional climate 
models (ERA40 and NCEP/NCAR reanalysis data) may enhance the analysis through the 
availability of spatial information.  The mountainous Liard catchment (area 275,000 km2), 
Canada, is used as an example as its rivers are not regulated and it is known to experience 
recent warming.  Analysis of flow data shows that as a consequence of climatic warming, the 
date of snowmelt hydrograph rise is advanced. Many sub-basins exhibit an increase in April 
or May discharge but compensated by a decline in flows in subsequent months.  Such a shift 
in flow regime is generally accompanied by a reduction in melt-generated discharge due to 
snowfall decrease, though some parts of the basin show no such trend.  Complexity of 
mountainous basins gives rise to spatial variability that can mask the patterns of flow response 
to climatic trends. 

KEYWORDS 
climate warming, mountain environment, snowmelt hydrology, streamflow variability, 
subarctic river, trend 

1. INTRODUCTION 
Flow response of subarctic rivers to climatic warming is important to planning and 
development, environmental conservation, societal well being and livelihood of communities 
on the valleys and flood plains. For catchments in high latitudes, the spring snowmelt season 
is particularly important hydrologically as this period produces the bulk of annual runoff and 
it is also the time when peak flows normally occur (Carey and Woo, 2001, Kane et al., 1981). 
Mountainous environment complicates the timing and pattern of meltwater discharge as 
topography causes large spatial variations in micro-climate and in runoff generation. It is even 
more important for such complex terrain to discern the signal of climatic variations and to 
elucidate their effects on streamflow regimes. 

The mountainous Liard Basin in Canada is one area that is known to experience warming in 
recent decades (Zhang et al., 2000).  It also lies within the core zone of notable temperature 
fluctuations (Kistler et al., 2001).  Rivers in the Basin are not regulated and their discharge 
records permit assessment of flow responses to changes in climatic conditions without the 
consideration of human interference.  Owing to scanty population in the vast domain of 
northern Canada, however, climatic and hydrometric data are scarce.  To augment the spatial 
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coverage of climatic data, this study makes use of reanalysis data from global-scale climatic 
models which can provide spatial resolution not obtainable from ground station records.   

Burn et al. (2004) identified many streams in this basin to exhibit significant trends in several 
hydrological variables, including the annual low flows, the date of spring hydrograph, the date 
and magnitude of annual flood event. The purposes of this paper are to examine the variations 
and recent changes in monthly flow of the Liard and its tributaries during the melt season, and 
relate them to fluctuations in such climatic fields as temperature and precipitation within and 
around this mountainous Basin.  

2. STUDY AREA AND DATA 
The Liard Basin (Fig. 1) is a typical large mountainous catchment (area 275,000 km2) that is 
strongly influenced by synoptic scale airflow of the northern sector of the Western Cordillera, 
which has highly complex terrain and large elevation range that have strong bearing on runoff 
generation.  Streamflow is gauged at the mouth of the Liard River and at a number of its 
tributaries, providing daily flow data for a period of 25-45 years (Table 1). Seven climate 
stations have long enough records (over 30 years) to permit the study of trends and variability, 
though they are single sites, understandably located in valleys due to the restriction of 
accessibility. Both the hydrometric and climatic data suffer inaccuracies.  For precipitation, 
snowfall measurement is notoriously inaccurate, due to gauge undercatch and related 
problems (Woo, 1998). For discharge data, large uncertainties exist in the spring period when 
the presence river ice obstructs the channel flow (Blackburn and Hicks, 2002) and breakup of 
river ice prevent accurate measurements of flow. To moderate such uncertainties in the data, 
monthly averages rather than daily values are used for trend and variability analysis.  
Exceptions are for the timing and magnitudes of peak flows, the latter should be considered as 
an approximation of the true peaks because of measurement error. 

In addition to weather station records, data from climate models provide gridded products.  
We make use of the ERA40 (European Re-analysis of Global Atmospheric) archived 6-hour 
forecast data from the European Centre for Medium-Range Weather Forecasts, and the 
NCEP/NCAR (National Centers for Environmental Prediction) Global Reanalysis Data which 
include six-hourly temperature and daily precipitation from 1948 onward.  Both sets of data 
(hereafter denoted as ERA and NCEP data) are gridded at 250 km and have coverage of the 
basin and the areas beyond so that it is possible to examine the spatial pattern of the 
temperature and precipitation (including snowfall) fields. 

3. VARIABILITY AND TREND 
Much work has recently been published on the trends and variations of climatic elements and 
streamflow in Canada (Burn and Hag Elnur, 2002, Shabbar et al. 1997, Zhang et al., 2000, 
Zhang et al., 2001).  Many studies employ Mann-Kendall test to detect statistical significance 
of trends.  We prefer to use the non-parametric Spearman’s rho test as the two approaches are 
equivalent in their performance in detecting monotonic trends but the r-value is more familiar 
to most readers. Furthermore, Yu et al. (2002) suggested that when a trend exists, the power 
of the Mann-Kendall test is dependent on the type of distribution.  To calculate the 
Spearman’s correlation coefficient (r) for two variables X and Y, first rank these variables, so 
that their ranks are represented by RX1, RX2, ... RXn and RY1, RY2, ... RYn, with n being the 
number of pairs of observations. Then, 

r = 1 - [6D / (n3 - n)] Equation 1 
with D = Ε(RXj - RYj)2  Equation 2 
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Figure 22 Liard Basin showing its topography, weather stations and streamflow gauging 
sites. 

Shortness of record length does not warrant any assumption beyond linear trends to 
approximate the changes.  While the significance of trends are tested using Spearman’s r, 
linear regression of the hydrologic or climatic variables against time is used to calculate the 
trend lines.  Variability of a variable is computed using ten-year running standard deviations 
(Woo and Thorne, 2003).  Thus, for any ten years, the standard deviation (s10 ) is 

s10 = [3(Qi - Q10)2 / 10]1/2 Equation 3 

where Q10 is mean quantity for the ten years and Qi represents the value for year i.  These 
running standard deviations are a measure of the variability and they too can manifest an 
increasing or a declining trend. 

 

 



 

 

Table 11 Location of hydrometric stations, the area and elevation ranges of their catchments.  

Hydrometric 
Station 

Latitude 
(N) 

Longitude 
(W) 

Basin Area 
(km2) 

Lowest Elevation
(m) 

Highest Elevation
(m) 

Frances 60.47 129.11 12800 811 7783 
Blue 59.75 129.12 1700 896 7750 
Upper Crossing 60.05 128.9 33400 635 7783 
Dease 59.18 129.21 6940 973 7548 
Hyland 59.95 128.15 9450 662 8437 
Kechika 59.09 127.53 11200 770 9250 
Coal 59.69 126.95 9190 712 8215 
Lower Crossing 59.41 126.09 104000 564 9250 
Trout 59.33 125.93 1190 656 7750 
Toad 58.85 125.38 2570 778 9750 
Sikanni Chief 57.23 122.69 2160 899 8505 
Muskwa 58.78 122.65 20300 396 9800 
Fort Liard 60.24 123.47 222000 305 9800 
South Nahanni 61.63 125.81 14600 737 9097 
Birch 61.33 122.08 542 179 1415 
Outlet 61.74 121.22 275000 165 9800 

 



 

 

Table 12 Spearman’s correlation coefficient (r-value in percent) for (A) observed temperature and (B) temperature variability versus time 
(years) for stations with at least 20 years of record. * Correlation significant at 95% probability; ** correlation significant at 99% 
probability. 

(a) Trend J F M A M J J A S O N D Annual 
Dease 28* 17 38** 36** 10 15 14 2 -1 2 -4 7 41** 
Fort Liard 4 29 36 16 12 33 18 34 1 -12 2 22 38 
Fort Nelson 36** 32* 36** 42** 3 19 5 11 20 -8 -3 14 49** 
Fort Simpson 46** 35* 35* 36* 16 39* 31 25 34* -8 15 31 70** 
Fort St John 38** 23 35** 33* -3 6 -6 9 0 -11 -10 6 33* 
Muncho Lake 11 28 37* 32 0 34 35* 27 33 -14 3 29 33 
Watson Lake 29* 31* 34* 31* 12 4 -5 -22 -13 -20 -17 17 22 
              
(b) Variability J F M A M J J A S O N D Annual 
Dease 0 51** 49** -29 40** -82** -51** -37* 16 34* -7 36* -31* 
Fort Liard -81** -78** -43 -67** 1 15 25 49* 77** -41 -80** -73**  
Fort Nelson -6 -5 63** -18 35* -45** 22 -6 51** -3 -32* 7 49** 
Fort Simpson 29 -7 66** -62** -4 15 27 75** 35 -2 24 -31 -8 
Fort St John -23 47** 64** -29 17 9 -21 -1 38** 2 -10 25 64** 
Muncho Lake -28 -68** 50* -84** 20 -50* -71** 68** 63** 37 -77** 30  
Watson Lake 81** 46** 66** 15 -29 -57** 32 -64** -33 2 4 53** 15 
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4. EVIDENCE OF CLIMATIC TRENDS 
Temperature and precipitation data from ground stations are analysed to seek evidence of 
recent tendencies in the climate of the Liard region.  Table 2 which presents the Spearman’s r-
values for monthly temperature trends in the past 20-25 years confirms that the winter and 
spring (January to April) temperatures have increased significantly for most stations. For 
snowmelt, however, it is the positive degree-days (temperature above 0oC), rather than the 
mean temperatures, that are of relevance.  Table 3a shows the trends of the positive degree-
days from March to June, the period when melt events normally occur in the Liard basin. All 
seven stations examined show an increasing trend for March and April.  The implication is 
that on the whole, the arrival of the snowmelt season has become earlier and the melt rate may 
also intensify, if temperature is the principal indicator of the energy available for snowmelt. 

Complexity is added when the variability of positive degree-days is considered (Table 3b).  In 
March, all the stations show an increase in year to year variability and this suggests that there 
are greater fluctuations in freeze-thaw episodes. Temperature fluctuations in March is 
significant to the initiation of snowmelt because this month often marks a transition from 
winter to spring, at least for most low elevation zones in the catchment. In April, the eastern 
sector (typified by Fort Liard, Fort Nelson, Fort Simpson and Muncho Lake) which consists 
mostly of plateaus and valleys show a recent decrease in variability, implying more uniformly 
warmer above-freezing conditions.  This phenomenon has the potential of consistently 
generating earlier snowmelt in recent years. On the other hand, Watson Lake and Dease Lake 
in the west have an increased variability in positive degree-days, suggesting that snowmelt in 
these high and rugged areas are becoming more variable, in spite of the tendency towards a 
warmer April.  Warming trend is absent in May, except for Watson Lake; and only Dease 
Lake and Fort Nelson show increased variability in positive degree-days. These results 
suggest that although some general trends may be revealed by the station data, individual 
stations can exhibit departures, possibly complicated by site-specific situations. 

Point data from climate stations are compared with the reanalysis products.  Figure 2 presents 
the average monthly (April to July) above-freezing degree-day values at all grid points within 
and around the Liard Basin, for two periods 1960-79 and 1980-99. The ERA data show a 
basin-wide rise in positive degree-days for April, which is in accord with the station data, as is 
the overall lack of a trend for May.   The monthly data for the entire period (1960-99) are 
further used to calculate their Spearman’s correlation coefficient using eq. 1. The isolines map 
the ∀99% and ∀95% significance levels, and they confirm the rising trend in April.  The 
NCEP data also indicate significant warming in April but no significant change in May (Fig. 
2b).  In June, parts of the western sector have fewer positive degree-days, while the eastern 
end shows the opposite trend. 

For winter precipitation which comes mainly as snowfall, climate stations show a widespread 
declining trend during the months of November to March. The trend is especially evident for 
Fort St. John and Watson Lake.  In March, all but Muncho Lake show precipitation decrease, 
but the declining trend is arrested in April.  In terms of variability in winter precipitation, 
most stations show a decrease, indicating a lessening of the year to year fluctuations in 
snowfall. ERA data also suggest a mild decrease in winter snowfall variability, yet unlike the 
station data, there is no indication of a decline in winter precipitation (Fig. 3). NCEP data 
yield a mixed trend of decreased precipitation in the east and an increase in the western part of 
the Basin (Fig. 3). 
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Table 13      Spearman’s correlation coefficient (r-value in percent) for (A) observed degree-
day and winter snowfall and (B) the variability of degree-day and winter snowfall 
versus time (years) for stations with at least 20 years of record. * Correlation 
significant at 95% probability; ** correlation significant at 99% probability. 

(a) Trend  Winter 
Snowfall 

Station M A M J  
Dease 31* 47** 17 15 -18 
Fort Liard 40* 15 5 27 7 
Fort Nelson 30* 44** 1 18 -44** 
Fort Simpson 33* 42** 16 37* -18 
Fort St John 29* 30* -5 6 -51** 
Muncho Lake 59** 38* -2 41* -9 
Watson Lake 73** 74** 75** 35* -57** 
   

(b) Variability  Winter 
Snowfall 

Station M A M J  
Dease  62** 30* 41** -82** 20 
Fort Liard 90** -55* 10 -7  
Fort Nelson 59** -19 44** -44** 20 
Fort Simpson 76** -36 6 15 -52** 
Fort St John 92** 16 16 9 -53** 
Muncho Lake 84** -87** 28 -75**  
Watson Lake 65** 66** -12 -58** -37* 
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a.  
 

b.  

Figure 23 Mean temperatures of April, May and June for two time periods (1960-79 and 
1980-99), and spatial patterns of where the Spearman’s r-values are significant 
at ∀95% and at ∀99%: (a) based on ERA and (b) NCEP Reanalysis data. 

 



15th International Northern Research Basins Symposium and Workshop 
Luleå to Kvikkjokk, Sweden, 29 Aug. – 2 Sept. 2005 

 

Woo and Thorne 231 

 

Figure 24 Total winter precipitation for two time periods (1960-79 and 1980-99) depicted 
by ERA and NCEP Reanalysis data. 

When the gridded and the station data do not agree, the direction and significance of trends 
remain uncertain.  Neither data set can be relied upon with confidence because the stations 
provide only point observations, often made in valley locations, that need not represent an 
area, and the areal averages from the reanalysis results cannot be verified by actual 
observation.  Nevertheless, when both data sets are in accord regarding particular trends, their 
results reinforce each other.  Thus, there is a strong likelihood of basin-wide increase in 
positive degree-days in April, a month when many parts of the basin experience snow melt. 

5. STREAMFLOW 
Winter is a period when rivers in the Liard basin are ice-covered and base flows are sustained 
at a low level.  Snowmelt heralds the onset of spring but due to huge topographic and 
latitudinal differences in the basin, the melt season commences at different times in the basin 
between March and possibly May at the high elevations.  On the other hand, the arrival of 
meltwater runoff at the gauging stations, marked by a sharp rise in their hydrographs, usually 
occurs in April or May and is accompanied by break up of the river ice cover.  Although the 
magnitude of discharge can only be approximated (sometimes the water-level recording 
devices are destroyed or rendered useless by the floods), the time of hydrograph rise is 
accurately determined.   

All but two of the rivers examined show a recent tendency for earlier hydrograph rise, with 
the trend being statistically significant for Blue, Dease, Frances and Kechika rivers (Fig. 4).  
The trend ranges from 1 day/decade to 5 days/decade.  Only the Trout and Sikanni Chief 
rivers do not show this trend but at the Liard outlet at Fort Simpson which integrates all the 
flows of the catchment, hydrograph rise is advanced by 3 days/decade.   The date of annual 
peak flow tends to become earlier for most of the sub-basins, but their trends are not 
statistically significant. Most rivers show a decrease in peak magnitudes, though statistically 
insignificant.  The variability in peak magnitudes appears also to have decreased for most of 
the basins, other than Frances and Kechika which show greater variability in recent times 
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(Table 4). However, peak daily flow values for the river ice breakup period are subject huge 
error and cannot to be trusted to permit interpretation of their trends. 

 

Figure 25 Dates of hydrograph rise for various rivers in the Liard Basin. 

  



 

 

Table 14      Comparison of monthly and peak flows in the snowmelt season; dates of hydrograph rise and peak flow for the periods of 1960-79 
and 1980-99, for selected sub-basins in the Liard catchment.      

Station Time 
Period 

April 
(m3/s) 

May 
(m3/s) 

June 
(m3/s) 

July 
(m3/s) 

Peak 
Magnitude 

(m3/s) 

Peak  
Julian Day 

Hydrograph 
Rise 

Julian Day 

60-79 24 ±5 171 ±51 587 ±145 410 ±87 736 ±190 167 ±11 124 ±4 
Frances 

80-99 27 ±5 199 ±74 516 ±131 339 ±113 660 ±182 166 ±13 118 ±7 

60-79 4 ± 1 19 ±4 60 ±12 46 ±17 122 ±52 186 ±43 122 ±10 
Blue 

80-99 5 ±1 24 ±9 60 ±13 42 ±15 116 ±42 167 ±14 118 ±7 

60-79 17 ±3 134 ±41 406 ±105 223 ±83 620 ±159 163 ±14 132 ±7 
Dease 

80-99 23 ±6 181 ±75 368 ±91 196 ±56 601 ±162 159 ±9 126 ±8 

60-79 23 ±4 192 ±51 566 ±129 353 ±105 856 ±258 167 ±12 123 ±7 
Hyland 

80-99 25 ±7 209 ±79 502 ±109 309 ±109 811 ±165 161 ±10 120 ±6 

60-79 33 ±5 131 ±31 407 ±91 349 ±91 628 ±110 175 ±15 119 ±5 
Kechika 

80-99 40 ±9 168 ±61 446 ±82 373 ±75 706 ±128 175 ±17 116 ±10 

60-79 28 ±6 236 ±71 339 ±97 200 ±66 772 ±189 159 ±15 119 ±8 
Coal 

80-99 33 ±10 215 ±41 285 ±80 160 ±70 645 ±189 155 ±12 117 ±7 

60-79 6 ±1 12 ±3 43 ±8 41 ±18 115 ±88 175 ±14 138 ±7 
Trout 

80-99 7 ±1 15 ±7 42 ±10 35 ±14 72 ±29 170 ±17 138 ±8 

 



 

 

Table 4 continued 

Station Time 
Period 

April 
(m3/s) 

May 
(m3/s) 

June 
(m3/s) 

July 
(m3/s) 

Peak 
Magnitude 

(m3/s) 

Peak  
Julian Day 

Hydrograph 
Rise Julian 

Day 

60-79 9 ±2 33 ±10 130 ±30 125 ±44 280 ±143 182 ±25 144 ±7 
Toad 

80-99 10 ±1 45 ±20 129 ±27 116 ±34 249 ±79 176 ±22 139 ±8 

60-79 7 ±5 34 ±11 81 ±22 65 ±25 205 ±102 174 ±17 137 ±14 Sikanni 
Chief 80-99 10 ± 5 43 ±17 84 ±28 69 ±23 218 ±100 174 ±22 135 ±12 

60-79 74 ±57 333 ±119 601 ±235 617 ±234 2150 ±991 184 ±30 111 ±7 
Muskwa 

80-99 78 ±39 366 ±182 614 ±173 621 ±217 2062 ±690 191 ±31 109 ± 8 

60-79 32 ±8 239 ±115 834 ±197 602 ±113 1420 ±374 175 ±17 123 ± 8 South 
Nahanni 80-99 34 ±6 297 ±125 807 ±169 562 ±151 1495 ±325 167 ±15 118 ± 4 

60-79 3 ±4 13 ±6 3 ±2 1 ±1 856 ±26 147 ±41 112 ± 7 
Birch 

80-99 2 ±2 10 ± 7 4 ± 4 4 ±7 811 ± 63 151 ±40 113 ± 6 

60-79 547 ±151 4029 ± 1023 7697 ±2004 6975 ±1893 12703 ±3323 176 ±17 116 ± 8 Liard 
Outlet 80-99 633 ± 219 4526 ±1125 6991 ±1563 5450 ±1777 10519 ±2633 168 ±21 111 ±6 
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Monthly flow for April generally shows an increasing trend, except for Trout, Hyland, 
Muskwa and Birch rivers. This feature, together with an advance in the timing of spring 
hydrograph rise, has the effect of shifting the rising limb of the spring hydrograph towards 
earlier dates.  Such a tendency strongly suggests that the initiation of snowmelt has become 
increasingly earlier for most sub-basins in the Liard system, thus reflecting the influence of 
the rising temperature trends in late winter as indicated by the climate data. 

After April, the flow tendencies are diverse among the basins (Fig. 5).  For Birch River, a 
small (542 km2) basin that occupies the lowland in the east, snowmelt usually begins ahead of 
the higher grounds elsewhere in the Basin.  A rising trend in April flow accompanied by a 
declining trend in May discharge would point to an earlier onset of snowmelt followed by an 
earlier depletion of the snow pack. The variability of its May discharge has decreased in 
recent years, possibly suggesting that the reduced snow cover becomes less sensitive to 
fluctuations in melt events.  Variations in its June discharges are related to rainfall rather than 
to snowmelt.  In contrast to Birch River, the Sikanni Chief River is a relatively small (2160 
km2) basin located in the south at high altitudes. Its streamflow is sustained by snowmelt until 
July.  A rising streamflow trend is noted for June but it cannot be easily accounted for by 
climatic factors.   

For most of the remaining rivers, June produces the highest monthly flow (which being an 
average, is more creditable than daily peaks).  These rivers exhibit a trend of increasing flow 
in May, followed by a decreasing trend for June or July, as is exemplified by the rivers Dease, 
Frances, Hyland, Toad and Trout (Fig. 5). The overall impression is that the ‘wave’of 
snowmelt-generated discharge is shifted forward in time.  Such a shift in the flow regime is a 
manifestation of increased late-winter warming in recent decades.  

Several rivers have tendencies that differ from the common trend indicated above. Like most 
other rivers, Kechika River experiences earlier hydrograph rise and increased flow in April 
but in subsequent months, it continues to yield flows higher than those for comparable months 
in the previous decades.  Muskwa and South Nahanni rivers likewise show no recent flow 
decrease for June and July. These departures from the general trend exhibited by most other 
rivers may indicate local effects in the mountain complex that can mask the regional scale 
climatic influences. 

Considering the melt season as a whole and assuming that the total April to July flows to be 
indicative of the snowmelt contribution to runoff, most parts of the Liard Basin show a 
decrease in this total flow in the recent decades.  A comparison of the two-decadal periods 
before and after 1980 for the discharge along the main trunk Liard River yields the following 
statistics.  At the Upper Crossing (drainage area 33,400 km2, see Fig. 1 for location of the 
gauging station), the mean annual runoff changes from 230 (for 1960-79) to 203 (for 1980-99) 
mm/a. At the Lower Crossing (drainage area 104,000 km2), the corresponding change is from 
221 to 201 mm/a, while at Fort Liard (drainage area 222,000 km2), it falls from 174 to 166 
mm/a.  A drop in basin runoff in the recent decades compares well with the decreasing trend 
for winter precipitation shown in the weather station records, though not with the reanalysis 
data which exhibit no clear trend.   
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Figure 26 Trends and variability of monthly flows during the snowmelt season for 
various rivers in the Liard Basin.  Figure continued on next page. 

6. CONCLUSIONS 
In subarctic mountainous environment, snow water equivalent and energy fluxes are the 
principal factors that influence melt season runoff production, with rainfall being also 
important for certain catchments.  In view of data scarcity, winter snowfall and above-
freezing temperature offer surrogate measures of snow accumulation and available energy, 
and climate model-generated data provide spatial coverages that supplement point 
measurements from weather stations which are mostly situated in valleys and lowland sites. 

In the past decades, most weather stations show a declining trend in winter precipitation over 
the Liard Basin.  This is not collaborated by the ERA data, yet NCEP data indicate an increase 
in the southwest and a decrease in the northeast. In the past two decades, melt season 
hydrographs of many sub-basins do reveal a decrease in flow though a few basins suggest no 
change or even an increase for the Kechika River.  Melt season discharge in some basins is 
augmented by rainfall events and this increases the variability in their late-spring runoff.  
Notable warming occurs in the winter months and continues into April.  An increase in 
positive degree-days in April accelerates snowmelt and consequently advances the date of 
hydrograph rise of all rivers.  The general pattern for most rivers is that of a shift in their 
snowmelt discharge regime: earlier hydrograph rise followed by an earlier arrival of the high 
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flow period and an advanced onset of recession flow.  Departure from this pattern, as shown 
by several rivers, may reflect local variations in temperature and snowfall conditions that are 
characteristic of mountainous regions. 

 

Figure 5 continued 
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ABSTRACT  
Heavy metal contamination in the High Arctic is a growing concern. Cadmium and lead are 
recognized by the Canadian Government as metals of concern but little research has been 
done on small point sources such as municipal waste disposal sites. In 2003 a study was 
conducted near Resolute, Nunavut, Canada (74o 43’N, 95o 55’W) to determine the extent of 
cadmium and lead leaching from a local dumpsite which lay adjacent to a large late-lying 
snowbed. Three transects (each reaching ~700 m in length) were established downslope from 
the waste site and water and soil samples were collected for metal analysis at regular 
intervals. Information on snowbed retreat, water table position, soil moisture conditions and 
frost table decline were also obtained. Cadmium levels in water samples exceeded 
government guidelines and along one transect increased with distance. Little lead in surface 
waters supports the notion that it does not travel easily in soil solution. Overall, soil cadmium 
and lead levels were low and did not exceed government guidelines. Some spatial patterns did 
emerge and can be linked to variations in water flow patterns, nearness to the dumpsite and 
ground cover conditions.   

KEYWORDS  
Arctic environment, contaminants, hydrology, cadmium, lead, leaching, late-lying snowbed  

1. INTRODUCTION  
Permafrost communities in the High Arctic have been established since the early 1950’s but 
policies regulating waste disposal sites are still limited (Haertling, 1989). They are often 
placed in areas which are convenient rather than in appropriate areas for waste management. 
This strategy can have impacts on both ecosystems and local water supplies. Dump sites can 
be local sources of pollutants since they often house old drums of fuel, paint cans, electrical 
conduit, tires etc. Since most communities are coastal, contaminants from these waste 
disposal sites have the potential to leach into nearby wetlands and the ocean, eventually 
accumulating in the food web of marine birds and mammals. Since northern people consume 
this wildlife on a regular basis, these food sources could potentially endanger their health.  

Relatively little research has been done to determine health risks involved with northern 
dumps. In one study, Heartling (1989) determined trace metal concentrations (Cd, Pb, Cu, Fe, 
and Zn) in water and sediment samples at a Central Arctic municipal waste site in 
Pangnirung, Nunavut. He found that metals were being rapidly removed from the active 
intertidal zone located directly adjacent to the dump.   

The metals of focus in this study are cadmium (Cd) and lead (Pb). The Canadian Northern 
Contaminants Program regards both Cd and Pb as metals of concern because they accumulate 
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in the liver and kidneys of mammals posing a serious health risk to upper trophic species 
(MacDonald et al. 2000). Atmospheric deposition of these metals has been studied, but local 
point sources such as municipal waste disposal sites have generally been overlooked. 
Cadmium and lead entering the waste disposal site can be transported as a solute, or as a 
precipitate in suspension. Metals may precipitate and dissociate depending on soil pH and 
other conditions. Once the metal is dissolved, it can be transported through soil solution and 
has the potential to move rapidly if water flow is high. In a recent paper by Lund and Young 
(2005), the factors governing the movement of cadmium and lead were investigated using a 
tracer-Lithium (Li+). It was applied to several contrasting arctic environments (e.g. climate, 
topography, surficial materials and vegetation cover) and its movement was evaluated over 
the short- and long-term (1 week vs. 1 year). Results indicated that contaminants have the 
potential to actively move through coarse materials and steep slopes. Contaminant movement 
is slowed on level ground and by fine-textured soils as well as heavily vegetated areas. The 
snowmelt period with frozen ground and excess water availability was also identified as a 
critical time for contaminant movement.   

The local dumpsite near the Hamlet of Resolute Bay, Cornwallis Island, Nunavut, Canada 
(74˚ 43’N, 95˚ 55’W) is used here as a case study to explore further the environmental factors 
and hydrological processes which are enhancing or minimizing contaminant movement (i.e. 
cadmium and lead) into a nearby wetland site. Insights gained from this study may be useful 
to other northern communities in the development or proper maintenance of their municipal 
waste facilities.   

2. STUDY AREA   
The study took place from July 6-August 12, 2003 near the Hamlet of Resolute Bay, 
Cornwallis Island (74˚ 43’N, 95˚ 55’W). It is a small community of 200 residents. Travellers 
and research scientists double that number during the summer. The local vicinity can be 
described as a polar desert with average summer temperatures of 5°C and winter temperatures 
reaching less than -35°C (Woo and Steer, 1983). Annual precipitation, when corrected for 
snow gauge under-catch is about 200 mm. Eighty percent of the annual precipitation falls as 
snow and snowmelt usually begins in late May or June (Woo et al., 1983). Rainfall is seldom 
heavy and the bulk arrives in July and August. The area is underlain by continuous permafrost 
and the active layer reaches about 1.0 m in gravelly soils and about 0.3 to 0.4 m in poorly 
drained soils (Young and Woo, 2000).  

The municipal waste disposal site selected for this study is an abandoned garbage dump about 
10 km to the northwest of Resolute (Figure 1). This waste disposal site is classified as an 
“embankment type” landfill site and is common in the north. While in use (1960-1997), solid 
waste at the dump was disposed of over a west-facing slope (ca. 18º) with much of the waste 
accumulating just below the slope and in the slope concavity. Combustibles were burned in 
the open, either in barrels before disposal or at the dumpsite itself (Underwood McLellan, 
1980). Since 1997, only sewage generated by the airport and the surrounding area is disposed 
of here. The sewage is dumped daily into a series of sewage lagoons, which ultimately runs 
downslope into the waste disposal site below.    

This particular dump was selected due to its multiple sources of moisture and therefore 
increased opportunity for metal transport. A late-lying snowbed occurs in the break-of-slope, 
both blanketing the garbage and providing a steady supply of moisture long after the seasonal 
snowpack has disappeared (see Figures 1 and 2). These snowbeds are a common feature in 
this arctic landscape (Young and Lewkowicz, 1988). The sewage lagoon also provides 
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additional moisture and the high nutrient loading has created a relatively lush and extensive 
wetland below the dump site with many moss and grass species. Much of this area has 
standing water or saturated soils and it provides a favoured habitat for both local and 
migratory birds.   

 

Figure 27 Location of the study site (above) and a more detailed diagram of the dump site 
(below), showing also the retreat of the snowbed and the wetland zone location.   
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Figure 28 Photograph (looking southwest) taken July 6, 2003 of the dumpsite, snowbed and 
the terrain downslope of the dump site.  

The area in which the waste disposal site is located is generally classified as alluvium, with 
rocky, patterned and stony ground, with fine materials located in polygon centres (30-40%) 
(Cruickshank, 1971). Geologically, this area is underlain by carbonates (limestone and 
dolomite) which have created an alkaline environment. The soils are poorly developed due to 
high carbonate content and cryoturbation (Edlund, 1991).   

3. METHODOLOGY  

3.1  Field  
Three transects (see Figure 1) were established in an area of approximately 0.3 km2. Transects 
start about 5 m downslope from the edge of the waste disposal site and continue throughout 
the wetland toward the coast. Sample points were established every 5 m along each transect 
and cross through hydrologically diverse ground (gravels, dry fine-textured soils and 
wetland). Rocky areas were generally not sampled due to the lack of fine material which is 
needed to extract for metal concentrations. The entire study site was surveyed on July 29, 
2003 using an Ashtech Z-Xtreme GPS system (± 30 mm).   

Fieldwork began after the seasonal snowpack depleted (ca. early July). Snowbank retreat was 
monitored daily at 17 points along the snowbed edge. Weekly frost table measurements 
allowed the available storage capacity of the ground along transects to be determined (Woo 
and Xia, 1995). Ground type (e.g. moss, diatom, gravel), water depth (mm) and/or moisture 
status (saturated, dry) was recorded at each sample point.  In order to determine the extent of 
contamination; both with depth and over the area and to identify levels exceeding CCME 
(Canadian Council of Ministers of the Environment) (1991) guidelines, soil samples were 
collected once at each transect point. Soil grab samples were collected between July 18-21, 
2003 at the surface (0-100 mm) and at depth (100-250 mm). Near surface soil samples were 
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also obtained with a trowel for soil moisture determination. If surface water was present, a 
water sample was taken with a sterile syringe and deposited in a sterilized sample container. 
Water samples were filtered using Whatman 42 filter paper. Water pH strongly influences the 
transport mechanisms of Cd and Pb; in particular pH strongly affects the solubility and 
therefore mobility of metals (Alloway, 1990).  Water pH was measured in situ with a SPER 
Water Quality meter 850081 ± 0.01 and calibrated prior to use.   

Ten control samples were taken (July 31, 2003) from the area surrounding the dump site in 
order to determine background levels of Cd and Pb.  At each control point, three grab surface 
and subsurface soil samples were taken and treated as described above. Control points in the 
immediate vicinity with similar topography, soil materials and moisture status comparable to 
the dump site were difficult to find. In total, 7 gravel sites were sampled, 1 moss site and 2 
diatom areas. Water blanks (reverse-osmosis water) served as control for water samples.   

All soils for chemical analysis were air-dried, sieved at 2 mm in a fume hood to prevent cross-
contamination and then homogenized. About 25 g of each sample, enough for analysis and 
replication was shipped south.  

3.2 Laboratory analysis  
The sieved homogenized soil samples underwent extraction procedures that removed Cd and 
Pb from soil particles by bringing the cations into solution.  Three grams of soil was measured 
and combined with 30 mL of 0.05 M EDTA (disodium ethylenediamine tetracetate-
Na2C10H14N2O8.2H20) solution (pH 7.0) into a sterile 50 mL falcon tube (Soon and Abboud, 
1993). The samples were shaken for 1 hour at a speed of 120 cycles per minute and then 
filtered into another acid washed scintillation vial.  The solution was then analyzed for both 
Cd and Pb using atomic absorption spectroscopy (Varian AAS Spectra-10). Water samples 
were analyzed for Cd and Pb using AAS.   

The gravimetric approach was utilized to determine soil moisture. Soil samples were weighed 
and then dried at 105˚C for 24 hours. Gravimetric values were converted into volumetric soil 
moisture (θ) using bulk density (ρb) values determined by Woo and Marsh (1990) for similar 
terrain. Particle size analysis (after Sheldrick and Wang, 1993) was carried out because soil 
particle size can affect metal sorption: fine particles (< 0.002 mm) can be negatively charged 
(Essington 2004). Organic content of soil samples was determined through loss on ignition.   

4. RESULTS AND DISCUSSION  

4.1 Summer conditions  
The study period took place from July 6 to August 12, 2003, following snowmelt for the area. 
The average temperature during the study period was 3.9˚C, which was slightly higher than 
the 30 year normal of 2.1˚C. Higher temperatures occurred at the beginning of the study 
period for about 11 days, approximately 8˚C higher than the 30 year mean. From July 17 to 
Aug. 12 temperatures cooled remaining below the 30 year mean.    

Maximum snowfall recorded at Resolute weather station at the end of May was 150 mm.  
Woo et al. (1983) indicates that this value is usually in error and can be higher in the 
surrounding basins. Weather station records indicated that melt began on June 4 and was 
completed by June 30 with rapid melt occurring between June 11 and June 21. The late-lying 
snowbank at the dump site had retreated by 11.5 m by Aug. 9. At the time of soil and water 
sampling (July 18), the snowbank had already retreated 7.7 m. The total precipitation received 
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during the study period was 71 mm, while the total 30 year normal precipitation is 31 mm for 
the same period. No rainfall occurred throughout the warm period (July 6-July 17) but during 
the few days of soil sampling about 13 mm of rain fell.   

4.2 Cadmium and lead distribution at the Resolute dump site  
4.2.1 Cadmium and lead in water  
Sources of cadmium are batteries, plastics, sewage, PVC products and atmospheric 
deposition. Water samples contained very low concentrations of cadmium ranging from 0.01 
to 0.025 mg/L, but were still over the CCME criteria for water (0.001 mg/L) suggesting that 
remediation may be required (see Figure 3).  A trend is apparent in Transect 1, showing an 
increase in Cd with distance away from the dump site. This can be linked to the topography of 
the site which slopes in the direction of Transect 1 (see Figure 1). The steeper ground here 
enhances the movement of metals via surface flow. Field observations also indicate that a 
well-defined stream cuts through the wetland area flowing southeast to northwest possibly 
capturing and diverting water from the other transects towards Transect 1. The elevated 
concentrations of Cd over distance support the theory that Cd is one of the most mobile heavy 
metals in soils (Ingwersen et al. 2000). No trend in relation to distance was evident for 
Transects 2 and 3, though a two-tailed student-t test assuming unequal variance (α=0.05) did 
indicate significant differences in concentrations along each transect.   

There was virtually no detectable lead found in the water samples. The CCME assessment 
concentration for Pb is 0.01 mg/L, which is detectable using AAS, although detection at low 
concentrations has limited accuracy (Thomas 2003). This finding indicates that it is unlikely 
for Pb to be readily transported in soil solution.  

4.2.2 Cadmium and lead in soil  
Most cadmium concentrations ranged from 0 to 0.4 mg/kg at the soil surface, and 0 to 0.25 
mg/kg at the 100-250 mm depth with the exception of transect points 2-1 (5 m) and 2-2 (10 
m). Here concentrations were 1.0 and 1.7 mg/kg at the surface and 0.5 and 2.7 mg/kg at depth 
respectively (Figure 4). These elevated values are located directly adjacent to the waste 
disposal site and occur in the middle of the dump site, an area of gravelly material and high 
meltwater inputs which would foster Cd movement (see Figure 1). It is also likely that it is a 
“hot spot” for Cd sources (e.g. batteries). The mean Cd background level for the area (n=10) 
is 0.02 ± 0.04 mg/kg, which suggests that the dump is in fact a minor source of Cd, though 
according to CCME guidelines (1 mg/kg), there is no soil contamination risk at this time.   

For Transect 1, a two-tailed student-t test (assume unequal variance) indicated that higher 
mean concentrations occurred at the surface 0.06 ±0.07 mg/kg than at depth 0.03±0.05 mg/kg, 
α=0.05, degrees of freedom (df) =101. This differed for Transect 2, where no significant 
differences were noted: mean surface=0.20±31 mg/kg and mean depth=0.15 ±0.42 mg/kg, 
α=0.05, df=73. This can be attributed to the few elevated values occurring at the surface and 
with depth. For Transect 3, there was a significant difference. Mean concentrations at the 
surface were 0.09±0.12 mg/kg and at depth they were only 0.01±0.02 mg/L, α=0.05, df=45.   

Some spatial differences do occur. Concentrations in surface soils differed between Transect 1 
and 2 (TR1mean=0.06±0.07 mg/kg, TR2mean=0.20±0.31 mg/kg, α=0.05, df=43) but not with 
Transect 3. There was also a slight significant difference between cadmium levels in surface 
soils between Transects 2 and 3 (TR2 mean=0.20±0.31 mg/kg, TR3 mean = 0.09±0.12 mg/kg, 
df=53, α=0.05). 
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Figure 29 Concentration of cadmium in water samples obtained along transects. Inset 
diagrams show surface elevation change with distance along with frost- and 
water-tables. Elevations are in meters above an arbitrary datum.     
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Figure 30 Concentration of cadmium in soil samples: (a) surface soils (0-100 mm) and  
(b) subsurface soil samples (100-250 mm).  CCME Clean-up value is 1.0 mg/kg 
and the background level is 0.02 mg/kg. 

In terms of sub-surface conditions, there is no significant difference between Transects 1 and 
2 at depth. Differences in Cd concentrations at the sub-surface exist for Transects 1 and 3 
(TR1mean=0.03±0.05 mg/kg, TR3mean=0.01±0.02 mg/kg, df=87, α=0.05) and between 
Transect 2 and 3 (TR2mean=0.15±0.42 mg/kg, TR3mean=0.01±0.02 mg/kg, df=40, α=0.05).    

Higher surface concentrations suggest that snowmelt water is moving metals over frozen 
ground during the spring snowmelt season and saturated conditions are being sustained by 
meltwater from the late-lying snowbed and sewage lagoon spillage. To determine if ground 
type had an affinity to cadmium, the ground types and concentrations along transects were 
pooled (diatom, moss, grass, gravel, standing water). No significant differences in 
concentrations were determined for the surface and sub-surface samples for these different 
terrain types in terms of cadmium (Table 1).   
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Table 15 Mean cadmium and lead soil concentrations according to ground type found along 
the transects.  Standard deviation (±) is indicated.  Values at transects 2-1 and 2-2 
were excluded from this analysis.  Organic content (%) is based on samples 
obtained from representative terrain plots prior to a LiBr experiment. 

 Diatom Grass Gravel Moss Standing 
Water 

Mean Cd 
(mg/kg) 

(0-100 mm) 
0.01±0.02 0.08±0.10 0.11±0.11 0.07±0.09 0.09±0.13 

Mean Cd 
(mg/kg) 

(100-250 mm) 
0.00±0.00 0.05±0.08 0.05±0.07 0.01±0.03 0.05±0.07 

Mean Pb 
(mg/kg) 

(0-100 mm) 
3.00±1.31 7.10±4.03 4.71±1.94 5.52±4.13 5.25±2.60 

Mean 
Pb(mg/kg) 

(100-250 mm) 
2.76±1.32 5.64±2.72 4.52±1.83 4.24±1.56 4.19±1.32 

Sample size 
(n) 9 15 54 32 15 

Organic content 
(%) - 4.0±1.5 0.6±0.2 37.8±34 - 

Sample size 
(n) - 3 3 3 - 

 

Lead concentrations were significantly higher than that of cadmium by a magnitude of 
approximately 50 (Figure 5). Despite elevated levels, lead concentrations do not exceed 
CCME guidelines for remediation (50 mg/kg) except at a two points along transect 2 (2-1 and 
2-2) where high cadmium values also occurred. Aside from the elevated values at 2-1 and 2-2, 
lead concentrations range from 0 to 20 mg/kg at the surface and 0 to 12 mg/kg with depth 
(100-250 mm). The average background concentration of lead (4.6±0.9 mg/kg) is more 
variable than cadmium. The dump is a source of lead that exceeds natural and anthropogenic 
background concentrations found in the surrounding areas but like cadmium, the waste 
disposal site does not require soil remediation.   

There are no significant differences in the lead concentrations both with near surface samples 
(0-100 mm) and below the ground (100-250 mm). In terms of variations between surface and 
subsurface samples, only those values for Transect 3 were significantly different. Here mean 
surface concentrations of Pb were 4.98±1.71 mg/kg while those in the subsurface were 
slightly lower- 4.07±1.32 mg/kg (α=0.05, df=64). Madhaven et al. (1989) indicates that lead 
tends to accumulate on the soil surface.   

There were significant differences noted in terms of a ground type’s ability to bind with Pb 
(see Table 1). All surface-types (0-100 mm) had significantly different values than gravel 
surfaces. Elevated values for grass and moss relate to their high organic matter which Pb has 
an affinity to. There were no significant differences for Pb concentration with depth for the 
various ground types, except for moss, which had a mean surface concentration of 5.52± 4.13 
mg/kg and only 4.24±1.56 mg/kg below 100-250 mm. At this site, the dominance of organic 
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matter in saturated wetland areas has a negative feedback effect on metal sorption. Metals are 
attracted to organic particles but since these areas are also saturated, metals have the potential 
for increased mobility due to increased flow. While surface flow was noted in the field, its 
measurement was hampered by shallow water depths which prevented reliable flow estimates. 
The gravel and diatom ground types experience less Pb due to the lack of exchange sites 
present. These ground types however, could pose a hazard to waste disposal if their drainage 
pathways lead to ecologically sensitive locations.   

 

Figure 31 Concentration of lead in soil samples: (a) surface soils (0-100 mm) and 
(b) subsurface soil samples (100-250 mm). CCME Clean-up value is 50 mg/kg 
and the background level is 4.6 mg/kg.  

Compared to the Sylvia Grinnell Dump in Iqaluit, lead concentrations are low in Resolute. 
Lead concentrations at Sylvia Grinnell were found to vary from 8.0 to 1185 mg/kg (Peramaki 
and Decker, 2000), clearly exceeding CCME limits. The population of Iqaluit is around 4000 
and is rapidly expanding, making waste disposal in this area a growing problem. Resolute is a 
smaller community, generates less waste and consequently has lower Pb concentrations. 
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However, Pb is still being issued from the waste disposal site and care should be taken to 
ensure that environmental regulations are being met.   

4.2.3 Other environmental factors  
No significant relationship between cadmium and lead was found for soil moisture. There was 
also no significant relationship between cadmium and lead concentration and pH. The pH in 
this study ranged from 7.1 to 10.1 with an average of 8.2 ± 0.6 (n=80). It is well known that 
pH affects the solubility, sorption, and mobility of heavy metals (Essington 2004). At pH 8.0, 
lead sorption is through ion exchange and surface precipitation due to hydrolysis (Papelis and 
Um 2001). Low pH environments make cationic metals more mobile since they have to 
compete for exchange sites with H+ ions (Altin et al., 1999). Therefore, the alkaline pH of this 
waste disposal site enhances Cd and Pb sorption, ultimately immobilizing these contaminants. 
Pangnirtung (66˚ 09’N, 65˚ 43’W) is a more acidic environment with a pH ranging from 5.6-
7.8 (Haertling, 1989). Here, it is likely that metal mobilization would be more widespread 
posing a greater contamination risk.   

5. CONCLUSIONS  
Cadmium was found in all water samples, while concentrations are low, they were still above 
the threshold set out by the CCME guidelines. Spatial differences in concentrations also 
occurred. These results confirm the mobility of this metal in solution and indicate that 
different mechanisms are at play in the dumpsite. First, Cd concentrations were higher at 
Transect 3 than the other two transects. This area was in direct receipt of sewage lagoon 
waters along with meltwaters from the snowbank which were moving through contaminated 
ground. The increase in concentration along Transect 1, with distance from the snowbank 
indicates the importance of topography (Lund and Young 2005) in facilitating contaminant 
movement. Steeper ground in this area enhanced meltwater runoff, allowing Cd to be 
transported a greater distance.  

Soil material affects cadmium and lead mobility in a variety of ways. First, soils with little 
organic matter do not have as many exchange sites present on soil particles allowing for metal 
sorption. This was evident as the gravel ground type experiences less Pb sorption than soils 
with higher organic content. Similarly, there is a negative feedback effect regarding the 
relationship between soil organic matter and moisture. In High Arctic environments, soil 
organic matter is usually present in abundance where soil is very moist or saturated. The high 
organic content will promote metal sorption, but the high moisture content - if it gives rise to 
surface flow - may transport metals.   

There was no marked relationship between soil moisture and metal concentration found in this 
study. It is likely that soil moisture has less of an effect on Pb than Cd, due to lead’s ability to 
strongly sorb to soil particles. In addition, no Pb was found dissolved in water samples, 
confirming lead’s strong affinity to soil.   

Large spikes in both Cd and Pb in Transect 2 indicates that more effort should go in to 
examining “hot spots” within these types of dump sites (i.e. sampling a shorter distance from 
old drums etc.) and identifying the potential for movement away from these sites to nearby 
sensitive ecological sites.  

Overall, there is little contamination risk from cadmium and lead at the waste disposal site. 
The great majority of all soils sampled were well below remediation levels set out by CCME. 
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The site’s alkaline soils and low organics are also effective in making metals relatively 
insoluble.   
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In order to understand the linkages between climate and hydrology throughout the 
Panarctic, as well as ecosystem response to a changing climate, it is critical to quantify 
the variability in storage components both spatially and temporally.  In northern 
watersheds, the important components of storage include snow, glaciers, lakes/rivers 
(including ice), ice (aufeis, basal-ice), soil moisture, deeper ground water, and ground ice.  
The recent evidence of wide-spread warming in northern regions emphasizes the need to 
investigate the processes controlling variations in the storage term of the water balance.  
Changes in storage could be responsible for substantial changes already witnessed (such 
as increased river runoff in response to increased glacier melt).  Alternatively, the 
robustness in the storage term may be in part responsible for the resilience observed as 
some watersheds display no apparent response to increased temperatures.   

The storage term is usually the most problematic component of the water balance as the 
subtle changes in the groundwater term could easily be equal to the total amount of 
precipitation received in one year.  Additionally, reliable methods of measuring the 
spatial changes in variables such as soil moisture are not operationally available to most 
researchers.  Consequently, our confidence in projecting storage changes on the regional-
scale and larger is quite low.  This paper will present a summary of the challenges faced 
in attempting a compilation of assessments of storage from research watersheds where 
water balance analyses have been completed.   
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Streamflow response from small watersheds, in subarctic regions is highly variable because 
variable permafrost distribution as a function of elevation, aspect, slope, vegetation cover and 
soil conditions. A comparative assessment of streamflow response was carried out, using the 
spatially distributed Topoflow Hydrological Model, for Caribou-Poker and Wolf Creek .  The 
101 km2 Caribou-Poker Creek Watershed is located near Fairbanks, Alaska at 65.2o N and 
147.5o, while the 195 km2 Wolf Creek Watershed is located near Whitehorse, Yukon at 60.6o 
N and 135.2o W. Physiography and climate between the areas are similar.  Both watersheds 
have a nested network of hydrometric stations.  In Caribou-Poker Creek, unit discharge 
generally increases with increasing permafrost coverage, decreasing through the summer 
season as a result of increased thickness of the active layer.  This trend was not as pronounced 
at Wolf Creek due to less permafrost coverage.  Topoflow produced a reasonable simulation 
of streamflow discharge for both basins, suggesting that it is able to account for variable 
amounts and distribution of permafrost.  
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Reindeer and caribou are a key subsistence resource for indigenous Arctic peoples, and winter 
snow conditions play an important role in controlling the health of these herds. As arctic 
climate conditions change, we anticipate associated changes in local and regional snow 
conditions. To simulate the interactions among climate, snow distributions and characteristics, 
and reindeer and caribou health, we have developed a snow-evolution modeling system 
(SnowModel) that includes a snow forageability and snow trafficabililty component. 

SnowModel is a spatially distributed, physically based snow-evolution model made up of the 
following four sub-models: MicroMet, EnBal, SnowMass, and SnowTran-3D. MicroMet 
defines the meteorological forcing conditions, EnBal calculates the surface energy exchanges, 
SnowMass simulates snow depth and density evolution, and SnowTran-3D accounts for snow 
redistribution by wind. While other distributed snow models exist, SnowModel is unique in 
that it includes a blowing-snow sub-model that allows successful application in the wind-
blown arctic and sub-arctic environments where reindeer and caribou are generally found. To 
simulate how changes in atmospheric forcings impact snow conditions (e.g., depth, hardness, 
and stratigraphy), and defines the energy required for reindeer and caribou to forage and 
travel, we have implemented a snow-ungulate interaction model that defines evolution of the 
pressure (energy) required to access forage below the snow surface and travel across the snow 
landscape (as a function of snow depth, hardness, and stratigraphy). When this is coupled to a 
description of the pressure exerted by the reindeer and caribou during standing, walking, 
running, and feeding conditions, daily maps are created defining the relative ease at which the 
animals are able to break through the snow during feeding, and the difficulties imposed during 
travel. 

In this study, SnowModel is used as part of a collection of arctic climate-change sensitivity 
simulations. These, in turn, are used to define the possible changes in snow-related reindeer 
and caribou forageability and trafficabililty conditions. In addition, the possible climate and 
snow-related impacts on the welfare of the reindeer and caribou herds will be discussed. 
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Landscape disturbance, caused either by natural processes of human activities, can have 
significant effects on the natural environment including changes in river patterns and 
processes, and aquatic ecology.  This paper presents and discusses results of ongoing research 
in the Mackenzie Delta, Northwest Territories, Canada.  A series of tundra lakes have been 
studied over the last three years to show the effects of permafrost degradation, hillslope 
slumping and effects on water quality.  Twenty-two lakes in this ecologically sensitive area 
along a transect from Inuvik to Parsons Lake comprise the study area.  The study lakes are 
‘twinned’ meaning that lakes of comparable size were selected with half of them undisturbed 
and the other half disturbed naturally  by release of hillslope sediments to the lakes.  Results 
show significant differences in select water quality parameters in these twinned lakes.  This 
research is important as a consortium of oil companies propose to construct a natural gas 
pipeline in this area that could lead to permafrost degradation and further landscape 
disturbance. 
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Snow quality in the city of Luleå - A ten year overview 
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The quality of snow along roads is dependent on factors such as type of area (Malmqvist, 
1983; Viklander, 1999), traffic load, type of traffic, the length of time that the snow stays on 
the ground before it is collected, type of de-icer and time of year (Lisper, 1974; Viklander, 
1998). The pollutions in snow along roads in urban areas originate from different sources, for 
example atmospheric pollutants, traffic emissions and de icing chemicals. The snow contains 
pollutions such as heavy metals, nutrients, salt and also organic pollutions such as PAH. The 
content of metals in urban snow has been studied by for example Malmqvist, 1983; Novotny 
et al, 1998; Viklander, 1999; Glenn et al, 2002; Reinosdotter, 2003. The concentrations of 
pollutions in snow are often hard to interpret. This is due to the fact that the concentrations are 
affected by surrounding parameters such as precipitation, snow removal and the temperature 
which in some cases result in a melt freeze cycle. The melt freeze cycle has particular large 
impact on the dissolved metals that leave the snow pack with the melt water. Therefore the 
unit mass load has been discussed as a more reliable parameter (Viklander, 1998; 
Reinosdotter, 2003). The unit mass load refers to the amount of pollutions per square meter 
(g/m2). This unit makes it easier to compare snow quality results from different studies.  

In 1995 an extensive amount of snow samples were collected in the city of Luleå (Viklander, 
1997). Snow samples were collected at six sites, where three sites were located in a housing 
area and three sites were located in the central area. The sites were chosen due to their 
differences in traffic load. Two of the sampling sites had no traffic load and was referred to as 
references samples. The samples were analyzed for dissolved and heavy metals also pH, 
conductivity, suspended solids and chloride were measured. Seven years later, in 2002 a 
similar sampling procedure was preformed using the same sampling sites and sampling 
methods as in 1995 (Reinosdotter, 2003). A comparison of mass loads and concentrations 
between the results from the two years studied would give valuable information concerning 
the variations in urban snow quality between different years and how it is affected by 
precipitation and winter temperature.  Also, it would give some indications on how an 
increase in human activities would affect snow quality, is urban snow more polluted today 
than ten years ago?  The comparison would ad validity to important data on urban snow 
quality and a discussion and evaluation concerning the sampling method will be made.  
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Hydropower covers approximately 98% of the total production of electric energy in Norway. 
In many moutainous drainage basins, the end-of-winter snow cover counts for 40-50% of the 
total annual runnoff. During the spring snowmelt period the challenge for the hydropower 
companies is to optimize the management of the water, i.e. to maximise the income and to 
minimise the spill of water. In this context, accurate estimates of the snow water equivalent in 
the drainage basin become very important. 

During the winter 2004/2005 a new monitoring network for representative snow surveys was 
designed for the Fortun hydropower scheme in Western Norway. The Fortun hydropower 
scheme is owned and operated by Hydro Energi. The drainage basin is a high alpine area, 378 
km2 large, ranging between 1004 and 2402 m above sea level. 

The new snow monitoring network was designed based on a hypothesis saying that the spatial 
snow distribution is a function of climate, topography, and vegetation. Due to the fact that 
there is no vegtation in the catchment of such height above the ground that it may have any 
influence on snow distribution, the vegetation could be ignored as a parameter controlling the 
snow distribution. Based on results from previous research, showing very significant 
correlation between snow distribution and topographic shapes, the topographic features slope, 
aspect and curvature were selected as parameters controlling the snow distribution. In order to 
capture the climatic gradients in the area, northing, easting and altitude were selected as 
controlling parameters. The main task then materialised to create a monitoring network which 
would have similar influence from climate and topography as the entire drainage basin area. 

Digital models of  northing, easting, altitude, slope, aspect and curvature were developed from 
a digital terrain model (cell size 25m x 25 m) for the entire drainage basin using the GIS 
program ARCView. Snow measurement points were arranged as straight line snow courses, 
total length of 1 km, interval between measurement points of 50 m. Twenty snow courses 
were suggested, carefully distributed over the drainage basin area. Thereafter, digital models 
were developed for all six topographic parameters for the monitoring network. Finally, the 
conformity between the drainage basin models and the monitoring network models were 
evaluated. In order to improve the conformity between the drainage basin models and the 
monitoring network models, relocation of some snow courses were made, new monitoring 
network models were created and new evaluations of conformity were made. In order to 
optimize the comformity between the drainage basin models and the monitoring network 
models, this procedure was iterated several times. 
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Climate is typically the average state of the atmosphere, observed as the weather, at a discrete 
time period. One can speak about climate at a variety of time scales: days (diurnal), months, 
seasons, years decades, centuries or even longer. Thus, what may be considered climate 
change within a certain time scale, may simply be part of a climate variability signal from a 
larger time scale. 

The climate system is consequence of many natural phenomena such as solar radiation, 
processes within the atmosphere and oceans, ice sheet formation, and biological activity.  
Most of these have a natural oscillation over time and the complex interation between them 
results in variation in local, regional and global climate over time.  This is known as climate 
variability.  The most noticeable of climate variations are those caused by oscillations in the 
oceanic and atmospheric systems such as El Niño – Southern Oscillation (ENSO), North 
Atlantic Oscillation and Artic Oscillation among others. 

More recently, the concept of climate change has become strongly associated with changes in 
climate caused by anthropognic activities, specifically those related to the emission of 
greenhouse gases. An abrupt increase in the global average temperature is the most obvious 
effect of this change.  

It is important to note that climate variability and climate change are not unrelated, however 
there is still a large gap in the knowledge of how they interact, relate and influence each other. 
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A recently released Arctic Climate Impact Assessment report predicts significant changes for 
arctic regions in terms of both temperature and precipitation. To date, average arctic 
temperatures have increased at almost the twice the rate as the rest of the world and arctic 
precipitation has increased by about 8% on average over the past century (Hassol et al., 2004). 
By the end of the century annual total precipitation for northern areas is expected to increase 
by 20%, with most of the increases coming as rain. This scenario remains unclear however, 
given the present difficulties of measuring precipitation (snow and rain), insufficient 
instrumentation and monitoring of diverse northern landscape, and the inadequate 
understanding of processes (e.g. sublimation and blowing snow).   

In 2004, a Northern Research Basins Workshop was held in Victoria, B.C., Canada. The aim 
of the meeting was to synthesis water balance information for a range of basins existing 
throughout the circumpolar north. It was also decided that there was a real need to review the 
research and literature on each component of the water balance for these northern basins and 
to identify spatial and temporal patterns, trends, and gaps in our knowledge. Therefore, this 
review paper will 1) review the methodologies for measuring rain and snow in circumpolar 
environments; 2) examine the temporal and spatial patterns of snow accumulation both during 
and at the end-of-the winter; 3) consider the ablation patterns and summer precipitation events 
at a variety of scales; and 4) examine the occurrence of extreme events.  


