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Abstract 

Insufficient understanding of winter conditions still hampers progress in predicting spring-time 
discharge. The least known term in the winter water-balance is evaporation - particularly of snow 
caught (intercepted) in tree crowns. Recent studies show that evaporation of intercepted snow can be 
important. The objective of this study was to find a suitable method to measure evaporation of 
intercepted snow, to measure the evaporation and to elaborate factors governing the evaporation 
process. 

Methods to measure evaporation and interception were initially reviewed and evaluated. 
Undisturbed meteorological conditions, high time resolution and continuous measurements of 
intercepted mass were taken as criteria for an ideal method. The ideal method should work both 
during periods of melt and sublimation and above rough forest surfaces. No existing method met all 
the criteria. Most traditional hydrological methods (mass-balance methods) gave too little information 
to distinguish the causes of the observed differences between forests and clearings. Among 
micrometeorological methods only the eddy-correlation technique would have been suitable, used in 
combination with interception measurements. Of the methods primarily designed to determine 
interception, only the tree/branch-weighing method and the gamma-ray-attenuation techniques could 
be used to study the evaporation process, combined with continuous measurements of through-fall 
and drip. The weighing cut-tree method complemented with a method to measure drip was selected 
for the experimental part of the study. A device was presented, differing from earlier designs by a 
tray with raised edges placed around the tree. The tray was fastened to the tree with wires and was 
automatically raised and lowered, thus enabling continuous measurements of both intercepted mass, 
through-fall and drip. 

The process study was restricted to the most important occasions with wet or melting snow. 
Maximum evaporation rates of 0.3 ± 0.06 nuri/h and 3.3 ± 0.06 mm/24 hours were recorded from a 
6 m high spruce tree in a sparse forest in northern Sweden. Evaporation rates were analysed with a 
modified Penman formula. Different ways to calculate the aerodynamic resistance and the reduction 
in evaporation due to partly wet canopy were undertaken. The most important factors determining 
evaporation were the relative humidity, the aerodynamic resistance and the intercepted mass. Less 
important factors were the energy to melt the intercepted snow, the way to calculate reduction in 
evaporation due to partly wet canopy, accuracy in measurement of wind speed, air temperature and 
net radiation. The analysis also showed that it is likely that a larger aerodynamic resistance should be 
used for snow than for liquid conditions. 

Key-words: Aerodynamic resistance, canopy storage, evaporation, forest, interception, measurement 
methods, relative humidity, review, snow. 
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Sammanfattning 

Bristande kännedom  om  vinterförhållanden gör att  prognoser  pä  snösmältningsavrinningen blir 
otillförlitliga.  Den  minst kända  termen  i vattenbalansen  vintertid  är avdunstningen - speciellt 
avdunstningen frän  den  snö  som  fångas upp (intercepteras)  av  trädkronorna.  Studier under de  senaste  
åren  visar att avdunstning  av  intercepterad snö  kan  vara betydande. Syftet  med  denna  studie var  att 
söka  en  lämplig metod att mäta avdunstningen frän intercepterad snö, att mäta avdunstningen  samt  
att undersöka vilka  faktorer som styr  avdunstningsprocessen.  

Till  att börja  med gjordes en  genomgång och utvärdering  av metoder  för bestämning  av  
interception  och avdunstning.  En ideal  metod  får  inte störa  de  naturliga meteorologiska förhållandena,  
den  bör  ha  hög tidsupplösning och kunna mäta intercepterad nederbörd  kontinuerligt. Den  bör 
fungera  både vid sublimations-  och smälttillfällen och över aerodynamiskt skrovliga ytor.  Ingen  
existerande metod uppfyllde alla kray. Traditionella hydrologiska  metoder  (massbalansrnetoder)  gav  
för lite  information  för att kunna särskilja orsakerna till  de  observerade skillnaderna (i vatten-
ekvivalent) mellan skog och öppen  mark. Bland de  mikrometeorologiska metoderna  var det  bara 
korrelations-metoden  (eddy-correlation)  som kunde  vara lämplig  om den  kompletterades  med 
kontinuerlig  interceptionsmätning.  Av de metoder som  utvecklats för att, i första  hand,  studera  
interception  kunde  bara  gamma-strålningsmetoden och tekniken att väga ett träd  eller en gren  
användas. Dessa bör kombineras  med kontinuerlig  mätning  av  genomfall och dropp frän träden. 
Tekniken  med  vägning  av  ett avhugget träd kompletterad  med  mätning  av  genomfall och dropp valdes 
för  den  experimentella  delen av studien. Den  använda utrustningen skiljde  sig  frän tidigare genom ett 
runt kärl  (2 m)  för insamling  av den  nederbörd  som  föll ner frän trädet. Kärlet  var  fäst i trädet  med  
vajrar och  kunde  höjas och sänkas automatiskt.  Pä  så vis  mättes  både den  intercepterade nederbörden 
(när kärlet  var  upphöjt) och  den del av  nederbörden  som  föll ner frän trädet (när kärlet  var  nedsänkt). 

Process-studien  begränsades till  de  viktigaste tillfällena  med  vät  eller  smältande snö. Maximala 
avdunsmingshastigheter  pä  0.3  ±  0.06  nun/tim och  3.3  ±  0.06  nun/24  tim  uppmättes från  en 6 m  hög  
gran  i  en  gles skog i Luleå. Avdunsmingen analyserades  med en  modifierad Penmanekvation. Olika 
sätt att beräkna  den  aerodynamiska  resistansen samt  minskningen i avdunstning  beroende på  att  
beständet  ej var helt  vätt användes.  De  viktigaste faktorerna  vid  beräkning  av  avdunstning frän 
intercepterad snö  var den  relativa fuktigheten,  den  aerodynamiska  resistansen  och  den  intercepterade 
nederbörden.  Mindre  betydande  faktorer var  energin för att smälta  den  intercepterade snön, sättet att 
beräkna  reduktionen  i avdunstning  på grund av  att  beständet  ej var helt  vätt, noggrannhet i mätningen  
av lufttemperaturen,  vindhastigheten och nettostrålningen.  Analysen  visade även att  en  större  
aerodynamisk resistans  sannolikt  borde  användas för snö än för  regn.  



of gamma counts attenuated by wet foliage is a function of intercepted mass. The method 
was applied successfully by Calder (1990) in winter-time. 

Requirements on techniques to measure snow interception evaporation 

To evaluate existing techniques, it is necessary to lay down some criteria that should be 
fulfilled by an ideal method. 

• It should cause negligible disturbance to the natural meteorological conditions. 
• It should work over aerodynamically rough and heterogeneous surfaces like 

forest canopies with snow and water in the canopies. 
• To understand the evaporation process of intercepted snow, and to make 

estimates of the importance of the process, measurements of evaporation are 
required with the same time resolution as the process itself, i.e. hourly or 
better. 

• The evaporative process of a tree in a dense forest differs from that of an 
isolated tree since, e.g., wind and radiation conditions are different. The ideal 
measuring device should be applicable to trees in a dense forest. 

• It must work when melting and drip occur since periods of loss are ficquently 
the result of warm fronts followed by rain and sleet (Calder, 1990) . 

• It should work for sublimation occasions. Sublimation is an important process, 
since it works over long times, even if the condensation/evaporation velocities 
are small. 

• In order to allow an understanding of the process of evaporation of intercepted 
snow, and to make estimates of the importance of the process, the ideal 
method should allow measurement of intercepted mass with an accuracy of 
approximately 0.1 mm. 

Evaluation of methods useful for snow interception evaporation measurement 

Some of the methods reviewed do not fulfil many of the criteria above. Photographic 
observations of interception give only qualitative but not quantitative measures of 
interception. The snow particle counters only give information about the aerodynamic 
influence on deposition and redistribution. Methods based on collecting snow on a grid of 
boards only give information about the aerodynamic influence on deposition and 
redistribution. Evaporation pans cannot be used to measure evaporation from trees. 
Fractionation of oxygen-18 gives values of the evaporated mass which are too inaccurate. 
All other methods obey the criteria to differing degrees (Table 1). 

The main shortcoming with discharge studies is the low time resolution, which makes it 
impossible to distinguish between evaporation changes during summer and winter-time. 
The greatest disadvantage with snow course studies is that distinction between 
evaporation and redistribution cannot be made. 

Of the mass balance methods, all ground-based weighing techniques are likely to have 
problems with frost heave and it is questionable if the weighing devices work for 
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ABSTRACT 

Knowledge of the annual water balance within a catchment is still hampered by an 
insufficient understanding of winter conditions. The least known term of the winter water 
balance is evaporation - particularly that from intercepted snow. Methods to measure 
interception and evaporation are reviewed. Undisturbed meteorological conditions, high 
time resolution and continuous measurements of intercepted mass were taken as criteria 
for an ideal method. The ideal method should work during both periods of melt and 
sublimation and above rough forest surfaces. Evaluation using these criteria of the 
methods reviewed indicated that no existing method fulfils all the criteria. Most traditional 
hydrological methods to estimate winter-time evaporation, such as runoff and snow-
course studies, non-weighing lysimeters, precipitation and throughfall measurements 
produce too little information to distinguish the causes of the observed changes. Among 
micrometeorological methods, only the eddy-correlation technique is suitable, and should 
be used in combination with interception measurements. Of the methods primarily 
designed to quantify interception - i.e. collection of intercepted snow, visual or 
photograpic observations, displacement transducers, weighing of branches and trees and 
gamma-ray attenuation - only the latter two yield continuous interception records. In 
combination with continuous measurements of throughfall and drip, these methods can be 
used to study the evaporation process. The gamma-ray method can be used to measure 
whole-canopy losses, whereas the other two methods deal only with losses from a branch 
or a single tree. The weighing-lysimeter technique produces the same information as the 
cut-tree-weighing method but employs a more complex setup. The weighing-tree method 
combined with measurement of drip is one of the current methods that is most suitable for 
process studies. A new device for this purpose is presented, which differs from earlier 
designs by allowing a continuous weighing of drip in a 2 m wide tray placed around the 
tree. The tray was fastened to the tree with wires and was automatically raised and 
lowered, thus enabling continuous measurements of both intercepted mass (with the tray 
raised) and evaporated mass (with the tray lowered). A maximum evaporation rate of 0.3 
mm/h was recorded with this device on 22-23 March, 1990 at a site close to  Luleå  in 
northern Sweden. This maximum value was measured when wet snow was present and 
confirmed earlier reports of high evaporation rates in the literature. The maximum 
evaporated mass during 24 hours was 3.3 mm. 
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INTRODUCTION 

Determining winter-time water-balance is difficult but important. Water-regulation 
companies depend on reliable predictions of the spring-time discharge. The size of the 
spring-time discharge is also vital in areas where snow from the highlands provides water 
to drier lowlands. The effect of afforestation/deforestation on winter water balance is not 
well understood. The least known term of the winter water-balance equation is 
evaporation, especially evaporation from forests. 

Early investigations on snow interception indicate that the major cause of the reduction in 
water equivalent snow depth observed in forests compared to clearings is due to the 
evaporation of intercepted snow (Wilin &  Dunford,  1948; Goodell, 1959). Most 
contributions presented during the period 1960-1970 stress causes other than interception 
evaporation (Hoover & Leaf, 1967; Gary, 1974) and definite measurements confirming 
the importance of intercepted snow evaporation are recommended by, e.g., Miller (1964; 
1966) and Hoover & Leaf (1967). Studies during recent years have indicated that winter-
time evaporative losses are important. Maximum loss rates of 0.5 mm/hour were measured 
by Calder (1985). Sublimation losses of more than 0.5 kg/day from an artificial 1 m high 
tree are reported by Schmidt (1991). Meiman (1987) who discusses the increased snow 
accumulation in thinned forests and in cut forests, concludes that: "The processes 
responsible are not yet precisely defined, but reduced snow interception losses appear to 
be a major factor." A similar conclusion is given by Troendle & Kaufmann (1987) who 
state that "recent research has redefined the significance of both summer and winter 
evaporative losses [from forests]". 

Evaporation of intercepted snow obviously seems to be an important hydrological process, 
but technical difficulties have hampered research. The objective of this article is, therefore, 
to review established methods for measuring tree interception and evapotranspiration and 
to evaluate the possibilities of using these methods for measuring the evaporation of 
intercepted snow. Emphasis is put on weighing methods that allow for the continuous 
recording of snow interception loss. One such method, that allows continuous 
measurements of total loss and intercepted mass, is described in detail. Preliminary results 
of evaporation with this method indicate that the evaporation of intercepted snow may be 
an important process. 

REVIEW OF MEASUREMENT METHODS 

Summaries of methods to measure/calculate evapotranspiration are found in, e.g. Webb 
(1975), Spittlehouse & Black (1981), Stewart (1984) and Sharma (1985). A summary of 
evaporation experiments performed in the USA is reported by Johns (1989). A review of 
some snow interception measurements is reported by Miller (1964). Evaporation 
measurements from snow are reviewed by  Bengtsson  (1980) and condensation 
measurements over snow cover are summarised by Nordell (1990).  Halldin  (1988) reviews 
both forest and snow evaporation research in Sweden. 
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There is a wide variety of methods for measuring tree interception and evapotranspiration. 
Since this review focuses on snow interception evaporation, methods that only have been 
(or only can be) used to measure transpiration are not included. Most plant physiology 
methods belong to that category. Tracer techniques such as tritiated-water and 
phosphorus-tracer methods (Waring & Roberts, 1979), heat pulse and tree trunk heat 
balance methods (Morikawa et al., 1986; Cermak & Kuchera, 1987) are thus omitted 
from this review. The leaf energy budget method (Leuning & Foster, 1990), the stomatal 
parameter methods (Grip et al., 1989; Norman et al., 1989) as well as the 
assimilation/ventilated chamber methods (Greenwood et al, 1981; Leuning and Foster, 
1990) also belong to this category. More detailed information about plant physiology 
methods and references are given by Denmead (1984) and Sharma (1985). 

Catchment studies 

Many studies of evaporation have been performed as parallel studies of clear-cut and 
uncut areas. Evaporation has been determined both from discharge and snow-course 
measurements. There are studies of the effects of clear-cutting, thinning and clearings of 
different sizes. Reviews of investigations on effects of clear-cutting are given by, e.g. 
Hibbert (1967) and Bosch & Hewlett (1982). All studies (with the exception of perhaps 
one) show increased water yield after forest reduction. These studies normally register the 
effects of clear cutting on the discharge, or on accumulation of snow. Later investigations 
(Troendle & King, 1987) show that the effect of timber harvesting on snow pack 
accumulation is significant and is a result of the combined effect of interception loss and 
alteration of the deposition pattern. 

A simulation of the effects of clear cutting with a discharge model is presented by Brandt 
et al. (1988). The model was calibrated initially against two small, untouched areas. One 
of the areas was clear-cut after a few years and the model was recalibrated against the 
clear-cut area.  Bergström,  (1989, personal communication) has suggested that the 
observed change in snow-correction coefficient could be used to estimate winter 
evaporation. 

Optical observation techniques 

Photographic observations of interception 
Visual observation of interception and redistribution of canopy snowfall is described by 
Hoover & Leaf (1967). They took time-sequence motion pictures of a canopy during all 
daylight hours. Visual observations with photos of snow accumulation on boards with 
different inclinations were performed by the Laboratory of Snow Damage (1952), on rods 
of different widths by Kobayashi (1978) and on cut branches of different species by 
Schmidt & Gluns (1991). 

Snow particle counter 
An instrument that produces electric signals proportional to the light attenuation caused by 
blowing snow is described by Schmidt (1977). Schmidt & Jairell (1987) describe an 
electronic system that monitors blowing snow in forest canopies. The system consists of 
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sensors counting particles passing through a light beam. Applications of Schmidt & 
Jairell's (1987) method are given by Troendle et al. (1988) and Schmidt & Troendle 
(1989). 

Mass balance determinations 

Precipitation and throughfall measurements 
Interception evaporation has traditionally been determined indirectly as the difference 
between the amount of precipitation reaching the ground in the open and that reaching the 
ground under a forest canopy (e.g., Hattori, 1982). A recent discussion of methodological 
problems with this technique (applied to rain precipitation) is given by Crockford & 
Richardson (1990). Wheeler (1987) compared snowfall in a clearing with snowfall in the 
surrounding forests and studied the redistribution of intercepted snow between snow 
occasions by frequently measuring accumulation on a grid with snow boards. Calder and 
Rosier (1976) used 40 m2  plastic sheet gauges to measure net rainfall under forest 
canopies. The method was applied in winter-time by Calder (1990) who combined it with 
heating of the sheets. 

Weighing of cut tree 
Some of the first studies of intercepted snow were performed in Japan (Laboratory of 
Snow Damage, 1952) and included weighing of cut trees supported on balances. 
Watanabe & Özeki (1964) also used a tree weighing technique. Parts of the two Japanese 
experiments are reported in English by Miller (1964). Other early investigations that used 
weighing of a cut tree for determination of interception are presented by Satterlund & 
Haupt (1967). They operated trees suspended by a thin cable passing through an overhead 
pulley attached to a spring tension scale. In a later investigation, Satterlund & Haupt 
(1970) also collected drip and throughfall on large plastic sheets and weighed it quickly. 
Tsukamoto et al. (1987) used suspended cut trees to measure rain interception. More 
recent studies of cut trees have had the trees supported on balances (Schmidt et al., 1988, 
Calder, 1990; and Schmidt, 1991). Calder (1990) followed the method used by Roberts 
(1977) for studying transpiration of trees. Schmidt (1991) utilised an artificial tree and a 
balance with a resolution of 0.1  g  but only reported occasions without drip. He applied a 
drip skirt to exclude occasions with drip. 

Weighing interception on branches 
(Laboratory of Snow Damage, 1952) studied displacement of branches caused by 
intercepted snow. Goodell (1959) reports studies of evaporation from a severed branch. 
The branch was weighed suspended from scales. Hancock & Crowther (1979) present a 
displacement transducer for the measurement of intercepted rain. This method utilises the 
bending of branches to measure rain interception by placing a displacement transducer 
between the trunk of the tree and a branch. The displacement of the branch is a linear 
function of the intercepted mass. Tsukamoto et al. (1987) weigh single leaves to measure 
rain interception. 

4 



Weighing lysimeters 
The most basic weighing technique is lysimetry. It has been used extensively for studies of 
evaporation from bare ground and low vegetation  (Blad  & Rosenberg, 1974; Bhardwaj & 
Sastry, 1979). Lysimeters have been used much less in forests because of the practical 
problems involved, but weighing-tree-lysimeter techniques are presented by, e.g. Fritschen 
et al. (1973, 1977, 1980), McFarland et al. (1983), Riekerk (1985), and Lauver et al. 
(1990). A weighing-tree lysimeter consists of a container filled with soil and one or several 
trees planted in it. The soil surface of the container is on the same level as the ground 
surface. The weight of the container is registered. Most lysimeters use small or moderate 
trees but Fritschen et al. (1973, 77) used a 28 m high fir. Nyberg (1966) used a fixed 
weighing lysimeter and Harding (1986) a portable one to measure 
evaporation/condensation from a non-forested snow cover. 

Non-weighing lysimeters 
Non weighing lysimeters have been used to measure evapotranspiration from forests 
(Wind, 1958; Calder, 1976; Will, 1977 and  Helbig,  1978). Such a lysimeter consists of a 
large soil container from which the drainage from the container can be measured. Two 
types exist; the natural ones, where the base of the lysimeter consists of a natural layer 
with very low hydraulic permeability (Calder, 1976) and the more common ones where the 
soil is removed and a base of a dense material is installed (Wind, 1958 and Will, 1977). 
The container is then refilled with soil and planted with a suitable vegetation. 
Measurement of the soil water storage is commonly made in these lysimeters. 

Evaporation pans 
Most evaporation pans used for snow measurements consist of double containers, the 
inner one filled with fresh undisturbed snow. The pans are positioned with the top rim 
flush with the surrounding snow surface. The inner pan is then taken out and weighed to 
measure the evaporated/condensed mass. Many snow evaporation pans have opening 
surfaces of approximately 500 cm2. Snow evaporation pans are presented by, e.g. Doty & 
Johnston (1969), Lemmelä (1972), Lemmelä & Kuusisto (1974),  Bengtsson  (1980) and 
Kaser (1982).  Föhn  (1973) presents a pan for measuring evaporation/condensation from a 
glacier. 

Micrometeorological techniques 

In this section only a short review of the micrometeorological methods is performed. More 
information is given by, e.g. Garratt (1984) and Sharma (1985). 

The Bowen-ratiolenergy-balance methods 
Bowen-ratio/energy-balance (BREB) methods have been used to measure evaporation,  E,  
in many forest studies (e.g. Stewart & Thom, 1973; McNeil & Shuttleworth; 1975 
Stewart, 1977 and  Lindroth,  1985). If minor terms in the energy balance are neglected, the 
available energy RN-AM, (RN  = net radiation, AM = change of latent and sensible heat of 
the intercepted snow) is partitioned into fluxes of latent heat  XE  and sensible heat  H:  
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RN -3,M=7LE+H 	 (1) 

The Bowen ratio ß is defined as the ratio of sensible heat flux  H  to latent heat flux ?LE. If 
the assumption is made that the transfer coefficients for heat and for water vapour are 
equal, the Bowen ratio ß is given by 

ß = (cp/k)(AT/Aq) 	 (2)  

cp  = specific heat of air at constant pressure, A. = latent heat of vaporization, T = 

temperature,  q  = specific humidity, A signifies a height difference above the canopy. The 
combination of equations (1) and (2) gives an expression for the evaporation 

XL' = (RN  - AM)/(1 + ß) 

Some investigators question the universal assumption that the quotient of the transfer 
coefficients for sensible and latent heat fluxes is unity over forests (e.g.  Högström  et al. 
1989) and over melting snow (Male & Granger, 1981). McKay & Thurtell (1978) who 
used the method over a snow pack conclude that "determination of evaporation from the 
snowpack using a BREB approach was found to be impractical because the large energy 
flux into the snowpack could not be determined independently with sufficient accuracy". 
Futher especially over forests, the small gradients of temperature and vapour require very 
accurate instruments  (Lindroth  &  Halldin  1990). 

Profile methods 
With the profile aerodynamic method (Thom, 1975) evaporation,  E,  is determined through 
measurement of the humidity gradient 

2t.E.  = -XpKm(Aq/Az)(1)  

X.  = latent heat of vaporisation,  p  = density of air, Km = transfer coefficient of momentum,  
q  = specific humidity, z = height above canopy and A signifies a height difference above 
the canopy, 41 is a stability parameter applied to calculate the transfer coefficient for 
humidity KE  from the transfer coefficient of momentum Km. The transfer coefficient of 
momentum can be measured from wind profiles. There is no general agreement about the 
correct form of these stability parameters for forests. Thom et al. (1975) conclude that 
"aerodynamic equations ought not to be used to give independent flux estimates close to 
aerodynamically rough surfaces" and Raupach (1989) states that "Typical turbulent eddies 
in a plant canopy are coherent over much of the canopy depth, making gradient-diffusion 
theory inappropriate for describing the vertical transfer of scalars and momentum". 

Eddy-correlation techniques 
Eddy-correlation techniques have been used both over grass (Dyer, 1961 and Yap & Oke, 
1974), over snow surfaces (McKay & Thurtell, 1978) and over forests (McNeil & 
Shuttleworth, 1975; Gash et al,. 1989 and  Högström  et al., 1989). Such techniques are 
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not dependent on the nature of the underlying surface and do not require equality of the 
turbulent transfer coefficients. The method requires rapid measurements of the fluctuations 
of vertical specific humidity  q'  and vertical wind speed w'. Evaporation  E  is determined by  

E = p7,7'  

where the bar represents a time average and the prime indicates deviations from the time 
average. The measurements require delicate instrumentation with fast response sensors. 

Swface temperature techniques 
Surface temperature techniques can be used on scales ranging from a few square mm to 
the global hemisphere (Monteith, 1981). Jackson (1988) reviews both regional- and local-
scale techniques. A version of the technique has been used to map regional 
evapotranspiration for crops on a monthly time basis using satellite thermal infrared data 
(Seguin et al., 1991). 

According to this method, the evaporation  E  can be determined by  

X E  = RN  -  G  - pcp  f(uz) (Ts  - TA) 

where  X  is the latent heat of evaporation, RN  is the net radiation,  G  is the soil heat,  p  is the 
density of air and  cp  is the specific heat of air at constant pressure, f(uz) is a transfer 
function and (Ts  - TA) is the difference between surface and air temperature. Webb (1975) 
states that the method is vulnerable to inadequate knowledge of the transfer function and 
of the exact relationship between the surface temperature and the measured radiation 
temperature for different types of evaporative surfaces. Jackson (1988) compares the 
method with Bowen-ratio data and concludes that the method will produce adequate 
values of latent heat flux for uniform surfaces, but may yield erroneous values for 
heterogeneous surfaces such as partial canopies McNaughton (1988) emphasises the 
difficulties with determining the aerodynamic transfer function and the relationship 
between the surface temperature and the measured radiation temperature. 

Miscellaneous methods 

Isotopic fractionation of oxygen-I8 
Walker and Brunel (1990) use daily variations in the isotopic composition of both 
deuterium and oxygen-18 to study evapotranspiration from Eucalypt.  Rodhe  (1987, page 
140) suggests that snow evaporation might be calculated from istotopic fractionation of 
oxygen-18 but concludes that the evaporation estimates are of limited practical value due 
to uncertainties concerning, e.g., recrystallisation. 

Gamma-ray attenuation technique 
A gamma-ray-attenuation technique to determine interception of rain is described by 
Olszyczka & Crowther (1981) and Calder & Wright (1986). With this method, the number 
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occasions with very dry light snow. With very light snow, thin snow needles, which are 
hardly visible, can be blown off the tree. Schmidt (1991), who weighed a small artificial 
tree, used a very sensitive balance (0.1  g)  and analysed the weight changes to exclude 
occasions with blow-off but it is questionable if all blow-off occasions really can be 
excluded in that way. 

Table 1. Classification of methods for estimating evaporation of intercepted snow. 

Measurement method 
Undisturbed 

Meteoro- 

logical 

conditions 

Works 

with  

rough 

surfaces 

Time 

reso- 

lution 

Space 

reso-  

lution 

Works 

during 

melt 

occasions 

Works 

during 

sublimation 

occasions 

Measures 

intercepted 

mass 

Catchment studies  x X Y  F  x x  
Mass balance techniques 

Precipitation & throughfall methods  X X D  F  x X  

Weighing-cut.tre,e techniques  X X  M-H  T  x x  
Weighing-leaf or branch methods  X X  M L-B x x X  

Weighing-lysirneters techniques  X x  M-H  T-S  x x  
Non-weighing 	lysimeters 	& 	soil  

moisture measurements 

X X  W S  x X  

Micrometeorological methods 

Bowen-ratio techniques  X X H  F  x x  
Profile methods  X H  F  x x  
Eddy-correlation techniques  X X H  F  x X  

Surface-temperature techniques  x H  L-R x x  
Miscellaneous methods 

Chamber methods M  B-T  x x  
Gamma-ray techniques  X X H  S-F  x x x  

M = Min 	H  = Hour 	D  = Day 
	

W= Week 
	

M = Month 	Y  = Year 
L = Leaf 
	

B  = Branch 
	

T = Tree 
	

F = Forest 
	

S = Stand 	R  = Region 

The particular problems with snow make the precipitation throughfall method less 
useful. The main difficulty has to do with measuring the snowfall amount correctly. "Much 
of the data is of questionable value because all inaccuracies and errors of measurement are 
included in the residual term and because of the questionable assumption that snowfall in a 
forest opening is an accurate measure of snowfall above forest canopy" according to 
Satterlund & Haupt (1967). The method with plastic sheets (Calder & Rosier, 1976) 
works in the summer-time but the effects of heating the sheets in the winter-time need to 
be clarified. 
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A problem with all weighing and lysimetry techniques is the areal representativity of the 
measurement - how do you transform the measured evaporation from a leaf, a branch or a 
tree to the whole surrounding area? 

Weighing of a cut tree can be used to measure evaporation of intercepted snow and it 
weighs the intercepted mass, but it can only be applied to isolated trees or single trees in 
sparse forest canopies. The devices presented so far can only be used during sublimation 
occasions. In combination with a device to measure melt and drip, this method could also 
be used during melting occasions. To apply the branch-weighing methods with 
displacement transducers in winter-time, the method should be adjusted to take care of the 
change in stiffness of branches at subfreezing temperatures (Schmidt & Pomeroy, 1990). 
This technique will not work when bridging of snow occurs between branches. 

The weighing-tree-lysimeter technique can be used in winter-time to measure evaporated 
mass, but it cannot measure the intercepted mass separately. The same problem with 
snow-crust and ice-lens formation in the snow cover as with snow-pillows may arise 
(Colbeck et al., 1979), when using weighing lysimeters in winter-time. The weighing 
lysimeter technique will give the same information as the cut-tree weighing method 
combined with a device to measure drip, but at the cost of a more complex set-up. Non-
weighing lysimeter methods require moisture measurements. The method has too poor 
time resolution and accuracy to be interesting for studies of snow interception 
evaporation. 

Most micrometeorological methods can be applied only on flat, large areas with a 
uniform vegetation cover. A fetch of approximately 1 km is typically needed for a forest. 
It is difficult to use the Bowen-ratiolenergy-balance methods in winter-time for 
intercepted snow because the heat flux into the intercepted snow cannot easily be 
determined. The assumption that the quotient of the transfer coefficients is universally one 
is also questioned for both forests and melting snow. The humidity is also much smaller in 
winter-time than summer-time and is thus even more difficult to measure. The profile 
methods should not be used close to aerodynamically rough surfaces such as forests. It 
should be possible to apply eddy-correlation techniques for evaporation measurements of 
intercepted snow since all the requirements are fulfilled, except for separate measurements 
of the intercepted mass. The method can be combined with a tree-weighing technique. The 
need for delicate instruments is a disadvantage. The surface-temperature methods are 
sensitive to the exact relationship between the surface temperature and the measured 
radiation temperature and the dry-snow/wet-snow/forest canopy is a very heterogeneous 
surface. The method is also vulnerable to inadequate knowledge of the transfer function 
and is thus not directly suitable above a rough forest canopy. 

The gamma ray methods seem well suited for measuring evaporation of snow 
interception but are expensive and time consuming. The handling of a radioactive source is 
a disadvantage. The methods can be applied to whole canopies. The problem is to find a 
good way to measure the drip. 
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From the above specification it is clear that the ideal method for measuring evaporation of 
intercepted snow is yet to be found. The weighing-tree method combined with a method 
for measuring drip is one of the best methods for studying the snow interception 
evaporation process. 

A WEIGHING DEVICE FOR INTERCEPTED SNOW AND DRIP 

Description of the device 

The device presented in this section was constructed to supply data every 20 min on both 
total snow interception evaporation, and the intercepted mass. It consists of a rectangular 
steel plate with a steel tube attached to its centre, supporting the tree. The tree is fixed to 
the steel tube with clamps. The plate rests on an automatic recording balance that, in turn, 
rests on a rigid plate (Fig. 1). 

Fig. 1. A device for weighing a tree with intercepted snow and drip from the tree. A schematic sketch of 
the device and a photo of the device. 

To measure evaporation, a steel tray with a hole in the middle is fixed to the tree trunk 
with steel wires. The tray is painted white. It is circular with a radius of 1000 mm and has 
250 mm raised edges to prevent the snow from sliding down from the tray. To stabilise the 
tray, its bottom is inclined inwards and a well is placed close to the trunk to force melt 
water towards the centre. 
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To separate the weight of the tree from the weight of the tray (i.e., to separate intercepted 
snow from total mass), a mechanism for pneumatic raising and lowering of the tray is 
arranged. The arrangement is a car tyre tube resting on a steel table with a hole in the 
middle. This tyre is surrounded by cylindrical walls to restrict lateral tube expansion 
(Fig. 1). When the tyre is inflated, the tray is lifted, the steel wires connecting the tray and 
the trunk get slack and the balance weighs only the tree. When the tube is emptied, the 
tray is lowered, the wires are stretched again and the balance registers the weight of both 
the tray and the tree. The wire fastening device is rigid (Fig. 1) to make sure that the same 
parts of the wires are weighed irrespective of the snow distribution in the tray. 

Water can be removed from the tray with a tap (not shown in the figure) during intense 
melting occasions. In this way, infiltration into the soil can be simulated. Snow should be 
removed manually from the tray after heavy snowfall to keep the snow depth lower than 
the edges of the tray. To prevent the steel plate with the tree and the underlying plate from 
being moved by wind during storm occasions, the upper plate is fixed to the balance, the 
balance is fixed to the underlying plate (the feet of the balance are placed in holes drilled in 
the underlying plate), and the underlying tray is fixed to the ground with reinforcement 
bars. If frost heave occurs, the balance may need to be levelled by altering the height of 
the legs of the balance. A plastic collar is fitted around the trunk to prevent snow and melt 
water from entering the opening between the tree trunk and the tray (Fig. 1). 

The car tyre tube is automatically inflated and emptied every 20 minutes (one cycle). At 
the beginning of every cycle a valve on a hose connecting the tyre to a pump is closed and 
the pump starts filling the tyre. After 10 minutes the valve is opened and the tyre starts 
evacuating. The weight measurements from the two first minutes of every ten-minutes 
interval are omitted from the time average, to omit the weight values when only part of the 
tray is weighed. Since ice clogging may affect the hose, connecting the valve and the car 
tyre tube, daily maintenance should include observation of the tyre being emptied during a 
period of less than two minutes. The weight of the tree and the snow intercepted on it as 
well as the whole system (tree and tray) is measured with a Toledo automatic balance 
model 6400 with load cells (Toledo Reliance Scandinavia AB, Sweden). The weights of 
the total mass and of the intercepted mass are stored consecutively every 20 minutes (i.e., 
every second 10 min period). The balance has an absolute error of 0.1 kg up to 200 kg 
and is automatically temperature corrected. A test of the temperature correction gave a 
change of 0.2 kg for a temperature step change from +20  °C  to -20  °C.  Changes due to 
temperature are negligible near zero degrees where the most interesting occasions occur. 
The weight values are influenced by wind drag. During extreme wind conditions, the 
weight may vary by more than one kg, but under most conditions the error due to wind is 
less than 0.1 kg and the average value is not affected. An error of 0.1 kg corresponds to 
an error of 0.06 mm so changes smaller than this can not be recorded. This means that 
small changes during short time intervals cannot be studied. Typical occurrences with high 
evaporation range from 0.3 to 2.8 mm/24hour. 
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The weighing device will work with both real and artificial trees. The use of a real tree will 
not introduce errors caused by non-representative radiation conditions, heat characteristics 
or branch stiffness. Stiff branches of the artificial tree used by Schmidt (1991) support 
more snow than natural branches of a similar size (Schmidt & Gluns, 1991). The use of a 
real tree will, however, introduce errors because of weight changes due to desiccation and 
needle loss. The weight changes due to desiccation and needle loss during melting 
incidents are negligible. To make sure that no occasions with blow-off are included, only 
incidents when the snow is wet or melting can be studied. Transpiration from trees is 
negligible during midwinter (Krestovsldy et al., 1979) but begins early in spring. The 
transpiration from Soviet coniferous forests (at a latitude corresponding to mid Sweden) is 
estimated to 8-10 mm in April. Transpiration is greatly reduced during conditions with 
interception  (Larsson,  1981) so transpiration can be neglected during the occasions 
studied. Only trees with crown diameters less than 1.5 m can be handled with the device, 
in order to assure that drip from the tree really hits the tray. Occasions with high wind 
speeds will have to be excluded from the study since at wind speeds above 5 rn/s it is not 
certain that all drip hits the tray. The closest nearby tree has to be distant enough to make 
sure that no drips from neighbouring trees hit the tray. 

Weight changes of the total system (tree and tray) are caused by evaporation both from 
the melting snow intercepted in the tree and from snow in the tray. From these 
measurements it is not possible to distinguish to what extent the evaporation comes from 
the snow in the tray, but this part may be neglected since evaporation from snow under a 
forest is small. Doty & Johnston (1969) report average daytime evaporation rates from 
snow under a conifer stand of 0.11 mm/day in February, 0.13 mm/day in March and 
0.16 mm/day in April. Wet precipitation may stick to the outside of the edges of the tray. 
Such snow and rain may be attributed erroneously to evaporation when melting begins. It 
should, thus, be part of the manual maintenance to move such water into the tray and note 
down whenever drip occurs under the edge of the tray. Any signs of drip or melting lumps 
outside the tray should be observed and noted. 

Preliminary results 

The weighing device was tested with a real cut spruce tree during the winters 1990/91 and 
1991/92 at an experimental site in  Luleå,  Sweden (65°37"  N,  20°09"  E),  10 m above sea 
level (Fig. 2a). The tree was a 6 m high spruce (Picea abies) with a projected radius of 
0.7 m. The surrounding area was flat with a stand of 5-6 m high trees, surrounded by two 
stands with 12-15 m high trees 80 m away to the north-west and 40 m away to the east 
(Fig. 2b). The canopy consisted of pine (Pinus silverstris) interspersed with a few spruce 
trees (Picea Abies) and birches (Betula pubescens). 

The weights and supporting climatic data were recorded with a measurement and control 
unit Campbell CR10 logger (Campbell Scientific Ltd, England) with an AM 416 analog 
multiplexer. Data were recorded every 10 seconds and 10 minutes averages were stored. 
One occasion with high evaporation rate was recorded on 22 and 23 March, 1991 (Fig 3). 
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Fig. 2. Experimental site a) location®  b)  schematic sketch of the area with average tree heights  c)  
experiment area in detail, the tree radii are indicated Tree weighing device, • hut with data logger, 
V instrumentation mast,  X  precipitation gauge. 

Fig. 3. Weather variables, evaporation and canopy storage on 22-23 March 1991. 
a) RN = net radiation, W = wind speed  
b) T = temperature,  RH  = relative humidity, VD = vapour deficit  
c) C  = canopy storage,  E  = accumulated evaporation  
d) P  = time with precipitation 
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On this occasion, wet snow was falling in spite of subzero temperatures. On March 23, 
2.0 mm was lost during 7 hours, giving an evaporation rate of 0.3 mm/hour. This is in line 
with the maximum value of 0.5 mm/hour reported by Calder (1985). During the day 3.3 
mm was evaporated. Losses of 0.3 mm/day to 3.3 mm/day were found on roughly 50 days 
out of 250 during the two winter seasons. Not all losses can be attributed to evaporation, 
some of the losses are probably due to wind transport of dry snow. 

DISCUSSION 

Most traditional hydrological methods used to estimate winter-time evaporation, such as 
runoff and snow-course studies, runoff simulations, non-weighing lysimeters, precipitation 
and throughfall measurements give too little information to distinguish the causes of 
observed changes. Of the micrometeorological methods, the profile method and the 
surface-temperature methods are not suitable for forests and the Bowen-ratio method is 
found impractical above snow. The eddy-correlation techniques have been used 
successfully over both snow and forest and is worth testing for determining evaporation of 
intercepted snow. Of the methods primarily designed to determine interception - collection 
of intercepted snow, visual observations, weighing of leaves, branches and trees and 
gamma-ray attenuation techniques - only the weighing and the gamma-ray attenuation 
techniques give continuous records of interception. In combination with continuous 
measurements of throughfall and drip these methods can be used to study the evaporation 
process. The gamma-ray method can measure whole-canopy losses, whereas the other 
methods measure only losses from a leaf, a branch or a single tree. The weighing lysimeter 
technique will give the same information as the cut-tree weighing method but at the cost 
of a more complex set-up. The weighing-tree method combined with a method to measure 
drip is one of the best methods for studying the snow interception evaporation process. 

The tree weighing device presented in this article is suitable for sleet and snow-melting 
occasions but cannot be used for dry light snow. The accuracy of the measurements could 
be refined by improving the sensitivity of the balance. This could be done by introducing a 
counter-weight as in some lysimeter installations (Johnson 84 Odin, 1978) but the problem 
with blow-off of dry snow remains. A set-up with no risk of ice clogging in the hose 
connecting the pump and the tyre could be achieved by using two separate balances, one 
for the tree with intercepted mass and one for the total mass. 

The evaporation of intercepted snow might be of such a magnitude that it should be 
accounted for in modelling spring-time discharges to Water Regulation Companies. 
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Evaporation of Intercepted Snow: Analysis of Governing Factors 
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Insufficient understanding of winter conditions still hampers progress in predicting spring-time discharge. The least known term in the winter 
water-balance is evaporation - particularly of intercepted snow. Recent studies have shown that the evaporation from intercepted snow can be 
important. This paper elaborates factors governing evaporation of intercepted snow. Measurements with a weighing-cut-tree device combined 
with a method to measure through-fall and drip gave a maximum evaporation rate of 0.3 ± 0.06 mm/hour or 3.3 ± 0.06 mm/24 hours from a 
six meter high spruce. Calculations of evaporation with a modified Penman formula and different ways to calculate the aerodynamic 
resistance and the evaporation from a partly wet canopy during melt and sleet events showed that the most important factors for calculating 
the evaporation were the relative humidity, the aerodynamic resistance and the intercepted mass. Less important factors were the energy to 
melt the intercepted snow, the way to calculate reduction in evaporation due to unsaturated (partly wet) canopy, accuracy in measurement of 
wind-speed, air temperature and net radiation. 

INTRODUCTION 

What happens to snow intercepted by forest canopies? Is it only a 
question of delay of the precipitation or is a substantial amount 
lost by evaporation? Water-regulation companies depend on a 
reliable answer to this question in order to correctly predict 
spring-time discharge. The size of this discharge is also important 
in the areas where snow from highlands provides water to the 
drier lowlands. Timber harvesting in areas with substantial snow-
cover have been seen to increase snow-melt runoff [e.g., Troendle 
and King, 1985]. With the present trend in Europe to change 
agricultural land into forests, the hydrological effects of 
afforestation are becoming an important topic. Global climatic 
change, which might alter precipitation patterns, might also alter 
evaporation patterns since evaporation is larger from a wet than 
from a ciry forest. 

The first snow-interception investigations indicated that the 
reduction of snow-pack water equivalent found in forests 
compared to fields and small clearings was due to the evaporation 
of intercepted snow [Wilm and  Dunford,  1948; Goodell 19591. 
Many papers during 1950-1980 questioned the evaporation 
approach and stressed aerodynamic effects such as redistribution 
of intercepted snow and differences in deposition [e.g., Hoover 
and Leaf 1967; Gary 1974]. Measurements during the recent years 
show that evaporation of intercepted snow can be important 
[Schmidt et al., 1988; Schmidt, 1991; Calder, 1985; 1990 and 
Lundberg, 1993] 

Process studies become important when a substantial amount of 
the precipitation is lost by evaporation of intercepted snow. Recent 
studies of this type are presented by Calder [1990] and Schmidt 
[1991]. Schmidt treats subzero events and calculates the 
sublimation as the product of the sublimation of a 1 mm ice sphere 
and a proportionality factor indicating the exposed snow area. 
Calder uses a Penman approach, with different aerodynamic 
resistances for snow and liquid conditions, to calculate the 
evaporation. 

The aim of this paper is to elaborate which factors govern 
evaporation of intercepted snow. Evaporation from intercepted 
snow was measured with a weighing-cut-tree approach combined 
with a method to measure through-fall and drip from the tree. 

These measurements were analysed with relation to the 
aerodynamic resistance, the amount of intercepted snow, and the 
accuracy of measured interception storage and weather variables. 

MEASUREMENTS 

Weather variables as well as interception and evaporation from a 
sparse coniferous forest stand were measured during December to 
April 1990-91 and 1991-92. 

Experimental site 

The experimental site was located 10 m above sea level in  Luleå  
(65°37'N, 20°09'E), Sweden (Fig. la). The surrounding, flat area 
consisted of a stand of 5-6 m high trees, with two stands with 12-
15 m high trees 80 m away to the north-west and 40 m away to the 
east (Fig. lb). The pine (Pinus silvestris) canopy was intermixed 
with a few spruce (Picea abies) and birch trees (Betula 

pubescens). 

Tree-weighing device 

A device was constructed to supply data for every 20 min of 
intercepted mass and through-fall. A brief description of the set-up 
is given here and a full description of the device is found in 
Lundberg [1993]. The set-up consisted of a rectangular steel plate 
with a steel tube attached to its centre, supporting the tree (Fig. 2). 
The cut tree was fixed to the steel tube with clamps. The plate 
rested on an automatic recording balance that, in turn, rested on a 
rigid plate. In order to measure through-fall, a steel tray with a 
hole in the middle was fixed to the tree trunk with steel wires. The 
tray was circular with a radius of 1000 mm and had 250 nun 
raised edges. To stabilise the tray, its base was inclined inwards 
and a well was placed close to the trunk to force melt water 
towards the centre. The mass lost from the tree and the tray was 
evaporated (windy and dry light snow events were excluded). 

To separate the weight of the tree from the weight of the tray (i.e., 
to separate intercepted mass from total mass), a mechanism was 
arranged to pneumatically raise and to lower the tray. The 
arrangement was a car tyre tube resting on a steel table with a hole 
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in the middle. The car tyre tube was surrounded by cylindrical 
walls to restrict lateral tube expansion (Fig. 2). When the tube was 
inflated, the tray was lifted, the steel wires connecting the tray and 
the trunk got slack and the balance only weighed the tree. When 
the tube was evacuated, the tray was lowered, the wires were 
stretched again and the balance registered the weight of both the 
tray and the tree. The tree-weighing device was used with one real 
cut tree during each winter. The trees were 6 m high spruce trees 
(Picea abies) with projected radii of 0.7 m. 

Meteorological measurements 

The weights and supporting climatic data were recorded with a 
Campbell CRIO (Campbell Scientific LTD, England) 
measurement and control unit with an AM 416 analogue 
multiplexer. Data were recorded every 10 seconds and 10 minute 
averages were stored. 

Wind speed was measured with a cup anemometer (Larnbrecht 1-
1467, Lambrecht, Germany) at 10 m level (Fig. 3). Specified 
threshold sensitivity for the wind sensor was 0.5  m/s.  Wind 
direction was measured with a wind sentry vane (03301 Young,  
R.  M. Young Company, U. S. A.). Air temperature and relative 
humidity were monitored at two levels (2 and 10 m). Temperature 
measurements were made with Prt probes  (YA-100-Hygrometer, 
Rotronic Instrument Corporation, Switzerland) and a thermistor 
probe. The thermistor probe was calibrated in an ice bath for zero 
point determination and the Rotronic probes were calibrated 
against the thermistor probe. The probes were placed in ventilated 
radiation shields. Humidity measurements were performed with 
capacitive probes  (YA-100-Hygrometer, Rotronic Instrument 
Corporation, Switzerland). The sensors change their capacitive 
characteristics with changes in humidity. The relative humidity 
was calibrated both against standard unsaturated lithium-chloride 
solutions (according to the instructions of the manufacturer) and 
against an Assman psychrometer. Calibrations were made before 
and after each measurement period. Net  radiation measurements 
were performed with a net radiometer  (LX  VOSS,  Dr. Bruno Lange, 
Germany) at the 11.5 m level. This radiometer was held free from 
condensation and snow by an arrangement that continuously 
ventilated the domes. Precipitation was measured manually once a 
day with an SMHI standard gauge with a wind shield (SMH1, 
Sweden) located at the mean canopy height (6m). The occurrence 
of precipitation was measured with a precipitation detector 
(Vaisala DPD 12 A, Vaisala OY, Finland). The sensor detected 
precipitation falling on a sensing element. The sensor was heated 
to melt the snow and evaporate the water. It was tilted in order to 
drain the water and equipped with a wind shield. 

THEORETICAL CONCEPTS 

The Penman model 

Evaporation  Ep  from a canopy is frequently calculated with the 
Penman [1953] formula (erroneously often attributed to Monteith, 
see Monteith, [1981]). 

A(RN  — G) +  pc  p  —5e  
ra  

A+y(1+ 
ra  

Notations following standard conventions are listed at the end of 
the paper. For wet canopies, the surface resistance rs  is usually 
neglected.  

XE  p  —  

Se  
A(Riv  — G) +  pc  p  — 

Ta  
(2) 

A+T  

Heat flux below the reference level is often taken only as ground 
heat flux  G.  This flux is less important for snow-covered forest 
canopies. The most important storage term in this case is the 
energy Qs  needed to melt the intercepted snow.  

Se 
(RN  — Qs  ) +pc!, —  

ra  
A+y  

The energy Qs  can be calculated as  

dm • L 
Q 	 

At 
 at  

The application of equation (4) requires simplified assumptions to 
be made: The maximum energy to melt the intercepted snow, 
Qs(max), can be calculated by assuming that all the intercepted 
mass is snow at the beginning of the period and that it is totally 
melted at the end of the period. The melt energy is exaggerated 
with this assumption since precipitation sometimes falls as sleet or 
rain and not all snow melts before it leaves the tree. The true 
value of energy for melt Qs  lies somewhere between zero and the 
calculated Qs(max) value. 

In order to visualise the relative importance of the three terms in 
the numerator of the modified Penman equation (3), during winter 
conditions, the equation is rewritten 

Se 
pc,,—  

— 
AR

N 
 AQs 	ra  

EP 

The first term is the energy supplied by net radiation, the second 
term is the energy required to melt the intercepted mass and the 
last term is the equilibrium evaporation, which depends on the 
aerodynamic resistance. 

XEP (1) 

XE  p  _  (3)  

(4)  

(5)  
A+y 3,+? A+T 
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Fig. I. Experimental site a) location  C) b)  schematic sketch of the 
area with average tree heights  c)  measurement area (shaded in  
b)  in detail, the tree radii are indicated, 0 tree weighing 
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Fig. 2. Device for weighing intercepted mass and evaporated mass. 

Fig. 3. Location of measurement equipment. 
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Fig. 4. Ratio of evaporation  E  for an unsaturated forest to 
evaporation  Ep  from a saturated forest plotted against canopy 
storage  C.  The ratio is calculated with  E  Rutter et al. [1971; 
1975], IL Hancock et al. [1983] assumption at t = 0°C and III: 
a power relationship. The dots show measured evaporation 
rates  E  divided by calculated evaporation rate  Ep  [After Calder 
and Wright, 1986]. The evaporation is calculated with Penman 
equation using constant  ra  = 3.5 s/m. 
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Fig. 5. Ratio of measured sublimation  E  to calculated sublimation  
Esp  plotted against intercepted mass  mand  canopy storage  C.  
The sublimation is measured from an artificial 1 m high tree 
and the calculated value is sublimation from a 1 mm ice sphere 
[after Schmidt, 1991]. The dashed line represents equation (11) 
suggested in this paper.  
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Fig 6. Estimated evaporation  E  as a function of zo/h and dlh. The 
points show estimates from studies of fourteen coniferous 
forest canopies reviewed by Jarvis et al. [1976]. [After Gash 
et al, 1980]. 
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Evaporation from a partly saturated canopy 

It is normally assumed that evaporation is reduced when the 
canopy is unsaturated. Rutter et al. [1971, 75] assume that the 
reduction is made in direct proportion to the relative size of wet 
and dry areas.  

E=Esp • C • (1000M)B  

B= (0.7 — 0.05m) 

In order to make the expression independent of the tree size, the 
quotient is expressed here as a function of canopy storage by using  

(9) 

E= 

E= Ep  

for C < S 

for CS 

(6) 
(10) 

Hancock et al. [1983] criticise the above approach since it ignores 
the exchange of energy between the wet and dry patches via the 
canopy air space. Instead they propose: 

+7)  E=E
P 	

forC<S  

C  

E=E  p 	 for  C  S 

(7)  

This equation is physically reasonable since it predicts a rise in 
the evaporation rate per unit wetted area for a drying surface 
(Fig. 4). The evaporation values  E  measured by Calder and Wright 
[1986] however show an ElEp ratio for unsaturated canopies lower 
than that predicted by the Rutter assumption. In order to 
investigate a dependence of this type, the data of Calder and 
Wright were approximated by a power function (Fig. 4):  

E = Ep(4
2  

E = Ep  

Schmidt [1991] studied evaporation of snow at subzero 
temperatures. He found that the quotient between measured 
sublimated mass  E  from a 1 m high, freely standing artificial tree 
and the calculated sublimated mass from a 1 mm ice sphere  Esp  
for new snow is roughly twice the value of that for old snow 
(Fig. 5). The quotient increases up to a maximum value (at 
approximately twice the saturation value) and then decreases as 
the intercepted mass increases. This indicates that the evaporation 
rate decreases when the intercepted snow storage becomes 
considerably larger than the saturation value S. The greater 
sublimation rate from new snow is attributed to the fact that the 
exposed microscopic surface area for the same intercepted mass is 
greater for new snow than for old snow. The decrease in the 
quotient for large intercepted mass is attributed to the fact that the 
exposed macroscopic area of the snow decreases when bridging of 
snow between branches starts to occur. When the tree is 
completely covered with snow, the exposed macroscopic area is 
that of a cone. Schmidt expresses the empirically found quotient 
between the measured and calculated evaporation as a function of 
intercepted mass m and a constant  c.  

Schmides [1991] formula was modified in this study by replacing 
the ice-sphere evaporation with the Penman value. The constant  c  
was chosen so that the maximum quotient became unity.  

E = Ep • 0.0103. (320C)B  

B= (0.7 — 0.016C) 

Aerodynamic resistance 

The aerodynamic resistance  ra  is commonly calculated according 
to Monteith [1965]: 

„  z  -  d,2  
on—) 

zo  
ra  — 	2 	 (12)  

x u(z)  

Rutter et al. [1971] relate displacement height  d  and roughness 
length z. to canopy height as  d  = 0.75  h  and z. = 0.1  h.  Thom 
[1975] shows that equation (12) should be restricted to neutral 
conditions and suggest empirical stability functions to compensate 
for the thermal buoyancy. Gash et al. [1980] examine the 
sensitivity of evaporation to the choice of the empirical relations 
between vegetation height  h  and displacement height  d  on the one 
hand and  h  and roughness length z0  on the other. It can be seen 
from the analysis of Gash (Fig. 6) that the evaporation estimates 
are very sensitive to the choice of z. whereas the choice of  d  is less 
important. The data reviewed by Jarvis et a/. [1976] indicate the 
uncertainty of the estimates and where the true values should lie 
(Fig. 6). 

Calder and Wright [1986] find no correlation between wind speed 
and aerodynamic resistance. They use a constant value of  ra  = 
3.5 s/m for rain and melted conditions. Their value is almost 2 s/m 
lower than the aerodynamic resistance for mean wind speed 
calculated with the standard equation (12), which gives  ra  = 5.4 
s/m. Calder [1990] uses a constant aerodynamic resistance ten 
times as large as the rain value for non-melting snow conditions:  
ra  = 35  s/in.  This value was found by optimisation and the 
arguments for such a high value are primarily that the surface of 
the snow is much smoother and occupies a much reduced total 
area than that of a rainy canopy. Calder secondly argues that 
atmospheric conditions generally are more stable and wind speeds 
lower for snow than for rain conditions. During melting conditions 
he deduces the melt from the energy balance. When the maximum 
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ratio of liquid to solid storage is exceeded, the excess melted mass 
is treated as rain. 

Evaporation per ground area 

The common practice in hydrology to express precipitation, 
evaporation and canopy storage as depth (mm) in exchange for 
(the numerically identical) mass per ground area (kg,/m2) is 
adopted here but it should be notified that the evaporation values 
(ram) were defmed as (measured mass)/(projected tree-area). If 
the evaporation per tree is not influenced by the tree spacing, the 
evaporation per ground area  EG  can be calculated by: 

co  
EG  =E—+E5  

100 

The evaporation from the snow-covered ground in a coniferous 
forest Es  is small according to Doty and Johnston [1969]. 
Teklehaimanot et al. [1991], who studied evaporation from 
canopies with different tree spacing, found that the aerodynamic 
resistance depended on on the ventilation and hence the tree 
spacing. They studied evaporation during heavy rains with a 
traditional volume-balance method to determine the evaporation 
and a truncated version (neglecting net radiation) of the Penman 
equation to determine the boundary-layer conductance (the 
reciprocal of the aerodynamic resistance). The boundary-layer 
conductance per tree was found to increase as the spacing of the 
trees increased, but the boundary-layer conductance per unit area 
decreased as the spacing of the trees increased. 

RESULTS 

Losses of 0.3 to 3.3 nun/24 hours were found on roughly 50 days 
out of 250 during the two winter seasons. Roughly half of these 
occasions were associated with snow-melt or sleet events. This 
study is restricted to these occasions. This is caused by the 
difficulty to ascertain that no blow-off from the weighing system 
occurred with dry light snow in the tree. Occasions with wind 
velocities greater than 5  m/s  were also excluded to make sure that 
all drip really hit the tray. Nineteen events remained for the 
analysis. Evaporation was calculated for these events with the 
modified Penman equation (3) neglecting energy to melt the 
intercepted snow. The reduction of evaporation due to a partly wet 
canopy was calculated with the Rutter approach, (equation 6 and 
Fig. 4) and the aerodynamic resistance  ra  was calculated with the 
standard equation (12). The displacement height  d  was assumed to 
be 0.75  h  and the roughness length z0  to be 0.1  h.  A canopy 
saturation value of S = 2 mm was used. The equations and 
parameter settings above were used as a reference (REF) in the 
following calculations. During the two events shown in Fig. 7 the 
net radiation was small (<200 W/m2) both days and the wind 
speed was less than 5  m/s  (Fig. 7a). The relative humidity was 
rather low for winter conditions (-80%) and the air temperature 
was below zero (Fig. 7b). There was wet snow in the tree during 
both events (Fig. 7c). On 8 March, the total 1.4 nun of intercepted 
mass was evaporated. On 22-23 March 2.8 mm out of 3.8 mm 
intercepted snow evaporated during one precipitation-free period 
(Fig. 7c,  d).  The calculated and measured evaporation during 
precipitation-free periods for the two days agree rather well 
(Fig. 7e) and so does the accumulated evaporation for all 19 
events (Fig. 8a). The presented two events are representative for  

all 19 events with respect to the relative importance of the three 
terms (eq. 5) in the Penman equation. The aerodynamic term was 
much greater than the net-radiation term, and the net-radiation 
term was often zero or slightly negative as on 8 March (Fig. 7f). 
The water equivalent of the maximum energy to melt the 
intercepted snow was 0.1 min on 8 March and 0.25 mm on 22-23 
March. 

The measured evaporation values are subject to errors and the 
attempts made to reduce and quantify these errors are discussed by 
Lundberg [1993], who recognises the following errors: 

1. temperature induced change of the weight due to 
temperature change of the balance 

2. desiccation of the tree 
3. wet snow stuck on the outside of the tray 
4. snow blown off the tree 
5. evaporation from the tray 
6. wind-induced weight changes 
7. transpiration 

The errors due to temperature-induced weight changes of the 
balance as well as the desiccation of the tree were negligible 
during the studied events. The wet snow stuck on the outside of 
the tray was moved into the tray and occasions with dry light snow 
or high wind velocities were omitted. The evaporation from the 
tray was small compared to the evaporation from the tree during 
all the studied events and the transpiration is always small during 
midwinter besides being hampered when there is snow or water on 
the tree. The average wind-induced change was small. The 
average error was approximately 0.1 kg (= 0.06 nun) so changes 
smaller than that could not be studied. This means that small 
changes during short time intervals could not be studied. Most 
values (11 events) reported here refer to 24-hour periods whereas 
the remaining 8 events occurred with precipitation during the day 
and vary in time from 5 to 17 hours. 

The beginning and/or end of an event with high evaporation was, 
thus, sometimes determined by the start or end of precipitation 
events. The precipitation detector will be dry within 5 minutes 
after precipitation stops according to the manufacturer's 
specification. Observations were made of events, with small 
amounts of dry, light snow during windy conditions, when the 
detector failed. The precipitation gauge measurements were used 
to confirm that there was no precipitation during an event and to 
help determining if the precipitation had fallen as snow, sleet or 
rain. 

The calculated evaporation values were affected by uncertainties 
in the weather variables, the measured canopy storage  C  and the 
estimated canopy storage capacity S. They were also affected by 
the choice of equations to calculate the aerodynamic resistance and 
the reduction in evaporation during unsaturated conditions. The 
following calculations were made to investigate how the 
evaporation values were affected by the uncertainties in the 
variables and the choices of equations: 

Changes in calculated evaporation due to an error of 1  °C  in 
measured air temperature was small. The error in the measured air 
temperatures could be expected to be smaller than 1°C. An error 
in wind speed of 10 % corresponded to an error in aerodynamic 
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Fig. 7. Meteorological data, measured  Em  and calculated Ec  accumulated evaporation, canopy storage  C  and energy terms in the Penman 
equation for 8 March and 22-23 March, 1991. RN  = net radiation, u = wind speed. T= air temperature, 8e = vapour deficit,  rh=  relative 
humidity,  P  = Precipitation flag (indicating occurrence of rain- or snowfall). Term 1 = Net radiation term in equation (5), Term 3 = 
aerodynamic term in equation (5) 
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m) E  calculated fioni  Ep  with the Hancock et al. approach, eq. (7), when  C  < S  
n) E  calculated from  Ep  with a power relationship, eq. (8), when  C  < S 
o) E  calculated from  Ep  with a modified Schmidt approach, eq. (11). New snowfall marked with o, old snowfall events marked with • 
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resistance of 10 %. The uncertainties in the calculations of 
aerodynamic resistance are far greater than this. Neglecting the 
maximum energy to melt the intercepted snow does not affect the 
calculated values much (Fig 8a). 

A slight trend with decreasing maximum values was observed for 
the relative humidity in 1991-92. This was probably due to 
corrosion in a connector. The values were corrected for this. Errors 
with this kind of sensor are encountered when measuring in very 
cold and humid environments  [Norén,  1991; Fahleson, 1991, 
personal communications]. Condensation can take place in the 
sensing element or/and in the assembly (this does not change the 
calibration and the probe works again after drying). Determination 
of the relative winter-time humidity with the Assman hygrometer 
(and with other methods depending on temperature differences 
between wet and dry thermometers) is difficult since an error in 
the temperature of 0.2  °C  causes errors in relative humidity of 4, 6 
and 11 % at air temperatures of 0, -10 and -20  °C  respectively 
[Fritschen and Lloyd, 1979]. Errors of 5 TO  can be expected at 
temperatures with high evaporation rates. An error of 5 % in the 
relative humidity caused errors in the calculated evaporations up 
to 0.91 mm or 36 % of the total for individual events (Fig. 8b). 
The greatest sensivity to errors in relative humidity was found for 
the highest evaporation rates. 

The net radiation could be expected to be accurate to within 3-4 % 
or ±10 Whn2  (whichever worst;  Halldin  and  Lindroth  [1992]). 
Visual observations of the radiometer confirmed the findings of 
them that the ventilation arrangement was capable of keeping the 
radiometer functioning even during climatically severe situations. 
Calculations of evaporation for which the net radiation was 
neglected showed that the accuracy of the net radiation 
measurements was not critical (Fig. 8c). 

The canopy storage  C  was calculated as  C  = (7W(t) + C(t)) - 
7W(t), where (TW(t) + C(t)) is the weight of the tree and the 
intercepted mass as registered by the balance and 7W(t) is the 
weight of the dry tree. Since the weight of the dry tree changes 
with time t due to desiccation, breaking of small twigs and loss of 
needles (Fig. 9), an uncertainty is introduced into the value of  C.  

90 
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Fig. 9 Determination of canopy storage  C,  7W(t) = weight of dry 
tree. 

The weight of the tree was determined by taking notes when 
visual inspection of the tree showed it to be dry. The weight 
values for the dry tree were then interpolated between these 
occasions. Visual inspection was a rather coarse tool and may have 
introduced an error in the determination of TW(t) of 0.5 kg equal 
to an error of 0.33 mm in the value of  C.  The calculations with  

this error show that only evaporation values where the canopy 
storage  C  was smaller than the saturation value S were influenced 
by uncertainties in  C  (Fig. 8d). Some calculated values with 
canopy storage in the vicinity of the saturation value were greatly 
influenced by errors in  C.  The largest error in evaporation due to 
an error of 0.3 mm in  C  was 0.92 mm or 76 % of the reference 
value. Calculated evaporation was moderately influenced when the 
canopy storage was well below S. 

No observations from the weighed trees were available for 
determination of the maximum canopy storage S. A value of 
2 mm was taken from literature on rain interception [Calder, 
1990]. The saturation value for a partly wet and partly snow-
covered canopy differs from that of a wet canopy. The uncertainty 
introduced by using different S-values, illustrated by the 
calculations with canopy storage varying from 1.0 to 3.0 mm 
(Fig. 8e), showed that the altered saturation values S gave 
roughly the same changes in the calculated evaporation as the 
changes in the canopy storage  C.  

The effect of the way to calculate the aerodynamic resistance was 
investigated by calculating the aerodynamic resistance in different 
ways. Calculations with different values of  d  and z0  within the 
area of values indicated as reasonable by Jarvis et a/. [1976] in 
Fig. 6 showed that the estimates were very sensitive to the choice 
of roughness length, and that changes in the calculated evaporation 
were approximately proportional to changes in roughness length. 
(Table 1 and Fig. 8f -  g).  The increased displacement heights  d  or 
the roughness lengths z0  increased the calculated evaporation and 
vice versa as expected. There were no indications that any set of  d  
and z0  other than the reference would improve the results. 

Table 1. Relation between measured evaporation  Em  and 
evaporation Ec, calculated with different assumptions about the 
aerodynamic resistance r1  and the quotient between actual and 
potential evaporation ElEp . 

Values and equations Fig. no. r2  Slope 
REF 8 a) 0.58 1.003 

Assumption about t•  
d=  0.85  h  Sf)  0.57 1.127  

d=  0.65 h 8f) 0.59 0.913 
zn  = 0.15  h  8  g)  0.55 1.548 
z. = 0.05  h  8  g)  0.64 0.547 
r„ = 5 8h) 0.36 2.112 
r.= 10 8 i)  0.38 1.011 
r.= 15 8 j)  0.39 0.646 

Assumption about ElEp 

ElEp eq. (7) Fig. 4. 8m)  0.61 1.016 

ElEp eq. (8) Fig. 4. 8n)  0.49 0.983 

ElEp eq. (11) Fig. 5. 8o)  0.59 0.910 

Calculations with a constant  ra  (Fig. 8h -  j)  in accordance with 
Calder and Wright [1986] gave worse results than the REF 
calculation. The  ra  value calculated with equation (12), using  d  = 
0.75  h  and zo  = 0.1  h,  is 29.2/u. The average value of the wind 
speed u during the studied events was approximately 3 nils 
resulting in an  ra  value of 10 s/m. A constant  ra  = 10 shn gave the 
right average evaporation but with large deviations for individual 
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events (Table 1). The calculated evaporation was roughly 
proportional to the inverse of the chosen  ra  value. 

Neutral stability is inherent in equation (12) for aerodynamic 
resistance according to Thom [1975]. Stability determination 
would have required measurements that were not made in this 
study, but a hint of the stability of the air was given by the 
temperature difference between 2 m and 10 m. When the 
temperature above the canopy was lower than the temperature in 
the canopy, the air could be assumed unstable. When the 
temperatures were roughly the same, neutral conditions could be 
assumed and when the temperature increased with height, the air 
could be assumed stable. The largest measured temperature 
difference (cif= T1 -T) was 2.45  °C  and the smallest was 0.07  
°C  which indicated a stable atmosphere during all events. There is 
a slight tendency (Fig. 8k) that calculated evaporation was 
overestimated when the temperature difference dT indicated stable 
conditions. Events with smaller temperature gradients often had 
evaporation estimates smaller than the measured values. This 
indicated that stability considerations might have improved the 
estimates. 

Calder [1990] uses an aerodynamic resistance 10 times higher for 
snow than for liquid conditions. Determination of the transition 
from snow and sleet to liquid condition was not done in this study, 
but the size of the canopy storage was used as a coarse tool to 
distinguish between snow and liquid conditions. Snow conditions 
were assumed when canopy storage exceeded the rain saturation 
value during the whole event. There is a slight tendency (Fig. 81) 
that calculated evaporation was overestimated when the canopy 
storage indicated that intercepted mass was mainly snow. Most 
evaporation events with low canopy storage were underestimated. 
It is possible, therfore, that roughness length decreases when a 
canopy is intercepted with snow. This strengthens the findings of 
Calder [1990] of an aerodynamic resistance larger for snow than 
for liquid conditions. It was not possible, however, from this study 
to draw any qualitative conclusions about the quotient between the 
aerodynamic resistances in the two cases. 

The different ways to calculate the reduction of evaporation due to 
unsaturated canopy (Fig. 8m-o and Table 1) shows that the 
Hancock et al. [1983] relation (equation 7) in Fig. 8m gave a 
slightly better correlation between the measured and calculated 
values than the Rutter approach (REF. Fig. 8a) whereas the power 
relationship (equation 8) gave a worse result (Fig. 8n). The 
modified Schmidt [1991] approach (equation 11), with decreasing 
evaporation velocity when canopy storage was well above water 
saturation value, gave roughly the same result as the REF 
calculations (Fig 8o). There were no indications that evaporation 
during events with new snow was underestimated or 
overestimated during events with old snow. 

DISCUSSION 

Several factors turned out to be less important for the evaporation 
of intercepted snow, but care should be taken in extrapolating 
these findings. It does not seem necessary to include the energy to 
melt the intercepted snow into the calculations. The small changes 
observed in the estimates when net radiation was neglected can 
not be extrapolated into areas where radiation plays a larger role 
than in this area. The observed small changes in the calculated  

evaporation due to possible errors in temperature could be much 
greater if different aerodynamic resistances should be used for 
snow and liquid conditions. The fact that both very wet and fairly 
dry snow was used in the analysis of the modified Schmidt 
equation may have masked any possible differences between old 
and new snow. The evaporation of intercepted snow depends on 
the frequency of precipitation and melt events. It is important that 
the results be interpreted in the context of the precipitation and 
temperature regime under which the observations were made. 
Gash and Stewart [1977] studied interception loss from forests 
and they emphasise that extrapolation of results from individual 
studies must be limited to areas of similar rainfall climate. 

Measurement of relative humidity is difficult at low temperatures 
and the relative humidity is the most important factor, besides the 
aerodynamic resistance, when calculating evaporation of 
intercepted snow. This means that investigations of measurement 
techniques for relative humidity during winter conditions should 
have high priority. 

The large changes in calculated evaporation for canopy storage 
values close to saturation are arguments for using an artificial tree 
instead of a real one to make sure that the canopy storage can be 
determined accurately. But the stiff branches of an artificial tree 
support more snow than natural branches of similar size [Schmidt 
and Gluns, 1991] and an artificial tree might introduce errors 
caused by non-representative radiation conditions and heat 
characteristics. 

The observed evaporation was normally much larger than the 
corresponding net radiation. Where does the energy to evaporate 
the intercepted snow come from in this case? It has been observed 
in several studies [Calder, 1985; 1986; 1990 and Stewart, 1977] 
that evaporation from a wet canopy can be larger than the net 
radiation. Morton [1984; 1985] and Calder [1985; 1986] discuss 
the possibility of evaporation to exceed net radiation and the 
sources of energy to drive such high evaporation rates. Morton 
argues that the energy must be an edge effect operating on scales 
of the order of a few hundred metres while Calder attributes the 
energy to large-scale advection of sensible heat. Stewart [1977] 
assumes that the additional energy must come from large-scale 
advection from areas upwind of a wet forest, where all net 
radiation is not used for evaporation. Studies of de Bruin and 
Jacobs [1989] show that evaporation from a small forest plot is 
influenced by the upwind conditions but only to a small degree. 
They studied the micro-meteorological behaviour of a forest on a 
regional scale, i.e., 10 - 50 km with a one-dimensional 1313L 
(Planetary Boundary-Layer) model coupled to a simple single-leaf 
vegetation model and with the aerodynamic conductance corrected 
for stability. They suggest that the required energy (summer-time) 
comes from entrainment of warm air fwui above the PBL. 

Are there still doubts about the existence of high evaporation rates 
from intercepted snow? High evaporation rates of intercepted 
snow are reported by several investigators [Schmidt et al., 1988; 
Schmidt, 1991; Calder, 1985; 1990 and Lundberg, 1993] in recent 
years. These investigators all use different methods, all of which 
have their individual drawbacks. The investigation by Calder 
[1985; 1990], where gamma-ray attenuation was used to measure 
interception and heated plastic sheets were used to measure 
through-fall, may have exaggerated the evaporation due to the 
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heating of the sheets. Schmidt et al. [1988] report high 
evaporation during sublimation conditions. They use the cut-tree 
method combined with a very sensitive balance to measure 
sublimation events without drip. Some weight changes are 
interpreted as events with blow-off, but events with very light 
snow might have been reported as evaporation. They were also 
using an isolated tree. The aerodynamic resistance of a tree is 
influenced by the spacing of the surrounding trees. The 
sublimation rate from an isolated tree might be larger than that 
from a tree in a dense forest. The method of Lundberg [1993], 
used in this study, can not ascertain that no blow-off occurs, even 
if no traces of blow-off were observed at low and moderate wind 
speeds with wet snow. An investigation with a method to measure 
evaporation that is not associated with those weaknesses should be 
desirable. The eddy correlation method used successfully over 
both snow [McKay and Thurtell, 19781 and forests [McNeil and 
Shuttleworth, 1975; Gash et al., 1989 and  Högström  et a/., 1989] 
might be suitable for such an investigation. 

CONCLUSIONS 

Analysis of measured evaporation from intercepted snow, showed 
that the most important factors determining the evaporation were: 
relative humidity, aerodynamic resistance and intercepted mass. 

Fair agreement between measured and calculated evaporation 
showed that the process can be described with: 

• The Penman equation for a wet canopy 
• A reduction in evaporation due to partly saturated canopy in 

proportion to the relative saturation of the canopy 
• The aerodynamic resistance calculated with a roughness 

length of one tenth of the stand height 

The calculations were very sensitive to errors in measured 
humidity while the accuracy of wind-speed, air temperature and 
net radiation was not critical. Development of techniques for 
relative humidity measurement during winter conditions should, 
thus, have high priority. 

Since the equilibrium evaporation term was the dominant term in 
the equation for evaporation of intercepted snow, the evaporation 
values were very sensitive to the way to calculate the aerodynamic 
resistance. The calculated values were roughly proportional to the 
inverse of the chosen constant value for the aerodynamic 
resistance. With the standard equation for the aerodynamic 
resistance, the calculated values became roughly proportional to 
the roughness length. No improvement could be achieved by using 
any alternative relationships for the aerodynamic resistance. There 
were indications in this material that a larger aerodynamic 
resistance should be used for snow than for liquid conditions and 
that stability considerations would improve the calculations. 

Care should be taken when extrapolating results of this study into 
other geographical regions since the winter water balance will 
depend on both climate and vegetation characteristics. More 
research is needed concerning edge effects, the source of energy 
for evaporation of intercepted snow and the aerodynamic 
resistance during intercepted snow conditions. Studies with eddy 
correlation techniques would be desirable to confirm the existence 
and occurrence of high interception evaporation rates. 
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NOTATIONS 

ground area 	 (m2) 

projected tree area 	 (m2) 
exponent in equation (9) 	 (-) 
equiv. depth of water (snow+water) held on canopy (mm) 
percentage of the ground covered by tree crowns 	(-) 
constant in equation (9) 
specific heat of air * 
	

(
.
1.  kg  -1 OC-1) 

zero plane displacement height 	 (m) 
time increment 	 (s) 
melted intercepted mass 	 (kg) 
evaporation flux from tree 	 (kg rn-2  s-1) 
accumulated evaporation, calculated 	 (mm) 
accumulated evaporation, measured 	 (mm) 
evaporation flux from a tree with saturated canopy 

(kg m-2 s-1)  

evaporation flux from snow-covered ground 	(mm) 
evaporation flux from a 1 mm ice sphere 	(kg inZ 

water vapour pressure at temperature T 	
* 	

(Pa) 
saturation vapour pressure at temperature T * 

	
(Pa) 

(1 s4 m-2)  heat flux into the soil 
stand height 	 (m) 
latent heat of melt 	 (J  kg-1) 
intercepted mass 	 (kg) 
occurence of precipitation 	 (-) 
energy to melt the intercepted snow 	 s-1 m-2) 

net radiation at height z 	 (W m-2) 
aerodynamic resistance to transport of vapour 	(s m-1) 
surface resistance to transport of water vapour 	(s m-1)  

relative humidity 	 (-) 
maximum depth of water retained by the canopy 	(mm) 
air temperature 	 (°C)  
weight of dry tree 	 (kg) 
time 	 (s) 
wind speed at height z 	 (m s-1)  

roughness length 	 (m) 
reference height above surface 	 (m) 
vapour pressure deficit (es-e)  at height z 	 (Pa) 
change of saturation vapour pressure with 
temperature (des  Idf) 	 (Pa °C-1) 
psychometric 'constant' * 	 (Pa °C4) 
latent heat of vaporisation * 	 (J  kg-1) 
von Karman's constant (taken as 0.41) 	 (-) 
density of air saturated with water vapour at T * (kg m-3) 

* The physical properties  Cp,  'y  and A., which change less than 
1 cio per  °C  were estimated from standard tables. 
** Calculated as 0.61078 exp [(17.269T/(T+273.30)] 
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