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Abstract: Dimensioning green infrastructure (GI) to achieve different stormwater targets 

(e.g., runoff volume reductions) is essential at city scale under conditions of limited resources 

and space. Traditional GI sizing criteria are based on the hydrology of moderate climates. 

However, cold climate conditions represent an additional challenge for GI design. This paper 

presents an assessment of the bioretention cell (BC) area required to achieve a given runoff 

volume reduction (RVR), accounting for seasonal variations in infiltration rates in the 

Swedish cities of Gothenburg, Orebro, and Kiruna. Clear seasonal differences were found in 

Kiruna for the areas required to achieve 80% of RVR under winter and summer conditions. 

However, non-significant seasonal differences were found in Orebro and Gothenburg. For an 

efficient BC adoption, sizing needs to be completed in the context of the precipitation for the 

entire year, including the effect of snowmelt, rain-on-snow, and frozen soils. 
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1. Introduction 

 

In recent years, scientific evidence has demonstrated the potential of urban green 

infrastructure (GI) to mitigate increased stormwater runoff caused by urbanization, limiting 

both runoff flows and volumes. In cold regions, however, there are significant differences 

between the main processes and factors that control runoff generation in temperate and winter 

seasons (Fach et al., 2011). Reduced infiltration rates due to soil freezing, along with snow 

accumulation and melting processes, make inundation and combined sewer overflow a 

recurrent spring event particularly after rain-on-snow events when the entire catchment can 

contribute to urban runoff (Semadeni-Davies, 2003). Thus, GI designed for temperate 

conditions but located in cold climates often fail to operate satisfactorily during the winter 

months (Nordberg & Thorolfsson, 2004). 

 

To maximize the hydrologic benefits of GI at the city scale under conditions of limited 

resources, sizing criteria are commonly formulated to achieve specific stormwater 

management targets and guide design during the urban planning phase (Sage et al., 2015). In 

Sweden, the design method recommended for stormwater control is to dimension according to 

specific annual runoff volumes. The relevance of these design criteria for runoff volume 

reduction (RVR) will be examined by estimating the difference in area requirements for GI 

implementation considering seasonal variations in infiltration rates. 
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2. Methodology 
 

The study uses a long-term modeling approach to examine the land area required to ensure a 

specified seasonal RVR during the winter and summer conditions in three Swedish cities 

(Gothenburg, Orebro, and Kiruna). The locations include one of Sweden’s most densely 

populated areas and represent a variety of climatic conditions (Table 1), ranging from temperate 

to cold climate according to the Köppen-Geiger climate classification (Peel et al., 2007). 

Seasonal differences were found in terms of precipitation, with both cities Kiruna and Orebro 

having the highest monthly precipitation in the summer season (between June and September), 

and Gothenburg, being the city with the maximum monthly values in all the months.  A set of 

local climate indices were defined for the period of 1997-2019, as a basis for discussing 

limitations and potential recommendations for the design of infiltration facilities. 

 

Table 1. Summary of climatic indices for the period 1997-2019 

 
Parameter City 

Kiruna Orebro Gothenburg 

Annual precipitation (mm) 495 795 905 

Annual number of days with precipitation  88 121 122 

Monthly precipitation (mm) 79.1 127 145 

Annual temperature (℃) -0.3 6.5 9.2 

Monthly PET (mm) 73.6 96.2 90.3 

Number of winter days  181 80 39.1 

Minimum winter temperature (℃) -37.7 -20.3 -14.8 

Number of freeze and thaw cycles 118 128 113 

Number of summer days 68.8 132 163 

Köppen-Geiger Classification Dfc Cfb Cfb 

 

 

2.1  Model configuration and input data 

 

Continuous time series retrieved from the national meteorological network controlled by the 

SMHI were used as inputs to the hydrological model. Daily potential evapotranspiration rates 

were estimated using the FAO Penman-Monteith method and seasonal saturated hydraulic 

conductivity (ksat) factors were used to account for the variation in the BCs infiltration capacity 

(Paus et al., 2016). The Storm Water Management Model (SWMM), using the Low Impact 

Development (LID) module for bioretention cells (BCs), was used for long-term simulation of 

runoff quantity using rainfall/runoff and snowmelt processes with a 15-min time-step. The 

design of BCs was configured according to Swedish general recommendations for stormwater 

control measures (Larm & Blecken, 2019).  

 

The model parameters to represents BCs are divided in three horizontal layers (a surface layer, a 

soil layer, and a storage layer) with parameters describing physical features; in this study, BCs 

are assumed to be a sealed with an impermeable liner around the base and sides. The total runoff 

from the sub catchment is routed using the dynamic wave routing method for overland flow 

calculations, and the Green-Ampt infiltration method to model infiltration into the upper soil 



 
 

zone of the BC. To calculate annual RVR indices, the results of a scenario of a 100% impervious 

catchment were compared with/without the implementation of BCs. The period of 1997-2019 

was used to obtain annual seasonal values of RVR, comparing the required area of the facility to 

catchment area ratio (BCA/CA). A statistically significance test was conducted (Dunn’s test) to 

quantify differences on the BCA/CA for each three urban areas, and confidence intervals (CI) 

are shown to provide ranges of RVR estimated that deviate from the mean values (upper and 

lower bounds). A curve fitting method (e.g., polynomial regression fitting) was used to provide 

curves using the surface area of BCs and the seasonal performance.  

 

3. Results and discussions 

 

Large differences in estimated annual hydrological performance were found between the 

locations, with different BCA/CA to achieve the same treatment target. For a higher design 

standard, the upper limit of the confidence interval (corresponding to the 95th percentile) can be 

used for sizing the facility. For example, as shown in Fig.1, the highest annual and seasonal 

variabilities were found in Kiruna, with an average of 54% and 55% of ROR (upper bound CI) 

achieved during the winter and summer season, using a BCA/CA of 2%; however, a conservative 

design (if the 25th percentile is considered) achieve 43% and 50% (during winter and summer) of 

ROR with the same land area required (BCA/CA).  For Orebro and Gothenburg, high annual 

variability was found, with a mean ROR of 63% and 59% achieved, and considerable differences 

in upper/lower bounds.  These annual variations should be explicitly considered when sizing the 

facilities in the different locations depending on management strategies and goals. 

 

 
Figure 1. Required area of BCs for different RVR [%]. The line indicates the long-term mean performance, the dots 

and triangles indicate mean annual ROR (winter and summer), and bands the confidence intervals.  

 

In addition, different sizing criteria should be formulated according to the seasonal performance.  

In Kiruna, significant seasonal differences were obtained for the same BCA/CA required. An 

area of at least 5% is required to achieve 80% RVR in the winter season, against 3.5% of area 

needed, under summer conditions. For Orebro and Gothenburg, no significant differences (paired 



 
 

Dunn test) were found between both seasons, with approximate 2.2 and 3% of BCA/CA to 

achieve an 80% of RVR. 

Different sizing criteria should be formulated according to the annual variability obtained in the 

results, influenced mainly by mean annual precipitation MAP values.  For instance, a year with a 

large rainfall depth can be used as the design year for a more conservative design, while the 

long- term mean result can be used if the long-term performance is of interest. For example, the 

maximum MAP values for the three urban areas were 715 mm, 1115 mm, and 1389 mm (for 

Kiruna, Orebro, and Gothenburg respectively), with approximate corresponding values of area 

required to achieve 80% of RVR target of 5%, 3%, and 4% respectively. The area required for 

each location is also influenced by the number of rainy days and PET values that influence the 

initial conditions such as soil moisture content at the beginning of the rainfall events.   

4. Conclusions  

Traditional BC sizing criteria are based on the hydrology and climatic conditions of moderate 

climates. However, these criteria are not always applicable to cold climate regions, where the 

effects of snowmelt, rain-on-snow, and frozen soils affects the hydrological performance of 

infiltration facilities. The results obtained suggested that to achieve 80% RVR, considerable 

inter-annual variability was found for the same BCA/CA required. As indicated by the look-up 

curves, when the curves overlapped, it is translated into adequate sizing of BCs to obtain a given 

stormwater target. However, for locations with limited space for BC implementation, if a larger 

area contributes to the hydraulic loading of the facility, it can derive into the malfunctioning of 

the facility due to clogging or lack of capacity to achieve RVR targets. The study results indicate 

the need to design BCs with conservative estimates of infiltration rates, coarse engineered soils, 

stormwater pre-treatment, and wherever possible with controlled under-drains facilitating low 

water content in the facility at the onset of freezing weather. 

5. References 
 

Fach, S., Engelhard, C., Wittke, N., & Rauch, W. (2011). Performance of infiltration swales with regard 

to operation in winter times in an Alpine region. Water Science and Technology, 63(11), 2658–

2665. https://doi.org/10.2166/wst.2011.153 

Larm, T., & Blecken, G. (2019). Utformning och dimensionering av anläggningar för rening och 

flödesutjämning av dagvatten. 

Nordberg, T. M., & Thorolfsson, S. T. (2004). Low impact development and bioretention areas in cold 

climates. Proceedings of the 2004 World Water and Environmetal Resources Congress: Critical 

Transitions in Water and Environmetal Resources Management, 2, 3409–3418. 

https://doi.org/10.1061/40737(2004)390 

Paus, K. H., Muthanna, T. M., & Braskerud, B. C. (2016). The hydrological performance of bioretention 

cells in regions with cold climates: Seasonal variation and implications for design. Hydrology 

Research, 47(2), 291–304. https://doi.org/10.2166/nh.2015.084 

Peel, M. C., Finlayson, B. L., & Mcmahon, T. (2007). Updated World Map of the Koppen-Geiger 

Climate Classification Updated world map of the K ¨ oppen-Geiger climate classification. October. 

https://doi.org/10.5194/hess-11-1633-2007 

Sage, J., Berthier, E., & Gromaire, M. C. (2015). Stormwater Management Criteria for On-Site Pollution 

Control: A Comparative Assessment of International Practices. Environmental Management, 56(1), 

66–80. https://doi.org/10.1007/s00267-015-0485-1 

Semadeni-Davies, A. (2003). Urban snowmelt processes – current research and modelling needs. 

March, 1–19. 


