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Summary 

Better estimation of urban floods is required for reliable design and management of urban water 

infrastructure, and flood risk assessment. We conducted calibration and evaluation of a 

spatially distributed Precipitation-Runoff (P-R) model (25m2 grids) and 2min temporal 

resolution for four events (E1-E4) and three seasons: Summer-Autumn (SA1) and snow-

influenced Winter-Spring (WS1 and WS2) for a small (21.255ha) stormwater catchment in 

Trondheim City. We modelled the dominant surface and subsurface (soil moisture and 

groundwater) components of the urban precipitation water cycle and flow routing. 

      The calibration resulted in good performance measures (Nash-Sutcliffe efficiency, NSE = 

0.65-0.94) and acceptable validation NSE for the seasonal and snow-influenced periods. The 

infiltration excess surface runoff dominates the peak flows while the QTsubsurfacesewer, 

which is a part of the total subsurface runoff volume (QTsubsurface) contributing to the flow 

in the sewer pipes, also augments the peak flows. Based on the total volumes of simulated flow 
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in sewer pipes (Qsim) and precipitation (P) during the calibration periods, the Qsim/P are 

21.44% (E1), 51.67% (E2), 31.59% (E3), 23.67% (E4), 17.83% (SA1), 56.50% (WS1) and 

53.15% (WS2), which are in close agreement with the results from observed volumes (Qobs/P). 

The lowest percentage of precipitation volume that is transformed to the total simulated runoff 

in the catchment (QT) is 79.77% (E4) while the water balance showed that the maximum 

percentage of evapotranspiration loss (ET) and increase in the total catchment storage is only 

about 20%. The ET/P is less than 3% for E1-E4, WS1 and WS2 while it is about 18% for the 

warmer season SA1. Therefore, the lower Qsim/P is mainly attributed to the lower 

QTsubsurfacesewer/QTsubsurface, for instance, only 7% (E4), 19% (E1 and SA1), 23% (E3), 

30% (WS1), 40% (E2) and 47% (WS2). However, the QTsubsurfacesewer are markedly higher 

than the total surface runoff volume (QTsurface) for some cases (e.g. E1, E2 and SA1). The 

peakiest flow rates correspond to the WS1. Therefore, urban runoff simulation for sizing of the 

sewer pipes and flood risk management should include the interactions between the subsurface 

runoff and flow in sewer pipes, and snow-influenced seasons (in cold climate). 
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Introduction 

     Increasing trends of world population (e.g., United Nations, 2010) and hence land use 

modification due to urbanization (e.g., DeFries and Eshleman, 2004) indicate that there is a 

need for sustainable design and management of urban water infrastructure. Urbanization affects 

the hydrology of urban catchments and hence urban water management related to urban 

flooding and safety of humans and infrastructure, risks of pollution of ground water and 

receiving surface water bodies from leakage and overflow of sewer systems. However, the 

impacts of urbanization on the different components of urban hydrologic cycle is complex (see 
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Delleur, 2003). Several studies investigated the major impacts of urbanization on runoff such 

as increase in runoff peaks, runoff volume and runoff ratio (e.g., Cheng and Wang, 2002; 

Shuster et al., 2005; Burns et al., 2005; Dietz and Clausen, 2008; Valtanen et al., 2014; Guan 

et al.,2016), change in hydrological regimes (e.g., Braud et al., 2013), increase in flow velocity 

and hence decrease in runoff response time due to increase in impervious surfaces and 

“hydraulically efficient” stormwater drainage pipes (Burns et al., 2005), effects on the long-

term groundwater recharge and water balance (Haase, 2009; Barron et al., 2013), decrease in 

base flow (Lee et al., 2008; Hamel et al., 2013), alteration in water quality of receiving water 

bodies due to runoff from paved surfaces, stormwater plumes and combined sewer overflows 

(e.g., water temperature: Herb et al., 2009; nutrients and toxicants: Owens and Walling, 2002; 

Walsh et al., 2005). Jacobson (2011) suggested that integration of current fields of research are 

needed to enhance our understanding of the changes which urbanization bring to urban 

catchments, and to facilitate the development of planning strategies to minimize the negative 

impacts of future urban growth.  

     Statistical analyses of the systematic records of extreme precipitation and run off events are 

commonly employed for determination of the magnitudes and frequency of design storm and 

design flood for sizing of urban water infrastructure under several sources of uncertainties ( 

e.g. see Hailegeorgis and Alfredsen, 2017). However, statistical models do not allow 

investigation of the hydrological processes prevailing in extreme runoff generation, how the 

quantity of generated runoff in urban catchments is affected by catchment soil moisture and 

groundwater storage states, performances of different source control stormwater management 

strategies in terms of water quality and quantity, assessment of the impacts of land use and 

climate change on the runoff quantity and quality, two-way interactions between sewer 

networks and subsurface flows, etc. Moreover, long runoff records, which are important for 

reliable statistical analyses are not commonly available in urbanizing catchments. Reliable 

estimation of runoff is required for design of stormwater systems, and ‘‘end-to-pipe’’ and 
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source-control (Freni et al., 2010) stormwater management techniques. Fletcher et al. (2013) 

studied the considerable impacts of urban hydrology on receiving waters and noted that the 

variability and complexity of rainfall-runoff response in urban areas needs further research. 

Therefore, better understanding of the dominant urban hydrological processes and runoff 

generation from rainfall and snowmelt events for different land cover, precipitation 

characteristics (e.g., intensity, duration, volume, snowfall, rainfall, etc.) and catchment wetness 

states by using Precipitation-Runoff (P-R) models is crucial for improved decision support in 

design and management of urban water infrastructure. However, calibration and evaluation of 

the urban P-R modelling is challenging and requires thorough studies in different urban setting 

and climate regimes mainly due to: 

i. Urban catchments and urban water cycle are highly complex and heterogeneous due 

to the anthropogenic impacts such as modification in land cover, soil properties, 

flow paths, etc., and hence urban P-R modelling require high-resolution spatial 

information in order to consider the spatial variability of pluviometric and 

physiographic characteristics; 

ii. Increase in runoff response or flashiness of urban catchments resulting from marked 

increase of impervious surfaces and alteration from the natural hydrological 

pathways to “hydraulically efficient” artificial drainage require simulation of 

rainfall-runoff dynamics in urban catchments from high temporal resolution and 

good quality hydro-climatic records; 

iii. Lack of complete knowledge on the effects of various urban hydrological processes 

on the generated runoff volume such as snowmelt, evapotranspiration and two-way 

interactions between the subsurface runoff and flow in the sewer pipes. 

     Several urban hydrological model models have been developed for runoff simulation in 

terms of both quantity and quality in urban catchments (see a review by Elliott and Trowsdale, 

2007). Probably being an open source and its suitability for a wide ranges of applications, the 
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semi-distributed Storm Water Management Model (SWMM) (Huber and Dickinson, 1988; 

Rossman, 2004) is a widely applied model in literature (see Rossman et al., 2005) for event or 

continuous runoff simulation (e.g., Denault et al., 2006; Krebs et al., 2014; Guan et al., 2015, 

Guan et al., 2016). However, some studies reported that there are a number of uncertain 

parameters in the model and some parameters have no physical meaning (e.g., Krebs et al., 

2014; Guan et al., 2015; Guan et al., 2016), the model cannot adequately capture the spatial 

distribution of runoff contributing areas from the spatially heterogeneous urban catchments due 

to its semi-distributed parameterization (e.g., Balascio et al.,1998). Zoppou (2001) reviewed 

urban storm water models and noted that the spatial and temporal variability in rainfall is not 

adequately considered in the urban stormwater models. Elga et al. (2015) reviewed 

hydrological modelling of urbanized catchments and suggested that future urban models should 

consider spatial-temporal variability, process interactions, flexibility and uncertainty reduction. 

The authors reported that only about 36% of the analyzed modelling approaches are spatially 

distributed with spatial resolution ranging from 3m to 10km. However, fully distributed models 

where the model parameters and runoff routing are distributed would entail more complexity 

and overparameterization. Such models may be useful for special research purposes but may 

not be useful for practical application for design and management purposes (e.g., see Grayson 

et al., 1992; Brooks et al., 2007).  

     Spatially distributed models would allow explicit representation of the grid-to-grid 

variability of land cover information opposed to the semi-distributed models, which represent 

the spatial variability of the land cover in terms of percentages of impervious and pervious 

areas of the sub-catchments or the homogeneous units (HU). Because of the spatially 

heterogeneous nature of urbanized watersheds where the land cover are varying at a fine spatial 

scale, distributed models are required to characterize the distribution of hydrologic processes 

(Easton et al., 2007). The spatially distributed models are more responsive to changes in 

catchment characteristics and are useful for scenario studies like the impacts of land cover and 
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climate change on urban runoff generation and on the urban water cycle in general. Cuo et al. 

(2008) applied a physical based distributed Hydrology-Soil-Vegetation Model (DHSVM) for 

urban catchment and reported that the model facilitate prediction and/or reconstruction of a 

range of historic and future changes in land cover due to urbanization or other factors. 

Rodriguez et al. (2000) evaluated a distributed model for urban catchments using a 7-year 

continuous data series and found that the model provides a correct description of the temporal 

variations in the runoff coefficient.  Mejía and Moglen (2010) illustrated the influential effects 

of the spatial distribution of imperviousness on the hydrologic response of an urbanizing basin. 

Jacobson (2011) found that the distribution of imperviousness within urban areas is important 

in understanding the impacts of urbanization and quantification requires detailed 

characterization of urban areas. Petrucci and Bonhomme (2014) based on simulation of runoff 

quantity and quality using the semi-distributed SWMM model and different representation of 

spatial variability by increasing use of geographical information found that the land use 

classification provides the highest benefit to improve model performances.  

     The spatially distributed models are also suitable for using spatially distributed rainfall input 

like radar rainfall data (e.g., Pan et al., 2012, a review paper by Thorndahl et al., 2017) or for 

spatial interpolation of climate forcing from point gauge measurements. The models also allow 

for distributed simulations of urban water storage states such as surface depression storage, soil 

moisture and groundwater, and fluxes such as infiltration, evapotranspiration and runoff, for 

instance, for modelling of runoff and pollutant production from variable source areas (e.g., 

Easton et al., 2007). The spatial variability of both rainfall and catchment soil moisture state 

affect urban runoff generation and hence studying the effects of antecedent soil moisture on 

urban runoff generation is important. In addition, spatially distributed simulations of snow 

accumulation and melt processes is useful for urban P-R modelling in cold regions.  

    Urban P-R modelling based on high temporal resolution is also important due to quick runoff 

response of urban catchments related to modification of land cover (e.g., increase in 
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imperviousness), relatively small catchment size, high velocity of flow in conduits and high 

spatial variability of precipitation excess. A review by Elga et al. (2015) identified that the most 

time steps used for urban runoff simulation are 1h (25%) and 1day (20%), which limit the 

models from accurately characterizing the fast components of urban fluxes. However, Schilling 

(1991) recommended rainfall data requirements for urban hydrology application for proof, 

evaluation, analysis and operation of sewers, at a temporal resolution of less than 5 min and 

spatial resolution of ≤ 1km2 per gauge. For a Mediterranean climate, Berne et al. (2004) 

suggested that, the required resolution for rainfall measurements is about 1min and 1.5km, and 

about 2min and 2km respectively for catchments smaller than 10ha and the order of 20ha. Bruni 

et al. (2015) based on rainfall rates derived from X-band dual polarimetric weather radar noted 

that temporal resolution aggregation of rainfall inputs resulted in time shift in modelled flow 

peaks by several minutes. However, the authors reported that the sensitivity to temporal 

resolution of rainfall inputs was low compared to that of the spatial resolution. Ochoa-

Rodriguez et al. (2015) investigated critical rainfall resolutions for urban catchments to 

properly characterize catchment response using nine storm events measured by X-band dual 

polarimetric weather radar and found that for drainage areas between 1ha and about 100ha, 

rainfall inputs at a spatial resolution of 500m appear to be sufficient while acceptable hydraulic 

performance is still obtained for rainfall estimates at 1km and 1min resolution. Therefore, 

hydro-climatic input data and runoff simulation at high temporal resolution (e.g., less than the 

time of concentration of the catchment and response times of the sub-catchments) is very 

important for better understanding and prediction of the runoff response in urban catchments. 

     In addition to the infiltration in pervious areas and infiltration excess runoff from 

impervious areas, other processes such as surface depression storage, evapotranspiration and 

snow accumulation and melt influence the urban water cycle. However, Ragab et al. (2003) 

found that 6%–9% of rainfall infiltrates through paved road surfaces. Previous studies (e.g., 

Marsalek, et al., 2007; Fassman-Beck et al., 2013) found that there is a variability in the amount 
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of surface depression water storage capacity and the process of depressing filling in natural 

surfaces and impervious surfaces including roofs. Several studies (e.g., Grimmond and Oke, 

1991; Rodriguez et al., 2008) illustrated that there is a need for better estimation of hydrological 

fluxes from the surface to the atmosphere (evapotranspiration) in urban areas. Quantifying 

urban evapotranspiration is imperative to closing the urban water balance, and has implications 

for the design of stormwater retention and infiltration strategies, along with management of 

irrigation and the urban landscape (Fletcher et al., 2013). Ragab et al. (2003) found that 21–

24% of annual rainfall evaporates. Ramier et al. (2011) found that evaporation losses represent 

20% of the total rainfall.  

      Several studies (e.g., Valeo and Ho, 2004; Bengtsson and Semádeni-Davies, 2011; 

Moghadas et al., 2015) have discussed the importance of modelling the snow-accumulation 

and melt processes in urban catchments in cold regions. On their critical review of the evolution 

of the design storm event concept, Watt and Marsalek (2013) suggested that there might be two 

drainage design events for pipe and storage sizing: a storm rainfall event and a snowmelt plus 

rainfall event. However, the authors noted that there are several factors affecting the snow 

modelling in urban catchments related to non-uniformity of snow distribution in urban 

environments due to urban snow management practices (e.g., the effect of snow ploughing and 

piling on snow accumulation and melt, the effect of road salt applications on snowmelt from 

impervious areas), spatial heterogeneities in surface albedo in urban areas, temporal variations 

in solar radiation, effects of buildings on wind and solar exposure and hence on atmospheric 

heat exchange and snowmelt rates. Including these processes in an urban snow model would 

require several input data and lead to a more complex urban snow model. Therefore, evaluation 

of simplified parameterizations for the spatially distributed modelling of the dominant 

hydrological processes (e.g. surface depression storage, evapotranspiration and snow 

accumulation and melt) is important for improved runoff generation in urban catchments.    
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    Fletcher et al. (2013) noted that integrated urban water cycle models that represent feedback 

mechanisms between all aspects of urban water cycle (e.g., water supply, wastewater and 

stormwater systems, and precipitation water cycle) remain an important research challenge. 

Some studies (e.g., Joss et al., 2008; Dirckx et al., 2009; Weiß et al., 2002; Zhu et al., 2016)  

found that it is important to model at least the entire urban precipitation water cycle by 

including the subsurface hydrological processes. Joss et al. (2008) found that there is marked 

feedbacks between the sewer systems and subsurface media or streams related to sewer 

leakage. Dirckx et al. (2009) and Weiß et al. (2002) found that there is considerable (50-70%) 

contribution to the dry-weather combined sewer flow (DWF) from groundwater infiltration. 

Zhu et al. (2016) found that there are feedbacks between the sewer systems and waterways. 

Using a 2D numerical model to study the interactions between urban soil and sewer, Berthier 

et al. (2004) found that the soil contributes an average of 14% of the total per-event runoff 

volume. Based on a physically based distributed 3D hydrologic model coupled with 1D 

drainage network model, Domingo et al. (2010) modelled a two-way exchange between 

overland flow and unsealed manholes and open channels, a two-way interaction between 

groundwater and pipes, and drainage of groundwater to manholes through foundation drains. 

The authors found that the simulated volumes of surface floods and inflows to the pipe network 

are higher than those obtained from the traditional 1D-2D procedure. Berg and Byrne (1998) 

reported that basements were flooded in residential urban areas due to subsurface flow and 

percolation into the pervious surfaces. Karpf and Krebs (2011) developed a methodology to 

quantify groundwater infiltration and surface water inflow in to the sewer pipes. However, the 

authors noted that the method require data which are not commonly available, for instance, the 

groundwater data. Using a distributed hydrological model, Rodriguez et al. (2008) illustrated 

the importance of modelling the exchanges between the sewer system and the soil infiltration 

in to the sewers and noted that the exchange with the saturated zone deserves detailed 

investigation. Coutu et al. (2012) modelled the transfer of subterranean flow from the soil to 
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the sewer drainage network. Rodriguez et al. (2008) and Coutu et al. (2012) modelled based on 

the conceptualization that the total generated subsurface runoff from the catchments draining 

in to the stormwater drainage network contributes to the flow in the sewer pipes. However, 

only fractions of the generated subsurface runoff from a catchment connected to a stormwater 

network would contribute to the flow in the artificial sewer network through cracked pipes 

since the subsurface runoff would mainly contribute to the natural subsurface drainage and 

storages. Based on a review of models for low impact urban stormwater drainage, Elliott and 

Trowsdale (2007) concluded that half of the models include a groundwater component, which 

is relevant for assessing effects of LID on baseflow, but the representation of groundwater is 

simplified and generally untested. However, simplified modelling of urban subsurface runoff 

process would be useful to shed lights on the total magnitudes of subsurface runoff and 

interactions between the subsurface runoff and sewer pipes. 

     Runoff routing is also very important for urban catchments due to the quick rainfall-runoff 

response in urbanized catchments (e.g., see Lhomme et al., 2004; Rodriguez et al., 2003, 

2005a). Miller et al. (2014) noted that runoff routing via a storm drainage network significantly 

affects the hydrological response of a catchment to storm events. Several overland flow and 

sewer flow routing methods of different complexity have been developed for urban catchments 

such as non-linear reservoir method (Xiong et al., 2005), travel time based methods (e.g., urban 

unit hydrographs: Rodriguez et al., 2003; Urban Morpho-climatic Instantaneous Unit 

Hydrograph: Gironás et al., 2009), hydraulic routing based on approximate analytical solutions 

of the diffusive wave model (e.g., Muskingum-Cunge method: Rodriguez et al., 2008; flow 

path response function based: Mejia and Moglen, 2010; Cantone and Schmidt, 2011) and 

coupled 1D sewer hydraulics and 2D overland flow hydrodynamic routing based on numerical 

solution of 1D/2D De Saint Venant equations by explicitly providing a flow path for every grid 

in the catchment for inundation studies (e.g., see Barnard et al., 2007; Paz et al., 2011). Mays 

(2001) describes the diffusive wave model as the most useful among the approximations of the 
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dynamic wave equation, because it offers a balance between accuracy and simplicity for a large 

number of field situations. Borah (2011) suggested that models using approximate equations 

with analytical solutions may provide a balance between complexity and accuracy. Therefore, 

evaluation of the performances a distributed P-R model would be possible based on coupling 

to a simple runoff routing algorithm without including detailed sewer hydraulics. 

     Contingent on availability of long hydro-climatic records, continuous hydrologic simulation 

based on seasonal, long-term or several concomitant extreme precipitation and runoff events 

are necessary for temporal validation (evaluation) of models, better understanding of 

precipitation-runoff processes and improved decision making in design and management of 

urban water infrastructure. Fletcher et al. (2013) noted that continuous simulation is required 

in order to have an appraisal of the impact of urbanization on the components of the urban 

hydrological cycle and hydrological regime (e.g., high, medium and low flows) and to predict 

consequences for water quality. However, literature on temporal validation of urban P-R 

models and tests for parameter transferability in time are not common and hence needs to be 

conducted.   

    The main objectives of the present study are: 

(i) Calibration and evaluation (validation) of the performances of a fine resolution 

spatially-distributed modelling of the hydrological processes dominating the urban 

precipitation water cycle (e.g., surface depression storage, infiltration, infiltration 

excess surface runoff, evapotranspiration, snow accumulation and melt, subsurface 

runoff, etc.) using ground based observations of hydro-climatic variables in a small 

urban stormwater catchment; 

(ii) To estimate the effects of soil moisture and groundwater states pertinent to net 

contributions of subsurface runoff to peak flows in sewer pipes based on calibration 

of the P-R model; and 
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(iii) To investigate the impacts of snowmelt in generating peak flows in sewer pipes 

during winter and spring (WS) seasons. 

 

Study catchment and data 

     The study site is a Risvollan research catchment, which is located about 4 km southeast of 

the center of the city of Trondheim in mid-Norway (Figure 1). The catchment drains a separate 

stormwater catchment of about 21.255ha (0.21255 km2) urban residential area. In the present 

study, we subdivided the catchment in to 54 sub-catchments ranging in size from 0.08ha to 

1.54ha that are linked by a drainage network (Figure 1). The sewer network contains 78 

manholes that are linked to 78 stormwarter pipes (conduits) conveying the flow to the outlet 

(Figure 1). The catchment has one gauging station near the outlet for each precipitation P (mm), 

air temperature Ta (oC), solar radiation SRin (W/m2), wind speed (m/s) and relative humidity 

RHp (%) that are measured at two meters above the ground (Figure 1). The precipitation gauge 

is an unshielded Lambrecth tipping bucket having a heater when air temperature drops below 

freezing. It records 0.1mm of precipitation per tip. The catchment receives precipitation mainly 

in the form of rainfall during May to September and mainly in the form of snowfall during 

November to March. The mean annual precipitation for the catchment is about 985mm. 

     We used a climate data that are available at a temporal resolution of 2min, which agrees 

with the suggestions by Schilling (1991) and Berne et al. (2004) for catchments with an order 

of 20ha. We used climate data from the only available climate station within the 21.255ha 

catchment, which is better than gauge densities of 1km2 per gauge and 2km spatial resolution 

that was suggested appropriate respectively by Schilling (1991) and Berne et al. (2004). Due 

to the availability of only one climate station and the small size of the catchment, we assumed 

uniform (homogeneous) fields of precipitation and other climate variables over the catchment. 

A 1-min resolution discharge records were obtained from the Norwegian water and energy 

directorate (NVE). The 1-min discharge data was converted to 2-minutes resolution to match 

with the climate data. Then a simulation time step of 2-min was used. Due to considerable 
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missing climate or flow records, we selected calibration periods having no missing records of 

climate data and with relatively low missing flow records comprising four events (E1 to E4), 

Summer-Autumn season (SA1) and two Winter-Spring (snow-influenced) seasons (WS1 and 

WS2) from 1993 to 1998 for parameter calibration and validation. The percentages of missing 

flow records for E1, E2, E3, E4, SA1,WS1 and WS2 are respectively 1.1%, 0.79%, 1.94%, 

11.2%, 1.37%, 1.97% and 0.23%. The maximum observed precipitation volume (mm) at the 2 

min aggregation time are 1.5 (E1), 0.5 (E2), 0.3 (E3), 0.4 (E4), 0.6 (SA1), 1.4 (WS1) and 0.3 

(WS2).The ranges of observed air temperature (oC) are 10.9-12.7 (E1), 2.9-8.6 (E2), 7.1-11.0 

(E3), 11.2-18.9 (E4), -7.2-28.9 (SA1), -19.8 - 9.3 (WS1) and -20.7 - 8.8 (WS2) while the 

temperature records below freezing for the SA1 occurred only for a short period. The maximum 

(peak) observed flow in the sewer pipes (ls-1) are 216.6 (E1), 152.7 (E2), 140.1 (E3), 130.3 

(E4), 140.1 (SA1), 432.34 (WS1) and 206.5 (WS2) while the peak observations may be missing 

especially for the calibration periods with higher proportions of missing records.  

     The ground elevation of the catchment ranges from 85 to 134masl. In the present study, 

based on a land use or land cover map (Figure 1), 22.5% of the catchment area (14% roofs or 

buildings and 8.5% paved roads) are considered impervious. The remaining (77.5%): 41% open 

areas including grassland, 35% built-up areas (e.g., lawns, walkways, parking spots, 

playgrounds, etc.) and 1.5% vegetation or trees are considered as pervious surfaces. We used 

a 5mx5m grid to represent the spatial variability of land cover, and hence for spatially 

distributed simulation of state variables, runoff and other fluxes accordingly.  

 

Methods 

     The P-R model used in the present study comprises of potential evapotranspiration (PET) 

model, snow accumulation and melt model (Snow), runoff response model (RR) and a runoff 

routing model based on the Source-to-Sink (STS) algorithm. The model structure for the runoff 

generation is given in Figure 2. 

Potential evapotranspiration (PET) model 
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     Several urban surface energy balance models of different complexity and data requirements 

(e.g., climate forcing data, urban morphology, surface properties, anthropogenic heat sources, 

etc.) are available in literature (see a review by Grimmond et al., 2009). In the present study, 

we used a simple approach based on the Priestley-Taylor method (Priestley and Taylor, 1972) 

for the calculation of potential evapotranspiration, PET (mm). The method uses solar radiation, 

air temperature and relative humidity climate forcings and considers surface properties 

including albedo, emissivity and temperature: 

𝑃𝐸𝑇 = 𝛼 𝛥
𝛥+𝛾

)𝑅𝑛 − 𝑄𝑔/ )
𝛥𝑡
𝜆𝑣
/,                                                                                                      (1)                                  

where the α is the Priestley-Taylor coefficient, λv is the latent heat of vaporization of water (λv 

= 2501000-2361Ta in kJ/m3) and Δt is simulation time step (s).	The net radiation Rn (W/m2) is 

the sum of net shortwave radiation (SRn) = SRin – SRout and the net longwave radiation (LRn) = 

LRin – LRout. We estimated the reflected shortwave radiation SRout based on albedos of the snow 

or land surface (albs/l). We computed the LRin and LRout respectively based on Sicart et al. 

(2006) and Stefan-Boltzmann equation by considering the atmospheric, snow surface and land 

surface emissivity. The Δ (Pa/oK) is the slope of saturation vapor pressure of air (esa) curve. 

We computed the esa (Pa) and the Psychrometric constant γ (Pa/oK) respectively based on 

Koutsoyiannis (2012) and FAO-56 method (Allen, 1998). The Priestley-Taylor constant α and 

albedo for the land surface albl are set by calibration. The snow albedo is set as a state variable, 

which varies with snow age and decays slowly during cold conditions (Ta < 0) and decays fast 

during melt (Ta > 0) respectively modified from Baker et al. (1990) and Verseghy (1991), for 

instance, as implemented in the Gamma distributed snow depletion curve model (see Hegdahl 

et al., 2016): 

𝑎𝑙𝑏7(t + 1) = <
𝑎𝑙𝑏7(t) −

=.?(@ABCDEF@ABCGH)IJK
LMN

, 𝑇@ ≤ 0

(𝑎𝑙𝑏7(t) − 𝑎𝑙𝑏QRS)2
UVWK
KXY + 𝑎𝑙𝑏QRS, 𝑇@ > 0

,                                                               (2) 

where albmax is maximum snow albedo (= 0.93 was used), albmin is minimum snow albedo (= 

0.10 was used following Mathuesen, 2004), Δtd is the simulation time step in days, and dcs and 
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dcf  respectively are albedo decay rates respectively in cold conditions and during melt in days 

(d). The snow albedo was set to increase during snowfall (Sn > 0) by 𝑎𝑙𝑏𝑟𝑎𝑛𝑔𝑒
𝑎𝑙𝑏𝑟𝑒𝑠𝑑

 , where albrange = 

albmax-albmin and albresd is a snowfall depth after which the snow albedo is reset to a fresh 

snow albedo and was determined by calibration. We partitioned the precipitation P (mm) in to 

snowfall Sn (mm) and rainfall R (mm) based on the air temperature Ta, threshold temperature 

for 100% precipitation falling as rainfall Tr and threshold temperature for 100% precipitation 

falling as snowfall Ts following Tarboton et al. (1994). The Tr and Ts are determined by 

calibration. The Qg (Wm-2) is the ground heat flux at the surface and the upper layer of soil 

estimated as: 

𝑄_ = −𝐾Ja(𝑇7bRA − 𝑇7cd)𝐷7bRA,                                                                                                     (3) 

where Kth is the thermal conductivity (Wm-1oC-1), Tsoil is soil temperature (oC), Dsoil (m) is 

effective soil depth for the heat transfer and Tsur is the surface temperature (oC). The Kth and 

Dsoil, are determined by calibration. The surface temperature (Tsur) is defined as a snow surface 

temperature TSn when the snow covered area (SCA) > 0 and by a land surface temperature Tl 

when the SCA = 0. Using empirical linear regression relationships, the snow surface 

temperature was estimated from the dew temperature following Raleigh et al. (2013), and the 

land surface and soil temperatures were estimated from an air temperature following Gallo et 

al. (2009). To reduce the numbers of calibrated parameters, the values of slope parameters are 

set to one while the intercept parameters are determined by calibration. There are 12 calibrated 

parameters in the PET model (Table 1). 

Snow accumulation and melt model 

     There are three main snowmelt models in literature namely temperature index or degree-

day model, energy balance models having one or more snowpack layer, and combination of 

the two as hybrid models (see a review by Moghadas et al., 2015). Some P-R models (e.g., 

HSPF model: Bicknell et al., 2001; HBV light model: Seibert, 2002) used the simplest snow 

model known as the temperature index model. Based on study on the sensitivity of modelled 
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discharge of different snowmelt parameterizations (temperature index to energy balance 

methods) for the Himalayan region, Hegdahl et al. (2016) found that model performance is 

more sensitive to the precipitation input than to the choice of snowmelt routine. In the present 

study, we used the degree-day based model that includes parameterization of sub-grid 

heterogeneity of snow cover by a statistical distribution (Tøfte and Kolberg, 2016). The method 

is similar to the snow routine of the Hydrologiska Byråns Vattenballansavdelning or HBV 

model (Bergström, 1976) but does not involve elevation zones within each grid cell rather the 

snow cover percentages of the spatial grid cell is defined by a statistical distribution described 

by five quantiles (00, 25, 50, 75 and 100), which makes the snow cover in a grid cell to vary 

between 0 and 100%. Each quartile has three state variables namely snow water equivalent 

(SWE), liquid water content of the snow pack and the SCA. The model requires inputs of 

precipitation and temperature time series, simulates refreezing and melting, and provides 

distributed water release from snowpack (snowmelt + rainfall) as an output. There are 10 

calibrated parameters in the snow model including five snow redistribution weights for each 

quartile (Table 1).   

Runoff response model (RR) 

Surface depression storage, evapotranspiration, infiltration and infiltration excess surface 
runoff 

     In the present study, we conceptualized the catchment as three storage reservoirs (surface 

depression, soil moisture and groundwater), each characterized by a state variable representing 

their respective water storage. We considered the roofs (buildings) and paved roads as 

impervious surfaces assuming a negligible infiltration following Petrucci and Bonhomme, 

(2014) even if Ragab et al. (2003) reported that 6%–9% of rainfall infiltrates through paved 

road surfaces and Rodriguez et al. (2008) reported that 11.6% of precipitation infiltrates 

through streets. Therefore, for the impervious surfaces, only the surface runoff generation 

processes (i.e. surface depression storage, actual evaporation from the surface depression 

storage, snow processes and infiltration excess surface runoff) are modelled. For the 
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impervious surfaces, the subsurface runoff processes are neglected and hence there is only one 

state variable namely the surface depression storage.  

     We updated the surface depression storage (h) after consecutively updating fluxes of snow 

outflow (Sof), actual evaporation from the surface depression storage (AE), infiltration to the 

unsaturated soil (I) (for pervious areas) and infiltration excess surface runoff (IexcSF): 

ℎJ = ℎJFg + 𝑆bi − 𝐴𝐸− 𝐼 − 𝐼lm7no,                                                                                                   (4)                                                                                                   

The actual evaporation from the surface depression storage was computed from the potential 

evapotranspiration and surface depression storage (e.g., Rutter et al., 1971; Rodriguez et al., 

2008) by parameterizing with a maximum surface depression storage parameter after which 

the actual evaporation occurs at a potential rate (hmaxPET). Several algorithms are available to 

estimate infiltration rates, for instance, the Green-Ampt method (e.g., Green and Ampt, 1911; 

Camici et al., 2011), Horton’s infiltration flux (e.g., Horton, 1940; Coutu et al., 2012), Philip's 

infiltration equation (e.g., Philip, 1957; Stewart et al., 2013) and based on parameterizing by 

the maximum infiltration capacity. In the present study, we limited the infiltration flux from 

pervious areas either by the soil maximum infiltration capacity ic (mm/h) parameter or by the 

surface depression storage h. The ic was calibrated separately for open areas and vegetation or 

trees (icp), and built-up areas (icb). Several algorithms are available for computation of the 

infiltration excess surface flow (IexsSF), for instance, based on the Manning’s equation (Singh 

and Aravamuthan 1996; Du et al., 2009), linear reservoir flow from surface depression storage 

(e.g., Coutu et al., 2012) and threshold capacity for surface depression storage (e.g., Rodriguez 

et al., 2008). In the present study, we computed the IexsSF based on a threshold maximum 

depression storage capacity parameter hmax after which the infiltration excess surface flow 

occurs following Rodriguez et al. (2008). The hmax was calibrated separately for open areas and 

trees or vegetation (hmaxPer), built-up areas (hmaxBu) and impervious areas (hmaxImp). We 

neglected interception and evaporation from interception due to only small proportion (1.5%) 



18 
 

of the vegetation or trees in the catchment and lower magnitudes of fluxes associated to these 

processes in urban catchments (e.g., see Rodriguez et al., 2008). 

Subsurface runoff and saturation excess surface runoff  

     In the present study, we modelled the interflow (runoff from the soil moisture), percolation 

from soil moisture to groundwater (Perc) and groundwater flow (GF). We updated the soil 

moisture storage (SS) and ground water storage (GS) state variables by consecutively updating 

the fluxes based on the following water balance equations: 

𝑆𝑆J = 𝑆𝑆JFg + 𝐼 − 𝑃𝑒𝑟𝑐 − 𝐴𝐸𝑇 − 𝐼𝐹                                                                                       (5)                                                                                   

𝐺𝑆J = 𝐺𝑆JFg + 𝑃𝑒𝑟𝑐 − 𝐺𝐹,                                                                                                       (6)                                                                                                                                                                              

We computed the actual evapotranspiration from the soil zone AET (mm) as: 

𝐴𝐸𝑇 = (𝑃𝐸𝑇 − 𝐴𝐸)𝑆d;	𝑆d =
uFuv
SFuv

,                                                                                             (7) 

where the Sr is the degree of soil saturation, θ (-) is the initial volumetric soil water content, θr 

is residual soil moisture content and n is soil porosity. The θr and n are parameters determined 

by calibration. To compute the percolation, we used the van Genuchten soil moisture 

characteristics functions (van Genuchten, 1980), which is based on the Sr, saturated hydraulic 

conductivity Ksat and the soil pore-size index m. We computed the interflow from soil moisture 

(IF) and groundwater flow (GF) based on conceptualizing the soil moisture storage and 

groundwater storage as linear reservoirs (e.g., Coutu et al., 2012): 

𝐼𝐹 = 𝑘7bRA𝑆𝑆𝛥𝑡, 𝐺𝐹 = 𝑘_x𝐺𝑆𝛥𝑡                                                                                                           (8)                                                                                     

We parametrized net fractions of the interflow and groundwater flow entering the sewer pipes 

through cracks as effective (calibrated) parameters respectively denoted as pin and pdr. We used 

the term net fraction since two-way interaction i.e. both infiltration to the pipes and exfiltration 

from the pipes may occur. However, we assumed that infiltration to the pipes is higher than 

exfiltration from the pipes. We computed the total runoff from the grid cell entering the 

stormwater sewer (TF) in mm as: 

𝑇o = 𝐼lm7no + 𝑆lm7no + 𝐼𝐹𝑠𝑒𝑤𝑒𝑟 + 𝐺𝐹𝑠𝑒𝑤𝑒𝑟; 	𝐼𝐹𝑠𝑒𝑤𝑒𝑟 = 𝑝RS𝐼𝐹;	𝐺𝐹𝑠𝑒𝑤𝑒𝑟 = 𝑝Ld𝐺𝐹,             (9)                                                                                     
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where the ksoil (s-1), kgw (s-1) are parameters determined by calibration. Saturation excess surface 

flow (SexsSF) from pervious grids occur when the SS > SSmax or the total subsurface storage TS 

= SS + GS > TSmax = SSmax + GSmax. The GSmax and TSmax respectively are the maximum ground 

water storage and total subsurface storage capacities, which are set as effective parameters and 

determined by calibration. There are 16 calibrated parameters in the RR model (Table 1). 

Runoff routing model  

     In the present study, we used the flow path response function based on an analytical solution 

to the diffusion wave equation (Hayami, 1951; Nauman, 1981) to route the generated runoff 

from the grid cells (sources) to the outlet (sink) following the source-to-sink (STS) routing 

algorithm (e.g., Olivera and Maidment, 1999). The total flow travel length for the grid cells is 

the sum of flow length over the surface before entering the manholes (i.e., flow travel length 

outside the pipes) and the flow length inside the pipes to the outlet. The flow travel length 

outside the pipes (FLop) was computed based on sub-catchment area (ASC) and a shape factor 

(SF) parameter following Guo and Urbanos (2009): 

𝐹𝐿b| = )𝐴}~
no
/
=.?

,                                                                                                                         (10)                                                                                        

where the SF was set as an effective (calibrated) parameter used for all sub-catchments. The 

FLop for the sub-catchments were used for all grid cells in the sub-catchments i.e. the same 

entry time to the conduits is assumed for all grid cells within the sub-catchment. The total flow 

travel time for each grid cell to the outlet was obtained by summing the travel time for the 

surface flow (or the entry time) and flow travel time inside the sewer pipes. If spatially and 

temporally invariant celerity and dispersion coefficient are assumed, the instantaneous runoff 

generated at the source are related to the outlet response by a unit flow path response function 

or Ui (t) [1/T] (see Olivera and Maidment, 1999; Hailegeorgis et al., 2015):  
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where the Lop and Lp respectively are flow travel lengths over the surface and inside the pipes, 

the Vop and Vp respectively are velocities of surface flow and pipe flow, and the Dop and Dp 

respectively are dispersion coefficients for surface and pipe flows. The flow path response 

function for a grid cell ‘i’ represents the probability distribution of flow travel time (t) from the 

source (grid cell) to the sink (outlet) with a mean value of Ti. The flow path Peclet number (Πi) 

is a representative measure of the relative importance of advection with respect to dispersion 

where the flow dispersion coefficients represent the effects of storage and spreading. Even 

though a distributed response function can be computed for each grid cell i, in the present study 

all the grid cells in a sub-catchment j have the same flow path response function due to 

assigning the same entry time for all grid cells in a subcatchment j. The velocities of flow and 

dispersion coefficients are effective parameters determined by calibration. For a spatially 

distributed linear system subdivided into uniform non-overlapping sub-areas (e.g., Olivera and 

Maidment, 1999), the runoff routing can be performed by the following convolution: 

𝑄7RQ(𝑡) =
g===
IJ
		∑ 𝑇o�bA⨂𝑁

𝑖=1 𝑈R(𝑡),                                                                                           (12) 

where Qsim(t)[l/s] is a STS routed simulated discharge, N is the total number of grid cells in the 

catchment, TFvol[m3] is the total generated runoff volume during the time step for the grid cell 

and ⨂ is the convolution operator. There are 5 calibrated parameters in the STS flow routing 

model (Table 1). 

Parameter identification 

     We used a random Monte Carlo (MC) sampling procedure for parameter calibration to 

identify parameter sets that provide the best performance measure. The performance measure 

used in the present study is the Nash-Sutcliffe efficiency or NSE (Nash and Sutcliffe, 1970) 

using the flow in the outlet of the sewer network (Q) as a target variable. Descriptions of the 

calibrated parameters and their minimum and maximum values for the MC sampling are given 

in Table 1. 
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Results 

Calibration and validation 

     Performance of the model in terms of the NSE during calibration and validation periods are 

given in Table 2. The calibration provided good NSE values ranging from 0.81 to 0.94 for 

events (E1-E4), 0.76 for Summer-Autumn season (SA1) and respectively 0.65 and 0.81 for 

Winter-Spring seasons WS1 and WS2. Performance of the model are varying among the 

validation periods. The NSE values for the validation periods ranges from 0.32 to 0.67, -0.46 

to 0.85, -0.31 to 0.67, 0.19 to 0.64 and 0.23 to 0.81 respectively for E1, E2, E3, E4 and SA1. 

The validation performance is good for some events and the seasonal calibration during the 

Summer-Autumn season. The NSE values for validation of the snow-influenced seasons WS1 

and WS2 are respectively 0.65 and 0.57, which are good peerformance. The results indicate 

that simulation of snowmelt dominated runoff and/or using longer records are more validated 

than runoff occurring from shorter rainfall events. The event E3 (09.06.1995-11.06.1995) and 

the seasonal SA1 (01.06.1995-01.10.1995) found to be better recipients of the transferred 

parameters than the other periods which probably show that the 1995 data may exhibit a better 

quality. 

     Plots of hydrographs of observed flow (Qobs) and routed simulated flow (Qsim), and some 

unrouted generated runoff fluxes for the event-based calibrations are given in Figures 3a-d 

respectively for E1, E2, E3 and E4. Plots of the simulated and observed flow hydrographs along 

with other variables related to the snow model (for WS1 and WS2) for the seasonal calibrations 

SA1, WS1 and WS2 respectively are given in Figures 4a-c. Plots of the dominant generated 

runoff fluxes (unrouted) for SA1, WS1 and WS2 are given respectively in Figures 5a-c. The 

observed and simulated hydrographs exhibit good agreement. The hydrographs indicate that 

the urban catchment responds quickly to rainfall or snowmelt events and the infiltration excess 

surface runoff (IexsSF) is the main runoff generating mechanism contributing to the peak flows. 

The results also indicate that a subsurface flow from the soil moisture zone or the interflow 
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(IF) is contributing to the sewer flow IFsewer and augment the peak flows and sustain base 

flows while the contribution to the peak flows is more relevant to design flood and flood risk 

management in urban catchments. For instance, the calibrated values of the pin implies that 

19%, 40%, 23%, 7%, 19%, 30% and 47% of the IF contributes to the flow in the sewer pipes 

(IFsewer) respectively for E1, E2, E3, E4, SA1, WS1 and WS2 while the remaining interflow 

would contribute to the natural subsurface drainage or storage system. Calibration results for 

the snow seasons (WS1 and WS2) (Figures 4b-c) show that when the observed air temperature 

is well above freezing (0 oC), there are generally higher values of the snowoutflow (Sof), the 

SWE recedes and the SCA decreases. The temperature index based snow model underestimates 

the peak flows for WS2 i.e. the simulated peak flow rate Qsimpeak = 149.9ls-1 and the observed 

peak flow rate Qobspeak = 206.5 ls-1 while it overestimates the peakiest flow during the present 

study very slightly, which corresponds to the WS1 i.e. Qsimpeak = 462.8 ls-1 and Qobspeak = 

432.3 ls-1. Therefore, the results indicate that the performance of the snow model is generally 

good.  

Fluxes and water balance 

     The total observed precipitation and flow, and total simulated volumes of the different 

fluxes and change in total catchment storage all expressed in mm over the catchment, and ratios 

of the different fluxes and the precipitation falling over the catchment (%) during the 

calibration periods are given in Table 3. The total observed precipitation (P) ranges from 

16.7mm (E4) to 566.8mm (WS1). The maximum precipitation intensities (mmh-1) during the 

calibration periods are 45, 15, 9, 12, 18, 42 and 9 respectively for E1, E2, E3, E4, SA1, WS1 

and WS2 while the average precipitation intensities (mmh-1) over the calibration periods are 

1.56, 0.70, 1.27, 2.09, 0.08, 0.24 and 0.28 respectively for E1, E2, E3, E4, SA1, WS1 and WS2. 

The simulated runoff at the outlet of sewer pipes (Qsim) ranges from 3.95mm (E4) to 

320.24mm (WS1). In the present study, we used the linear interpolation for filling of the 

missing records for the calibration periods with small proportion of missing flow records (i.e. 
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E1, E2, E3 and WS2) in order to estimate the total volume of observed runoff (Qobs) at the 

outlet of the sewer network. For these calibration periods, the Qsim/Qobs ranges from 78.83% 

(WS2) to 91.92% (E1) indicating that the model underestimates the runoff volume by up to 

20%. Probably the underestimation is mainly attributed to the peak flows, for instance, 

Qobspeak/Qsimpeak for the calibration periods E1, E2, E3 and WS2 respectively are 1.15, 

1.03, 1.17 and 1.38 indicating that the peak flow rate is underestimated by up to 38%. The 

Qobspeak/Qsimpeak for the calibration periods E4, SA1 and WS1 for which no filling of 

missing observations were performed and hence the peak flow observations are probably 

missing are respectively 0.82, 1.04 and 0.93.  

     The simulated total runoff (QT) ranges from 13.32mm (E4) to 565.06mm (WS1). The 

differences between the P and QT represent the loss by the total evapotranspiration (ET) and/or 

contribution to an increase in total storage volume or ΔTotS (E1, E3, E4 and WS2). However, 

for E2, SA1 and WS1, there is a decrease in ΔTotS, which contributed to the QT and the ET 

demand. The total simulated surface runoff (QTsurface) enters the sewer pipes through the 

manholes and the calibration provided values ranging from 1.29mm (E1) to 208.55mm (WS1). 

The total simulated subsurface runoff (QTsubsurface) volume ranges from 10.08mm (E4) to 

356.5mm (WS1) while the volume of subsurface runoff contribution to the sewer flow 

(QTsubsurfacesewer) ranges only from 0.71mm (E4) to 107.08mm (WS1). The calibration 

provided no saturation excess surface flow (SatexsSF) and negligible groundwater flow (GF), 

and hence there is no contribution of the SatexsSF and there is negligible contribution of the 

GFsewer to the flow in the sewer pipes during all calibration periods. 

     The percentages of precipitation volume that is transformed to total runoff volume and other 

fluxes are varying among the calibration periods. The higher percentage of precipitation 

occurring as QTsurface corresponds to the WS1 (36.79%) while the lower corresponds to the 

SA1 (3.16%). Considerable percentages of precipitation (P) infiltrates and contributes to the 

QTsubsurface, for instance, the lower is 60.38% for E4 and the higher is 78.83% for SA1. The 
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infiltrated runoff volume contributes mainly to the interflow from the soil moisture 

(unsaturated zone) and negligible amount is percolating to the ground water zone resulting in 

negligible GF and GFsewer. 

     The percentage of precipitation that is transformed to the QT is high, for instance, ranges 

from 79.77% for E4 and nearly 100% for WS1. The lower value for E4 is related to high 

contribution of the precipitation volume to the increase in the ΔTotS and the higher value for 

the WS1 is because of the low evapotranspiration demand during the snow season and runoff 

contribution from the decrease in the ΔTotS that is dominated by the snow water equivalent. 

The percentage of precipitation lost to the total evapotranspiration is less than 3% for the events 

(E1 to E4) and for snow seasons (WS1 and WS2) while it amounts to about 18% during the 

summer and Autumn seasons (SA1). The percentage of precipitation volume contributing to 

the flow in the sewer pipes (Qsim/P) are 21.44% for E1, 51.67% for E2, 31.59% for E3, 23.67% 

for E4, 17.83% for SA1, 56.50% for WS1 and 53.15% for WS2. The ratios of observed flow 

and precipitation volumes (Qobs/P) for the calibration periods for which the smaller 

proportions of missing flow records are filled are 23.32% for E1, 58.94% for E2, 38.17% for 

E3 and 67.43% for WS2. These Qobs/P results are slightly higher than their corresponding 

Qsim/P. The higher Qsim/P values are mainly related to the snow seasons due to low 

evapotranspiration demand and relatively higher contributions to the sewer pipes from both 

surface and subsurface runoff while the lower value of Qsim/P is related to the warmer 

Summer-Autumn season having high evapotranspiration loss and low surface runoff 

contribution. The results indicate that considering the snow, evapotranspiration and surface 

depression storage processes would be important in sizing of sewer pipes. The Qsim/P values 

for E1 and SA1 are found to be less than the precipitation volume falling on the impervious 

surfaces since the percentage of impervious surfaces in the catchment is 22.5% and infiltration 

was not allowed on the impervious surfaces. This is due to a large actual evaporation loss (AE) 

from surface depression storage for the SA1 and the precipitation volume contributes to an 
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increase in surface depression storage volume for the E1 indicating that the impact of 

depression storage on the runoff volume is high in event-based runoff simulation and the 

impact of evaporation loss on the runoff volume is high for long-term simulation during 

warmer seasons. 

     The percentage of total simulated runoff (QT) contributing to the Qsim ranges from 21.75% 

(SA1) to 58.49% (WS2) while the higher percentage is related to higher contribution of the 

QTsubsurfacesewer to the Qsim. For most of the calibration periods, for instance, for E1, E2, 

E3, SA1 and WS2, the percentage contributions of subsurface runoff to the flow in the sewer 

pipes are found to be higher than the contributions from the surface runoff.  

Runoff routing 

     Plots of mean flow travel times to the outlet for the subcatchments or Ti, which was obtained 

from the calibrated parameters of velocity of flow outside sewer pipes (Vop) and velocity of 

flow inside sewer pipes (Vp), are given in Figure 6a. The calibration resulted in different values 

of the mean flow travel time for the sub-catchments with E3 having the largest travel time 

(slow runoff response) ranging from 3.3min to 29.28min and E4 having the smallest flow travel 

time (quick runoff response) ranging from 1.74min to 7.03min. The quick runoff response for 

E4 may be related to the higher average rainfall intensity for E4 but no general trend is observed 

between either of the maximum or average precipitation intensities, and the flow travel time. 

Catchments with larger flow travel lengths to the outlet over the surface and inside the pipes 

exhibit higher mean flow travel time due to parameterizing the flow velocities as effective 

parameters and hence the same values are applied to all sub-catchments and sewer pipes. The 

calibration periods also exhibit different runoff delay since the STS response function is 

dependent on the Ti and the flow path Peclet number (Πi), which are found to be different 

among the calibration periods. Plots of typical STS response functions for the WS1 calibration 

for some subcatchments are given in Figure 6b.   
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Discussion 

Calibration and validation 

     The NSE performance measure for the event and seasonal calibration periods of 0.65 to 0.94 

that are obtained in the present study (Table 2) are better than or within the ranges of the 

performance measures obtained from calibration of P-R models in urban catchments using  

flow as a target variable in previous studies (e.g., Berthier et al., 2004: NSE = 0.77; Valeo and 

Ho, 2004: NSE = 0.12 to 0.74; Rodriguez et al., 2005b: NSE = 0.54; Easton et al., 2007: NSE 

for the Full Urban Model = 0.71-0.85; Rodriguez et al., 2008: NSE = 0.51 and 0.54; Gironảs 

et al., 2009: modified coefficient of efficiency or MCE = 0.52-0.82; Mejía and Moglen, 2010: 

NSE = 0.42-0.96 and Coutu et al., 2012: NSE = 0.73). Thorough validation of urban 

hydrological models based on transfer of calibrated parameters are not common in previous 

studies. However, some studies which conducted validation tests reported acceptable validation 

performance, for instance, Coutu et al. (2012) obtained that the NSE value for three months 

validation period is in the same range of the NSE values for five months calibration period 

(NSE = 0.73), Gironảs et al. (2009) obtained that the MCE values for validation based on 

twelve events are in the range of MCE values for calibration based on five events (MCE = 0.52 

to 0.82), and Mejía and Moglen (2010) obtained NSE values of 0.57-0.74 for validation events. 

In the present study, the validation performance vary among the parameter transfer between 

the different periods while generally the NSE for the validation periods are good for the snow-

influenced (WS) seasons and for long-term (seasonal) calibration than the event-based periods 

(Table 2). Therefore, the present study indicated that parameter calibration and validation of 

the P-R models based on long records spanning the entire range of rainfall and runoff in the 

catchment (peak flow, medium flow, low flow, rainfall dominated runoff, snowmelt dominated 

runoff, etc.) or continuous simulation are necessary for reliable model evaluation and decision 

making. Therefore, extensive hydro-climatic measurements are important for urban 

catchments. 

Fluxes and water balance 
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     The observed flow and precipitation records and the corresponding simulations indicated 

that lower, for instance, as low as 23.32% (for E1) and 17.83% (for SA1) of precipitation 

volumes are transformed respectively to observed and simulated flow volumes at the outlet of 

sewer drainage network (Table 3). The simulation indicated that the differences are because of 

only a lower proportion of the total subsurface runoff (QTsubsurface) contributes to the flow 

in the sewer pipes QTsubsurfacesewer, the precipitation contributes to a marked increase in the 

water storage volume in the catchment (e.g. for E1) and satisfies the marked evaporation 

demand during the warm season (SA1). The lowest percentage of precipitation volume that is 

transformed to the total simulated runoff volume (QT) in the catchment of 79.77% 

corresponding to the E4 (Table 3) indicate that the maximum percentage loss to evaporation 

and increase in catchment storage is only about 20%. Therefore, the lower volume of Qsim 

compared to P is mainly attributed to the lower proportion of the total subsurface runoff volume 

(QTsubsurface) contributing to the QTsubsurfacesewer through cracked pipes: 7% for E4, 19% 

for both E1 and SA1, 23% for E3, 30% for WS1, 40% for E2 and 47% for WS2. The results of 

the present study agrees with Berthier et al. (2004) who found that the soil contributes an 

average of 14% of the total per-event runoff volume, Rodriguez et al. (2008) who found that 

29.1% of the precipitation volume contributes to stormwater and wastewater sewer systems 

and Dirckx et al. (2009) and Weiß et al. (2002) who found that there is 50-70% contribution to 

the dry-weather combined sewer flow from groundwater infiltration. The results of the present 

study illustrated that subsurface runoff contribution to flow in sewer drainage network should 

not be conceptualized in a way that the whole generated subsurface runoff in the stormwater 

catchment drains to the sewer pipes since only part of the subsurface runoff contribute to the 

flow in the artificial stormwater sewer network through cracks or joints while the higher 

proportion of subsurface runoff would drain to the natural drainage or storage system. 

Parameter calibration of the urban P-R models based on conceptualizing that the total generated 

subsurface runoff from catchments draining to the stormwater sewer network would contribute 
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to flow in the sewer pipes (e.g. Rodriguez et al., 2008, Coutu, et al., 2012) may result in 

overestimation of evapotranspiration loss, and simulated flow volumes and flow rates. Despite 

only partial contribution of the generated subsurface flow to the sewer pipes was allowed in 

the present study, there are higher contributions of subsurface runoff to the sewer pipes 

compared to the surface runoff for most of the calibration periods (Table 3). This indicate that 

it is important to model the entire urban precipitation water cycle by including the subsurface 

hydrological processes as suggested in previous studies (e.g., Joss et al., 2008; Dirckx et al., 

2009; Weiß et al., 2002; Zhu et al., 2016) to determine the contributions from subsurface runoff 

to peak flows in sewer pipes for sizing the capacity of sewer pipes and urban flood risk 

management rather than based on only contribution from the surface runoff.  

     In the present study, the P-R underestimated the Qsim by up to 20% and the peak flow rate 

by about 38% (WS2). The highest underestimations are related to winter spring seasons that 

are dominated by the snow processes, which is probably due to low performance of the snow 

model based only on air temperature. However, the snow model slightly (i.e. by 7%) 

overestimated the peakiest flow rate of the present study, which is associated to the WS1 

calibration period (Qsimpeak = 462.8 ls-1 and Qobspeak = 432.3ls-1). Several studies (Valeo 

and Ho, 2004; Bengtsson and Semádeni-Davies, 2011; Moghadas et al., 2015) noted that there 

are several factors affecting the snow processes in urban catchments related to the effects of 

snow ploughing and piling on snow accumulation and melt, the effects of road salt applications 

on snowmelt from impervious areas, spatial heterogeneities in surface albedo, temporal 

variations in solar radiation, effects of buildings on wind and solar exposure and hence on 

atmospheric heat exchange and snowmelt rates. The observed peak flow rates (ls-1) for the 

calibration periods with filled missing flow observations E1, E2, E3 and WS2 are respectively 

216.6, 152.7, 140.1 and 206.5. The observed peak flow rates (ls-1) for the calibration periods 

E4, SA1 and WS1 for which no filling of missing observations was performed and hence the 

peak flow observations are probably missing are respectively 130.3, 140.1, 432.3. The peakiest 
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flow rate for the WS1 indicate that snowmelt or rainfall on snowmelt induced urban runoff 

during the winter-spring (WS) seasons may result in the peakiest flow rates in the catchment 

that could be important for reliable determination of the capacity of sewer pipes. Therefore, 

determination of design floods by including simulation of urban floods during snow-influenced 

seasons would be required for cold climate regions as suggested by Watt and Marsalek (2013). 

Hence, improved simulation of snowmelt-influenced runoff through comparative evaluation of 

the performances of the simple to more complex (e.g. energy balance) urban snow models 

would be necessary. The slight underestimation of peak flows in the present study may also be 

related to spatial variability of precipitation within the catchment that could not be captured by 

the single climate station located near the outlet of the catchment. The spatially distributed 

modelling of the present study was utilized mainly for representation of the the spatial 

distribution of imperviousness (e.g. see Mejía and Moglen, 2010) or for classification of  the 

land use (land cover) in the catchment in to roofs (buildings), paved roads, built-up areas and 

open areas, and then to model the hydrological processes accordingly. However, precipitation 

records from the single station should be reasonably sufficient for the small size (21.255ha) 

catchment based on recommendations from previous studies (e.g., Schilling, 1991; Berne et 

al., 2004; Bruni et al. 2015; Ochoa-Rodriguez et al., 2015). Nevertheless, parameter calibration 

and investigation of the urban hydrological processes using dense precipitation gauges would 

be important for better representation of the spatial variability of precipitation.  

     In the present study, there is no saturation excess surface runoff, which agrees with previous 

studies that neglect this runoff generating mechanism in urban catchments (e.g. Rodriguez et 

al., 2008, Coutu et al., 2012). The catchment soil moisture state never reached the full saturation 

level (i.e. SS < SSmax) during the calibration periods. Therefore, the infiltration process from 

the previous surfaces was found to be governed by the infiltration capacity of the surfaces and 

not by the soil moisture state from below. However, the infiltration modelling used in the 

present study is based on parametrizing by the infiltration capacity parameters for pervious 
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surfaces and hence dominant influence of the infiltration capacity of the surface is expected. 

The infiltrated water volume resulting in the QTsubsurface (QTsubsurface/P = 60.38% - 

78.83%) agrees with Rodriguez et al. (2008) who found that the I/P of 60.1% for natural 

surfaces and 71.7% for the total catchment by allowing infiltration on roofs and street surfaces. 

In the present study, the interaction between the groundwater flow and the sewer pipes was 

found to be negligible due to the negligible percolation, even if the percolation was computed 

before computation of the interflow from soil moisture storage. The P-R model in the present 

study is not capable of simulating the groundwater levels. Moreover, it is not easy to know the 

exact locations of the two-way interactions between the subsurface runoff and cracked sewer 

pipes. Therefore, the subsurface model structure of the present study can be simplified to a 

single subsurface storage and subsurface runoff component interacting with the flow in the 

sewer pipes that would also allow reducing the number of calibrated parameters in the runoff 

response routine. 

     In the present study, the total evapotranspiration is dominated by actual evaporation from 

surface depression storage (AE) rather than the evapotranspiration from the soil moisture 

(AET), which does not agree with Rodriguez et al. (2008) who found that there is marked 

transpiration (T) from the vadose zone from natural surfaces (T/P = 43.5%) while the surface 

evaporation is relatively low. The difference occurred due to the low evapotranspiration from 

the soil moisture storage for the cold climate region of the present study and probably due to 

the conceptualization that the total generated subsurface runoff contribute to flow in the sewer 

pipes in Rodriguez et al. (2008) and hence the calibration had to overestimate the transpiration 

loss from the vadose zone to provide better performance measure. The present study indicated 

that there is a marked total evapotranspiration loss only for the warm seasons calibration (i.e. 

ET/P = 18.18% for SA1), which agrees with Ragab et al. (2003) who found that 21–24% of 

annual rainfall evaporates and Ramier et al. (2011) who found that evaporation losses represent 

20% of the total rainfall. The present study indicated that the effects of surface depression 
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storage on generated runoff volume is high for the event-based calibration than the long-term 

(seasonal) calibrations while the effect of surface water storage in terms of the snow water 

equivalent (SWE) is obviously high for the snow-influenced seasons.   

Runoff routing 

     For runoff routing, the flow travel length estimated for the sub-catchments were used for all 

grid cells in the sub-catchments assuming the same entry time to the conduits for all grid cells 

within each sub-catchment. In addition, an effective (calibrated) shape factor (SF) parameter 

was used for all sub-catchments and hence the flow travel length outside the pipes for the sub-

catchments are dependent only on the areas of the sub-catchments. Despite these 

simplifications, the flow path response function based on an analytical solution to the diffusion 

wave equation and the source-to-sink (STS) used in the present study was found to provide an 

acceptable runoff delay in the stormwater network, which agrees with Mays (2001) and Borah 

(2011) who suggested the diffusion wave equation and its analytical solutions as a balance 

between complexity and accuracy, and Mejia and Moglen (2010) and Cantone and Schmidt 

(2011) who reported good performances of the runoff routing algorithm for urban catchments. 

However, the calibration resulted in different values of the runoff routing parameters for the 

calibration periods, which resulted in different mean flow travel times, Peclet numbers, and 

hence the STS response functions for the sub-catchments among the calibration periods. This 

may affect the validation (transferability of calibrated parameters of the routing model among 

the calibration periods), which may require investigation of the effects on the validation of the 

transferability of runoff generation and runoff routing parameters separately.  

 

Conclusions 

     The present study presented a spatially distributed (5mx5m grids) Precipitation-Runoff  

modelling at a temporal resolution of 2min for a small (21.255ha) separate stormwater drainage 

catchment located in cold climate and hence influenced by snow seasonality. Parameter 

calibration and validation based on events and seasons were conducted using the hydro-
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climatic records of the Risvollan stormwater catchment in Trondheim City (Norway). The 

study involved modelling of the dominant components of the urban precipitation water cycle 

including surface depression storage, snow accumulation and melt processes, infiltration 

excess and saturation excess surface runoff, infiltration, subsurface runoff from soil moisture 

and groundwater storages, contributions of the subsurface runoff to the flow in the sewer 

drainage system, evapotranspiration from depression and soil moisture storages and 

percolation to groundwater, and runoff routing.  

     By modelling the interaction between the surface depression and soil storages with the 

atmosphere in terms of evapotranspiration flux, the model indicated that the impact of surface 

depression storage on the simulated runoff volume in the sewer pipes is high for event-based 

simulation while the impact of evapotranspiration is high only for the long-term (seasonal) 

simulation during warmer (Summer-Autumn) seasons. Including the subsurface components 

of the urban precipitation water budget allows estimating the proportion of infiltrated water 

contributing to the generation of subsurface runoff. In addition, parameterization of a two-way 

interaction between the subsurface runoff and the flow in the sewer pipes based on setting the 

percentages of subsurface runoff contributing to the flow in sewer pipes as effective 

(calibrated) parameters applied to all grids allows estimation of subsurface runoff contribution 

to the flow in the artificial sewer drainage system. As investigated in the present study, the 

contributions of the subsurface runoff to the flow in the sewer pipes may be higher than the 

contribution of surface runoff and hence runoff simulation for estimation of floods for design 

and management of water infrastructure should consider the subsurface runoff components of 

the urban precipitation water cycle. The study for the snow-influenced (Winter-Spring) periods 

indicated that the peakiest flow rate in cold climates may be associated to the snowmelt or 

rainfall on snowmelt events and hence estimation of urban floods should include simulation of 

urban runoff during snow-influenced seasons.                                                                                                                                                     
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     Despite the several simplifying assumptions in the analytical solution of the diffusion wave 

equation flow path response function based source-to-sink (STS) routing used in the present 

study, the routing algorithm is able to provide acceptable runoff delay and attenuation of peaks 

in the stormwater network.  

     The spatial distributed model is useful for better representation of the spatial distribution of 

precipitation and land use (land cover) in the catchment for better simulation of runoff response 

and hence estimation of design flood, for evaluation of performances of different stormwater 

management techniques, for assessment of the impacts of land use and climate change, etc. 

      In spite of the fact that the contribution of the present study was geared towards the spatially 

distributed P-R modelling of the dominant components of the urban precipitation water cycle 

including the evapotranspiration, snow and subsurface processes, there are several urban 

hydrological-hydraulic conditions and uncertainties associated to the P-R modelling that need 

further investigation contingent on further data availability or data acquisition: (i) the effects 

of feedback mechanisms between all aspects of urban water cycle including leakages from 

water supply systems and faulty or illegal connections between the wastewater and stormwater 

systems (e.g. see Fletcher et al., 2013); (ii) the parameterization for a two-way interaction 

between the subsurface runoff and sewer pipes of the present study do not involve information 

on the elevations of the sewer pipes and groundwater level, and actual locations of the 

interactions (i.e. cracked sewer pipes or joints) while the latter is practically not easy to identify 

in a field, for instance, Karpf and Krebs (2011) related the CCTV-data based pipe age classes 

to groundwater infiltration to sewer pipes; (iii) there are large numbers of calibrated parameters 

in the present study since parameter uncertainty and identifiability analyses were not objectives 

of the present study and hence efforts for model parsimony by reducing the numbers of 

calibrated parameters based on parameter sensitivity analyses and assessment of parameter 

uncertainty are important; and (iv) the routing algorithm of the present study does not involve 

detailed analyses of sewer hydraulics and hence coupling of the spatially distributed runoff 
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generation model to the existing sewer hydraulics models like the SWMM runoff routing 

engine (Huber and Dickinson, 1988; Rossman, 2004) may be important for detailed hydraulic 

studies like sewer surcharge, combined sewer overflows, surface inundation due to urban 

flooding, etc. 
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Table 1. Calibrated parameters and their minimum (Min.) and maximum (Max.) values. 

Calibrated 
parameters Unit Model 

Parameter ranges 

Description 

Min. Max. 

c1 - PET -1.00 0.50 Intercept for TSn and Ta linear regression 
c1L - PET -1.00 1.00 Intercept for  Tl and Ta linear regression 

c1soil - PET -1.50 1.50 Intercept for Tsoil and Ta linear regression  

Kth  Wm-1oC-1 PET 0.50 1.50 Thermal conductivity for ground heat flux 
Dsoil mm PET 0.10 0.20 Effective soil depth for heat transfer  

Tr oC PET 0.00 2.00 Threshold Ta for all precipitation as rainfall 

Ts oC PET -3.00 1.00 Threshold Ta for all precipitation as snowfall 
dcf   d PET 5.00 10.00 Albedo decay rates during melt 
dcs d PET 10.00 30.00 Albedo decay rates in cold conditions  

albresd mm PET 10.00 30.00 Snowfall depth after which albs is reset  

albl - PET 0.10 0.35 Land albedo 
α - PET 1.10 1.40 Priestley-Taylor parameter 

CX mm°C-1 d-1 Snow 4.00 6.00 Degree day factor 
CFR - Snow 0.00 0.10 Refreezing coefficient 

TM oC Snow -3.00 2.00 Threshold Ta for smelting   

TX oC Snow -3.00 2.00 Ta below which precipitation as snowfall 
LW - Snow 0.05 0.10 Max. free water content in snow 
s00 - Snow 2.00 2.50 00 quantile in statistical snow distribution 
s25 - Snow 0.95 1.00 25 quantile in statistical snow distribution 
s50 - Snow 0.90 0.94 50 quantile in statistical snow distribution 
s75 - Snow 0.80 0.90 75 quantile in statistical snow distribution 

s100 - Snow 0.20 0.50 100 quantile in statistical snow distribution 
hmaxPer mm RR 0.00 20.00 hmax for open and vegetation areas 
hmaxBu mm RR 0.00 45.00 hmax for built-up areas 
hmaxImp mm RR 0.00 45.00 hmax for impervious areas 

hmaxPET mm RR 5.00 20.00 Max. h after which AET = PET 

icp mmh-1 RR 0.00 20.00 Max. infiltration capacity for open and tree areas 
icb mmh-1 RR 0.00 15.00 Max. infiltration capacity for built-up areas 

SSmax mm RR 20.00 60.00 Max. soil storage capacity 
GSmax mm RR 30.00 70.00 Max. groundwater storage capacity 

m - RR 0.15 1.50 Soil pore-size index  
θr - RR 0.00 0.15 Residual soil moisture content 
n - RR 0.30 0.65 Soil porosity  

Ksat ms-1 RR 1.E-05 1.E-03 Saturated hydraulic conductivity  

ksoil s-1 RR 1.E-05 1.E-03 Coefficient for interflow IF 

kgw s-1 RR 1.E-05 1.E-03 Coefficient for groundwater flow GF 
Pin - RR 0.00 0.50 Net fraction of IF entering the sewer pipes  
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Table 2. The NSE performance measures for calibration and validation periods for events E1-
E4, Summer-Autumn season (SA1) and part of Winter-Spring seasons (WS1 and WS2). 

Calibration Period Validation 
E1 E2 E3 E4 SA1 WS1 WS2 

E1 01.08.1993 00:00-
01.08.1993 12:00 0.81 0.32 0.34 0.67 0.60 - - 

E2 28.09.1994-01.10.1994 -0.46 0.83 0.85 -0.21 0.50 - - 

E3 09.06.1995 00:00-
11.06.1995 00:00 -0.31 0.54 0.94 -0.08 0.67 - - 

E4 15.08.1998 12:00-
15.08.1998 20:00 0.38 0.19 0.64 0.87 0.60 - - 

SA1 01.06.1995-01.10.1995 0.23 0.48 0.81 0.31 0.76 - - 
WS1 10.01.1997-20.04.1997 - - - - - 0.65 0.65 
WS2 01.02.1998-08.03.1998 - - - - - 0.57 0.81 
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Table 3. Summary of total volumes in mm over the whole catchment and percentages of fluxes 
for the calibration periods. 

Description E1 E2 E3 E4 SA1 WS1 WS2 
P[mm] 18.70 50.30 30.50 16.70 238.30 566.80 237.30 
Qobs*[mm] 4.36 29.65 11.64 - - - 160.01 
IexsSF[mm] 1.29 10.36 4.50 3.24 7.54 208.55 47.95 
SatexsSF[mm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
QTsurface = IexsSF + 
SatexsSF[mm] 1.29 10.36 4.50 3.24 7.54 208.55 47.95 

ET = AE + AET[mm] 0.18 1.00 0.78 0.05 43.31 14.91 0.79 
IF[mm] 14.38 39.29 21.89 10.08 187.85 356.50 167.71 
GF[mm] 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
QTsubsurface = IF + GF[mm] 14.38 39.29 21.89 10.08 187.85 356.50 167.72 
IFsewer[mm] 2.72 15.63 5.14 0.71 34.95 107.08 78.19 
GFsewer[mm] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
QTsubsurfacesewer = IFsewer + 
GFsewer[mm] 2.72 15.63 5.14 0.71 34.95 107.08 78.19 

QT = QTsurface + 
QTsubsurface[mm] 15.67 49.65 26.39 13.32 195.39 565.06 215.66 

ΔTotS** = P-ET-QT[mm] 2.85 -0.35 3.33 3.32 -0.40 -13.17 20.85 
Qsim = QTsurface + 
QTsubsurfacesewer[mm] 4.01 25.99 9.64 3.95 42.49 320.24 126.13 

ET/P[%] 0.94 1.98 2.56 0.32 18.18 2.63 0.33 
ΔTotS**/P[%] 15.26 -0.69 10.91 19.91 -0.17 -2.32 8.79 
QTsurface/P[%] 6.91 20.60 14.75 19.39 3.16 36.79 20.20 
QTsubsurface/P[%] 76.89 78.11 71.77 60.38 78.83 62.90 70.68 
QT/P[%] 83.80 98.71 86.52 79.77 81.99 99.69 90.88 
QTsubsurfacesewer/P[%] 14.52 31.07 16.84 4.28 14.67 18.89 32.95 
Qobs*/P[%] 23.32 58.94 38.17 - - - 67.43 
Qsim/P[%] 21.44 51.67 31.59 23.67 17.83 56.50 53.15 
Qsim/Qobs*[%] 91.92 87.66 82.76 - - - 78.83 
Qsim/QT[%] 25.58 52.35 36.51 29.67 21.75 56.67 58.49 
QTsurface/Qsim[%] 32.26 39.87 46.69 81.93 17.74 65.12 38.01 
QTsubsurfacesewer/Qsim[%] 67.74 60.13 53.31 18.07 82.26 33.44 61.99 

 

*Total volume of Qobs was estimated by filling the missing flow records by linear interpolation 

technique for calibration periods with small proportion of missing records (E1, E2, E3 and 

WS1). 

**ΔTotS = change in total storage (surface depression or snow water equivalent, soil moisture 

and groundwater storages). 
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Figure 1. Location map, components of the stormwater drainage network and land use classes 

of the study catchment 

Figure 2. The model structure for the runoff generation. 

Figures 3.  Plots of hydrographs of observed flow (Qobs) and routed simulated flow (Qsim), and 

some unrouted generated runoff fluxes for the event-based calibrations (a) E1, (b) E2, (c) E3 

and (d) E4. 

Figure 4. Plots of the simulated and observed flow hydrographs along with other variables 

related to the snow model for the seasonal calibrations (a) SA1, (b) WS1 and (c) WS2.  

Figure 5. Plots of the dominant generated runoff fluxes (unrouted) (a) SA1, (b) WS1 and (c) 

WS2. 

Figure 6. (a) Plots of mean flow travel times to the outlet (Ti ) for the sub-catchments 1-54 and 

(b) Plots of typical STS response functions for the WS1 calibration for some sub-catchments.  
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