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Introduction 
 

The goal of UrbanSIS is to develop and demonstrate a method to downscale climate and impact 

indicators to the urban scale, delivering the information with a space/time resolution and format 

that makes it useful for consultants, urban planners, engineers and scientists dealing with intense 

rainfall, heat waves, and air pollution hazards. Within the project, WP3 targets the downscaling of 

climate, air quality and hydrology parameters over three selected urban landscapes: Stockholm, 

Bologna, and Amsterdam/Rotterdam. Simulations were carried out for selected time periods 

representing historical conditions taken as reference for validation purposes (see reports D441.5.1 

to D441.5.3 for more details) and climate scenarios. 

 

The current deliverable (D441.3.6) addresses specifically the hydrological downscaling over two 5-

year time periods representing present and future climate. Together with the downscaling of urban 

climate (D441.3.4) and air quality (D441.3.5) it completes the delivery of 1 km resolution sectoral 

ECVs and impact indicators, in addition to the set of results delivered for the historical conditions 

(previously reported in deliverables D441.3.1 to D441.3.3). 

 

The downscaling modelling chain consists of three numerical models as depicted in Figure 1: the 

climate model HCLIM-AROME, the air quality model MATCH and the hydrological model HYPE. For 

the climate scenarios, the meteorological boundary and initial conditions are provided by the Global 

Climate Model (GCM) EC-Earth. Essential Climate Variables (ECVs) and Sectoral Impact Indicators 

driven by the outputs of the models are available on-line in the UrbanSIS portal 

(http://urbansis.climate.copernicus.eu/). 

 

 

 
Figure 1 – General flowchart representing the dynamical downscaling approach applied in UrbanSIS for the 

simulation of the selected climate scenarios. More detailed information about each model will be given in 

the following sections and in the accompanying reports D441.3.4 and D441.3.5. 
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Sections 1 and 2 in this report summarize relevant information relating the main characteristics of 

model HYPE, specific developments carried out within UrbanSIS, computational domain, and 

input/output data, while highlighting specific differences relating the application to the historical 

period. More details about the models and the numerical techniques applied can be found in the 

literature listed at the end of the document. Hydrology-related ECVs and indicators are listed in 

section 4, followed by an analysis of downscaled hydrological data, focusing on precipitation and 

runoff. Finally, the last section of the report intends to share some experiences from the 

hydrological downscaling of climate scenarios within UrbanSIS that can be useful for the end-users 

exploiting the data or for those willing to replicate this method in other European cities, in 

agreement with the proof-of-concept nature of this project. 
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1. Hydrological model used for downscaling 
 

1.1 The HYPE model 

 

The same model setups used for simulation of hydrological variables for the historical period are 

used for the simulation of variables for the present and future climate scenarios. Therefore, the 

details given here about the hydrological model, calibration, and validation in the different case 

study areas are the same as those presented in the previous deliverable (C3S_D441.3.3). 

 

The hydrological model HYdrological Predictions for the Environment (HYPE) (Lindström et al., 2010) 

is employed to model the land surface hydrological processes and derive a set of hydrological 

variables.  The model is a continuous process-based model, which simulates components of the 

catchment water cycle at a daily or hourly time step. It is a semi-distributed conceptual model, in 

which a river basin may be subdivided into multiple subcatchments, which are further subdivided 

into homogeneous hydrological response units (HRUs) based on combined soil type and land use 

classes (see Figure 2). Normally, model outputs are generated at the subcatchment outlet.  

 

The model has conceptual routines for most of the major land surface and subsurface processes 

(e.g. snow/ice accumulation and melting, evapotranspiration, surface and macropore flow, soil 

moisture, discharge generation, groundwater fluctuation, aquifer recharge/discharge, irrigation, 

abstractions and routing through rivers, lakes and reservoirs), which are controlled by a number of 

parameters that are often linked to physiography to account for spatial variability. Many of the 

parameters need to be estimated through calibration. The snow accumulation and melt process is 

modelled using the degree-day method with land use dependent parameters. A fraction of rainfall 

or snowmelt infiltrates into the topsoil, which is limited by a soil type dependent maximum rate. If 

the soil moisture in the upper soil layer exceeds a threshold for macropore flow, part of the 

remaining water forms macropore flow that is controlled by a soil type dependent runoff 

coefficient. Part of the remaining water is transformed into surface runoff using a soil dependent 

coefficient. The remaining water forms a surface pool and overland flow is computed using a land 

use dependent recession coefficient. Potential evapotranspiration (PET) is estimated using a simple 

threshold temperature approach, where PET increases linearly above a threshold air temperature at 

a rate controlled by a land use dependent parameter. PET is achieved only if the actual soil moisture 

exceeds a certain proportion of the soil field capacity and for soil moisture below this limit, the 

actual evapotranspiration decreases linearly to zero at wilting point. Runoff from the soil zone is 

computed when the soil moisture exceeds field capacity using soil type dependent recession 

coefficients. Water percolates from upper to lower soil layers when the soil moisture in the upper 

layer exceeds field capacity and the rate is determined using a soil type dependent percolation 

parameter. The ground water level is estimated based on the level in the soil zone where the pore 

space is filled. 

 

The generated discharge is routed through each subcatchment and between subcatchments using a 

river routing routine which simulates attenuation and delay. If lakes and reservoirs are present 

within a subcatchment, the flow is routed in the lake or reservoir using a rating curve with 

parameters that need to be calibrated. 



 

 

Copernicus Climate Change Service 
 

 

 

 

C3S_441_Lot3_SMHI_2017SC2 - Urban hydrology ECV and impact indicator data for present and future climate Page 10 of 38  

 

To setup the HYPE model, a set of spatial data are required. River networks and subcatchments are 

delineated from digital elevation models. Hydrological response units (HRUs) are derived from land 

use and soil data. Maps of lakes and reservoirs are also required to correctly locate them. Land 

management data, such as irrigation, can also be incorporated in the model setup. 

 

 
                          

 
Figure 2 – Structure of HYPE model [a) schematic representation; b) model process interaction]. 

 

Subcatchment average precipitation and temperature corresponding to the time step of the model 

simulation are the main forcing data required to run HYPE. To calibrate the model and validate the 

model performance, discharge data at the outlet locations of one or several subcatchments are 

required.  

 

2.2 Developments within UrbanSIS 

 

HYPE computes the different hydrological variables such as runoff, evapotranspiration, etc. for the 

HRUs, but provides subcatchment average outputs. For UrbanSIS users, however, it is useful to have 

hydrological variables for different land uses within the subcatchments. Furthermore, the 

subcatchments are normally polygons of irregular shapes. To match the 1x1 km
2
 scale in UrbanSIS, 

however, there is a need to provide model simulations on regular grids. In this section we describe 

developments implemented to render the model such capabilities within the UrbanSIS framework. 

 

2.2.1 Model output distribution to different land uses 

In order to enable the model deliver simulation outputs for different land uses within a given 

subcatchment, the subcatchments were further divided into smaller pseudo-subcatchments. 

Technically, it is possible to subdivide each subcatchment into as many smaller pseudo-

subcatchments as the number of HRUs within each subcatchment. However, in the present work, 

each subcatchment was divided into up to three pseudo-subcatchments by grouping HRUs with 

impervious urban areas, green areas, and all the remaining land uses, respectively (see Figure 3).  It 

(a) (b) 
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should be noted that the newly defined pseudo-subcatchments are not geographically contiguous 

since they are formed by grouping similar land use classes. Therefore, flow routing between 

subcatchments is not possible. However, this version of the model is used only to deliver simulation 

results of distributed hydrological variables and not discharge. Discharge is simulated using the 

original version of the model. 

 

                                       
Figure 3 – Subdivision of subcatchments into smaller pseudo-subcatchments. 

 

2.2.2 Development of a grid based HYPE model 

As HYPE is a subcatchment based semi-distributed model, subcatchment average forcing data are 

used to run the model and the model outputs are also delivered as subcatchment average values. 

The subcatchments are basically irregular polygons and their sizes may be orders of magnitude 

larger than the forcing data grid cell. This may lead to incorrect representation of the spatial 

variability of the forcing data, especially precipitation. To avoid this, a grid-based model was 

developed. The model grids are defined to match the HCLIM-AROME forcing data grid and each grid 

cell is treated as a subcatchment. The flow routing between the grids is established based on the 

flow concentration from the digital elevation model (see Figure 4). 
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Figure 4 – Grid based model setup for Bologna. 

 

 

The grid based model works exactly in the same way as the polygon based model. HRUs are defined 

based on land use and soil types. Note that if the grids of the land use and soil map coincide with 

the model grid, each model grid will have a unique HRU. 

 

This version of the model was set up for Bologna. For Stockholm, the polygon based model was 

already developed in previous projects and was refined for UrbanSIS by using Urban Atlas for land 

use description. A grid based model was developed for Amsterdam/Rotterdam.    
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2. Input to the hydrological downscaling 

2.1 Time period of simulation: selection of representative years 

 

5 representative years in the present climate scenario and 5 representative years in the future 

climate scenario were selected with the goal of combining cold/wet, cold/dry, warm/wet, 

warm/dry, and 'normal' seasons. The selected years are shown in Table 1. 

 
Table 1 – Years selected for the different regions. 

 Normal Cold/Wet Cold/Dry Warm/Wet Warm/Dry 

Stockholm      

  Present scenario 2009 1995 1994 2005 1985 

  Future scenario  2032 2053 2046 2035 2064 

Amsterdam      

  Present scenario 2005 2000 1996 2010 2007 

  Future scenario  2053 2038 2034 2035 2049 

Bologna      

  Present scenario 2005 1987 1996 2010 2006 

  Future scenario   2050 2037 2053 2063 2044 

 

 

The selection was based on HARMONIE regional climate model (HCLIM-ALARO) runs carried out in 

the GLOBAQUA project (http://www.globaqua-project.eu). Boundary conditions were provided by 

EC-Earth GCM. Spatial resolution was ca. 20 km. The time period covered by the model simulations 

was 30 years in present climate (1980-2010) and 35 years in future climate conditions (2030-2065). 

Future emissions scenario considered was RCP8.5. A description of the methodology for the 

selection of five years that represent present and future climate scenarios can be found in report 

D441.3.4. 

 

2.2 Computational domains 

 

It was aimed to perform modelling of the hydrological processes using detailed urban land use 

information for each case study city. The land use database employed in this study is Urban Atlas 

2012 (http://land.copernicus.eu/local/urban-atlas). The computational domain for the hydrological 

modelling of each case study city was, therefore, established based on delineation of a catchment 

that covers the selected cities where land use information from Urban Atlas 2012 is available. 

However, Urban Atlas 2012 may not cover the entire upstream drainage area for each city. 

Furthermore, scenarios of hydrological variables are modelled using the HCLIM-AROME downscaled 
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forcing data, whose domain may not cover the entire upstream drainage area. Nevertheless, 

modelling the entire upstream drainage area is required to estimate river discharge for the river 

reach that drains the upstream area. Other local hydrological variables can be estimated as long as 

the local model can be calibrated using discharge gauging stations at subcatchments that do not 

drain upstream areas. 

 

For Stockholm, the model domain was chosen as the drainage area that covers the Stockholm 

County (see Figure 5). The entire drainage area includes the Lake Mälaren and its upstream 

drainage area. However, the lake has two outlets and is regulated, which makes modelling of the 

outflow difficult. Therefore, the lake and its upstream area are excluded from the model domain. 

 

 

 
Figure 5 – Outline of the Stockholm model domain. 

 

For Bologna, the model domain was chosen as the entire drainage area upstream of the city of 

Bologna. For Amsterdam, the model domain is chosen to match the 110 x 110 km ECV output 

domain and a grid based model was setup to compute  local flows for regions covering the 

Amsterdam/Rotterdam area.  

 

 

2.3 Boundary conditions 

 

The meteorological output from HCLIM-AROME (described in D441.3.4) are used as forcing data for 

the HYPE simulations. 

 

For model setups where the entire upstream drainage area is not included, simulated river 

discharge for river reaches that drain the upstream area need to be estimated in some way. One 



 

 

Copernicus Climate Change Service 
 

 

 

 

C3S_441_Lot3_SMHI_2017SC2 - Urban hydrology ECV and impact indicator data for present and future climate Page 15 of 38  

possibility would be to force the models set up for the upstream area by daily climate forcing data 

from the UERRA project (http://www.uerra.eu/). The hourly discharge data can be approximated as 

if the simulated daily discharge were uniformly distributed throughout the day. Detailed land use 

information may not also be available for the entire upstream area and the CORINE land use data is 

used for the upstream area. This is especially the case for the Amsterdam setup. For the Bologna 

model, modelling the upstream area in the way described above is not necessary since the entire 

upstream drainage area is within the model domain. For the Stockholm model, flow from the 

upstream drainage area is the outflow from Lake Mälaren, which is regulated. The outlet from the 

lake is, therefore, not included in the model simulations. However, our assessment in this report 

focusses only on local runoff within the UrbanSIS ECV output domains and assessment of discharge 

in not considered. 

 

 

2.4 Surface description 

 

As described in section 2.2 above, land use information is of importance for the hydrological model 

descriptions. For the city area we use the same land use data source, Urban Atlas 2012, as the 

meteorological and air quality models used in UrbanSIS. 

 

 

2.5 Observations 

 

Hourly observed meteorological forcing data (precipitation and temperature), as well as discharge 

data at different locations within the model domain, are required to calibrate and validate the 

hydrological model. Data from different sources were employed for the different case study cities. 

For Stockholm, radar based hourly precipitation data and hourly temperature from the MESAN 

reanalysis system, were used as forcing (see below for description of data synthesis). Hourly 

discharge data from four stations from SMHI’s hydrological measurement database (WISKI) were 

used. In addition, high resolution discharge data from three stations were obtained from Stockholm 

Vatten, which were synthesized into hourly series by averaging the inter-hourly values. 

 

For Bologna, hourly precipitation from stations within and around the model domain, were 

obtained from Arpae Emilia-Romagna. Similarly, hourly temperature data measured from automatic 

weather stations were obtained. Furthermore, 5 km gridded hourly operational analysis data were 

obtained for precipitation and temperature. The gridded analysis data were used for model 

calibration and validation. Hourly discharge data were also obtained at two stations along the Reno 

River.    

 

As for meteorological data in the Rotterdam area, data from TU Delft and KNMI are available. TU 

Delft is operating a network of weather stations in the city. KNMI operates an automatic weather 

station at Rotterdam airport with hourly data and 10-min data available. Furthermore, KNMI 

provides a climatological dataset for their rainfall radar network. However, we didn’t obtain any 

reliable discharge observations and model calibration and validation was not performed. Instead, 
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we employed a parameter regionalization technique to estimate the hydrological model parameters 

from parameters estimated for Bologna and Stockholm based on similarity of the catchment 

characteristics. 

 

As an additional source of precipitation data we used the NORDRAD radar composite (Carlsson, 

1995), which includes radars from both Sweden and Denmark for the area of interest. The original 

resolution of the composite is 2×2 km², and the temporal resolution is 15 min. Although the 

NORDRAD product contains several corrections to the radar echoes, such as beam blockage, 

systematic range-dependent bias and removal of false precipitation regions according to satellite 

images, there are still systematic errors which are clearly visible at longer accumulation intervals. 

 

Berg et al. (2016) investigated the NORDRAD product and its suitability for hydrological simulations 

over several years, and found that the systematic errors were too large and a correction was 

necessary. They proposed a mixture of the NORDRAD composite and the PTHBV data base. PTHBV 

consists of daily gauge-based observations in a 4×4 km² national grid, obtained by an optimal 

interpolation procedure taking altitude and winds into account (Johansson and Chen, 2003). The 

new product called HIPRAD (HIgh-resolution Precipitation from gauge-adjusted weather RADar) 

uses the transient 1-h information of NORDRAD, but scales it with the monthly accumulations of 

PTHBV, such that systematic errors in the radars are removed. HIPRAD was evaluated against 1-h 

gauge observations in southern Sweden, and was shown to perform well, besides some problems 

with the very lowest intensities and the most extreme events. The latter is partly due to the re-

gridding of the data to a 4×4 km² grid, but also due to possible underestimations in the PTHBV 

product.  

 

For the hydrological modelling in UrbanSIS, HIPRAD data were mapped to HYPE catchments by 

weighted interpolation. Hourly temperature data for the modelling was taken from the MESAN 

reanalysis system (Häggmark et al., 2000), which assimilates gauge observations with the 

operational weather prediction model system of SMHI.  
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3. Post-processing of model output 

3.1 Transformation of gridded time series to NetCDF 

 

HYPE output are generated as ASCII files, using the standard HYPE output formats and need to be 

converted to NetCDF.  For this we use software developed for the HYPE modelling system. For 

Stockholm the conversion includes recalculation of the subbasin based output into the UrbanSIS 

output grid. 

 

3.2 Statistical post-processing of hydrological ECVs 

 

The statistical post-processing of hydrological variables is made using the same methods and 

software as for the meteorology and air quality related ECVs. These have been calculated using the 

Climate Data Operators (CDO) software, version 1.8 (CDO 2017: Climate Data Operators.  

https://code.zmaw.de/projects/cdo/). For each parameter, the following statistical processing is 

performed: mean; yearly mean; yearly max; yearly min; monthly mean; monthly max; monthly min; 

annual monthly mean; annual monthly max; annual monthly min; mean of yearly min; and mean of 

yearly max. 

 

Note though that some combination of parameter and statistical operators are not shown in the 

final results, since they are not meaningful. One such combination is yearly minimum of 

precipitation. 

 

3.3 Calculation of hydrological indicators 

 

One main justification for the very high-resolution downscaling performed in UrbanSIS is to obtain a 

more realistic description of small-scale rainfall extremes (cloudbursts), and thereby also their 

future changes, than what is attainable in lower-resolution climate models. Three hydrological 

indicators are specifically designed for representing small-scale rainfall extremes: 

 

1. Maxprec. This is a complement to the general ECV post-processing statistics (section 3.2). In 

maxprec, monthly maxima are calculated not only for the highest resolution of the precipitation (15 

min) but also for longer durations (i.e. accumulation periods) up to 24 h. In each month, the 

maxprec value for a certain duration D min is identified using a moving time window that 

successively accumulates the rainfall over D/15 time steps and stores the maximum value. The 

result is a time series of monthly maximum intensities that may be used to evaluate intra-annual as 

well as spatial/geographical patterns. 

 

2. Depth-Duration-Frequency (DDF) curve. The DDF calculation procedure is outlined in D441.5.3. As 

compared with the original (IDF) calculation procedure (D441.3.3), some modifications were 

required because of the boundary effects on the simulated precipitation (D441.5.3).  The procedure 

followed here is the same as used in D441.5.3. 
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3. Areal Reduction Factors (ARFs). The ARF describes the reduction of peak rainfall intensity when 

the rainfall field is averaged over gradually larger areas and durations. This averaging is attained by 

interpolating from the original duration D=15 min and grid cell area A=1×1 km² in the HARMONIE-

AROME data to a gradually lower temporal resolution of 30 min, 60 min, etc., as well as a gradually 

lower spatial resolution of 2×2 km², 4×4 km², etc. For each combination of spatial (A) and temporal 

(D) resolution two statistics are employed: a) Depth-Duration-Frequency (DDF) analysis (see item 2 

above) b) areal reduction factors (ARF).  

 

In this case, the DDF curve is used to derive the relationship between duration of a rainfall event 

and rainfall depth (p) with a given return period (T). Fitting a GEV distribution to annual maxima is a 

common method for extreme rainfall analysis. From the GEV fits we derive the depths p for a 

number of return periods T, e.g., 5, 10, 50 and 100 years. 

 

Fitting the GEV to a single grid cell time series will cause large variance of its cumulative 

distribution. A regional frequency analysis is therefore applied to increase the accuracy. It assumes 

that certain distribution parameters are constant over the region of interest (Overeem et al., 2009). 

Likelihood function over all involved pixel is maximized under the assumption of spatial 

independence: 

 

�(�, �, �) = 	�
(�, �, �)
�


�
 

 

where Ls(µ,γ,κ) is the log likelihood function for the annual maxima at pixel s, which is derived from 

the GEV cumulative distribution function F(x): 

 

�(�) = ��� �− �1 − �� (� − �)��� 					���	� ≠ 0 

�(�) = ��� �−��� �−1� (� − �)� 					���	� = 0 

 

The ARF is defined as a ratio of rainfall depths: 

 

!"�(#; %, !) = �(#; %, !&)�(#; %, !)  

 

where A stands for the grid cell (i.e., 1 km
2
) and A

+
 stands for area size of every grid after data 

interpolation, which varies from 2×2 km² and up. The parameter p refers to a rainfall depth with a 

given return period T conditioned on duration D and spatial resolution A or A
+
. 
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4. Summary of delivered hydrological data 

4.1 Hydrological ECVs 

 

The following table summarizes the ECVs related to hydrology.  
 

Table 2 – List of hydrology related ECVs. The spatial resolution is 1x1 km2 over the entire modelling domain 

(110x110 km2) and the temporal resolution is 1 hour, except for precipitation that equals 15 min. 

ECV name Unit Model 

Local runoff mm h
-1

 HYPE 

Surface runoff mm h
-1

 HYPE 

Evapotranspiration mm HYPE 

River discharge m³ h
-1

 HYPE 

Soil moisture mm HYPE 

Snow cover mm HYPE 

Air temperature  (at 2 m above ground) °C HCLIM-AROME 

Precipitation mm HCLIM-AROME 

 

4.2 Hydrological impact indicators 

 

The following table summarizes the indicators related to hydrology. 

 
Table 3 – List of hydrology related indicators. 

Category Group Indicator Aggregation Unit Threshold 

Infrastructure Flooding 

  

  

Short duration 

extreme 

precipitation 

Maximum 

precipitation intensity 

Selected 

accumulation 

periods (AP) from 

15 min to 24 h 

mm 

AP-1 

 

Short-duration 

extreme 

precipitation 

intensity/duration 

Intensity-Duration-

Frequency (IDF) curve 

Selected 

accumulation 

periods (AP) from 

15 min to 24 h 

mm 

AP-1 

 

Areal Reduction 

Factors (ARFs) 

Selected 

accumulation 

periods (AP) from 

15 min to 24 h 
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5. Analysis of downscaled hydrological data for the scenarios 

5.1 Precipitation 

 

The aim of this section is to assess the precipitation in the HCLIM-AROME present and future 

simulations (in the following denoted HCLIM-AROMEPRE and HCLIM-AROMEFUT, respectively, and 

this notation is used also for the HCLIM-ALARO simulations at 20 km resolution, which were used as 

boundary conditions for the 1 km downscaling with HCLIM-AROME – see D441.3.4 for more details). 

This assessment is performed for the Stockholm and Bologna domains and includes both annual 

values and short-duration extremes for both single stations and the full domains. We start by 

assessing HCLIM-AROMEPRE by comparison with observations and other present-climate 

simulations, after which the difference between HCLIM-AROMEPRE to HCLIM-AROMEFUT is evaluated. 

 

Figure 6a shows monthly mean precipitation in Högdalen, Stockholm. The observations are based 

on 12-year time series whereas the simulations are based on the five selected years in the historical 

period (see D2.1 and D441.3.1) and in the present climate (see D441.3.4). In this location the 

HARMONIE-AROME shows a total precipitation rather close to the observed in summer but 

substantially drier in winter (see also D441.5.3). The precipitation in HCLIM-AROMEPRE is very low. 

Except for single months the values are half of the observed or (far) less. The annual cycle is less 

distinct with only July standing out with a clearly higher value than other months. The HCLIM-

ALAROPRE simulation is, however, much wetter and actually matches the observations rather well 

overall (better than HARMONIE-AROME). The annual pattern is similar in HCLIM-AROMEPRE and 

HCLIM-ALAROPRE. 

 

Figure 6b shows the same graph for station San Pietro Capofiume, Bologna. Here the HARMONIE-

AROME simulation matches the observations rather well, although the summer peak comes one 

month too early. Just like in Stockholm, the precipitation in HCLIM-AROMEPRE is very low, generally 

less than half of the observed. In this case, however, also HCLIM-ALAROPRE is generally too dry, 

except for peaks in March and October.   

 

Overall Figure 6 indicates that the precipitation in HCLIM-AROMEPRE is substantially underestimated 

in both stations, i.e. in the central part of the Stockholm city and in the rural area around Bologna. 

The results in Stockholm indicate that this is mainly related to the downscaling by the HCLIM-

AROME model, as HCLIM-ALAROPRE performs well, but this indication is only partly supported in the 

Bologna results where also HCLIM-ALAROPRE underestimates the precipitation during most of the 

year.   

 

Figure 7 compares mean annual precipitation in two stations each in Stockholm and Bologna. For 

stations Högdalen and San Pietro Capofiume the results for present climate reflect the results in 

Figure 6, with much more precipitation in HCLIM-ALAROPRE than in HCLIM-AROMEPRE in Högdalen 

and a similar but less pronounced situation in San Pietro Capofiume. Figure 2 shows that these 

results are valid also for the other two stations in each city, i.e. Torkel Knutsson and Bologna 

Urbana. The distinct difference between Bologna Urbana and S.P. Capofiume is supported by 

observations, where the annual totals are 710 and 630 mm/year, respectively (D441.5.1), indicating 

underestimations by ~300 mm/year in HCLIM-AROMEPRE and ~100 mm/year in HCLIM-ALAROPRE.  
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A 

 
B 

 
Figure 6 – Monthly mean precipitation in station Högdalen, Stockholm (a) and San Pietro Capofiume, Bologna 

(b): observations (black), HARMONIE-AROME (blue), HCLIM-AROMEPRE (red) and HCLIM-ALAROPRE 

(orange).   
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Figure 7 – Annual mean precipitation in stations Torkel Knutsson, Stockholm (TK), Högdalen, Stockholm 

(Hogd), Bologna Urbana, Bologna (BU) and San Pietro Capofiume, Bologna (SPC) in HCLIM-AROMEPRE 

(AROME-PRE), HCLIM-AROMEFUT (AROME-FUT), HCLIM-ALAROPRE (ALARO-PRE) and HCLIM-ALAROFUT 

(ALARO-FUT).    

 

Turning to short-duration rainfall extremes, Figure 8 shows DDF curves in the Stockholm and 

Bologna domains, calculated using HARMONIE-AROME and HCLIM-AROMEPRE. In D441.5.3 it was 

shown that DDF curves from HARMONIE-AROME rather well match observed DDF curves, although 

the HARMONIE-AROME curves were somewhat skewed with some underestimation for short 

durations and some overestimation for long durations. Figure 8 shows that the depths obtained for 

HCLIM-AROMEPRE are substantially smaller than the ones obtained for HARMONIE-AROME, in both 

Stockholm and Bologna. Because of the “skewness” of the HARMONIE-AROME curves written 

above, it is likely that compared with observations, the underestimation in HCLIM-AROMEPRE is 

more pronounced for short durations than for long durations. 

 

Next we look at the large-scale spatial precipitation. Figure 9 shows the mean annual precipitation 

in the Stockholm basin used in the HYPE simulations. As shown already in D441.5.3, the HARMONIE-

AROME simulation underestimates precipitation in the entire basin, most notably in the northern 

and southern parts. In HCLIM-AROMEPRE the underestimation is even more pronounced with only 

100-200 mm in most of the basin compared with the observed 600-700 mm/year. Overall the 

results reflect the results found for the Högdalen station (Figure 6). 

 

In the Bologna basin, as shown in Figure 9a-b, and as shown in D441.5.3, the HARMONIE-AROME 

simulation compares overall well with the observations, except in the very south-western, high-

altitude part where precipitation is substantially underestimated in HARMONIE-AROME. As this area 

is a main source of runoff in the basin, this underestimation had a strong impact on simulated 

discharge in the upstream part of the basin. The mean annual basin average precipitation is 

however very similar; 975 mm in the observations and 1035 mm in HARMONIE-AROME. In HCLIM-

AROMEPRE, the spatial pattern is overall well reproduced but the precipitation amount is 
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substantially underestimated in the entire basin, with a mean annual basin average precipitation of 

only 405 mm, i.e. less than half of the observed. This shows that the underestimation found for 

station San Pietro Capofiume (Figure 6) occurs for the whole domain.  

 

 

 
Figure 8 – 5-, 10-, 50- and 100-year DDF curves in Stockholm (a) and Bologna (b) calculated using HARMONIE-

AROME (HARM) and HCLIM-AROMEPRE (HCLIM).  
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a 

 

b 

  
c d 

  
Figure 9 – Mean annual precipitation over the Stockholm basin in observations (a), HARMONIE-AROME (b), 

HCLIM-AROMEPRE (c) and HCLIM-AROMEFUT (d). 
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a b 

c d 

Figure 10 – Mean annual precipitation over the Bologna basin in observations (a), HARMONIE-AROME (b), 

HCLIM-AROMEPRE (c) and HCLIM-AROMEFUT (d). 

 

To sum up the present climate assessment, there is a substantial underestimation of both 

precipitation totals and short-duration extremes in the HCLIM-AROMEPRE simulation. This appears 

largely due to underestimation by the HCLIM-AROME model, although also negative bias in the 

forcing (HCLIM-ALAROPRE) may contribute to some extent. It may be remarked that the driving GCM 

projection by EC-Earth has a dry bias over Europe (D441.5.4.2), which also contributes to the 

underestimations of precipitation found here.  

 

The dry bias found in the HCLIM-AROMEPRE simulations were further analysed in report D441.3.4. 

There, a set of sensitivity tests were carried out with HCLIM-AROME for January and February 1995. 

In these conditions most of the precipitation is large-scale non-convective, therefore the 

precipitation in the downscaling model is expected to be consistent with the forcing model. Figure 

11 shows the results obtained for a range of increasing domain sizes with the aim of assessing the 
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spatial spin-up for precipitation. These results clearly show the underestimation of precipitation 

over the inflow part of the domain (i.e. extending from the western boundary). The spatial structure 

and amount of precipitation, analysed over the 144x144 domain, are not converging to the forcing 

model values for domain sizes smaller than 432x432 grid points (i.e. ~1300 x1300 km
2
). This means 

that the spatial spin-up, i.e. the part of the computational domain from its western boundary to the 

analysed area, is at least 430 km. As the main conclusion from this sensitivity analysis we have 

concluded that especially for the spin-up of precipitation in strongly forced weather situations, i.e. 

with strong winds advecting in through the lateral boundaries, a much larger domain should have 

been used if the increased computational cost could have been supported by UrbanSIS timeline. 

 

 
Figure 11 – Results from the sensitivity tests in D441.3.4 showing the comparison of precipitation from the 

forcing model (HCLIM-ALARO), and HCLIM-AROME simulations with increasing number of grid points in both 

horizontal directions (indicated in each panel title). All results are shown over the 144x144 domain. The area-

averaged precipitation (over the shown area) is given in the top left corner for each simulation. 
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Moving over to future changes in the HCLIM-AROME simulations, Figure 12 shows the monthly 

mean precipitation in both HCLIM-AROMEPRE and HCLIM-AROMEFUT. Overall the changes are small 

in both station Högdalen, Stockholm (Figure 12a) and station San Pietro Capofiume, Bologna (Figure 

12b) and the annual average is visually rather similar. 

 

A 

 
B 

 
Figure 12 – Monthly mean precipitation in station Högdalen, Stockholm (a) and San Pietro Capofiume, 

Bologna (b): observations (black), HARMONIE-AROME (blue), HCLIM-AROMEPRE (red) and HCLIM-AROMEFUT 

(green).  
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This result is reflected also in Figure 7, for both stations in each city, with only a small increase in 

the annual mean precipitation from HCLIM-AROMEPRE to HCLIM-AROMEFUT. For the Stockholm 

stations the increase is 10% and for the Bologna stations the increase is 4%. Figure 7 also shows the 

corresponding change in the HCLIM-ALARO simulations. There the increase in the Stockholm 

stations is 26% and in the Bologna stations 1%. The downscaling by HCLIM-AROME thus changes the 

climate signals in different directions; a considerable decrease in Stockholm (-16 percentage points) 

and a small increase in Bologna (+3 percentage points).  

 

If looking at the entire basins, in most of the Stockholm basin there is a clear increase of mean 

precipitation from HCLIM-AROMEPRE to HCLIM-AROMEFUT, by ~100 mm/year (Figure 9). The results 

for station Högdalen (Figure 12) is thus not representative for the basin. In Bologna, there is only 

little change in the entire basin (Figure 10), in line with the results for station San Pietro Capofiume 

(Figure 12). 

 

A further analysis of the changes in the HCLIM-ALARO simulations is shown in Figure 13, which 

presents the mean changes over the entire domains for the 5-year periods used in the present and 

future simulations. In Stockholm the mean annual precipitation increases by 28%, in line with the 

results in Figure 9. In Bologna the mean annual precipitation actually decreases somewhat from 

HCLIM-ALAROPRE to HCLIM-ALAROFUT, by 1.5%, which is consistent with the small change found in 

Figure 10.   

 

  
Figure 13 – Annual total (left y-axis) and 3-h maximum (right y-axis) for the five years in HCLIM-ALAROPRE 

(ALARO-PRE) and HCLIM-ALAROFUT (ALARO-FUT).  Note that PRE and FUT cannot be compared for individual 

years, but only in terms of mean value and range.   

 

Finally, we look at future changes in short-duration rainfall extremes. This assessment is made in 

terms of so-called climate factors, which are widely used in urban hydrological engineering. The 

climate factors represent the future changes in the DDF curves (see e.g. Figure 8). For example, a 

climate factor of 1.25 corresponds of a 25% increase of the rainfall depth for the specific 

combination of duration and return period considered.  
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Figure 14a shows that in Stockholm, climate factors for short return periods (5 and 10 years) are in 

the range 1.5-2 (i.e. reflecting a 50-100% increase), whereas for long return periods the factors 

reach values of 3 and even 4. In climate model assessments for Sweden made to date, climate 

factors for short-duration extremes are generally in the range 1.2-1.3 and 1.25 is recommended in 

engineering guidelines. The CORDEX RCP8.5 ensemble indicates factors of ~1.15-1.25 for 3-h 

duration (D441.5.4.2). Values up to 2 are however sometimes found when analyzing RCP8.5-

projections. The factors obtained here are thus high and factors up to 3 and 4 must be considered 

unrealistic. This result is likely a combination of a very limited sample (5 years) as well as a general 

and substantial statistical noise for long return periods. Further, the driving GCM projection by EC-

Earth has a very strong warming until 2050 (D441.5.4.2), which possibly affects the change in short-

duration precipitation extremes. 

 

In Bologna (Figure 14b), the climate factors are ~1.1 for all durations at short return periods, 

whereas for long durations the factors increase for long return periods. The CORDEX RCP8.5 

ensemble indicates factors of ~1.05-1.15 for 3-h duration (D441.5.4.2), which thus agrees rather 

well with the result for short return periods here. 

 

 

  
Figure 14 – Estimated climate factors in Stockholm (a) and Bologna (b) for return periods 5, 10, 50 and 100 

years.   
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5.2 Runoff 

Assessment of the hydrological response under the present and future climate was performed by 

driving the hydrological model HYPE calibrated and tested with available observed data with forcing 

data from HCLIM-AROME present and future simulations. Our assessment focuses on the spatial 

distribution of local runoff in all the three case study catchments. We compare the runoff simulated 

for the present climate with the HCLIM-AROMEPRE with that simulated with HARMONIE-AROME and 

further assess the changes in runoff between the present and future climate. 

 

Figure 15 shows distribution of the local mean annual runoff in the Bologna catchment when HYPE 

was run using different forcing data. The runoff simulation based on the HARMONIE-AROME forcing 

is generally comparable with that of the observed forcing. The HARMONIE-AROME based simulation 

shows underestimation of the runoff in the high altitude south west tip of the catchment, which is 

similar to the pattern of underestimation of precipitation (see Section 5.1). Elsewhere, there is a 

reasonable match of the runoff simulated with HARMONIE-AROME and observed forcing data. 

 

Comparison of the runoff simulated with HARMONIE-AROME and HCLIM-AROMEPRE shows that 

although the spatial pattern remains similar, the runoff magnitude is significantly lower for the 

HCLIM-AROMEPRE based simulation. The catchment average runoff simulated HCLIM-AROMEPRE is 

77% lower than that of HARMONIE-AROME. 

 

The change in the runoff in the future climate compared to that of the present shows a south west-

north east gradient. A reduction in the runoff amount is projected in the south western part of the 

catchment and this reduction gets lower as one moves towards the north east. In the northern and 

north eastern peripheries of the catchment, the runoff is generally projected to increase. The 

change in the absolute magnitude of the runoff ranges between -70 and 35mm. However, since the 

magnitude of the runoff in the HCLIM-AROME based simulations is low, the percentage changes are 

very high in some regions. This ranges between -80% and more than 800%, as shown in Figure 15f.    
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(a) Observed       (b) HARMONIE-AROME 

 
 (c) HCLIM-AROMEPRE    (d) HCLIM-AROMEFUT 

 
 (e) Absolute change (FUT-PRE)      (f) % change (FUT-PRE) 

 

Figure 15 – Spatial distribution of simulated runoff simulated with different forcing data as well as changes in 

runoff between the future and present climate in the Bologna catchment. 
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Figure 16 also shows spatial distribution of the local runoff simulated with different forcing data for 

Stockholm. Comparison of the runoff simulated with the observed radar based data HIPRAD against 

runoff simulated with the HARMONIE-AROME data shows that the HARMONIE-AROME based runoff 

is consistently lower than that of the observed. Although both simulations show a higher runoff in 

the central eastern part of the catchment, the spatial patterns are not similar in the two 

simulations. The catchment average runoff simulated with HARMONIE-AROME is around half of the 

runoff simulated with HIPRAD.       

 

 
(a) HIPRAD   (b) HARMONIE-AROME    (c) HCLIM-AROMEPRE 

 
    (d) HCLIM-AROMEFUT (e) Absolute change (FUT-PRE) (f) % change (FUT-PRE) 

 
Figure 16 – Spatial distribution of simulated runoff simulated with different forcing data as well as changes in 

runoff between the future and present climate in Stockholm. 
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The runoff simulated with climate data for the present climate using the HCLIM-AROMEPRE also 

yields an overall lower runoff compared to both the runoff simulated with HIPRAD and HARMONIE-

AROME data. The catchment average runoff simulated with HCLIM-AROMEPRE is only one-fifth of 

the runoff simulated with HARMONIE-AROME and one-tenth of the runoff simulated with HIPRAD. 

Furthermore, there is no similarity between the spatial patterns of the runoff distribution between 

the three simulations. 

 

Like in the Bologna catchment, the projected change in runoff for the future climate in relation to 

the present climate shows a regional difference although the change is generally positive in most 

part of the catchment in Stockholm. There are some patches of areas, mostly in the south western 

part of Stockholm, where a very small reduction in runoff is projected. In absolute terms, this 

reduction is negligible (a maximum of 2.2 mm/year). The highest increase in runoff is projected in 

the north-eastern part, where an increase by up to 45mm/year is projected. Since the runoff in the 

present climate is very low, this corresponds to a very high relative change, which is more than 

300% as shown in Figure 16f.  

 

 
(a) HARMONIE-AROME    (b) HCLIM-AROMEPRE 

 
  (c) HCLIM-AROMEFUT    (d) Absolute change (FUT-PRE) 

 
Figure 17 – Spatial distribution of simulated runoff simulated with different forcing data as well as changes in 

runoff between the future and present climate in Amsterdam-Rotterdam. 

 

For Amsterdam-Rotterdam, comparisons of runoff simulation are made between HARMONIE-

AROME and HCLIM-AROME. In both simulations, the runoff shows a pattern that it is higher in 
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highly urbanized areas although the magnitude is much higher in HARMONIE-AROME based 

simulation than in that of HCLIM-AROMEPRE. The average runoff simulated with HCLIM-AROMEPRE is 

42% of the corresponding runoff simulated with HARMONIE-AROME. Simulation of runoff under the 

future climate also shows a similar spatial pattern. 

 

The projected change in runoff for the future climate in relation to the present climate also shows a 

pattern in which the change is more pronounced in urbanized areas. A stronger increase in runoff is 

projected in and around the city of Amsterdam, while a moderate reduction is projected in parts of 

the Rotterdam area. In the non-urban areas, the changes are little ranging between -25 and 25 

mm/year. In terms of relative change, these could however be significant in some areas due to the 

low magnitude of the runoff in the HCLIM-AROMEPRE simulation. Since there are regions where the 

runoff is 0 under both simulations, we did not present the relative changes.      

  



 

 

Copernicus Climate Change Service 
 

 

 

 

C3S_441_Lot3_SMHI_2017SC2 - Urban hydrology ECV and impact indicator data for present and future climate Page 35 of 38  

6. Experiences from the hydrological downscaling of climate scenarios 
 

Credible hydrological climate change impact assessment requires credible forcing data, mainly 

precipitation and temperature. The analyses of temperature simulated by HCLIM-AROME has 

generally pointed at an accurate performance (D441.3.4), but the downscaling of precipitation has 

been less successful (D441.3.4 and this report). As shown above, the domain size prevents an 

accurate downscaling of large-scale, non-convective precipitation. This becomes severely 

underestimated, which in turn naturally has a strong negative impact on hydrological simulations. 

 

As shown in the previous section, the simulated runoff follows the pattern of the precipitation, in 

which the runoff simulated with HCLIM-AROMEPRE is severely underestimated compared to the 

runoff simulated with both the observed and HARMONIE-AROME precipitation.  

 

Concerning convective, small-scale (extreme) precipitation events, these was found overall well 

described by HARMONIE-AROME (D441.5.3) but in the HCLIM-AROME present climate simulations 

these are also generally underestimated, to various degree. All climate models have more or less 

precipitation bias, and this is usually handled by some form of bias adjustment, but when the bias 

reaches the levels found here applying subsequent adjustment must be considered highly 

questionable. Instead, the bias needs to be reduced by improvements or modifications of the 

climate model (set-up) itself. It can however not be excluded that future precipitation climate 

change signals are well described with HCLIM-AROME, but in light of the overall poor performance 

for present climate the results must be viewed with caution. 

 

An additional collection of lessons learned and recommendations for users and for production is 

given in report D441.2.3 on “Recommendations of input for operational production”. 
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