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Abstract 26 

In the face of an increasing number of urban climate modelling studies performed at sub-27 

kilometre resolution, systematic investigations of the performance of high-resolution urban cli-28 

mate simulations and their dependency on spatial resolution are still very sparse. This study in-29 

vestigates the impact of the scale of representation of the urban area on the urban climate 30 
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simulation with a multi-layer urban canopy model integrated in a mesoscale numerical weather 31 

prediction model for different sub-kilometre resolutions. The potential of using such a model 32 

system for representing the intra-urban climate variability is explored. The weather and climate 33 

model CCLM, coupled with the multi-layer urban canopy model DCEP (CCLM-DCEP), was used 34 

at increasing resolution from 1 km to 250 m grid spacing to simulate the pronounced heat wave 35 

event of June-July 2015 over the city of Zurich, Switzerland. CCLM-DCEP improved the model 36 

performance during night-time in comparison to the standard CCLM, especially at open midrise 37 

sites. Small-scale features such as urban parks and large railway areas started to be resolved at 38 

sub-kilometre grid spacing, producing a spatial variability in air temperature of up to 2 °C and 39 

wind speed of up to 1.5 m s-1 within a radius of 1 km inside the city. Due to the sparsity of me-40 

teorological observations available in the city, a thorough evaluation of the model performance 41 

at the different resolutions was not feasible. However, an improvement in simulated air tem-42 

perature and wind speed with model resolution was noticeable at compact midrise sites. CCLM-43 

DCEP showed the potential to represent the urban climate at the neighbourhood scale when 44 

used at high (sub-kilometre) resolution, which is needed to support applications such as urban 45 

planning, building energy use and urban air quality.   46 

1. Introduction 47 

Cities are known to impact the weather and climate both locally and regionally, producing a 48 

characteristic urban climate. The best known urban climate effect is the air temperature increase 49 

in urban areas compared to their rural surroundings – the so-called Urban Heat Island (UHI) ef-50 

fect. Numerous urban climate studies have been performed over the last 100 years (Arnfield, 51 

2003), with a focus today on its implications for energy use, human comfort, air pollution, and 52 

urban ecology (Roth, 2011).  53 

Traditionally, the multiple scales and physical processes found in the urban area have been 54 

parametrised using simplifying assumptions, leading to urban canopy models UCMs (or urban 55 
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land surface models). UCMs simulate the exchange of energy and momentum between urban 56 

surfaces and the atmosphere and have been coupled with weather and climate models ranging 57 

from the mesoscale (104-105 m) to the global scale (e.g. Masson, 2006; Oleson et al., 2008). 58 

While UCMs are typically designed to represent processes at the local scale (101 - 103 m), 59 

weather and climate models have been traditionally limited to the mesoscale.  60 

Only very recently, the increase in computational power and new physical parameterisations 61 

have led to the usage of these models at resolutions down to the kilometre or even sub-62 

kilometre scale (e.g. Grawe et al., 2013; Leutwyler et al., 2016; Li et al., 2013; Sharma et al., 2017). 63 

These advances offer now the opportunity to exploit UCMs at the local scale and therefore to 64 

model the intra-urban climate variability. Urban simulation at local scale has the potential to 65 

better support applications such as urban planning, building energy use and urban air quality.  66 

In the face of several urban climate studies performed at sub-kilometre resolution (Flagg and 67 

Taylor, 2011; Li et al., 2013; Miao et al., 2009; Ronda et al., 2017), systematic investigations of the 68 

performance of high-resolution urban climate simulations and their dependency on model spa-69 

tial resolution are still very sparse. Flagg and Taylor (2011) investigated the sensitivity of the sur-70 

face energy balance, canopy layer and boundary layer meteorology to the resolution at which 71 

the urban surface is represented. They found a significant dependency on model resolution of 72 

latent heat fluxes from the natural surface and sensible heat fluxes from the urban canopy. They 73 

also showed, for a coastal city, that the timing of the passage of the lake-breeze front depended 74 

on the resolution of the simulation. Ronda et al. (2017) investigated the performance of an im-75 

proved version of the Weather Research and Forecasting model (WRF) over an urban area at dif-76 

ferent model resolutions. Using a single layer urban canopy model, they found improved per-77 

formance at high resolution, but they did not identify which components were responsible. 78 

Loridan et al. (2013) assessed the performance of a new on-line UCM in representing the intra-79 

urban variability of energy fluxes. They found greater energy storage and less evaporation in the 80 
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dense city centre compared to the residential surroundings. However, they did not quantify the 81 

response of the model to different grid spacing. Li and Bou-Zeid (2014) performed a sensitivity 82 

study on the impact of different physical parameterisations (PBL and surface-layer scheme) 83 

without investigating the sensitivity to the model resolution. All the previous studies used a sin-84 

gle-layer UCM which makes their results not easily transferable to multi-layer UCMs, where the 85 

urban canopy is divided into several layers in the vertical direction. Multi-layer UCMs, like the 86 

one used in this study, have the advantage of being able to better integrate high-resolution in-87 

formation because of their greater flexibility and more explicit representation of different urban 88 

morphologies. Depending on their design, UCMs may be sensitive to model resolution due to 89 

nonlinear effects and potential scale-dependencies of the parameterisations, a known issue in 90 

land surface modelling (Giorgi and Avissar, 1997). Comparing the performance at different 91 

model resolutions is, therefore, an essential step to characterise any scale-dependence of a 92 

UCM. This brief review shows that there is still a need for further investigating the impact of 93 

model resolution on the accuracy of urban climate modelling, as also suggested by Martilli 94 

(2007) and Chen et al. (2012). 95 

This study aims to evaluate the impact of the scale of representation of the urban area on the 96 

urban climate simulation with a multi-layer UCM integrated in a mesoscale weather prediction 97 

model for different sub-kilometre model resolutions. Moreover, we investigated the potential of 98 

using such a model system for representing the intra-urban climate variability. The medium-99 

sized city of Zurich, Switzerland has been selected for this study as it reflects the common char-100 

acteristics of many European cities: complex urban morphology with strong heterogeneity in lo-101 

cal urban climates (Stewart and Oke, 2012).  102 
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2. Methods and data 103 

2.1 Study area & model setup 104 

The city of Zurich is located in north-central Switzerland at the north-western tip of Lake Zurich 105 

(Figure 1 a). Situated at the border between oceanic climate (Köppen climate classification Cfb) 106 

and humid continental climate (Köppen climate classification Dfb), Zürich experiences four dis-107 

tinct seasons and temperatures. The lowest monthly mean of daily minimum temperature is 108 

observed in January with −2 °C and the highest monthly mean of daily maximum temperature in 109 

July with 24 °C. There are on average 30 so-called summer days (maximum temperature equal 110 

to or above 25 °C) and 5.8 so-called heat days (maximum temperature equal to or above 30 °C) 111 

per year (MeteoSwiss, 2017). 112 

A heat wave swept across central Europe in summer 2015 (Ionita et al., 2017). The seasonal 113 

mean (June–August) surface air temperature was 2.4 °C above the 1964 – 1993 mean (Buwen et 114 

al., 2016). The period of 22 June – 10 July 2015 (18 days) featured a steady temperature rise 115 

from 23 June to 7 July followed by a dramatic drop in temperature by more than 15°C due to 116 

the passage of a cold front on 8 July (Figure 2 a). The air temperatures in the urban compact 117 

midrise site were substantially higher than in the rural site, especially at night. The UHI intensity, 118 

defined as the air temperature difference between the urban and the rural area, reached values 119 

up to 5°C (Figure 2 b).   120 

We performed the simulations with the non-hydrostatic limited-area weather prediction and 121 

climate model COSMO in Climate Mode (CCLM), version 5. CCLM evolved from the operational 122 

weather forecast Local Model (LM) of the German Weather Service (Steppeler et al., 2003) and it 123 

is being developed by a consortium of weather services in Europe and by the CLM-Community 124 

for climate applications (Rockel et al., 2008). The planetary boundary-layer scheme is based on 125 

Mellor and Yamada (1982). The radiation scheme is based on the δ-two-stream version of the 126 

radiative transfer equation (Ritter and Geleyn, 1992) and shallow convection is parametrized by 127 
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the Tiedkte (1989) scheme. Details for the multi-layer soil model, vegetation parametrisation and 128 

the cloud microphysics scheme are given in Doms et al. (2011). CCLM has been used previously 129 

for urban climate applications by e.g. Trusilova et al. (2015), Wouters et al. (2016) and 130 

Grossman-Clarke et al. (2017). 131 

We applied CCLM over a domain (Figure 1 a) of the size of approx. 50 km x 50 km with decreas-132 

ing horizontal grid spacing of 1 km, 500 m and 250 m. 76 levels were used in the vertical direc-133 

tion, with 6 and 23 levels in the first 100 m and 1000 m, respectively. Atmospheric analyses from 134 

the operational COSMO-2 model, operated by the Federal Office of Meteorology and Climatol-135 

ogy of Switzerland (MeteoSwiss), were used as initial and boundary conditions for all simula-136 

tions. The analyses cover the entire Alpine range with a resolution of about 2 km. The analyses 137 

are generated from the operational forecast using a nudging technique (Schraff, 1997) applied 138 

to near-surface and vertical profile observations of pressure, relative humidity and wind. As ex-139 

ternal input parameters for CCLM, the 1’’ global digital elevation map ASTER 140 

(https://asterweb.jpl.nasa.gov) for topography, the 10’’ land use dataset GlobCover 2009 141 

(Loveland et al., 2000) for land cover and the 30’’ Harmonized World Soil Database (FAO et al., 142 

2009) (Fischer et al., 2008) for soil characteristics were used in this study. The datasets had been 143 

pre-processed through the PrEProcessor of time-invariant parameters tool (Smiatek et al., 2008). 144 

A summary of the simulations and input data is given in Table 1.  145 

 146 

 147 

2.2 Urban parameterization 148 

Two parameterisations of different complexity were used to represent the urban area in the 149 

CCLM simulation: the standard bulk parameterisation (STD) of CCLM and the Double-Canyon Ef-150 

fect Parameterization (DCEP, Schubert et al., 2012). CCLM used with STD and DCEP is called 151 

hereinafter CCLM-STD and CCLM-DCEP, respectively. 152 
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In the standard parameterisation STD, urban areas are modelled using a bulk-transfer scheme 153 

with a fixed fraction (0.9) of impervious surfaces with an increased surface roughness length 154 

( 1.0	 , reduced vegetation cover (0.1 	and leaf area index ( 1 . These assumptions 155 

are applied uniformly over the entire urban area. The advantage of this approach is the low de-156 

mand on input parameters and the possibility to represent the urban surface within the standard 157 

land surface scheme TERRA of CCLM (Doms et al., 2011). However, this type of simple para-158 

metrization is likely not able to fully represent the characteristics of urban areas that influence 159 

the atmosphere.  160 

DCEP is a multi-layer urban canopy model based on the Building Effect Parameterization (BEP; 161 

Martilli et al., 2002). Urban areas are represented as a statistical ensemble of two-dimensional 162 

street canyons characterised by specific orientation, building and street width, and building 163 

height distribution. Radiation exchange for both long- and shortwave radiation between roof, 164 

wall and street surfaces is simulated. As an extension of the original BEP scheme, DCEP adds the 165 

radiation exchange between roof and wall surfaces in the street canyon for better representing 166 

urban regions with large variety of building heights (Schubert et al., 2012). DCEP calculates en-167 

ergy and momentum fluxes from street, wall and roof surfaces to the lowest layers of the at-168 

mospheric model. The vertical resolution of DCEP is enhanced compared to the atmospheric 169 

model resolution and can be specified independently, allowing a detailed representation of the 170 

urban canyon without affecting the atmospheric model resolution. The surface energy and mo-171 

mentum flux from natural and urban surfaces of an atmospheric model grid cell are averaged 172 

using the corresponding areal fractions, e.g. for the sensible heat flux:  173 

	 	 	,                                                (1) 174 

where  is the total sensible heat flux [W m-2],  is the urban fraction [-],  is the 175 

sensible heat flux from urban surfaces [W m-2],  is the natural fraction [-] with 1176 
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	 ,  is the sensible heat flux from natural surfaces [W m-2]. Further details of the cou-177 

pling between DCEP and the atmospheric model are provided in Schubert et al. (2012).  178 

DCEP requires additional input data such as distribution of building height and orientation, roof 179 

and road width and the fraction of non-natural surface. Detailed information on the additional 180 

input data is given in Section 2.3. The material properties of roof (R), wall (W) and street surfaces 181 

(G) follow the proposals of Martilli et al. (2002): the corresponding emissivities are 	182 

0.9	,	 0.95 and the thermal diffusivities are 	 0.67 10 	 	 	,	 0.29183 

10 	 	 . Furthermore, the same value of the volumetric specific heat capacity is used for all 184 

surfaces, 	 2.3 10 	 	 	 . Typical albedo values for roof and street surfaces 185 

are chosen according to Loridan and Grimmond (2012): 0.15	and 0.1. DCEP is 186 

applied here only for grid cells with a building fraction 0.1, where  is the fraction of 187 

the grid cell surface covered by buildings.  188 

2.3 Observations and input data 189 

We compared the results of the CCLM simulation with measurements from six surface stations 190 

located in the urban area (see Figure 1 b). The sites have been classified according to the Local 191 

Climate Zone (LCZ) definitions by Stewart & Oke (2012) and grouped accordingly to allow inter-192 

preting the results in terms of the local environment of the sites. The sites classification was 193 

supported by personal surveys and aerial images. The sites of KAS (Zürich-Kaserne) and SCH 194 

(Zürich-Schimmelstrasse) are situated in the densely built-up core of Zurich, classified here as 195 

compact midrise (LCZ 2). A dense mix of midrise buildings (3–9 stories) is present in this area, 196 

with mostly paved land cover and few or no trees. Construction materials are mainly concrete, 197 

brick and stone. The sites of ROS, STA and SMA are situated in the immediate surroundings of 198 

the city core of Zurich, classified as open midrise (LCZ 5). A more open arrangement of midrise 199 

buildings (3-9 stories) is present here, with abundance of pervious land covers such as small 200 

parks and trees. Construction materials are mainly concrete, brick and stone. The site of REH is 201 
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classified as Rural - low plants (LCZ D). Featureless landscape of grass is present, with the closest 202 

building located at 100 m distance.  203 

Air temperatures are measured at approx. 2 m height at all the sites. Instruments are ventilated 204 

and shielded as recommended by WMO (2008). The surface underneath the temperature sen-205 

sors is typical of the corresponding LCZ, i.e. artificial for urban and natural for rural sites, respec-206 

tively.  207 

Wind speeds are measured at varying heights at the different sites, but always above the urban 208 

canopy layer and following the recommendations for urban observations of WMO (2008). At the 209 

compact midrise site of KAS, wind speeds and directions are measured using a 5 m mast placed 210 

above a 20 m tall building. The open midrise site of SMA (Zürich-Fluntern) fulfils the “open 211 

country” standard exposure guidelines (WMO, 2008), where a mast of 10 m is extending above 212 

ground level. This height is considered sufficient in urban districts with low element height and 213 

density (WMO, 2008).  214 

No flux measurements were available for the studied period. We note that CCLM coupled with 215 

DCEP has already been validated with data from the Basel Urban Boundary Layer Experiment 216 

(BUBBLE) field campaign (Rotach et al., 2005) by Schubert and Grossman-Clarke (2014). They 217 

found a good online performance of the model system, comparable with other urban canopy 218 

models.  219 

Specific urban canopy parameters have to be derived at each atmospheric model grid cell in the 220 

domain, at different model resolutions. High-resolution datasets were used in this study to avoid 221 

loss of information during interpolation. The Degree of Soil Sealing 2009 (EEA, 2010) dataset 222 

with 20 m spatial resolution has been used to derive the fraction of urban surfaces ( ). Input 223 

data such as surface fraction covered by buildings ( ), building height distribution (γ), build-224 

ing and street width distribution ( , ) are derived from a 3D building model 225 
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(Swisstopo, 2010) covering the entire domain with a level of detail (LoD) of 1. Details on the der-226 

ivation of the urban canopy parameters are provided in the Appendix. 227 

The anthropogenic heat flux ( ) was neglected in this study, as its contribution is relatively 228 

small in summer compared to the net radiative forcing ∗. Studies on European cities located in 229 

similar climatic areas estimated an  of 10-20 W m-2 during summertime (Christen and Vogt, 230 

2004; Klysik, 1996; Masson et al., 2008), corresponding to only 2-4 % of the period averaged dai-231 

ly maximum ∗. 232 

 233 

2.4 Evaluation methodology 234 

In order to ensure a robust comparison at different model resolutions, the model results were 235 

compared to a defined area associated with each observation location, called here evaluation 236 

frame. The evaluation frame corresponds to the 1 km2 area of the grid cell enclosing the site at 237 

the coarsest model resolution (Figure 3 , blue square). For high-resolution results, it includes all 238 

grid cells contained within and overlapping with that coarse grid cell (Figure 3 , solid black lines). 239 

Since the grids are not perfectly aligned, the frame is somewhat larger at the highest resolution 240 

(1.56 km2). Within the evaluation frame, the maximum, minimum and mean values are calculat-241 

ed, together with the value of the grid cell containing the observation location. We remark that 242 

for all horizontal resolutions the vertical resolution remains the same, so all values are evaluated 243 

at the same height equal to the station height.  244 

The evaluation frame allows comparing values averaged over approximately the same area and, 245 

therefore, enables analysing more correctly the dependence of spatially averaged quantities on 246 

model resolution. In addition, the influence of loss of variability at lower resolution can be quan-247 

tified allowing for better understanding the advantage of high resolution for urban climate ap-248 

plications at local scale.  249 
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3. Results 250 

3.1 Urban canopy parameters 251 

Figure 4 shows the distribution of the urban fraction and building fraction for the Zurich area, 252 

and their corresponding variance, for different resolutions. We observe that, in general, the het-253 

erogeneity of urban parameters increased from large to small grid spacing. The variance of the 254 

fraction of urban surfaces  and building surfaces  almost doubled from 1 km to 250 m 255 

resolution.  256 

The value of  and  generally increased from large to small grid spacing at compact mid-257 

rise sites, whereas it decreased at open midrise sites (Table 1). This response is not seen at all 258 

sites since occasionally a site may become more (or less) urban at the next higher resolution and 259 

less urban again at even higher resolution depending on the specific surroundings of the site 260 

(e.g.  at SCH).  261 

The distribution of street canyon directions changed only moderately between the different sites 262 

with NE-SW being the predominant direction (Table 2, data only represented for the 250 resolu-263 

tion). 264 

3.2 Air temperature 265 

The time evolution of air temperature over the 18 days for the different sites is shown in Figure 266 

S1. We observe that the performance of CCLM-DCEP remains constant throughout the entire 267 

heat wave event. An important model bias was found at the rural station REH during night-time, 268 

where the model overestimates the observed temperature in all configurations. This disagree-269 

ment is attributed to the fact that CCLM is not able to reproduce the very low turbulent fluxes 270 

that occur during very stable boundary layer conditions. The inability of CCLM in representing 271 

very stable conditions has been already pointed out by Buzzi et al. (2011) and it remains still an 272 

open challenge for weather and climate models in general (Holtslag et al., 2013).  273 
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The simulated mean diurnal cycle of air temperature for the different model resolutions aver-274 

aged over the full 18-days period is shown in Figure 5 (a-b) for urban (compact and open mid-275 

rise), together with the corresponding urban heat island intensity (Fig. c-d). The UHI intensity is 276 

defined as		 _ 	 _ 	, where _  is the modelled temperature at the urban site of 277 

KAS (used as reference) and _ 	is the observed temperature at the rural site of REH. Ob-278 

served temperature at the rural site is used in order not to introduce the systematic model 279 

night-time bias mentioned above in the calculation of the UHI intensity. 280 

CCLM-DCEP results mostly matched the observations during night-time, while an overestima-281 

tion of the daytime air temperature of up to 2 °C for compact midrise sites and 1 °C for open 282 

midrise sites was found. Noticeable is a tendency of CCLM-DCEP to produce a too rapid tem-283 

perature rise in the morning and a too early decline in the late afternoon. As a result, the maxi-284 

mum 2-m air temperature was reached about 2 hours too early, and a significant warm bias ap-285 

peared particularly between 10 and 13 local time. These differences led to a too high UHI 286 

intensity during daytime and a delayed UHI increase in the evening (Figure 5 (c,d)). This behav-287 

iour was already observed by Schubert and Grossman-Clarke (2014) and attributed to a general 288 

warm bias of the CCLM model, though further work will be needed in the future to fully disclose 289 

the mechanisms.  290 

The Figure 5 (a,b) further indicate that CCLM-DCEP showed better agreement with observed air 291 

temperatures than CCLM-STD during night-time and late afternoon at all the model resolutions. 292 

Differences in temperature between CCLM-DCEP and CCLM-STD in the city centre, i.e. at 293 

compact midrise sites, are of the order of 1.2°C at night and 0.5-0.8°C during the day.  In the 294 

CCLM-DCEP results at all model resolutions, compact midrise locations showed a 1°C higher 295 

night-time minimum air temperature than open midrise locations (Figure 5). A similar behaviour 296 

was not seen for the standard CCLM, where almost no difference was found between compact 297 

and open midrise sites.  298 
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Figure 5 shows that the CCLM-DCEP simulations at 500 m and 1 km resolution collapsed in the 299 

range of variability of the 250m simulation over the evaluation frame. The range of variability in 300 

the evaluation frame was found to be larger than the difference between results at different 301 

model resolutions. This suggests that the parameterisation used in DCEP have little (or no) scale 302 

dependency, i.e. DCEP can be used at different model resolutions (in the range 250 m – 1 km) 303 

without affecting the performance. A variability of air temperature as high as 2°C during daytime 304 

and 1°C during night-time was found in the evaluation frame, with higher values at open than at 305 

compact midrise sites. The air temperature variability was largest around noon and relatively 306 

small in the early morning hours (6 to 9 local time). 307 

Statistical scores for all the simulations are shown in Table 3. A higher resolution produced a re-308 

duced mean bias error (MBE) only for open midrise sites of STA and ROS. At the compact mid-309 

rise sites (KAS and SCH), low-resolution simulations showed better scores in terms of MBE. In 310 

terms of root-mean-square error (RMSE), we found no systematic change with model resolution.  311 

Figure 6 shows the spatial distribution of period-averaged 2 m air temperatures using CCLM-312 

STD and CCLM-DCEP at the different spatial resolutions for the conditions in the early morning 313 

(6 LT) and mid-afternoon (15 LT), which approximately corresponded to the time of the daily 314 

minimum and maximum temperatures, respectively.  315 

In CCLM-DCEP, the entire urban area assumed an almost uniform temperature during night-316 

time, while hot spots were found during daytime. Comparing Figure 4 and 6, we observe that 317 

during daytime, the hot spots (Figure 6 b) were localized over areas with high urban fractions 318 

(Figure 4). The CCLM-DCEP results further suggested a cooling effect of the lake on the sur-319 

rounding portion of the urban area during daytime. In CCLM-STD, we found no significant varia-320 

tion between daytime and night-time.  321 
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3.3 Surface heat fluxes 322 

In order to understand the causes of the spatial and temporal variability of the simulated air 323 

temperature, the surface heat fluxes are investigated. Specifically, the net incoming radiation 324 

( ∗), the sensible heat flux ( ) and the latent heat flux ( ) are analysed here.  and  325 

are considered positive if the energy flows from the surface to the atmosphere. 326 

Figure 7 shows the simulated period-averaged diurnal cycle of energy fluxes at the compact and 327 

open midrise sites at different horizontal grid spacing. At compact midrise sites, more energy 328 

was released as sensible heat than at open midrise sites. Within the urban area, sensible heat 329 

fluxes reached values up to 400 W m-2 and vary spatially by more than 100 W m-2 during day-330 

time (Figure 8). During night-time (Figure 8 a), compact midrise sites maintained small positive 331 

values of sensible heat flux up to 50 W m-2, while the values in open midrise sites were very low 332 

and almost 0 W m-2. Spatial differences between adjacent grid cell values of up to 20 W m-2 333 

were observed during night-time.  334 

The response of the sensible heat flux to model grid spacing was rather small, with an average 335 

variation of about 7% (~20 W m-2) between model resolutions during daytime (Figure 7).  336 

The latent heat fluxes in Figure 7 reached values up to 200 W m-2 during daytime, while during 337 

night-time LHF was almost zero indicating less evaporation and almost no transpiration. Figure 338 

8 shows that LHF during daytime was lower within urban compact midrise areas (around 100 W 339 

m-2) and higher in open midrise areas (200 W m-2).  340 

 shows a quite large sensitivity to model resolution (Figure 7), with differences between 341 

model resolutions of more than 25% (50 W m-2) during daytime. Generally, lower values of  342 

were found at finer grid spacing. This behaviour is in accordance with the high range of variabil-343 

ity of  in the evaluation frame (Figure 7) and with Table 2, where higher values of urban frac-344 

tion  are associated with finer grid spacing.   345 
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Figure 7 shows the net incoming radiation, which is considered positive if the energy flows from 346 

the atmosphere to the surface.	 ∗ does not show considerable differences between compact 347 

and open midrise. During daytime, values varied spatially between 550 and 600 W m-2, while 348 

during night-time values between -60 and -90 W m-2 were reached. Figure S3 shows the spatial 349 

variation of ∗ inside the urban area. Comparing Figure S3 and Figure 4 shows that ∗ was de-350 

termined more by the building fraction than the urban fraction. For completeness, the spatial 351 

variation of net incoming longwave and shortwave radiation is also shown in Figure S4 and S5, 352 

respectively. Comparing of Figure S5 and Figure 4 shows that less net short wave radiation was 353 

received in areas with higher buildings, because of building shading effects. Variations of up to 354 

about 8 % (50 W m-2) of the net incoming shortwave radiation were found in the urban area. 355 

During night-time, ∗ shows a less homogeneous behaviour than during daytime with differ-356 

ences up to about 30% (30 W m-2) between two neighbouring grid cells (see Figure S2). For 357 

completeness, we show also in the Supporting Information the storage flux which is defined as 358 

≅ ∗ 	 	(Figure S3). We observed during daytime storage fluxes up to 225 W m-359 

2 especially in region with high urban fraction (compact midrise), while during night-time these 360 

areas show fluxes of -100 W m-2.  361 

3.4 Wind speed 362 

The measured and simulated period-averaged diurnal cycle of wind speed is shown in Figure 9. 363 

The comparison with observed wind speed shows a slight overestimation but overall a very 364 

good correlation for both sites. CCLM-DCEP did not improve the performance compared to 365 

CCLM-STD. At the observation locations, the period-averaged wind speeds tended to increase 366 

with model resolution (Figure 9). This behaviour was most evident during daytime. We found a 367 

high spatial variability of the mean winds of up to 2 m s-1 during daytime in the evaluation frame 368 

(Figure 9). Figure S6 in the Supporting Information shows a comparison between simulated and 369 

measured wind speeds at the different observation sites during the entire 18-days period. In 370 
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general, we found a good agreement with some extreme values only captured at high resolu-371 

tion. Figure 10 shows the period-averaged spatial distribution of 10-m wind speed at 06 LT and 372 

15 LT simulated with CCLM-DCEP. Wind speeds were rather low in the night reaching values of 1 373 

m s-1 and increasing in the afternoon reaching values up to 5 m s-1. Within the urban area, we 374 

simulated wind speed differences up to 2 m s-1 and 1 m s-1 during daytime and night-time, re-375 

spectively. These differences were more evident at high resolution where variations in urban 376 

morphology (such as building height distribution) inside the urban area became more resolved 377 

(Figure 10). Specifically, we found higher wind speeds (+~1 m s-1) during daytime over the large 378 

open space of the railway tracks where the flow encountered no vertical obstacles (Figure 10).  379 

4. Discussion 380 

4.1 Impact of resolution 381 

The values of  and  increased from large to small grid spacing at compact midrise sites 382 

and decrease at open midrise sites. This indicates a better local representation of the site char-383 

acteristic (e.g. fraction of urban surfaces and building density). Small-scale urban features such 384 

as rivers and urban parks start to be resolved at the highest model resolution of 250 m, and 385 

topographic features such as lake boundaries and orography are better represented. The varia-386 

tions of  and  with model resolution had a direct impact on the surface heat fluxes, spe-387 

cifically on .  was found to be very sensitive to model grid spacing, as found also by 388 

Flagg and Taylor (2011). We found lower values of  at the observation sites at finer grid 389 

spacing because natural patches that surround the urban area were not included anymore in the 390 

finer grid cell. This behaviour was confirmed by the high range of variability of  in the evalu-391 

ation frame (Figure 7) and by Table 2, where higher values of urban fraction  are associated 392 

with finer grid spacing. In comparison with , the other surface energy fluxes (  and ∗) 393 

showed a rather low sensitivity to model resolution. We remark that in our simulations all build-394 
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ings in the city had the same roof and wall albedos which could explain the lower sensitivity of 395 

 and ∗ to model resolution. When different values of albedo are used, a higher sensitivity 396 

to resolution might be expected.  397 

The comparison between measurements and simulations shows that model resolution improved 398 

model performance only at open midrise sites, while an overestimation of daytime air tempera-399 

ture was found over compact midrise sites. However, this observation has to be considered with 400 

care. There was indeed a considerable spread in temperatures at 250 m resolution within a sin-401 

gle grid cell of the 1 km simulation, suggesting that the agreement between the different reso-402 

lutions could be influenced by the representativeness of the observation sites. In other words, 403 

the grid cell where an observation site is contained may not be the most representative of the 404 

site itself. 405 

We found a rather small scale dependency of CCLM-DCEP when simulating air temperatures, 406 

likely owed to the physically-based representation of street canyons in DCEP and to the ap-407 

proach of representing a single grid cell as a statistical ensemble of street orientations and 408 

buildings.  409 

The increase in wind speed with model resolution is attributed to the larger horizontal pressure 410 

gradients produced at higher resolution, as a consequence of higher temperature gradients and 411 

more pronounced orography. The slight overestimation of wind speed at high resolution is 412 

probably related to the overestimation of daytime air temperature.  413 

To shed further light on the question, how realistic intra-urban gradients in temperature, wind 414 

speed and energy fluxes are represented in high-resolution simulations, a denser network of 415 

temperature and wind observations and additional measurements of energy fluxes from flux 416 

towers or airborne measurements would be required. Such comprehensive datasets are only 417 

available from very few observations campaigns (Muller et al., 2013).   418 
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4.2 Representation of intra-urban climates 419 

CCLM-DCEP was able to reproduce the temperature differences between compact and open 420 

midrise sites during the evaluation period. We found a spatial variability in air temperature as 421 

high as 2°C during daytime and 1°C during night-time in the evaluation frame, with higher val-422 

ues at open than at compact midrise sites. The observed large temperature variability in the 423 

evaluation frame was due to the strong heterogeneity in land use parameters for open midrise 424 

sites, where small-scale features such as rivers and urban parks started to be resolved. The air 425 

temperature variability was larger during daytime, while it was small during transition times, es-426 

pecially in the morning. During daytime, hot spots with high air temperature (Figure 6 b) were 427 

localized over areas with high urban fractions (Figure 4) where higher sensible heat fluxes were 428 

produced (Figure 8 b). The cooling effect of the lake was only evident during daytime when the 429 

temperature difference between lake and land surface temperature was largest. 430 

The heterogeneity in urban parameters had noticeable effects on the energy fluxes partitioning. 431 

The greater amount of energy released as sensible heat flux in compact midrise sites has also 432 

been found in other experimental (Rotach et al., 2005) and modelling (Loridan et al., 2013) stud-433 

ies. The higher sensible heat flux was driven by a higher urban fraction  (and corresponding-434 

ly lower vegetation fraction	 ) and by differences in the values of the urban canopy parame-435 

ters (Table 2). 436 

We found a strong wind speed variability of up to 2 m s-1 during daytime and up to 1 m s-1 dur-437 

ing night-time in the evaluation frame (Figure 9). This variability was produced by local varia-438 

tions in terrain height and urban morphology (Figure 4). However, we found no one-to-one rela-439 

tion between the temperature and the wind speed spatial distribution.  440 

 441 
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5. Conclusions 442 

This study investigates the potential of exploiting a mesoscale model for local urban scale cli-443 

mate simulations. The weather and climate model CCLM, coupled with the multi-layer urban 444 

canopy model DCEP, was used at increasing model resolution from 1 km to 250 m grid spacing. 445 

We assessed the impact of model resolution on the simulated air temperature, surface energy 446 

fluxes and wind speed during the heat wave event of June-July 2015 in Zurich (Switzerland).  447 

The heterogeneity of the urban canopy parameters strongly increased with model resolution, 448 

where an almost doubled variance of these parameters was observed. Small-scale features such 449 

as urban parks, large railways and districts with peculiar urban morphology started to be 450 

resolved at sub-kilometre resolution. Large-scale features such as lake boundaries and orogra-451 

phy were also better resolved.  452 

CCLM-DCEP was found to better represent the different air temperature daily profiles as ob-453 

served in compact midrise and open midrise sites compared to the standard CCLM. Specifically, 454 

CCLM-DCEP better resolved the higher night-time minimum air temperature in compact midrise 455 

locations.  456 

An air temperature variability as high as 2°C during daytime and 1°C during night-time was 457 

found over a 1 km x 1 km evaluation frame, at 250 m resolution. We also found that the mean 458 

values of 2-m air temperature over the evaluation frame area remain conserved, i.e. the model 459 

resolution (from 1 km to 250 m) does not affect the performances of the urban parameterisa-460 

tion. 461 

Latent heat flux (LHF) was found to be very sensitive to model resolution, with differences of up 462 

to 50 W m-2 (25 %) between the different model grid spacing. Lower values of LHF were found at 463 

finer grid spacing where surrounding natural patches are not included in the grid cell. At 464 

compact midrise sites, more energy was released as sensible heat flux (SHF) than at open mid-465 
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rise sites. These variations were driven by a higher urban fraction and correspondingly lower 466 

vegetation fraction and by differences in the values of the urban canopy parameters.  467 

Regarding wind speed, CCLM-DCEP did not substantially improve the agreement with observa-468 

tions compared to the standard CCLM. Higher values of wind speed were modelled at higher 469 

resolution in correlation with higher pressure gradients generated between the city and the sur-470 

roundings. As for the other variables, we observed an increase in variability with model resolu-471 

tion. Within the urban area, we simulated a difference up to 1.5 m s-1 and 1 m s-1 during daytime 472 

and night-time, respectively. 473 

The results show that CCLM-DCEP has the potential to represent the urban climate at the local 474 

(or neighbourhood) scale when used at high (sub-kilometre) resolution. Sub-kilometre resolu-475 

tion allows better representing urban features such as urban parks, rivers, large railways and dis-476 

tricts with peculiar urban morphology (e.g. old city cores). Urban simulation at local scale has 477 

the potential to better support applications such as urban planning, building energy use and ur-478 

ban air quality. The results of this study extend to similar modelling system such as WRF/urban 479 

(Chen et al. 2011), when used with highly physical multi-layer urban canopy models. 480 
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Appendix 486 

The derivation of the urban canopy parameters used in CCLM-DCEP is described here. It partially 487 

follows the methodology proposed by Schubert and Grossman-Clarke (2014). 488 
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The urban fraction , defined as the planar fraction of urban surfaces in a model grid cell, is 489 

derived from the “Degree of Soil Sealing 2009” dataset with 20 m spatial resolution (EEA 2010). 490 

The degree of soil sealing is used as a proxy for the urban fraction, as done in previous studies 491 

(e.g Wouters et al. (2015)). The high resolution data is interpolated on the CCLM grid at the dif-492 

ferent model grid spacing (1 km, 500 m, 250 m). 493 

The building fraction , defined as the planar fraction of buildings in a model grid cell, is cal-494 

culated from a 3D building model (Swisstopo, 2010) covering the entire domain with a level of 495 

detail (LoD) of 1. In LoD 1, buildings are represented by block models where roof details are not 496 

included. The street fraction  is then derived, given that 	 	 . It should be not-497 

ed that vegetation in the street canyon (e.g. street trees or small gardens) is not considered in 498 

the current DCEP version, i.e. the urban part of the grid cell is completely covered by street and 499 

building surfaces. 500 

The direction of the street canyon influences the shadowing of the urban surfaces and the drag 501 

forces on the walls (e.g. drag forces do not act on the walls if the street canyon is aligned with 502 

the direction of the average wind speed). Thus, all urban radiative properties and fluxes are av-503 

eraged, weighted with the fraction  of the corresponding street direction. In this study, 4 504 

street canyon orientation classes are used: namely Northwest-Southeast (NW-SE), North-South 505 

(N-S), Northeast-Southwest (NE-SW), and East-West (E-W). In order to calculate  of every 506 

mesoscale grid cell, the distribution of canyon angles of all wall polygons in the 3D building 507 

model is weighted with their respective wall area.  508 

The building height probability 	  is determined by the distribution of building heights in the 509 

3D building model weighted by the respective wall area of the building. A building height is as-510 

signed to a street direction depending on the street direction of its wall surfaces. 511 

The street width , defined as the average width (in metres) of the street of a certain canyon 512 

orientation class, is calculated using the flowing empirical equation: 513 
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	5m 	 45m.                                                          (A1) 514 

 can therefore assume values from 5 to 50 m, corresponding to the minimum and maximum 515 

values of street width observed in Zurich, respectively. Equation 2 is derived based on a citywide 516 

mean  of 20 m (corresponding to a  of 0.33) and a direct correlation between  and 517 

 is assumed. Considering that the urban part of the grid cell is completely covered by street 518 

and building surfaces, the building width  is given by: 519 

	 	 	.,                                                           (A2) 520 

 521 

 522 
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Tables 684 

COSMO-CLM  
(CCLM) model 

(version 5) 

Horizontal  
Grid Spacing 

1km, 500m, 250m 

Vertical resolution 76 levels 

Urban parameterization 
Bulk (STD) 

DCEP 

 Input data 

Boundary conditions COSMO-2 analysis 

Urban fraction Soil sealing 2 m res (EEA) 

Building data LoD 1 building data (Local) 

Urban vegetation LAI = 3, z0 = 0.1 m 

Table 1 - Resume of simulation details and input data. 685 

 686 

Site Urban fraction 

 

Building fraction 
 

Aspect ratio  
/  

Canyon direction  

(at 250m) 

1 km 500m 250m 1 km 500m 250m 1 km 500m 250m NE-SW N-S NW-SE E-W 

KAS 0.79 0.82 0.85 0.39 0.5 0.46 0.88 1.04 0.88 0.65 0.06 0.25 0.05 

SCH 0.69 0.84 0.80 0.38 0.40 0.36 1.06 0.80 0.80 0.70 0.02 0.26 0.02 

STA 0.54 0.58 0.57 0.32 0.24 0.30 0.95 0.69 0.82 0.44 0.17 0.17 0.22 

ROS 0.65 0.6 0.54 0.35 0.37 0.31 0.77 0.92 0.88 0.62 0.09 0.21 0.08 

 687 

Table 2 - Values of urban parameters at the grid cell corresponding to the observation sites for 688 

different horizontal grid spacing. Aspect ratio is the mean height-to-width ratio (H/W) of street 689 

canyons. Canyon direction represents the percentage of canyons with a specific direction and is 690 

only given for resolution 250 m. 691 

 692 

   Air Temperature [°C] 

Site Description Model MBE RMSE 

 1 km 500m 250m 1 km 500m 250m 

KAS Urban, compact midrise DCEP 0.20  0.42  0.50  0.90  1.02  1.07  

STD -0.60 -0.50 -0.57 1.07 1.02 1.07 

SCH Urban, compact midrise DCEP 0.25  0.47  0.42  1.36  1.55  1.51  

STD -0.54 -0.53 -0.54 1.51 1.62 1.60 
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STA Urban, open midrise DCEP -0.27  -0.09 -0.09  1.34 1.38 1.38 

STD -0.78 -0.46 -0.50 1.58 1.55 1.54 

ROS Urban, open midrise DCEP -0.54 -0.80 -0.10 1.25 1.37 1.25 

STD -0.89 -0.64 -0.44 1.39 1.34 1.29 

SMA Urban, open low-rise DCEP 0.36 0.28 0.72 1.28 1.20 1.38 

STD 0.02 0.08 -0.11 1.23 1.17 1.17 

REH Rural, low plants DCEP 0.62 0.73 1.03 1.60 1.65 1.81 

STD 0.42 0.74 0.82 1.50 1.64 1.63 

 693 

Table 3 - Period averaged mean-bias errors (MBE) and root-mean-square errors (RMSE) of the 694 

air temperature at 2 m, calculated for the model grid cells in which the sites were situated. The 695 

upper row for each site gives the values for CCLM-DCEP (DCEP), while the lower row lists the re-696 

sults for CCLM-STD (STD). 697 

 698 

  699 
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 700 

Figure 1 - Aerial views of the model domain (white rectangle) (a) and the city of Zurich with lo-701 

cation of the sites used for model evaluation (b). Aerial photos reproduced by permission of 702 

SwissTopo (JA100120). 703 

 704 
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 705 

Figure 2 – Measured air temperature (2 m) at the sites of KAS (Urban) and REH (Rural) during 706 

the heat wave June 22 - July 10, 2015 (a). UHI intensity calculated as air temperature difference 707 

between the sites of KAS and REH (b). 708 

 709 

 710 

Figure 3 – Schematic of the evaluation methodology. OBS (in red) is the location of the observa-711 

tion site. The solid lines are the grid cells used for the comparison. Only 1 km (corresponding to 712 

the evaluation frame) and 250 m grid cells are shown for simplicity. 713 

 714 
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 715 

Figure 4 - Urban parameters for CCLM-DCEP derived for the model domain at the different hori-716 

zontal grid spacing: urban fraction, building fraction at the height of 10 m and building fraction 717 

at the height of 20 m. The building fraction values are averaged over all considered street direc-718 

tions. The variances (var) are also reported. Only values higher than 0.1 are represented. 719 

 720 
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 721 

Figure 5 - Measured (Obs) and simulated average diurnal cycle of 2-m air temperature and UHI 722 

intensity at the different horizontal grid spacings at compact (a, c) and open urban (b, d) sites. 723 

The shaded area represents the range between minimum and maximum in the 250m CCLM-724 

DCEP simulation within the corresponding grid cell of the 1 km simulation. The results from the 725 

STD simulation are also shown for comparison. 726 

 727 
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 728 

Figure 6- Spatial distribution of the simulated period-averaged 2-m air temperature [°C] at 06 LT 729 

(a) and 15 LT (b) using CCLM-STD (upper row) and CCLM-DCEP (lower row) urban parameteriza-730 

tion with a grid spacing of 1 km, 500m and 250m (from left to right), respectively. 731 

 732 
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 733 

Figure 7 - Simulated average diurnal cycle of surface heat fluxes at the compact and open mid-734 

rise sites at different horizontal grid spacing. Only results of the simulation with CCLM-DCEP are 735 

shown here. The shaded areas represent the range of variability of the energy fluxes of the 250m 736 

simulation only. 737 

 738 
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 739 

Figure 8 - Spatial distribution of the period-averaged upward surface sensible heat flux (SHF) 740 

and latent heat flux (LHF) at 00 LT and 12 LT for CCLM-DCEP at the different grid spacings in the 741 

urban area. Only urban grid cells are shown. 742 

 743 
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 744 

Figure 9 - Observed and simulated period-averaged diurnal cycle of wind speed at different hor-745 

izontal grid spacing at compact urban and open urban sites. The solid and dotted lines indicate 746 

the simulation with CCLM-DCEP and CCLM-STD, respectively. 747 

 748 

 749 

Figure 10 - Simulated period-averaged spatial distribution of 10-m wind speed [m s-1] at 06 LT 750 

and 15 LT using CCLM-DCEP with model grid spacing of 1 km, 500m and 250m, respectively. 751 

The red arrow indicates the location of the railway. 752 

 753 




