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26  Abstract
27  Inthe face of an increasing number of urban climate modelling studies performed at sub-
28 kilometre resolution, systematic investigations of the performance of high-resolution urban cli-

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

30  vestigates the impact of the scale of representation of the urban area on the urban climate
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simulation with a multi-layer urban canopy model integrated in a mesoscale numerical weather
prediction model for different sub-kilometre resolutions. The potential of using such a model
system for representing the intra-urban climate variability is explored. The weather and climate
model CCLM, coupled with the multi-layer urban canopy model DCEP (CCLM-DCEP), was used
at increasing resolution from 1 km to 250 m grid spacing to simulate the pronounced heat wave
event of June-July 2015 over the city of Zurich, Switzerland. CCLM-DCEP improved the model
performance during night-time in comparison to the standard CCLM, especially at open midrise
sites. Small-scale features such as urban parks and large railway areas started to be resolved at
sub-kilometre grid spacing, producing a spatial variability in air temperature of up to 2 °C and
wind speed of up to 1.5 m s™* within a radius of 1 km inside the city. Due to the sparsity of me-
teorological observations available in the city, a thorough evaluation of the model performance
at the different resolutions was not feasible. However, an improvement in simulated air tem-
perature and wind speed with model resolution was noticeable at compact midrise sites. CCLM-
DCEP showed the potential to represent the urban climate at the neighbourhood scale when
used at high (sub-kilometre) resolution, which is needed to support applications such as urban

planning, building energy use and urban air quality.

1. Introduction

Cities are known to impact the weather and climate both locally and regionally, producing a
characteristic urban climate. The best known urban climate effect is the air temperature increase
in urban areas compared to their rural surroundings — the so-called Urban Heat Island (UHI) ef-
fect. Numerous urban climate studies have been performed over the last 100 years (Arnfield,
2003), with a focus today on its implications for energy use, human comfort, air pollution, and

urban ecology (Roth, 2011).

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

parametrised using simplifying assumptions, leading to urban canopy models UCMs (or urban



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

land surface models). UCMs simulate the exchange of energy and momentum between urban
surfaces and the atmosphere and have been coupled with weather and climate models ranging
from the mesoscale (10*-10° m) to the global scale (e.g. Masson, 2006; Oleson et al, 2008).
While UCMs are typically designed to represent processes at the local scale (10" - 10° m),

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

Only very recently, the increase in computational power and new physical parameterisations
have led to the usage of these models at resolutions down to the kilometre or even sub-
kilometre scale (e.g. Grawe et al,, 2013; Leutwyler et al,, 2016; Li et al,, 2013; Sharma et al,, 2017).
These advances offer now the opportunity to exploit UCMs at the local scale and therefore to
model the intra-urban climate variability. Urban simulation at local scale has the potential to

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

In the face of several urban climate studies performed at sub-kilometre resolution (Flagg and
Taylor, 2011; Li et al, 2013; Miao et al, 2009; Ronda et al,, 2017), systematic investigations of the
performance of high-resolution urban climate simulations and their dependency on model spa-
tial resolution are still very sparse. Flagg and Taylor (2011) investigated the sensitivity of the sur-
face energy balance, canopy layer and boundary layer meteorology to the resolution at which
the urban surface is represented. They found a significant dependency on model resolution of
latent heat fluxes from the natural surface and sensible heat fluxes from the urban canopy. They
also showed, for a coastal city, that the timing of the passage of the lake-breeze front depended
on the resolution of the simulation. Ronda et al. (2017) investigated the performance of an im-
proved version of the Weather Research and Forecasting model (WRF) over an urban area at dif-
ferent model resolutions. Using a single layer urban canopy model, they found improved per-
formance at high resolution, but they did not identify which components were responsible.
Loridan et al. (2013) assessed the performance of a new on-line UCM in representing the intra-

urban variability of energy fluxes. They found greater energy storage and less evaporation in the
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dense city centre compared to the residential surroundings. However, they did not quantify the
response of the model to different grid spacing. Li and Bou-Zeid (2014) performed a sensitivity
study on the impact of different physical parameterisations (PBL and surface-layer scheme)
without investigating the sensitivity to the model resolution. All the previous studies used a sin-
gle-layer UCM which makes their results not easily transferable to multi-layer UCMs, where the
urban canopy is divided into several layers in the vertical direction. Multi-layer UCMs, like the
one used in this study, have the advantage of being able to better integrate high-resolution in-
formation because of their greater flexibility and more explicit representation of different urban
morphologies. Depending on their design, UCMs may be sensitive to model resolution due to
nonlinear effects and potential scale-dependencies of the parameterisations, a known issue in
land surface modelling (Giorgi and Avissar, 1997). Comparing the performance at different
model resolutions is, therefore, an essential step to characterise any scale-dependence of a
UCM. This brief review shows that there is still a need for further investigating the impact of
model resolution on the accuracy of urban climate modelling, as also suggested by Martilli

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

This study aims to evaluate the impact of the scale of representation of the urban area on the
urban climate simulation with a multi-layer UCM integrated in a mesoscale weather prediction
model for different sub-kilometre model resolutions. Moreover, we investigated the potential of
using such a model system for representing the intra-urban climate variability. The medium-
sized city of Zurich, Switzerland has been selected for this study as it reflects the common char-
acteristics of many European cities: complex urban morphology with strong heterogeneity in lo-

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

2.1Study area & model setup

The city of Zurich is located in north-central Switzerland at the north-western tip of Lake Zurich
(Figure 1 a). Situated at the border between oceanic climate (Képpen climate classification Cfb)
and humid continental climate (Képpen climate classification Dfb), Ziirich experiences four dis-
tinct seasons and temperatures. The lowest monthly mean of daily minimum temperature is
observed in January with =2 °C and the highest monthly mean of daily maximum temperature in
July with 24 °C. There are on average 30 so-called summer days (maximum temperature equal
to or above 25 °C) and 5.8 so-called heat days (maximum temperature equal to or above 30 °C)

per year (MeteoSwiss, 2017).

A heat wave swept across central Europe in summer 2015 (lonita et al, 2017). The seasonal
mean (June-August) surface air temperature was 2.4 °C above the 1964 — 1993 mean (Buwen et
al, 2016). The period of 22 June — 10 July 2015 (18 days) featured a steady temperature rise
from 23 June to 7 July followed by a dramatic drop in temperature by more than 15°C due to
the passage of a cold front on 8 July (Figure 2 a). The air temperatures in the urban compact
midrise site were substantially higher than in the rural site, especially at night. The UHI intensity,
defined as the air temperature difference between the urban and the rural area, reached values
up to 5°C (Figure 2 b).

We performed the simulations with the non-hydrostatic limited-area weather prediction and
climate model COSMO in Climate Mode (CCLM), version 5. CCLM evolved from the operational
weather forecast Local Model (LM) of the German Weather Service (Steppeler et al., 2003) and it
is being developed by a consortium of weather services in Europe and by the CLM-Community
for climate applications (Rockel et al, 2008). The planetary boundary-layer scheme is based on
Mellor and Yamada (1982). The radiation scheme is based on the &-two-stream version of the

radiative transfer equation (Ritter and Geleyn, 1992) and shallow convection is parametrized by
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the Tiedkte (1989) scheme. Details for the multi-layer soil model, vegetation parametrisation and
the cloud microphysics scheme are given in Doms et al. (2011). CCLM has been used previously
for urban climate applications by e.g. Trusilova et al. (2015), Wouters et al. (2016) and

Grossman-Clarke et al (2017).

We applied CCLM over a domain (Figure 1 a) of the size of approx. 50 km x 50 km with decreas-
ing horizontal grid spacing of 1 km, 500 m and 250 m. 76 levels were used in the vertical direc-
tion, with 6 and 23 levels in the first 100 m and 1000 m, respectively. Atmospheric analyses from
the operational COSMO-2 model, operated by the Federal Office of Meteorology and Climatol-
ogy of Switzerland (MeteoSwiss), were used as initial and boundary conditions for all simula-
tions. The analyses cover the entire Alpine range with a resolution of about 2 km. The analyses
are generated from the operational forecast using a nudging technique (Schraff, 1997) applied
to near-surface and vertical profile observations of pressure, relative humidity and wind. As ex-
ternal input parameters for CCLM, the 1" global digital elevation map ASTER

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

(Loveland et al., 2000) for land cover and the 30" Harmonized World Soil Database (FAO et al,
2009) (Fischer et al., 2008) for soil characteristics were used in this study. The datasets had been
pre-processed through the PrEProcessor of time-invariant parameters tool (Smiatek et al., 2008).

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

2.2Urban parameterization

Two parameterisations of different complexity were used to represent the urban area in the
CCLM simulation: the standard bulk parameterisation (STD) of CCLM and the Double-Canyon Ef-
fect Parameterization (DCEP, Schubert et al., 2012). CCLM used with STD and DCEP is called

hereinafter CCLM-STD and CCLM-DCEP, respectively.
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In the standard parameterisation STD, urban areas are modelled using a bulk-transfer scheme
with a fixed fraction (0.9) of impervious surfaces with an increased surface roughness length
(zo = 1.0 m), reduced vegetation cover (0.1) and leaf area index (LAI = 1). These assumptions
are applied uniformly over the entire urban area. The advantage of this approach is the low de-
mand on input parameters and the possibility to represent the urban surface within the standard
land surface scheme TERRA of CCLM (Doms et al, 2011). However, this type of simple para-
metrization is likely not able to fully represent the characteristics of urban areas that influence

the atmosphere.

DCEP is a multi-layer urban canopy model based on the Building Effect Parameterization (BEP;
Martilli et al, 2002). Urban areas are represented as a statistical ensemble of two-dimensional
street canyons characterised by specific orientation, building and street width, and building
height distribution. Radiation exchange for both long- and shortwave radiation between roof,
wall and street surfaces is simulated. As an extension of the original BEP scheme, DCEP adds the
radiation exchange between roof and wall surfaces in the street canyon for better representing
urban regions with large variety of building heights (Schubert et al, 2012). DCEP calculates en-
ergy and momentum fluxes from street, wall and roof surfaces to the lowest layers of the at-
mospheric model. The vertical resolution of DCEP is enhanced compared to the atmospheric
model resolution and can be specified independently, allowing a detailed representation of the
urban canyon without affecting the atmospheric model resolution. The surface energy and mo-
mentum flux from natural and urban surfaces of an atmospheric model grid cell are averaged

using the corresponding areal fractions, e.g. for the sensible heat flux:
SHFor = furb X SHFyrp + frat X SHFyq: oy

where SHF,,; is the total sensible heat flux [W m, furp 1s the urban fraction [-], SHF,,;, is the

sensible heat flux from urban surfaces [W m™], foq is the natural fraction [-] with f,,, = 1 —
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Fratr SHF g is the sensible heat flux from natural surfaces [W m™]. Further details of the cou-

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

DCEP requires additional input data such as distribution of building height and orientation, roof
and road width and the fraction of non-natural surface. Detailed information on the additional
input data is given in Section 2.3. The material properties of roof (R), wall (W) and street surfaces
(G) follow the proposals of Martilli et al. (2002): the corresponding emissivities are eg = g, =
0.9,5;, =095 and the thermal diffusivities are kz = ky, = 0.67 X 107 m? s~1, k; = 0.29 X
107® m? s71. Furthermore, the same value of the volumetric specific heat capacity is used for all
surfaces, cg = ¢y = ¢g = 2.3 X 10° ] m=3 K~1. Typical albedo values for roof and street surfaces
are chosen according to Loridan and Grimmond (2012): @z = 0.15 and a; = ay, = 0.1. DCEP is
applied here only for grid cells with a building fraction fy,;;,4 > 0.1, where f;,,:4 is the fraction of

the grid cell surface covered by buildings.

2.3 Observations and input data

We compared the results of the CCLM simulation with measurements from six surface stations
located in the urban area (see Figure 1 b). The sites have been classified according to the Local
Climate Zone (LCZ) definitions by Stewart & Oke (2012) and grouped accordingly to allow inter-
preting the results in terms of the local environment of the sites. The sites classification was
supported by personal surveys and aerial images. The sites of KAS (Zurich-Kaserne) and SCH
(Zurich-Schimmelstrasse) are situated in the densely built-up core of Zurich, classified here as
compact midrise (LCZ 2). A dense mix of midrise buildings (3-9 stories) is present in this area,
with mostly paved land cover and few or no trees. Construction materials are mainly concrete,
brick and stone. The sites of ROS, STA and SMA are situated in the immediate surroundings of
the city core of Zurich, classified as open midrise (LCZ 5). A more open arrangement of midrise
buildings (3-9 stories) is present here, with abundance of pervious land covers such as small

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

building located at 100 m distance.

Air temperatures are measured at approx. 2 m height at all the sites. Instruments are ventilated
and shielded as recommended by WMO (2008). The surface underneath the temperature sen-
sors is typical of the corresponding LCZ, i.e. artificial for urban and natural for rural sites, respec-
tively.

Wind speeds are measured at varying heights at the different sites, but always above the urban
canopy layer and following the recommendations for urban observations of WMO (2008). At the
compact midrise site of KAS, wind speeds and directions are measured using a 5 m mast placed
above a 20 m tall building. The open midrise site of SMA (Zirich-Fluntern) fulfils the “open
country” standard exposure guidelines (WMO, 2008), where a mast of 10 m is extending above
ground level. This height is considered sufficient in urban districts with low element height and

density (WMO, 2008).

No flux measurements were available for the studied period. We note that CCLM coupled with
DCEP has already been validated with data from the Basel Urban Boundary Layer Experiment
(BUBBLE) field campaign (Rotach et al, 2005) by Schubert and Grossman-Clarke (2014). They
found a good online performance of the model system, comparable with other urban canopy

models.

Specific urban canopy parameters have to be derived at each atmospheric model grid cell in the
domain, at different model resolutions. High-resolution datasets were used in this study to avoid
loss of information during interpolation. The Degree of Soil Sealing 2009 (EEA, 2010) dataset
with 20 m spatial resolution has been used to derive the fraction of urban surfaces (f,,;,). Input
data such as surface fraction covered by buildings (f.i4), building height distribution (y), build-

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

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

The anthropogenic heat flux (AHF) was neglected in this study, as its contribution is relatively
small in summer compared to the net radiative forcing R*. Studies on European cities located in
similar climatic areas estimated an AHF of 10-20 W m™ during summertime (Christen and Vogt,
2004; Klysik, 1996; Masson et al., 2008), corresponding to only 2-4 % of the period averaged dai-

ly maximum R*.

2.4 Evaluation methodology

In order to ensure a robust comparison at different model resolutions, the model results were
compared to a defined area associated with each observation location, called here evaluation
frame. The evaluation frame corresponds to the 1 km? area of the grid cell enclosing the site at
the coarsest model resolution (Figure 3, blue square). For high-resolution results, it includes all
grid cells contained within and overlapping with that coarse grid cell (Figure 3, solid black lines).
Since the grids are not perfectly aligned, the frame is somewhat larger at the highest resolution
(1.56 km?). Within the evaluation frame, the maximum, minimum and mean values are calculat-
ed, together with the value of the grid cell containing the observation location. We remark that
for all horizontal resolutions the vertical resolution remains the same, so all values are evaluated

at the same height equal to the station height.

The evaluation frame allows comparing values averaged over approximately the same area and,
therefore, enables analysing more correctly the dependence of spatially averaged quantities on
model resolution. In addition, the influence of loss of variability at lower resolution can be quan-
tified allowing for better understanding the advantage of high resolution for urban climate ap-

plications at local scale.

10
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3. Results

3.1Urban canopy parameters

Figure 4 shows the distribution of the urban fraction and building fraction for the Zurich area,
and their corresponding variance, for different resolutions. We observe that, in general, the het-
erogeneity of urban parameters increased from large to small grid spacing. The variance of the
fraction of urban surfaces f,,,, and building surfaces f,,;;4 almost doubled from 1 km to 250 m

resolution.

The value of f,,, and fyuiq generally increased from large to small grid spacing at compact mid-
rise sites, whereas it decreased at open midrise sites (Table 1). This response is not seen at all
sites since occasionally a site may become more (or less) urban at the next higher resolution and
less urban again at even higher resolution depending on the specific surroundings of the site

(e.g. furp at SCH).

The distribution of street canyon directions changed only moderately between the different sites
with NE-SW being the predominant direction (Table 2, data only represented for the 250 resolu-

tion).

3.2 Air temperature

The time evolution of air temperature over the 18 days for the different sites is shown in Figure
S1. We observe that the performance of CCLM-DCEP remains constant throughout the entire
heat wave event. An important model bias was found at the rural station REH during night-time,
where the model overestimates the observed temperature in all configurations. This disagree-
ment is attributed to the fact that CCLM is not able to reproduce the very low turbulent fluxes
that occur during very stable boundary layer conditions. The inability of CCLM in representing
very stable conditions has been already pointed out by Buzzi et al. (2011) and it remains still an

open challenge for weather and climate models in general (Holtslag et al., 2013).
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The simulated mean diurnal cycle of air temperature for the different model resolutions aver-
aged over the full 18-days period is shown in Figure 5 (a-b) for urban (compact and open mid-
rise), together with the corresponding urban heat island intensity (Fig. c-d). The UHI intensity is
defined as Twop urb — ToBs rur » Where Tyop wrp is the modelled temperature at the urban site of
KAS (used as reference) and Tygs yr is the observed temperature at the rural site of REH. Ob-
served temperature at the rural site is used in order not to introduce the systematic model

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

CCLM-DCEP results mostly matched the observations during night-time, while an overestima-
tion of the daytime air temperature of up to 2 °C for compact midrise sites and 1 °C for open
midrise sites was found. Noticeable is a tendency of CCLM-DCEP to produce a too rapid tem-
perature rise in the morning and a too early decline in the late afternoon. As a result, the maxi-
mum 2-m air temperature was reached about 2 hours too early, and a significant warm bias ap-
peared particularly between 10 and 13 local time. These differences led to a too high UHI
intensity during daytime and a delayed UHI increase in the evening (Figure 5 (c,d)). This behav-
jour was already observed by Schubert and Grossman-Clarke (2014) and attributed to a general
warm bias of the CCLM model, though further work will be needed in the future to fully disclose

the mechanisms.

The Figure 5 (a,b) further indicate that CCLM-DCEP showed better agreement with observed air
temperatures than CCLM-STD during night-time and late afternoon at all the model resolutions.
Differences in temperature between CCLM-DCEP and CCLM-STD in the city centre, i.e. at
compact midrise sites, are of the order of 1.2°C at night and 0.5-0.8°C during the day. In the
CCLM-DCEP results at all model resolutions, compact midrise locations showed a 1°C higher
night-time minimum air temperature than open midrise locations (Figure 5). A similar behaviour
was not seen for the standard CCLM, where almost no difference was found between compact

and open midrise sites.

12
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Figure 5 shows that the CCLM-DCEP simulations at 500 m and 1 km resolution collapsed in the
range of variability of the 250m simulation over the evaluation frame. The range of variability in
the evaluation frame was found to be larger than the difference between results at different
model resolutions. This suggests that the parameterisation used in DCEP have little (or no) scale
dependency, i.e. DCEP can be used at different model resolutions (in the range 250 m — 1 km)
without affecting the performance. A variability of air temperature as high as 2°C during daytime
and 1°C during night-time was found in the evaluation frame, with higher values at open than at
compact midrise sites. The air temperature variability was largest around noon and relatively

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

Statistical scores for all the simulations are shown in Table 3. A higher resolution produced a re-
duced mean bias error (MBE) only for open midrise sites of STA and ROS. At the compact mid-
rise sites (KAS and SCH), low-resolution simulations showed better scores in terms of MBE. In

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

Figure 6 shows the spatial distribution of period-averaged 2 m air temperatures using CCLM-
STD and CCLM-DCEP at the different spatial resolutions for the conditions in the early morning
(6 LT) and mid-afternoon (15 LT), which approximately corresponded to the time of the daily

minimum and maximum temperatures, respectively.

In CCLM-DCEP, the entire urban area assumed an almost uniform temperature during night-
time, while hot spots were found during daytime. Comparing Figure 4 and 6, we observe that
during daytime, the hot spots (Figure 6 b) were localized over areas with high urban fractions
(Figure 4). The CCLM-DCEP results further suggested a cooling effect of the lake on the sur-
rounding portion of the urban area during daytime. In CCLM-STD, we found no significant varia-

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

In order to understand the causes of the spatial and temporal variability of the simulated air
temperature, the surface heat fluxes are investigated. Specifically, the net incoming radiation
(R*), the sensible heat flux (SHF) and the latent heat flux (LHF) are analysed here. SHF and LHF

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

Figure 7 shows the simulated period-averaged diurnal cycle of energy fluxes at the compact and
open midrise sites at different horizontal grid spacing. At compact midrise sites, more energy
was released as sensible heat than at open midrise sites. Within the urban area, sensible heat
fluxes reached values up to 400 W m and vary spatially by more than 100 W m™ during day-
time (Figure 8). During night-time (Figure 8 a), compact midrise sites maintained small positive
values of sensible heat flux up to 50 W m™, while the values in open midrise sites were very low
and almost 0 W m™. Spatial differences between adjacent grid cell values of up to 20 W m™

were observed during night-time.

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

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

The latent heat fluxes in Figure 7 reached values up to 200 W m™ during daytime, while during
night-time LHF was almost zero indicating less evaporation and almost no transpiration. Figure
8 shows that LHF during daytime was lower within urban compact midrise areas (around 100 W

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

LHF shows a quite large sensitivity to model resolution (Figure 7), with differences between
model resolutions of more than 25% (50 W m™) during daytime. Generally, lower values of LHF
were found at finer grid spacing. This behaviour is in accordance with the high range of variabil-
ity of LHF in the evaluation frame (Figure 7) and with Table 2, where higher values of urban frac-

tion f,,p are associated with finer grid spacing.
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Figure 7 shows the net incoming radiation, which is considered positive if the energy flows from
the atmosphere to the surface. R* does not show considerable differences between compact
and open midrise. During daytime, values varied spatially between 550 and 600 W m™, while
during night-time values between -60 and -90 W m™ were reached. Figure S3 shows the spatial
variation of R* inside the urban area. Comparing Figure S3 and Figure 4 shows that R* was de-
termined more by the building fraction than the urban fraction. For completeness, the spatial
variation of net incoming longwave and shortwave radiation is also shown in Figure S4 and S5,
respectively. Comparing of Figure S5 and Figure 4 shows that less net short wave radiation was
received in areas with higher buildings, because of building shading effects. Variations of up to
about 8 % (50 W m™) of the net incoming shortwave radiation were found in the urban area.
During night-time, R* shows a less homogeneous behaviour than during daytime with differ-
ences up to about 30% (30 W m™) between two neighbouring grid cells (see Figure S2). For
completeness, we show also in the Supporting Information the storage flux which is defined as
Stor = R* — SHF — LHF (Figure S3). We observed during daytime storage fluxes up to 225 W m’
? especially in region with high urban fraction (compact midrise), while during night-time these

areas show fluxes of -100 W m™.

3.4Wind speed

The measured and simulated period-averaged diurnal cycle of wind speed is shown in Figure 9.
The comparison with observed wind speed shows a slight overestimation but overall a very
good correlation for both sites. CCLM-DCEP did not improve the performance compared to
CCLM-STD. At the observation locations, the period-averaged wind speeds tended to increase
with model resolution (Figure 9). This behaviour was most evident during daytime. We found a
high spatial variability of the mean winds of up to 2 m s™ during daytime in the evaluation frame
(Figure 9). Figure S6 in the Supporting Information shows a comparison between simulated and

measured wind speeds at the different observation sites during the entire 18-days period. In
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general, we found a good agreement with some extreme values only captured at high resolu-
tion. Figure 10 shows the period-averaged spatial distribution of 10-m wind speed at 06 LT and
15 LT simulated with CCLM-DCEP. Wind speeds were rather low in the night reaching values of 1
m s and increasing in the afternoon reaching values up to 5 m s™. Within the urban area, we
simulated wind speed differences up to 2 m s™ and 1 m s™ during daytime and night-time, re-
spectively. These differences were more evident at high resolution where variations in urban
morphology (such as building height distribution) inside the urban area became more resolved
(Figure 10). Specifically, we found higher wind speeds (+~1 m s™*) during daytime over the large

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

4. Discussion

4.1Impact of resolution

The values of f,,,;, and f,,uq increased from large to small grid spacing at compact midrise sites
and decrease at open midrise sites. This indicates a better local representation of the site char-
acteristic (e.g. fraction of urban surfaces and building density). Small-scale urban features such
as rivers and urban parks start to be resolved at the highest model resolution of 250 m, and
topographic features such as lake boundaries and orography are better represented. The varia-
tions of f,,, and fyuiq With model resolution had a direct impact on the surface heat fluxes, spe-
cifically on LHF. LHF was found to be very sensitive to model grid spacing, as found also by
Flagg and Taylor (2011). We found lower values of LHF at the observation sites at finer grid
spacing because natural patches that surround the urban area were not included anymore in the
finer grid cell. This behaviour was confirmed by the high range of variability of LHF in the evalu-
ation frame (Figure 7) and by Table 2, where higher values of urban fraction f,,, are associated
with finer grid spacing. In comparison with LHF, the other surface energy fluxes (SHF and R*)

showed a rather low sensitivity to model resolution. We remark that in our simulations all build-
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ings in the city had the same roof and wall albedos which could explain the lower sensitivity of
SHF and R* to model resolution. When different values of albedo are used, a higher sensitivity

to resolution might be expected.

The comparison between measurements and simulations shows that model resolution improved
model performance only at open midrise sites, while an overestimation of daytime air tempera-
ture was found over compact midrise sites. However, this observation has to be considered with
care. There was indeed a considerable spread in temperatures at 250 m resolution within a sin-
gle grid cell of the 1 km simulation, suggesting that the agreement between the different reso-
lutions could be influenced by the representativeness of the observation sites. In other words,
the grid cell where an observation site is contained may not be the most representative of the

site itself.

We found a rather small scale dependency of CCLM-DCEP when simulating air temperatures,
likely owed to the physically-based representation of street canyons in DCEP and to the ap-
proach of representing a single grid cell as a statistical ensemble of street orientations and
buildings.

The increase in wind speed with model resolution is attributed to the larger horizontal pressure
gradients produced at higher resolution, as a consequence of higher temperature gradients and
more pronounced orography. The slight overestimation of wind speed at high resolution is

probably related to the overestimation of daytime air temperature.

To shed further light on the question, how realistic intra-urban gradients in temperature, wind
speed and energy fluxes are represented in high-resolution simulations, a denser network of
temperature and wind observations and additional measurements of energy fluxes from flux
towers or airborne measurements would be required. Such comprehensive datasets are only

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

CCLM-DCEP was able to reproduce the temperature differences between compact and open
midrise sites during the evaluation period. We found a spatial variability in air temperature as
high as 2°C during daytime and 1°C during night-time in the evaluation frame, with higher val-
ues at open than at compact midrise sites. The observed large temperature variability in the
evaluation frame was due to the strong heterogeneity in land use parameters for open midrise
sites, where small-scale features such as rivers and urban parks started to be resolved. The air
temperature variability was larger during daytime, while it was small during transition times, es-
pecially in the morning. During daytime, hot spots with high air temperature (Figure 6 b) were
localized over areas with high urban fractions (Figure 4) where higher sensible heat fluxes were
produced (Figure 8 b). The cooling effect of the lake was only evident during daytime when the

temperature difference between lake and land surface temperature was largest.

The heterogeneity in urban parameters had noticeable effects on the energy fluxes partitioning.
The greater amount of energy released as sensible heat flux in compact midrise sites has also
been found in other experimental (Rotach et al,, 2005) and modelling (Loridan et al,, 2013) stud-
ies. The higher sensible heat flux was driven by a higher urban fraction f,,,, (and corresponding-
ly lower vegetation fraction f,,,;) and by differences in the values of the urban canopy parame-
ters (Table 2).

We found a strong wind speed variability of up to 2 m s™ during daytime and up to 1 m s dur-
ing night-time in the evaluation frame (Figure 9). This variability was produced by local varia-
tions in terrain height and urban morphology (Figure 4). However, we found no one-to-one rela-

tion between the temperature and the wind speed spatial distribution.
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5. Conclusions

This study investigates the potential of exploiting a mesoscale model for local urban scale cli-
mate simulations. The weather and climate model CCLM, coupled with the multi-layer urban
canopy model DCEP, was used at increasing model resolution from 1 km to 250 m grid spacing.
We assessed the impact of model resolution on the simulated air temperature, surface energy

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

The heterogeneity of the urban canopy parameters strongly increased with model resolution,
where an almost doubled variance of these parameters was observed. Small-scale features such
as urban parks, large railways and districts with peculiar urban morphology started to be
resolved at sub-kilometre resolution. Large-scale features such as lake boundaries and orogra-

phy were also better resolved.

CCLM-DCEP was found to better represent the different air temperature daily profiles as ob-
served in compact midrise and open midrise sites compared to the standard CCLM. Specifically,
CCLM-DCEP better resolved the higher night-time minimum air temperature in compact midrise

locations.

An air temperature variability as high as 2°C during daytime and 1°C during night-time was
found over a 1 km x 1 km evaluation frame, at 250 m resolution. We also found that the mean
values of 2-m air temperature over the evaluation frame area remain conserved, i.e. the model
resolution (from 1 km to 250 m) does not affect the performances of the urban parameterisa-

tion.

Latent heat flux (LHF) was found to be very sensitive to model resolution, with differences of up
to 50 W m™ (25 %) between the different model grid spacing. Lower values of LHF were found at
finer grid spacing where surrounding natural patches are not included in the grid cell. At

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

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

Regarding wind speed, CCLM-DCEP did not substantially improve the agreement with observa-
tions compared to the standard CCLM. Higher values of wind speed were modelled at higher
resolution in correlation with higher pressure gradients generated between the city and the sur-
roundings. As for the other variables, we observed an increase in variability with model resolu-
tion. Within the urban area, we simulated a difference up to 1.5 m s™ and 1 m s™ during daytime
and night-time, respectively.

The results show that CCLM-DCEP has the potential to represent the urban climate at the local
(or neighbourhood) scale when used at high (sub-kilometre) resolution. Sub-kilometre resolu-
tion allows better representing urban features such as urban parks, rivers, large railways and dis-
tricts with peculiar urban morphology (e.g. old city cores). Urban simulation at local scale has
the potential to better support applications such as urban planning, building energy use and ur-
ban air quality. The results of this study extend to similar modelling system such as WRF/urban

(Chen et al. 2011), when used with highly physical multi-layer urban canopy models.
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Appendix
The derivation of the urban canopy parameters used in CCLM-DCEP is described here. It partially

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

derived from the "Degree of Soil Sealing 2009" dataset with 20 m spatial resolution (EEA 2010).
The degree of soil sealing is used as a proxy for the urban fraction, as done in previous studies
(e.g Wouters et al. (2015)). The high resolution data is interpolated on the CCLM grid at the dif-

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

The building fraction fi,,;14, defined as the planar fraction of buildings in a model grid cell, is cal-
culated from a 3D building model (Swisstopo, 2010) covering the entire domain with a level of
detail (LoD) of 1. In LoD 1, buildings are represented by block models where roof details are not
included. The street fraction f;;, is then derived, given that fs = furp — fouia- It Should be not-
ed that vegetation in the street canyon (e.g. street trees or small gardens) is not considered in
the current DCEP version, i.e. the urban part of the grid cell is completely covered by street and

building surfaces.

The direction of the street canyon influences the shadowing of the urban surfaces and the drag
forces on the walls (e.g. drag forces do not act on the walls if the street canyon is aligned with
the direction of the average wind speed). Thus, all urban radiative properties and fluxes are av-
eraged, weighted with the fraction f;, of the corresponding street direction. In this study, 4
street canyon orientation classes are used: namely Northwest-Southeast (NW-SE), North-South
(N-S), Northeast-Southwest (NE-SW), and East-West (E-W). In order to calculate f;;, of every
mesoscale grid cell, the distribution of canyon angles of all wall polygons in the 3D building

model is weighted with their respective wall area.

The building height probability y (z) is determined by the distribution of building heights in the
3D building model weighted by the respective wall area of the building. A building height is as-

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

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

orientation class, is calculated using the flowing empirical equation:
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Wy = 5m+ foy X 45m. (A1)

Wt can therefore assume values from 5 to 50 m, corresponding to the minimum and maximum
values of street width observed in Zurich, respectively. Equation 2 is derived based on a citywide
mean W, of 20 m (corresponding to a f,, of 0.33) and a direct correlation between W, and
fser 1s @assumed. Considering that the urban part of the grid cell is completely covered by street

and building surfaces, the building width Wy,,;;4 is given by:

f .
Whuia = ;::rld Wetr (A2)
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684  Tables
Horizontal
Grid Spacing 1km, 500m, 250m
COSMO-CLM
(CCLM) model Vertical resolution 76 levels
(version 5)
- Bulk (STD)
Urban parameterization DCEP
Boundary conditions COSMO-2 analysis
Urban fraction Soil sealing 2 m res (EEA)
Input data
Building data LoD 1 building data (Local)
Urban vegetation LAI=3,z0=01m
685  Table 1 - Resume of simulation details and input data.
686
Site Urban fraction Building fraction Aspect ratio Canyon direction
Furb [buita H/W (at 250m)
1km 500m 250m 1km 500m 250m lkm  500m 250m NE-SW  N-S  NW-SE  E-W
KAS 079 082 085 039 05 046 088 104 088 0.65 0.06 0.25 0.05
SCH 069 084 08 038 040 036 106 080 080 0.70 0.02 0.26 0.02
STA 054 058 057 032 024 030 095 069 082 0.44 0.17 0.17 0.22
ROS 065 06 054 035 037 031 077 092 088 0.62 0.09 0.21 0.08
687
688  Table 2 - Values of urban parameters at the grid cell corresponding to the observation sites for
689  different horizontal grid spacing. Aspect ratio is the mean height-to-width ratio (H/W) of street
690 canyons. Canyon direction represents the percentage of canyons with a specific direction and is
691  only given for resolution 250 m.
692

Air Temperature [°C]

Site Description Model MBE RMSE
lkm 500m 250m 1km 500m 250m
KAS  Urban, compact midrise  DCEP  0.20 0.42 050 0.90 1.02 1.07
STD -060 -050 -057 107 102 1.07
SCH  Urban, compact midrise ~ DCEP 0.25 0.47 0.42 1.36 1.55 1.51
STD -0.54 -053 -054 151 162 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 -046 -050 158 155 1.54
ROS Urban, open midrise DCEP -0.54 -0.80 -010 1.25 1.37 1.25
STD -089 -064 -044 139 134 1.29
SMA Urban, open low-rise DCEP 036  0.28 072 128 120 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

694 Table 3 - Period averaged mean-bias errors (MBE) and root-mean-square errors (RMSE) of the
695  air temperature at 2 m, calculated for the model grid cells in which the sites were situated. The
696 upper row for each site gives the values for CCLM-DCEP (DCEP), while the lower row lists the re-
697  sults for CCLM-STD (STD).

698
699
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Surface Sites
B Urban - compact midrise
O Urban - open midrise

® Rural - low plants

700

701 Figure 1 - Aerial views of the model domain (white rectangle) (a) and the city of Zurich with lo-
702  cation of the sites used for model evaluation (b). Aerial photos reproduced by permission of
703  SwissTopo (JA100120).

704
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Figure 2 — Measured air temperature (2 m) at the sites of KAS (Urban) and REH (Rural) during
the heat wave June 22 - July 10, 2015 (a). UHI intensity calculated as air temperature difference
between the sites of KAS and REH (b).
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Figure 3 — Schematic of the evaluation methodology. OBS (in red) is the location of the observa-
tion site. The solid lines are the grid cells used for the comparison. Only 1 km (corresponding to

the evaluation frame) and 250 m grid cells are shown for simplicity.
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Figure 4 - Urban parameters for CCLM-DCEP derived for the model domain at the different hori-

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

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

tions. The variances (var) are also reported. Only values higher than 0.1 are represented.
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Figure 5 - Measured (Obs) and simulated average diurnal cycle of 2-m air temperature and UHI
intensity at the different horizontal grid spacings at compact (a, c) and open urban (b, d) sites.
The shaded area represents the range between minimum and maximum in the 250m CCLM-
DCEP simulation within the corresponding grid cell of the 1 km simulation. The results from the

STD simulation are also shown for comparison.
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Figure 6- Spatial distribution of the simulated period-averaged 2-m air temperature [°C] at 06 LT
(@) and 15 LT (b) using CCLM-STD (upper row) and CCLM-DCEP (lower row) urban parameteriza-
tion with a grid spacing of 1 km, 500m and 250m (from left to right), respectively.
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Figure 7 - Simulated average diurnal cycle of surface heat fluxes at the compact and open mid-
rise sites at different horizontal grid spacing. Only results of the simulation with CCLM-DCEP are
shown here. The shaded areas represent the range of variability of the energy fluxes of the 250m

simulation only.
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Figure 8 - Spatial distribution of the period-averaged upward surface sensible heat flux (SHF)
and latent heat flux (LHF) at 00 LT and 12 LT for CCLM-DCEP at the different grid spacings in the

urban area. Only urban grid cells are shown.
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Figure 9 - Observed and simulated period-averaged diurnal cycle of wind speed at different hor-

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

the simulation with CCLM-DCEP and CCLM-STD,

Res

respectively.
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Figure 10 - Simulated period-averaged spatial distribution of 10-m wind speed [m s-1] at 06 LT
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and 15 LT using CCLM-DCEP with model grid spacing of 1 km, 500m and 250m, respectively.

The red arrow indicates the location of the railway.





