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Abstract— Cities, due to their warmer and dryer local climate in addition to their dense
population, are subjected to large future climate change risks. Land surface models, with
detailed urban parameterization schemes, serve as an adequate tool to refine the rough
regional climate projections over the cities. In this study, the future temperature conditions
in Budapest are studied with the SURFEX land surface model (LSM), driven by the HMS-
ALADINS.2 regional climate model (RCM) and considering the high-emission RCP8.5
scenario. Special attention is dedicated to explore the differences between the RCM and
LSM in terms of the results, their interpretation, and further use in impact models.
According to the investigated model combination, the winter season may warm the most,
with 1.9 °C in 2021-2050 and 4.3 °C in 2071-2100, although the magnitude of this change
is smaller in SURFEX than in ALADIN. Besides the mean changes, four climate indices,
based on high and low temperature thresholds, were studied, and it was found that the low
temperature indices (frost days and very cold days) may relatively decrease more in
SURFEX compared to ALADIN over Budapest, and in the city center compared to the
suburbs and rural areas. In addition, the urban heat island (UHI) intensity is projected to
decrease in SURFEX mainly in spring and summer (by 2071-2100 with 0.35 °C and 0.32
°C, respectively). Finally, a simple method is provided to correct the SURFEX temperature
fields, using the ALADIN model, with eliminated systematic biases and the simulated UHI
field.

Key-words: urban climate, urban heat island, climate projection, land surface model,
regional climate model
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1. Introduction

The physical characteristics of cities (i.e., impervious surfaces, large heat
capacity, narrow streets, high buildings) in addition to their anthropogenic
activities (e.g., internal heating and transportation) result in warmer, drier, and
more polluted air in cities than in natural areas (Oke, 1982). One of the most
studied phenomena of urban climate is the urban heat island (UHI), the
temperature difference between the city and its environment, which is the largest
at summer calm nights. Such unfavorable conditions may be exacerbated in the
future due to climate change (Revi ef al., 2014), which - align with the increasing
population (UN, 2014) —, expose cities to severe heat related risks in the future.

Future climate change in urbanized areas is assessed at several levels of
complexity. Wilby (2008) applied a statistical downscaling approach on general
circulation models and revealed that the nocturnal UHI of London may be further
strengthen by 2050 considering a medium-high (A2) emission scenario.
Similar conclusion was drawn for the British cities by Lo et al. (2020) using
HadREM3-GA7-05 (the regional climate configuration of the Hadley Centre
Global Environmental Model), and for Berlin by Langendijk et al. (2019) using a
subset of RCM simulations achieved in the frame of the Euro-CORDEX (the
European branch of the Coordinated Regional Downscaling Experiments). In
contrast, Lauwet et al. (2015) showed that the nocturnal UHI will decrease in the
future based on the UrbClim urban boundary layer model simulations. This is
reinforced by Hamdi et al. (2014), using the SURFEX (Surface Externalisée) land
surface model (LSM) in offline mode driven by the ARPEGE-Climat (Action de
Recherche Petite Echelle Grande Echelle-Climat) global climate model (the offline
mode means, that the interaction between the GCM and the RCM is one-way).
Therefore, the future change of UHI intensity is uncertain and more research is
needed to better explore and understand the contributing physical processes.

In the Carpathian Basin, Budapest is the most populated capital, with its 1.75
million inhabitant and 525 m? territory (7atai et al., 2018). In the downtown of
the city, the population density is between 10 000 and 20 000 people/km?, while
its outer rim is less built-in (here the population density does not exceed 2000—
2500 people/km?).

From 1901 to present, the annual mean temperature has increased more than
1.1 °C in Budapest, which is comparable with the county-wise warming (7atai et
al., 2021). However, considering the change of extreme events, the frequency of
warm temperature extremes has increased much more in Budapest, compared to
the measurements of other centennial stations in Hungary. E.g., between 1901 and
2009, the number of heatwave days (7Table 1) and hot days (when the maximum
daily temperature reaches 30 °C) has increased 17 and 11 days, respectively, while
the second largest increase is 13 days in case of heatwave days (in Szombathely,
situated in the western part of Hungary) and 8 days in case of hot days (in Szeged,
situated in the southern part of Hungary, Lakatos and Bihari, 2011). Therefore,

676



the UHI effect superimposed on the regional climate change may explain the
outstanding increase of warm temperature indices in the capital. Moreover, Dian
et al. (2020) showed that the summer surface temperature in the downtown of
Budapest may be 5 °C warmer compared to rural areas. The contribution of
urbanization to regional climate change has been quantified in Bassett et al.
(2020), and it was found that the cities’ expansion in Great Britain between 1975
and 2014 explains 3.4% of the mean warming that reach up to 9.8% at the heavily
urbanized southeastern part of the country.

At the Hungarian Meteorological Service (HMS), the SURFEX model is used
for urban climate modeling in offline mode coupled to the HMS-ALADINS.2 (the
5.2 version of the Aire Limitée Adaptation dynamique Dévéloppement International
RCM adapted at the HMS). This model chain has been previously subjected to
thorough validation, regarding the spatial and temporal characteristics of surface and
2m UHI (SUHI and UHI, respectively), and it was found that compared to satellite
measurements, SURFEX overestimates the SUHI extent especially during the day
(Zsebehazi and Maho, 2021). However, gridpoint validation with respect to station
measurement showed that inherited from the driving ALADIN model, the LSM
heavily overestimates the summer mean temperature, but apart from this and from
the aspect of UHI, the model reasonably simulates urban temperature characteristics
(Zsebehazi and Maho, 2021; Zsebehazi and Szépszo, 2020).

Following the validation process, the SURFEX was applied for projection
simulations, 1.e., experiment covering the 1950-2100 period was achieved, taking
into account the high-emission RCP8.5 scenario (Riahi et al., 2011). The urban
climate projection may contribute to impact studies (e.g., in the field of health and
tourism) to provide a more detailed realizations of future meteorological
conditions, than an RCM is capable for. However, all models are loaded with
biases, that are usually corrected before implemented in the impact model (Ehret,
2012). Since the resolution of an LSM (~ 1 km) may be higher with at least one
order compared to the gridded observational datasets, generally used for
correcting the RCMs (~ 10 km), such post-processing of urban climate simulation
require somewhat new methods compared to the classical methodology developed
for RCMs and GCMs.

The aim of this paper is 1) to assess the future climate change of Budapest
from the aspect of temperature and UHI, 2) to explore how different the projected
changes are compared to the ALADIN, and 3) to provide a simple postprocessing
method to eliminate the biases of SURFEX.

In Section 2, the SURFEX and ALADIN models are briefly presented, and the
experimental design and evaluation methods are explained. Next, in Section 3, the
change of mean temperature, a few climate indices, and the UHI are studied in
SURFEX, and the temperature and climate indices are compared to ALADIN as
well. Also in this Section, a simple method is presented to produce detailed future
temperature fields that are free from systematic biases. Finally, our conclusions
and future plans are given in Section 4.
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2. Data and methods
2.1. The SURFEX land surface model

In the present study the 5.1 version of the SURFEX (Masson et al., 2013)
multilayer land surface model is used in offline mode. This set-up allows to obtain
much higher resolution at low computing costs compared to the online coupling,
since the computation is realized in one dimension (vertically, for each gridcell
separately), therefore, the stability criterions for waves and advection are
irrelevant. SURFEX is responsible for simulating the land surface processes in
the constant flux layer of the planetary boundary layer, called surface layer. Four
different surfaces (natural land, inland water, sea, and town) can be differentiated
by the model, with dedicated schemes applied for each of them. The model can
be used for a wide variety of horizontal resolutions (from the order of 100 m to
the order of 100 km resolution) in a way, that the subgrid-scale surface
heterogeneity is handled by the tiling method (Avissar and Pielke, 1989). The land
cover information is provided for SURFEX by the Ist version of the
ECOCLIMAP database (Masson et al., 2003) that reflects the land use, land cover
characteristics of the 90s. Among the four surface types, the town and natural land
surfaces are the most relevant from the perspective of Budapest, therefore, the
corresponding schemes are presented hereinafter.

Over natural land surfaces, the ISBA-3L (Interaction Soil Biosphere
Atmosphere model with 3 layers; Boone et al., 1999) scheme is used, that
computes the surface and soil temperature and moisture with the force-restore
method (Noilhan and Planton, 1989).

The urban physical properties are calculated with the TEB (Town Energy
Balance) scheme (Masson, 2000) that follows the canyon concept. The surface
conditions of roof, wall, and road are treated separately with prognostic equations;
moreover, the surfaces are divided into three layers in order to take heat
conductivity into account. Only domestic heating is considered in our model set-
up as anthropogenic heat source, by preventing indoor temperature to fall below
19 °C. The near surface variables (e.g., 2m temperature, humidity, 10m wind
speed) are calculated with the Surface Boundary Layer (SBL) scheme (Hamdi and
Masson, 2008; Masson and Seity, 2009).

2.2. The driving RCM: HMS-ALADINS.2

The atmospheric forcings of the SURFEX are temperature, humidity, wind speed,
and wind direction at a few tenth of m above ground level, downward shortwave
and longwave radiation, surface pressure, snow, and rain. In our case, the forcings
are provided by the HMS-ALADINS.2 (Ban et al., 2021) hydrostatic spectral
RCM. The physical parameterization package of ALADIN is derived from the
ARPEGE-Climat version 5 (Voldoire et al, 2013) atmospheric GCM. The
longwave radiation transfer is described by the RRTM (Rapid Radiation Transfer
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Model; Mlawer et al., 1997) scheme, while the shortwave radiation transfer is
parameterized according to Fouquart and Bonnel (1980). The large-scale
precipitation is determined by the Smith scheme (Smith, 1990), and the convective
cloud and precipitation formation are described in Bougeault (1985). The surface
scheme of ALADIN is SURFEX version 5, in which ISBA-3L was applied over
natural land surfaces. The vertical profiles of temperature, humidity, and wind
speed in the surface layer are parameterized according to Geleyn (1988).

Urbanized areas are substituted with rocks, and the physical processes are
described by the ISBA scheme.

2.3. Experimental design

In this study, a century-long urban climate simulation is assessed, performed with
the 5.1 version of SURFEX for Budapest driven by the HMS-ALADINS.2 and
using the RCP8.5 scenario, that estimates strong greenhouse gas (GHG) increase
throughout the 21st century. The simulation period of SURFEX was 1960-2100,
and the forcings are provided at 30 m above ground level by the ALADIN,
achieved at 10 km horizontal resolution on a domain covering Central and
Southeastern Europe (top panel of Fig. 1) for the period of 1951-2100. The lateral
boundary conditions of ALADIN are obtained from the CNRM-CM5 (Centre
National de Recherches Météorologiques Coupled global climate Model;
Voldoire et al., 2013), that was downscaled in two steps to the 10 km resolution
domain. On the period of 1951-2005, the RCM considered observed greenhouse-
gas concentrations (Meinshausen et al., 2011), while from 2006 to 2100, the
concentrations followed the RCP8.5 scenario. RCP8.5 foresees 8.5 W/m? global
radiative forcing increase by 2100 with respect to the preindustrial level.

The integration domain of SURFEX consists of 61x61 gridpoints with 1 km
horizontal resolution and covers Budapest and its vicinity (Fig. 7). The ALADIN
simulations are interpolated from 10 km to 1 km resolution using the 927
configuration of ALADIN (which is responsible for preparing the lateral
boundary conditions for the RCM). The integration timestep of SURFEX is 300
s, to which the 3-hour forcings are linearly interpolated.
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Fig. 1. Top: integration domain and orography (m) of the HMS-ALADINS.2 regional
climate model. Bottom: land cover categories over the SURFEX integration domain
according to ECOCLIMAP (colored gridcells) and orography (m; white isolines). The
administrative border of Budapest is marked with black line, and the included ALADIN
gridpoints are marked with black x.

2.4. Evaluation methods

First, the temperature change and the change of four climate indices (heatwave
days, tropical nights, frost days, and very cold days, Table I) are studied and
compared in SURFEX and ALADIN on 30-year periods, particularly 2021-2050
and 2071-2100, with respect to 1971-2000. The future change of climate indices
are mainly presented in relative form, since in this way, differences between urban
and rural areas are better revealed than considering mean changes in days.

Besides considering the climate projections for the entire SURFEX domain,
the results over Budapest are scrutinized to assess the future climate change of
Budapest according to the RCM and LSM. Therefore, in ALADIN and SURFEX
the gridpoints outside of the administrative border of the city were masked out.
Note that in the case of ALADIN, only 3 gridpoints fall over the area of Budapest
(see Fig. ).
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In addition to the change of temperature and climate indices, the future
evolution of UHI intensity was also studied in SURFEX. The UHI intensity was
computed as the following: in every timestep and every gridpoint the 2m
temperature value was subtracted from the mean rural temperature, which latter
was determined as the average temperature of pure rural grid cells.

Table 1. Name and definition of presented climate indices

Name of climate indices Definition

Heatwave days daily mean temperature > 25 °C
Tropical nights daily minimum temperature > 20 °C
Frost days daily minimum temperature < 0 °C
Very cold days daily minimum temperature < -10 °C

Finally, a simple bias adjustment method is applied in order to investigate
the expected mean future temperatures of Budapest, compared to its natural
environment. The adjustment was performed for the 30-year mean temperature of
ALADIN, using the 10 km resolution CARPATCLIM-HU gridded observation
dataset (Bihari et al., 2017) as reference. CARPATCLIM-HU was constructed
based on homogenized and interpolated station measurements according to the
MASH (Szentimrey, 2008) and MISH (Szentimrey and Bihari, 2007) methods,
and widely used for regional climate model evaluation for Hungary. In the next
step, the UHI intensity field of SURFEX is added to the bias adjusted ALADIN
according to the following equation:

Tcorr = (TRCM,f - TRCM,p) + Tobs,p + UHIfa (1)

where TRCM,f and TRCM’Z, stand for the future and past 30-year area means of

ALADIN, Tobs'p refers for the past 30-year area mean of CARPATCLIM-HU,
while UHI; means the future 30-year mean UHI field.
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2021-2050

2071-2100

3. Results and discussion
3.1. Change of temperature and extreme events

First, the 2 m temperature change over Budapest is investigated in SURFEX and
compared with the 10 km resolution ALADIN projections. The most warming
season according to SURFEX is winter with 1.9 °C in 2021-2050 and 4.3 °C in
2071-2100, while the smallest temperature change is expected in spring (Fig. 2,
Table 2). Looking at the seasonal warming trend in the ALADIN, it is clear that
the LSM projects lower temperature change than the RCM in all seasons except
autumn (Fig. 3, Table 2). The largest difference (0.5-0.6 °C) is obtained in spring
and summer in both future periods, and in winter in 2071-2100. In addition, it is
mentioned that this departure is increasing in the beginning of the 21st century
(until 2030-2040), then it remains nearly constant except winter, when this
process continues until 2060s. Since the abovementioned findings are valid over
the whole domain as well (not shown), this behavior is rather attributed to the
LSM itself and not limited to the TEB scheme over the urbanized areas.
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Fig. 2. Seasonal mean temperature change (°C) in 2021-2050 and 2071-2100 simulated
by SURFEX. Reference: 1971-2000.

Table 2. Annual and seasonal mean temperature change (°C) in 2021-2050 and 2071-2100
simulated by ALADIN and SURFEX over Budapest. Reference: 1971-2000

Annual MAM JJA SON DJF

2021-2050 1.7 1.5 1.7 1.5 2.2
ALADIN

2071-2100 4.1 3.7 4.4 3.6 4.8
SURFEX 2021-2050 1.5 1.1 1.3 1.4 1.9

2071-2100 3.7 3.2 3.9 34 4.3
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Fig. 3. Seasonal temperature change (°C) in SURFEX and ALADIN between 2000 and 2100
averaged over Budapest. The year-to-year variability is smoothed with 30-year running average
(in each year the precedent 30-year mean is indicated). Reference: 1971-2000.

Regarding the spatial distribution of temperature change in SURFEX, the
city and its rural vicinity portrays similar warming tendency, except in spring and
summer by the end of the century, when the temperature increase is 0.25 °C less
in Budapest, compared to the other parts of the domain (Fig. 2). Similar pattern is
seen only in the minimum temperature change fields, the maximum temperature
change does not affected significantly by the land cover type (not shown).

The future change of climate indices portrays different relationship between
the projected values in ALADIN and SURFEX in some cases, compared to the
conclusions based on the mean temperature changes. While ALADIN indicates
larger relative changes of heatwave days and tropical nights with respect to
SURFEX, which is especially notable for tropical nights (the difference between
the two models is 66% and 207% in 2021-2050 and 2071-2100, respectively);
the indices, representing low temperatures, decrease to a greater extent in
SURFEX. Although it is noted that the change expressed in days is always larger
in ALADIN, i.e., SURFEX projects 1-3 days less heatwave days and tropical
nights in both future periods, 10 days less frost days in 2071-2100, and 6-9 days
less very cold days in the near and far future, respectively. The controversies for
low temperature indices can be explained by that they are less frequent in
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SURFEX than in ALADIN in the reference period (with 34 days for frost days
and with 9 days for very cold days; Table 3) partly due to the warming effect of
the city, while the projected future changes in the two models are less different.

Considering the spatial distribution of the relative change of climate indices
in SURFEX, the downtown of Budapest (that is a small central area on the right
side of the Danube) may encounter larger relative decrease of frost days (in 2021—
2050 30-35%, in 2071-2100 more than 70% reduction is projected) than in the
outer districts or in the rural areas of the domain (Fig. 4). In contrast, the heatwave
days change the least in the downtown and in Budapest compared to the other
parts of the domain.
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Fig. 4. Average number of frost days and heatwave days in SURFEX in 1971-2000 and
their relative changes (%) in 2021-2050 and 2071-2100, with respect to 1971-2000.
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Table 3. Average number of climate indices in 1971-2000 (first row) and their mean and
relative changes (days and %, respectively) in 2021-2050 and 2071-2100 (second and third
rows) over Budapest simulated by ALADIN and SURFEX, with respect to 1971-2000

Heat wave days Tropical nights Frost days Very cold days
unit ALADIN SURFEX ALADIN SURFEX ALADIN SURFEX ALADIN SURFEX
1971-2000 days 28 33 13 33 118 84 15 6
means

. % 59 43 126 60 221 -27 -73 -82
change in
2021-2050 days  (17) (14) (16) a7 (-25) (-22) (-11) (-5)

. % 148 127 374 167 -51 -62 -98 -100
change in
0712100 qoys @2y o) @) @) (61) (51 (15 (6)

3.2. Change of UHI

The decrease of UHI intensity at 0 UTC is projected by SURFEX in each season
for both future periods (Fig. 5 and Table 4). Spring and summer may reckon with
the largest change, i.e., -0.27 and -0.22 °C in 2021-2050 and -0.35 and -0.32 °C
in 2071-2100, respectively. Note that these seasons are characterized by the
largest UHI in the past (2.0 in spring and 2.1 °C in summer). In contrast, in autumn
and winter, the UHI intensity drop does not exceed 0.2 °C in each future period,
and there 1s no substantial difference between the urban and rural gridpoints. The
projected negative tendencies seem to significantly reduce in the second half of
the century, since the decrease between 2021-2050 and 1971-2000 is much larger
than between the two future periods. Note that ALADIN (the driving model of
SURFEX) projects 10-30% wetter future conditions for Hungary throughout the
year for the entire 21st century in conjunction with a strong temperature increase
(Bdn et al.,2021). However, this does not have straightforward impact on the soil
conditions. In summer, the soil moisture (of the middle layer) is reduced by up to
5% at the end of the century over the SURFEX domain (Fig. 6). In spring and
autumn, after a few % of increase in the first half of the century, the soil moisture
returns to the conditions of the reference period, while it increases heavily in
winter. A continuous increase is seen in the soil temperature (also of the middle
layer) in every seasons, most intensively in spring, although, the largest 2 m
temperature was obtained in winter. All this suggests that the more precipitation
in ALADIN cannot prevent the summer soil moisture loss in the future, and the
strong soil temperature increase in spring and summer (while the surface
properties of the paved and built-up areas in the city remain invariant) may explain
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the larger nocturnal UHI reduction in these seasons. Hamdi et al. (2014) and
Chapman et al. (2019) found similar results in terms of future reduction of the
nocturnal UHI intensity for Brussels, Paris, and Brisbane, and also explained the
stronger drying of natural land surfaces around the city by soil moisture reduction.

Table 4. Seasonal mean nocturnal UHI intensity (at 0 UTC; °C) in Budapest simulated by
SURFEX in 1971-2000 (first row), and its mean changes (°C) in 2021-2050 and 2071—
2100, with respect to 1971-2000 (second and third rows)

MAM JJA SON DJF
1971-2000 means 2.0 2.1 1.8 1.4
change in 2021-2050 -0.27 -0.22 -0.14 -0.13
change in 2071-2100 -0.35 -0.32 -0.16 -0.14
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Fig. 5. First column: seasonal mean nocturnal UHI intensity (at 0 UTC; °C) simulated by
SURFEX in 1971-2000. Second and third column: change (°C) of mean nocturnal UHI
intensity in 2021-2050 and 2071-2100, respectively; reference: 1971-2000.
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Fig. 6. Seasonal mean soil moisture (WG2) and soil temperature (TG2) change (in % and
in °C, respectively) between 2000 and 2100 in the middle soil layer of SURFEX averaged
over the model domain. The year-to-year variability is smoothed with 30-year running
average (in each year the precedent 30-year mean is indicated). Reference: 1971-2000.

3.3. Bias adjustment of mean temperature of SURFEX

In the previous sections it was shown, that the high temperature extremes may
change at a smaller rate inside the city than in the outskirt regions, and the UHI
intensity may reduce in the future. Despite these results indicate the modification
of the urban-rural contrast in terms of temperature and temperature indices, this
change is much smaller than the contrast itself. Therefore, the fact that the
urbanized areas are especially exposed to certain aspects of climate change is
partly hidden in the results presented by the classical way developed in the climate
model community, i.e., considering mean changes. All these suggest that the (bias
adjusted) future means provided by the model may provide more actionable and
visionable information for the users interested in urban climate.

All bias adjustment methods require long, quality observations, suitable for
the target needs. From urban climate perspectives, to correct a km-scale land
surface model, a km-scale gridded reference dataset based on station
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measurements, that comprises urban signature is needed. In Budapest, from the
beginning of the 2000s, four urban stations are operating, although most of them
are not included in the 10 km resolution CARPATCLIM-HU. Therefore, even if
it 1s interpolated to 1 km resolution, the detailed urban effect would be missing
due to the lack of long urban measurements. Therefore, using this reference to
directly bias-correct the SURFEX outputs would eliminate the urban pattern from
the model. In the following, a simple method is given to provide future means of
SURFEX that are cleaned from systematic biases.

Since the benefit of SURFEX 1is that it can simulate the urban effect
compared to ALADIN, the idea is to bias adjust the 10 km resolution area means
of ALADIN using the CARPATCLIM-HU and adding the “urban effect” field to
this value. E.g., in the case of temperature, this urban effect is the UHI, since it
shows how different the temperature is over the city compared to the environment
(that can be simulated by ALADIN). Fig. 7 shows the mean seasonal temperature
of SURFEX in 2021-2050 and 2071-2100. Based on this method, the mean
temperature in Budapest can be 22-23 and 25 °C in summer, and 5-6 and 6—7 °C
in winter, in 2021-2050 and 2071-2100, respectively, which are approximately
2 °C warmer than the natural surfaces in the outskirts.

It must be mentioned, that this method should be considered as a first
approximation to bias-adjust SURFEX and can be improved several ways. First,
Budapest is situated in a complex orography area, surrounded by mountains, and
for the mean rural temperature computation, we considered all rural gridpoints
regardless of their elevation. However, especially the Buda Hills have a cooling
effect on the rural temperature, that may result exaggerated UHI intensity. The
UHI intensity must be especially well defined, when it may affect the outcome of
the impact studies.

Moreover, in this method only the RCM is corrected, but the inaccuracies of
urban pattern (i.e., the intensity and spatial distribution of UHI) were kept
unchanged due to the lack of a high-resolution urban station network.

Finally, it must be also bear in mind, that no urban development scenario
(i.e., land cover change) was taken into account in this century-long simulation,
therefore, only the impact of altered climate conditions was assessed on the
present conditions of Budapest. However, Chapman et al. (2019) showed that
considering urban growth and climate change hand in hand, the negative effects
of climate change (e.g., number of hot nights, dangerous heat stress) were
amplified compared to ignoring the change of city structure. Lemonsu et al. (2015)
studied several urban expansion and structural change scenarios and found that
urban densification increases UHI especially at night, while implementing green
areas in the city center led to reduced nocturnal UHI, but amplified daytime
values.
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Fig. 7. Seasonal mean bias-adjusted 2m temperature (°C) in 2021-2050 and 2071-2100
according to the SURFEX.

4. Conclusions

In this paper, the first results of future temperature and UHI changes of Budapest
achieved by the ALADIN driven SURFEX land surface model are presented.
Besides the analysis of the 1 km resolution SURFEX, the scope of the paper was
to investigate how different the simulated urban climate is from the 10 km
resolution RCM results, that considers urban processes with a simple bulk scheme
(i.e., the urbanized surfaces are represented by rocks).

The largest temperature change over Budapest is expected in winter (1.9 °C
and 4.3 °C in 2021-2050 and 2071-2100), that is in line with the ALADIN results
for Hungary (Bdn et al., 2021). Except for autumn, SURFEX clearly projects
more moderate temperature change compared to its driving model, especially in
spring and summer. This discrepancy may be explained by that the set-up of
SURFEX slightly differs to the one built-in ALADIN, and that the LSM does not
model the full atmosphere.
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Heatwave days and tropical nights may increase in the city with 43% and
60% in 2021-2050, while they may at least double at the end of the century. Only
low temperature indices are projected to larger decrease in SURFEX compared to
ALADIN and in the downtown compared to the suburbs and rural areas.

According to SURFEX, the nocturnal UHI in Budapest may be less intense
in the future, to the most in spring and summer, when the model gave the strongest
UHI in the past. This natural UHI mitigation may be explained by that the soil in
the rural areas dry out in the future, therefore, these areas warm at a higher rate
compared to the city. These findings reassure, that the relationship between the
urban and rural areas may change in the future due to altered physical processes,
which can properly be simulated only with dynamical models.

Finally, an attempt to bias-adjust the SURFEX temperature fields were given
using the delta method on ALADIN mean temperature, superimposed by the UHI
field derived from SURFEX. The bias-adjusted future results of SURFEX reveal
that more extreme conditions are expected in the city, this information may be
hidden by considering mean changes.

However, it must be emphasized, that in order to adequately estimate the
future climate change in cities, more simulations are needed, driven by different
scenarios and models. This need drives our future plans, to conduct century-long
simulations with SURFEX with the RCP4.5 scenario and to couple SURFEX to
the REMO regional climate model, also adapted at the HMS.
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