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Abstract: Climate change will impact urban areas. Decision makers need useful climate information
to adapt adequately. This research aims to improve understanding of changes in moisture and
temperature projected under climate change in Berlin compared to its surroundings. Simulations
for the Representative Concentration Pathway (RCP) 8.5 scenario from the European Coordinated
Regional Climate Downscaling Experiment (EURO-CORDEX) 0.11° are analyzed, showing a difference
in moisture and temperature variables between Berlin and its surroundings. The running mean
over 30 years shows a divergence throughout the twenty-first century for relative humidity between
Berlin and its surroundings. Under this scenario, Berlin gets drier over time. The Mann-Kendall test
quantifies a robust decreasing trend in relative humidity for the multi-model ensemble throughout the
twenty-first century. The Mann-Whitney-Wilcoxon test for relative humidity indicates a robust climate
change signal in Berlin. It is drier and warmer in Berlin compared to its surroundings for all months
with the largest difference existing in summer. Additionally, the change in humidity for the period
2070-2099 compared to 1971-2000 is larger in the summer months. This study presents results to
better understand near surface moisture change and related variables under long-term climate change
in urban areas compared to their rural surroundings using a regional climate multi-model ensemble.

Keywords: urban climate change; urban-rural interactions; humidity; Berlin; regional climate
modeling; EURO-CORDEX

1. Introduction

Climate change poses severe challenges to urban areas and climate change impacts will magnify
throughout the century alongside rapid ongoing and projected urbanization [1-3]. To adequately face
these climate-change-related challenges, urban decision makers require tailored climate information to
develop mitigation and adaptation strategies to build the sustainable cities of tomorrow [4-6].

At the foundation of reliable science-driven climate information lies climate projections by climate
models which can be used to understand and adapt to future climatic changes. Currently, most climate
data and information produced by urban or climate models are either not scale compliant for cities,
offer only a limited set of climatological parameters, or are unable to simulate urban-rural interactions.
Regional climate models are a promising tool to bridge scales between global climate models and
local scale urban models, simulating regional scale processes and urban-rural interactions under
climate change.
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The Coordinated Regional Climate Downscaling Experiment (CORDEX) offers a state-of-the-art
global framework for regional climate model (RCM) simulations and brings together around 30 regional
climate modeling groups from across the globe [7-9]. Presently, only a limited sub-set of RCMs have
developed a more complex representation of urban structures for their models and have conducted
explicit studies on urban areas [10-12]. Due to limited available computing power, most of the
detailed urban model projections with higher spatial resolutions (100 m™ km grid size) simulate short
time ranges, from a few days to a few years, and only focus on a sub-set of climatological variables.
Often these sophisticated urban climate models simulate mainly meteorological phenomena based
on temperature and/or heat budgets, such as the urban heat island effect (UHI) [11-16]. Existing
urban modeling studies are able to represent and project the UHI fairly well for different case-study
cities worldwide [11,12,15,17-19]. Several studies have indicated that urban areas have an influence
on their surroundings and their local-to-regional climate, particularly for temperature, wind, and
precipitation [18,20].

It remains challenging to provide longer time-scale climate projections tailored to urban areas for
amore diverse set of climatological phenomena [6]. Particularly, change in moisture, and its dependent
variables such as specific humidity, relative humidity, and temperature, are not well understood.
Observational studies have identified moisture differences between cities and their surroundings
in past time periods around the world [21-30]. Some studies have quantified a drying in the city,
the so-called urban dry island (UDI) effect (e.g., [31,32]). However, to our knowledge no studies have
explicitly investigated changes in moisture in urban areas relative to their surroundings under climate
change conditions using a regional climate multi-model ensemble.

Changes in moisture in urban areas under climate change could impact city sectors such as
building structure, health, and biodiversity, resulting in a profound effect on the livability of cities.
For instance, relative humidity is of direct importance to human heat stress and health [33-35].
Additionally, moisture levels can influence the sustainability of buildings by, for instance, altering
the moist risks or endurance of building material [36,37]. Furthermore, humidity has an impact on
vegetation growth, biodiversity, and ecosystem services in urban areas [38].

Despite its importance to living conditions, the impact of climate change on moisture in cities, as
well as urban-rural moisture contrasts, remains under explored [39]. Enhanced understanding of these
moisture phenomena and urban—rural interactions would improve climate information. This would
enable informed adaptation decisions that influence the livability of cities under climate change [4-6].
In this context, the main objective of this research was to investigate changes in moisture and related
variables under climate change conditions in the urban-rural context. Berlin and its surroundings
were selected as the case study area. According to our knowledge, this study is the first of its kind
to investigate whether the EURO-CORDEX multi-model ensemble captures urban—rural contrasts
for moisture and related variables such as temperature in Berlin and its surroundings. In addition,
the study explores the presence of a UDI and quantifies change in the urban—rural moisture contrast
throughout the twenty-first century under climate change conditions. The research outcomes improve
understanding of the opportunities and limitations of EURO-CORDEX data’s applicability to urban
areas and could inform further research on this topic.

2. Experiments

2.1. Research Area

To investigate humidity under climate change in urbanized areas, we selected Berlin and its
surroundings. Berlin, the capital of Germany, is a large-scale city with around 3.6 million inhabitants
covering approximately 891.1 km? [40]. The city is located in-land in a relatively flat topography and is
surrounded by predominantly forests and agricultural land. The size and geographical location of
Berlin makes it a suitable case-study to investigate using regional climate model output data.
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The grid boxes of the EURO-CORDEX models are around 11 km X 11 km (0.11°), being together
roughly 120 km?. Approximately seven grid boxes include an urban land-use type for Berlin. Some
EURO-CORDEX models follow a fractional approach where the fluxes are calculated based on a mix
of land-use types within one grid box. Other RCMs contain a dominant tile approach in which the
fluxes are calculated based on the dominant land-use type within one grid box. This results in a
different representation of the urban surface in the models. In this research, we considered Berlin
per its administrative borders. Berlin was sliced out from the regional climate model output data
through a geographically referenced weighted polygon of the administrative city boundaries (black
polygon, Figure 1b). Because grid boxes and urban representation differ among the investigated
models, this method provided a consistent data selection approach for Berlin across the model output
data. The surroundings of Berlin were selected through a rectangular domain from approximately
140 km by 100 km located around the administrative boundaries of the city (black rectangle, Figure 1b).
The land cover of the surroundings is roughly 50% agricultural and grass land, 36% forest, and 14%
built-up areas and water bodies (Figure 1b) [41].
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Figure 1. Research area. (a) Germany and (b) a land-cover map indicating Berlin’s administrative
boundaries (black polygon) and research domain including its surroundings (black rectangle). Land
cover follows the CORINE land cover map [42].

2.2. Data, Variables, and Climate Scenarios

This research investigated regional climate model output data provided by the European CORDEX
(EURO-CORDEX) using an approximately 12 km? spatial resolution (0.11°) for the period 1970-2099 [7].
The data used for this study was obtained from the Earth System Grid Federation, CORDEX data
node [43]. The multi-model ensemble considered for this study consists of ten model combinations,
including several global circulation models (GCM), which are presented in Table 1. To understand how
parameterization schemes of regional climate models represent urban areas, we conducted a short
online survey within the EURO-CORDEX community and studied model documentation [44-52].
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Table 1. Regional climate models and model combinations and their respective simulated variables
which were investigated in this research ("x’ means this variable was investigated). Legend: GCM,
global circulation model; RCM, regional climate model; RH, relative humidity; SH, specific humidity;
Tas, surface temperature at 2 m height; Tasmax, maximum surface temperature at 2 m height; Tasmin,

minimum surface temperature at 2 m height.

Driving Data Regional Model Regional Humidity Variables ‘;l; i?;g;;:ta};
(GCM) (RCM) Modeling Group (RH and SH) ..
Tasmax, Tasmin)

EC-EARTH RCA4 SMHI X X
EC-EARTH RACMO22E KNMI X X
EC-EARTH HIRHAMS5 DMI X X
CM5A-MR WRE331F IPSL X X
CM5A-MR RCA4 SMHI X X
HadGEM2 RCA4 SMHI X X
HadGEM2 RACMO22E KNMI X X
MPI-ESM-LR REMO2009 GERICS X X
MPI-ESM-LR RCA4 SMHI X X
EC-EARTH CCLM4-8-17 CLM community SH only X

Relative humidity (RH) and specific humidity (SH) are the primary focus variables of this research
as well as surface temperature at 2 m height (Tas) and minimum and maximum surface temperature at
2 m height (Tasmin and Tasmax, respectively). Relative humidity (RH in%) is generally calculated by
the mass of the actual water vapor (Mv in g/m®) at a temperature divided by the mass of water vapor
in saturation, depending on the temperature (Mg (T) in g/m3) (Equation (1)).

RH = —M S 100% )
Mg (T)

Observations were compared to the model output data to examine if both showed an urban-rural
contrast for the variables, as well as to determine whether the magnitudes of these contrasts were
similar. In situ measurements of individual meteorological stations in Berlin and its surroundings
were obtained from the Climate Data Center (CDC) of the German Weather Service (DWD) [53]. These
stations are selected and operated according to guidelines of the World Meteorological Organisation
(WMO) as well as quality controlled to ensure homogeneity across the time series and between the
different datasets. The particular datasets used for this research are based on hourly measurements
and/or contain annual means calculated from the hourly data for each variable and observation
station [54-57]. The measurement data from ten observation stations, of which six are in Berlin and
four in the surroundings of Berlin, were compared to the multi-model mean between 1970 and 2017.
The annual standard deviation for each model variable was calculated to investigate the climate
variability. The period 1970 until 2017 was selected to cover the longest timespan available for
the observational data as well as to comply with the historical model run period. The observation
stations are spread across Berlin and located in different areas in its surroundings. The exact locations
have been presented on a map in the Appendix A (Appendix A, Figure A1). Local effects influence
measurements from observation stations [58]. Figure Alb shows the direct surroundings of the
observation stations through Google Earth images to assist understanding of the local circumstances at
each measurement station and to get a sense of its representativeness to the urban or rural context.
RCM projections for the high emission, business-as-usual, Representative Concentration Pathway 8.5
(RCP 8.5), as defined by the Intergovernmental Panel on Climate Change (IPCC) [59], were selected
for this study. This high-emission scenario has been chosen because it represents the most severe
possible future under climate change among the available scenarios. We chose the worst-case scenario
because it probably gives the most striking results for the investigated variables between Berlin and
its surroundings as well as between the models. The RCP 8.5 scenario could be a stepping stone to
investigation of other RCP scenarios.
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2.3. Calculations and Statistics

To investigate whether the EURO-CORDEX multi-model ensemble captures urban-rural contrasts
for moisture, model output data and the differences between the regional climate models were
investigated. Additionally, compliance between the models and the observations was explored.
The annual mean of the in situ measurements was compared with the annual multi-model mean for
Berlin, as well as for the surroundings, to analyze the differences and agreements between the models
and the observations.

The running mean was calculated to explore whether a climate change trend is present in the
climate output data for Berlin and its surroundings as well as to understand the differences between
trends in urban and rural contexts. The running 30-year climatological mean was calculated from
the annual mean for each variable and model combination for Berlin as well as for its surroundings.
The multi-model running mean was calculated from the annual running mean of the individual model
combinations [60]. The Mann-Kendall test (MK test) explores whether there is a monotonic trend
and the direction of change of a time series (increasing/decreasing) [61,62]. Hence, the MK test was
performed for each individual model’s running mean for all the investigated variables. A robust result
of a monotonic trend and direction of change for a variable was considered to have been obtained if
more than 66% of the models showed similar, statistically significant (p value < 0.05) outcomes for the
test [63].

To further understand the climate change signal, the Mann-Whitney-Wilcoxon test (MWW-test) (or
U-test) was applied to all investigated variables. The test investigates whether the future distribution
(in this case 2070-2099) differs significantly for a variable compared to the distribution for the historic
climate (in this case 1971-2000). A robust result was considered to have been obtained if more than 66%
of the models showed similar results, implying a significant climate change signal for a variable [63].
One of the underlying assumptions for conducting a MWW-test is that the data is homogeneous of
variances. To ensure this criterion was met the Levene test was conducted [64]. If the test outcome was
not significant, meaning there was homogeneity of variances, the MWW-test was undertaken. Model
combinations that could not pass the Levene test were left out of the climate change signal analysis for
each variable.

Annual cycles of the variables were studied to understand changes per month and changes in
annual cycles throughout the century as well as shifts in the seasons for humidity and temperature
under climate change. The differences between Berlin and its surroundings were analyzed. Firstly,
the annual cycle on a decadal basis between 1970 and 2100 was calculated for the investigated variables
through calculating the annual multi-model mean averaged per decade. Secondly, a boxplot was
created to understand the mean change when comparing 1971-2000 to 2070-2099, as well as the
standard deviation and spread per month of the multi-model ensemble.

2.4. Daily Cycle

To further understand the urban-rural daily temperature contrast, underpinning the results
for humidity, the hourly temperature data of the regional climate model REMO (version:
MPI-M-ESM-LR _rlilpl_REMO2009) was investigated [49,50] in addition to the minimum and
maximum temperature for all the EURO-CORDEX models.

The mean daily cycle was calculated over the period 1971-2000 for hourly data of the REMO
model and compared to the observational mean of the hourly data over the same period for each
day. The hourly data was obtained from the CDC of the DWD [65]. Based hereupon, for January,
April, July, and October, the daily mean over the month was calculated to understand the daily cycle
differences throughout the year. For Berlin as well as its surroundings the mean of the respective
observation stations was considered in the analysis. Differences in the diurnal temperature cycle
between Berlin and its surroundings were explored for the models and the observations to understand
the urban—rural contrasts and whether these had been adequately simulated by the models. The mean
daily minimum and maximum temperature for the period 1971-2000 in Berlin and for its surroundings
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were investigated for each EURO-CORDEX model for January, April, July, and October to understand
whether the models showed comparable results to REMO for the daily cycle urban-rural contrast.

3. Results

The results section is divided into two main parts. The first part investigates how the
EURO-CORDEX models represent urban areas in their models and whether differences are simulated
for humidity and temperature between Berlin and its surroundings. To complement the first part,
the model outcomes were compared with observations. The second part focuses on quantifying
urban-rural contrasts for humidity and temperature variables under climate change conditions in the
twenty-first century in Berlin and its surroundings.

3.1. Models and Observations

The running mean, calculated over 30 years for each EURO-CORDEX model and variable,
was investigated to explore the general differences between the models and model combinations as
well as the main differences between Berlin and its surroundings (Figure 2). Climate change trend
analysis based on the running mean is discussed in the second part of the results section.

Relative humidity

85

EC-Earth_SMHI-RCA4
EC-Earth_RACMO22E
EC-EARTH_DMI-HIRHAM5
S e s it SESaEmay — IPSL-CM5A-MR_INERIS-WRF331F
75 SIS IPSL-CM5A_SMHI-RCA4
(a) MOHC-HadGEM2-ES_KNMI-RACMO22E

—— MOHC-HadGEM2-ES_SMHI-RCA4
. MPI-ESM_CSC-REM0O2009
MPI-ESM_CSC-REM02009
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|
|

60
1995 2005 2015 2025 2035 2045 2055 2065 2075

Time (years)

Specitic humidity Temperature

Specific humidity

7
1995 2005 2015 2025 2035 2045 2055 2065 2075 1995 2005 2015 2025 2035 2045 2055 2065 2075
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Figure 2. Running 30-year mean for 1970-2099 for individual European Coordinated Regional Climate
Downscaling Experiment (EURO-CORDEX) models and the multi-model mean for (a) relative humidity,
(b) specific humidity, (c) temperature, (d) minimum temperature, and (e) maximum temperature for
Representative Concentration Pathway (RCP) 8.5, comparing Berlin (solid lines) and its surroundings
(dashed lines).
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Figure 2 clearly demonstrates that all EURO-CORDEX models simulate distinct differences
between Berlin and its surroundings for each variable. More specifically, the relative humidity and
specific humidity are lower in Berlin than its surroundings, resulting in a water vapor deficit in Berlin
compared to its surroundings (Figure 2a,b). Similarly, the temperatures are higher in Berlin than in its
surroundings for all temperature variables considered in this study (Figure 2c—e). The EURO-CORDEX
community survey (Appendix A: Table A1) and the studied model documentation indicate that the
models represent urban areas through their land surface scheme and parameterizations, commonly by
means of the ‘bulk’ scheme. Following this ‘bulk” approach, sealed urban areas are represented as
a rock surface, which is described in the models by a relatively high roughness length, high albedo,
and no water storage capacities [18,46,49,66]. Model outcomes for Berlin show lower RH and higher
temperature values than its surroundings (Figure 2). This general outcome can be explained as follows.
In the models, large areas of Berlin are represented by a rock surface with a high surface runoff rate and
a low capacity to store water. Hence, the evaporation rates are low and the atmospheric humidity levels
decrease. Additionally, this leads to a low latent heat flux and a high sensible heat flux [10]. This results
in higher temperatures and drier conditions simulated for Berlin compared to its surroundings.

The observations also show that Berlin is drier and warmer compared to its surroundings
(Figure 3). There is a spread among the observations, particularly for RH, temperature, and minimum
temperature. The spread of the rural stations is considerably small compared to the stations in Berlin.
The direct surroundings of all the rural observation stations are characterized by agricultural or grass
fields (see Appendix A, Figure Alb). This similar land-use type explains the relatively small spread
among the observational stations in rural areas. In Berlin, the spread between the stations is larger.
The stations are located in different areas of the city, near (former) airports (Tegel and Tempelhof), green
spaces (Dahlem), or roads and buildings (Ostkreuz, Marzahn, and Alexanderplatz) (see Appendix A,
Figure A1b). The direct surroundings of observational stations have a profound influence on their
measurements [58]. The observation station ‘Alexanderplatz’ is located in the city center of Berlin
and is surrounded by compact buildings and an almost fully sealed surface. This station shows the
highest temperature values (Figure 3b), which can be explained by the combined influence of its direct
surroundings and its central location, which is where the city is at its hottest. The measurement values
for RH and temperature of the stations “Tegel” and “Tempelhof’, which are both near (former) airports,
are similar. Trees and green areas can have a cooling effect in the city. ‘Dahlem’ is slightly cooler and
more humid than the other stations because it is located near a green space. The colors of Figure 3
reflect the urban gradient, respectively showing the darkest red colors for the stations located in the
inner city and lighter orange-yellow colors for sub-urban observation stations.

Comparing the model outcomes with the observations, similar generic outcomes can be seen to
arise for the studied variables. Berlin is drier and warmer compared to its surroundings. Figure 3a
shows that the multi-model mean simulates the RH annual mean by a slightly lower amount, i.e.,
by 3-10%, than the observations indicate for Berlin. The models slightly overestimate, i.e., by 0—4%,
the relative humidity for the surroundings. This leads to a total overestimation by the models of the
water vapor deficit in Berlin compared to its surroundings of around 3-14%. The model spread is
presented in the Appendix A (Figure A2). The models are centered around the multi-model mean
and do not show a distinct exception for one or a few models. The standard deviation (Appendix A,
Table A3) for Berlin is lower than 1% for each model and is between 1.5% and 2.5% for the surroundings.
To summarize, the models are able to capture the rural-urban relative humidity contrast, with a
dry overestimation in Berlin. This modeled water vapor deficit might be an effect of the urban
parameterization scheme that results in low evaporation rates due to an overestimation of sealed
rock surfaces compared to the actual urban surface with green spaces [10]. This leads to an increased
drying effect in the model simulations compared to the observations. The observational station
‘Alexanderplatz’ in Berlin corresponds most correctly to the multi-model mean for RH (Figure 3a) and
to a lesser extent for temperature (Figure 3b), which is in contrast to the other stations further away
from the city center. The observation station ‘Alexanderplatz’, in the city center, is surrounded by
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compact buildings and an almost fully sealed surface (see Appendix A, Figure A1). This hints that the
simple urban ‘bulk’ scheme in RCMs could represent sealed, central urban areas quite adequately with
respect to climatological annual mean values. Nevertheless (sub-) urban areas with vegetated spaces
remain more challenging to simulate correctly by regional climate models on the 0.11° spatial scale.

For the mean annual temperature the models simulate temperature change over the past time
period in a similar fashion to the observations, simulating namely an approximate increase of around
1.2-1.5 °C between 1970 and 2017 (Figure 3b—d). The temperature difference between Berlin and its
surroundings is overestimated by the models with a ~2 °C difference between the two multi-model
means compared to a ~1 °C difference for the observations. This is mainly due to an underestimation
of the temperature in the surroundings by the models (Figure 3b).

The standard deviation for the temperature variables calculated over the annual mean for each
model is <1 °C in Berlin and between 0.5 °C and 1.5 °C for its surroundings (Appendix A, Table A3).
The climate variability is low because it was calculated on an annual basis for a relatively small domain.
The model spread (Appendix A, Figure A2) for the temperature variables is approximately 3 °C in
Berlin and ~4 °C for its surroundings. The global climate models driving RCMs largely affect the
results for the temperature variables, particularly for CM5A-MR, HADGEM?2, and MPI-ESM. Generally,
the models capture the urban-rural contrast for temperature in a similar fashion as the observations,
with a slight underestimation of the temperature in the surroundings. The models simulate the
temperature trend in a comparable manner to the observations. This is expected to persist for future
projections. The relative humidity trend is largely dependent on the temperature trend and therefore
expected to be projected adequately by the models.

The annual maximum and annual minimum temperature show opposite urban—rural contrasts for
Berlin and its surroundings when comparing the multi-model means with the respective observations
(Figure 3c,d). The simulated difference in the maximum temperature between Berlin and its
surroundings is larger than the simulated difference in the minimum temperature between both
areas. By contrast, the observations show a smaller difference between the maximum temperature and
the minimum temperature when comparing Berlin and its surroundings. This suggests that the models
possibly do not capture the temperature difference correctly for the nighttime between Berlin and its
surroundings. According to previous studies, the largest temperature difference between the urban
and rural areas, the largest UHI, is expected during the night. In winter, the temperature difference
between Berlin and its surroundings is expected to be smaller compared to other seasons [67,68].

Based on the results presented in Figure 3c,d, there is a need to further understand whether the
nighttime and daytime temperature differences between Berlin and its surroundings are adequately
simulated by the regional climate models. The EURO-CORDEX community survey (Appendix A,
Table Al) indicates that all RCMs represent urban areas in a similar fashion through a ‘bulk’
parameterization scheme. Hence, each model could be taken as a representative example for the other
models. In this case, the REMO model was selected to further investigate the daily cycle because
hourly data was directly available. The REMO hourly historic model mean on a daily basis between
1971 and 2000 for January, April, July, and October was compared to the equivalently calculated
observational mean averaged over the observational stations in and outside Berlin. The diurnal
cycle of the observations shows a daytime temperature maximum and nighttime minimum for both
Berlin and its surroundings (Figure 4). Generally, it is during nighttime that the largest difference
in temperature between Berlin and its surroundings occurs. For most months the modeled diurnal
temperature cycles show a similar curve to the observations. Nonetheless, REMO simulates the
largest temperature difference between Berlin and its surroundings during the daytime instead of the
nighttime, opposing the observations and leading to an underestimation of the nighttime urban-rural
temperature difference (Figure 4).
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Figure 3. EURO-CORDEX multi-model annual mean compared to observation station data annual
mean in Berlin and its surroundings for (a) relative humidity, (b) temperature, (c) minimum temperature,
and (d) maximum temperature for 1970-2017.
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Figure 4. Temperature diurnal cycle. Hourly average between 1971-2000 for the monthly mean of
(a) July, (b) January, (c) April, and (d) October. The hourly mean of regional climate model REMO (solid
lines) is compared to the observational data (dashed lines) for Berlin (black) and its surroundings (green)
as well as the hourly mean of the surroundings subtracted from the hourly mean of Berlin (blue).

During January the urban diurnal cycle is exacerbated, with a slightly stronger warming during
the day and generally a stronger cooling at night. This is possibly due to long winter nights and short
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days with limited incoming solar radiation to warm up the urban surface and limited heat storage
capacity. In reality, urban areas generally warm up faster than their surroundings and the heat is
stored during the day and slowly released at night, leading to a larger temperature difference between
a city and its surroundings at nighttime. This is in line with the observational diurnal cycles displayed
in Figure 4. Conceivably, as a result of the ‘bulk” parameterization scheme, the model is unable to
trap the energy adsorbed during the day in the street canyons as heat is only stored in the surface
layer with minimal thickness and no heat exchange between city elements is parameterized in the
scheme. Additionally, anthropogenic heat is not considered explicitly, further limiting the nocturnal
cooling potential of the surface and low atmosphere. Consequently, the model results show a stronger
temperature difference between Berlin and its surroundings during daytime, misrepresenting the
actual urban-rural largest temperature difference at night measured by the observations.

Similarly to REMO, the other EURO-CORDEX models investigated contain a ‘bulk” scheme for
urban areas. In this light, REMO can be seen to be representative of the other models and similar results
may be expected. To validate the latter, an additional analysis investigates the daily minimum and
maximum temperature for each model, comparing Berlin to its surroundings. According to previous
studies, the UHI should be larger at night than during the day [67]. The results of the analysis are
presented in Figure 5. Generally, the models do not show the expected outcome. The difference between
the minimum temperature in Berlin (urbmin) and the minimum temperature in its surroundings
(surrmin) is generally smaller (and in January even reversed) than the difference between the maximum
temperature in Berlin (urbmax) compared to the maximum temperature in its surroundings (surrmax).
The results for the EURO-CORDEX models are comparable to the results found for REMO. In summary,
all EURO-CORDEX models simulate the UHI. However, the models do not simulate the timing of
the UHI correctly. The temperature difference between Berlin and its surroundings peaks during the
daytime instead of the nighttime.
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Figure 5. Temperature minimum and maximum for Berlin (urbmin/urbmax) and its surroundings
(surrmin/surrmax) for the ten-model combination from the EURO-CORDEX multi-model ensemble.
Daily average between 1971-2000 for the monthly mean of (a) July, (b) January, (c) April, and (d) October.

3.2. Humidity under Climate Change

As mentioned in the first part of the results section, the models generally indicate a water vapor
deficit in Berlin, and it is on the whole warmer in Berlin compared to its surroundings throughout
the twenty-first century (Figure 2). With respect to the 30 years running mean, specific humidity and
temperatures increase throughout the century, both in Berlin and in its surroundings. For specific
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humidity, the difference in the multi-model mean between Berlin and its surroundings is constant
over time. The temperature difference between Berlin and its surroundings is enlarged during the
twenty-first century and is particularly characterized by a stronger warming in Berlin. Relative
humidity is directly related to changes in temperature and specific humidity. The temperature increase
is larger in Berlin throughout the twenty-first century, causing a decrease in RH in Berlin and a
slight RH increase in its surroundings (Figure 2a). Urban areas retain heat better than their rural
surroundings. The model results show that this urban heat island effect is likely to be amplified under
rising temperatures and climate change conditions. The urban-rural diverging pattern for relative
humidity was further analyzed with an MK test. The outcomes of the MK test show a robust result
for Berlin, with 78% of the assessed models agreeing on a significant decreasing monotonic trend
in Berlin for relative humidity throughout the century. For the surroundings the model agreement
of a significant increasing monotonic trend is only 50% across the models and therefore not robust.
For specific humidity, temperature, and minimum and maximum temperature the MK test shows
100% model agreement of a significant increasing trend for Berlin as well as for its surroundings
(Appendix A, Table A2).

To enhance understanding of the climate change signal for the studied variables in Berlin and its
surroundings, an MWW test was conducted. The MWW test outcome for relative humidity indicates,
for the seven models that passed the Levene test, 71% of the models agree that the future distribution
(2070-2099) is different from the historical distribution (1971-2000). In other words, the climate change
signal in Berlin is robust for relative humidity. Thus, RH would decrease in Berlin under RCP 8.5
climate change conditions in the twenty-first century. For the surroundings, only 25% of the model
combinations (eight out of nine passed the Levene test) show a different distribution in the future for
relative humidity. Hence, the climate change signal for RH is not robust for the surroundings of Berlin
(Appendix A, Table A2). The GCM CM5A-* driven model combinations show a different result for RH
than the other model families. The RH decrease in Berlin is not significant for the CM5A-* family and
the increase in RH in Berlin’s surroundings shows significant results for the MWW test.

To gain insight into the change in the annual cycle under projected climate change in Berlin
and its surroundings, the monthly multi-model mean on a decadal basis between 1970 and 2100 was
investigated for each variable (Figure 6).
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Figure 6. Decadal annual mean cycle for the period 1970-2100 of the EURO-CORDEX multi-model
ensemble for RCP 8.5 and for Berlin and its surroundings. The figure shows the outcomes for the
different variables: RH (a/b), SH (c/d), temperature (e/f), minimum temperature (g/h), and maximum
temperature (ifj).
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Figure 2 shows that Berlin would get consistently drier (lower RH) than its surroundings
throughout the year for each decade, particularly in the summer months (Figure 6a). The strongest RH
change would occur in Berlin in the summer months, with an RH decrease of up to 6% in 2090-2100
compared to 1970-1980 in contrast to hardly any change during the winter months. The up to 6%
decrease in relative humidity (RH) in Berlin contrasts with an average RH of about 66% projected by
the RCMs (Figure 2a) and an average of about 73% RH measured by suburban stations and 68% RH by
the inner-city station (Figure 3a). In addition, the 6% projected decrease in RH is comparable to the
model spread of 4-5% (Figure 2a). Climate change has its strongest effect on the RH annual cycle in
the summer months. This stronger change pattern in the summer months is also visible for specific
humidity throughout the decades and to a lesser extent for temperature, underpinning the RH results.
The strong change in the summer months can be explained by the increase in incoming solar radiation
in the summer compared to winter, resulting in higher summer temperatures [69,70]. This increase
in temperature exacerbates the air moisture deficit in summer, leading to a stronger drying effect
in the urban areas in the summer months. An increase in relative humidity in the surroundings of
Berlin is visible in May and to a lesser extent in June throughout the twenty-first century. This could
be explained by low evaporation, predominantly cloudy skies, and dormant vegetation resulting in
increased soil moisture with minimal fluctuations in winter. In spring, around April-May, increased
vegetation growth removes moisture from the soil through intensive evapotranspiration, increasing
RH in the atmosphere [70,71].

Figure 7 improves the understanding of the mean monthly change for each variable under climate
change conditions, comparing 1971-2000 to 2070-2099. It uses box and whisker plots.
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Figure 7. Mean monthly change for each variable under climate change conditions, comparing
1971-2000 to 2070-2099 for Berlin (grey-blue) and its surroundings (green) for (a) RH, (b) temperature,
(c) SH, (d) minimum temperature, and (e) maximum temperature for RCP 8.5. The multi-model median
(red line), quartiles (Q1: 25% and Q3: 75%) and whiskers, including interquartile range (IQR) (1.5 x IQR
(IOR = Q3 - Q1)) indicate the model spread.

In agreement with previous results, Figure 7 shows the strongest RH decrease by the end of the
century in the summer months in Berlin of around 2%, in contrast to hardly any change during the
winter months. It shows a ~2% increase in relative humidity for the surroundings in spring, which could
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be a result of the increase in evaporation as mentioned above. The biggest spread among the RCMs
occurs in the surroundings and is generally slightly stronger at the end of summer (August-September).
This could be due to differences in the available soil moisture in Berlin’s surroundings. Because of
increased evapotranspiration and decreased precipitation, the soil moisture is expected to be lower
in the summer months. During the end of summer and fall the soil moisture recharge phase starts
because harvest reduces the biomass and precipitation increases [70,71]. August and September are
just on the verge of this phase transition, leading to potentially higher model uncertainties in relative
humidity in the surroundings of Berlin.

With respect to temperature, the change between 1971-2000 and 2070-2099 would be around
4-5 °C in Berlin, with a slightly lower increase in spring (Figure 7). For the surroundings this change
would be around 2-3 °C in spring and 3-4.5 °C in the other months. Minimum and maximum
temperature would follow a similar monthly change pattern. However, the minimum temperature
change would increase slightly more than the maximum temperature, especially in spring and summer,
with a difference of around 0.0-0.5 °C for Berlin and around 0.0-0.7 °C for its surroundings. The model
spread is around 2 °C for all temperature variables in Berlin and its surroundings, except for the
minimum temperature in the surroundings, which shows a 4-5 °C difference between the models
(Figure 2c—e).

In summary, according to the EURO-CORDEX multi-model ensemble data for the RCP 8.5 scenario,
Berlin is getting drier and faces a larger temperature increase than its surroundings by the end of the
century under climate change conditions, especially in summer.

4. Discussion

All ten EURO-CORDEX model combinations showed a clear difference for humidity and related
variables between Berlin and its surroundings. Several previous studies have also demonstrated
a temperature difference between an urban area and its surroundings simulated by one or several
EURO-CORDEX models (e.g., [10,20,72]). Hence, to our knowledge, this is the first study to take into
consideration the EURO-CORDEX multi-model ensemble when analyzing humidity variables for
Berlin and its surroundings. Only this approach enables us to derive information on potential future
moisture changes in urban areas compared to their surroundings under climate change conditions.

Previous observational studies have investigated moisture differences between a city and its
surroundings for past time periods. However, the main focus of many of these studies has been
the diurnal cycle and these studies have been based on observational records only. These studies
considered a wide range of different methods to analyze moisture, e.g., wet bulb temperature, specific
humidity, and water vapor pressure. Throughout the world, in many cities a moisture deficit has been
predominantly found (Cairo: 21, Chicago: 22, Christchurch: 23, Edmonton: 24, Lodz: 25, Mexico
City: 26, Moscow: 31), but nevertheless urban moisture excess has also been identified primarily
in others (Belgrade: 27, Krefeld: 28, London: 29, Szeged: 30). Some cities have shown a daytime
urban moisture deficit, mainly because of reduced evapotranspiration and better turbulent mixing
in cities and a nocturnal moisture surplus due to continued evapotranspiration, more anthropogenic
moisture sources, and fewer surfaces for condensation. In addition, some cities have shown a moisture
deficit in specific months and a surplus in other months. The methods used to measure or derive
humidity-related variables vary strongly between the studies. The comparableness is limited among
the observational studies as well as to this regional climate model data driven research. Regional
climate models are not yet able to represent the complex fine-scale daily humidity cycles described
by observational studies. Nevertheless, RCMs are the best tool currently available to understand
urban-rural moisture contrasts under climate change during the twenty-first century. As this is one of
the first climate model output data studies considering humidity changes under future climate change
conditions, further research and comparative studies are needed to gain an improved understanding
of commonalities and differences between cities as well as to assess the main generic conclusions.
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To our knowledge, this is the first study to derive an increase in the moisture deficit in Berlin
compared to its surroundings under climate change conditions throughout the twenty-first century.
In line with other studies that have defined the UDI [31,32], it could be concluded that Berlin shows an
increasing urban dry island effect under climate change. Additionally, underpinning the findings of
the UDI, an increasing UHI was detected in Berlin under climate change conditions throughout the
century. An in-depth process understanding study is needed to identify which parameters lead to these
results, e.g., evaporation, radiation, and cloudiness, etc. This could further enhance our knowledge of
urban-rural interactions under climate change. Additionally, the mean change in the UDI throughout
the century could imply a change in extremes, variability, or compound events. These are all interesting
topics for further research.

The described UHI for Berlin should be considered with caution. The temperature difference
between Berlin and its surroundings for the diurnal cycle, particularly at nighttime, is not represented
adequately by the models. Daniel at al. [10] have also found that the nighttime temperature differences
between the city and rural areas are underestimated using an RCM with a ‘bulk” approach for the
city of Paris as well as other urban areas in France. Sophisticated urban schemes would improve the
diurnal temperature difference according to Daniel et al. [10]. Further research and incorporation of
sophisticated urban schemes in RCMs are required to address the inadequate representation of the UHI
by regional climate models. The misrepresentation of the diurnal cycle temperature difference between
Berlin and its surroundings implies that no comprehensive conclusions for the daily temperature cycle
can be worked out from this research. The models simulate the timing of the temperature difference
inadequately on a sub-daily scale. The models capture the mean daily heat budget and urban-rural
temperature contrast. The mean climate change trend results could therefore give a plausible indication
for the future for temperature and humidity variables. Prior studies have identified a connection
between the UHI effect and humidity fluctuations in urban areas (e.g., [21,29,30]). As described
previously, the models would be expected to simulate the difference in minimum temperature larger
between Berlin and its surroundings, and vice versa for maximum temperature. Based hereupon,
the maximum temperature as well as the simulated maximum temperature difference could be
overestimated. Higher temperatures lead to an increase in saturated water vapor pressure and
therefore decreased relative humidity (following Equation (1)). Due to overestimation of the daytime
maximum temperature difference by the models, Berlin might be less dry compared to its surroundings
than the models present currently.

Climate models are subject to uncertainties, though it is commonly conceived that multi-model
ensemble studies result in a more accurate representation of possible futures than those using one
single model, reducing the expected uncertainty of the outcomes of this study [73]. The results of the
MWW test show that the driving GCM influences RCM outcomes for urban—rural contrasts of relative
humidity. Further research would be favorable to further improve our understanding of this topic.
Taking this into consideration, the results of this research should be treated with caution and only
provide an indication of a possible future change of humidity for Berlin compared to its surroundings.

Running the EURO-CORDEX coordinated simulations with sophisticated urban schemes could
potentially change and profoundly improve the outcomes of this type of research, in particular with
respect to the daily temperature cycle [10]. Furthermore, it would be of high interest to explore
whether the climate change signal for relative humidity would change under state-of-the-art convection
permitting models to understand whether simulations on higher spatial resolutions would result in an
improved representation of climate change impacts in urban areas.

It would also be important to explore the usability of the findings, particularly with respect to
relative humidity for different city sectors and to seek an improved understanding of how to tailor
information in a useful manner for urban decision makers.
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5. Conclusions

Humidity changes under climate change conditions are poorly understood in urban areas. Changes
in humidity can alter living conditions for city inhabitants and an increasing need therefore exists to
enhance our knowledge. However, many urban models and climate models are currently either not
scale compliant for cities and offer only a limited set of climatological parameters, or do not simulate
urban-rural interactions. This work aimed to improve understanding of the change in moisture and
temperature variables under climate change, ultimately to be able to equip urban decision makers with
science-based information to adapt to projected humidity changes. EURO-CORDEX regional climate
model simulations (0.11°) were analyzed for RCP 8.5 with a focus on relative and specific humidity,
as well as temperature variables, throughout the century for Berlin and its surroundings.

The main results show that Berlin is getting drier and is facing a larger temperature increase than
its surroundings towards the end of the century under climate change conditions. This is particularly
profound in summer, with a mean decadal RH decrease of up to 6% when comparing 1970-1979
with 2090-2099. Berlin is warming more strongly than its surroundings throughout the entire year,
i.e., by ~2° C when comparing 1971-2000 with 2070-2099. This study discloses for the first time
that the EURO-CORDEX multi-model ensemble is able to capture a humidity difference between
Berlin and its surroundings, as well as quantifies the respective climate change urban—rural trends
throughout the century. Additionally, the study also shows limitations of the RCMs in this respect.
For the historic climate period (1970-2017), the outcomes are similar between the model simulations
and observations, though there is a slight overestimation of the water vapor deficit in Berlin by the
models. A comparison between the REMO model and observations for the historic diurnal temperature
cycle shows that REMO simulates a larger UHI during daytime. The RCMs are unable to represent
the expected dominant nighttime urban heat island effect adequately. This might have profound
influence on overall RCM results for urban areas and needs to be addressed in the future. The running
mean over 30 years shows a divergence throughout the twenty-first century for relative humidity
between Berlin and its surroundings, with Berlin getting drier over time, which was validated by the
Mann-Kendall test. The Mann-Whitney-Wilcoxon test for relative humidity indicates a robust climate
change signal in Berlin. Berlin is drier and warmer for all months, with the largest difference compared
to its surroundings in the summer. Also, the change in humidity in 2070-2099 compared to 1971-2000
is largest in the summer months.

In summary, this study shows for the first time an increasing urban dry island under climate
change conditions throughout the twenty-first century in Berlin.
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Appendix A

Table A1l. EURO-CORDEX community survey outcomes on urban representation in RCMs used for
EURO-CORDEX 0.11° simulations.

Model Versions Used Urban
Name of Institution for EURO-CORDEX . Description and References
. . Representation
Simulations on ESGF
. . Land-use type urban. Urban is treated as
Climate Service rock surfaces. Roughness length and
Center Germany REMO2009 Bulk b . & fiel 8t
(GERICS) a edo.ad]usted..No ield capacity, nor
vegetation. Fractional approach [49,50].
Swedish Land-use physiography is based on
Meteorological and RCA4 Bulk ECOCLIMAP land-surface database [45].
Hydrological RCA4 includes no further direct reference
Institute (SMHI) to urban parameterizations [48].
RACMO22E is based on CY31r1 Urban
fraction based on ECOCLIMAP
Royal Netherlands land-surface database [45]. Dominant tile
Meteorological RACMO22E Bulk h. Roush 1 .th d surf
Institute (KNMI) approach. Roughness lengths and surface
interactions adjusted for urban land
cover [46].

Danish HIRHAMS [51] includes ECHAM4 [52].
Meteorological HIRHAM5 Bulk Urban represented through adjusted
Institute (DMI) constant surface parameters.

The vegetation/soil parameters are adjusted
Institute Pierre CM5A-MR- for urban land surface type (e.g., albedo and
Simon WRF331E Bulk roughness length) [66] in NOAH-LSM [47].
Laplache(IPSL) Urban Canopy model available but not
turned on for EURO-CORDEX simulations.
Surface land cover type urban.
Climate Limit-Area Each sub-grid land cover type is a separate
Modeling COSMO-CLM Bulk column for energy and water
Community (CLM) calculations [44]. TERRA-LM is used for

EURO-CORDEX simulations.

Table A2. Outcomes of the Mann-Kendall (MK) test, Levene test, and Mann-Whitney-Wilcoxon (MWW)
test for relative humidity for Berlin and its surroundings.

MK Test Levene Test MWW Test
Mo(délC(]:vl[)iI[l{b(;II:/?)t ton Direction p Value t Value p Value t Value p Value
EC-EARTH_RCA4 Decreasing 258 x 1070 0.0003 0.9855 226 0.0002
EC-EARTH_RACMO22E Decreasing  3.33 x 10715 0.2236 0.6380 156 2.54 x 1070
EC-EARTH_HIRHAMS5 No trend 0.8689 0.3136 0.5775 446 0.3161
CM5A-MR_WRF331F No trend 0.5196 16.184 0.2082 405 0.1455
Berlin CM5A-MR_RCA4 Decreasing ~ 3.97 x 10711 61.218 0.0162 159 3.10 x 10706
HadGEM2_RCA4 Decreasing ~ 5.64 x 1077 21.851 0.1446 231 0.0002
HadGEM2_RACMO22E Decreasing 0.0000 0.1718 0.6800 40 292 x 10710
MPI-ESM-LR_REMO2009(r1) ~ Decreasing ~ 2.22 x 10716 57.208 0.0199 80 8.94 x 1079
MPI-ESM-LR_REMO2009(r2) ~ Decreasing ~ 4.88 x 10714 24.869 0.1201 102 5.14 x 10708
EC-EARTH_RCA4 No trend 0.3124 91.139 0.0037 447 0.3211
EC-EARTH_RACMO22E No trend 0.7353 29.544 0.0908 474 0.4663
EC-EARTH_HIRHAM>5 Increasing 0.0329 0.4255 0.5167 372 0.0642
CM5A-MR_WRF331F Increasing 0.0061 0.6487 0.4238 331 0.0180
Surroundings CM5A-MR_RCA4 Increasing 0.0001 0.3001 0.5858 227 0.0002
HadGEM2_RCA4 Increasing 0.0225 0.0003 0.9870 364 0.0512
HadGEM2_RACMO22E No trend 0.7967 0.0299 0.8632 460 0.3891
MPI-ESM-LR_REMO2009(r1) ~ No trend 0.4589 0.0414 0.8395 452 0.3467
MPI-ESM-LR_REMO2009(r2) ~ No trend 0.8154 0.0099 0.9212 462 0.4000
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Table A3. Standard deviation for each model combination and for the investigated variables calculated

over the annual mean for the period 1970-2016.

Variables

M"fcelcij[’i‘;{bé‘;;“’“ RH (%) SH () Tas °C)  Tasmax (°C)  Tasmin (°C)
EC-EARTH_RCA4 0.80 0.00017 0.60 0.59 0.62
EC-EARTH_RACMO22E 0.76 0.00017 0.62 0.60 0.64
EC-EARTH_HIRHAMS5 0.46 0.00013 0.48 0.46 0.52
CM5A-MR_WRF331F 055 0.00022 0.85 0.83 0.88
Berlin CM5A-MR_RCA4 0.58 0.00021 0.79 0.80 0.78
HadGEM2_RCA4 0.61 0.00019 071 071 0.71
HadGEM2_RACMO22E 071 0.00021 078 0.77 0.79
MPI-ESM-LR_REMO2009(r1) 0.72 0.00014 047 047 0.49
MPI-ESM-LR_REMO2009(r2) 0.68 0.00014 052 0.54 0.54
EC-EARTH_RCA4 1.83 0.00026 0.75 0.79 0.78
EC-EARTH_RACMO22E 1.64 0.00024 0.82 0.83 0.80
EC-EARTH_HIRHAMS5 151 0.00021 0.79 0.80 0.81
CM5A-MR_WRF331F 2.14 0.00029 1.34 135 1.38
Surroundings CM5A-MR_RCA4 1.56 0.00030 1.09 1.20 1.04
HadGEM2_RCA4 2.39 0.00030 0.99 1.14 0.90
HadGEM2_RACMO22E 1.98 0.00025 1.06 1.08 1.06
MPI-ESM-LR_REMO2009(r1) 1.88 0.00026 071 0.77 0.72
MPI-ESM-LR_REMO2009(r2) 211 0.00023 0.82 0.87 0.86
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Figure A2. Yearly mean for each model of the EURO-CORDEX multi-model ensemble compared to
the multi-model mean for 1970-2017. The variables presented are (a) relative humidity, (b) specific
humidity, (c) temperature, (d) minimum temperature, and (e) maximum temperature.
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