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A B S T R A C T   

Urban decision makers rely on evidence-based climate information tailored to their needs to 
adequately adapt and prepare for future climate change impacts. Regional climate models, with 
grid sizes between 10–50 km, are a useful outset to understand potential future climate change 
impacts in urban regions. Recently developed convection-permitting climate models have grid 
sizes smaller than 5 km, and better resolve atmospheric processes related to the land surface like 
convection, and complex terrain such as cities. This study investigates how the convection- 
permitting model REMO simulates changes in climate conditions in the urban-rural context, 
compared to its conventional hydrostatic version. We analyze three impact cases: influenza 
spread and survival; ragweed pollen dispersion; and indoor mold growth. Simulations are 
analyzed for the near future (2041–2050) under emission scenario RCP8.5. Taking the Berlin 
region as a testbed, we show that the change signal (positive or negative impact) reverses for the 
3 km compared to the 12.5 km grid resolution for the impact cases pollen, and mold, indicating 
added value. For influenza, the convection-permitting resolution intensifies the decrease of 
influenza days under climate change. The results show the potential of convection-permitting 
simulations to generate improved information about climate change impacts for urban regions 
to support decision making.   

1. Introduction 

High-quality, science-based climate information for cities and its surroundings is crucial for urban decision makers and dwellers in 
order to prepare for and adapt to climate change (Baklanov et al., 2018; Rosenzweig et al., 2018). This information shall be tailored to 
the needs of urban decision makers, suitable for their specific application and context (Bai et al., 2018; Baklanov et al., 2018). Urban 
areas have distinct climatological characteristics that differ from its surroundings, e.g. the urban heat and dry island effect 
(e.g. Langendijk et al., 2019; Lokoshchenko, 2017; Masson et al., 2020). Therefore, climate change may manifest differently in cities 
than its direct surroundings. Environmental factors, and more specifically meteorological conditions, are key drivers for climate 
change impacts in urban areas (Masson et al., 2020; Rosenzweig et al., 2018). 

Models are a useful outset to understand changes in meteorological conditions in cities as a result of climate change. Regional 
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climate models simulate the Earth’s key physical climate processes and their interactions. They divide the Earth’s surface and over-
lying atmosphere into a giant grid. The model calculates meteorological variables, such as temperature, humidity and precipitation, for 
each grid cell. The horizontal grid size, or “grid resolution”, of regional climate models are typically in the range of 50–10 km, with 
around 20–30 vertical layers (Jacob et al., 2020). Grid sizes up to 20–10 km allow for the simulation of larger urban areas under longer 
climatological timescales, using simple urban schemes. The models are commonly unable to capture intra-city differences and fine- 
scale urban climate processes (Langendijk et al., 2019). 

The newly developed, so-called, convection-permitting (CP) climate models are high-resolution regional models of the Earth’s 
climate that have a horizontal grid size of less than 5 km, and around 40–50 vertical layers. CP models better resolve the land surface 
and convective processes, leading to improved representation of small-scale processes in the atmosphere and complex terrain, such as 
cities (Argüeso et al., 2016; Ban et al., 2021, 2014; Coppola et al., 2020; Kendon et al., 2021; Prein et al., 2015). This can result in clear 
improvements, so-called added value, to simulate climate change impacts, which subsequently allows for better-informed decision 
making (Di Luca et al., 2015). There has only been limited research on the added value of CP models to simulate and understand 
climate change impacts in urban areas compared to its surroundings. Therefore, this research explores the potential of convection- 
permitting models to improve the simulation of climate change impacts in urban areas and its surroundings. The study compares 
regional climate model output on the 12.5 km grid resolution and the 3 km convection-permitting resolution, using Berlin and its 
surroundings as testbed. 

1.1. Impact cases 

To investigate the effect of the convection-permitting scale on climate conditions related to climate change impacts, three so-called 
impact cases are defined: influenza spread and survival, ragweed pollen dispersion, and indoor mold growth. These impact cases are 
selected because they all have direct or in-direct effects on human health, and they have been hardly investigated by previous studies, 
especially not under future climate change and in the urban-rural context. The three impact cases are defined by meteorological 
conditions, foremost underpinned by the variables humidity and temperature. The change in meteorological conditions for each 
impact case under climate change is studied. The following section introduces the impact cases and defines the meteorological con-
ditions that favor the cases based on existing literature. This study particularly considers humidity and temperature. Humidity is 
expressed as specific humidity (SH), which is the amount of water vapor in relation to the total mass of water vapor and air combined, 
expressed in kilograms of water vapor per kilogram of moist air (kg/kg). In addition, it considers relative humidity (RH), the saturation 
of the air compared to the water vapor the fully saturated air could contain at a specific temperature, expressed as a percentage (%). 

1.1.1. Influenza survival and transmission 
The infectious disease influenza, commonly known as “flu”, is one of the most deadly of all airborne and upper-respiratory in-

fections (Fuhrmann, 2010). Much of the observed wintertime increase of mortality in temperate regions is attributed to seasonal 
influenza (Shaman et al., 2010). On average, 22,000 deaths and over 3 million hospitalizations in USA are attributed to influenza each 
year (Fuhrmann, 2010). In 2017/18 around 25.100 people died in Germany during the most deadly influenza wave in 30 years 
(RKI, 2019). A previous study investigating the historic time period 1970–2016 showed long-term climate variations influenced the 
influenza-like illness incidence rates in the Netherlands, through changes in absolute humidity and temperature (Caini et al., 2018). 
Although of profound interest, the potential impacts of future climate change on influenza epidemics is poorly understood, and no 
studies have directly investigated this interplay (Chong et al., 2020; Goodwins et al., 2019). 

The connection between humidity and influenza is likely multifactorial, including impacts on virus stability and viability, host 
susceptibility, and human behavior (Davis et al., 2016). However, many studies show low humidity, often occurring in combination 
with low temperatures, is the predominant factor defining the transmission and survival of the influenza virus (Davis et al., 2016; 
Lowen et al., 2007; Lowen and Steel, 2014; Marr et al., 2019; Park et al., 2020; Peci et al., 2019; Shaman et al., 2011). Model pre-
dictions suggest that approximately half of the average seasonal differences in US influenza mortality can be explained by seasonal 
differences in absolute humidity alone (Barreca and Shimshack, 2012). Soebiyanto et al. (2015) show a clear inverse relationship 
between specific humidity and influenza exists in Europe, and particularly in Berlin. Two hypotheses are proposed by Shaman and 
Kohn (2009) to explain the humidity-influenza relationship: (i) virus-laden droplet nuclei are more efficiently produced at lower 
humidity because of increased evaporation of expelled droplet particles, therefore more virus remains longer in the atmosphere; (ii) 
influenza virus survival increases as humidity decreases, such that the airborne virus remains viable longer at lower humidity levels 
(Shaman and Kohn, 2009). 

Literature indicates a controversy of the appropriate humidity variable selection to study the humidity and influenza relationship. 
Many studies showed a relationship between low RH and influenza virus transmission and/or survival (Lowen et al., 2007; Lowen and 
Steel, 2014; Marr et al., 2019; Noti et al., 2013; Park et al., 2020). Though other studies show that SH or absolute humidity (AH) would 
be preferable over RH to investigate the humidity-influenza relationship, as SH/AH would constrain the transmission and survival of 
influenza more significantly than RH (Barreca and Shimshack, 2012; Chong et al., 2020; Peci et al., 2019; Shaman et al., 2011; Shaman 
and Kohn, 2009). Considering this discussion, specific humidity is selected to define the influenza threshold for this research. 

A non-linear relationship between influenza transmission and survival exists that is most sensitive to low humidity values, leading 
to increases in the spread of influenza among humans (Barreca and Shimshack, 2012; Beest et al., 2013; Shaman et al., 2011, 2010). 
Specific humidity levels below approximately 6 g of water vapor per kilogram of air (0.006 kg/kg) are associated with increases in 
influenza mortality (Barreca and Shimshack, 2012). This is also in line with studies by Shaman et al., (2011, 2010 especially Fig. 1). 
Cold temperatures around ~5 ◦C optimize the influenza conditions (Lowen and Steel, 2014; Park et al., 2020). The Robert Koch 
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Institute (RKI, 2020) points out that influenza is mainly occurring in winter months in Brandenburg and Berlin. This is confirmed by 
Soebiyanto et al. (2015) who indicate influenza is mainly prevalent in December – March in Berlin. 

The selected meteorological threshold to investigate the influenza impact case is therefore, SH < 0.006 kg/kg, jointly with low 
temperatures from 2 ◦C up to 6 ◦C, for the period December – March (Table 1). 

1.1.2. Ragweed pollen dispersion 
Ragweed (Ambrosia artemisiifolia L.) is an invasive annual weed, native from North America, and currently one of the main 

allergenic species in Europe (Cunze et al., 2013; Ghiani et al., 2016). Ragweed is expected to particularly expand its range due to 
climate change in Northern Europe (Cunze et al., 2013; Storkey et al., 2014). In this regard, Hamaoui-Laguel et al. (2015) estimate that 
by 2050 airborne ragweed pollen concentrations will be about four times higher than they are now in Europe. Climate change could 
increase the length and severity of the pollen season and, as a consequence, the related pollen allergy (D’Amato and Cecchi, 2008; 
Ziska et al., 2003). 

Due to regional urbanization-induced temperature and higher CO2 levels in cities ragweed grows faster, flowers earlier, and 
produces significantly greater ragweed pollen in urban than rural areas (Bergmann et al., 2012; Ziska et al., 2003). Epidemiological 
studies have demonstrated that urbanization, high levels of vehicle emissions and western lifestyles are correlated to an increase in the 
frequency of pollen-induced respiratory allergy, prevalent in people who live in urban areas compared to rural areas (D’Amato and 
Cecchi, 2008). Reinhardt et al. (2003) estimated the consequential costs for the treatment of patients allergic to ragweed to lie between 
€19 and €50 million per year for Germany under current climate conditions. In Berlin and its surroundings, extensive ragweed pop-
ulations are reported and ragweed pollen are measured (Buters et al., 2015; Kannabei et al., 2013; Zink et al., 2012). Around 15  ̶ 18% 
of Berlin’s population suffers from a pollen allergy, resulting in approximately 500,000  ̶ 615,000 affected people just in this city 
(Bergmann et al., 2012). 

Different meteorological and human factors influence pollen growth, length of the season, or transport through the atmosphere 
(e.g. Sofiev et al., 2013). There is specific evidence that low relative humidity, often occurring with higher temperatures, favors the 
release of pollen locally, directly enhancing pollen dispersion rates, while high humidity is associated with lower airborne pollen 
concentrations (Bianchi et al., 1959; D’Amato and Cecchi, 2008; Silverberg et al., 2015; Sofiev et al., 2013; Zink et al., 2012). Zink et al. 
(2012) found that the majority of the pollen in Germany originated in local areas. The ragweed pollen release period from a single 
flower lasts only up to 6 h (Prank et al., 2013). The pollen release can be strongly reduced, or even halted, by high relative humidity 
associated with rain, which can cover wider areas than the rain event itself (Sofiev et al., 2013). 

Ragweed pollen emissions are considered a threshold process, dominated by low relative humidity, with a threshold of around 
<60% RH (Bianchi et al., 1959; Menut et al., 2014; Sofiev et al., 2013; Zink et al., 2012). The main ragweed flowering season is from 
August to September in Europe, however flowers can be found from July to October in the Berlin region (Kannabei et al., 2013; Liu 
et al., 2016; Prank et al., 2013). The end of flowering has been found to be correlated spatially and temporally with the onset of the first 
frost (Kannabei et al., 2013; Storkey et al., 2014). Local ragweed pollen emission mainly takes place during the morning hours: it starts 
shortly after sunrise and continues until early afternoon (Bianchi et al., 1959; Dingle et al., 1959; Laaidi and Laaidi, 1999; Zink et al., 
2012). 

The selected humidity threshold for the pollen impact case is RH < 60%, from 5 am until 2 pm, during July – October (Table 1). 

1.1.3. Indoor mold growth 
Indoor mold is a fungal growth that develops on building materials, expedited by particular outdoor temperatures, and humidity 

conditions (Sedlbauer, 2001). In Germany mold is one of the main causes of damage to buildings. The “Third Report on Building Damages” 
by the Federal Government of Germany estimated the costs resulting from mold fungi damages to amount more than 200 million Euro per 
year (Bundesministerium für Raumordnung, 1995). In addition, extensive mold growth in buildings can negatively affect human health, 
by causing and enhancing respiratory complications and related diseases such as asthma (Davis et al., 2016). Studies show that historic 
buildings are particularly prone to mold growth and damage (Curtis, 2010; Hao et al., 2020; Huijbregts et al., 2012). In Berlin every fourth 
house is built in the 1920s/30s, and around 50% of the building are older than 1960 (SSW, 2018). 

A literature review by Hao et al. (2020) indicates that moisture risks are more likely to occur in buildings due to changes in the 
external climate and subsequent changes in the indoor climate. Leissner et al. (2015) particularly project higher mold risks in Northern 
parts of Germany by the mid as well as by the end of the century, based on derived mold index from regional climate model projections. 
A study by Huijbregts et al. (2012) found mold growth will increase due to climate change for two historic museum buildings in the 
Netherlands and Belgium, particularly driven by rising relative humidity levels. 

The growth and spreading of mold fungi mainly depends on the climatic boundary conditions at the surfaces of construction parts 
and inside buildings. The decisive parameters are relative humidity, temperature and the corresponding substrate (Huijbregts et al., 

Table 1 
Defined humidity thresholds and meteorological conditions per impact case: influenza spread and survival; ragweed pollen dispersion; and in-door 
mold growth.   

Influenza Pollen Mold 

Meteorological variables SH < 0.006 kg/kg & 2–6 ◦C RH < 60% RH > 80% & 10 ◦C–40 ◦C 
Months December – March July – October entire year 
Time/days – 5 am until 2 pm 2–10 consecutive days  
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2012; Johansson et al., 2012; Leissner et al., 2015; Lourenço et al., 2006; Ojanen et al., 2010; Pietrzyk, 2015; Sedlbauer, 2001; Viitanen 
and Ojanen, 2007; Viitanen et al., 2010). Despite the complexity of indoor climate, a direct correlation between internal and external 
conditions has been found and verified (Hao et al., 2020), including a strong correlation between indoor and outdoor absolute hu-
midity (Nguyen et al., 2014). Outside relative humidity, in combination with temperature, is of critical importance to indoor mold 
growth. 

Many studies identify conditions around >80% relative humidity and temperatures of 10 ◦C–40 ◦C to be favorable for mold growth 
(Johansson et al., 2012; Leissner et al., 2015; Ojanen et al., 2010; Sedlbauer, 2001; Viitanen et al., 2010). Sedlbauer (2001 (especially 
Figure 9)) shows 2– 16 consecutive days of favorable mold growth conditions enhance mold expansion. 

The selected meteorological condition for the mold impact case is RH >80% and 10 ◦C ̶ 40 ◦C, during the entire year. 2–10 
consecutive days of favorable mold growth conditions are also considered. 

2. Methods 

2.1. Study area 

Berlin and its surroundings is selected as the case-study region. The capital of Germany, Berlin, is a large-scale city with around 3.6 
million inhabitants covering approximately 891.1 km2 (Amt für Statistik Berlin-Brandenburg, 2020), located in-land at approximately 

Fig. 1. Research area. (a) Germany and (b) a land-cover map indicating Berlin’s administrative boundaries (black polygon) and research domain 
including the surroundings (black rectangular). Land cover following CORINE land cover map (EEA, 2000; Langendijk et al., 2019). 

G.S. Langendijk et al.                                                                                                                                                                                                 



Urban Climate 43 (2022) 101159

5

52.52◦ N, 13.4◦ E. The land cover of Berlin’s surroundings is roughly 50% agricultural and grass land, 36% forest and 14% build up 
areas and water bodies (Fig. 1b) (Amt für Statistik Berlin-Brandenburg, 2020). Berlin and its surroundings are particularly suitable to 
investigate urban-rural contrasts using regional climate model output data, because of the relatively flat regional topography, Berlin’s 
large city size, and the distinct urban-rural landscape heterogeneity. The primary investigated domain is approximately 140 km by 
140 km centered around Berlin (black rectangular, Fig. 1b). 

2.2. Models, data, and analyses 

To evaluate the performance of the regional climate model used to investigate the Berlin region, observations are compared with 
model output data driven by the ERA-Interim reanalysis dataset on 12.5 km (0.11◦) and 3 km (0.0275◦) spatial resolution, by 
respectively the regional climate model REMO, and its non-hydrostatic convection-permitting version (REMO-NH) (Ban et al., 2021; 
Lowe et al., 2020). REMO is a three dimensional, hydrostatic limited-area model (Jacob et al., 2012; Kotlarski et al., 2014), originating 
from the ‘Europa-Modell’ of the German Weather Service (DWD) (Majewski, 1991). The physical parameterizations are largely based 
on the global climate model ECHAM-4 (Roeckner et al., 1996) and have been further developed over the course of the last decades. 
Model specifications can be found in Jacob et al. (2012) and in Jacob and Podzun (1997). The non-hydrostatic convection-permitting 
model version, REMO-NH, directly resolves the vertical momentum equation, leading to a better representation of small-scale 
mesoscale circulations and convection (Goettel, 2009; Langendijk et al., 2021). 

For the model evaluation, relative humidity, specific humidity and 2-m temperature are investigated at a daily time-step, averaged 
over each year during the ERA-interim driven period 2000–2009. The REMO output data used for this study was produced as part of 
the European Climate Prediction (EUCP) project (Ban et al., 2021; Lowe et al., 2020). In-situ station observations are obtained from the 
DWD data store (DWD, 2021), for five stations in Berlin and five in the surroundings. The locations of the observational stations are 
presented in the appendices, Fig. A1. The DWD does not provide in-situ observations for specific humidity. Therefore specific humidity 
is derived from observed mean daily vapor pressure (e) in hPa and air pressure (P) in hPa from DWD in-situ station observations (DWD, 
2021), using the following formula (Stull, 2017): 

Specific humidity =
ε*e

P − e*(1 − ε) (1) 

Where ε = 0.622 g vapor/g dry air is the ratio of gas constants for dry air to that for water vapor. 
The land cover scheme of REMO follows a tile approach, based on three basic land surface types; land, water, and sea ice. Subgrid 

fractions are specifying further land cover types, including an urban sub-fraction. These fractions are not assumed to be located in a 
specific area of a grid box, but cover a percentage of the total grid box area, together summing up to 100% (Rechid and Jacob, 2006; 
Semmler, 2002). The urban fraction per grid box for the Berlin region is presented in Fig. 2. For the urban sub-fraction, the REMO 
model follows the so-called ‘bulk’ approach. Sealed urban areas are represented as a rock surface, which is described in the model by a 
relatively high roughness length, high albedo, and no water storage capacities (Langendijk et al., 2019). Langendijk et al. (2019) 
indicate that the simple urban bulk-scheme shows the urban rural contrast for temperature and humidity variables under climate 
change. The simple scheme is less skilled in simulating the timing of the peak of the urban heat island at night. 

A consistent masking approach is developed (following Langendijk et al., 2021) to define the urban area in the 12.5 km and 3 km 
model output data to allow for coherent analysis across grid resolutions. The urban area contains all the grid cells with an urban 
fraction larger than 0.3 as prescribed by the REMO land surface cover scheme within the administrative boundaries of Berlin (Black 
polygon, Fig. 1b). The masks for the surroundings include all grid boxes outside the city mask and within the primary domain of 
interest of approximately 140 km by 140 km centered around Berlin (black rectangular, Fig. 1b). This approach is followed for both 
horizontal resolutions. The resulting city masks for the 12.5 km and 3 km grid resolutions cover relatively similar areas for Berlin, with 
the 3 km mask capturing the actual city extent and boundaries more accurately (Appendices: Fig. A3). 

To give insight into the model performance compared to observations, the following statistical measures are calculated for the 
averaged annual mean for the ERA-interim driven period (2000– 2009) for Berlin and its surroundings, as well as for the averaged 

Fig. 2. The urban fraction per grid box of the REMO land surface scheme, for the 12.5 km and 3 km grid resolutions.  
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monthly data, respectively called the annual cycle, for the ERA-interim driven period (2000– 2009) for Berlin:  

• Root mean square error (RMSE): absolute measure of the overall error in the estimates relative to the observed values, expressed in 
the same units and scale as the data itself. It can take any positive value with zero indicating a perfect lack of error.  

• Mean bias error (MBE): measures the extent to which the estimated value deviates from the observed value. It can take any value, 
with negative values indicating systematic under-estimation and positive values, over-estimation, and zero indicating a perfect lack 
of bias.  

• Pearson correlation coefficient: varies between − 1 and + 1 with 0 implying no correlation. Correlations of − 1 or + 1 imply an exact 
linear relationship. 

• Standard Deviation (St. Dev.): a measure of the amount of variation or dispersion of a set of values. A low standard deviation in-
dicates that the values tend to be close to the mean of the set, while a high standard deviation indicates that the values are spread 
out over a wider range. 

Table 2 
Statistical outcomes for the annual cycle, RMSE, MBE and Pearson correlation coefficient for relative humidity, specific humidity, and tem-
perature, comparing monthly mean observations with the 12.5 km and 3 km grid resolution, for Berlin, for the ERA-interim period (2000–2009). 
The green marking shows where the 3 km outperforms the 12.5 km grid resolution, compared to observations. 

Relative 
Humidity

Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec.

12.5 km
RMSE (%): 7.53 8.57 6.56 6.20 4.29 3.73 4.84 3.66 3.29 5.09 4.60 5.87

MBE (%): -7.14 -8.12 -6.04 -4.32 -2.62 -2.22 -2.62 -1.47 0.69 4.23 2.92 -4.32

Pearson corr.: 0.43 0.45 0.83 0.47 0.47 0.36 -0.12 0.34 0.44 0.31 0.48 0.05

3 km
RMSE (%): 10.73 13.45 15.44 17.40 8.96 4.46 4.39 3.01 3.34 4.33 3.62 8.87

MBE (%): -10.43 -13.24 -15.10 -17.07 -7.79 -3.14 -2.87 -0.48 1.39 2.73 -2.18 -8.16

Pearson corr.: 0.13 0.33 0.69 0.66 0.09 0.33 0.08 0.33 0.52 0.16 0.51 0.02

Specific 
Humidity 
12.5 km 
RMSE (kg/kg): 0.0003 0.0003 0.0006 0.0008 0.0008 0.0011 0.0013 0.0010 0.0008 0.0003 0.00032 0.0003

MBE (kg/kg):

-

0.0002

-

0.0003

-

0.0005

-

0.0007

-

0.0007

-

0.00095 -0.0012

-

0.00094

-

0.0007

-

0.0001 0.00020

-

0.0001

Pearson corr.: 0.74 0.81 0.61 0.93 0.85 0.51 0.66 0.78 0.85 0.91 0.72 0.83

3 km
RMSE (kg/kg): 0.0005 0.0005 0.0008 0.0012 0.0011 0.0010 0.0010 0.0012 0.0007 0.0004 0.00027 0.0005

MBE (kg/kg):

-

0.0004

-

0.0005

-

0.0007

-

0.0011

-

0.0010

-

0.00087 -0.0009

-

0.00089

-

0.0006

-

0.0002

-

0.00016

-

0.0004

Pearson corr.: 0.79 0.84 0.61 0.93 0.86 0.61 0.61 -0.36 0.86 0.90 0.77 0.89

2-m 
Temperature 
12.5 km
RMSE (°C): 1.05 0.94 1.11 0.71 0.95 1.20 1.07 0.93 1.11 0.87 0.96 1.08

MBE (°C): 0.63 0.79 0.43 -0.17 -0.47 -0.91 -0.86 -0.68 -0.92 -0.49 0.63 0.73

Pearson corr.: 0.68 0.85 0.87 0.96 0.77 0.57 0.76 0.89 0.90 0.89 0.86 0.88

3 km 
RMSE (°C): 0.77 0.93 1.49 1.63 1.14 0.96 0.69 0.66 1.12 0.81 0.88 0.61

MBE (°C): 0.20 0.80 1.11 1.46 0.47 -0.44 -0.21 -0.44 -0.82 -0.21 0.66 0.40

Pearson corr.: 0.77 0.87 0.85 0.96 0.69 0.69 0.73 0.91 0.85 0.89 0.89 0.96
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Fig. 3. Annual cycle for daily observations (black), 12.5 km grid resolution (blue) and 3 km grid resolution (green), for relative humidity, specific 
humidity and 2-m temperature, 10-year mean for the ERA-interim period (2000– 2009). The urban-rural difference is calculated by subtracting the 
results for the surroundings from those for Berlin. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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In order to conduct the calculations, the model output data is spatially averaged over the grid boxes representing Berlin (black 
polygon Fig. 1, Appendices: Fig. A3) and its surroundings (black rectangle Fig. 1). The observations are averaged over the different 
stations, respectively for Berlin and its surroundings (Appendices: Fig. A2). The median, and range of the station measurements are 
relatively similar, except for Berlin-Alexanderplatz (Appendices: Fig. A2). This station data is slightly warmer and less moist (RH) 
compared to other stations in Berlin. Probably because the station is located in the city center surrounded by a sealed surface 
(Appendices: Fig. A1). 

The analysis of the impact cases, influenza, pollen, and mold, aims to understand the added value on the 3 km grid resolution, compared 
to the 12.5 km grid resolution, to simulate climate change impacts in the Berlin region. The REMO model output data for the 12.5 km and 
the 3 km (REMO-NH) grid resolutions are utilized for the historical time period (1996–2005) and a near-term future time period (2041– 
2050) under the emission scenario RCP8.5 (Moss et al., 2010), forced by the global climate model MPI-ESM-LR (Stevens et al., 2013). The 
REMO output data was produced as part of the European Climate Prediction (EUCP) project (Ban et al., 2021; Lowe et al., 2020). 

Using the above-mentioned REMO model data, the specified meteorological conditions for each impact case are investigated 
(Table 1). Firstly, the change in the occurrence of the days that fulfill the respective conditions is calculated. The number of days on 
which the impact case occurs within each decade is then divided by ten years, resulting in the mean projected change of days/year 
(d/yr) for each respective time period (historical and future). Secondly, consecutive periods of days under or above the thresholds are 
calculated for each impact case, following the same rational. The change in d/yr between the future decade and the historical decade is 
referred to as “change signal” in this research. To calculate a robust climate change signal, averaging over a time period of 20– 30 years 
in the future as well as over a 20 –30 years historical time period would be required (Hawkins et al., 2020; IPCC, 2013). Due to limited 
computing power convection-permitting simulations are currently only available for decades. Therefore, this study shows the “change 
signal”, which provides an indication of the climate change signal as it carries the fingerprint of climate change. The following 
comparisons are examined throughout the analysis: the 12.5 km grid resolution vs. the 3 km grid resolution; the historical time period 
(1996 2005) vs. the near-term future time period (2041– 2050); and Berlin vs. its surroundings. The near-term future period 
(2041–2050) is particularly relevant for policy timeframes, as (urban) decision makers tend to be specifically interested in timespans 
ranging from multi-annual up to the near-term future (Lauwaet et al., 2017). 

3. Results 

3.1. Model performance across grid resolutions 

The outcomes of the model evaluation show that the REMO model, on both the 12.5 km and 3 km grid resolution performs 
reasonably in line with the observations for Berlin and its surroundings, based on the statistical tests (Table 2, Appendices: Table A1). 
For the annual mean values averaged over the period 2000–2009, the 12.5 km grid resolution is frequently outperforming the 3 km 
convection-permitting resolution, particularly for specific and relative humidity. For temperature, the surroundings show an 
improvement for the RMSE and MBE on the 3 km resolution compared to the 12.5 km resolution. Worth noting, the RH urban-rural 
contrast shows a slight improvement for the RMSE and the Pearson correlation coefficient (Appendices: Table A1). 

The statistical values for the annual cycle show more improvements than the annual mean values for the 3 km grid resolution, in 
Berlin. The REMO model outputs for relative humidity shows better correspondence with observations on the 3 km resolution than the 
12.5 km resolution for the months August, October, and November (RMSE and MBE), but the model is performing worse during the 
period from January to April (Table 2). This implies potential improved capability of REMO-NH to simulate the pollen impact case, as 
the relative humidity threshold occurs in July – October. The 3 km resolution shows improvements for specific humidity in Berlin 
during the summer months June – August, and in November (RMSE and MBE) (Table 2). The Pearson correlation coefficient is higher 
for 8 out of 12 months for the 3 km resolution compared to the 12.5 km resolution. This improvement, particularly for the months 
December – March, increases the confidence that the 3 km resolution may improve the simulations for the influenza impact case. For 
temperature, the 3 km resolution shows improvements in Berlin for almost all months, except March, April and May (RMSE, and/or 
MBE, and/or Pearson) (Table 2). This may lead to improved simulation of the impact cases that co-depend on temperature, respec-
tively influenza and mold. 

These results are underpinned by Fig. 3, showing the time series of the mean annual cycle, averaged over 2000–2009, for Berlin and 
its surroundings. For relative humidity the REMO model results are in line with the observations for the summer months up to October. 
The model simulations overestimate relative humidity values for winter and spring, in Berlin and its surroundings. The relative hu-
midity urban-rural contrast shows a similar pattern, and is underestimated in the winter. The 3 km resolution shows an improvement 
compared to the 12.5 km grid resolution, mainly in January to March. For specific humidity, the models overestimate SH in summer, 
which is larger for the surroundings than Berlin. This leads to an overestimation of the specific humidity urban-rural contrast in 
summer months. The REMO model results are largely in line with observations for temperature, for Berlin and its surroundings. The 
temperature urban-rural contrast, is underestimated in winter months. This can explain the underestimation of the RH urban-rural 
contrast in the same months, because temperature and RH are closely related. The temperature urban-rural contrast underestima-
tion in winter is most probably caused by the absence of anthropogenic heat in the REMO model, and the limited capacity of the bulk 
scheme to retain warmth (Jin et al., 2021). 

A clear urban-rural difference between Berlin and its surroundings is detectable on the spatial maps presenting the mean for the 
period 2000–2009, in Fig. 4. Berlin is less humid (SH: ~0.0011 kg/kg, RH: ~2%) and warmer (~0.5 ◦C) than its surroundings for both 
spatial resolutions. The 3 km grid resolution is overall more moist (RH and SH) in the Berlin region. There is more detail visible on the 
3 km than the 12 km spatial resolution. For instance, the city boundaries of Berlin and the suburbs (urban-rural transition) become 
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visible on the 3 km resolution, as well as a decrease in temperature and an increase in humidity can be detected around the river Spree 
(Fig. 4). This enhanced level of detail on the 3 km resolution can be mainly explained by the increase of the amount of grid boxes with 
urban fractions and better resolving the land surface on the 3 km grid resolution (Fig. 2). 

In summary, the model evaluation shows that the REMO model, on the 12.5 km and 3 km grid resolution, is performing reasonably 
in line with the observations. Statistical improvements are found on the 3 km resolution for specific months for the different variables, 
potentially indicating that the 3 km resolution may better simulate the variables that underpin the meteorological conditions for the 
impact cases. Enhanced spatial detail is clearly detectable on the 3 km compared to the 12.5 km grid resolution. 

Fig. 4. Spatial maps for the Berlin region on the 12.5 km (left) and 3 km (right) grid resolution, showing the 10-year mean (2000–2009) for relative 
humidity, specific humidity and 2 m-temperature. Note: relative humidity has a different colour bar for 12.5 km and 3 km grid resolution. 
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3.2. Climate change related impacts across grid resolutions: Influenza, pollen, mold 

The impact cases, influenza, pollen, and mold, aim to demonstrate the difference and potentially the added value on the 3 km grid 
resolution, compared to the 12.5 km grid resolution, to simulate climate change impacts in the Berlin region. The following results 
reveal how the defined meteorological conditions change for each impact case under near-term climate change for Berlin and its 
surroundings. 

3.2.1. Less influenza days per year, but longer periods of consecutive influenza days 
The REMO model outcomes show that the influenza days, happening from December to March with a day mean of SH < 0.006 kg/ 

kg and temperatures between 2– 6 ◦C, will decrease under the considered future climate conditions, comparing the near-term period 
2041–2050 with the historical period 1996–2005 (Fig. 5). However, the duration of periods with consecutive influenza days are 
projected to become longer in the considered future decade (Fig. 6). 

A stronger change signal is found for the 3 km resolution, with a decrease of − 2 influenza d/yr compared to around − 1 influenza d/ 
yr for the 12.5 km resolution for the future period, for both Berlin and its surroundings (Fig. 5, Appendices: Table A3). The decrease in 
influenza days in the near-term future period could be explained by overall warmer temperatures under climate change, resulting in a 
smaller amount of cold days in the winter (e.g. Brasseur et al., 2017). The warmer temperatures could lead to higher humidity levels, as 
warm air can hold more moisture. This is also in line with Langendijk et al. (2019), who indicate specific humidity increases under 
future climate change (RCP8.5) throughout the 21st century in the Berlin region. The stronger decrease of influenza days on the 3 km 

Fig. 5. Mean change in days per year (d/yr) for each impact case: influenza; pollen; and mold. Showing the grid resolutions (3 km and 12.5 km), 
under near-term future climate conditions vs. historic climate conditions (= future (2041– 2050) - historical (1996– 2005) and urban-rural contrast 
(= Berlin - surroundings) (see Appendices: Table A3). 
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resolution may be a result of the convection-permitting scale, which tends to have slightly higher specific humidity levels than the 12.5 
km resolution, particularly in the winter months, as shown in Fig. 3 and Fig. 4. 

Uninterrupted periods of consecutive influenza days occur in the historical period with an average duration between 2– 8 
consecutive days (Fig. 6, interquartile range), with a median of 4 days for all time slices and resolutions, and extreme periods up to 50 
consecutive influenza days (Fig. 6). Fig. 6 indicates that the duration of the periods with consecutive influenza days will increase under 
near-term future climate change, especially for the 3 km resolution, by ~2 ̶ 3 consecutive days (expansion of upper quartile (Q3) of 
boxplot). This is shown in Fig. 6 by the interquartile range change from 2 – 8 to 2 – 10 consecutive influenza days for Berlin under near- 
term climate change. 

The model evaluation indicates that the REMO model on the 3 km resolution better simulates specific humidity (Pearson corre-
lation coefficient) and temperature (RMSE, and/or MBE, and/or Pearson) during the months December – March. Despite a relatively 
small difference between the 3 km and 12.5 km resolution, it is expected that the convection-permitting scale may bring about more 
reliable results for the influenza impact case. 

The urban-rural contrast is minimal for influenza, with a 0 – 0.3 d/yr difference between Berlin and its surroundings (Fig. 5, 

Fig. 6. Boxplots showing the consecutive days for each impact case: influenza; pollen; and mold. For Berlin (blue) and its surroundings (green), for 
the grid resolutions (12.5 km (left) and 3 km (right)), for historical (1996– 2005) and near-term future (2041– 2050) period. Boxplots: the model 
median (red line), quartiles (Q1: 25% and Q3: 75%), and whiskers (1.5 * IQR (IQR = Q3 - Q1)) indicate the model spread. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Appendices: Table A3). This is in line with observations and model outcomes for the winter months for specific humidity (Fig. 3). 

3.2.2. More pollen days on the convection-permitting scale, and in Berlin, under future climate conditions 
There is an increase in pollen days, characterized by a day mean of RH < 60% in July – October, simulated under future climate 

conditions on the 3 km resolution, especially in Berlin compared to its surroundings (Fig. 5). Notably, the 12.5 km resolution indicates 
a decrease of − 4 d/yr in Berlin and − 1 d/yr for its surroundings in the future period 2041– 2050, in contrast to an increase of 0.2 d/yr 
in Berlin and 2 d/yr in the surroundings for the 3 km resolution. There is a sign change for the change signal going from the 12.5 km to 
the convection-permitting resolution. Following previous literature, an increase in pollen days under climate change is expected, 
especially in Berlin, because it would become hotter and less moist in the city, especially in the summer months (Argüeso et al., 2014; 
Langendijk et al., 2019; Lin et al., 2020; Lokoshchenko, 2017; Zhao et al., 2021). Taking this into consideration, the convention 
permitting resolution behaves closer to the expectations. This is probably the case because REMO-NH better resolves the urban surface, 
and therefore better simulates the drier and warmer urban conditions and the urban dry island effect in the summer, compared to the 
12.5 km resolution (Table 1). This is in line with the statistical improvements found for the 3 km grid resolution for the RH urban-rural 
difference (Fig. 3, Appendices: Table A1). Therefore, an added value for the convection-permitting scale is detected to simulate the 
pollen impact case. 

There is a large urban-rural contrast, with more pollen days in Berlin, for both the 12.5 km and 3 km grid resolutions, ranging from 
5–6 d/yr in the historical period and 3 d/yr in the future period. The urban-rural difference for relative humidity is also clearly visible 
on the spatial maps (Fig. 4), and is more detailed for the 3 km resolution. This overall result is expected, as Berlin is generally less moist 
than its surroundings, resulting in more pollen days in the city (Langendijk et al., 2019; Zhao et al., 2021). The decrease of the urban- 
rural contrast in the future period compared to the historical period can be explained by the relative increase of pollen days in the 
surroundings, for the 3 km grid resolution. For the 12.5 km grid resolution the pollen days show a stronger relative decrease in Berlin, 
compared to the surroundings. 

The periods of consecutive pollen days range from 2 – 3 days, with extremes up to 7 days. No major difference is found for the 
consecutive pollen days under future climate conditions, nor for the different resolutions in this respect. 

3.2.3. Less mold days on the convection-permitting resolution, but longer consecutive periods, under future climate conditions 
Mold days, defined by a day mean of RH >80% and temperatures between 10 – 40 ◦C, will become less under near-term climate 

conditions on the 3 km resolution for the Berlin region (Fig. 5). Nevertheless, the periods of consecutive mold days become longer for 
the future period 2041 ̶ 2050, especially on the convection-permitting resolution (Fig. 6). 

Worth noting is the sign change of the change signal going from the 12.5 km to the 3 km grid resolution (Fig. 5). An increase of 11 
(Berlin) – 13 (surroundings) mold d/yr is found for the 12.5 km resolution for the future time period, in contrast to the 3 km resolution, 
which shows a decrease of 18 (Berlin) – 15 (surroundings) mold d/yr under near-term climate change conditions (Fig. 5, Appendices: 
Table A3). Following previous literature, mold days are expected to decrease under climate change, especially in Berlin in the summer. 
It will become warmer, and relative humidity decreases particularly in the urban area, as there is little moisture available in the city to 
be added to the atmosphere (Argüeso et al., 2014; Langendijk et al., 2019; Lokoshchenko, 2017; Zhao et al., 2021). This leads to the 
conclusion, that the convection-permitting scale (REMO-NH) better resolves the urban surface, leading to warmer temperatures and 
reduced relative humidity, especially in Berlin, resulting in less mold days under near-term climate conditions. A clear added value on 
the convection-permitting scale is identified for simulating mold days in an urban-rural context, similar to the pollen impact case. 

Longer periods of consecutive mold days are projected for the 3 km and 12.5 km resolution under future climate conditions. The 
period of consecutive mold days generally ranges between 2–8 days, with extremes up to 170 consecutive days (Fig. 6). The median 
shifts from 3 to 4 consecutive days for the 3 km resolution. This is a critical change, as prior research shows that indoor mold growth 
strongly increases after four consecutive mold days (Sedlbauer, 2001). In addition, the upper quartile (Q2) increases for the future, 
especially on the convection-permitting resolution, making longer consecutive mold periods more likely. 

Table A3 
Change in days per year for the grid resolutions (3 km and 12.5 km), for climate change (future – historical) and urban-rural contrast (Berlin – 
surroundings).    

Climate change Urb-rur contrast (Berlin - surr) 

(future - historical)   

12.5 km 3 km  historical future 

Influenza Berlin − 1 − 2 12.5 km +0.2 +0.3 
Surroundings − 1 − 2 3 km +0.1 0 

Pollen 
Berlin − 4 +0,2 12.5 km 6 3 
Surroundings − 1 2 3 km 5 3 

Mold 
Berlin 11 − 18 12.5 km − 15 − 17 
Surroundings 13 − 15 3 km − 11 − 14  
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Berlin has − 15 mold d/yr less than its surroundings on the 12.5 km resolution, and − 11 d/yr on the 3 km grid resolution, for the 
historical period. An even larger urban-rural contrast is found for the future period with Berlin showing less mold days than its sur-
roundings by − 17 d/yr on the 12.5 km and − 14 d/yr on the 3 km resolution (Fig. 5). This urban-rural difference is also clearly visible 
on the spatial maps (Fig. 4), and is more detailed on the 3 km resolution. Berlin is expected to be less moist than its surroundings and 
therefore experiencing less mold days. This gets larger under climate change, as the city get drier (RH) and warmer, and its sur-
roundings might have more capacity to add additional moisture to the atmosphere when warming (Langendijk et al., 2019; Zhao et al., 
2021). 

In summary, the 3 km grid resolution, the convection-permitting scale, improves the simulations for the impact cases in the Berlin 
region, compared to the 12.5 km grid resolution. This influences the results for influenza, leading to a more profound decrease of 
influenza days under future climate conditions. A sign change of the change signal is identified for the 3 km compared to the 12.5 km 
grid resolution for the impact cases pollen, and mold, showing an increase in pollen days and a decrease in mold days under near-term 
climate conditions. There is an added value detected on the convection-permitting resolution to simulate the climate change impact 
cases. 

4. Discussion and conclusions 

The outcomes of this research confirm that the convection-permitting resolution better resolves regional-to-local scales, for 
complex terrains such as urban areas (Argüeso et al., 2016; Coppola et al., 2020; Kendon et al., 2021; Prein et al., 2015). Improved 
urban detail is found (Fig. 4), as well as a stronger change signal for influenza, and a sign change of the change signal for the pollen and 
mold impact case, moving from the 12.5 km to the 3 km grid resolution. The model evaluation and the pollen case indicate that 
particular added value is found in the summer months, which is in line with other literature that show improvements particularly in 
this season (Ban et al., 2014; Kendon et al., 2021; Prein et al., 2015). This may be particularly true for Berlin, as the simple urban 
scheme may better capture the heat retention and related urban moist reduction in the summer months (Fig. 3, Table 2), compared to 
the winter months. The urban scheme does not include anthropogenic heat, which may be one of the key reasons that the model 
underestimates the temperature and urban moist reduction in the winter (Jin et al., 2021). 

The results show little improvement for the annual mean values for the 3 km grid resolution. This is in contrast to the added value 
found on a monthly basis for the annual cycle. The REMO-NH model at 3 km resolution shows improved statistical outcomes for 
specific months for temperature, and to a less extent for relative and specific humidity, as well as for the meteorological conditions of 
the impact cases, and the RH urban-rural contrast. This is in line with e.g. Argüeso et al. (2016) and Prein et al. (2015), who show that 
the convection-permitting scale mainly shows added value on shorter timescales, rather than for annual means (Ban et al., 2014; 
Kendon et al., 2021). 

This study relies on one model and one decade under near term future climate conditions using the RCP8.5 scenario. The outcomes 
are model depended and only reflect one possible future, for one future decade. Therefore, similar studies with different models and 
under different climate change scenarios are needed, in order to compare and validate the results of this study (Coppola et al., 2020; 
Fosser et al., 2020). In conjunction, only the near-term period is investigated for climate change impacts. The changes for the impact 
cases may look different for the far future, e.g. up to 2100. Additionally, comparing historic periods with future periods with a minimal 
duration of 20 ̶ 30 years would be needed to distill a robust climate change signal and/or the climate change effect on the impact cases. 
To adequately assess the impact cases under longer term climate change, transient high-resolution climate change simulations would 
be preferred. 

Despite the added value found for the 3 km grid resolution in this study, it is crucial to further reflect if the change signal is more 
trustworthy on the convection-permitting scale, and which change signals can be reliably captured by courser-resolution models 
(Fosser et al., 2020; Kendon et al., 2021). Although, this research implies that for the pollen and mold impact case the 3 km resolution 
is showing a more reliable sign of the change signal, robustness shall be further assessed using other models and approaches, as well as 
longer time periods up to 20 to 30 years (Hawkins et al., 2020; IPCC, 2013). The change in the sign may trigger a difference in the 
response by decision makers from inaction to action. Here, the challenge arises how to best communicate the divergent results 
stemming from the 12.5 km and 3 km grid resolution, especially to urban planners and decision makers (Kendon et al., 2021). 

In addition, the results on the 3 km show clear improvements, but also highlight that the effect of the urban parametrization is no 
longer negligible at this grid resolution (Argüeso et al., 2016; Trusilova et al., 2013). Sophisticated urban models have greater 
complexity and are able to simulate fine scale meteorological processes and fluxes in the city and on the district, or even building level. 
Sophisticated urban schemes could improve the simulation of the urban local-to-regional interactions, e.g. the overestimation of 
relative humidity in the winter, and the overestimation of the SH urban-rural contrast in summer (Daniel et al., 2019). It would be 
important to consider incorporating anthropogenic heat in the winter. This study calculates averaged values over Berlin, to understand 
mean changes for the city compared to its surrounding. Nevertheless, local conditions may affect the impact cases significantly, which 
needs to be investigated with more sophisticated urban models. 
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4.1. Implications for the impact cases 

The results of this research show a stronger decrease of influenza days on the convection-permitting scale under near-term future 
climate conditions (2041  ̶ 2050), but consecutive periods become longer particularly on the 3 km grid resolution. The longer influenza 
periods might enhance spreading and the survival of the virus and could increase the related infections and therefore hospitalizations, 
in line with e.g. Chong et al. (2020). Generally, projected warmer and moister winters under climate change could potentially lead to a 
decrease in influenza. Though, other research shows that a warmer winter might spark an enhanced influenza pandemic with early 
onset the subsequent year when it is colder and/or less moist (Towers et al., 2013). Further research is needed to investigate seasonal 
cycles, extremes, and match them with further relevant factors to understand the interactions with climate change (Chong et al., 2020; 
Goodwins et al., 2019). 

Higher amounts of pollen days are simulated on the 3 km grid resolution, especially in Berlin, under near-term future climate 
conditions. The increase of pollen days on the convection-permitting resolution coincides with the estimation by Hamaoui-Laguel et al. 
(2015) that by 2050 airborne ragweed pollen concentrations will be about four times higher than they are now in Europe. In addition, 
climate change could increase the length and severity of the pollen season and, as a consequence, the associated pollen allergy 
(D’Amato and Cecchi, 2008; Ziska et al., 2003). Ragweed is expected to expand its range due to climate change in Europe, particularly 
in the Northern parts of the continent (Cunze et al., 2013; Storkey et al., 2014). In this context, the sign change of the change signal on 
the convection-permitting scale is therefore of particular relevance, as the increase in pollen days coincides with other climate change 
effects on ragweed pollen prevalence. Urban planners and decision makers shall take people suffering from pollen allergy into account 
when planting in public spaces (Bergmann et al., 2012). To prevent the further spread of ragweed, the plants shall be systematically 
registered and destroyed (Buters et al., 2015; Pflanzenschutzamt Berlin, 2021). 

A decrease in the amount of mold days/year for the near-term period are expected on the 3 km grid resolution, but the consecutive 
periods might get longer. This finding is in line with Bertolin and Camuffo (2014), who show a decrease for a relatively similar in-
dicator “Time of wetness” (RH > 85%, and temperatures >0 ◦C), under RCP4.5 in the Berlin region. Despite this overall decrease, the 
longer periods of consecutive mold days, may imply more indoor mold growth. Particularly the shift in the median from 3 to 4 
consecutive days in the future, may enhance indoor mold growth, as this is a critical threshold for mold growth shown by studies from 
Sedlbauer (2001) and Viitanen and Ojanen (2007). Climate change may lead to warmer winters and prolonged mild temperatures 
between fall and spring. This could provide improved mold growth conditions and lengthen the optimal mold growth period. Other 
studies also found possible increases in indoor mold growth under climate change (Huijbregts et al., 2012; Leissner et al., 2015). These 
studies focus on specific, vulnerably buildings, using sophisticated building models and by constructing a mold index on various 
variables. Further coupling the climate projections used in this research to building models at specific locations might change the 
results. More detailed models and follow up studies would be helpful to understand the climate change effects for specific buildings, 
streets, or a neighborhood. 

The impact cases are designed around humidity thresholds, and their simulated changes under near-term future climate conditions. 
Other factors have not been directly taken into account that could influence the outcomes of the impact cases, and the potential effects 
on human health. 

For instance, for influenza, it would be important to further simulate and understand the role of changes in human behavior, the 
susceptibility to the virus of city dwellers, the indoor temperature and humidity, as well as to better understand how the effect would 
be different in other climate regimes (e.g. tropics) (Davis et al., 2016; Deyle et al., 2016). Dalziel et al. (2018) investigated 603 cities in 
the United States of America (USA) to understand the connection between urbanization and influenza. Influenza epidemics in smaller 
cities are shorter and strongly linked to humidity fluctuations. Whereas in larger cities non-climate factors have a more profound 
influence and a milder response to climate factors is found. Outdoor, as well as indoor, air pollution are associated with higher 
influenza incidence, and increased severity of the health risks related to the virus, particularly in winter months with low temperatures 
(Meng et al., 2021; Murtas and Russo, 2019; Song et al., 2021; Su et al., 2019; Toczylowski et al., 2021; Wang et al., 2016). Studies 
show a positive association between higher influenza risks and people who suffer from asthma as well as other respiratory allergies, 
obesity, or are recipient of a treatment for a chronic disease (Guerrisi et al., 2019; Hirota et al., 1992; Jain and Chaves, 2011; Karki 
et al., 2018; Yang et al., 2013). Prior studies show lifestyle choices, such as smoking enhance influenza risks (Choi et al., 2014; Guerrisi 
et al., 2019; Wong et al., 2013). In contrast, regular exercise and healthy diets counter health risks associated with influenza 
(Hirota et al., 1992; Wong et al., 2013). Certain studies indicate that women are more prone to influenza risks (Guerrisi et al., 2019; 
WHO, 2010). Particularly, the severity of the disease is worse among pregnant women (WHO, 2010). In this context, it is important to 
take into account that the rate of exposure to influenza could be higher for women than man, because they more often are caregivers 
and/or work in health-care occupations (WHO, 2010). 

For the pollen impact case, it would be crucial to understand the quantity of ragweed plants in the city and how many allergic 
people live in the city (D’Amato and Cecchi, 2008). Urban environments provide beneficial growing conditions for ragweed mainly 
due to higher temperatures and CO2 emissions (Cvetkovski et al., 2018; Deutschewitz et al., 2003). Simultaneously, the high levels of 
air pollution in cities worsen pollen allergies of its inhabitants (Leru et al., 2021; Sedghy et al., 2018), with ozone being the most 
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inflammatory pollutant (Kay et al., 2020). On another note, Voros et al. (2018) show that parents with the genetic tendency to develop 
allergic diseases (atopy) have children that develop pollen allergies more frequently (Voros et al., 2018). Also, smokers are more likely 
to suffer from allergy symptoms (Leru et al., 2021). Kusunoki et al. (2017) investigated 520 children at an age of 10, and found that the 
sensitization rate to ragweed was significantly decreased with increases in fruit intake. This hinds at diet choices might even influence 
the severity of ragweed pollen allergies. 

For the mold impact case, the substrate and the indoor climate are pivotal to further understand the mold growth in the building 
(Ojanen et al., 2010; Ritschkoff et al., 2000; Sedlbauer, 2001; Viitanen and Ojanen, 2007). Indoor mold growth has been associated in 
many studies with an increased risk and amplification of asthma and respiratory illness (Hurraß et al., 2017; Mendell and Kumagai, 
2017; Seguel et al., 2017; Sinclair et al., 2018). There is some evidence mold exposure leads to lower lung function, dermatitis, and 
non-respiratory symptoms (e.g. eye symptoms, headache, fatigue) (Norbäck, 2020). Particularly, moldy work and home environments 
are known to raise the exposure rate, and respectively the related health risks (Dales et al., 1991; Hurraß et al., 2017). In Germany, 
mold damage is found in every 10th home (Wiesmüller et al., 2016). Studies for the United States of America indicate higher asthma 
prevalence and related morbidity for Black and Latinx communities than for White Americans, directly associated with the higher 
levels of mold contamination in their homes (Grant et al., 2022; Sinclair et al., 2018). This indicates that racial/ethnic/social inequities 
may enhance the health risks in connection with indoor mold growth (Grant et al., 2022). 

Interdisciplinary research shall be undertaken to better understand the interaction between the changing climate and other critical 
non-climatic factors that influence the health related aspects of each impact case. 

4.2. Concluding remarks 

Concluding, the convection-permitting scale, improves the simulations for the impact cases, influenza, pollen, and mold in the 
Berlin region, compared to the 12.5 km grid resolution. This is one of the first studies that explores these impact cases under future 
climate conditions in the urban-rural context, with convection-permitting models. Influenza shows a more profound decrease of 
influenza days on the convection-permitting scale under future climate conditions, but longer consecutive periods especially on the 3 
km grid resolution. A difference in the sign of the change signal is identified for the 3 km compared to the 12.5 km grid resolution for 
the impact cases pollen, and mold. The convection-permitting resolution performs more in line with observations, and available 
literature on urban processes, showing an increase in pollen days and a decrease in mold days under near-term climate conditions. The 
pollen days are more prevalent in Berlin. Mold periods are projected to increase in its duration under near-term climate conditions, 
showing a stronger increase on the 3 km grid resolution. The convection-permitting resolution affects, and generally improves the 
outcomes for the impact cases, and shows an added value, indicating the potential of convection-permitting simulations to generate 
improved information about climate change impacts for urban areas and its surroundings. This is of importance for the development of 
climate services for urban areas, as the improved information could enable urban planners and decision makers to more adequately 
prepare for and adapt to future climate change impacts. 
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Fig. A1. Locations of the observational stations in Berlin and its surroundings.    
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Fig. A2. Boxplots show the averaged day mean of observational station data for relative humidity and 2-m temperature, for the period 2000  ̶ 2009 , for 
Berlin and its surroundings. REMO model data averaged for the same period 2000  ̶ 2009 is presented on right side of figure, respectively for REMO 12.5 km 
and REMO-NH 3 km grid resolutions.  

Fig. A3. Masks for Berlin, based on urban fraction >0.3, for 12.5 km (0.11◦, left) and 3 km (0.0275◦, right) grid resolutions.   
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Table A1 
RMSE, MBE and Pearson correlation coefficient for relative humidity, specific humidity, and temperature, day mean 2000  ̶ 2009, for 
Berlin comparing observations with the 12.5 km and 3 km grid resolution. Calculated the mean over the 10 years per day. 

Berlin 
12.5 km 

Berlin 
3 km

Surroundings 
12.5 km

Surroundings 
3 km

Urb-rur 
contrast 
12.5 km

Urb-rur 
contrast 
3 km

Obs Berlin 
vs Obs Surr

Relative 
Humidity 
RMSE (%): 5.57 9.50 4.49 7.73 2.43 2.29 3.29
MBE (%): -2.58 -6.34 -0.81 -4.43 -1.77 -1.91 -3.16
Pearson corr.: 0.85 0.73 0.85 0.74 0.22 0.24 0.996
Specific 
Humidity 
RMSE (kg/kg): 0.00074 0.00078 0.00121 0.00128 0.00053 0.00060 0.00009

MBE (kg/kg): -0.00052
-

0.00065 -0.00085 -0.00102 0.00033 0.00038 -0.00004
Pearson corr.: 0.984 0.983 0.9803 0.9796 0.653 0.635 0.999
2-m 
Temperature
RMSE (°C): 1.01 1.02 0.93 0.88 0.51 0.57 0.71
MBE (°C): -0.11 0.25 -0.43 -0.19 0.32 0.44 0.69
Pearson corr.: 0.99 0.99 0.99 0.99 0.20 0.21 0.9998

Table A2 
Standard deviation for day mean over 2000–2009 for specific humidity, relative humidity (also hourly mean 2000–2009) for observations, 12.5 km 
and 3 km grid resolutions, for Berlin and its surroundings.   

Obs Berlin Berlin 12.5 km Berlin Obs Surroundings Surroundings 12.5 km Surroundings 3 km 

3 km 

Relative humidity (%) 8.56 9.15 10.21 8.03 7.86 9.25 
Specific humidity (kg/kg) 0.00213 0.00246 0.00227 0.00216 0.00286 0.00275  
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