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Cities in the Sahel are heavily impacted by heat stress. Cli-
mate change, growing population rates and urbanisation
will increase the magnitude and intensity of urban heat stress
towards the future. This study provides a comprehensive
analysis of the current status of heat stress in Niamey (Niger)
and future impacts by combining the results of two mod-
els operating at city-level: UrbClim which simulates (future)
climate and GeoDynamiX, providing future city spatial ex-
tents combined with the results of a measurement cam-
paign. Additionally, a meter-scale assessment of heat stress
within the city is executed for a selection of city districts.
Urban green and trees are effective mitigation tools for heat
stress, which is observed in both measurements and model
results, being most effective during the hottest hours of the
day when they lower heat stress to less health-impacting
levels. Future simulations show a strong increase in the
spatial extent and intensity of extreme temperatures within
the city. This impacts city dwellers, which will consequently

experience much more days with extreme heat stress levels
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towards the future, doubling or tripling depending on the
climate scenario. Socio-economic impacts for mid-century
are quantified, noting increases in heat-related mortality of
several percentages compared to present-day values. Addi-
tionally, negative economic impacts of several percentages
of the Gross Domestic Product are projected as heat stress
will prohibit performing moderate or high-intensity activi-

ties during the hottest hours of the day, even in the shade.
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1 | INTRODUCTION

Urbanisation ranks among the most significant manifestations of human impact on the environment. At the moment,
cities are the home of 55 % of the world’s population and this share is expected to increase sharply towards the fu-
ture (Ritchie and Roser,[2018). Cities experience higher temperatures in comparison to their rural counterpart, which
manifests most during the night, when temperature differences can be increasing up to 8 °C (Oke}|1982). This phe-
nomenon is known as the ‘Urban Heat Island’ (UHI) and is mainly caused by the replacement of evaporative vegetation
by areas with dense building materials and impervious surfaces with low albedo values. These surfaces absorb heat
during the day and release it during the night (Oke} |1973; |Lauwaet et al.,|2015; Wouters et al.;|2017). In the last
decades, warming trends in cities are higher compared to rural counterparts (Liu et al.;[2022) and climate change will
continue to contribute to rising temperatures with more frequent, hotter and longer episodes of prolonged (extreme)
heat (Perkins-Kirkpatrick and Lewis}|2020). For example, it is expected that cities will experience twice as much heat
stress as rural areas towards the future (Wouters et al.,2017; |Marcotullio et al.}|2021). Of particular concern are Sa-
helian countries where an additional billion people will live in cities by 2050 compared to 2015 (OECD/SWAC,|2020;
United Nations et al.}|2022). These cities already experience high heat stress in present times (Oueslati et al.;|2017)
and the poor housing conditions (in dense informal settlements) that are often present also lead to enhanced heat
exposure (Pasquini et al.,|2020). In these countries, where the climate is rapidly warming and rapid urbanisation takes
place, heat stress exposure is expected to increase by several magnitudes (Rohat et al.,|2019).

Both urbanisation and climate change inevitably contribute to the burden of disease and premature deaths, partic-
ularly for vulnerable populations with limited adaptation resources (Kovats and Hajat;|2008; |Li et al.,[2015). Apart from
the consequences on public health, excessive heat has a suite of environmental impacts such as decreasing water and
air quality and stress on vegetation (Wilby,|2008; Whitehead et al.,|2009; Hatfield and Prueger;|2015). These factors,
in turn, affect human well-being and mortality (Kovats and Hajat, 2008} Vicedo-Cabrera et al.;2021} Marselle et al.}
2020), energy consumption and public infrastructure (Santamouris et al}|2015;|Ndiaye et al.}|2017), violent incidents
(Chersich et al.,|2019) and labour productivity, which the latter is projected to decrease by several percentages of the
worldwide Gross Domestic Product (GDP) (ILO}[2019;|Zhao et al.,|2021a). Furthermore, agriculture will be negatively
affected, which is the backbone of the economy in most Sahel countries and underpinning livelihoods of a large share

of the population (Sissoko et al.},[2011).
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To counter-effect the negative effects of excessive heat in cities, adaptive measures need to be taken. One of
the most effective measures to create resilient cities is the implementation of blue and green urban infrastructure
(e.g.Demuzere et al.,[2014). The implementation of parks and large green infrastructure has shown to be an effective
mitigation instrument for negative human health consequences (Bowler et al.}|2010). Green infrastructure offers
various mechanisms to cool the urban environment through evapotranspiration, increasing the albedo, providing shade
and reducing the thermal load (Wong et al.,|2021). Trees in particular provide effective urban heat mitigation tools,
while treeless urban green spaces are overall less effective (Schwaab et al.,2021). While in developed regions, the
mitigation potential of urban green has been studied thoroughly, limited studies have focused on the Sahel.

In order to analyse urban heat stress and the effect of adaptation and mitigation solutions, different approaches
using several technologies have emerged. Most methods use thermal land surface temperature measurements de-
rived from satellite data to map urban environments and their surroundings which, in turn, can be used to derive
urban heat stress (e.g.Mallick et al.;)2013;|Zhou et al.,|2019;|Rodrigues de Almeida et al}|2021). Other studies such
as Meier et al.|(2017); |Brousse et al.|(2022) use a collection of atmospheric data retrieved from citizen weather sta-
tions. However, each approach has its disadvantages. Remote sensing data only allows for sub-kilometre resolution.
In addition, the limited overpass frequency of satellites and cloudy conditions make it difficult to analyse the daily vari-
ability in heat stress and conduct future projections. The latter citizen-science approach, placing a sufficient amount
of weather stations in the city is labour and cost-intensive and currently not feasible in developing countries in the
Sahel. A valuable tool that overcomes all those problems are climate models as these provide high-resolution spatial
and temporal information about heat stress patterns inside a city. Most studies of urban heat stress use sophisticated
meso-scale models, having the advantage of providing a detailed physically-resolved representation of atmospheric
dynamics, which can be used both for present-day and future studies. Yet, these coupled mesoscale-urban models
have a high computational and time cost, which limits their application to kilometre-scale analyses (Kwok and Ng;
2021). Alternatively, micro-scale and building-scale models (e.g.|Tominaga et al.}|2015) offer very detailed representa-
tions of urban canopy and airflow, but are often limited to areas covering a few hundred meter (Mirzaei} 2015), which

is not suitable for our study.

Therefore, in this study, we present the results of model simulations of the current climate for the city of Niamey
(Niger) using respectively the UrbClim and High Resolution heat Exposure (HiREx) model. UrbClim produces meteo-
rological information with a spatial resolution up to 100 m at a scale of urban agglomerations (De Ridder et al.,|2015).
Due toits fast run-time, it is well suited for simulations of several months to years. Moreover, UrbClim produces similar
results as more sophisticated mesoscale models (Garcia-Diez et al.;|2016). The model has previously been validated in
a variety of cities around the globe, yielding satisfactory results (Lauwaet et al.;|2015;|Zhou et al.;|2016;|Hooyberghs
et al.}|2019;Maheng et al.,)2019;|Sharma et al.}|2019; |Caluwaerts et al.}|/2020) and will also be evaluated here for the
study area. This detailed climatology can subsequently be used as input for the HiREx meter-scale heat stress module,
that is applied on three carefully selected districts in Niamey. To do so, the Wet Bulb Globe Temperature (WBGT), a
widely applied index, was used to calculate/compute heat stress (Willett and Sherwood| |2012;} Li et al.,|2020). The
heat stress maps were further used to analyse the cooling effects of urban greenery at district level as well as tree
level. All model outcomes are validated by on-site heat stress measurements that have been executed. In a second
step, both the climate change signal and future urbanisation (using the GeoDynamiX model (White et al.;|2012}/2015;

Crols et al.}|2015;|Crols}||2017)) will be taken into account to address the future impacts of heat stress.

The main goal of this study is to obtain spatially unprecedented (hundreds to 2 m spatial resolution) long-term
present and future heat stress information for a region that is currently already experiencing episodes of extreme heat
stress. Towards the future, population growth and climate change will contribute to even higher heat stress exposure,

which will directly impact urban dwellers and the economy. The model results will therefore not only be used to obtain
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FIGURE 1 Location of Niamey in the Sahel region. The meter-scale heat stress modelling domains are indicated
in red together with their respective land use. The black dot on the satellite image of Niamey indicates the location
of the meteorological station that is used for evaluation purposes.

trustful climate information, but also to calculate present and future impacts on health and labour productivity, while
providing hands-on information about the effectiveness of urban green as a mitigation practice that can directly be
implemented in the region.

2 | MATERIALS AND METHODS

2.1 | Study Area

Niamey is part of the West Africa Sahel region and the capital of Niger. Its climate is characterised by year-round
high temperatures and a brief rainy season from June until September. Monthly average temperatures are above 30
°C during the whole year and even rise above 40 °C in March, April and May, while night temperatures do not drop
below 25 °C during these months (Sivakumar}[1986). Niamey'’s urban structure is characterised by a gradient ranging
from both built-up and green areas in the city centre, which is located alongside the river banks, to more informal

settlements with corrugated iron roofs and fewer green zones towards the periphery (Figure.

2.2 | GeoDynamiX urban growth model

Driven by high birth rates and rural exodus, the city of Niamey had a high population expansion since the mid 20th

century, counting more than 1.3 million inhabitants today (United Nations et al.|[2022). This rapid expansion resulted
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in unstructured urbanisation and many informal settlements (Salamatou et al.} 2015} |Rossi and Dobigny, 2019, see
also Figure[d).

We have simulated urban growth around Niamey with the GeoDynamiX model. This is an activity-based cellular
automata (CA) land-use model. Next to land use, also population and employment can be computed for each cell,
typically at a 100 m resolution (White et al.,|2012} 2015} |Vermeiren et al.,|2022). Employment was not considered
in this study due to a lack of spatial data. The main model drivers are distance-dependent transition rules of spatial
attraction and repulsion, which reflect competition between activities or land uses at different scales from the local
to the regional level. In most CA models these rules are limited to a local neighbourhood, while we consider the entire
modelling area with logarithmic distances between cells. Travel times between cells in a transportation network can
also be used (Crols et al.} [2015), but this mode of the model was not chosen since the present road network of
Niamey is still rather limited in comparison with the expected growth of the city in the coming decades. Next to the
main transition rules, the model also takes physical suitability, zoning and accessibility into account. A full description
of the model can be found in|Crols|(2017).

The model was calibrated using historical city extents and population data (2000-2018) obtained from the Global
Human Settlement Layer (Corbane et al.;|2018). The transition rules and model parameters were determined with
semi-automated calibration based on the Covariance Matrix Adaptation Evolution Strategy (CMA-ES) algorithm of
the DEAP library for Python (Fortin et al.;|2012). Physical suitability values for urban growth were based on previous
studies with the same model and were lower for steep slopes and (seasonal) water bodies. Slopes were calculated
from SRTM digital elevation data of |USGS|(2018), while water bodies were taken from OpenStreetMap. Accessibility
was computed towards the current road network and the Niger river. A full zoning map was not available, but urban
green in the existing city and managed agriculture (from local maps) were excluded from urbanisation. The expected
population growth and the trend of the urban share of population (Jones and O'Neill,|2016) were derived from three
Shared Socioeconomic Pathways (SSP) scenarios (Fricko et al.,|2017) of the IIASA database for Niger. These 3 sce-
narios are SSP2 (business-as-usual), SSP1 (sustainability) and SSP5 (fossil-fuelled development). The expected urban
population for the region around Niamey in 2050 is actually similar in all these scenarios, growing to 9.5 million in
2050 (or 9.4 million in SSP5). In the SSP1 scenario we have reduced the additional urban area to host new people
after 2018 by 10 % in comparison with SSP2 to simulate densification, while we have increased this additional urban
area by 10 % in scenario SSP5 compared to SSP2 to simulate strong urban sprawl. In the zoning map of the SSP1
scenario plots of less managed agriculture were additionally added as protected zones.

2.3 | UrbClim urban climate model

UrbClim is an urban canopy model designed to simulate high spatial resolution climate variables at the scale of a city.
The model is composed of a land surface scheme with simplified urban surface physics coupled to a 3D atmospheric
boundary layer scheme. The 3D boundary layer model is tied at its lateral and top boundaries so that the synoptic
forcing is properly considered. A detailed description of the land surface scheme can be found in |De Ridder and
Schayes|(1997), whereas a complete description of the UrbClim model can be found in|De Ridder et al.|(2015).

The UrbClim modelling domain encompasses an area of 50 x 50 km that covers the whole city of Niamey. UrbClim
simulations were executed at a spatial resolution of 200 m for a period of 20 years representing the last decades (2001-
2020). This unprecedented spatial scale allows to take into account the impact of the urban canopy on temperatures
and heat stress, which is currently omitted by most state-of-the art reanalyses and climate models that perform long-
term simulations. To validate the results of the Urbclim model, data from a weather station near the airport of Niamey is

used (denoted by a black dot in Figure. This weather station is recognised by the World Meteorological Organization
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Climate scenario = Local A°C = Urban growth scenario = Future population

RCP2.6 1.03 SSP1 9.5M
RCP4.5 1.36 SSP5 9.4M
RCP8.5 1.88 SSP2 9.5M

TABLE 1 Future simulations executed for 2041-2060. Representative Concentration Pathways (RCPs) from
CORDEX-AFRICA for the climate change signal are combined with Shared Socioeconomic Pathways (SSPs) for urban
growth projections. Relative average difference in temperature with respect to 2000-2020 are denoted together
with future population amounts (reference population 2020: 1.3M).

and follows its standards. Unfortunately, it is the only long-term available dataset that allowed us to compare the
maximal daily temperature (Tmax) and the daily minimal temperature (Tmin) with the modelled air temperature from
UrbClim.

To conduct the UrbClim simulation for the desired study area, certain data sets are required as input. For the
boundary conditions of the 3D atmospheric model, the ERA-5 reanalysis data set from the European Centre for
Medium Range-Weather Forecasting (Hersbach et al.} [2020) is used. This dataset has a 31 km resolution that is
updated on an hourly basis. Anthropogenic heat flux is derived, at 30 arc-seconds resolution maps, from Jin et al.
(2019). Besides meteorological and anthropogenic heat flux data, a detailed representation of land surface properties
is required as input. The land cover map is derived from the Copernicus Global Land Cover Layers at 100 m resolution
(Buchhorn et al.|[2020). This dataset is combined with built-up data from the Global Human Settlement layer (Cor-
bane et al.,|2021). For each grid cell, the percentage of urban land cover is obtained from the global 30 m resolution
impervious surface map (Zhang et al.;[2020). Maps of vegetation cover fraction were derived, at 30 m resolution, from
existing NDVI maps constructed from Landsat 8 images, available on the Google Earth Engine (Gorelick et al.,|2017).
The NDVI maps were converted into vegetation cover fractions using a linear relationship proposed by |Gutman and
Ignatov| (1998). Lastly, terrain elevation data was taken from the Copernicus GLO-30 DEM dataset, which is freely
available at a global scale (ESA}{2020).

Three future simulations are executed for the period 2041-2060 by combining the results of the urban growth
model (Section[2:2) and the climate change signal from a selection of models from the CORDEX-AFRICA project (Table
[3). Alist of the regional climate models that were selected based on recommendations from|Bichet et al|(2020);[Dosio
et al.[(2021) can be found in the Supporting Information (Table S1). Instead of re-running the UrbClim model with each
of the ensemble CORDEX-AFRICA models as input, a quantile mapping bias algorithm is used to perturb the historical
time series data from the UrbClim numerical model following the climate change signal of these models (Olsson et al.,
2009; \Willems and Vrac,|2011). A detailed description of the procedure applied in this study can be found in|Lauwaet;
et al.| (2019, Chapter 4). Apart from the meteorological climate change signal, also the land surface input datasets
were adapted to the new city extents as projected in section[2.2] Future anthropogenic heat fluxes, as projected by
Jin et al.|(2019) for 2050 were also included.

2.4 | High Resolution heat Exposure (HiREx) model

Out of the different heat stress indicators that exist, WBGT is nowadays the most utilised index (Budd| |2008). This
index uses standard meteorological variables and can be calculated both in direct solar radiation and shaded conditions
(Lauwaet et al.}|2020). In this study, the calculation of the outdoor WBGT follows the methodology of |Liljegren et al.

(2008), based on recommendations in a review paper by|Lemke and Kjellstrom|(2012), and is further indicated as the
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Category Maximum physical activity Wet Bulb Globe Temperature limit for per-
sons acclimatised to heat (°C)

Extreme heat stress Resting (115W) 33
Very high heat stress Low activity (180W) 30
High heat stress Moderate activity (300W) 28
Moderate heat stress Intense activity (415W) 26
Low heat stress Very intense activity (520W) 25

TABLE 2 Wet Bulb Globe Temperature reference values for acclimatised for five classes of metabolic rate
categorised into heat stress levels (ISO}|2017). A detailed description and examples of the levels of metabolic rate
can be found in|ISO| (2017, Annex E)

High Resolution heat Exposure (HiREx) model. The following formula provides the outdoor WBGT as a weighted sum
of the natural wet bulb temperature (7,,), the black globe temperature (7;) and the dry bulb (ambient) temperature

(T2) (Eq. [D.

WBGT =0.7T,, +0.2Tg +0.17, (1)

The WBGT value gives an indication for the average heat stress exposure of a human being. The limits for accli-
matised persons (which we assume to be valid for a large part of the population living in Niamey) are based on|ISO
(2017) and listed in Table[2]

The meteorological input data that is required for the HIREx model is achieved from the UrbClim simulations
at 200 m executed over the city (i.e. hourly 2 m air temperature, relative humidity, wind speed and land surface
temperature). The use of this spatially detailed input data allows to take into account the impact of the urban canopy
and the urban heat island on heat stress. This information is omitted in previous studies using large-scale climate
models or reanalyses. Next to this, surface pressure, shortwave and longwave radiation are taken from the ERA-5
reanalysis data set. The model is executed at very high spatial resolution (2 m), allowing to investigate local differences
in heat stress and the impact of (individual) tree canopy. As such, a detailed representation of land surface is needed,
including individual buildings and trees. While such detailed information is often available in city administrations of
developed countries, no such data currently exist for the city of Niamey. Hence, manual digitisation was conducted
for three selected city districts: (i) Bobiel, (ii) Deyzeybon, (iii) Talladje (Figure . These three city districts were chosen
due to their different spatial structure. The districts of Bobiel and Talladje are characterised by a dense road network,
compact low-rise buildings and widely spaced, individual trees. The urban morphology of Deyzeybon differs from
the former two. Its road network is less dense, the buildings are mostly high-rise consisting of single-standing houses,
offices or hotels. The remaining space is for a considerable part occupied by grouped trees. Based on Google Earth and
Open Street Map, these neighbourhoods were digitised and classified in QGIS into five land cover classes. Building
and tree heights were estimated at respectively 6 m and 9 m for Bobiel and Talladje and 13 m and 16 m for Deyzeybon.
The resulting digitised land cover maps have a spatial resolution of 2 m and are shown for each district (Figure . A
table accounting for the relative occurrence of each land cover class can be found in the Supporting Information
(Table S2). By taking into account the solar zenith and azimuth angles, shaded areas cast by buildings or trees were
calculated for each hour of the year, as also the sky view factor (the fraction of the sky hemisphere visible from the

ground; |Dirksen et al.;|2019). Combining the meteorological data with the detailed land surface properties, the HiREx
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(b) Shade

FIGURE 2 Heat stress data logger setup.

module is able to iteratively calculate the WBGT at a 2 m resolution for the three city districts, taking into account

shade and solar zenith angles in each model time step.

2.5 | Measurement campaign + validation

For each district, three campaigns on three different days in May 2022 were executed under the supervision of the
African Centre of Meteorological Application for Development (ACMAD), focusing on performing WGBT measure-
ments. All measurements were executed by local community participants. Practices on how to involve and engage
the local community in measurement campaigns and generate awareness for climate change research are described
in[Souverijns et al|(2022). The main goal of these campaigns were two-fold. One the one hand, we wanted to provide
reference validation data for the HiREx model. Secondly, quantitative evidence of the cooling impact of vegetation in
the city of Niamey was aimed for. Each of the three monitoring campaigns involved 6 portable data loggers of the type
WBGT-2010SD, the specification of which are available from https://www.atal.nl/media/downloads/mn/az/AT-
HTSO01.pdf, These loggers measure T, T, and the relative humidity, which can be converted to T,, and, in its turn, be
used to calculate WBGT (see Eq..

Each individual measurement campaign was conducted in pairs, one of the devices measuring in the shade of a
tree and the other receiving full solar radiation exposure at a nearby position (meters to tens of meters away; Figure
. Each mounted on a tripod such that the meteorological components were measured at a height of about 1.5 m
above the surface level. Each pair of data loggers was set up at a designated location. Pictures of each setup were
taken that include location information (GPS latitude and longitude). On each of the campaign days, each WBGT data
logger was used to conduct measurements between 9:00 AM and 5:00 PM. As a result of the three campaign days,
each involving 6 WBGT data loggers (at three different locations), a total of 144 hourly data points were collected.
An overview of the locations of the data loggers and their respective measurements are visualised and in https!

//vitobelgium.github.io/niamey-foret-climatique and can be downloaded therewith.


https://www.atal.nl/media/downloads/mn/az/AT-HTS01.pdf
https://www.atal.nl/media/downloads/mn/az/AT-HTS01.pdf
https://vitobelgium.github.io/niamey-foret-climatique
https://vitobelgium.github.io/niamey-foret-climatique
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2.6 | Socio-Economic impacts

Heat stress in cities has considerable impacts on its residents as stated in Section[I] The socio-economic impact of
present and future heat stress is quantified by calculating three different indicators, namely, (i) lost working hours
(LWH), (ii) gross domestic product (GDP) per capita (%) and (iii) relative risk of mortality (%), which are detailed below.
The high-resolution WBGT analysis at 2 m spatial resolution, including the UrbClim 200 m results as input data, will
reveal an unprecedented level of detail in the heat stress impact analysis, not only considering the urban canopy
effects, but also (individual) buildings and tree effects and therefore also detailed street morphology, which will be

considered in the analysis of the results.

Based on I1SO-standards, the number of LWH per year can be calculated based on the WBGT for the different
city districts (1ISO}|2017). For moderate activities (300W; see Table , the fraction of each working hour that is lost is

calculated as (the formulas for different intensities of activities can be found in the Supporting Information):

1; WBGT < 31.0
LWH=1-1{-0.5+*WBGT +16.5; 31.0 < WBGT < 33.0 (2)
0 WBGT > 33.0;

LWHs caused by heat stress affects economic output and therefore also the GDP. This was calculated based on
the global non-linear relationship between annual average temperature and change in the gross domestic product
(GDP) per capita developed by Burke et al.|(2015). In that research, the empirical model foundation (based on GDP
data from 1960 to 2010) shows evidence that economic activity in all regions is coupled with the global climate. Based
on their relation, an average and a high estimation of GDP decrease per capita was calculated for Niamey denoting the
impact of the change in average temperatures over the full modelling domain between the mid-century projections
(2041-2060) and present times (2001-2020). The average estimation is calculated using the global empirical formula
(Eg. 1 in the Supporting Information), while the high estimation is taken from countries showing similar average annual

temperatures such as Mali (Eq. 2 in the Supporting Information).

Next to economic impacts, heat stress causes health-related incidents and also affects mortality. The increase in
relative risk of mortality (%) is defined as the probability of mortality increase when a population group is exposed
to warmer temperatures than normal. The model applied in this study is based on the quantification of the tempera-
ture-mortality function, which is assumed to be V-shaped. The temperature value at which mortality is the lowest is
defined as the optimum temperature, which we took as the 80" percentile of the average daily temperature based
on \WHO|(2014); |Gasparrini et al.|(2015); Takahashi et al.|(2007). For temperatures above this point, the relative risk
of mortality increases in a linear way depending on the heat-related mortality numbers of the country. While the
majority of studies related to heat-related mortality are for urban populations in Europe, America, and China, there is
very limited to no information on temperature-mortality functions populations in Africa such as Niger. Therefore, to
be as objective as possible, we calculated a minimal, an average, and a maximal increase in relative risk of mortality
per degree increase in temperature based on results found in global studies of respectively 6 %, 10 % and 20 % (Zhao
et al.,|2021b;|Gasparrini et al.}|2015).



10 Souverijns et al.

50 35
bias: -0.41 *C bias: -0.36 *C .
45 RMSE: 1.4 °C 30 RMSE: 1.95 °C
corr: 0.94 P ° corr: 0.91
s} s}
540 e rE ’
5 5 )
© © o
g g
g 35 g 20
3 3 o ° 4
g 9
§ 30 § 15 L2 e
z SR
25 10 oo
©
20 5
20 25 30 35 40 45 50 5 10 15 20 25 30 35
Observed temperature [* C] Observed temperature [* C]
(a) Maximum daily temperature (b) Minimum daily temperature
404
354
e
®
5 304
B e
] e N
I 45 s
€ 25 Wi S A
° /{,;;/ Sess \\
4 D
20 L —— Model N
Lo — Obs — Tmax S
s — ERAS --- Tmin
15
J F M A M A S O N D

month
(c) Average monthly temperature

FIGURE 3 Evaluation of UrbClim results for the period 2001-2020 compared to WMO station measurements at
the airport (its location is depicted by a dot in Figure . ERA-5 results are added in Figure

3 | RESULTS

3.1 | Model validation

Meteorological data from the last two decades were retrieved from the weather station at the airport of Niamey
(located at the black dot in Figure and compared to the UrbClim model. The results show a close relationship for
the maximal daily temperature (Tmax), with a correlation of 0.94 between modelled and retrieved data (Figure [3a).
Similarly, a correlation of 0.91 was found for the minimal daily temperature (Tmin, Figure . In both cases (maximal
daily temperature and minimal daily temperature), the Urbclim model tends to underestimate Tmax and Tmin with
respectively a bias of -0.41 °C and -0.39 °C. This underestimation is particularly noticeable for the first months of the
year, from January until April (Figure . In the rest of the year (from April to December), observed and modelled
temperatures are aligned to each other. Furthermore, a root mean square error (RMSE) of 1.95 and 1.41 was found
for Tmin and Tmax respectively. UrbClim outperforms ERA-5 when simulating day-time temperatures, while slightly
lower performance is found for night-time temperatures.

For the meter-scale heat stress validation, a total of 144 measurements were captured during the three campaigns,
with a wide range of WBGT values varying from around 25 °C (low heat stress) to 34 °C (extreme heat stress, Figure
. A correlation of 0.66 was calculated between the modelled and retrieved WBGT. A -0.15 °C bias was calculated,

showing limited structural differences of heat stress in the HIREx model compared to the observations. For each
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FIGURE 4 Comparison between modelled Wet Bulb Globe Temperature values from the HiREx model and local
measurements obtained from three campaign days.

location, two clusters of measurements can be detected: one cluster with lower WBGT identified as the measurements
that were obtained in the shade, and one cluster with higher WBGT showing the measurements impacted by direct
solar radiation. This distinction is well captured in the model attaining similar offsets compared to the measurements.
The added value of using UrbClim as model input for the HIREx model instead of directly using ERA-5 is demonstrated
in the Supporting Information (Figure S1 & Table S3).

3.2 | Urban Green impact

March-April-May are the months attaining the highest temperatures in Niamey (Figure . The average heat stress
during this period at noon for each district is visualised for the year 2020 (Figure. Due to the high spatial resolution,
the urban structure of Bobiel, Deyzeybon and Talladje can easily be recognised on these maps (compare with Figure
. At all three neighbourhoods, the street network and open sealed surfaces are the hot spots attaining very high
heat stress. In all neighbourhoods, a clear distinction between shaded areas and areas with direct radiation of the sun
can be noticed, as shaded areas attain values that are at least one heat stress category lower. The density of trees has
a strong effect on the amount of heat stress. Bobiel and Talladje mainly have individual trees, while Deyzeybon has
larger concentrations of grouped trees. The latter lowers heat stress up to two categories, to moderate levels (Figure
5).

The cooling effect of trees on heat stress is even clearer in the results of the measurement campaigns that have
been executed in the different city districts. Results for the 19t2 of May 2022 show that shaded areas attain heat
stress levels that are up to two categories lower compared to areas with direct sunlight exposure (Figure @ When
comparing Deyzeybon with Bobiel and Talladje, differences in heat stress are most noticeable in the early afternoon.
During that time, the more vegetated district of Deyzeybon is constantly one heat stress category lower than the
two other areas (Figure @ Results for the other two measurement campaign days can be found in the Supporting

Information (Figure S2).
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FIGURE 5 Average heat stress in the three city districts during March-April-May 2020 at noon simulated by the
HiREx model. Land use maps for the three regions are depicted. Comparing both, a clear pattern of lower heat stress
is found in areas with higher tree cover densities.
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FIGURE 6 Wet Bulb Globe Temperature measurements for three locations in the three selected districts in the
sun and shade on 19-05-2022.
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FIGURE 7 Cooling effect of trees at noon during March-April-May (highest solar zenith angle) with respect to
the distance of the tree crown for three city districts in Niamey based on HiREx model results.

Concerning the spatial cooling effects of trees, during peak heat of the day at noon (when shadows are limited
to areas directly beneath the tree crown due to the high solar zenith angle), a clear influence on heat stress is visible
up to 10m from the tree crown (Figure . This again shows the extensive cooling potential of trees, lowering WBGT
up to 3 °C and two heat stress categories, clearly mitigating the very high and extreme heat danger that is present
during the hottest hours of the day.

3.3 | City Growth

All SSP scenarios indicate a massive population growth in Niger and its urban areas. The population of Niamey would
become more than 4 times larger during the simulated time period (2018-2050) of this study, reaching almost 10
million inhabitants. Consequently, the size of the urban area will have a similar exponential growth if no thorough
planning and densification are organised by the government. The urban land use in the study area has expanded from
10,626 ha to 20,850 ha during the calibration period (2000-2018). The simulation results project a further growth by
2050 to 87,537 ha (SSP1), 94,006 ha (SSP2, Figure or 100,916 ha (SSP5). The city would mainly develop towards
the north and the east in a rather concentric and continuous pattern as hardly any restrictions, roads or main villages
are present. The southern bank of the Niger river is much more hilly and has as such lower values for urban suitability.

3.4 | Future climate impacts

Mid-century projections of future climate impacts on Niamey are provided. A number of climate indicators are calcu-
lated for both present and future time periods. These are included in a viewer that is freely accessible allowing users
to detect the impact of climate change and urban expansion on the city (https://uclip.marvin.vito.be/uclip).

Furthermore, all maps can be analysed and downloaded. One example indicator is visualised in this paper (Figure@,
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FIGURE 8 Historical evolution of the city and projection for 2050 based on the SSP2 scenario using the
GeoDynamiX model.
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showing the number of heatwave days. A heatwave is defined when both daily minimum and maximum temperatures
are greater than the 90" percentile for three or more consecutive days, calculated on present-day temperature clima-
tology (Faye et al.}|2021). For present-days, heat waves occur mostly within the city limits, averaging about 15 days
per year. Towards the future, this increases sharply in each of the three scenarios. Even in a low-emission scenario
(RCP2.6), the number of heatwave days within the city bounds doubles to 30. In the high-emission scenario (RCP8.5),
this three-folds, increasing the amount of heat stress on the inhabitants considerably.

This is also reflected in the future heat stress simulations over the three districts (Figure. In present times, ex-
treme heat stress (WBGT > 33 °C) only occurs for a limited amount of hours in the hottest months of the year and only
when exposed to direct sunlight. In the shade of trees, one would almost never experience extreme heat stress. This
changes towards the future. At first, the hours during the day and the number of days in which people will be exposed
to extreme heat will increase sharply compared to present-day, even in the lowest emission scenario. Furthermore,
a worrying trend can be seen that also during several hours per year, extreme heat stress will be experienced in the
shade (dashed boxplots). In the high-emission scenario (RCP8.5), both Bobiel and Talladje will experience these heat
stress values. Only Deyzeybon, which has much more vegetation, will provide enough extensive patches of trees in

which extreme heat stress is mitigated.

These increases in heat stress towards mid-century have socio-economic consequences for the city dwellers.
As expected, the number of LWHSs for moderate activities increases for all scenarios, similar to the amount of heat
stress. In the high-emission scenario the number of LWHSs almost doubles, both in the shade and the sun (excluding
rooftops), going up to 2000 hours in the sun and 1000 hours in the shade (Figure . This will have a profound
effect on productivity and economic activities in the region. The impacts on intense activities is even higher, and

corresponding figures (together with light activities) can be found in the Supporting Information.

For the average estimation of the GDP decrease per capita, the results show a decrease of 2 to 3.5 % depending
on the climate scenario by 2050. When taking the high estimation approach, the decrease is even more accentuated
reaching values up to 4.5 - 9 % depending on the climate scenario (Figure[12a). The results also show an increase
in mortality rates in the city due to heat. In the city of Niamey, it will increase by several percentages towards mid-
century, from 1.5 to 2.5 % in an average estimation about 3 to 5 % in a high estimation, depending on the emission

scenario (Figure .

4 | DISCUSSION AND CONCLUSION

Heat stress is a major problem with large socio-economic consequences. However, up to now, detailed mitigation
and impact studies have not been performed in the Sahelian region. In this study, both a measurement campaign and
a modelling approach were adopted to analyse heat stress and the thermal comfort for the city of Niamey (Niger)
for present and future conditions. The main advantage of using the UrbClim model for these analyses lies in its fast
runtime. Compared to more sophisticated and computationally intensive models, we omit calculating the pressure
gradient, but use the prescribed large-scale forcing from ERA-5. As such, thermal circulation systems, such as sea
breezes and katabatic winds are not calculated in UrbClim. Despite this, several previous validation experiments have
been executed showing the capability of UrbClim in simulating standard meteorological quantities such as energy
fluxes, wind speeds and temperatures (Lauwaet et al,} |2015; |Zhou et al.,|2016} |[Hooyberghs et al.} |2019; Maheng
et al.,[2019;|Sharma et al.,|2019; |Caluwaerts et al.,|2020), including over African cities (Souverijns et al.,|2022).

Despite the limited availability of validation data over Niamey, we also executed a validation exercise here. Our

200 m modelling framework provides reliable results when compared with the data retrieved from the single long-
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FIGURE 9 Number of heatwave days per year over Niamey in a present (2001-2020) and future scenarios
(2041-2060) taking into account both the effects of climate change (RCP scenarios) and population increases (SSP
scenarios; see also Figure. These scenarios are detailed in Table
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future scenarios (2041-2060). Land use maps for the three districts depicted are added for clarity. A clear increase

in LWH is visible in each scenario, almost doubling (light blue to red) for the RCP8.5 scenario by 2041-2060.
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FIGURE 12 Socio-economic impacts of climate change in the city of Niamey in future scenarios (2041-2060).

term weather station in the region. Compared to ERA-5, better results are achieved for day-time, while a slightly
lower accuracy is obtained during the night. It must be noted that this weather station is located outside of the city,
experiencing limited influence of the urban canopy. The added accuracy of UrbClim in city areas is greatest within
city premises, where higher temperatures are simulated caused by the UHI effect (see e.g. Figure ED which is not
considered in other large-scale models or reanalyses, such as ERA-5. Previous validation exercises over Africa, such
as in[Souverijns et al.|(2022), put confidence in the results produced by UrbClim over Niamey.

As air temperature alone is not sufficient when studying thermal comfort, the HIREx model, calculating the out-
door WBGT at 2 m scale resolution was used to investigate heat stress. The results of this model were compared to
the measurements retrieved from three measurement campaigns and showed a good relationship with a slight under-
estimation of the model for the highest heat stress levels. Part of this discrepancy might be attributed to erroneous
humidity measurements, losing accuracy at very high temperatures and radiation levels. The data loggers used during
the campaigns did not have any type of shielding, making them susceptible to any change in humidity by for example
wind (Tarara and Hoheisell 2007} [Botero-Valencia et al.},[2022).

The construction of heat stress maps at meter-scale resolution for three different districts in the city of Niamey
allowed to discover relationships between local heat stress, land cover and urban vegetation. A first conclusion that
can be drawn is that thermal comfort in Niamey improves with increased availability of urban green. This was notice-
able when comparing Deyzeybon (which has higher densities of urban trees) with Bobiel and Talladje. We ascribe the
lower heat stress in Deyzeybon to the fact that trees cover more than 30 % of the surface area and often occur in
patches while in Bobiel and Talladje, trees are often single-standing, accounting for only 11 % of the area. In general,
trees account for a decrease in heat stress of 3 °C in WBGT (often two heat stress categories), as confirmed by the
measurements. These results are in line with previous studies in mid-latitudes. For instance, [Lauwaet et al](2020)
stated that for the city of Ghent (Belgium) on a hot summer day, building and tree shades provide a cooling effect of

respectively around 2 °C and 3 °C in WBGT. Other related studies in Israel and Europe reported that overhead shading
reduces thermal stress, with respectively more cooling provided by trees than by a shading mesh
[2011}[Schwaab et al}[2027). The cooling effects of urban greenery have already been studied in different ways and
under different settings (Ng et al}[2012} [Coccolo et al}[2016} [Zheng et all[2016). However, finding the best urban
configuration to reduce heat stress is often difficult as it is highly context dependent. For instance, the amount of local
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heat absorption depends on the solar altitude, street geometry and surface reflectance of city components. Climate
conditions as well as tree species can also play a role in reducing heat stress (Jamei et al.;|2016; \Wong et al.}|2021).
Hence it is crucial to get more insights about which trees and climatic conditions have the optimal effects in their
particular city to advise policymakers and urban designers, certainly in vulnerable regions such as the Sahel.

Climate change and urbanisation will affect living conditions in the city of Niamey. Results show that heat stress
exposure will increase substantially due to increases in temperature (extremes), but also the growth of the city pop-
ulation and increased spatial extent simulated by the GeoDynamiX model show severe expansions of the amount of
people that will be affected. Two- to three-fold increases in the frequency of heatwaves and extreme heat stress are
expected depending on the scenario. Remarkable is that even in the low emission scenario (RCP2.6), a substantial
increase in the number of heatwaves and hours with extreme heat stress is observed, which was already observed in
previous work (Kjellstrom et al.;|2018). This increase can partly be explained by the strong growth in population of
the city by 2050, which will increase UHI intensities even at low levels of climate change. A strong relation between
UHI intensity and city size and compactness is present (Oke}|1973}Zhou et al.,|2017).

This increase in heat (stress) towards the future has shown to have implications on the productivity of workers
and is reflected in the number of lost working hours, increasing sharply towards the future. Shifting working hours
to the morning and evening is only partly possible, as daylight is often required to perform activities for the lowest
incomes, severely restricting their time of activity. The ISO-based formula used in this study to calculate lost working
hours is characterised by sharp boundaries in which efficiency drops relatively fast with increased WBGT values (i.e.
between 31 °C and 33 °C). Some studies based on empirical data suggest a smoother increase in lost working hours
with decreases in efficiency already occurring at WBGT values of 20 °C, while physical activities can continue up to
40 °C (Foster et al.,|2021). More studies are needed to fine-tune these relationships and to take into account the
adaptation capacity of local citizens, which might be acclimatised to higher WBGT values.

It is without saying that this will have a profound impact on work and income of this part of the population. As
a result, a substantial loss in GDP is projected for the city of Niamey, ranging from 2 - 4 % by mid-century. These
results are in line with the recent International Monetary Fund report for Sub-Saharan Africa, that calculated a 2.2 %
decrease per 1 °C increase, resulting in 2.4 - 4.2 % when adapting this rate for future temperatures of Niamey (Maino
and Emrullahu} 2022). The rate of 2.2 °C per 1 °C has been calculated based on all Sub-Saharan data. This could in
reality be higher for fragile states with a hot climate such as Niger, supporting our high estimation results of GDP
decrease. It must be noted that the values obtained for Niamey are higher than the global average, which is below 2
% (Borg et al.,|2021), showing the vulnerability of the region towards extreme heat stress.

Apart from economic consequences, health risks are also associated with extreme heat. The increase in the
number of hours with (extreme) heat limits the amount of activity that a person can perform. When this is ignored,
health risks can occur, which is not limited to the elderly and weak. This is reflected in the projection of mortality
numbers, which will increase towards mid-century by about 1.5 - 2.5 % in an average estimation. These results are
in line with other studies, where increases of 0.5 - 2 % per 1 °C are found (Abatan et al.| |2016; Lim et al.} |2015).
Kapwata et al.| (2022) even calculated a 4 % increase towards the mid-century, supporting the high estimation of
mortality increase obtained in this research. In Niamey, this might be even higher, as a lot of people are suffering
from under-nutrition and bad health care. This accounts for a population of 10 million people to an additional 1200
to 2000 deaths on an annual basis.

The approach presented in this contribution is associated with a number of methodological challenges. The main
problem encountered was the lack of data for Niamey. High resolution land cover and height maps are needed to
calculate meter-scale heat stress maps, which were not available. This is why, in this study, we were forced to manually

digitise three neighbourhoods in order to perform meter-scale heat stress modelling. Apart from detailed information,
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the amount of reference weather stations was lacking for validation. For this study, only one weather station with
valid temperature data was found near the airport of Niamey. This weather station is not the most representative
to compare urban heat stress as it is placed in an area with a low building density and a more open spatial structure
compared to other places of the city. Besides, the only measured climatic data was temperature whereas other climatic
variables such as humidity and wind speed were not captured. This constrains our comparison and understanding
of local context to only two parameters out of several others. Further, the impact calculation study is based on
existing relationships. Detailed impact curve calculations again require detailed information on population statistics
and mortality, which is not available, limiting the detail of this study. Despite these limitations, a framework that can
be replicated to different locations and contexts is provided. We therefore hope our study will trigger additional future
research to further explore urban heat stress in the region and continue to find and implement different mitigation
strategies with respect to heat stress. Urban configuration, differences between tree types and building material
characteristics are aspects that provide interesting incentives for policy makers and urban planners. In order to achieve
this, it is of crucial importance to have access to more (detailed) regional data to better understand local initiatives and
challenges. Citizens in the Sahel could for example provide a crucial role in performing meteorological measurements,

creating capacity building and involvement in local heat stress adaptation and mitigation plans.
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