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Abstract

Very little research has documented the exposure of populations in Africa to extreme heat. We
measured indoor air temperature and humidity hourly for 13 months in seven houses of contrasted
architecture and construction materials all in the northern neighbourhoods of Ouagadougou,
Burkina Faso. These measurements are compared to air temperatures recorded at the synoptic
weather station of Ouagadougou airport and to land surface temperature estimates from Landsat
satellite images at seven dates with clear-sky conditions.

The results reveal huge temperature differences (exceeding 10 °C) between houses, especially in
the afternoon hours of the warmest season. Indoor temperature is also much more variable than
land surface (outdoor) temperature in the same locations, as estimated by satellite imagery. Houses
with greater thermal inertia smooth the afternoon temperature peak, reducing heat exposure. Heat
stress bioindicators reveal that danger thresholds, while rarely reached in some houses are
frequently exceeded in others year round except for the core of the cold winter season (December
and January). In spring, the hottest season, the danger threshold is almost permanently exceeded
in these dwellings, exposing their inhabitants to significant heat stress.

This pilot study shows the primary role of housing in modulating indoor temperature, raising
questions of public health and habitability of Sahelian regions in a warming world. This issue will
be of increasing importance with ongoing climate change. Hence the need for further, more
detailed instrumented campaigns in African settlements.

Key words

Indoor temperatures, climate change, heat stress, human well-being, Sahel, African housing

Highlights
1. Indoor temperatures vary tremendously between houses
2. Contrasts between houses are greatest in the hottest hours of the warm season
3. Thermal danger or extreme danger levels are often exceeded in some houses
4. In some houses, heat stress may occur in all seasons except winter
5. More instrumented campaigns for heat stress in African housing are needed
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1. Introduction

The consequences of extreme temperatures on human well-being are now well documented in
high-income countries, since different heat wave (HW) events have led to the premature death of
thousands of people there (Gasparrini et al. 2015). But such issues are still to be addressed in low-
and middle-income countries (hence among the most vulnerable: Ahmadalipour et al. 2019). This
is particularly true of sub-Saharan Africa, which could bear the heaviest regional burden of climate
change (Costello et al., 2009). The lack of data (fine-scale climate data, reliable and representative
health data, and exhaustive mortality databases) partly explains our limited understanding of the
society—health—climate inter-relationships in these regions. This gap is particularly striking for the
densely-populated Sahelian region of West Africa. There, temperatures have soared since at least
the mid-1970s, as a regional response to increasing greenhouse gas concentrations driven by
anthropogenic activities (Lavaysse 2015; Moron et al. 2016). This warming, which is particularly
marked during the hottest season, the northern-hemisphere spring (Oueslati et al. 2017), is even
accelerating and is now clearly discernible not only in mean temperature, but also across a wide
range of derived thermal indicators (Moron et al. 2016), including climate extremes like HWs
(Ringard et al. 2016; Barbier et al. 2018; Sambou et al. 2020). The fifth Intergovernmental Panel
on Climate Change assessment report (IPCC 2013) concluded that anthropogenic warming will
continue in Africa throughout the twenty-first century, leading to HWs of increased frequency,
duration and severity (Russo et al. 2014, 2016; Diedhiou et al. 2018; Sambou et al. 2021).

Very little research has been done to understand and characterize the vulnerability of populations
to the increasing risks associated with exposure to extreme heat (Gough et al. 2019; Tyubee et al.
2020), especially in Africa. Major risk factors appear to include environmental living conditions
such as the lack of air conditioning (Naughton et al. 2002; Semenza et al. 1996) or bathrooms
(Larrieu et al. 2008), or the quality of thermal insulation, especially for rooftop apartments
(Vandentorren et al. 2006). Recent studies have attempted to develop early warning systems for
extreme events like HWs through seamless climate predictions and forecasts (e.g., Baso et al.
2019; Moron et al. 2019; Dirmeyer et al. 2020). Coupled with relevant indexes and criteria
(Anderson et al. 2013), they can be used to anticipate high-impact events (Majumdar et al. 2020),
including — but not restricted to — deadly heat (Matthews et al. 2017, 2019; Mora et al. 2019). Xu
et al. (2016) identified three main criteria for heat exposure: the temperature itself (minimum,
maximum, average temperature), and the intensity and length of time spent above a given
(physiological) temperature threshold. Yet, in most cases, only the outdoor temperature is
considered, thereby overlooking the heat stress and danger experienced by the body indoors.

Tham et al. (2020) highlight that high indoor temperatures affect several aspects of human health,
in particular respiratory health, diabetes and mental health. For healthy children, temperature
differences of 20 to 30 °C are linked to significant variations in cardiorespiratory disorders during
sleep (Franco et al. 2000). One of the few studies in Africa involves 574 randomly sampled adults
aged between 18 and 65 years from Ghana, and shows that a rise in ambient temperature is
associated with a fall in blood pressure (Kunutsor and Powles 2010). Temperature data loggers
were placed in classrooms in Yaoundé and Douala (Cameroon) and a survey of the pupils
conducted. The results reveal an association between rising temperatures and a perception of
discomfort such as headaches, fatigue, and extreme heat discomfort (Dapi et al. 2010). However,
the temperature threshold at which adverse effects gradually begin has not been clearly identified,
mostly due to lack of data (Tham et al. 2020). Hence the need to develop research in this field. The
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latest World Health Organization Housing and Health Guidelines also called for more research on
indoor temperatures, and in particular on the maximum temperatures above which health risks
increase significantly (WHO, 2018). A major difficulty may be that indoor thermal conditions are
expected to be highly dependent on the buildings’ architecture and surroundings (Tyubee et al.
2020). As this issue is increasingly important because of ongoing climate change, a few recent
studies have focused on indoor heat and thermal conditions in Nigeria (Adunola 2014), Tanzania
(Von Seidlein et al. 2017) and South Africa (Adesina et al. 2020). Yet none of these studies
considered Sahelian cities, in spite of the combination of various phenomena (intense climate
warming and variability compounding existing hot climatic conditions, high population density,
urbanization under demographic growth) that could cause, rapidly and recurrently, severe public
health issues and major heat danger.

The present paper aims at filling this gap. It presents the results of a pilot study in Ouagadougou,
the capital and largest city of Burkina Faso, that consisted in measuring indoor temperature in
different types of housing and in different residential areas. The instrumented campaign lasted
about 13 months (April 2017 to May 2018) and involved seven houses with contrasted construction
materials and architectures. Here, we document how indoor temperatures vary in time and between
houses, even in the same neighbourhood. We also study the relationship between indoor and
outdoor temperatures, and attempt to separate the respective influences of outdoor climate and
building characteristics. House responses to rapid temperature changes are also assessed to analyse
their thermal inertia, and associated consequences for inner heat comfort. To that end, bioclimatic
indices combining air temperature and humidity are used to estimate the heat stress experienced
by the human body in these houses.

Section 2 presents the data and methods used in this study (including a description of the seven
houses). Section 3 presents the main results obtained during the instrumented campaign. Section
4 summarizes the main results and Section 5 discusses their implications.

2. Data and Methods
2.1 The Ouagadougou — Health and Demographic Surveillance System (Ouaga-HDSS)

The study was conducted between 25 April 2017 and 22 May 2018 in the Ouagadougou — Health
and Demographic Surveillance System (Ouaga-HDSS: Rossier et al. 2012) field site (Fig. 1). One
of the objectives of this multidisciplinary project is to measure the impact of HWs on human health
for households residing in the neighbourhoods concerned. In 2018, the population of these five
neighbourhoods was estimated at almost 100,000, half of whom are largely illiterate and live in
very rudimentary economic conditions and housing in informal areas (Dos Santos 2019). In this
sector, seven houses were selected to monitor indoor temperature and humidity hourly (giving a
total of 9432 measurements for each house over the study period). Some missing values are due to
maintenance or early removal of data loggers at the inhabitants’ request. From these variables, we
computed hourly heat index (HI) values, following the formula of Steadman (1979) modified by
the U.S National Weather Service. HI is a nonlinear function of temperature (T) and relative
humidity (RH) that determines the human-perceived equivalent temperature. High RH limits
human thermoregulation by evaporative cooling and so amplifies the heat stress of temperature
extremes. Climatic conditions become dangerous for human health (high risk of heat stroke and



muscle cramps) for a HI above 40 °C and extremely dangerous for HI values exceeding 52—54 °C
(Steadman 1979).
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Figure 1 General map of Ouagadougou, Burkina Faso. Colours show vegetation activity
(Normalized Difference Vegetation Index) estimated from Landsat imagery on 25 December 2017.
The green dots mark the location of the seven houses under study. Numbers are for: (1) water
reservoirs; (2) Bangr Weogo park (forested land); (3) the international airport.
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185  Figure 2 Pictures of the seven houses. (a—b) Somgandé Nubian Vault; (c) Kilwin Cement;
(d) Nonghin Banco; (¢) Nioko Cement; (f) Nioko Banco; (g) Polesgo Cement; (h) Polesgo Banco.
See main text and Table 1 for details.
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Flooring Roofing External wall Room Room usage

material material material area g

Kilwin Cement Ceramic Sheet metal on Cement 11 m? Bedroom

tiling concrete slab

Nioko Banco Cement Sheet metal Improved mud 10 m? Bedroom

Nioko Cement Cfirl?r?élc Sheet metal Cement 20 m? Living room
Nonghin 3

Banco Cement Sheet metal Improved mud 10 m Bedroom
gz:flignot Cement Sheet metal Improved mud 12 m? Living room

Polesgo Banco Cement Sheet metal Simple mud 13 m? Bedroom

Somgandé . Much improved ) .
Nubian Vault Clay tiling Earth mud 30 m Living room
Table 1 Presentation of the seven houses and their characteristics.

Houses were selected depending on the household’s willingness to accept the presence of a data
logger, which was a major difficulty in this work. The population was generally very reluctant to
participate in this pilot survey. It took a lot of patience from the investigators to find households
willing to allow the devices to be fitted and a lot of explanations about the guarantees as to privacy.
This point was crucial because the data loggers were placed in the bedroom to monitor the thermal
conditions experienced by the human body indoors. The choice of the houses was also made to
include diversity in the environmental living conditions of the households. The objective was
therefore to diversify, in all five neighbourhoods, the types of housing, walls, and roofing. This
diversity also reflects the range of lifestyles and socio-economic characteristics observed there
(Table 1; Fig. 2).

In the neighbourhood of Kilwin, the “Kilwin Cement” dwelling is located in a
"celibatorium", a single-storey set of three dwellings with a shared courtyard. The house
comprises a living room and a bedroom (with a bathroom in the bedroom). The roof is
made of sheet metal on a concrete slab, the floor is tiled and the external walls are made of
cement. The bedroom, where the data logger was placed, has a louvre window with iron
nako (that is, window frames allowing the movement of metal or glass slats about twenty
centimetres wide, like shutters), in front of the entrance door of the room, ideal for natural
ventilation. During the period, a ceiling fan was installed above the bed where three people
sleep (a couple and their young child). The data logger was placed on the wall between the
bedroom and the living room, with no direct exposure to sunlight. Outside, the shared
courtyard and the building are fully exposed, with no shading effect.

The house of “Nonghin Banco” is composed of three rooms where five people (two adults
and three children) live. With a simple sheet metal roof, cement floor, and outer walls made
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of improved banco (a traditional building material in sub-Saharan Africa, made of clay and
chopped straw), it is located in a densely populated informal neighbourhood. The room
where the data logger was placed is one of two bedrooms with a small and a large louvre
window made of iron nako. The wall to which the data logger was fitted is south-facing,
just in front of another building less than 1 metre away, providing shade in the afternoon.
The courtyard is not shaded at all, despite the presence of a young tree (less than 1 m high
at the time the logger was installed). The wife of the head of the household sells take-away
lunches made on stoves in the courtyard, not far from the wall of the monitored room. The
parents said they sleep outside during the hot season because the indoor temperature is too
high. For safety reasons, the children sleep indoors.

The house of “Nioko Banco” is made of improved banco (with a thin layer of cement to
protect the walls), the roof is made of sheet metal and the floor of cement. It consists of a
single room and is located in a courtyard of three houses belonging to the same family. It
serves as a guest room. It has a door and a louvre (nako) window on the same wall, opposite
the wall where the logger was installed on the south-eastern side. The corresponding wall
is not exposed to sunlight but shaded by the high wall surrounding the property. Much use
is made of the courtyard where a large mango tree in the middle provides some shade for
the inhabitants.

The “Nioko Cement” building is a large three-room house, made of cement, with a ceramic
tiled floor and sheet metal roof. The data logger was placed in the living room of 20 m?,
which has three windows with glass or trellis (nako) and two doors, with a high ceiling. It
is therefore relatively well ventilated. The wall where the logger was placed faces south-
west and is exposed to direct sunlight with no shade. The courtyard as a whole is unshaded.
Six people live in this house, three adults and three children.

The “Polesgo Cement” house has been inhabited since 2005 by a household whose main
activity is brewing dolo, the local millet beer. It is a single-storey house, composed of a
living room and a bedroom. The roof is sheet metal, the floor cement, and the walls simple
banco. The logger was placed in the bedroom. There is a window and two small openings
for ventilation around the window. The trellis window, made of iron nako, is opposite the
entrance to the room, which is separated from the living room by a curtain. The wall where
the logger was located faces south-west and is slightly shaded at the end of the day by a
mango tree in the courtyard. Three people (two adults and a child) sleep in this room at
night.

“Polesgo Banco” is a single-storey house with a living room and a bedroom. The house is
isolated in a large courtyard where there was only a 1.5 m-high tree at the time of the
measurements. The roof of the house is made of sheet metal, the floor is cement and the
walls are improved mud. In the living room where the temperatures were recorded, there
is a trellis window made of iron nako, on the same side of the wall as the front door, and
opposite the wall where the data logger was placed. There is no door between the bedroom
and the living room, just an opening. The wall where the logger was located faces north-
west, with no shading effect. When measurements began, only one person was living in
this house. Then, during the measurement period, this person moved away, leaving the
house unoccupied and unfurnished until the end of the period.

Built according to ancestral techniques, the bioclimatic Nubian Vault in Somgandé is well
insulated. It is made of stone, earth and water and is suitable for countries with hot, dry
climates. The data logger was placed in the living room, with several windows and glass
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doors allowing significant natural ventilation. The logger was placed on an east-facing
partition wall. This is a guest house, located in a residential area, so there are many visitors.
The courtyard is large, with some shade afforded by a few small trees (shorter than 2 m).
During the day, the house itself is not shaded.

2.2 Regional climate monitoring and assessment

ERA-Interim reanalyses (Dee et al. 2011) are used to characterize the regional-scale climate
context. Here, we make use of air temperature (daily minimum, maximum and mean air
temperature at 2 m above the surface, hereafter referred to as Tn, Tx, T2m: °C), and wind at 10 m
(m.s"). These variables are usually considered reliable because they are directly constrained by
data assimilation. In addition, we also consider the total column water vapour content (g.m?) and
shortwave radiation at the surface (J.m?), which are more dependent on the model physics and
need to be considered with greater caution.

Observed records of air temperature (Tn and Tx: °C) are also available at the synoptic station of
Ouagadougou (at the international airport, south of the city centre: Fig. 1). Although these time
series include some missing values over the period considered in this work (only 161 Tn and 307
Tx values out of the 393 days of the study period, leaving 59% and 22% of missing values,
respectively), such in situ data is used to assess the quality of ERA-I temperature and to correlate
outdoor and indoor temperature variability (Supp. Figs. 1-2).

Land surface temperature (LST) estimates, derived from Landsat 8 OLI (Operational Land
Imager), make it possible to obtain continuous temperature fields at a 100-m horizontal resolution
over Ouagadougou and its surroundings. Such estimates are obtained at 10:25 UTC for 7 dates for
which cloud cover is very weak or null (23 Nov. and 25 Dec. 2017; 10 Jan., 27 Feb., 15 Mar., 16
Apr. and 18 May 2018). Vegetative activity is derived from the same dataset at the same dates
through a normalized difference vegetation index (NDVI: Fig. 1) at a 30 m resolution. For the
purposes of illustration, Figure 3 shows the estimated LST fields at four dates chosen to represent
the seasonality in LST, and the time evolution of spatial contrasts throughout the domain of
interest. Both NDVI and LST were calculated using the QGIS Land Surface Temperature
Estimation Plugin (Ndossi and Advan 2016). LST was obtained from the Radiative Transfer
Equation of Sobrino et al. (2004) with corrections for atmospheric effects (Barsi et al. 2003) and
land surface emissivity (Sobrino et al. 2008). In order to compare the indoor temperatures
measured in the seven houses and LSTs in their surroundings, we considered various spatial scales
representative of the neighbourhoods of the houses. To that end, we averaged spatially the LST
values over pixels for buffers of different sizes, from the nearest neighbour (i.e. the Landsat pixel
closest to the house) up to the 1000 m zone around the house of interest. Intermediate scales are
also considered, through buffers of increasing size with a step of 100 m (i.e. buffers of 0, 100, 200,
..., 900 and 1000 m around each house). Results revealed very low sensitivity to this choice (not
shown). Thus, only the nearest neighbours are presented and discussed.
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Figure 3 Land-surface temperature as derived from Landsat imagery, for four dates with
little or no cloud cover. For readability, colour scales differ from one date to another: see legends
for details. Green dots show the location of the seven houses analysed in this work.

3. Results
3.1 Different thermal signatures between houses

Figure 4 shows the average indoor temperatures recorded in the seven houses. The two-
dimensional display of the time series provides an immediate visualization of the two orbital cycles
driving temperature variability, that is, the diurnal and annual cycles. Over the study period, the
average indoor temperature for all houses is 31.7 °C, denoting hot conditions that exceed by 3 °C
the average outdoor air temperature recorded at the weather station over the same period (28.7 °C).
This average value conceals very strong temporal variability. Daily peaks of temperature are
recorded between 14:00 and 16:00 UTC throughout the year (with an overall maximum of 42.3 °C
obtained when averaging the seven indoor records of 7 May 2015 at 15:00 UTC). Daily minima
occur late at night and early in the morning, typically between 05:00 and 07:00 UTC, whatever the
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season of the year (the overall minimum 0f 23.0 °C occurred on 22 December 2017 at 06:00 UTC).
Seasonally, a bimodal cycle of temperature is found, with a main temperature peak in spring
(March through May), i.e. before the onset of the monsoon, and a secondary, lower peak after the
monsoon in autumn (October and November). Such temperature seasonality is also found in
outdoor air temperature (Supp. Fig. 1) and is typical for the hinterland regions of the Sahel (Moron
et al. 2016). In addition to these combined cycles, strong day-to-day temperature variability is also
clearly discernible in these records (Fig. 4). Detailed analysis of individual time series of indoor
temperature (Supp. Fig. 4) show in-phase daily fluctuations, denoting the strong control of larger-
scale climate and weather on indoor temperature. This point is further addressed below.

House Average Somgandé Nub. VIt — Avg.
: :

T "w’

Kilwin Cement — Average

20
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- (ML | -
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Nioko Cement — Average

‘ | |
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Nioko Banco — Average Nonghin Banco — Average

20
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: o
WL Ii

MJJASONDJFMAM
Polesgo Cement — Average

MJJASONDJFMAM
Polesgo Banco — Average

MJJASONDJFMAM

MJJASONDJFMAM MJJASONDJFMAM

Figure 4 Daily vs. hourly indoor temperature diagrams for the recording period between 25
April 2017 and 22 May 2018. Upper left-hand diagram: average of hourly indoor temperatures
(°C, upper colour legend). All other diagrams: indoor temperature differences between each house
and the average (°C, lower colour legend).

Figure 4 also presents the particularities of each house with respect to the mean. Although the
statistical robustness of the average should be questioned, due to the limited sample size (seven

11
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houses only), analysing the difference between each house and their mean reveals a few salient
points. (i) Even though it is the coolest house on average, the “Somgandé Nubian Vault” (Fig. 2a-
b) stands out even more clearly in the afternoons (see Supp. Fig. 3), when indoor temperatures rise
dramatically in most places but more moderately in this bioclimatic house, as a direct consequence
of'its shape (concentrating heat under the roof: Fig. 2b; Table 1) and design (materials with greater
inertia). As an illustration, the maximum temperature recorded in Somgand¢ during the
instrumented period is only 36.3 °C, on 19 March 2018. (ii) By contrast, the “Polesgo Cement”
house (Fig. 2g) is, by far, the warmest, with the main departures from the mean concentrated in
the afternoons. At this time of day, the temperature increases more strongly in this house than in
any other building considered in this work, enhancing its distinctive thermal signature. The warmer
the outdoor conditions, the greater the difference between this house and the others. This could
entail major impacts for human health, all factors leading to heat stress and danger adding their
effects. The overall temperature peak recorded in this house is 47.1 °C on 4 May 2018, which also
corresponds to the highest temperature recorded in all seven houses over the period. (iii) All other
houses exhibit intermediate behaviours between these extremes, but with very different diurnal
and seasonal profiles. The “Nonghin Banco” house (Fig. 2d) is for instance rather close to the
thermal signature of the “Somgandé Nubian Vault” bioclimatic house, albeit with slightly warmer
conditions. It tends to exceed the average behaviour at night but is markedly cooler than other
houses in the afternoon, under the warmest conditions, denoting thus a damped diurnal cycle and
a narrower diurnal thermal range (DTR). The “Nioko Cement” house (Fig. 2e) has roughly the
opposite signature, with a wider DTR amplifying temperature differences between the late night
and the afternoon; overall, it is rather close to the house mean. The “Polesgo Banco” house (Fig.
2h) shares common properties with the “Nioko Cement” house, especially an above-average DTR.
However, this particularity is also modulated by the seasonal cycle, and is more pronounced during
the hot boreal spring than during the cold winter. Finally, the “Kilwin Cement” (Fig. 2c) and
“Nioko Banco” houses (Fig. 2f) have almost reverse diurnal signatures, with “Kilwin Cement”
being warmer than the average in the late morning and cooler during the late afternoon and at
night, and “Nioko Banco” exhibiting exactly the opposite behaviour.

Such differentiation in the thermal profile of these houses, at the diurnal scale, can be related to
many factors (e.g. house architecture, construction materials, surrounding environment — either
built-up or not, indoor equipment, life habits and way of life: Table 1). Seasonal modulations in
these particular signatures should be considered with caution. In “Kilwin Cement”, the sudden
change found in late March 2018 is caused by the installation of a ceiling fan in the bedroom where
the thermometer was fitted. In “Nioko Banco” and “Nioko Cement”, the sudden change in both
houses between October and April (that is, after the monsoon retreat) is interpreted as denoting a
particular signature of this northern neighbourhood of Ouagadougou. Unlike their counterparts in
the temperate countries, large agglomerations of Africa are often characterized by quite weak
night-time urban heat islands (Wienert and Kuttler 2005; Balogun et al. 2012; Ayanlade 2016;
Scott et al. 2017). It is not certain if a clear and spatially coherent urban heat island forms at night
in Ouagadougou, especially in the central parts of the agglomeration where large parks and water
bodies (Fig. 1) can act to cool the urban boundary layer (Offerle et al. 2005; Lindén 2011). During
the daytime, cooler conditions more often prevail in urban areas, because surface roughness
enhances vertical mixing and turbulence, or because the weaker skyview factor increasing shading.
Such effects are clearly visible in Figure 3, with LST differences of up to 5 °C between urbanized
and nearby unbuilt parcels. Nioko being close to the northern boundary of the agglomeration (Fig.

12



1), we hypothesize that this neighbourhood is under the direct influence of the warmer rural air
mass in winter, when northern wind regimes develop and prevail throughout the dry season

(Cornforth et al. 2019).

390 3.2 Separating outdoor climate influence and architecture

Nioko Banco
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395  Figure 5 Daily minimum and maximum temperature at the synoptic weather station of
Ouagadougou (black curves) and minimum (blue curves) and maximum (red curves) indoor
temperature in each individual house.

Figure 5 aims to assess in detail the relationship between indoor and outdoor temperature. Here,
400  the daily extrema of indoor temperature are plotted together with the Tn and Tx air temperatures
recorded at the synoptic weather station of Ouagadougou international airport. For all houses, the
general pattern of temperature is logically very similar indoors and outdoors, both for minimum
and maximum temperatures. More importantly, these plots also reveal that, in all houses, the daily
minimum temperature exceeds by 6 to 10 °C that recorded at the weather station: the thermal
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inertia of the buildings mitigates the night-time radiative cooling. The “Nioko Cement” house
experiences the coldest daily minima (and thus the smallest difference with Tn records), and
“Nonghin Banco” the warmest minima. The results are more contrasted for daily temperature
peaks, as suggested by the marked differentiation between houses already discussed in Fig. 4. Only
the “Somgandé Nubian Vault” and “Nonghin Banco” houses have temperature maxima that are
clearly below Tx records. Consequently, the inner DTR is also narrower for these houses, mostly
because of these lower maxima. During the last two months of the period, the “Kilwin Cement”
house exhibits similar behaviour, illustrating the major influence of the ceiling fan in lowering
afternoon temperature peaks. The estimated temperature drop is typically 5 to 6 °C. Both “Nioko”
houses display daily maxima that are almost identical to outer Tx values, throughout the study
period (i.e., whatever the season of the year). They slightly exceed the temperature values recorded
at the airport only in autumn and winter (October—January), an issue already discussed above that
can probably be at least partly explained by the position of this neighbourhood within the
agglomeration. Both “Polesgo” houses and “Kilwin Cement” before the installation of the fan in
March 2018 tend to show inner peaks that exceed the Tx records during the hottest spring season,
and also during the monsoon season in summer. This is particularly marked for the “Polesgo
Cement” house from March to late October 2017. Inner temperatures often exceed the temperature
of the human body, and they even recurrently exceed 40 °C. These results show that these houses
are clearly different from the others during the seasons that are already the most difficult for the
body to adapt to background heat (in spring) or humidity (in summer), dramatically enhancing the
heat stress experienced by their inhabitants.

Are such differences between houses only modulated by their architecture (including their shape
and construction materials) or do they relate also to specificities in outdoor conditions? The
question can be raised for instance for the “Somgandé Nubian Vault” house, located close to the
water reservoirs and a major forested urban park (Bangr Weogo). In order to take into account
these potential effects of particular neighbourhood conditions, Figure 6 shows the differences
between pairs of houses located in the same sector of the city. The main factor driving these
differences is the architecture of the houses and possibly the built and green environment of the
inner courtyard, since outdoor conditions are similar. Differences can reach 5 °C, the highest
values being clearly found between 10:00 and 16:00 UTC, i.e. roughly during the diurnal
temperature peak (Fig. 4 and Supp. Fig. 4). This is particularly meaningful, because this
demonstrates the importance of architecture and construction materials in lowering indoor
temperatures during the hottest hours of the day. Once again, the last two months of the Kilwin
Cement time series should be considered with care, due to the installation of a fan completely
changing the temperature in the room where the data logger was fitted. This further shows the
potential usefulness of basic electrical equipment to reduce indoor heat stress (Uejio et al. 2011).
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Figure 6 Daily vs. hourly diagrams of indoor temperature differences between pairs of
houses in the same neighbourhoods (°C).

Unfortunately, this analysis does not make it possible to clearly state whether the particular
signature of the bioclimatic Nubian Vault is partly inherited from outdoor conditions, since this
house cannot be paired with another located close to it but architecturally different. In order to
overcome this limitation of our campaign, Figure 7 presents scatterplots intersecting indoor
temperature and LST close to the houses, for the seven dates at which Landsat data are available
over Ouagadougou (i.e., clear-sky conditions). In order to help in interpreting these results, the
same scatterplot (including 7 houses x 7 dates = 49 values) is duplicated to separate the spatial
(Fig. 7a) and the temporal (Fig. 7b) variability. Although this figure only presents LST at the
nearest grid-points, several tests were made by averaging satellite data over buffers of various sizes
(up to 1000 m) centred on the seven houses considered in this work (see Section 2.2 for details).
The results are remarkably consistent whatever the size of the buffer, denoting rather homogeneous
LSTs close to the houses (Fig. 3).
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Figure 7 Comparison between land surface temperature derived from Landsat imagery vs.

indoor temperature recorded at the same time. (a) Spatial variability: for each date (coloured
curves), relationship between indoor and land surface variability for the seven houses and nearest
Landsat grids. (b) Temporal variability: for each house and nearest Landsat grid, temporal changes
of land surface and indoor temperature at the seven selected dates for which land surface
temperature estimates are available.

Temporally (Fig. 7b), all the houses tend to show the same temperature changes from one Landsat
date to another, an expected result driven by the seasonality of temperature (Fig. 5). It also shows
that, at this time of the morning (10:25 UTC), the “Somgandé Nubian Vault” house is the only one
that is systematically cooler than its surrounding outdoor LST. All other houses are quite close to
the y=x line, which is quite coherent for this time of day. The largest departures from the first
bisector are recorded for the late spring scenes (Fig. 7a), during the warmest season; they are
particularly marked at “Polesgo Cement”, already found to be the warmest house, and, more
surprisingly, for “Nonghin Banco”, which is usually rather cool (Fig. 4). For the latter, our
hypothesis is that this particular behaviour is due to its strong thermal inertia, the warm indoor
conditions in the morning being due to reduced night-time cooling (Fig. 4).

There is probably more interest in analysing the spatial variability (Fig. 7a). Whatever the date of
the Landsat scenes, indoor temperature shows more variability than the corresponding LST
estimations (LST itself being much more variable spatially than outdoor air temperature). For a
given day, the standard deviation of indoor temperatures (from one house to another) ranges from
1.59 (25 December 2017) to 7.46 (16 April 2018), which is greater than that computed between
corresponding Landsat pixels of LST estimates. While LST shows rather constant spatial
variability, weakly modulated by the seasonal cycles (at least for the pixels nearest to the seven
houses: Fig. 7b), indoor variability increases greatly with outdoor temperature, leading to larger
differences close to the annual peak of temperature. This is particularly marked for the last two
dates (April and May 2018) in Fig. 7a, for which the indoor records in the “Somgandé Nubian

16



495

500

505

510

515

520

525

530

535

Vault” house were missing (thus probably underestimating the indoor temperature variability from
one house to another).

These results demonstrate that, when the annual temperature peak occurs and can cause major
public health issues, temperature is also highly variable from one type of house to another. Thus,
architecture and construction materials, as well as the built and green environment of the courtyard,
can have a major influence in modulating (i.e., reducing or enhancing) the heat exposure and hence
the heat stress experienced by the human body during this critical season. Severe climatic
conditions are shown, here, to amplify the inequalities in the living conditions of the populations,
a statement that could be of even greater importance as climate change continues.

3.3 Building response to abrupt temperature changes

In this section, we focus more particularly on abrupt temperature changes and characterize the
buildings’ response to such perturbations in outdoor conditions. Even though outdoor day-to-day
temperature variability is generally lower than in the mid-latitudes, the physical processes driving
such temperature variability at short to seasonal scales across the Sahel are now well understood
(e.g., Guichard et al. 2009; Fontaine et al. 2013; Moron et al. 2016, 2018; Oueslati et al. 2017;
Barbier et al. 2018; Sambou et al. 2020). For data availability reasons (Sect. 2.2) and because
houses differ more in the afternoon under the hottest diurnal and seasonal conditions (Sect. 3.1 and
3.2), we focus here on abrupt changes in Tx, as recorded at the synoptic weather station of
Ouagadougou airport. We first calculate day-to-day Tx changes (i.e., 0Tn / ot) and verify that
reanalyses are not only skilful for estimating day-to-day temperature variability (in spite of a clear
underestimation of the DTR due to systematic warm Tn and cold Tx biases: Supp. Fig. 1), but also
the magnitude of their day-to-day changes (Supp. Fig. 2). The computation of these day-to-day
differences being based on two consecutive non-missing values, the number of possible
calculations over our 393-day long study period drops to 240 for Tx, against only 78 for Tn (Supp.
Fig. 2).

Here, we choose to focus on the most abrupt decrease in Tx, by removing the 5% lowest 0Tn / Ot
values. Twelve such Tx drops are removed. Similar analyses have been applied to abrupt increases
in Tx (using the 5% highest 0Tn / ot values) and lead to qualitatively similar conclusions (modulo
a reversed sign for temperature changes) in terms of thermal inertia of the houses (not shown).
However, over our study period, positive 0Tn / ot values are weaker than their negative
counterparts (barely exceeding +5 °C: Supp. Fig. 2), acting thus to reduce the magnitude of
outdoor and indoor temperature response to these perturbations (not shown).

Figure 8a shows that the local Tx changes recorded at Ouagadougou seem to show some spatial
coherence over the central Sahel, a statement that should be considered with care since it may vary
strongly from one event to another and be perturbed by the anisotropic distribution of weather
stations assimilated in the reanalyses. Determining the spatial extent of these daily Tx fluctuations
is not our primary purpose here. Fig. 8a also shows that these changes are not associated with
strong and consistent modifications in regional atmospheric circulation. The decrease in Tx
corresponds rather to a significant decrease in shortwave solar radiation reaching the surface over
and around Ouagadougou (Fig. 8b) and, more locally, a significant increase in the total water
vapour in the air column (Fig. 8c). Taken together, these results suggest that the decrease in Tx is
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mostly due to changes in the radiative budget of the atmosphere, possibly due to cloud cover or
aerosols, confirming the processes shown to control Tx variability over the Sahel region (Oueslati
et al. 2017; Moron et al. 2018).
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Figure 8 Abrupt decrease in Tx outdoor air temperature, and associated regional-scale

mechanisms. (a) Changes in maximum air temperature at 2 m above ground level (Tx, in °C) and
horizontal wind (m.s™") at 10 m between the day before and the day of the abrupt decrease in Tx
(di minus do). Dashed curves show statistically significant changes according to a t-test at the 95%
confidence level. All fields are from ERA-Interim reanalysis. The plus sign shows the location of
Ouagadougou. (b) As (a) but for downward solar radiation at the surface at 15:00 UTC (J.m2). (c)
As (a) but for total water vapour integrated vertically on the air column at 15:00 UTC (g.m™).

For 4 out of the 12 abrupt Tx decrease events identified, Figure 9 shows (i) the Tx day-to-day
changes at Ouagadougou airport (used to detect these events), (ii) corresponding daily Tx changes
in ERA-Interim, and (iii) hourly temperature evolutions in the seven houses considered in this
work. These dates are chosen because they are representative of the typical changes in indoor
temperature during abrupt Tx variations and also because they occur during or close to the warmest
season of the year, that is, late spring (Supp. Fig. 1). By construction, Tx records at the synoptic
weather station display a drop of typically 5-7 °C between day #0 and day #1, an evolution
generally reproduced by ERA-Interim, although of less amplitude. Reanalyses also display their
systematic cold bias prevailing in the afternoon (Supp. Fig. 1). Between days #1 and #2
temperature changes are highly variable from one event to another, indicative of weak serial
correlation in the 0Tn / Ot values.
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Figure 9 Ilustration of four (out of 12) selected abrupt decreases in Tx. Black dots: day-to-
day changes in Tx according to the Ouagadougou synoptic station (used to detect largest Tx
changes). Abrupt changes occur between do and di. Black squares: the same for ERA-Interim.
Colour curves: hourly indoor temperature records in the seven houses.

Detailed analysis of indoor response to these changes in the regional climate (Fig. 9) first confirms
the very high variability of temperature from one house to another. This is especially true for
indoor DTR, that mostly leads to smoothing or modulation of the afternoon peak. Houses with low
DTR like “Somgandé Nubian Vault” or, to a lesser extent, “Nonghin Banco”, clearly show a
strongly damped afternoon peak, while their night-time minima are close to the average values of
the houses. Overall, these houses are therefore cooler than the others. Some houses like “Polesgo
Cement” or “Polesgo Banco” are generally warmer than the others whatever the time of day,
illustrating that the DTR and the thermal inertia of the houses are not the only factors influencing
maximum indoor temperatures. The abrupt Tx decrease between day #0 and #1 is accompanied by
indoor temperature changes of almost identical magnitudes. This is especially true for day-to-day
changes in the afternoon temperature peak, except once again for the “Somgandé Nubian Vault”
and “Nonghin Banco” houses. This shows that most houses respond strongly and rapidly to
changes in outdoor climate conditions (a result that is confirmed for both increases and decreases
in Tx and Tn: not shown). Such rapid adjustments of indoor thermal conditions to weather and
climate variability could be indicative of the importance of daytime shortwave radiation in heating
the house interiors. However, it was not easy to identify relationships between radiation and indoor
temperature based on our sample and a rather short instrumented campaign. This was because
radiation seems to control both indoor and outdoor temperature, thus leading to differences
between indoor and outdoor temperature that are mostly season-dependent (as shown by Fig. 5)
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and, thus, less related to short-lived changes in shortwave radiation (not shown). By contrast, the
coolest houses, with greater inertia, are also those that show the smallest changes from one day to
another, a result that is also confirmed for sudden temperature (Tx or Tn) increases (not shown).
Under current climate conditions, Sahelian HWs are rather short (Moron et al. 2016; Ringard et
al. 2016; Oueslati et al. 2017) and houses with strong thermal inertia could help mitigate both heat
exposure and heat stress associated with such phenomena.

3.4 Building-dependent heat exposure

Somgandé Nubian Vault Kilwin Cement

MJJASONDJFMAM

Nioko Banco Nioko Cement Nonghin Banco

it
i

MJJASONDJFMAM MJJASONDJFMAM
Polesgo Banco

Figure 10 Daily vs. hourly diagrams of indoor heat index for the recording period between 25
April 2017 and 22 May 2018. Thin black contours show the “Extreme Caution” threshold. Thick
black contours show the “Danger” threshold.

By mitigating or enhancing the extreme temperature peaks recorded at Ouagadougou in the
afternoon, the built environment has the potential to modulate the heat exposure of its inhabitants
(Ayanlade et al. 2019; Tyubee et al. 2020). Overall heat index (HI) variability and associated
thresholds (extreme caution and heat danger) in the seven houses is shown in Fig. 10. Table 2
presents the time spent, in each house and over the study period, in each HI heat stress category.
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The same thresholds (Steadman 1979) are also identified in Fig. 10 in order to visualize the time
distribution of associated thresholds crossings.

Somgandé | Kilwin | Nioko | Nioko | Nonghin | Polesgo | Polesgo
Nubian Cement | Banco | Cement | Banco | Cement | Banco
Vault
Caution 7970 6743 6740 7169 8072 5933 6727
Extreme 30 2537 1919 2066 1343 2668 2289
Caution
Danger 0 134 14 180 0 813 399
Extreme Danger 0 0 0 0 0 1 0
x 8000 9414 8673 9415 9415 9415 9415
Table 2 Duration (number of hours) spent in each heat index category (rows) based on

indoor temperature and humidity records (columns). The total number of values available during
the recording period between 25 April 2017 and 22 May 2018 is also indicated.

Although the first category (“caution”, for which no major health issues are expected) is clearly
predominant for all houses (because the whole year is considered here, including the winter
season), the difference from one house to another is striking in terms of occupation of the
potentially dangerous (i.e. the upper two) categories. The “coolest / highest inertia” houses
(“Somgandé Nubian Vault” and “Nonghin Banco”) are totally absent from these categories,
leading to reduced heat stress and danger for their inhabitants. The “Somgandé Nubian Vault”
house is confined to the “caution” category, except for 30 hours spent in the second one (“Extreme
Caution”), a value that already exceeds 1300 hours at “Nonghin Banco”. These results tend to
confirm the singular behaviour of the bioclimatic house, but it should be observed that the final
weeks of recordings (Spring 2018) are missing for the “Somgandé Nubian Vault” house, which
could reduce the time spent in the “Extreme Caution” category during the annual peak of
temperature, and thus alter the comparison with the other houses. As expected, the warmest house
(“Polesgo Cement”) is also the one most present in the upper categories, with more than 800 hours
in “Danger” and even one hour in the “Extreme Danger” category, materializing the immediate
risks of deadly heat. The situation is particularly critical during in late spring (May and June: Fig.
10), for which the whole day and night is likely to exceed the “Extreme Caution” threshold, and
most of daytime is in the “Danger” category (for at least 5—-8 consecutive hours, i.e. typically
between 10:00-12:00 and 18:00-20:00 UTC). All other houses exhibit intermediate behaviours,
and are notably present 14 hours (“Nioko”) to roughly 400 (“Polesgo Banco”) in the “Danger”
category. This indicates potentially very serious health issues in most of the houses considered in
this work. The frequency and occurrence of the “Danger” and even “Extreme Danger” categories
are expected to rise significantly in coming decades under climate change, raising the question of
public health impacts of climate extremes, especially heat extremes and HWs (e.g., Ringard et al.
2016; Moron et al. 2016; Sambou et al. 2021). The most underprivileged populations face the
greatest difficulties in protecting themselves against deadly heat during such severe events,
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confirming that climate change enhances inequalities and differences between the most and least
resilient households.

4. Discussion

Using hourly air temperature and humidity records performed over a 13-month period in seven
houses of Ouagadougou, Burkina Faso, this pilot study led to the following main results.

— Indoor temperature is much more variable, from one house to another, than corresponding land
surface temperature near the houses, as estimated by satellite imagery. This shows the primary
importance of house architecture and the nearby environment, and that of indoor activities and
inhabitants’ habits, for modulating indoor temperatures. The installation of a ceiling fan in one of
the houses, which had not been planned for in the instrumented campaign, reveals the influence of
such devices for modifying indoor thermal conditions (temperature peaks reduced by 5-6 °C). It
also illustrates the importance of having access to metadata to avoid erroneous interpretations of
collected time series.

— Differences from one house to another are particularly marked during the hottest hours of the
hot season, i.e. in spring afternoons (May—June). Houses with high thermal inertia greatly smooth
the diurnal temperature peak, reducing the heat exposure of their inhabitants. This implies that
houses exacerbate differences in living conditions and heat stress and danger experienced by their
occupants. For illustrative purposes, the hottest house experienced an overall temperature
maximum that exceeded by nearly 11 °C that of the coolest house (47.1 °C in “Polesgo Cement”,
as against 36.3 °C in “Somgand¢ Nubian Vault”). These maxima have not been reached at the
same time, indicating that houses show contrasted responses to outdoor climate variability.

— Most houses display fast and strong responses to changes in outdoor weather and climate
conditions (temperature, radiation, wind, etc.). This statement is confirmed at different timescales,
including the annual and diurnal cycles, but also for day-to-day variability. Houses with the
greatest thermal inertia are also those exhibiting weaker dependency on outdoor conditions. By
smoothing the afternoon temperature peaks, they protect their occupants from deadly heat.

The recent instrumented campaign is planned to end with a presentation of the results obtained in
this study to the households involved in the study.

5. Conclusion
This work revealed huge difficulties in obtaining reliable, homogeneous and comparable indoor
temperature time series over the long term. Our results also show how complex the issue of indoor
temperature may be, and how critical the problem of heat danger may become in the Sahel in the

near future.

There are numerous degrees of freedom modulating indoor temperature, including but not limited
to (i) architecture (the size and shape of the buildings and their inner rooms, the size and
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arrangement of doors and windows determining natural ventilation, construction materials, the
width of walls and [lack of] insulation of roofs, etc.); (i) indoor equipment (including fans,
electrical or electronic devices, etc.) conditioned themselves on the availability or urban
infrastructures like electricity and, more generally, the habits and way of life of the households;
and (iii) outdoor conditions, either regional (weather and climate conditions, especially air
temperature, solar radiation, wind speed and direction) or local (especially the skyview factor,
determining the presence or absence of shading effects and thereby the radiation received by the
buildings, but also their location within the agglomeration). The present work did not allow for a
quantitative and precise assessment of the relative weight and role of each of these parameters:
such was not the purpose of this pilot study. Much more ambitious campaigns with longer
acquisition periods are now needed to disentangle the respective influence of these factors.

From a building point of view, increasing the number of houses considered could allow for a more
detailed quantification of the aforementioned parameters. Through a strategy focusing on
contrasted houses located in the same neighbourhoods, it could also further help to separate indoor
vs. outdoor influences. A major difficulty noted for this work was to have the data loggers accepted
by the inhabitants, ideally in the bedroom along the north-facing wall to reduce direct radiation. It
proved unfeasible to apply this criterion systematically in the present work because most people
were reluctant to participate in this survey, and even the volunteers chose convenient places to
install the data logger as a mandatory condition for their agreement. It is expected that non-
negligible uncertainties may be associated with the localization of the data logger within the
houses, an issue that remains to be quantified.

From a climatic point of view, longer campaigns using both indoor and outdoor measurements of
air temperature, could help assess the role of outdoor conditions, especially solar radiation and air
temperature, with increased robustness. Here, radiation was found to have a significant, yet
complex influence, that could not be fully determined because of quite short time series and strong
co-linearity with other climate variables (temperature, humidity, etc.) equally modulated by the
annual and diurnal cycles. Surface solar radiation is found to increase both indoor and outdoor
temperature, and, in our study period and based on our sample of seven houses, it seems to
modulate quite weakly the temperature differences between indoors and outdoors. A particular
case is the Somgandé Nubian Vault, this bioclimatic house being built to remain quite cool even
under hot outdoor conditions. In this case, the temperature gradient is more pronounced under
strong radiative conditions, with outdoor temperature increasing more than indoor temperature in
this house.

The exacerbated contrasts, from one house to another, of indoor thermal conditions during the
hottest hours of the warm season, is one of the key findings of this study. It could have major
implications for future work and, more importantly, for local populations, raising the question of
the impacts of temperature and heat exposure on human health. During the hot spells or HWs,
indoor and outdoor temperature peaks combine their effects and are likely to cause major public
health issues, excessively detrimental to the poorest populations. This is especially true in the
already hot Sahelian belt, especially in spring. Other detrimental impacts are also expected in
living, working and learning conditions. Such problems are of increasing importance with ongoing
climate change.
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Projections of indoor temperature conditions could become feasible, once a robust sample of
indoor temperature is obtained and once the relative weight of outdoor climate variables is
assessed. This could be achieved for contrasted houses, e.g. through multivariate transfer functions
between projected outdoor climate and indoor conditions. Eventually, one could estimate the time
evolution of potentially dangerous conditions for human health, using bioclimatic indices and
associated danger thresholds. Such results could raise the question of the permanent habitability
of hinterland Sahelian regions and cities by human communities in the future.

Strategies to mitigate and adapt to climate change in tropical Africa could finally include, in
addition to low-carbon development and economies, major efforts for sustainable and energy-
efficient urbanization. This would be a drastic change from current settlements in many informal
areas of major African cities. And yet a necessary change, to help populations resist and protect
against the rapidly-increasing risk of deadly heat. Simple electric devices like ceiling fans act to
reduce indoor temperature, but their generalization would imply a surge in energy demand. The
example of the bioclimatic house considered in this work (“Nubian Vault”) shows that carbon-free
solutions are equally efficient in reducing heat exposure with no additional energy consumption,
thereby contributing to the “no regret measures” increasingly and urgently needed in our warming
world.
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