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Abstract: Extreme hot temperature is dangerous to the bioeconomy, and would worsen with time.
Ambient heatwaves accompanied by unusual droughts are major threats to poverty eradication in
Tanzania. Due to sparsity of observation data and proper heatwave detection metrics, there has been
a paucity of knowledge about heatwave events in Tanzania. In this study, the Heatwave Magnitude
Index daily (HWMId) was adopted to quantitatively analyze heatwave characteristics throughout
Tanzania at mid-21st century (2041-2070) and end of 21st century (2071-2100), relative to the reference
period (1983-2012) using the CHIRTS-daily quasi-global high-resolution temperature dataset and
climate simulations from a multi-modal ensemble of median scenarios (RCP4.5, from CORDEX-
Africa). The results showed that moderate to super-extreme heatwaves occurred in Tanzania between
1983 and 2012, particularly in 1999, when ultra-extreme heatwaves (HWMId > 32) occurred in the
Lake Victoria basin. It is projected that by mid-21st century, the upper category of HWMId would be
hotter and longer, and would occur routinely in Tanzania. The spatial extent of all of the HWMId
categories is projected to range from 34% to 73% by the end of the 21st century with a duration of 8
to 35 days, compared to 1 to 5 days during the reference period. These findings will contribute to
increasing public awareness of the need for adaptation.
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1. Introduction

Global climate change is modifying hazard levels and exacerbating disaster risks [1,2].
From 1951 to 2012, global temperatures rose at a rate of 0.12 °C per decade, resulting in
more severe extreme events such as droughts, floods and heatwaves [3]. Previous studies
established that, depending on the location, a shift in mean temperature led to a non-linear
change in the frequency, intensity and scale of destructive heatwaves globally [4-7]. The
Centre for Research on Epidemiology of Disasters has reported fatal heatwave episodes in
recent decades worldwide [8]. In the United States, heatwaves are considered the dead-
liest weather category, which increased in frequency by 0.6 times per decade from 1961
to 2010 [9]. Heatwaves are classified as the most dangerous natural hazard in Australia,
accounting for over 55% of all weather-related deaths [10]. In 2009, intense heatwaves in
Australia caused nearly 500 registered deaths [11]. While the 2003 European summer heat-
waves took over 70,000 lives [12], about 55,000 deaths were recorded in 2010 in Russian due
to summer heatwaves [13]. Lethal heatwaves in 2013 engulfed parts of China, particularly
in Shanghai, where a 141-year temperature record was exceeded as daily temperatures
rose over 38 °C for 16 consecutive days [14]. In 2015, about 1300 heat-related deaths were
recorded in Pakistan [15]. India and many other parts of Asia have experienced destructive
heatwave events in recent decades [16-21].
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Centrally located in the equatorial tropics, Africa is often described as the world’s
‘hottest” continent [22] with the lowest natural temperature variability [23]. However, fatali-
ties associated with catastrophic heatwaves that occur in Africa are not being well reported,
and the threshold that results in heat-related excess mortality is poorly understood [24].
According to the most updated global disaster reports from EM-DAT, only eight heatwave
events occurred in the entire continent of Africa from 1900 to 2021, located in Egypt (3) and
South Africa, Sudan, Nigeria, Algeria, and Morocco (1 each), resulting in 291 deaths (Egypt,
164; South Africa, 11; Sudan, 16; Nigeria, 60; and Algeria, 40) [25]. This low number of heat-
wave events recorded for Africa is inconsistent with an understanding of this continent as a
“hotspot” of extreme heatwave events. It is therefore necessary to check the recorded data
and determine the true occurrence of heatwaves in Africa. Although no African country
is among the top ten countries with the most heatwaves in the EM-DAT reports (Table 1),
several studies have found deadly heatwaves in many areas of the continent. From 2006 to
2015, the frequency (spatial coverage) of extreme heatwaves increased to 24.5 observations
per year compared to 12.3 per year (1981 to 2005) [26]. A total of 71 lethal heatwave events
were recorded in South Africa between 1983 and 2012 [27], and ambient heatwaves in
2015 caused 110 deaths in Egypt as temperature soared above 47 °C [28]. Many other
studies in other parts of Africa have reported lethal heatwaves in recent decades [29-36].
These extraordinary heatwaves have not only been associated with high morbidity and
mortality in Africa [6,37—40], but also have had dramatic impacts on agro-ecosystems as
temperatures rise above critical physiological thresholds [41-44]. However, heatwaves
are often considered “normal” events in Africa [45], partly because Africa is a tropical
continent and temperatures are already near the upper threshold for human comfort [1]. In
addition, unusual heatwaves in most parts of Africa typically coincide with widespread
droughts, thus obscuring the unique dangers of heatwave events.

Table 1. Occurrences of heatwave disasters in the most affected countries over the globe from 1900 to
2021 as reported in the Emergency Events Database (EM-DAT).

Country Occurrences of Heatwave Disasters Total Deaths
India 28 12,343
USA 24 4801
Japan 15 1040

Pakistan 15 2936

Belgium 8 4701

France 8 27,517

Romania 8 138

Australia 7 509
China 6 206
Italy 6 20,118

Adopted from EM-DAT (https://public.emdat.be/mapping, accessed on 28 July 2021).

Tanzania is about 65% arid and semi-arid [46]. With a largely hot and arid climate, the
country experiences high temperatures, particularly in the dry season when humidity is
often relatively low [47]. According to the Tanzania National Adaptation Plan of Action,
destructive heatwaves accompanied by a precipitation deficit are major threats to poverty
eradication [48], thus hampering Tanzania’s vision for 2025 [49,50]. In-depth analysis of
heatwave episodes is crucial for awareness raising and long-term development planning.
However, studies in Tanzania tend to focus more on droughts and floods with less attention
given to quantitative analysis of heatwaves across the country [39,51]. Heat-related studies
have only focused on Dar es Salaam, a city located along the coast with a warm-humid
climate [47]. For example, qualitative analysis of reported excessive heatwaves in Dar es
Salaam [45,47] attributed high temperatures to urban design patterns. Most recently, [51]
reported excessive heat-related injuries to gold mine workers in the Mara region of Tanza-
nia using qualitative data. The paucity of heatwave information in the country [52,53] is
attributed to lack of high-quality baseline data [54,55] and thermal heatwave evolution met-
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rics [33,37,56]. Analysis of heatwave events using high-resolution dataset across Tanzania
is critical for heat adaptation planning.

A major challenge in heatwave evaluation is the lack of a standard definition of
‘heatwaves’. Definitions vary regarding the length of the heatwave, the type of metrics
adopted, the threshold, and whether humidity is taken into account [9]. Among the
most recent heatwave-evaluation indices developed [5,57-65], the percentile-based Warm
Spell Duration Index (WSDI), adopted by the Expert Team on Climate Change Detection
and Indices (ETCCDI) [66], is considered the most robust index for heatwave evaluation,
because it was specifically developed to detect heatwaves [67]. However, the IPCC 4th
assessment report identified limitations with this index, as it is calculated for individual
seasons and years, thus dividing heatwaves that extend across two different seasons [64,68].
The WSDI also does not take into account the intensity of the heatwave; thus, heatwaves
of the same duration are assumed to have the same severity (intensity) [67]. The Excess
Heat Factor (EHF) [69] is a recent heatwave metric that quantifies heatwave intensity
and duration relative to human health. For this study, we adopted the most up-to-date
heatwave index, the Heatwave Magnitude Index daily (HWMId) [70], which is able to
integrate heatwave intensity and duration into a single numerical value (magnitude).
HWMId is the most comprehensive heatwave-detection tool available, particularly for
hot-arid parts of Africa where extreme heatwaves mainly occur during the dry seasons.
The index is particularly relevant for Tanzania, where most of the radiant heatwaves occur
during the months when humidity is relatively low. As reported by [47], heatwaves in
Tanzania largely occur from October to March, during the dry season. This index has
been used widely in Africa for impact assessment [33,34,71]. In this paper, the CHIRTS
high-resolution satellite remotely sensed and station-blended temperature dataset was
employed to detect heatwaves occurrence during the reference period and to examine
their patterns and magnitudes in the 21st century in Tanzania using high-resolution multi-
median RCP scenarios (RCP4.5). Section 2 provides a detailed description of the data and
methodology adopted in the study. Section 3 presents the results, and Section 4 describes
the main conclusions, providing a comprehensive discussion of the key findings of the
study.

2. Materials and Methods
2.1. Study Area

Tanzania is a tropical country located 50 km south of the equator. The climate varies
substantially across regions, influenced by complex relief features [72]. Temperatures vary
with the geographic location and altitude and are usually higher during the dry seasons
between October and March [46] and are coolest during the months of June and July. The
migration of the Inter-Tropical Convergence Zone (ITCZ) causes the Northern and Eastern
regions of Tanzania to experience two distinct seasonal precipitation patterns (bimodal
precipitation patterns), while the Southwestern, Central and Western parts of the country
experience one precipitation season (unimodal precipitation patterns) [73,74].

2.2. Data Description

High-resolution (0.05°) grid-based time series of daily maximum temperatures were
extracted from the newly available Climate Hazards Center Infrared Temperature with
Stations (CHIRTSmax) Climate Data Record (CDR), developed by [55]. This freely available
dataset from the Climate Hazards Center data portal (http://data.chc.ucsb.edu/products/
CHIRTSdaily/, accessed on 28 July 2021) provides the most reliable and remotely updated
temperature estimates for impact assessment, especially in data-sparse regions such as
Africa. A detailed description of the development of the dataset can be found in the
literature [55,75].

A high-resolution (0.44°) modelled daily temperature dataset for RCP4.5 was obtained
from the RCMs with CORDEX activity for the period 1983-2005. Projections for 2041-2100
were developed using the most popular regional climate model, SMHI-RCA4, using
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3 GCMs: CCma-CanESM2, NCC-NorESM1-M, and CNRM-CERFACS-CNRMCM5. A
detailed description of this model can be found here [76,77]. These models have been widely
used, particularly in Africa, for heatwave detection [33,34,71]. RCP4.5 is an intermediate
scenario that reasonably represents the potential characteristics of future heatwave events
in Tanzania. The high-resolution CHIRTS-daily data were interpolated to a 0.44° grid and
used to validate the multi-modal dataset for future analysis.

2.3. Bias Correction

Bias correction is recommended to reduce the deviation in the climate model’s outputs
and thus diminish uncertainties in the future climate projections [78]. This study adopted
the bias correction spatial disaggregation (BCSD) method [79,80] to increase the accuracy
of model outputs. The long-term monthly trend for the variable Tmax was first extracted
from the GCM data.

/
Xij = Xij = Xitre M

where x’ ij and x;; are the de-trended value and raw value of GCM output on day j (Julian
day of the year) of month i (month of the year), respectively. x; 4, is the long-term monthly
trend for month i (e.g., the series of values for all Januaries during the period was taken
to extract the trend for January). This was calculated for the baseline period and the
future period. The cumulative distribution function (CDF) for the observation and for the
historical GCM simulation were generated by pooling and sorting the corresponding source
values (within 30 days around day j of the year). The CDF for the GCM simulation was then
corrected using the CDF for the observations. The value of the GCM for any CDF quantile
was translated to the corresponding value of the observation in the same CDF quantile.
Assuming the CDF of the GCM simulation was stable across the baseline and future periods,
the CDF for the simulation of future periods was corrected using the corresponding CDF
for the observations. Thus, the bias in the statistical structure of the original GCM output
was eliminated using this correction procedure. Finally, the previously extracted climate
trend x; ;,, was then added back to the adjusted GCM climate values.

2.4. Methodology

The heatwave magnitude index daily (HWMId) [70] was adopted to evaluate the
features of the heatwaves during the reference period (1983-2012), mid-21st century
(2041-2070) and end of the 21st century (2071-2100) across Tanzania. HWMId is an up-
dated version of the heatwave magnitude index (HWMI) [67], which is defined as the
maximum magnitude of heatwaves in a year, where a heatwave is defined as a period of
at least three consecutive days with maximum temperatures above the daily threshold
calculated for a 30-year reference period (1983-2012). The threshold is defined as the 90th
percentile of the daily maximum temperatures centered on a 31-day window [26,70]. The
heatwave magnitude is then calculated by simply summing up the magnitude of each day
composing a heatwave, as described in [70]. A detailed description of the index can be
found in [70,71].

Projected changes were calculated for each grid over the entire country to understand
the broad spatio-temporal distribution of heatwave events at the middle and end of the
21st century (30 years each), while 32 years (1983-2014) was used as the reference period to
calculate the index, as required by the R package. However, analysis of heatwave events
for the observed period was extended to 2016, including the full data length of CHIRTS-
daily, to more broadly evaluate heatwave events over the past few decades. Heatwaves
during the years 2015 and 2016 are highlighted to demonstrate the most recent patterns
of heatwave events relative to the reference period (1983-2012). To further examine the
magnitudes of heatwaves that occurred in the observation period, the 10 years with the
highest HWMId peak values were thoroughly investigated. The Mann—-Kendall test was
adopted to test the statistical significance of the trends over time. To identify and compare
heatwave severity, the heatwave categorization chart used by [17,71] was adopted (Table 2).
A land area ratio was calculated to demonstrate not only the severity of the inter-annual
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changes in the various HWMId categories (classes), but also the areal extent of the country
that was impacted.

Table 2. Classification of Heatwave Magnitude Index daily (HWMId).

Heatwave Category Range Description
Normal TSHWMIG<2 e o Heatmaves ander tis category e relatvely harmes
Moderate 2 <HWMId < 3 At least one heatwave with HWMI > 2 is detected.
Severe 3 <HWMId < 4 At least one heatwave with HWMI > 3 is detected
Extreme 4 <HWMId < 8 At least one heatwave with HWMI > 4 is detected
Very extreme 8 < HWMId < 16 At least one heatwave with HWMI > 8 is detected
Super extreme 16 < HWMId < 32 HWMI > 16
Ultra-extreme HWMId > 32 HWMI > 32

The last two categories (Super extreme and Ultra-extreme) are exceptional heatwaves (higher level heatwaves), added to detect the most
drastic heatwave events [70].

2.5. Ranking Method

The heatwave ranking method adopted by [70] was similarly used to select the
10 years with the most extreme heatwave events. The selection was based on the per-
centage of Tanzania’s area affected by the heatwave at different HWMId levels and the
magnitude of the HWMId peak. For example, given two heatwaves, HW1 and HW2, HW1
would be greater than HW?2 if the percent area across all HWMId levels is greater than that
of HW2. However, due to high variability in the ranking across the HWMId levels, the
selection was largely based on the HWMId peak value.

3. Results
3.1. Heatwave Climatology

As shown in Figure 1A, heatwave events have occurred in portions of Tanzania
in recent decades. Following the HWMId classification chart (Table 2), normal heat-
waves (HWMId < 2) occurred in large areas of the country, while severe heatwave events
(HWMId > 3) occurred in Kagera, Mwanza, and parts of Mara in the Lake Victoria basin.
Most areas of central Tanzania and the Lake Victoria basin were warmer than the outer
areas of the country. The spatial patterns for heatwave duration (Figure 1B) are similar to
the magnitude. The longest heatwave duration of over 6 days occurred in the Lake Victoria
basin, which recorded the greatest heatwave HWMId peak value.

To examine the features of heatwaves in the recently observed period, the spatial
distribution of the heatwave events (absolute values) and relative changes for 2015 and 2016
are presented in Figure 2. As clearly shown, greater heatwave magnitudes ranging from
severe (HWMId > 3) to ultra-extreme (HWMId > 32) occurred in these years, particularly
in 2016. The relative changes demonstrate a sharp spatial contrast when compared with
the heatwave climatology; for example, in 2016, the magnitude reduced substantially in
central Tanzania but increased greatly in Dar es Salaam (HWMId > 8) and parts of the
eastern, southern and edges of western Tanzania, which were relatively colder during the
reference period (1983-2012). The severity of the heatwave magnitude was more persistent
along the coastal stretch (eastern Tanzania) and the edges of the country.
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Figure 1. Heatwave climatology over Tanzania, from 1983 to 2012: (A) heatwave magnitude index
daily (HWMId) and (B) heatwave duration (HWD).
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Figure 2. Recent patterns of heatwave events: spatial distribution of absolute values for 2015 and
2016 (top layer) and their changes (bottom layer) relative to the reference period (upper left).

Temporal trends in the mean severity of heatwaves during the reference period were
not statistically significant at the 5% level, although significant trends were detected in
patchy areas that recorded higher heatwave magnitudes. The significance of HWMId for
the reference period is therefore not reported here. However, the duration of heatwaves for
the entire observed period (1983-2016) exhibited significant rising trends but with high
variability, ranging from about 1 to 5 days (Figure 3). It can be seen that the year 1999
witnessed the most deadly heatwave magnitude during the observation period; however,
the longest heatwave event of about 5 days occurred in the year 1997.
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Figure 3. Duration of heatwave events that occurred in the observation period (1983-2016)

over Tanzania.

It is therefore clear that although the heatwave climatology for the reference period was
rising marginally over time, the duration increased significantly in the affected areas. Since
the reference period was relatively short, the 2 extra years (2015 and 2016) were reviewed
for comparison with the heatwave climatology to identify spatial patterns in heatwaves
in recent years. The relative changes in heatwave events in 2015 and 2016 demonstrate a
sharp spatial contrast when compared with the reference heatwave climatology. Normal
heatwaves that occurred in Kigoma, Katavi, and eastern Tanzania during the reference
period became severe and extreme heatwaves in 2015/2016. Greater magnitude heatwaves
appeared in various parts of the country, particularly in Dar es Salaam, eastern Tanzania,
and the edges of the country.

3.2. Top Ten Heatwave Events in Tanzania from 1983 to 2016

Heatwaves in Tanzania with the highest magnitude and spatial extent from 1983 to
2016 are presented in Figure 4 and Table 3. Extreme (HWMId > 4) and very extreme
(HWMId > 8) heatwaves characterized these years (Figure 4). Noticeably, super-extreme
heatwaves occurred in 1999, 2005, 2010 and 2014 (Table 3), and the most catastrophic
heatwave event (ultra-extreme) occurred in 1999 around the Lake Victoria basin (Figure 4).
The HWMId peak values for these years ranged from 7 to 41.58 days (Table 3).
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Figure 4. Spatial distribution of top 10 heatwaves in Tanzania, from 1983 to 2016.
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Table 3. The top most excessive heatwave events in the observed climate (1983-2016) averaged over Tanzania.

Hwmid Land Area Land Area Ratio (%) of Heatwave Categories
Year o
Peak Affected (%) Moderate Severe Extreme Very Extreme  Super Extreme  Ultra-Extreme
1983 9.74 45.1 10.7 11.7 22.8 1.0
1992 13.83 33.2 9.2 6.9 14.9 2.5
1994 8.28 20.1 8.2 7.2 13.7 0.5
1997 14.91 39.4 13.4 8.4 15.9 2.7
1999 41.58 15.4 8.4 1.7 2.2 0.7 1.2 1.0
2005 16.99 34.2 9.4 6.5 10.4 8.2 0.3
2010 16.67 39.9 122 6.2 16.1 5.2 0.3
2011 10.29 33.2 10.9 7.9 13.7 0.7
2014 15.9 14.9 52 4.0 5.7 3.0 0.3
2015 7 24.1 11.4 5.7 7.0
The spatial extent of these lethal heatwaves affected at least 15% of the total land
area of Tanzania in each of these years (Table 3). However, the percentage of land area
affected decreased with the higher magnitude heatwaves. The heatwave duration had
similar pattern to the HWMId. Parts of the Lake Victoria basin, which recorded the highest
HWMId peak value in 1999, also experienced the longest duration (duration > 25 days) at
a fine spatial scale (Figure 5). The starting date of the heatwave events mainly coincided
with the dry season (October to March/April) (Figure 6). However, a few heatwave events
occurred in the other months.
Y1983 Y1992 Y1994 Y1997 Y1999 o
2:5 &' 24
4:8 —
21
6°S
8°5 — 18
o 1057 - 15
3
= Y2005 Y2010 Y2011 Y2014 Y2015 L 12
-1 95 ="
4% - M9
625 6
3°5
3
10°5
I e e e
B ME 3E 30°E 34°E  3WE 30°E 3ME  3®E 3WE ME  IE 3I0E  34E 38°E
Longitude

Figure 5. Duration of heatwave events of Figure 4.

In summary, extreme heatwaves occurred during at least 10 of the 34 years of the
observation period, and about 15% of the land area was affected in each of the years. Sever
heatwave events were most persistent in parts of the Lake Victoria basin, which recorded
the highest HWMId peak value of 42, in 1999. Most of the heatwave events occurred within
the dry season.
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Figure 6. Starting date of heatwave events of Figure 4.

3.3. Spatio-Temporal Evolution of Heatwaves in the 21st Century

For the temporal scale analysis, normal heatwaves (HWMId < 2) were omitted to
highlight the occurrence of harmful heatwaves in the 21st century. While the spatial extent
of moderate and severe heatwaves may decrease substantially in the 21st century, the
upper categories of HWMId (very extreme, super extreme and ultra-extreme heatwaves)
are expected to increase rapidly (Figure 7A and the regression analysis in Figure 7B). The
slopes of the linear regressions increase with increasing magnitude. The unusual extreme,
very extreme and super extreme heatwaves that occurred during the observation period
may intensify and be more widespread in the future climate. Higher-level heatwaves
(upper categories of HWMId) are expected to be hotter and longer, and may become
normal occurrences in Tanzania by mid-century (Figures 7A and 8E). The spatial extent
of all HWMId categories is expected to range from 34% to 73% by the end of the 21st
century, with durations of 8 to 35 days relative to 1 to 5 days during the reference period
(Figure 8D,E).

Our predictions show striking increases in heatwave magnitudes and a substantial
expansion of spatial coverage in the 21st century across Tanzania (Figure 8). Most impor-
tantly, the heatwave distribution in the 21st century demonstrates a clear spatial contrast
compared to the reference climatology. While normal heatwaves (HWMId < 2) occurred in
Kigoma, Katavi and the edges of southwestern, western and eastern Tanzania during the
reference period, very extreme and super-extreme heatwaves are expected to occur in these
areas in the 21st century. The projected heatwave events appear to follow similar spatial
patterns as witnessed in 2015 and 2016 (Figure 2). Areas that were relatively cool during
the reference period are likely to warm faster during the 21st century. Ambient heatwaves
reaching deadly magnitudes (HWMId > 60) are expected in Nbeya by the middle and end
of the 21st century. One striking spatial feature is the predicted reduction in heatwaves in
central Tanzania and parts of the mountainous areas located in the northeastern highlands.
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Figure 7. Temporal evolution of land area ratio, expressed in percentages: (A) trends of the land area ratio, (B) regression
analysis of the various heatwave categories that occurred in Tanzania from 1983-2100.

Noticeably, much longer heatwave durations (>50 days) are anticipated in Nbeya,
parts of the Lake Victoria basin and Lake Nyasa during the 21st century (Figure 8B). The
starting dates for most predicted heatwaves are during the drier months in Tanzania
(October—March), as was the case during the observation period.

Tanzania is therefore likely to experience destructive heatwaves with longer durations
during the 21st century. Generally, lower-level heatwaves are expected to be less frequent,
while higher-level heatwaves are likely to intensify and occur regularly in Tanzania by
2041. The spatial coverage of heatwaves is predicted to range from 34% to 73% by the end
of the 21st century, with durations of 8 to 35 days.
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Figure 8. Projected changes of heatwave events in the 21st century (A) with their corresponding duration (B) and starting
dates (C) averaged over Tanzania. Graph (D) represents the land area ratio (E) shows trends of the heatwave events that
occurred in Figure 8A.

4. Conclusions and Discussion
4.1. Key Findings

In the present study, a CHIRTS high-resolution satellite remotely sensed and station-

blended temperature dataset, interpolated to 0.44°, was used to investigate the occurrence
of heatwave events during the observation period and the 21st century over Tanzania,
using high-resolution multi-modal ensemble of RCP4.5 from CORDEX-Africa. The study
was designed to increase the scientific understanding of the magnitude and spatial patterns
of heatwaves over Tanzania during the observation period and future climate conditions.
The key findings of the study are summarized as follows:

1.

Heatwave events increased marginally with time in Tanzania between 1983 and 2016;
however, harmful heatwaves including super-extreme and ultra-extreme heatwaves
occurred in the country within this period. The highest HWMId peak value of 42 was
recorded in 1999, and the duration for all HWMId categories ranged from 1 to 5 days.
Extreme heatwaves (defined as 4 < HWMId < 8) characterized the “top ten years”
with the highest HWMId peak values; nearly 15% of the total land area of Tanzania
was affected in each of these years.

The intensity and duration of heatwave events are predicted to increase more rapidly
in the 21st century. The highest HWMId peak value may exceed 80, with a duration
of 8 to 35 days by the end of the 21st century. While lower-level heatwaves are
anticipated to decrease in number by mid-century (2041), higher-level heatwaves
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such as super-extreme and ultra-extreme heatwaves are expected to be hotter and
longer, and occur regularly in Tanzania by 2041.

3.  HWMId exhibits different spatial patterns in the 21st century. The heatwave magni-
tudes vary substantially depending on location. Whereas the mountainous areas of
the northeastern highlands could experience cooler conditions, the Lake Victoria basin,
parts of Lake Nyasa and the edges of southern, eastern and southwestern Tanzania
are predicted to experience frequent lethal heatwaves during the 21st century.

4.2. Discussion of Key Findings

Contrary to the absence of heatwave records for Tanzania in the most updated inter-
national disaster database (EM-DAT), our re-evaluation of the data shows that Tanzania
experienced moderate to ultra-extreme heatwave events between 1983 and 2016. Al-
though the heatwave frequency and intensity rose only marginally, deadly heatwaves
were detected in parts of the country. The HWMId was able to identify the heatwaves
in Dar es Salaam, which have been widely reported by the general public and several
qualitative studies [45,47]. However, the severity of the heatwaves in Dar es Salaam are
lower than the HWMId recorded for other parts of the country in other years. While
very extreme heatwaves (8 < HWMId < 16) occurred in Dar es Salaam in 2016, super-
extreme (16 < HWMId < 32) and ultra-extreme (HWMId > 32) heatwave events occurred
in Kalgera, Mara and other parts of the Lake Victoria basin, particularly in 1999. The
excessive heatwaves widely reported in Dar es Salaam may have been amplified by ur-
ban design patterns, as suggested by [47]. Dar es Salaam is the fastest growing city in
Africa with high exposure to heatwaves. The location of the city in close proximity to the
Indian ocean could play a significant role in increasing humidity, increasing the intensity
of heatwaves. Because heatwaves are felt more acutely in urban environments [53], other
factors such as the high population in Dar es Salaam [81] and the densely-packed low-rise
(single-story) buildings with many informal settlements [82] may also contribute to the
extremely hot temperatures being experienced in Dar es Salaam. The rest of the country,
which is generally hot-arid, experienced moderate to ultra-extreme heatwaves depending
on the location. Interestingly, the heatwave events detected in the Mara region of Tanzania
confirm a qualitative study carried out by [51] on gold miners within this region. In the
study, alarming heat-related illnesses affecting about 69.9% of the ‘open cut’ gold miners
were found. Thus, it appears that HWMId is able to detect the most critical heatwaves that
occur in Tanzania. The starting date for most of these heatwaves ranges from October to
March/April, which coincides with the dry season in Tanzania when humidity is relatively
low. As earlier reported by [47], excessive heat occurs in Tanzania during the drier months
(October-March).

Intense heatwave events characterized the ten years with the greatest HWMId peak
values and spatial extent during the observation period. In particular, the years 1999, 2005,
2010, 2014 and 1997 had the highest HWMId peak values of 41.58, 16.99, 16.67, 15.9 and 14.9,
respectively, while 1983 had the largest spatial extent of about 45% of the land area. Higher
heatwave magnitudes appear to coincide with drought years in Tanzania, when humidity is
often relatively low; for example, devastating droughts occurred throughout the entire East
African region in 1983 [83,84]. Tanzania again endured severe droughts in 1999-2005 [85],
and also in 2010 [86]. The unique dangers associated with extraordinary heatwaves are
thus less apparent when higher-level heatwaves are coincident with droughts. Compared
to the European summer’s highest HWMId of 24-36 [70], the highest HWMId recorded
in Tanzania from 1983-2016 is 42 (in 1999). In Nigeria, the highest HWMId peak value
of 32 was recorded in 1990 [34]. In a recent study by [71] in Kenya, the highest HWMId
peak value of 22.64 was recorded in 2015. The harmful heatwaves recorded in Tanzania are
likely to intensify as greenhouse gases continue to increase over time.

In contrast to the marginal rising trends in heatwave intensity and duration during
reference period, Tanzania is likely to experience rapid intensification of heatwave events
during the 21st century. Higher-level heatwaves are projected to be significantly more
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frequent, and may occur regularly in the affected areas by 2041. This finding agrees
with [36], who projected that the unusual heatwaves experienced under past and present
climates would intensify and occur on a regular basis in Africa by 2040. The number of
very warm days are projected to increase by over 80% in some parts of Africa, especially in
the drier months (JEM) [33]. In South Africa, the number of heatwave events is expected to
rise sharply in the 21st century and could increase by 10 events over the baseline period
(1983-2012) [27]. According to a report from the Tanzania Climate Risk Profile, the number
of very hot days (days with daily maximum temperature of above 35 °C) is expected to rise
sharply with high certainty during the 21st century. Using a multi-model median scenario
(RCP6.0), the number of very hot days over the entire country is projected to increase by
6, 11 and 22 more days per year by 2030, 2050 and 2080, respectively; and could reach
100 days per year in some parts of the country [87]. The heatwave magnitudes presented in
this study using multi-modal median scenarios (RCP4.5) therefore represent a reasonable
likelihood prediction of heatwave features in the 21st century in Tanzania. Importantly, the
likely increase in higher-level heatwaves in critical areas such as the Lake Victoria basin
(where the Mara Gold Mine is located), and the southern and western regions of Tanzania
require increased attention to heat-adaptation preparedness

A key observation is the contrast in predicted spatial patterns of heatwaves in the 21st
century with those in the reference period (1983-2012). The extreme edges of southwestern
and western parts of the country, which were cooler during the reference period, could
warm more rapidly in the future climate. This was also noted by [88], who projected that
the highest increase in maximum temperature (greater than 3.5 °C) would occur in the
western, southwestern and eastern parts of Tanzania in the 21st century, relative to the
1971-2000 baseline. Generally, severe warming is expected in cooler areas, particularly in
semi-arid regions [88-90]. In addition, while ultra-extreme heatwave events are predicted
to occur in the Lake Victoria basin, parts of Lake Nyasa and the edges of the southern,
eastern and southwestern parts of Tanzania, the northeastern highlands appear insulated
from the projected heat hazard. The high mountains and thick vegetation cover could
produce a cooler microclimate that mitigates heatwaves.

The rising intensity of heatwaves across Tanzania may not only result in morbidity and
mortality crises [51], but may also have direct and spillover effects on the agricultural sector.
Previous studies have reported dramatic impacts of intense heatwaves on crop production
in Tanzania as temperatures soar above critical physiological thresholds [41,43]. The 2003
European heatwaves and the 2010 Russian heatwaves, which, on average, were described
as extreme heatwaves (using HWMI) [13], had serious impacts on crop production; for
example, crop production in Russia dropped by 25-30% due to severe wilting [91], and
primary productivity decreased sharply by 30% in Europe as a result of the ambient
heat [92]. In Tanzania, critical national projects such as the Southern Agricultural Growth
Corridor of Tanzania (SAGCOT) and the Central Corridor of Tanzania, which are mainly
located in the southern, central and south-western parts of the country, are at risk of
lethal heatwaves under future climate conditions. The rapid increase in deadly heatwaves
in these food-producing corridors may result in food security challenges in the future.
Adopting heat-resilient crop production technologies is crucial to adapt to future heat risk.

Although an ensemble of moderate scenarios was adopted in this study, just one RCM
was driven with GCMs; the uncertainty in the results due to intermodal variability could
be reduced if more runs were added to the matrix. Moreover, bias correction was limited
to 23 years rather than 30 years, because the CHIRTS-daily reference dataset extends from
1983 to 2016, while the observational record from CORDEX ranges from 1951 to 2005.
There could be some changes in the results for the tail end of the century if the entire
dataset was bias-corrected. Future work could focus on hot and humid Dar es Salaam by
considering humidity as part of the metrics. Finally, a larger intermodal matrix involving
comprehensive RCP scenarios could be considered for the analysis.
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