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Abstract

Heatwaves, warm spells, cold waves, and cold spells are examples of extreme temperature
events (ETEs) that have catastrophic consequences for humalth hend ecosystems.
Climate change is expected to increase the frequency, intensity, and length of ETEs. Effective
adaptation to ETESs necessitates an appreciation of their current frequency and likelihood of
occurrence in the face of climate chan@etrene events have receivederylittle attention,
especially in developing countrigacludingNamibia Due tob | Y A doiv adagtive ability,
urgent development needs, and relatively poor infrastructure, these events pose a significant
danger. This research examines extreme weather events over time, both annually and
seasonally, as well as spatialbyer the period20082018. The World Meteorological
Organisation Expert Team on Climate Change Detection (ET@@®I}the World
Meteorological Organisation Commission for Climatology and Indices Expert Team on Sector
Specific Climate Indices @STlwere used to determine ETEsINgCIimPACT andClimDex.

The nonparametric ManrKendall, Spearman Rank Correlation Coefficient, and Sen's slope
estimates were used to quantify trendé&nnual and seasonal cold spell duration were
identified as 4.86 days. An average of IcBRiwaveswas identified with an average duration

of 4.59 days. The results identified an averagenber of heatwaves of 1.6 lasting 3.2 days.
The majority of ETES occur in the central, northeast and southeast of the country. The west
coast has experienced ETESst ith less intensity.Since studies indicate that unusually
temperatureevents may persist in a warming world, these findings haige awareness and

recognisethe frequency and length of extreme eventsNlamibia
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Chapter 1: Introduction

1.1. Background

Extreme climatic events are rare, infrequent, and unpredictable climate phenomena
described by their meteorological characteristics or their consequences @tatt, 2016;
Vogelet al, 2019). The most commoextreme climate events relate to temperature, i.e.
maximum (TX), minimum (TN) and mean (Tmean) temperature (Kaaisalj 2013).Over

the last 100 years, there has been a significant increase in intezgardingthe changing
climate and theoccurenceof extreme temperatures and extreme temperature events (ETES;
Alexandert al., 2006; IPCC, 2018). However, there is little agreement in the literature about
how to classify ETEs, and there is standarddescription for ETEs (Allen & Scott, 2015;
PerkinsKirkpatrick & Gibson 2017; Sheridan & Lee, 2018; Radovic & llglesias, 2019).
Warm/cold occurrences, heatwaves/cold waves, and warm/cold spells are the ity

used terminology in the literature to describe ET#an der Walt & Fitchett, 2021ach of
these has its own definition anthresholds.The more simple definitions of ETHsse the
magnitude of the deviation from the statistical meafdaily, weekly, or annual temperatures

for a given place or area (Easterligigal., 2000; Lewis & King, 201 However, the point at

which a deviation qualifies ana@xtreme events widelydebated(Lewis & King, 2017).

The National Climate Change Strategy and Action plan for-202@ summarises the
environmental impacts of ETHESRN, 2013)A reduction in gromdwater and quality,
reduction of fish stock, damage to infrastructure, reduction in plant groard associated
reduction ingrazing capabilities, increasia invasive species, an increase in pests and further
aridification is all linked to more intensed more frequent ETEs (GRN, 2002; Bieadl, 2007,

Dirkx et al, 2008; MET, 2011, 2012). Heeimpacts placeextreme pressure on water



resources, infrastructure and energy, agriculture, food security, ecotourism, biodiversity and
human health (GNR, 20LZETESs can also cause heat stress which can be dangerous to human
(and animalhealth (Pappenbergeet al.,2014) Heat stress is a condition where the human
body is at risk of overheating (Havenith, 2001). It includesange ofsymptoms, from
headacheso loss of lifglkdheimq 2014). Young children, the elderly and people with existing
medical problems are at higher riskmpared to the middle aged and people without existing
medical conditiongHarvard Medical School, 2019). The IPCC (2018) highlights that there will
be an amplification of existing risks to natural and human systé&msncrease in frequency

and severityof extreme weather events, such as flooding and heatwaves, can be observed in

Europe, Asia, Australia and Africa (Ketfal, 2015).

The IPCC (2018yojectthat extreme weather events will increase frequency and severity,
with a global mean annlidemperature increaseThere has been a decrease in the mean
annual frequency of cold nigh{sights where minimum temperature falls below the 10th
percentilg with an increase in warm nigh{sights where minimum temperature exceeds the
90th percentilg, globally. Additionally, is has been estimated that the land and ocean surface
temperatures increased with.0C from 180-2020 globally (IPCC, 2@). Over 70% of the
world experienced a significant increase in TX and TN temperatures during2Q031(Fyé

et al, 2013). There has been an average increase in the warmindoratee daily average
ambient surface air temperaturef 0.06°C per decade for the period 183012, compared

to the increase rate of 0.14°C per decade between 18912 (Jonest al, 2012; Fyfeet al,

2013; IPCC, 2018).



The African continent is unique because it covers four hemispheresgarover 8,000km,
creating different climate regionslassified by theKdppenrGeiger climate classification
system(Peelet al.,2007;Collins, 2011)Compared to the literature for the global Nortinere
have been very few studiesxploring Africa@ climate, mainly due¢o the lack of reliable
temperature data across Africa and southern Africa (Feichl., 2002; Caesar & Alexander,
2006). Thestudies which have been conductéalind an increase of 0.5°C over the last 50
100 years for the majority of AfrigNianget al, 2014, with increasingTX, TN and Tmean
temperature trends identified in southern Africacerthe last two decades (Neet al,, 2006).

In addition, TN temperatures are increasing at a faster rate than TX temperatures (Blulme
al.,, 2001; Kruger & Shongwe, 2004; Netval., 2006; Nicholsoret al., 2013; Nianget al.,
2014), togéher with an increase in the number of extrenwarm events since 1961 for

countries bordering the western Indian Ocean (Vinostrdl.,, 2011).

Temperaturesacross theAfrican continent are expected to increase quicker than the global
average during the 21st century and reaching the 2€thtury sinulations between 2047

2069 (Zhowet al., 2010; Kruger & Seleke, 2012; Niah@l., 2014). Temperatures in southern
African are expected to increase across all seasons with temperatures abovel 24CGhe
1981-2000 average (Collins, 2011; Kruger & Selek012). The arid areas, specifically
northwestern parts of southern Africa: South Africa, Namibia and Botswana, are expected to
experiencevery large warming rates within the 21st century (Netwal., 2006; Zhotet al.,

2010; Collins, 2011; Niamg al.,, 2014).

Namibid? climate can be characteed as arid, sermrid and hypesarid, primarily due to its

location regarding the air movement driven by the Intertropical Convergence Zone (ITCZ), the



Subtropical HigfPressure Zone and the Temperate z@hkdgleyet al.,2004) The influence

of the Benguela current in the Atlantic Ocean creates a persistentgriggsure system that
allows most of the country to be dry throughout most of the year (Datkal.,, 2008; Turpie

et al, 2010). Namibia has a complex eadfmospheric interaction with high temperatures,
low-humidity, evaporation, evapotranspiration, precipitation and temperatures in the
interior with high humidity and moisture along the coastal areas (8hal., 2012; lgabiet

al., 2016). The northeastern parts of Namibia experience frequent flatule the whole of
Namibia experiencespersistentand recurringdroughts, ETEs (i.e. heat waves and cold

waves), and unpredictable rainfall (GNR, 2011; Grab & Zumthurm).2018

An increase of 4°C in Namif@aannualaverageTmeantemperature is anticipated by 2040
(Crawford & Terton, 2016). The temperature increase is expected to have a range of impacts
on human health (thermal stress) and food security, espediailthe rural population (GNR,
2013). The Global Facility for Disaster Reduction and Recovery (GFDRR) estinmtatezhse

of 25% prolonged exposure to heat in the next five years du@ntoeasedgreenhouse
emissions (IPCC, 2018).eTimcrease in greenhouse enimss will cause more extreme
weather events such as ETs in Namibia (IPCC, 2018; Angula and Kaundjua, 2016). Namibia has
a large population (52%]iving in rural areas dependent on crops and livestock for their
livelihoods (RVAA, 2019). Furthermore, 24%hef populationexperiencedood insecurity
andthis percentagas expected to rise in the coming years (MET 2011; RVAA, 2019). Another
concern is the dryland areas in Namibia, increasing the degradation of rangelands and natural

resources (Kuvaret al, 2008; Angula and Menjono, 2014).



Namibiad? limited amount of arable land is under threat and is expected to decline with an
increase in temperature, droughts and floods (Klintenbetr@l., 2007; Gremlowski, 2010).
Another threat is the rising populatioand resources mismanagement (Klintenbetgal.,

2007; MET, 2011). Furthermore, a lack of diversification in and alternatives to agriculture
makes the rural population vulnerable to climate changes (Newsham and Thomas, 2009;
Turpie et al, 2010; Zeidleret al., 2010). With the current climatic and so@conomic
conditions, these factors contribute to making an already vulnerable region even more

insecure in the presence of extreme events, in particular ETEs (Spaar2018).

1.2. Rationak and Contribution to Existing Knowledge

Extreme events, especially ETESs, are understudied in AfricagiCGttp2012 Van der Walt &
Fitchett, 202). Although most models suggest that Africa and-Salhara Africa (SSA) are
hotspots for ETES, only two ezine heat events were recorded by the Emergency Event
Database (EMDAT) for SSA since 199019 (Harrington & Otto, 2020). By contrast, the same
database has recorded 83 extreme heat events for Europe from-2080 (Adrijeviet al.,

2020; Harrington & Otto, 2020).

Lessconomicallydeveloped countries in Africa have weaker governance frameworks, sparse
observational networks and climate data, a lack of experience to develop local mairica

lack of integration with epidemiolagal information (Donakt al., 2013; Andrijeviet al.,

2020; Harrington & Otto, 2020). This creates a gap in the research and limited knowledge of
the frequency, intensity and incidence of ETES, especially in southern Africa and Namibia. The
trend analyss of extreme warm and cold events will be the first known studies in Namibia.

The World Meteorological Organisation (WMQO) Commission for Climatology and Indices (CCl)



Expert Team on Sect@pecific Climate Indices (BTI; Alexander & Herold, 2016; Y atel.

2019) is used for the first time in a Namibian context for both warm and cold extremes. The
EFSCI considers sectgpecific indices derived from the Expert Team on Climate Change
Detection (ETCCDI; Alexander & Herold, 2016; ¥os¢f 2019); theindices consider health,
water and agriculture and can identify short ETEs (i.e. tai@eevents) and are thus more

relevant in a Namibian context.

Examiningareaswith a similar climate and environment to Namibiagcluding Arizona,
Nevada, Iran, anddypt that are classified as deserts to subtropical deserts with similar
climate drivers (Hylket al.,2018),it becomes apparent why it is essential to identify and
explore ETE trends, which could lead to hesdated stressBetween2001-2011, there have
been1096 heatrelated deaths in Iran, with a total increase in the number of deathten

most recent heatwaves (Ahmadnezhast al, 2013). Iran also had reccliteaking
temperatures between 2012019 (Saei@t al., 2019).In the United States of AmeaqUSA),
Arizona and Nevada have also experienced increased-retded deaths Heatrelated
deaths increased from 105 in 2014 to 374 in 2017 (Flavelle & Popovich, 2019). Over the past
three years, a record number of headlated deaths was recorded iniaona alongdHondula

et al.,2015; Vano®t al.,2015; Hondula & Georgescu, 201Beatrelated deaths reached a
new record in 200, leading to a total 094 deaths. This is the highest number in the last 13
years (Totiyapungprasert, 2018DHS, 2091Egpt has also experienced ETEs in the last two
decades, causing an increase in the number of nelatted deaths, like with the heatwave in
2015 thatattributed to 61 deaths with 581 hospitahtions (Kenawyet al.,2019) There has

also been an increase in the number of warm days with a decrease in the number of cold

nights (Kenawt al., 2019; Saeiét al,, 2019).



These ETEs threaten human life and the immediate environment, plant and animal
development (Hatfield & Preger, 2015). Namibia will be affected more in the coming years,
making assessments in these areas extremely important. The third hottest year in Namibian
history was in 2017gainst a prendustrial mean(New & Bosworth, 2018). Although a range

of climatemodelling derived projections have been published for southern AfNeavét al.,

2006; Niangeet al., 2014; Harington & Otto, 2020very few studies focus on ETEs, which
could lead to heat or cold stress and result in loss of life. This study witlmaetto a better
understanding of the effects of extreme temperature on humans and allow for management

systems to be implemented to reduce these impacts.

1.3. Study Aim and Objectives
The primary aim of this research is to investigate the incidence of metreemperature
events over Namibia over the period 202819. To address the primary aim of this research
the specific objectives of this research are:
1. Determine the frequency of occurrence of monthly, annual and seasonal warm
temperature events overtte period 2008019.
2. Determine the frequency of occurrence of monthly, annual and seasonal cold

temperature events over the period 2019.

1.4. Dissertation Structure
This dissertatioms divided into seven chapters. They are constructed as follows:
An extensive literature review that focuses on climate trends Globally and in Namibia,

including Namibi® main climate drivers and explaining the different climatic indices, is



provided in Chapter 2. Background to the study area and the clinchicacteristics of
Namibia is provided in Chapter 3. Chapter 4 provides the method for collecting the data and
outline the statistical approaches, selection of temperature indices, spatial interpolation and
data presentation and thought process throughotihe results obtained are presented in
Chapter 5followed by a discussion in Chapter 6. Finally, Chapter 7 will provide a conclusion

to the research that has been conducted.



Chapter 2: Literature Review

2.1. Introduction

Namibia is classified as searid, characteded by highly variable climatic conditions and is
the driest country in suiSahara Africa(Andreas, 2015; Angula & Kaundjua, 2016). Over the
past 3040 years, Namibia experienced recurring droughts, periods of high temperatures,
unpredictable and variableamfall events (Newsham & Thomas, 2011; Kaunjua, Angula &
Angombe, 2012; Angula & Kaundjua, 2016). These extreme weather events, in particular ETES
may be further exacerbated with an increase in global temperatures as projected by the
Intergovenmental Pael on Climate Change (IPCC) fifth assessment report and the United
Nations Framework Convention on Climate Ch&g@egNFCCC) report (Angula & Kaundjua,
2016). Projections indicate an increase in temperature betwe@&©b1C(Engelbrechet al.,
2015) Thiswould have dire effects on key sectors that support Nan@egonomyincluding
tourism, agriculture, health and food security which are most vulnerable (Crawford & Terton,
2016). These changes could furthermore increase the existing vulnerabilityablivetinoods

and reduce adaptive capacity to extreme events in Nan{ibeaveKankareet al.,2016)

Research on extreme weather events, especially ETES, are limited in the African continent
(Niangeet al.,2014)and in a Namibian context. Reasons foe tack of research on the African
continent can be attributed to the large spatial extent and natural variability within the
African continent and countries, making it difficult to draw a general conclusion (Petetson

al., 2013; Ottoet al, 2015).To this end, this literature review chapter is divided into four
sections. The first section explores the different definitions used in the existing literature to

define ETEShe second and third section loo&sthe existing literature on ETEs on a global



level, and, African and southern African level, respectively. The last section focuses on existing

research that has been done on ETEs in Namibia.

2.2.Global Research on ETEs

There is a need for a standardised approach in exploring temperature métriesgh indices

that are universally applied, to allow for comparabilifgndritzkyet al., 2007). There is clear
evidence high impact E®Eare occurringnore frequent(Vogelet al,, 2019).The increase in
heatrelated deaths in Arizona, Nevada, Iran dbglypt,serves asvidencefor more high
impact ETEs. Heatlated deaths in the USAn 2018 wasthe highest number in the last 13
years (Totiyapungprasert, 2019). The USA is not the only country where there has been an
increase in deaths due to extrenemperatures. In June 2010, 55 000 people were killed in

a heatwave in Russia, causing a 25% decrease in crop yields, 1 million ha of land to burn and
cost the economy US$15 billion (O#b al, 2011; Hoag, 2014; Ragoeeal., 2018). During

the summer inEurope, 2003, 2010, 2015,2017, 2018, and 2019 saw pronounced warming
with an increase ifrequency ofextreme heatwaves (Feet al., 2019; WMCet al,, 2019). The
heatwave in 2003attributed to 70,000 heatrelated deaths, disrupting ecosystems,

agriculture the economy and infrastructure (Pappenbergerl., 2015; Yu & Li, 2015).

Recent studiehavefound anincrease in warm index values and decrease in cold index values
over over most land surfaces since 1900 (Alexareteal, 2006; Irannezhaet al, 2019).A
significant increase in the number of warm nights covering 70% of the land surface,
specifically North America, southern Greenland, the southern parts of South America
recorded from 19502003 (Alexandert al, 2006). However, studies existahexplore

changes over large spatial areas and found between 2¥BBI a more rapid increase in the
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minimum temperatures than with maximum temperaturesiellarge scale studiesxclude

the following regions: southern Argentina, eastern Africa, and soudigea Australia (Vose

et al, 2015). Additionally, global studies that explore extreme and regional temperatures
revealed a decrease in the number of cold days and nights with an increase in warm days and
nights for North America, South America, Europee tWediterranean, and Australia
(Alexanderet al,, 2006; Browret al,, 2008; Petersoret al, 2008; IPCC 2018)everal studies

that used different methodologies confirm an increase in warm extremes while decreasing

cold extremes over the Global North (Vaer Walt & Fitchett2021)

Varous studies (Petersoet al., 2008; Kunkedt al., 2013; Schoof and Robeson, 2016) indicate
that the United States is experiencing an increase in intensity, duration and frequency of
warm extremes, witha decrease in the tensity, duration and frequencgf cold extremes,

since the 1960s. Tsetrendshavealsobeenobserved in other countries over the Northern
HemispherejncludingFinland, Austria, Portugal, Romania, Spain, Canada, and New Zealand
(Steffenet al., 2014; Mdlet et al., 2018; Irannezhadt al., 2019).Satistical evidence suggests

that observedchanges in the climate caused an increase in the severity of heat waves in the
past 50 yeargLuterbacheret al, 2007; Coumou & Robinson, 2013). Coumou and Robinson
(2013) suggest that 10% of the Ed#tlsurface are now affected when extreme temperature
events occur, whereas, in the 1960s, only 1% were affected by extreme events. Additionally,
the number of recorebreaking daily, monthly, and yearly temperatures have primarily
occurred in thdasttwo decades (Coumou & Robinson, 2013; Madtedl., 2018). Since 2003,
United States, Europe, Russia, Australia, and Japan have recorded a combined death toll of
over 122500people,linked to heatrelated deaths (Coumoet al., 2013; Perkingirkpatrick

et a., 2016; Johnsost al., 2018; Flavelle & Popovich, 2019; Ketval,, 2019). Furthermore,
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Canada and New Zealand recorded warmer temperatdoesautumn and winter, while
countries like Argentina and Chile recorded colder winter temperatures up3% n 2007

and 2010 (Khandekar, 2013; Caloierio, 2017; Malietl., 2018).

Although a large number of countries experienced warm extremes throughout the last two
decades, several countries in the Northern Hemisphere experienced extreme cold conditions
in the winters of 2002/2003, 2005/2006, 2009/2010, 2011/2012, 2013/2014 and 2018/2019
(Khandekar, 2013; Messoet al, 2016; De Prereet al, 2018; Johnsoret al., 2018; Van
Oldenborghet al, 2019). South Asia, including Vietham, Bangladesh, and northera, In
experienced severe cold temperatures in 2002/2003, which led to the death of over 900
people in India (De Preret al., 2018). North America and Eurasia experienced significantly
colderthan averageonditions and higher snowfall in 2002/2003, 200003, 2009/2010 and
2018/2019 (Johnsomt al., 2018). In 2008, China experienced an extreme cold spell that
caused significant damage to the economy and the social and natural environment.
Subsequently, 14000 people lost their lives, 75 million animaledli 0.45 million ton of
aquaculture fish and 30% of bee colonies died, 40% of winter crops were lost, and an estimate
of US $22.3 billion was lost (Zheual., 2014; Ponjoaret al., 2017). During the winter of 2012

in Central Europe, temperatures plummetdo below -40°C causing adverse damage to
infrastructure and the loss of hundreds of lives (Khandekar, 2013). The cold wave of 2019 in
North America reported over 20 colélated deaths (Van Oldenbergdt al., 2019). The
biggest threat from cold extremeare towards populations that are not acclimated and
unprepared for extremely cold temperatures and can lead to a loss of life (Kandekar, 2013;

Zhouet al, 2014; De Prereet al, 2018; Van Oldenborghkt al, 2019). The cold events
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describedabovecan becaused bynatural variability, including ENSO, Arctic Oscillation (AO),

North Atlantic Oscillation (NAO), and the Pacific Decadal Oscillation (PDO).

The apparent increase in the frequency and duration of extreme-tagiperature events is
attributed to anthropogenic causes (Joresal., 2008; Christopher, 2014; Fahetal., 2017).
Different studies that focused on individual extreme events found a strong correlation
between human activities and increased probability of extreme events (Christi@itig,
2016; Yin & Sun, 2018). Thestribution studies use different methods such as intensity
based, frequencyased or the fingerprint method (Kiet al,, 2016; Yin & Sun, 2018). Hee
studies focus on determining whether the changes are caused hyralatariability or by
external forces such as anthropogenic activities and the extent to which it influences the
change (Moraket al, 2013; Bellpratet al, 2019). The increase in theoncentration of
greenhouse gasses has been linked to the increaseaiimum temperatures and decreased
minimum temperatures across thglobe (Stott et al, 2010). The extreme heatwaves in
Russia, Europe, India and Australia can all be linked to anthropogenic factorsefSibit
2010; Vogelket al, 2019). Although the research on the Southern Hemispl@&relimatic
conditions has increased in the last decade, a gap is still present, specifically in Africa,
compared to those of the Northern Hemisphere (Arendse & Crane, 2010; Bliahg2014).

This gap caprimarily be linked to a lack of reliable data across rural areas, lack of historical

data, and the largarea coveredqMadzwamuse, 2010; Dentat al., 2011; Nianget al,, 2014).

2.3.Research on ETEs in Africa and southern Africa
The African continent isonsideredthe most vulnerable to climate change changes (@tto

al., 2015). Therefore, the need exists bbetter understand the changes in climate and their
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impact on weather eventgHarington & Otto, 2020)Unfortunately, the African climate
situation and extreme eventgeceives a lack of researébcusin general(Otto et al,, 2012

Van der Walt & Fitchett, 2031 The United States National Oceanic and Atmospheric
Administration (NOAA2020Q suggest that Africa has a much higher average increase in
temperature per decade than the global averagat 0.31°Cdecade Observational
temperature data suggest that between 198017, Africa had an increase in cumulative heat

of 50% per decade (Perkin#fsrkpatrick & Lewis, 2020; Millet al,, 2020). Cumulative fse

is a relatively new conceptual metric that asses the heatwave duration and intensity during a
season (PerkindKirkpatrick & Lewis, 2020). East Africa, West African, and Southern Africa
experienced temperature anomalies in 2019, with a temperature iaseebetween 1°C and

2°C compared to 1982010 (Blunden & Arndt, 2020). The latest data suggest that
temperatures above 2°C above the average for 12810 were recorded in South Africa,
Namibia and Angola (WMO, 2020). For the period 12899, the northernparts of Africa
experienced, on average, 480 heatwave days per anum (Vizy & Cook, 2012). East Africa has
experienced more frequent droughts over the past 60 years during spring and summer due
to an increase in the temperature of the Indi®acific warnpool and is projected to increase

in the future(Funket al., 2008; Shongwet al,, 2011; Nianget al., 2014). SouthermndWest
Africa has and is expected tontinue toexperiencea significant increase in hot days, hot
nights and a decrease in cold nights and cold dagsmgeETCCONewet al.,2006; Milleret

al., 2020; Van der Walt & Fitchett, 202I)hese increases are in line with global warming
trends(Niangeet al.,2014) Furthermore, South Africa has experienced an increase in austral

summer heatwaves in the last two decades compared to 18830 (Miller et al.,2020)
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Studies using highresolution global atmosphere modeainder a 1.5°C and 2.0%Cenariq

for a base priod of 19712006 and a projected period from 20@2.00,found an insignificant
increase in precipitation but forecast an increase in extreme warm events and heatwave
magnitudes over Africa (Dosatb al., 2018).The number of heatwaves in Africa are exjeelc

to increase in the21s century (Vizy & Cook, 2012; Niaagal, 2014). The southwestern
regions of Africaare projectedto experiencefurther increases in heatwaves and droughts,
mainly due to ENSO and changes in the sea surface temperatures @tlian@014; Miller

et al, 2020).Models alsoproject that with this increase in heat eventthe duration and
intensity of droughtswill increase over most Southern Africa (Perkukdikpatrick & Lewis,
2020; Milleret al.,, 2020).PerkindsKirkpatrick & Lewis (2020) estimate that the cumulative
heat will increase at 107@ecade. A median increase of 2.5 heatwave events per season is
projected for Central and Southern Africa (Millerral,, 2020).An estimated increase in the
average temperature for 1902000 in Africa was 0.5°C (Huleteal,, 2001) but, more recent
studies suggest that the actual increase was 0.89°C for the same perioth§leerk., 2015;
Miller et al,, 2020).1t is expected that some regions in Africa will become uninhabitable by
2070 because of the increase in heat and its effects on human health and a decrea®ean us

land, which will have significant implications @€al., 2020).

It is relevant to note that most of the studies related to the ETEs are conducted in the
Northern Hemisphere with very few gjectionsand modelling inrsub-SaharanAfrica This
createsa gap in the research and knowledge of the effects and extent of extreme
temperatures in the Southern Hemisphere, primarily Africa and southern Africa (Alex@nder
al., 2006). As explained byHarrington and Otto (2020) similar models that are used

worldwide are influenced bghallenges faced in less developed countries,example the
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availability of data and infrastructuréess developed countries in Africa have poorer
governance frameworks, sparse observational networks and climate data, as wédlcakoa
expertise to develop local metrics and a lack of integration with epidemiological information
(Donat et al, 2013; Andrijevicet al, 2020; Harrington & Otto, 2020). Unlike in more
developed countries, the data reported to databases are from-gmvernmental agencies
that seek areas in need of humanitarian aid, thus only covering specific lo¢atiangeet

al., 2014) Probabilistic event attribution studies that have been undertaken have
concentrated more on high profile events in midlatituderdtes with minimal attemptso
conduct attribution studieon Africa (Stottet al, 2004; Petersoret al, 2013; Ottoet al.,
2015). Furthermore, studies that focus on an average2tG temperature increase have
been far more extensive in the global North than in Africa (ebél., 2013; Nangombet al,,
2019). Studies that focus on different models and means of methodology tezeived more
attention in countries like North Ameaa, Europe, Asia and Australia €tial., 2018). This
leaves a significant gap in understanding climate change, frequency, duration, and effects on

the African continent (Nangombet al.,, 2019).

Exreme weather events wiiimpactthe daily lives of people all around the worlaljt more

so in developing countriedue to a lack of resources and infrastructure to deal with ETEs
(Angula & Kaundjua, 2016yrolonged exposure to extreme temperatures @&ffect human
health because this exacerbates any underlying health conditions (Mitleal., 2020).
Exposure to abnormally low or high temperatures over a prolonged time will have adverse
effects on the human body (Ikédheirf3) 2014). These adverse effeai® well documented

and researched (Barnett al., 2005 2007 ;Alpérovitchet al., 2009; Nayhéat al,, 2011; Baccini

et al, 2013; Hyrkast al., 2014; Jaakkolat al., 2014; Nayhaeet al., 2014). It is proven that
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when the ambient temperature exceedsparsor? average skin temperature, between-32
35°C, itcan cause physical exhaustion and mental fatigue (Luber and McGeehin, 2009).
Symptoms of heat strespan in intensityrom headaches to loss of life (lkéheimo, 2014). The
body typically manages the cobedytemperature by sweating, and this is very effective, but

in areas of high humidity, sweating is not an effective way of managing core temperature
(Miller et al,, 2020). During heat extremes in Pakistan and India in 2015, it was found that the
high mortality rate can be attributed to the addition of high humidi¥§azdiyasnet al.,2017)

This is important for Africa since it consists of several regions with high hyrfibraet al,,
2017). Consequently, extreme temperatures will dramatically affect the ®odpility to
function at peak performanc@kaheimo, 2013 The importance of studying the effects of
extreme temperature on the human body is outlined by Ikahe@n(2014) as an increased
need to identify groups in the population that are most vulnerable due to an increase in
extreme weather events, an increased risk in morbidity becaugsime$sand lastly to identify

the importance of establishing a managemasian to reduce health care costs and the

prevention of mortality (Milleret al.,, 2020).

Africacomprisesof developing ountriesthat rely mainly on agriculture for economic growth
and holds 60% employment over Africa (Coléerl., 2008). ETEare likely to have a vast
impact on the sector due to the critical role temperature @ay agriculture (Milleret al.,
2020) Crops grown in Africa are already pushedteir limits in terms oftheir thermal
tolerance and resistance to droughts, and thmst crop is produced in serarid regions
which are already challenged by ETEs (Métexl.,, 2020; WMO, 2020). Heat stress, droughts,
increased pest, and flood damage will affect food security and impact all livelihoods in the

region (WMO, 2020). It mlso projected that seasonal weather patterns will be affected and
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negatively impact the agricultural sect(Mliller et al.,2020) The price of fooanaycontinue

to increase without adaption measuress food productivity decreasegand the agricultural
sector continues to struggle, making food affordability even lower in an already economically
struggling continent (Orimoloyet al, 2019; WMO, 2020). Water shortages are already a
problem in much of Africa and are expected to become an even more santifproblem
(Garlandet al.,2015) It will disrupt food production and the daily lives of people (Niaege

al.,, 2014). ETEs effect on the economy and social structures of a region also adds to the
conflict in many African region®WMO, 2020) Although here isdebate among scientists
regardingthe role of changing climate imriving conflict, there is a consensus that these
climate changes can exacerbate existing conflict (ICRC, 2020). $@@leghliret al.,2012

2014; Scheffraet al.,2012, 2014, von Uexkul al.,2016)have shown a link between high
temperature anomalies and increases in violence within the specific region. Between 1991
2009 in East Africa and 192012 in subSaharan Africa, higher thaaveragetemperatures

or extreme warm events have increased violence up to 26.6@o(@hlinet al.,2012 2014.

The leading causes of the increase in conflict are attributed to overexploitation of scarce
resources during theseemperature anomaliesmass migration due to shortagesfobd and
water, and the increased need for more extensive agricultural land (ICRC; 2020eMaller

2020; WMO, 2020).

A change irthe meanclimate of Africa and regions thereakill have adverse effects on
biodiversity, with multiple fauna and florspecies going extinct (Niareg al., 2014).Crop
harvesting time, phenological cues for plant and animal speeied melting periods for

glaciers are dependent on the lengthtohe in which thresholdemperatures are exceead
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(Nianget al.,2014) Ssasoral perspective on warm and cold extremes are critical and can have
adverse effects on the natural, social and economic environment (Harrirggtal) 2017).

A lot of African biodiversityhas adapted to the scarcity or abundance of resources, it is
challenging to determine the exact impact the climate changes will have on the different
species (Milleet al,, 2020). Models project that at least 100 South African Cape Floral region
specieswill go extinct, with some models projecting a loss of 2000 species under the current
climate change conditions (Kidaee al., 2019).1t is difficult to make projectionabout the
impact on biodiversityue to thelack of observational data within Afrieand the extent of

the impact on freshwater supplies, which is a crucial driver in African biodiversity (Katlane
al., 2019).Although projections are difficult to make,is clear that a large scale change in
habitat will lead to sensitive species gogrginct (Niangeet al,, 2014; Milleret al,, 2020). One
reason why literature is uncertain about the impact on biodiversity is that there is a lack of
observational data within Africa and the extent of the impact on freshwater supplies, which
is a cruciadriver in African biodiversity (Kidaret al., 2019). Unfortunately, climatehange

is not a problem created by Afri¢Bliangeet al.,2014) However, large areas of Africa will be
more affected than others due to the dependence on agriculture, not jussfingstence
farmers but also for entire countries that rely on agriculture for economic sustainability
(Niangeet al.,2014; Kidanest al.,2019; Milleret al.,2020) Everthough African households
have shown resistance to short term shortages, it isallg not sustainable, and with changes
becoming more permanent, it is unclear how the households and economy will be able to
adapt (Milleret al,, 2020).Since the 2000s, there has been an increase in the use of indices
to identify ETEs over Africa (Talilg In the last decade, the use of ETCCDI ar8 has

increased significantly, although ETCCDI has been used more often (Table 1)
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Tablel: Studies conducted sin@9)00 assessing ETES in Africa.

Author Research Topic Indices used Location

Frichet al., 2002 Observed coherent changes ETCCDI International, Africa
climatic extremes during the secon
half of the twentieth century

Newet al., 2006 Evidence oftrends in daily climate ETCCDI West and Southern Africa
extremes over southern and wes
Africa

Aguilaret al.,, 2009 Changes in temperature an ETCCDI Western Central Africa,
precipitation extremes in westerr Guinea Conakry an
central Africa, Guinea Conakry, al Zimbabwe
Zimbabwe, 19952006

Orlowsky & Global changes in extreme event EFSCI International, Africa

Seneviratne, 2012 regional and seasonal dimension

Kruger & Seleke, Trends in extreme temperatur¢ ETCCDI South Africa

2012 indices in South Africd:9622009

Lyet al., 2013 Evolution of some observed climai ETCCDI West Africa
extremes in West African Sahel

Donatet al., 2013  Updated analyses of temperature ar ETCCDI International, Africa

precipitation extreme indices sinc
the beginning of the twentieth
century: HadEX2 dataset
Omondiet al., 2014 Changes in temperature an ETCCDI East Africa
precipitation extremes over the
Greater Horn of Africa region fror
1961 to 2010
Chaneyet al., 2014 Development of aHighResolution ETCCDI Sub-Sahara Africa
Gridded Daily Meteorological Datas:
over SubSahara Africa: Spatic
Analyses of Trends in Clima
Extremes
Dialloet al., 2014 Evaluation of RegCM4 driven t ETCCDI Southern Africa
CAM4 over Southern Africa: mee
climatology, interannual variabilit
and daily extremes of wet seasc
temperature and precipitation

Mekasha et al, Trends in daily observed temperatur ETCCDI Ethiopia
2014 and precipitation extremes ove
three Ethiopian ecenvironments
Moron et al.,, 2015 Trends of mean temperatures an ETCCDI Northern Tropical Africa

warm extremes in northern tropica
Africa (19612014) from observec
and PPCAeconstructed time series
Abatanet al. 2016  Trends in extreme temperature ove ETCCDI Nigeria
Nigeria  from percentildased
threshold indices

Filahiet al., 2016 Trends in indices of daily temperatur ETCCDI Morocco
and precipitations extremes i
Morocco
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Marigi et al., 2016
Mequanuntaet al.,
2016

Russeet al., 2016
Ceccherini et al,,
2017

Kruger & Nxumalo,

2017

Dosio, 2017

Abatanet al. 2018

Gebrechorkos et

al., 2018

Nkemelang et al.,
2018

Diebhiou et al,
2018

Krugeret al. 2019
Nangombe et al.,
2019

Amouet al. 2021

Van der Walt &
Fitchett, 2025

Van der Walt &
Fitchett, 202b

Trends of Extreme Temperature ar
Rainfall Indices for Atiand SemArid
Lands of South Eastern Kenya
Observed and Future Climat
Variability and Extremes Over Eg
Shoa Zone, Ethiopia

When will unusual heat wave
become normal in a warming Africa’
Heatwaves in Africa 1981015,
observations, and reanalysis
Surface Temperature Trends frol
Homogenised Time Series in Sot
Africa:1931-2015

Projection of temperature and hea
waves for Africa with an ensemble
CORDEX Region Climate Models
Trends in mean extrem
temperatures over Ibadan
Southwest Nigeria

Changes in temperature an
precipitation extremes in Ethiopis
Kenya, and Tanzania

Temperature and  precipitatior
extremes undercurrent, 1.5°C anc
2.0°C global warming above pri
industrial levels over Botswana, ar
implications of climate chang:
vulnerability

Changes in climate extremes ov
West and Central Africa at 1.5°C a
2.0°Cglobal warming

Historical and projected trends i
near surface temperature indices fc
22 locations in South Africa

Il AIKm¢ SYLISNI G dz2NB
Over Africa Under 1.5 and 2 °C
Global Warming

Heatwaves in Kenya 1987016:
Facts from CHIRTS High Resolut
Satellite Remotely Sensed and Stati
Blended Temperature Dataset
Exploring extreme warn
temperature trends in South Africe
196052016

Exploring extremecold temperature
trends in South Africa: 1962016

ETCCDI

ETCCDI

ETFSCI

ETFSCI

ETCCDI

ETCCDI

ETCCDI

ETCCDI

ETCCDI

ETCCDI

ETCCDI

ETCCDI

ETCCDI

ETCCDI, E5CI

ETCCDI, E5CI

South Eastern Kenya

Ethiopia

Africa
Africa

South Africa

Africa

Southwest Nigeria

Ethiopia, Kenia and Tanzan

Botswana

Central and West Africa

South Africa

Africa

Kenya

South Africa

South Africa
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2.3.1.ETEs ilNamibia

Namibia is considered the most arid country in sthmhara Africa (MET, 20@®idler and
Chunga, 200/ The frequency of mughts, floods, and extreme temperatures are on the rise
in southern Africa, including Namihiiliangeet al.,2014) In the past 50 years, Namibia has
experienced an increase ihe averagdemperature of 1°C and 1.2°C, with a more significant
increase in Namibfa Northern parts (MET, 201Newet al. (2006) conducted a study over
southern Africa exploring temperatartrends. The research display evidence that Namibia
has seen an increase the frequency ofwarm extremes for 1962000 (Newet al., 2006)
Additionally, the research indicates a decreasthmfrequencycolder extremes (Newt al.,
2006). The majorityf research is over a broader region and uses point data, causing the
results to have a low resolution for Namibia (Newal.,2006).In the Fith Assessment Report
of the IPC@2018) it is noted thatNamibiahas also seen a decrease in cool nights aaykd

with an increase of warm nights and days

Bvidenceindicatesthat the 1980s and 1990s were the two hottest decadgisbally,of the

20" century (Christenseret al., 2013. Since then, recortireaking high temperatures were
recorded from 2003 and onwards (Dieckmagtral., 2013). These temperature increases in
Namibia are three times higher than the global average (Faical, 2008). Namibia
experienced abovaverage tempeatures for summer and winter periods in 2018 (WMO,
2018). The WM@2020)noted that 2019 was a significant year for ETEs, with heatwaves in
the early summer exceeding 45;@ Spitzkoppe MountainsThere was also an abnormal
increasefor winter temperatutes, with some sites recording 40°C in coastal areas (WMO,
2019).Namibia, with its neighbouring countrieexperienced temperatures 2°C above the

global averagéWMO, 2019) There has also been an increase in the number of warm spells



and heatwaves acrod¢amibia for the last two decadeN¢wet al.,2006;WMO, 2018, 2019).
Although there is not the same amount of research on southern Africa as in the Global North,
it is, neverthelesglearthat the observed temperature changes over the last 60 years itedica

a rise in temperatureg¢Niangeet al., 2014; WMO, 2019Pinto (2020) used gridded data to
illustrate the temperature anomalies for 2019 with a base period of 12®&10 (Figure 1)he
temperatures for 2019 for all of the SADC countries were above rlioidzanibia recorded
above normal temperatures in all four seasons with some areas exceedifi§ aldve
normal. Only the west coast of Namibia experienced below average temperatures in Autumn
(Figure 1; Pinto 2020Rural and developing areas such as-Sabaran Africa will bear the
effects of climate change more so than developed countries, and since southern Africa is more
prone to extreme temperatures, droughts and floods, the effects will be even more significant
(Otto et al.,2015; Milleret al.,2020) Therefore, the effects of climate change are no longer
just a concern for the natural environment but also the survival of the people in Namibia and

the country® economy(Niangeet al.,2014; Ottoet al.,2015)
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a) DJF 2018/2019 b) MAM 2019

c) JJA 2019 d) SON 2019
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Figurel: Seasonal monthly averages in mean temperature anomalies for southern Africa with

a baseline of 1982010 (Pinto, 2020).

The impacts of the temperature changes can already be seen in the agricultural, economic
and socieeconomic sectors in counés across Africa, including Namibia (Niange et al., 2014;
WMO 2019).0Over the last two decades, the frequency and intensity of ETEs pose further
vulnerability to the economy, agricultural sector, water demands, habitat loss, tourism, and
the health sectoin Namibia(MET, 2011WMO, 2019). Water scarcity has been a problem in
Namibia beforehe first industrial revolutionbut the changing climatbas only exacerbated

the problem (Reidet al, 2007). A decrease in the rainfall, as expected with a further
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temperature change and an increase in evaporation, have reduced runoff and infiltration
(Reidet al.,2007; MET, 2011)This already caused a decrease of789 in groundwater
recharge as well as a decrease in river discharge over the past three decaudjg (et al.,

2010; MET, 2011). These reductions have created a problem for farmers ssitarge
percentage of available water is used in crop farming for irrigation and livestock fafihiigy
2011; Schneideet al., 2015). Due to increased hesatresson the agricultural sectormore
people are moving to urban areas from rural areas, thus putting even more strain on the
water resources (Barnes al,, 2012). Reduction of river discharge also affects hydroelectricity
supply, as in Ruacana Hydropemstation (MET, 2011; Barnes$ al,, 2012). Twethirds of
agricultural land in Namibia is used for sisbence farming, with pastoralism already
decreasng (Spearet al, 2018). Changem temperatures, seasonal lengths, humidity and
rainfall led to cropfailure and reduced food production throughout Nara (Spearet al.,
2018) Other factors influenced by climate change are the reduction of soil fertility, soil
erosion, pesticides, and crop pathogen dynamics (Bead, 2007; Barnest al,, 2012; Spear

et al, 2018). The spread of diseasssich as malariaengue fever and schistosomiaéRN,
2015), isalso changing due to the changes in temperatures, and there is little understanding
of how these diseases react to warming temperatures (Kandghgh, 2010). Moreover, the
reduction in vegetation cover reduced grazing land; thus, changing grazing patternetReid

al., 2007).

Namibia is made up of extremely sensitive biodiversity, and even with a large number of
protected areas, there is alreadygss of biodiversity l0sS&GRN, 2015)A loss of vegetation
cover and a decrease in the number of deciduous beaded trees are concerning and is

linked to an increase in G@&missions (Thuillezt al., 2006; Speaet al., 2018). Expanding arid
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areas and reducing savanna biomes are threatening p&fuelihoods in the area, and with
an increase of veld fires worsening the situat{@RN, 2015; Speat al.,2018) The loss of
biodiversity directly impacts other processesich as water purification and the availability
of medicinal plants (Daviet al, 2013).The loss in biodiversity aléms a significant effect on
tourism in the country since it relies heavily on natural attractiémstourism (Reidet al,
2007, Spea et al., 2018) The rise in the average temperature and ETEs also influence the
ease at which tourist activities are conducted (GRN, 2018$.is a drawback for the coun®y
economy as the government relies heavily on tourism to add to the GBWRlleret al.,2006;
GRN, 2015)ETEs féects the comfortability of the indust§ activitiesand increases the
running cost of tourist sitedor example, the increased use @joling systems (Speat al.,
2018 KejaKaereho & Tjizu, 20)9The tourisnof a country relies on the regi@ political
stability, but with a changing climate, the a@a&tability can very quickly change (GRN, 2015;
Spearet al, 2018). The impacts mentioned above aldwectly impact the country's
healthcare system (GRN, 2Q18amibia has a high percentage of people living with HIV/Aids
and tuberculosiswhich puts a strain on the healthcare system (Thuieal., 2006; GNR,
2015).A largeproportion of people in Namibia are malnourished (GNR, 20TBg already
strained halthcare system is put under more pressure due it@reased poverty,
malnutrition, increased diseases, heat stress and dehydration (Thatllat, 2006; GRN,
2015; Speaet al,, 2018). ThepreviousETEsn Namibiahas also affected infrastructure, such
as theRuacandydroelectricity plan{GNR, 2015; Speat al.,2018) The reduction in water
availability and thencreasedtemperatures workers have to enduia the agriculture and
mining sectoreduces th& productivity and, in turn, the economySpearet al,, 2018). The
effects already endured by the country due to climate change and the kisfoNamibia

negatively impact their vulnerability and adaptive capacity for future changes (MET, 2011;

26



GRN, 2015). Unfortunately, developing countries are ¢agpmble of adapting and surviving
significant climate changes, mainly due to a lack of financial resources, technology and large
percentages of poverty (Reet al., 2008). Over 30% dhe gross domestic produc¢GDP) in
Namibiadepends on thenatural environmentand further changes can be catastrophic for

the economy, further reducing the count@®financial capability to adapt to the changes (Keja
Kaereho & Tjizu, 2019). An estimated loss of 6% of the GDP is projected to damage natural
resources in the next ten year. Furthermore, the most vulnerable portiorNamibia's
population (elderly and childrerljve in rural areas where most adaption is needed (GRN,

2015; Speaet al., 2018; KejaKaereho & Tjizu, 2019).

Qimate change projeadnsfor Namibiaare discussed in the National Climate Change Strategy
and Action Plan for 2023020 (MET, 2011)Even though climatic variability is a normal
phenomenon, with erratic temperatures, rainfall, and persistent droughts, the country will be
affected ty even more unpredictable weather (Mfune & Ndombo, 2005; Datkal., 2008).
From global climate models, rainfall projectiofts Namibiaindicate an increase in late
summer rainfall in most parts of the country and a decrease in the winter rainfallciedlye

in the western and southern parts of the couniiggabiet al.,2021) It is projected that by
2050, temperatures be-2°C higher when compared to the baselines of 126820 (IPCC,
2018). Furthermore, it has been projected that with the increastemperature,Namibiawill

be struck with more severe floods, droughts, rising sea levels, loss of biodiversity, weakening
of water supplies, and food insecurity (Huétnal,, 2001). A 50%eductionin food production
isprojectedby 2050, and with the cuent increase in population, this can lead to malnutrition
in 50% of the population (Kotir, 2011; Kéjaereho & Tjizu, 2019). Due to the coury

aridity, climate patterns, socieconomic factors, and its natural resousbased economyit
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is classified & highly vulnerable to climate change (MET, 20Wijth a high degree of
certainty, it is predicted that by 2048065, summer temperatures will increase between 1

3.5°C and winter temperatures will increase betwee#°C (Dirket al.,2008). The frequency

of days above 35°C is increasing, and days below 5°C is decreasing, which suggests overall
warming in Namibi@ climate (MET, 2011). Namibia already faces the threat of water scarcity,

and the impacts otlimate change only worsening the situation.

2.4.Conclusion

ETEs have a significant impact on the livelihoods of people and the enviroimmgamibia
(Spearet al.,2018) There is evidencthat the night and day temperatures amearmingand
increase in the frequency and intensity of ETN®ngeet al, 2014; Milleret al, 2020.
Countries with a similar climate to Namibia clear evidence of the consequences of the
changes in temperaturen a country and its environmelii§tott et al., 2004; Petersoret al.,
2013; Ottoet al, 2015. Developing coumtes do not have the number of resources and
technology at their disposal as developed countrniesking them more susceptible to changes
in climatic conditiongNewet al.,2006) The African continent has already experienced some
significant changes in irfall patterns, temperature increases and E{l#isangeet al.,2014;
Spearet al.,2018; Milleret al.,2020) There is a large gap within the literature that explains
these effectdMiller et al.,2020).There are different reasons for the lack of resggrsuch as
lack of funding, extensive spatial coverage and sparse reliable (Neaageet al., 2014;
Harrington & Otto, 2020ETESs in Namibia are increasing and negatively impact the economic,
environmental, and socioeconomic sectors (MET, 2011; GNR; Pinto, 202Q)The majority

of the population live in rural areas and live on the surrounding resouiG&R, 2015)A

number of limited resources in Namibia (i.e., water availabiityf)become scarcer with the
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current projections and furthepressure rural communitie@Harringtonet al., 2017) There
shouldbe a focus on the environmental impact or seeimonomic impacts, but instead, they
should be seen in tandem to understand the changes thoroughlyadiagt accordingly and

sustainablyNiargeet al.,Muller et al.,2020; Kgabet al.,2021)
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Chapter 3: Study Region

3.1. Introduction

Namibiais on the southwestern coast of Africsituated south of the equatowyith the Tropic

of Capricorn running through the countirkx et al, 2008. Namibia coversan area of
825,615km?, spanning 1Z9°S and 1-25°E (Figure Klaus, 200 Countries that border on
Namibia are South Africa on the sotghst and south, Botswana in the east, Zambia in the
northeast, Angola in the north, and the Atlantiaceanin the west A coastline of about
1572kmand the perennial Kunene, Kavango, Zambezi, Kwando, Linyanti, Chobe and the

Orange Rivexform the borders throughout Namibikilaus, 2005janis, 2011).

Thetopographyof Namibiacan be classified into five main areas: thamib Desert Lodge

the Great Escarpment, the Central Plateau, the Kalahari Desert and the Bustiaak] 2005;
Janis, 201)L The areas are separated with characteristic vegetation and abiotic conditions,
with some overlap between each borddragan 20®). TheNamib Desert Lodgeonsists of
hyperarid gravel and sand that make up the wdlchighest dunes (Spriggs, 2001). It
stretches over the entire coastline of Namibia from South Africa to Angola (2000km) and
spreads inland to the Great Escarpment (ABDkn Logan, 2009). The Great Escarpment
spreads from the north to the south of Namibia that separates the coastal areas and the
plateau (Spriggs, 2001). It is made up of different mountain ranges that regot26p0m.as|

with large valleyshroughout the Escarpment that have been eroded over millions of years

(Janis, 2011

The Central Plateau is the most extensive landscape in Namibia and borders the Great

Escarpment and the Kalahari Desert. Windhoek,cdygital city of Namibia, is situated in the
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Escarpment. Additionally, the Escarpment reaches heights of between-20iliin.asl
(Logan, 2009). The Kalahari Desspans several countries- South Africa, Botswana,
Zimbabwe, Zambia, Angola and the Democr&epublic of CongfLogan & Silberbauer,
2019) andcomprisesthree main characteristics: sand sheets, longitudinal dunes and pans
(also called/leis Spriggs, 2001). Lastly, the Bushveld is dominated by flat plains and borders

Botswana, Zimbabwe, ZambiadaAngola (Rutherforét al., 2006; Janis, 2011).

3.2. Weather Station Locations

The weathers stationselectedwere Klein Aus Vista, Etosha Safaipchfeld, Windhoek,
SwakopmundNamib Desert Lodgeodge, and Stampriet (Kalahari Farmhouse). These sites
were selected dudo their spatial variability and data availabilifgr a ten year period.
Unfortunately, two of the stations did not haw&ufficient datato calculate the necessary

indices for the wudy. Thus, only five stations were used for the study (Table 2, Figure 3).

Table2: Selected weather stations

Study Area Latitude Longitude Elevation Rainfall Max  Temp Min  Temp
(m.asl) (mm) (c°) (o)

Hochfeld HMCHpPCMTCpmMm! 1576 52.74 31.43 6.19
Kalahari Farrhouse HncHAn(mycHRM¢ 1211 20.16 36.72 4.53

Namib Desert Hnc nc t 15°54'00"E 664 10.25 35.77 6.67

Lodge

Swakopmund HHcnnCmncom¢ 90 2.32 27.87 10.29
Windhoek HHcontmTtcnn¢ 1673 40.63 31.29 8.89
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Figure2: Map of study region of Namibia, topography and the study area.

3.3. Climate and Weather

The mean annual temperature of Namibia is 20.2°C for the period 0f2008(Pinto, 2020)
Temperatures are highest in the north and south of the country, with the average maximum
for the hottest month exceeding 34°C (Turpie et al., 2010). The Southern Kalahari has the
coldest temperatures, with an average minimum temperature®fC in the coldest month
(Turpie et al., 2010). The dry season months of Julkyand August have the lowest
temperatures.The country's high evaporation rates range from 3800yrnn the south to
2600mmyr in the northand are expected to be five timesore than the annual rainfalMET,

2011).
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The amount of rain that falls in Namibia varies greatly depending on the region (Spear et al.,
2018). Namibia has only one rainy season, which runs from November to April and coincides
with the southward migrabn of the ITCZASpear et al., 2018)The ITCZ has a significant
influence on the ENSO (Spedral., 2018).The northeast of Namibia receives about 600mm

of annual rainfall on average, while the south and coastal regions receive less than 50mm
(GRN, 2015)As a result, other types of precipitation, such as fog, have beassential

water sources for desert fauna and flora (GRN, 20b%pme coastal regia) coastal fog can
provide up to five times the amount of moisture and water as rainfall (Kaseké,2018).
TheNamibian climateis projectedto becomemore sensitiveto ENSOwith aboveaverage

temperatures and belovaverage rainfall (GRN, 2002akhrajGovender & Grab, 2018

3.4. Population structure and Soctieconomic landscape

In 2020Namibiad? census data revealed that the country has 2.6 million people, with 35.68%
of the population younger than 15 years and 3.9% older than 65 (World Bank, 2020).
Namibid? largest town is Windhoek, with a population of 260,000 and with the rest of the
urban population spread out through smaller towns. Urban areasiafmfmal settlements

make up 55% of the total population, while 45% occupy rural areas (Karuaihe, 2019; World
Bank, 2020). A large proportion of the population that reside in rural asdg®nsubsistence
farming for survival. The dependency smbsistencdarminghasdecrease in Namibiadue

to climate change, forcing ruralrban migration (Karuaihe, 2019). With the changing climate
and the agricultural sector undgressure more peopleare migrating their business to
trophy hunting and tourism (Stiftung, 2020; World Bank, 2020). There has been a decrease in
extreme poverty over the past few years, but mulimensional poverty remains high (this

includes health, education and related rgees). The recession of 2016 and the high
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unemployment rate has contributed to the growing informal economic sector that now
makes up 40% of employment (Stiftung, 2020)e Namibian healthcare services are shared
between the public and private sectorhd private sector is found in urban areas, making it
difficult for the rural population to access these services. The leading causes of deaths in
Namibia are HIV/IDS diarrhoea, tuberculosis, pneumonia and malaria, and the country only
has a life expectary of 49 years (MET, 2011; GNR, 2015). HIV/Aids infections are
approximately 15% of the total population, and the high number of tuberculosis and
malnutrition in the country puts much strain on the hospitals (GNR, 20t5)important to
understand the scio-economic status of the country and the population structure to
understand the impact ETEs can have on an already pressured healthcare system. The effects
of ETEs on a country that rely heavily on tourism and the 40% of people living in rural areas

canput extra strain on the economy.
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Chapter 4: Methodology

4.1.Introduction

The main objective of the study is to asstesfrequency and extent &TE# Namibia. This
chapter outlines the methods and process which were followed to address the objective. Only
guantitative data is used in this study in the form of meteorological data. Firstly, it will discuss
the data needed for the study and how the dawas collected and selected. After that, data
quality and cleaning are discussed. Furthermore, the different types of indices and

interpolation of the data are discussed and computed by different computer software.

4.2. Data collection and Station Selection

For this study, the daily maximum (TX) and minimum (TN) temperatur&S)indre obtained
from the Namibian Weather Networkor the period 2008019 Unfortunately, some
limitations were encountered with the collection of the data. Otem years, some sttions
had months to years missing in the data sets. For the indices to be calcuiatén25% of
the data setmissingis deemed to beacceptable as by the standards set by the WMThe
above mentioned resulted in twof the originallyselectedstationsbeing omitted from the

analysisThus, lhe temperature indices for five sites spread out over Namibia were calculated.

4.3. Data quality and cleaning

Before any statistical analyses are performed, it is recomradrnitiat proper quality control
be done to enste reliable results (Klein Taekal., 2009; WMO, 2011; Fioravamt al.,, 2019).
Therefore, the datasets selected were subject to quality contradlémtify anymissing data
and outliers that may have occurred due to failure of equipment or human error (Salaimeh

al., 2018). In order to maintain consistenttyoughout, from the raw data to the resulta
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two-point decimal rounding was usdtbm the raw data andvisible outliers were checked.
Where possible, missing data of five consecutive days ortlesslata was replaced with the
5-day running averagéAlexander & Herold, 20)6 These were also crostecled with
adjacent stations within a radius of 50km. Atitthal quality control vas also conducted using

the software packagesised to determine the EBCI and ETCCDI. TheSET uses the
ClimPACT v2 (Alexander & Herold, 2016), while the ETCCDI uses RClimDex vét&lkZang
2018). These packages allow theu® set the threshold for outliers in terms of the standard
deviation and will then warn the user if any occur. Furthermore, the user is then able to make
the necessary changes. A default threshold of three standard deviations was used for each

package Zanget al., 2018; Kruger & Nxumalo, 2017)
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Data collection from weather stations

Data cleaning and quality control of TX and TN
for all weather stations

ET-SCI: TX & TN loaded into ClimPACT v.2

ETCCDI: TX & TN loaded into RClimDex v1.9

Results sorted for each index into mean monthly
& mean annual per station

For each station & index the Mann-Kendall test, Sen’s Slope
estimator, & Spearman's Rank Correlation Coefficient is
calculated

Results visually represented by using ArcMap
software and tables

Figure3: Method to determine extreme cold and warm temperature events.

4.4. Temperaturelndices

4.4.1.ETCCDI

In 1996 the IPCC published the Second Assessment Report (SAR), and it was concluded that
the available data and analyses were inadequate to make assessments on global climate
changes (Anguilar, 2016). The focus walominantlyon shortterm scales; thus, there was

no longterm datasets recordDonatet al., 2013; Anguilar, 2016). Subsequently, in 1999 a

jointly sponsored team was created, now known as the ET@®@DQuilar, 2016). This team
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exits of the following orgamations: the project onClimate Variability and Predictability
(CLIVAR), the World Climate Research Programme (WCRP), World Meteorological
Organization (WMO), the Commission for Climatology (CCI), the Joint WMO
Intergovernmental Oceanographic Commission (IOC), the United Nafolgational,
Scientific and Cultural Organization (UNESCO) and the Technical Commission for
Oceanography and Marine Meteorology (JCOMMterson & Folland, 2001; Donet al.,

2013; Anguilar, 2016). The ETCCDI have charsetteand measure climate varidlty and
change by coordinating internationally accepted indices for universal comparisore{ldar|
1999).27 core indicesneasure temperature and precipitation and can be divided into four
categoriegKarlet al,, 1999; Zangt al., 2018)

1. absolué indices;

2. threshold indices;

3. percentile indices; and

4. duration indices

These indices can be used for modelling or observations globally and on a regional scale
(Anguilar, 2016; Alexandet al., 2019). For this study, 12 indices were selddi®m the 27
main indices, which will be defined belowTable 3and a summary of each below the table.

(Karlet al., 1999; Peterson & Folland, 2001; Zanal., 2018).
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Table3: ETCCDI indices used in the study (Zang et al., 2018).

ID Name Definition Equation Unit
FD Frost Days Annual number when TN<0°C Y @ Days
SuU Summer Days Annual number when TX>25°C KOs Days
T™*% Maximum TX Daily warmest TX Yo 2@ax (Yo )QQ °C
™ Minimum TX Daily coldest TX Y6 i (YR )QQ °C
TN Maximum TN Daily warmest TN YO fr@ax (YO RQ °C
™ Minimum TN Daily coldest TN YO %0n (YO QQ °C
TN10p Cool Nights Days wherTN<1@' percentile YO QW0 08 %
TN90p Warm Nights Days when TN>90percentile YO QW06 96 %
TX10p Cool Days Days when TX<f(ercentile “WQIIWKQE0 %
TX90p Warm Days Days when TX>%ercentile “WQXIKQ80 %
WSDI Warm Spell Duration Indicator Annual number of days when TX¥9fpercentile (at "Y& '©®0 OB Days
least 6 consecutive days)
CSDI Cold Spell Duration Indicator Annual number of days when TN<1percentile (at "WQIIWQ£0 Days

least 6 consecutive days)
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4.4.1.1.Summary of ETCCDidices

Frost Days (FDYT.he yearly number of days where the daily minimum is below 0°C (TN < 0°C).
Let"YO ‘BEQhe daily minimum temperature on day i in year j.

Summer Days (SUThe yearly number of days where daily maximum is above 25 °C (TX >
25°C). Let¥ Q@ the daly minimum temperature on day i in year j.

Maximum TX (TXx)fhe maximum daily maximum temperature for each month." MO

the daily maximum temperature on day i in year |.

Minimum TX (TXn)The minimum daily maximum temperature for each month. &b 'Q
the daily maximum temperature in montfRyearQ

Maximum TN (TNx)The maximum daily minimum temperature for each month.Ivét ‘B8Q
the daily minimum temperatures in montiyearQ

Minimum TN (TNn)The minimum daily minimum tempetare for each month. LetYO "BEQ
the daily minimum temperature in montiyearQ

Cool Nights (TN10pY.he number of days where the minimum temperature is below the 10th
percentile. Let YO “B8®he daily minimum temperature on d&Qin the yea @nd let"Y) ‘03

be the calendar day 10th percentile centred on-dey window.

Warm Night (TN90p)The percentage of warm nights where the minimum temperature is
above the 90th percentile. L&Y "BEQhe daily minimum temperature on d&Qinthe year
Gand let"Y() @& be the calendar day 90th percentile centred ond@a§y window.

Cool Days (TX10pyhe number of days where the maximum temperature is below the 10th
percentile. Let YXQR®@ the daily maximum temperature on d#3in the yearCand let" Q%0

be the calendar day 10th percentile centred on-dey window.
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Warm Days (TX90p)fhe percentage of warm days where the maximum temperature is
above the 90th percentile. LE¥ Q@ the daily maximum temperature on d&3in the year
@and let”YX'Q80 be the calendar day 90th percentile centred onday window.

Warm Spell Duration Indicator (WSDIYhe yearly number of days with six or more
consecutive days when the maximum temperature is more than the 90th pglediX
>.90th percentile). LY MEGhe daily maximum temperature on d&in the yearcand let

"Y& ' be the calendar day 90th percentile centred on@ay window.

Cold Spel Duration Indicator (CSDIhe yearlynumberof days with six omore consecutive
days, when the minimum temperature is less than the 10th percentile (TN <.10th percentile).
Let "WQI§2 the daily minimum temperature on d&g@n the yearGand let™WQ#%0 be the
calendar day 10th percentile centred on @&y wirdow.

4.4.2 ETSCI

At the fifteenth session of the WMO Technical Commission for Climatology, it was decided
that there was a need for sect@pecific indices that will have a broader range of
implementation (Alexander, 2015; Alexander & Har@@ll6; Mistry, 2019). Henceforth, The
Expert Team on Sectapecific Indices (EFCI) had their first meeting in 2011 in Spain and
established 34 core sets of indices developed in part with the core indices of ETCCDI (Perkins
& Alexander, 2013; Alexander i&erold, 2016). The newly developed-&Tlhave sector
specific applications and were informed by experts in health, agriculture and water (Bronat
al., 2013; Alexander & Perkins, 2016; Mistry, 2019). Furthermore, tie@E &llows the user

to define thrediolds within specific indices. Additionally, it includes new heatwave and
coldwave indices over a shorter period than those of ETCCDI (Bomdi 2013; Mistry,
2019). From the 34 core indicesevenwere selected for this study and is discussed below

(Table 4; Alexander & Herold, 2016):
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Table4: EFSCI indices used in this study (Alexander & Herold, 2016).

ID Name Definition Equation Unit
SU35  Very Hot Days Annualnumber of days when B%35°C “Yor= 33 Days
csh Userdefined Cold Spell Duration Indicator Annual number ofh consecutive days where TN41( "Y(< 10%percentile Days
percentile
CWN  Cold Wave Number Number of cold waves occurring eaginter 060 — Y, Number of
060 — Y E Y Jop &V

06 o0 '@ YA VoudDbam =

CWD  Cold Wave Duration Length of longest cold wave Identified by the CWN Days
WSDJ  Userdefined Warm Spell Duration Indicato Annual number ofh consecutive days where TX39( "X > 96%ercentile Days
percentile
HWN  Heatwave Number Number of heatwaves occurring each summer o00heHy — “YO Number of
E Vo o 0 events
o0on®eQ —— YO .
HWD Heatwave Duration Days Length of longest heatwave Identified by the HWN Days
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4.4.2.1.Summary of E-BCI Indices

Very Hot Days (SU35Jhe number oflays where the maximum temperature (TX) is above
35°C

Userdefined Cold Spell Duration Indicator (CSDIdhe yearly number of days contributing

to events where d or more days where the minimum temperature (TN) is below the 10th
percentile

Cold Wave Numér (CWN):The yearly number of cold waves defined by the Excess Cold
Indices (ECI) and Factor (ECF).

Cold Wave Duration (CWDJhe length of the longest cold wave identified by the CWN and
defined by the ECF

Userdefined Warm Spell Duration Indicator (W&D): The yearly number of days
contributing to events where d or more days where the maximum temperaturei§ BKpve

the 90th percentile

Heatwave Number (HWN)The number of individual heatwaves that occur each summer
(November to March in the southedmemisphere). A heatwave is defined as three or more
days, where the Excess Heat Factor (EHF) is positive. The EHF is a combination of two excess
heat indices (EHI)

Heatwave Duration Days (HWDJhe length of the longest heatwave identified by the HWN,
defined by the number of days.

4.5, Statistical Trend Analysis

Trend analyses have a wide variety of applications over a broad number of disciplines,
including meteorology. Due to the popularity of trend analyses in climate research, several
time seriesanalyses have developed, including linear curve, accelerated increase#eam
behaviour and nofparametric descriptionsBrown et al, 2012; Sillmannet al, 2013
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Mudelsee, 2019 Rathnayake, 2019 Although the linear regression is widely used, it is
essential to note that it is prone to overestimating or underestimating the time series's slope
(Onoz & Bayazit, 2003; Machiwal & Jha, 2008). One method that is considered the most
appropriate in climatological trend analyses is the pamametric ManrKendall trend test
(Mann, 1945; Kendall, 1955; Onoz & Bayazit, 2003; Machiwal & Jha, 2008¢ &brak

2013).

The MannKendall test uses the time series data to determine a monotonic downward and
upward trend of extreme temperature series (N@wal,, 2006; Rehman, 2012; Blain, 2013;
Abbaset al., 2018; Rathnayake, 2019). The trend is determined by using the null hypothesis
as no trend; thus, the alternative hypothesis [gasitiveor negativetrend. This can be a linear

or a nonlinear trend, and thertore the MannKendall test can be seen as a replacement for
linear regression models (Rathnayake, 2019; Yetsaf, 2019). Another reason why the test

is popular in determining climate trends is that it does not reqtive data to be normally
distributed, and therefore it is nogparametric (Onoz & Bayazit, 2003; Machiwal & Jha, 2008;
Rathnayake, 2019). In conjunction with the Makandall, the TheiBen slope estimator is
often used. This quantifies the magnitude of slopes and the median slope valuel@&&h

Daviset al,, 2016; Poudeét al., 2020).

For this study, the ManiKendall tesis used together with the Thelben slope estimator to
determine the trends in extremely warm and cold weather events. Furthermore, to-cross
validate the ManrKendalltest results, the Spearm&n Rank correlation coefficient was
calculated. Although both these methods ayeodin making long term analyses, the Mann

YSYRIFItEf FNB aSSy Fa Y2NB AYyOGSNIINBGlFroftS o6 Sys
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As stated abovethe MannKendall test uses a null hypothesig)(s no trend evident. The
latter is the alternative hypothesis {; where there is anonotonicalincrease or decrease
evident in the trends. Thus, the Masifendall either rejects thedbr accepts the KH(Mann,

1945; Kendall, 1975). The statisti¢Mann-Kendall test)is given by the following formula

(Mann, 1945; Kendall, 1975; Rathnayake, 2019):

Y i o

1

where w and w are time series, and is the number of dataoints in the time series. The

"sgr' can be expressed as:

ph @
[ Q& m © o
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2
The MannKendall variance is:
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where @ is the number of tied groups, aral is the number of observations in tHéh tied

group. Where the sample size> 10 the standard normal variabde is computed:
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The @ value follows a normatlistribution. When the@ value is negative; it shows a
downward trend, whereas a positive value shows an upward trend. It is important to note
that the MannKendall test uses several assumptions (Rathnayake, 2019):

i.  The data aredentically distributed, and that the data is timedependent,

ii.  The conditions at the observation times are assumed to be the actual conditions,

iii.  The collection and handling of data occurred without any biased situation.

In the twotailed test ( at a giverignificance level), the R is rejected for an absolute value:
L O 7

5
Where the test for significance is performed at a 5% lgvet 0.005) (Phandat al., 2014;
Yosefet al,, 2019; Poudett al., 2020).
The TheHSen estimator is used in camction with the MannKendall to determine the
slope's magnitude (Davist al, 2016; Poudekt al, 2020). The estimator is resistant to
extreme outliers like extreme lows and extreme highs (Wilcox, 2001). The slope can be

calculated as follow (Sen 1968):
I 0QQ Q‘%—‘*’ h Q¢ iQ Q
Q

6
wherel is Sets slope estimate andy are the time value akand® are the time value aQ
When Ttit indicates an upward trend in the time series.
Spearmarts Rank correlation coefficient walso used to determine monotonic trends in the
time series and determine the degree of correlation between two variables @alif 2016;

Pohlert, 2020). This gives one a numerical value on the correlation or the degree -of non

correlation (Spearman,9D4; Sneyers, 1990). It is calculated as follow:
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where'Y @ si the rank in thégh observation® in the sample size @f.
The addin software XLSTAT 2020.2.1 (ADDinSoft, 2020) was used to calcul&fiarihe

Kendal test, Séa Slope estimator as well as SpearrsdRank correction Coefficient.

4.6.Conclusion

Extreme temperature events are becoming more frequent, and in areas where droughts and
extreme temperatures are common, it can causeparable damage to the environment and

its surrounding areas (GNR, 2011; Crawford & Terton; 2016; Grab & Zumthurm; 2018). Thus,
there is a need to better understand extreme temperature events and have predictions for
the future management of resourcek\vareet al, 2008; Angula and Menjono, 2014). For

this study, the TX and TN daily temperatures were collected from the Namibian Weather
Network (2019). These temperatures were collected over 24 hours and for the duration of 10
years. It was determined #t only six of the eight stations had sufficient data. All the data
from the selected stations had gone through quality control. The 12 ETCCDI indices and 10
ETFSCI indices were calculated using RClimDex v1.9 and ClimPARIIsw&as also done on

a seasaoal scaleSummer (Dec/Jan/Feb), Autumn (Mar/Apr/May), Winter (June/July/August)
and Spring (Sept/October/Novembeihe resultsare presentedn Chapter 5All the above
mentioned statistical methods were used to address the aims and objecBezsionl.3) of

the study.
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Chapter 5: Results

5.1. Introduction

This study aims to determine the extreme temperature events (ETES) over Namibiahsing
ETCCDI and £5ICI Ths chapter presents the results of the different indices, starting with the
meantemperatureevents. It is further separated between warm and cold evedtgler each
index, the average conditions are discussed, followed by the trends at each station for the
period. Lastly, it will discuss the seasonal trends where applicable. It is important to note that
the WMO requires at least 30 years of data for trend analysis to show climate change. The
study only represents ten years of data. Trends presented are fiver¢ested for statistical
significance. If there are statistically significant trends, it cannot be taken as evidence of
climate change as the results may reveal trends within lofgen cyclicities. The

interpretation of the different results is repreated inChapter 6

5.2.Cold events
5.2.1.Mean minimum temperatures (TNMean)

Theindices TNMean, refers to thenean minimum temperature of a station. Thienescale
represented will be indicated at each description as either, for the pg@6082018) year,

or month. The TNMean conditions over Namibia range between 10.36°C and 13.17°C for the
entire period with an average of 11.67°C. Windhoek experienced temperatures very close to
the average TNMean. Swakopmund had kthghestTNMean of 13.17°C and can be related

to the fact that it is situated on the coast of Namibia. Hochfeld and Kalahari Farmhouse had
the lowest TNMean of 10.36°C and 10.38°C, respectidynib Desert Lodgéad the
secondhighestTNMean for the period, 12.87°C. There is an apparent incredle fiNMean

from the western parts of the country towards the northeast and southeast of the country

(Table 5).
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Table5:The average TNMean for 202818.

ETCCDI

Station TNMean
(°C)
Hochfeld 10.36
Kalahari Farmhouse 10.38
Namib Desert Lodge 12.87
Swakopmund 13.17
Windhoek 11.58

The majority of the stationddur of five) have increasing trends, witin overall rate increase

of 0.13°C.y%. Swakopmund has no increasing trend for the ten years, Wwhdeib Desert
Lodge Hochfeld and Kalahari Farmhouse all have an increasing trend. Windhoek is the only
station with a decreasing trend of 0.03°¢€.Namib Desertodgehad an increasing trend of

of 0.34°C.y for TNMearfSupporting Table 1; Figure 4a). From the west coast towards the
northeast and the southeast, there is an increasing patter the trend for TNMean. In
summer, four of the five stations have an average increasing rate of 0.18°®&aakopmund
decreasing by 0.0Ty! (Figure 5a). Hochfeld and Kalahari Farmhouse hasfdbtest
increasing trend. During autumn, HochfekBmib Desert Lodgend Windhoek are increasing

at a rate of >0.22°Cly Kalahari Farmhouse and Swakopmund are both decreasing at a rate
of >0.09°CY. Most stations have an increasing trend except for Swakopmund that has no
trend for the period (Figure 5b)Desert Lodgéas a statistically significant increasing trend

of 0.42°C.y for winter (Figure 5c). All the stations have an increase of >0.34f@.gpring,

with Hochfeld havingn increasing trend df.04°C for 2002018.Namib Desert Lodgs the

only station forspring that has a statistically significant increase of 0.3729€igure 5d). fie
central, northeast, southeast and southwestern part of the country hasfalseestrate of

increase in TNMean, while the west coast shows little to no increase.
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Figure 4Trends of TNMean (a), and TNn (b). Open downward and upward triangles indicate negative and positiv

trends. Squaremdicate no trend. Solid downward and upward triangles indicate trends that are statistically significant

at the 5% level
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Figure4: Trends & TXn (c), and FD (d)pen downward and upward triangles indicate negative and positive trends.

Squares indicate no trend. Solid downward and upward triangles indicate trends that are statistically significant at th

5% leel.
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Figure 5:Seasonal trends of TNMean (a) Summer, and (b) Autumn. Open downward and upward triangles indica
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5.2.2.Coldest day (TXn), coldest night (TNn) and Frost days (FD)

The indicesefer to the following: TXnthe maximum daily maximuremperature for each

month, TNn,the minimum daily minimum temperature for each mordhd, FD, the/early

number of days where the daily minimum is below .0T@e timescale represented will be
indicated at each description as either, for the period (2@0&8), year, or monthThe

average TXn for Namibia was 19.09°C for 2B0B3, with almost all of the stations
experiencing an average TXn of >19°C. Swakopmund is below the average TXn at 15.40°C for
the period. Thénighestaverage TXn was recorded fdéamibDesert Lodge?22.26°C. Hochfeld,
Kalahari Farmhouse and Windhoek all recorded a TXn slightly above 19°C. There is an increase
in TXn moving from the west coast towards the southwest and eastern parts (Table 6). The
average TNn experiencddr all stationsis <10°C with an average over Namibia of 6.16°C.
Swakopmund recorded an average TNn of 9.93°C, and it is alb@tiestTNn measured for

the period. The average TNn for Windhoek was 7.13°C and 6.07R@rfob Desert Lodge
Hochfeld experienced an aveya TNn of 5.35°C, and Kalahari Farmhouse recorded the lowest
average TNn of 4.57°C between 2E€#IBL8. There is a decreasing trend in the TNn moving
towards the country's southeast (Table 6). The average number of FD for the couBtry is
days.y* with only two stations experiencing >1 FD per year. Swakopmund recorded no FD
over the period, while Windhoek and Hochfeld recorded 0.09 and 0.22 days, respectively. An
average of 2 days was recorded amib Desert Lodgand 12 days for Kalahari Farmhoels

There is an increase in FD towards the southeastern parts of the country (Table 6)
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Table6: The average TXn, TNn and FD for

ETCCDI
Station ™ TN FD
(§9) (§9) (days)
Hochfeld 19.16 5.35 0.22
KalahariFarmhouse 19.08 4.57 11.70
Namib Desert Lodge 22.26 6.07 2.11
Swakopmund 15.40 9.93 0.00
Windhoek 19.56 7.13 0.09

Almost all stations experienced an increasing trend over TXn, with an average increase of
0.08.y* for Namibia. Windhoek was the only station to experience a decrease of 0.11°C.y
with Swakopmund recording no trend over the period. Hochfeld and Kalahari Farmhouse
recorded an increase of >0.05°C.yThefastestincreasing trend was recorded iHamib
Desert Lodgeand the station experienced an increase in TNx of 0.39@pgpendix 11;

Figure 4c). Only one station experienced a decreasing trend in TNx and recorded a decrease
of 0.02°C.y! for Kalahari Farmhouse. Swakopmund and Windhoek recordedcaease of
>0.05°.y* while Hochfeld recorded an increase of 0.3%?CThefastestrecorded increase in

trend was in the southeastern part of the countryNamib Desert Lodgevhich experienced

an increase of 0.34°Ctyor 20082018 Appendix 11; Figire 4b). Only two of the five stations
experienced any trend in FD over the peridbhmib Desert Lodgexperienced a decreasing
trend of 0.55 days:¥, while Kalahari Farmhouse recorded an increase of 0.83 days.y

(Appendix 11; Figure 4d).

Only onestation recorded a decreasing trend for TNn in summer. Windhoek experienced a
decrease of 0.37°Cly Swakopmund experienced an increase of 0.09°®hjle Hochfeld,
Kalahari Farmhouse amdamib Desert Lodgall recorded an increase of >0.1°€(pppendk

1.7; Figure 6a). During autumn, three stations experienced an increase iiNaNiib Desert

Lodgerecorded an increase of 0.04°C.while Swakopmund and Windhoek recorded an
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increase of >0.1°Cly Swakopmundad an increasing trensh TNn of 0.18°Cly Hochfeld
and Kalahari Farmhouse experienced a decreasing trend, with Kalahari Farmhouse
experiened a decreasing trendof 0.14°C.y (Appendix 17; Figure 6b). All the stations
recorded an increasing trend of > 0.1°Efgr winter. Theslowestincreasewas recorded in
Swakopmund, 0.13°Ctyand Kalahari Farmhouse, 0.27°€.ywindhoek and Hochfeld
experienced increases of >0.3°€while Namib Desert Lodgeecorded a statistically
significant increase of 0.64°C.{Appendix 17; Figure 6c). Kalahari Farmhouse was the only
station to record a decreasing trend, 0.15°€.yn TNn for spring. Swakopmund and
Windhoek experienced an increase of >0.01*Cand Hochfeld andNamib Desert Lodge
recorded an increase of 0.2°€.yThe lowest recorded increase was in Windhoek, 0.0%¢C.y
Hochfeld experiencedn increasingrend of 0.71°C.y. The northeast and southwest of the

country experience théastestincreasng trends Appendix 17; Figure 6d).

Four of the five stations experienced an increasing trend in fbKsummer Windhoek was

the only station to record a decrease in the trend of 0.3”€.Swakopmund recorded the
slowestincrease in trend with only 27°C.yt. Both Kalahari Farmhouse and Hochfeld
experienced an increase of > 0.4°€andNamib Desert Lodgeas the only station to record

a statistically significant increase in TXn of 0.74°*CAppendix 16; Figure 7a). All of the
stations recordedan increase in the TXn trend for autumn. Swakopmund and Kalahari
Farmhouse recorded an increase of < 0.1*Cwhile Namib Desert LodgeWindhoek and
Hochfeld recorded an increase of > 0.59CHochfeld experienced thastestincrease in the
TXn trendfor autumn, 0.78°C:}; and Swakopmund recorded the lowest increase, 0.058°C.y
(Appendix 11; Figure 7b). Almost all of the stations experienced an ingrgds<n trend for

winter, except Windhoek, whickor which a decrease of 0.2°Cly Swakopmund washe
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station with theslowesttrend of 0.05°C.ywhile Namib Desert Lodgédochfeld and Kalahari
Farmhouse experienced an increase of > 0.9°CStatistically significant trends are
calculated forNamib Desert Lodgewith an increase of 0.91°CG,yandKalahari Farmhouse,
with a increase of 1.15°CY(Appendix 16; Figure 7c). In spring, only Kalahari Farmhouse
experienced a decrease in TXn of 0.162ONamib Desert Lodgeecorded an increase of
0.01°C.y» and Swakopmund recorded an increase of G.%%. Hochfeld experiencedn
increasing trend oflL.74°C.y. There is a stronger increase in trends from central Namibia

towards the northeast of the countryAppendix 16; Figure 7d).
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Figure6: Seasonal trends of TNn (a) Summer, and (b) Autumn. Open downward and upward triangles indicate negati

and positive trends. Squares indicate no trend. Solid downward and upward triangles indicate trends that ar

statisticallysignificant at the 5% level
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Legend (d)
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Figure6: Seasonal trends of TNn (c) Winter, and (d) Spring. Open downward and upward triangles indicate negati

and positive trends. Squares indicate no trend. Solid downward and upward triangles indicate trends that ar

statisticallysignificant at the 5% level
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