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The impacts of climate change are predicted to compromise soial-economic
developments in developing countries. Adaptation is the dg option to reduce the
impacts. However, before starting determining adaptationstrategies, it is important
to conduct scientic research to understand possible pathways of future climate
change under different emission scenarios. This is esseati for having scientic
facts that would guide the formulation of effective adaptaon strategies. In this
study, climate change projections for Tanzania is carried w using outputs of high
resolution Regional Climate Models (RCMs) from the Coordited Regional Climate
Downscaling Experiment program (CORDEX). Future (2011-QQ) projections of daily
rainfall, minimum and maximum temperatures under two Repsentative Concentration
Pathways (RCPs): RCP 8.5 and RCP 4.5 are compared with baseé (1971-2000)
simulations. The comparison is based on determining the degrture of future climate
during present (2011-2040), mid (2041-2070) and end (2072100) centuries from
baseline (1971-2000) climate condition. Results reveal &h there are likely to be an
obvious increased minimum and maximum temperature trend @r the entire country in
three future periods (2011-2040), (2041-2070), and (2072400) under both emission
scenarios RCP 8.5 and RCP 4.5. This is especially true for thevestern parts of
the country, southwestern highlands and the eastern parts b Lake Nyasa where
maximum temperatures are projected to be greater than 3.5C and in the range
of 2 to 2.4 C under RCP 8.5 and RCP 4.5 emission scenarios respectivelyThe
western sides of the Lake Victoria basin and parts of Northesiern highlands are
likely to feature increased minimum temperatures in the rage of 4.5 to 4.8 C under
RCP 8.5 emission scenario. The cold season: June-July-Augi-September (JJAS)
is likely to become warmer than the warm season that starts &m October and
continue to April or May. During JJAS season, the country isikely to experience
increased maximum temperature in the range of 1.7 to 24C and 2 to 4 C
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in mid (2041-2070) and end (2070-2100) centuries respectly. Rainfall over parts of
northeastern highlands and Coastal regions is projected tincrease in the range of 0.5
to 1 mm/day and 0.25 to 0.5 mm/day under RCP 8.5 and RCP 4.5 emision scenarios
respectively. However, the western regions, southwesterhighlands and eastern side of
Lake Nyasa are likely to experience decreased amount of réfdl in the range of 0.5 to
1mm/day under both RCP 8.5 and RCP 4.5 emission scenarios.

Keywords: climate change, temperature, rainfall, CORDEX, reg ional climate models

INTRODUCTION regional or local climate patternsi¢nes et al., 20D4Physical
and dynamical processes important in modulating regional or

Climate change is a threat to the survival of the human be®g asub regional climate are parameterized insu ciently withihe

it has signi cant impacts on the environment, crop production GCMs. Their outputs are therefore useful only, at global scale,

water resources, and livestock productiofrgya et al., 2015  put are not adequate for adaptation at regional, sub regiandll

For instance, projected increase in temperature is expected fgcal scales.

in uence wilting and drying of plants, multiplication of pest,  Downscaling of outputs from the GCMs is a necessary step

WeedS, and diseases that would result in increased costs a?fd useful approach for Obtaining h|gh resolution and dethile

crop production and failures in crop yields)(ited Republic of  climate simulations that can be used in the development of

Tanzania, 20031n addition warmer temperatures are also likely e ective adaptation strategies at regional and sub regiocales

to cause an eruption of pests, new parasites and diseases tifs approach is based on the assumption that large-scale

would a ect a huge number of animal${CC, 201}. weather exhibits a strong in uence on local-scale weather b

The projected increase in rainfall is likely to in uence nigtnt  in general, disregards any reverse e ects from local scales upo
leaching, washing away of the topsoil and water logging, pesigiobal scales{ewitson and Crane, 1996; Benestad et al., 007
disease outbreaks and infrastructure damage that wouldltres There are two approaches to downscale Output from the
into low crop yields and disruption of food supply chaibifited ~ GCMs; statistical downscalingH¢witson and Crane, 1996;
Republic of Tanzania, 2003; IPCC, 2007, J0Therefore a Benestad et al., 20p@nd dynamic downscalingLéung et al.,
clear and thorough understanding of future climate change003; Di Luca et al., 20).2The earlier is a fully developed and
and its associated impacts at high spatial resolution and longidely used method for exploring climate condition at regibna
temporal coverage is critical for formulating adequate and
e ective adaptation strategies for informed decision making
all socio-economic sectors.

Several studiesMwandosya et al., 1998; Agrawala et al. 20 0
2003; de Wit and Stankiewicz, 2006; Ehrhart and Twena, 2006; g L{
Strzepek and McCluskey, 2006; Jack, 2010; Munishi et al.; 2010
Ahmed et al., 2011; Arndt et al., 20&hd Rowhani et al., 2011; f
Wambura et al., 2014; Conway et al., 20iave used the General
Circulation Models (GCMs) to produce future climate change in
TanzaniaMwandosya et al. (199@dicated that future rainfall
over southwestern highlands of Tanzania will be decrease
while Northeastern highlands and the Lake Victoria basifi wi
experience a slight increase in rainfalhmed et al. (2011Vused
outputs from the GCMs to produce changes in temperatures
and found that January to June growing season temperatures|in ~
the early Twenty-First century are going to be higher than in
the late Twentieth century by 0.2—1.11 should greenhouse gas
concentration continues to riségrawala et al. (200performed
a more comprehensive study by reviewing climate trends and
scenarios in Tanzania based on results from seventeen GCMs /
and found that temperatures over the country will increase by * H
up to 2.2 C by 2100 with higher increases up to 226in June to C— - - - E - |
August. [ a— — e

However, there are still substantial uncertainties abaturie 0" 20 700 200 300 7H54000:1300:2000 2300--5000
climate change in Tanzania. The main uncertainties comenfro
the fact that all previous studies were based on GCMs climate™!/GURE 1 | CORDEX domain for model integrations over Africa showing
simulations which have coarse spatial resolutions to repmdu topography in (m) (taken from https://www.imk-tro.kit.eduenglish/4659.php).
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or local scale using outputs from the GCM$umbo et al., conditions. This type of downscaling is used for seasonal
2010; Mtongori et al., 20)5It is based on the development of weather simulations. The third type is when the lateral boanyd
statistical links or transfer functions between local albadons conditions are provided by the GCM forced by speci ¢ surface
and the large scale elds such as output from the GCMs, with th&oundary conditions (e.g., observed SSTs)4tro et al., 2005
main assumption that statistics from the past climate will rama This type of downscaling is also used for provision of seasonal
valid in the future climate. The major advantage of the statal  weather prediction. The fourth type is when the lateral bouryda
downscaling is that it is computationally inexpensive. Hoemev conditions are from a completely coupled GCM in which the
the skill of statistical downscaling depends on the choice odomponents of the climate system; the atmosphere-biosphere-
predictor (Fung et al., 2001 Another limitation of statistical cry sphere-ocean are coupled and interactive. This type is used
downscaling is the stationarity problem. This is the critica to generate climate simulation for multiyear periods.

assumption that the observed predictor-predictand relatiops Generally, all types of dynamical downscaling are
will remain valid under di erent forcing conditions of posdd# computationally expensive. At present many collaboration
future climates (rzaska and Schnarr, 20114 projects are generating climate simulation from dynamical

The second downscaling approach is dynamical downscalingownscaling for model inter-comparisons and impact
This approach is based on nesting a high resolution regionassessments. These projects include the Coordinated Régiona
climate model (RCM) within GCM and drives it using boundary Climate Downscaling Experiment (CORDEX) that produce
condition from the GCM (Qenis et al., 2002; Jones et al.dynamical downscaled climate simulations for all contitsgthe
2009. The main hypothesis behind the use of high resolutionNorth American Regional Climate Change Assessment Program
RCM is that, they can simulate local climate conditions in(NARCCAP) that provide high resolution climate simulatiorr fo
greater details over a limited regio¢nis et al.,, 2002 The the United States, northern Mexico and Canadzditer et al.,
dynamic downscaling approach provides better representation014. These projects have made available large number of high
of the orographic in uence on climate variables. Furthermor resolution climate simulations that can be used for analgéis
parameterization schemes within the high resolution RCMfuture climate projections over di erent regions.
gridpoints produces realistic mesoscale circulation patiern In this paper, dynamic downscaled climate simulations
(Bhuvandas et al., 20)L4 from high resolution-regional climate models obtained from

Dynamical downscaling can be categorized into four typethe Coordinated Regional Climate Downscaling Experiment
(Castro et al., 2005The rst type is when the Regional climate (CORDEX) are used to produce climate change projections
model (RCM) (Limited Area Model-LAM) is driven by lateral for Tanzania. This study is important because the informatio
boundary conditions from a GCM or global reanalysis data aprovided is valuable for adaptation planning and impact
regular time interval (classically 6 or 12 h), and bottom bdary = assessment studies.
condition (terrain, sea surface temperature) and speci gtlah
conditions. The .|n|t|al global atmospheric .c.ondltlons ineth DATA AND METHODOLOGY
GCMs that provide lateral boundary conditions are not yet
forgotten. This type of dynamical downscaling is used in day t Study Area
day weather forecasCfien and Kuo, 1992 Tanzania is located between latitudesSland 12S and

The second type is when the initial boundary conditionsjongitudes 29E to 41E. The country has a tropical type
from global atmosphere are forgotten by the GCM or reanalysisf climate that varies across regions in uenced by regional
data while the RCM still run using lateral boundary condit heterogeneity that covers a land area of 885,800 squaraddits
from the GCMs or global reanalysis data and bottom boundaryhat extends for more than 1,000 Kninland from the Indian

TABLE 1 | Details of CORDEX-RCMs and the driving GCMs.

No. RCM Model centre Short name of Driving GCM Representative concentration
RCM pathways (RCPs) and
simulation period considered
in this study
1 DMI HIRHAM5 Danmarks Meteorologiske Institut HIRHAMS5 ICHEC-EC-EARTH RCP4.5, RCP8.5 and from
(DMI), 1971-2100
Danmark
2 SMHI Rossby Sveriges Meteorologiska RCA4 MPI-M-MPI-ESM-LR RCP4.5, RCP8.5 and from
Center regional Atmospheric och Hydrologiska Institut (SMHI), 1971-2100
Model (RCA4) Sweden ICHEC-EC-EARTH RCP4.5, RCP8.5 and from
1971-2100
CNRM-CERFACSCNRM- RCP4.5, RCP8.5 and from
CM5 1971-2100
3 KNMI Regional Koninklijk Nederlands RACMO22T ICHEC-EC-EARTH RCP4.5, RCP8.5 and from
Atmospheric Climate Meteorologisch, Instituut (KNMI), 1971-2100

Model, version 2.2 (RACMO2.2T) Netherlands
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Ocean coastlind_(Uhunga et al., 20)4Also Tanzania has several altitudes of 5,895m, and Lake Victoria in the North, River

physical features that contribute to its high local varigiin its

Ruvuma and Lake Nyasa in the South. Many areas of the

climate such as topography ranging from sea level to 1,600 gountry lie above 1,000 m altitude. The country has a complex
and Lake Tanganyika in the west, Mountain Kilimanjaro with seasonality associated with the Western Indian Oceany-Inte
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FIGURE 2 | Projections of maximum temperature over TanzaniA) in present
(2011-2040),(B) mid (2041-2070), and(C) end (2071-2100) centuries under
RCP 4.5 emission scenario.

Tropical Convergence Zone (ITCZ), monsoon winds, Congo air
mass, tropical waves, and tropical Paci c Oce&fatk et al.,
2003; Black, 2005; Anyah and Semazzi, 2007

Tanzania experiences two types of rainfall patterns, bimodal
and unimodal rainfall patterns. These rainfall patterns are
inuenced by the movement of the ITCZ which moves
southwards in October and reaches the southern parts of the
country in January or February and reverses Northwards in
March, April, and May. This movement makes regions in
the Southwestern, Central, Southern and Western parts of the
country to receive a unimodal rainfall pattern that starts in
October and continue through April or May. Whilst regions
in the North, Northern coast, North-eastern highlands, kak
Victoria basin and the Island of Zanzibar receive two distinc
seasonal rainfall-the short rainfall seasorulj) that starts in
October continues through December (OND) and the long rain
season Nlasikg that starts in March continues through May
(MAM).

Seasonal rainfall over Tanzania varies signi cantly in spac
and time. The variation is higher during the short raingu(i)
than the long rains Masika) seasonsZrita and Tilya, 200R
The amount of rainfall total in these seasons usually ranges fr
50 to 200 mm per month, but varies greatly between regions
(McSweeney et al., 2010rhe annual rainfall total also varies
from 200 to 1,000 mm over most part of the country. Higher
amount of annual rainfall total is recorded over Southweste
and North eastern highlands. Central Tanzania is semi-arid
regions that receive an annual rainfall of less than 400 mm.
The annual average temperature over Tanzania ranges from 25
to 32 C. However, over the highland temperatures are slightly
lower, for example, during the hot month (February) and the
coldest month (July) temperature is ZDand 10C respectively.
Other parts of the country have a temperature greater tharc20
with the highest temperatures along the Coastal regions and
western parts of the country. The season with high temperature
starts in October continues through February or March, whilst
the cold season start in May continues into August.

Data
Model Data
This study makes use of climate simulations from three high
resolution Regional Climate Models (RCMs) forced by three
General Circulation Models (GCMs) from the Coordinated
Regional Climate Downscaling Experiment (CORDEX)
initiative. This initiative was pioneered by the World Clitea
Research Program (WCRP) to produce high resolution climate
datasets over dierent regions of the world(towski et al.,
2016. The Africa domain used by the CORDEX for model
integration is depicted ifrigure 1

CORDEX archives all of its data at the Earth System Grid
Federation (ESGF). The ESGF uses software that can allow the
users to access all archived data in a transparent mamfertif
et al., 201R In this study climate data from CORDEX-Africa
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FIGURE 3 | The average of maximum temperature during base period (1972000), present century (2011-2040), and the change in temgrature during present

century under both RCP8.5(upper) and RCP 4.5 (lower) .

PROJECTION:rcp85 2011-2040
ENSMEAN |2m Max. Temperature
7/

7

PROJECTION Minus CTL

ENSMEAN

|2m Max. Temperature
) :

30°E  32°E  34°E  36°E  38°E
tongitude

PROJECTION:rcp45 2011-2040

30°E 32°E 34°E 36°E 38°E 40°E 42°E 44°E
Longitude
PROJECTION Minus CTL
ENSMEAN |2m Max. Temperature
TTHETNA g

tongtude

30°E  32°E  34°E  36°E 38°E 40°E 42°E  44°E
Longitude

CTL:1971-2000
ENSMEAN | 2m Max. Temperature
B { ]

34°E  36°E 38°E 40°E  42°E
Longitude.

CTL:1971-2000
ENSMEAN | 2m Max. Temperature
7/ B |

30°E  32°E  34°E  36°E 38°E 40°E 42°E 44°E
tongitude.

FIGURE 4 | The average of maximum temperature during base period (1972000), mid century (2041-2070), and the change in temperate during mid century

under both RCP8.5 (upper) and RCP 4.5 (lower) .
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were accessed from https://esg-dnl.nsc.liu.se/projegfsliel/  during present (2011-2040), mid (2041-2070), and (20713)210
website. These data sets are quality controlled and may hmder RCP 4.5. The gure portrays uncertainties associatiéiu w
used according to the terms of use (http://wcrp-cordex.ipslindividual models in simulation of possible future maximum
jussieu.fr/). The spatial grid resolutions of all CORDEX Reglo temperatures over Tanzania.

Climate Models (CORDEX_RCMs) are set to longitude 0.44 In order to reduce the uncertainties associated by indigidu
and latitude 0.44using a rotated pole system coordinates wherelimate models an ensemble average or multi-model average
the models operates over an equatorial domain with a quasapproaches is adapted in this study. The ensemble average for
uniform spatial resolution of approximately 50 by 50 km. Forpresent (1971-2000) and future (2011-2100) climate sinomsti

a detailed description of CORDEX_RCMs and their dynamicérom ve RCM-GCM combinations was created and used to
and physical parameterization a reader may cons$uktulin  produce Tanzania future climate change.

etal. (2012)The CORDEX_RCMs and their driving GCMs used The ensemble average of future climate was created based
here are listed infable 1 Daily values of minimum, maximum on two Representative Concentrations Pathways (RCPs): RCP
temperatures, and rainfall from CORDEX_RCMs for historical8.5 and RCP 4.5. The future climate change for Tanzania is
climate condition (1971-2000) and future climate projeno assessed by analyzing the change in mean rainfall, minimuin an
under two Representative Concentration Pathways (RCP4db) amaximum temperatures during present (2011-2040), mid (2041—
(RCP 8.5) scenarios for present (2011-2040), mid (20413207Q070), and end (2071-2100) centuries under both (RCP4d) an
and end (2071-2100) centuries are used. (RCP 8.5) scenarios relative to the baseline period (1971)20

Methodology

The understanding of regional or sub regional future climat RESULTS

change based on individual climate model is subject to a

number of uncertainties that comes from boundary condispn The analysis of climate projection based on individual
natural variability within the climate models and di erences climate model is subject to an uncertainty that arises from
in model formulations {in et al., 201} Figure 2 indicates Regional Climate Model (RCM) or from the driving General
projected annual cycles of maximum temperature over Tanzani@irculation Model (GCM). To account for the uncertainties the
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FIGURE 5 | The average of maximum temperature during base period (1972000), end century (2071-2100), and the change in temperate during end century
under both RCP8.5 (upper) and RCP 4.5 (lower) .
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ensemble average of 5 climate model members (HIRHAMS5 anduring the mid century are higher than those in the present
RACMO22T both forced by ICHEC-EC-EARTH, RCA4 century. Higher changes in the maximum temperatures in the
forced by three GCMs: MPI-M-MPI-ESM-LR, CNRM- range of 2.4 to 2.&C and 2 to 2.2C under RCP 8.5 and
CERFACSCNRM-CMS5, and ICHEC-EC-EARTH) was createdl.5 emission scenarios respectively, are projected to oa@ir o
and used for analysis. The results for climate projectionmfro western regions, southwestern highlands, eastern sideaké L

an ensemble average are presented here in two sub-sectioNyasa and western side of Lake Victoria basin. However,rlowe
The rst sub-section analyzes climate change projectiortbiwi  changes in maximum temperature in the range of 1.6 t€ 2
annual time series and the second sub-section analyzestelimand 1 to 1.2C are projected over the Coastal regions under
change projections within seasonal time series. RCP 8.5 and RCP 4.5 emission scenarios respectively. It seems

Climate Change Projections Within Annual

Tlme SerleS ;Z?;_ri?;\teljr?;(:ztz:i;hange in maximum temperature across representave
The spatial distribution of maximum temperature in historica
(1971-2000) and present century (2011-2040) under bot$ation Baseline Present  Mid century  End century
RCP 8.5 and RCP 4.5 emission scenarios are presented "e (1971-2000) century  (2041-2070)  (2071-2100)
Figure 3 This gure shows that in the present century, ¢ éi(;i;_ez(o 43)) change ( C) ~ change ( C)
the western parts of the country, Central, North, Lake
Victoria basin, eastern parts of Lake Nyasa, southwesteth amrusha 25.8 1.8 212 2.42
northeastern highlands are projected to have an increased 1.4b 2.7° 4.0
maximum temperature in the range of 1 to 1@ under Bukoba 25.9 1.0% 1.72 2.12
both RCP 8.5 and RCP 4.5 emission scenarios. The lowest 11 24 4.0°
increases in maximum temperature in the range of 0.4 td®'A 30.8 0% 158 18
0.8 C are projected to occur over Coastal regions during the 09 2.0 3.3
present century under both RCP 4.5 and RCP 8.5 emissidf®°9°"° 303 g"::, 115; gf;
scenarios. ' ' '
. T . . . _Musoma 28.5 0.9°7 1.52 1.82
The spatial distribution of maximum temperature in baseline 0.9° 51D 34D
(1971-2000) and mid century (2041-2070) climate under bottganga 30.7 0 072 102
RCP 8.5 and RCP 4.5 emission scenarios are presented in 0.2b 1.1b 2 3b
Figure 4 This gure shows that the maximum temperatures zansibar 30.6 0.5 112 1423
0.6P 1.6P 2.8P
Same 29.1 0.5":1J 1.2i 1.62
TABLE 2 | Information of the selected representative regions. Mwanza 28.2 (1); ija ;lfa
No. Region Latitude Longitude Altitude 11° 29° 38"
name 0) ) (m) Moshi 29.5 2.3 3.02 3.32
2.3b 3.6° 5.0P
1 Arusha 3.37 36.63 1387 llonga 30.4 0.1 0.82 1.02
2 Bukoba 1.33 31.82 1144 0.2 1.5° 2.9
3 DIA 6.87 39.2 53 Kibaha 30.6 0.3 0.92 1.32
4 Morogoro 6.83 37.65 526 0.4° 157 2.7°
5 Musoma 15 33.8 1147 KIA 298 1'22 22'21 31.51{;
6 Tanga 508 39.07 49 Dodoma 28.9 072 152 1.92
7 Zanzibar 6.22 39.23 18 0.9° 2.1b 3.5b
8 Same 4.08 37.73 860 Iringa 265 oA 3.08 3.42
9 Mwanza 2.47 32.92 1140 2.4b 3.60 5.2b
10 Moshi 3.35 37.33 813 Mbeya 23.8 0.7 1.52 1.92
11 llonga 6.77 37.03 503 0.8° 21b 3.8
12 Kibaha 6.83 38.97 167 Mtwara 30.2 1.0 17 1.92
13 KIA 3.42 37.07 896 11° 2.2° 3.5
14 Dodoma 6.12 35.77 1120 Kigoma 28.6 8'31 11‘;1 13'?2
5 Iringa 763 3877 1428 Songea 26.9 0.6% 1.42 1.728
16 Mbeya 8.93 33.47 1758 0.8 2.0P 3.6b
17 Mtwara 10.35 40.18 113 Tabora 29.7 05 132 162
18 Kigoma 4.86 29.63 820 0.7° 1.90 3.50
19 Songea 10.67 35.58 1036
20 Tabora 5.08 32.83 1182 ZRCP a5
RCP 8.5.
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FIGURE 6 | The average of minimum temperature during base period (1972000), present century (2011-2040), and the change in tengrature during present
century under both RCP8.5(upper) and RCP 4.5 (lower) .
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FIGURE 7 | The average of minimum temperature during base period (1972000), mid century (2041-2070), and the change in temperate during present century
under both RCP8.5 (upper) and RCP 4.5 (lower) .
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that temperatures over the highlands of Tanzania are likelyepresentative regions and extract the projections of marimu
to be higher than those over the lower lands (i.e., Coastaémperatures in three future periods (2011-2040), (20416207
regions). and (2071-2100) under two emission scenarios RCP 8.5 and
The spatial distribution of maximum temperature in the RCP 4.5 and compute their departure relative to the baseline
baseline (1971-2000) and end century (1971-2100) climaperiod (1971-2000). Information about the selected regisns
are presented irFigure 5. Together withFigures 34, Figure 5 listed in Table 2 The results of the analysis are presented in
reveals that there are likely to be an obvious increasedmaxi  Table 3 Itis interesting to nd that, in all representative regigns
temperature trend over the entire country in three futurethere is likely to be an obvious increasing trend of maximum
periods (2011-2040), (2041-2070), and (2071-2100) undler bdemperature in three future periods, under both RCP 8.5 and
emission scenarios RCP 8.5 and RCP 4.5. This is especialy tlRCP 4.5 emission scenarios. Under RCP 8.5, the increase in
for the western parts of the country, southwestern highlaagd  maximum temperature across representative regions is likely t
the eastern parts of Lake Nyasa where maximum temperaturég varying within the range of 0.2 to 2@ in the present century
are projected to be greater than 3% and in the range of (2011-2040), 1.1 to 3.6 in the mid century (2041-2070), and
2 to 2.4C under RCP 8.5 and RCP 4.5 emission scenaric®.3 to 5.2C in the end century (2071-2100). Lower increased
respectively. Furthermore the eastern parts of Lake Victorismaximum temperature in the range of 0.2 to 2Z3and higher
basin, parts of northeastern highlands, Central, southamg increased maximum temperature in the range of 2.4 t0 6.2
northern regions are projected to feature increased maximurare likely to occur over Tanga and Iringa regions respedtivel
temperatures in the range of 3 to 3% and 1.6 to 2C in  in three future periods under RCP 8.5. The higher increased
the end century (2071-2100) under RCP 8.5 and RCP 4rhaximum temperatures are likely to occur over Iringa region.
emission scenarios respectively. However, the Coastalredil  This will possibly be attributed by the topography of Iringa
experience lower increase in maximum temperature in the rangeegion which is located over southwestern highlands of daie
of 2.5 to 3C and 1.4 to 1.6C in the end century (2071-2100) at altitude of 1,428 m. While the lower increased maximum
under RCP 8.5 and RCP 4.5 emission scenarios respectively. temperature over Tanga region will be possibly in uenced By it
To further analyze the projected increasing trends ofocation along northern Coast of Tanzania. In general ragio
maximum temperature across regions, we choose twenty (2@yer the highlands are projected to feature increased maximu
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FIGURE 8 | The average of minimum temperature during base period (1972000), end century (2071-2100), and the change in temperate during end century
under both RCP8.5 (upper) and RCP 4.5 (lower) .
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temperature during three future periods under RCP 8.5. UndeFABLE 4 | Projected change in minimum temperature across representae
the controlled emission scenario (RCP 4.5) the maximungegions over Tanzania.
temperature across representative regions is likely to bangr

Station name Baseline Present Mid century  End century

within the range of 0.1 to 2. in present Century (2011— (1971-2000) century (2041-2070)  (2071-2100)
2040), 0.7 to X in the mid century and 1 to 3.4£ in the end c (2011-2040) change ( C) change ( C)
century. change ( C)

The spatial distribution of minimum temperature in

the baseline (1971-2000) and present century (2011-2043j°" 14.3 o 187 2.2%

1.1P 2.4b 4.0°

climate are presented inFigure 6 This gure indicates BUkoba 167 0.52 0.32 0,82
that the western parts of the country, Central, North, Lake 0.4b 11b 3.0b
Victoria basin, eastern parts of Lake Nyasa, southwesteg), 21.0 012 052 0.92
and northeastern highlands are projected to feature in@das 0.0° 1.1b 2.6b
minimum temperature in the range of 1 to 1@ and 0.2  worogoro 19.0 0.82 1.52 1.02
to 1.2C under RCP 8.5 and RCP 4.5 emission scenarios 0.9° 2.1P 3.6
respectively. The Coastal regions are projected to featurgisoma 17.6 0.6 1.42 1.72
increased minimum temperature in the range of 0.8 t€Jland 0.7° 2.0 3.6°
0.4 to 0.8C under RCP 8.5 and RCP 4.5 emission scenariognga 222 19 267 292
respectively. 2.0° 31° 450
Figure 7 indicates the projected change in minimum Z2"Zbar 222 0'3:) 1121 1'22
temperature during mid century (2041-2070) under RCP 8. 5 o '8a > .
and RCP 4.5 emission scenarios relative to baseline per|03 © o g'gi 1251b ;‘%b
(1971-2000). It can be seen that, the minimum temperatureg, 175 0.3 Lo 158
in most parts of the country in mid century are likely to 0.4b 18b 3.4b
become warmer than those in the present century. This i§shi 17.8 172 252 2 ga
especially true over the western side of Lake Victoria basin 1.8° 3.1P 4.7°
and parts of Northeastern highlands under RCP 8.5 emissioibnga 19.5 1.7 0.82 1.12
scenario where minimum temperatures are projected to be 0.2b 1.4b 2.9°
greater than 2.8C. The western side of the country and theKibaha 209 0.7 1.32 1.72
southwestern highland are projected to feature increased 0.7° 19 3.4°
minimum temperature in the range of 2.2 to 2@ and KA 172 12 Lo 28
1.6 to 2C under RCP 8.5 and RCP 4.5 emission scenarios L2 26 4.2
respectively. Southern parts of the country, Central and°%m? 16.8 2‘?; 12732; 2322
Coastal regions are projected to feature warmer minimumIringa 145 1' 3 2'33 2'7a
temperatures in the range of 1.8 toQ and 1.4 to 2C under ' 16b 5 gb 46b
RCP 8.5 and RCP 4.5 emission scenarios respectively. In genq\hfge a 10.9 0.82 152 192
the over the highlands minimum temperature is likely to 1.0b 2.4b 4.1b
become warmer than over low laying areas such as Coastalyara 210 0.92 0.08 0.1
regions. 0.8 0.3 1.80
The distribution of minimum temperature during the baseline kigoma 18.8 1.6 2.42 2.78
period (1971-2000) and end century (2071-2100) climate L.7° 3.0P 4.7
under both RCP 8.5 and RCP 4.5 emission scenarios afengea 15.8 0.7 143 1.8%
presented irFigure 8 In comparison with the projected changes 0.8 20 35°
in minimum temperatures presented iRigures 67, Figure8  Tabora 171 g-gi 12?; 13:;

shows highest values of increased minimum temperature
are likely to occur over most parts of the country duringarce 45.
the end century (2071-2100). The western side of Lak&cPss.
Victoria basin and parts of Northeastern highlands are
projected to feature increased minimum temperatures in theeriods under RCP 8.5 and RCP 4.5 emission scenarios and
range of 4.5 to 4.& under RCP 8.5 emission scenario.compare with the simulations for the baseline period (1971
While southwestern and northeastern highlands, westena, a 2000). The results are presented Table 4 It is interesting
central regions are projected to feature increased minimunto nd most regions are likely to feature increased minimum
temperature in the range of 3.9 to 4G and 1.6 to temperature in three future periods under both RCP 8.5
2.2C under RCP 8.5 and RCP 4.5 emission scenaricand RCP 4.5 emission scenarios. However, in present century
respectively. (2011-2040) Bukoba, Dar es Salaam and Mtwara regions are
For further analysis to investigate the temporal trend inprojected to feature decreased minimum temperature in the
minimum temperature, we extract the projected minimumrange of 0.5to 0.4C, 0.1Cto zero,and 0.9to 0.8C
temperature for twenty (20) representative regions in thrgere  respectively.
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Figure 9 shows the projected change of annual rainfallscenarios. Moreover, Coastal regions are projected to featur
during the present century (2011-2040) relative to the liasel increased rainfall in the range of 0.25 to 0.5 mm/day under
period (1971-2000) under both RCP 8.5 and RCP 4.5 emissi®®CP 4.5 emission scenarios. Even though the changes in
scenarios. It seems that most parts of the country are likely trainfall are projected to increase over most parts of the cgunt
feature increased rainfalls during the current century antdoth  during mid century (2041-2070) under both RCP 8.5 and RCP
RCP 8.5 and RCP 4.5 emission scenarios. This is true especidl5 emission scenarios, the western, southwestern highlan
over Coastal regions, parts of northeastern highlands,hesrt  southern regions and eastern side of Lake Nyasa are projected
regions, western and southern parts of the Lake Victoriarbasito experience decreased rainfall in the range of 0.25 to 0.75
where rainfall is projected to increase in the range of 0.15 tonm/day.

0.45 mm/day under both RCP8.5 and RCP4.5 emission scenarios Figure 11 shows the projected change in rainfall during
Even though most parts of the country are projected to featur¢he end century (2071-2100) under RCP 8.5 and RCP 4.5
increased rainfall during the present century, the southieres emission scenarios relative to the baseline period (1971-
highlands, eastern parts of Lake Nyasa, and Western regio@900). It seems that rainfall will increase in the end cewntur
are projected to experience decreased rainfall in the range ahder both RCP 8.5 and 4.5 emission scenarios. This is
0.15 to 0.3 mm/day under both RCP8.5 and RCP4.5 emissiaspecially true over the northern regions, parts of northemst
scenarios. highlands and Coastal regions where rainfall is projected to

The projected changes in rainfall during the mid centuryincrease in the range of 0.5 to 1 mm/day and 0.25 to 0.5
(2041-2070) relative to baseline period (1971-2000) aram/day under RCP 8.5 and RCP 4.5 emission scenarios
presented inFigure 10 This gure shows that under both respectively. However, the western regions, southwestern
(RCP 8.5 and RCP 4.5) emission scenarios most regions bighlands and eastern side of Lake Nyasa are projected to
the country will experience increased amount of rainfall inexperience decreased amount of rainfall in the range of 0.5
the range of zero to 0.25 mm/day. However, the northerrto 1 mm/day under both RCP 8.5 and RCP 4.5 emission
regions, and parts of northeastern highlands are projected tecenarios.
experience relatively high increase in rainfall in the ramje The further analysis to investigate the temporal trend in
0.25 to 0.5 mm/day under both RCP 8.5 and RCP 4.5 emissiamnual rainfall was performed by extraction of the projected

FIGURE 11 | Precipitation in mm/day during base period (1971-2000), pigent century (2071-2100), and change in precipitation undeboth RCP8.5 (upper) and
RCP 4.5 (lower) .
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TABLE 5 | Projected change in rainfall over selected representativegions of TABLE 6 | Projected changes in maximum temperature for Tanzania.
Tanzania.
Season Month ~ Baseline Present Mid century End
Station Baseline Present Mid century End century (1971-2000) century (2041-2070) century
name (1971-2000) century (2041-2070)  (2071-2100) c (2011-2040) change ( C)  (2071-2100)
mm (2011-2040) change (%) change (%) change ( C) change ( C)
change (%)
JF Jan 29.5 0.7 1.02 1.62
Arusha 782.9 198 142 112 0.7 1.7b 3.00
b b b
16 10 9 Feb 30.0 0.8 142 162
Bukoba 1835.3 162 172 172 0.8° 1.9P 3.1P
b b b
17 19 18 MAM  March 29.8 1.08 1.62 1.92
DIA 1121.6 112 142 132 1.1P 2.0P 3.50
13b 9b 16P April 285 0. 168 2.0
Morogoro  829.5 552 532 552 0.9 2.20 3.5P
56P 51P 62b May 276 0.9 1.62 2.02
b b b
Musoma 870.1 ga 82 52 10 23 38
6° 2b 3b JIAS  June 27.0 0.9 1.72 2.02
b b b
Tanga 1280.2 107 132 152 10 23 38
12b gb 160 July 26.7 0.9? 178 2.12
b b b
Zanzibar 1684.3 F 62 72 11 27 3.9
2 1 8 Aug 275 1.02 1.82 212
1.1P 2.3b 3.90
Same 541.6 13 172 172 . R R
17b 13b 27b Sept 28.9 1.0 1.8 2.2
. . A 1.1P 2.40 4.0°
M 1063.8 17 13 14
wanza OND  Oct 20.8 1.0 178 2.08
16 15 10 b b b
1.0 2.3 4.0
i a a a
Moshi 8714 f’;;b Zzb 27513 Nov 29.9 0.7 1.43 1.82
0.9° 2.1P 3.2b
llonga 1030.8 (02 02 12 Dec 296 072 132 162
b b b : } . .
1 4 1 0.7° 1.8 2.9b
Kibaha 956.3 1R 222 212 Annual 28.7 0.4 1.62 1.02
20b 16b 24b 1_0[) 2_2[) 35[)
KIA 531.3 532 502 482
51P 51P 420 aRCP 4.5.
b
Dodoma 571.2 167 172 192 RCP8S.
16P 18P 26°
; a a a . .
ringa 5948 o o o zero to 51% in the mid century (2041-2070) and 1 to
Vb o111 A - - 62% during the end century. While under RCP 4.5 most
eya . . . . . .
y 7 b b regions are likely to feature increased rainfall in the mang
zero to 54.7%, zero to 53% and 2 to 55% during present
Mtwara 1087.5 152 132 182 . .
170 15D 2ob (2011-2040), mid (2041-2070) and end (2071-2100) centurie
r ively.
Kigoma 974.5 392 442 452 espectively
38P 50P 58P
Songea 1082.4 02 02 28 : : : s
9 ob o b Climate Change Projections Within
Tabora 951.9 2 6 6 Seasonal Time Series .
4b 4b 10b The trends of seasonal minimum and maximum temperature for
Tanzania in the baseline (1971-2000), present (2011-20d0D),
a . . e
b';(c:; ;"; (2041-2070), and end (2071-2100) centuries climate conditi

rainfall for representative twenty regions in the three figu

under RCP 8.5 and RCP 4.5 emission scenarios are presented in
Tables 6 7. These tables indicates that Tanzania will experience
increased minimum and maximum temperatures during present

periods and compared with the simulations for the baselingd2011-2040), mid (2041-2070), and end (2071-2100) cesturi

period. The results are presented ifable 5 Although the

under both RCP 8.5 and RCP 4.5 emission scenafiable 6

changes in annual rainfall over these 20 regions are prajectsshows that in June-July-August-September (JJAS) season, the
to distinct from each other, but the majority of the regions country is likely to experience increased maximum tempemtur
are likely to feature increased rainfall. Under RCP 8.5 mosh the range of 1.7 to 2.£€ and 2 to 4C in mid (2041-

regions are likely to feature increased rainfall varyinghimi

2070) and end (2070-2100) centuries respectively. Moreover

the range of zero to 56% in the present century (2011-2040ninimum temperature during JJAS season is likely to increase
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TABLE 7 | Projected changes in minimum temperature for Tanzania. 0.6 mm/day. However, the western regions and the southweste
highlands are projected to feature decreased rainfall indnge

Season Month 5;;?'_";;00) :;:j:; '(\/z"gfle_r;;%) Cei?jry of zero 'to 0.6 mm/dgy. Ip the 'end century (sﬁgure 149,
c (2011-2040)  change (2071-2100)  regions in the Lake Victoria basin, northeastern highlaade
change (0 change ( C)  projected to feature increased rainfall in the range of 0.8.®
(0O mm/day. The southwestern highlands and western regions are
projected to experience decreased rainfall in the range oftzer
JF Jan 19.3 0.7 1.42 1.82
0.8b 5 0b 36b 0.6 mm/day.
Feb 193 o7 142 182 The spatial distribution of rainfall during the present centu
0.7b 20b 35b in March, April, and May (MAM) season under both RCP 8.5
MAM  March 194 072 142 188 and RCP 4.5 are presented kigure 15 From this gure, it
0.9P 2.0b 3.6D can be seen that under RCP 8.5 and RCP 4.5, most regions
April 19.2 0.7 1.42 1.82 are projected to have increased rainfall in the range of zero
0.9 2.1P 3.6 to 0.3 mm/day. However regions over the Coast, northern,
May 17.9 0.6 1.32 1.82 parts of northeastern highlands and parts of the Lake Victoria
0.7° 2.0° 3.6° basin are projected to have higher increased rainfall in the
JIAS  June 16.0 8;‘; ;2: ;-981 range of 0.3 to 0.6 mm/day. The southwestern highlands will

experience decreased rainfall in the range of zero to 0.3 rayn/d

July 154 08 16° Lo The western regions, parts of northeastern highlands and
0.8 2.2 3.8 ) . .
southwestern highlands are likely to feature decreasedalhin
Aug 15.8 0.82 1.52 1.82 ; o
0.8b 51b s in the range of zero to 0.3 mm/day under RCP 4.5 emission
Sept 16.7 0.82 1.52 1.82 scenario. . ) . .
0.9b 21b 3.7b In the mid century (se&igure 16 most regions are projected
OND  Oct 18.0 0.7 158 1.82 to feature increased rainfall in the range 0.15 to 0.6 mm/day
0.9P 2.1P 3.7° and zero to 0.3 mm/day under RCP 8.5 and RCP 4.5 emission
Nov 18.9 0.7 1.42 1.82 scenarios respectively. However, the western regions and the
0.8° 2.0° 35° southwestern highlands will experience decreased raimféfie
Dec 19.3 0.6‘; 1.42 1.7"; range of zero to 0.6 mm/day and zero to 0.3 mm/day under
08 20 34 both RCP 8.5 and RCP 4.5 emission scenarios respectively. In
Annual 17.9 0-7‘; 1-42 1-81 the end century (se€igure 17) most regions are projected to
08 21 36 feature increased rainfall in the range of 0.3 to 0.6 mm/day
SRCP 4.5 under both RCP 8.5 and RCP 4.5 emission scenarios. However,

bRCP 8.5, western regions and southwestern highlands are projected to
feature decreased rainfall in the range of zero to 0.6 mm/day
and zero to 0.3 mm/day under RCP 8.5 and RCP 4.5 emission

in the range of 1.5 to 2.Z and 1.9 to 3.8C in mid (2041- scenarios respectively.

2070) and end (2070-2100) centuries respectively. In general

the cold season (JJAS) of Tanzania is likely to become warmer

than the warm season that starts in October and continu)|SCUSSION

through April or May. This warming may be attributed to

the increased emission of greenhouse gases such as carfd® uncertainties in the previous studies (e.glywandosya

dioxide. This is true due to facts that higher temperaturest al., 1998; Wambura et al., 2014; Conway et al., )2tHat

are projected under the business as usual emission scenararalyzed climate change projections for Tanzania based on

(RCP 8.5) than under the controlled emission scenarios (RCBlimate simulation from the coarse spatial resolution GCMs,

4.5). provides salient evidence that much eort is needed to

The spatial distributions of rainfall in present century for provide reliable climate change projections for Tanzania. In

October, November, and December (OND) season under botthis study, we present climate change projections for Tarazani

RCP 8.5 and RCP 4.5 are presentedFigure 12 From this based on ensemble of ve high resolution regional climate

gure, itis shown that most regions in the country willexperee  models from the Coordinated Regional Climate Downscaling

increased rainfall in the range 0.3 to 0.6 mm/day under bottExperiment (CORDEX) program. It is found that temperatures

RCP 8.5 and RCP 4.5 emission scenarios. However, the westémminimum and maximum) are projected to increase throughout

regions and southwestern highlands are projected to featuhe country. These results provide further support for other

decreased rainfall in the range of zero to 0.3 mm/day undén bo previous studies (e.g\WWambura et al., 2014; Conway et al.,

RCP 8.5 and RCP 4.5 emission scenaiffogure 13 shows the 2017 which indicates increasing future temperatures over

distribution of rainfall over di erent regions in the mid ceary ~ Tanzania. However, the pattern and the magnitude of changes

under both RCP 8.5 and RCP 4.5. Regions over the Lake Victoria temperature presented in this study, dier greatly from

basin are projected to have increased rainfall in the ran@e3ifo  previous studies. For instanc€pnway et al. (2017projected
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FIGURE 12 | Precipitation in mm/day for OND during base period (1971-200), present century (2011-2040), and change in precipitatn under both RCP8.5
(upper) and RCP 4.5 (lower) .

FIGURE 13 | Precipitation in mm/day for OND during base period (1971-200), mid century (2041-2070), and change in precipitation wfer both RCP8.5 (upper)
and RCP 4.5 (lower) .
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FIGURE 14 | Precipitation in mm/day for OND during base period (1971-200), end century (2071-2100), and change in precipitation wer both RCP8.5 (upper)
and RCP 4.5 (lower) .

FIGURE 15 | Precipitation in mm/day for MAM during base period (1971-200), present century (2011-2040), and change in precipitath under both RCP8.5
(upper) and RCP 4.5 (lower) .
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FIGURE 16 | Precipitation in mm/day for MAM during base period (1971-200), mid century (2041-2070), and change in precipitation wer both RCP8.5 (upper)
and RCP 4.5 (lower) .

FIGURE 17 | Precipitation in mm/day for MAM during base period (1971-200), mid century (2041-2070), and change in precipitation wer both RCP8.5 (upper)
and RCP 4.5 (lower) .

almost the entire country will experience increased tempgeat same range of value almost throughout the country without
of 1 to 1.5C in the near term (2021-2050) under RCPregional variations. However, the temperatures (minimundan
8.5 pathway. They projected changes in temperatures in thmaximum) presented in this study vary regionally. For ingtan
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in mid century (2041-2070), the central, northern and weste over western and southwestern highlands regions. Thesengg
regions, southwestern and northeastern highlands are pr@je contain the main four major staple food production regions
to have increased maximum temperatures in the range of 2.4 ta the country: Iringa, Mbeya, Ruvuma, and Rukwaufiunga,

2.6 C and 2 to 2.2C relative to a historical period (1971-2000) 20178. The regions are the grain basket of Tanzania growing
under the RCP 8.5 and RCP 4.5 pathways, respectively. In theaize for commercial purposes. The current climate projections
end century (2071-2100), the western parts of the countrygver western and southwestern highlands regions call for
southwestern highlands and the eastern parts of Lake Nyagaeparedness for informative approach on climate change
are projected to have an increased maximum temperature @fdaptation strategies to make these regions feasible toncent
greater than 3.8C and in the range of 2 to 2.€ under crop production in future climate.

RCP 8.5 and RCP 4.5 emission scenarios respectively. These

increases in maximum temperatures are expected to decline

crop production especially over low lying area where som€QONCLUSION

crops are near their maximum temperature tolerance level,

as small change in temperature can cause major decline iFhis study presented the climate projection for Tanzania based
yields. on climate simulations from high resolution CORDEX regional

The future minimum temperatures are projected to increaselimate models. The general aim of this study was to provide
throughout the country. In mid century (2041-2070) for up to date climate change projection during the present (2011—
instance, higher changes in minimum temperatures of greate2040), mid (2041-2070), and end (2071-2100) centuriesvela
than 2.8C are projected to occur over the western side of Lakéo a historical (1971-2000) climate condition. This infortioa
Victoria basin and parts of Northeastern highlands under RCRs crucial needed by dierent policy and decision makers,
8.5 emission scenario. The western side of the country ard tlresearchers, practitioners and civil societies. We haveddat
southwestern highland are projected to have increased mimim most regions in the country are projected to have increased
temperature in the range of 2.2 to 2@ and 1.6 to 2C during  temperatures (minimum and maximum). The highest maximum
the mid century under RCP 8.5 and RCP4.5 emission scenariesmperatures of greater than 3Gand in the range of 2t0 2.€
respectively. Southern parts of the country, Central, andstda under RCP 8.5 and RCP 4.5 emission scenarios respectively,
regions are projected to have warmer minimum temperatures imre projected to western parts of the country, southwestern
the range of 1.8 to Z and 1.4 to 2C during the mid century highlands and the eastern parts of Lake Nyasa. These regions
under RCP 8.5 and RCP 4.5 emission scenarios respectivatpntain the main four major staple food production regions
These projected increased changes in minimum temperatuees an the country: Iringa, Mbeya, Ruvuma, and Rukwa and
expected to decline rice yieldsdng et al., 2004 therefore require proper informative approach on climate change

In general, projected increased temperatures (minimum an@daptation strategies to continue crop production in future
maximum temperatures) over dierent regions in Tanzaniaclimate.
are expected to impacts on socio-economic development. The Minimum temperatures are expected to increase throughout
increased temperatures are expected to reduce the length thie country. For instance, over the western side of Lakeoviat
growing season for some crops and are expected to encouragasin and parts of Northeastern highlands (Ngorongoro) are
diseases and pest eruptionuunga, 2017%alIn central regions projected to have increased minimum temperatures in the range
(Dodoma and Singida) which are semi arid, eruption of newof 4.5 to 4.8C under RCP 8.5 emission scenario. The western,
parasite and diseases can be expected that would a ect a hugentral, southwestern and northeastern highlands are ptege
number of animals. Increased temperatures may results inttm have increased minimum temperature in the range of 3.9 to
decreased soil moisture which would a ectruno and river av 4.5C and 1.6 to 2.2C under RCP 8.5 and RCP 4.5 emission
(United Republic of Tanzania, 203 scenarios respectively.

Rainfalls are projected to increase almost throughout the The increases in minimum and maximum temperatures are
country. Most regions are projected to feature increasedfadlin expected to compromise socio-economic activities in many
in the range 0.15 to 0.6 mm/day and zero to 0.3 mm/day underegions. Therefore the presented results suggest thatredilo
RCP 8.5 and RCP 4.5 emission scenarios respectively. Howeagtaptation strategies should be formulated to adapt the prejec
in mid century, the western regions and the southwesterrincrease in temperatures over di erent regions. It is also fdun
highlands are projected to experience decreased rainfatien t that, projected increases in temperatures over all regioes ar
range of zero to 0.6 mm/day and zero to 0.3 mm/day undehigher for the business as usual scenario (RCP 8.5) than éor th
both RCP 8.5 and RCP 4.5 emission scenarios respectivedylaptation scenario (RCP 4.5).

In the end century most regions are likely to have increased Rainfall is projected to increase in future climate in almdkt a
rainfall in the range of 0.3 to 0.6 mm/day under both regions. However over western and southwestern regioimgata
RCP 8.5 and RCP 4.5 emission scenarios. However, westésnprojected to decrease during the present (2011-2040), mid
regions and southwestern highlands are projected to featu@041-2070), and end (2071-2100) centuries under both RCP
decreased rainfall in the range of zero to 0.6 mm/day an®.5 and RCP 4.5 emission scenarios. For instance, the western
zero to 0.3 mm/day under RCP 8.5 and RCP 4.5 emissioregions, and southwestern highlands are projected to expegie
scenarios respectively. The projected increase intemperand decreased amount of rainfall in the range of 0.5 to 1 mm/day
decreased rainfall may compromise socio-economic ad@iti in the end century under both RCP 8.5 and RCP 4.5 emission
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scenarios. The projected decrease in rainfall over the westePL and AK. The validation of the model data was done by

regions, and southwestern highlands call for urgent prepanat
of adaptation strategies especially in the water, agricelland
food security sub sectors.
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