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Abstract

Climate change has resulted in serious social-economic ramifications and ex-
tremely catastrophic weather events in the world, Tanzania and Zanzibar in
particular, with adaptation being the only option to reduce impacts. The
study focuses on the influence of climate change and variability on spatio-
temporal rainfall and temperature variability and distribution in Zanzibar.
The station observation datasets of rainfall, Tiax and Trin acquired from Tan-
zania Meteorological Authority (TMA) and the Coordinated Regional Cli-
mate Downscaling Experiment program (CORDEX) projected datasets from
the Regional climate model HIRHAM5 under driving model ICHEC-EC-
EARH, for the three periods of 1991-2020 used as baseline (HS), 2021-2050 as
near future (NF) and 2051-2080 far future (FF), under two representative
concentration pathways (RCP) of 4.5 and 8.5, were used. The long-term ob-
served T and Tmin were used to produce time series for observing the na-
ture and trends, while the observed rainfall data was used for understanding
wet and dry periods, trends and slope (at p < 0.05) using the Standardized
Precipitation Index (SPI) and the Mann Kendall test (MK). Moreover, the
Quantum Geographic Information System (QGIS) under the Inverse Dis-
tance Weighting (IDW) interpolation techniques were used for mapping the
three decades of 1991-2000 (hereafter D1), 2001-2010 (hereafter D2) and
2011-2020 (hereafter D3) to analyze periodical spatial rainfall distribution in
Zanzibar. As for the projected datasets the Climate Data Operator Com-
mands (CDO), python scripts and Grid analysis and Display System (GrADS)
soft-wares were used to process and display the results of the projected data-
sets of rainfall, Tpax and T for the HS, NF and FF, respectively. The results
show that the observed Tm. increased by the rates of 0.035°C yr' and
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0.0169°C yr!, while the T, was increased by a rate of 0.064°C yr and
0.104°C yr! for Unguja and Pemba, respectively. The temporal distribution
of wetness and dryness indices showed a climate shift from near normal to
moderate wet during 2005 at Zanzibar Airport, while normal to moderately
dry conditions, were observed in Pemba at Matangatuani. The decadal rain-
fall variability and distributions revealed higher rainfall intensity with an in-
creasing trend and good spatial distribution in D3 from March to May
(MAM) and October to December (OND). The projected results for Tmax
during MAM and OND depicted higher values ranging from 1.7°C - 1.8°C to
1.9°C - 2.0°C and 1.5°C to 2.0°C in FF compared to NF under both RCPs.
Also, higher T values of 1.12°C - 1.16°C was projected in FF for MAM and
OND under both RCPs. Besides, the rainfall projection generally revealed in-
creased rainfall intensity in the range of 0 - 25 mm for Pemba and declined
rainfall in the range of 25 - 50 mm in Unguja under both RCPs in perspec-
tives of both NF and FF. Conclusively the study has shown that the under-
going climate change has posed a significant impact on both rainfall and
temperature spatial and temporal distributions in Zanzibar (Unguja and
Pemba), with Unguja being projected to have higher rainfall deficits while in-
creasing rainfall strengths in Pemba. Thus, the study calls for more studies
and formulation of effective adaptation, strategies and resilience mechanisms
to combat the projected climate change impacts especially in the agricultural
sector, water and food security.
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1. Introduction

Climate change is a global phenomenon, with varying indicators and impacts
from one region to another. Such indications as noted by the [1] are increasing
global air and sea surface temperature, rising sea-about (0.15 - 0.18) m in the 20
century; more frequent heavy precipitation events (rainstorms, floods or snows-
torms) in many areas; more intense and longer droughts wider areas, especially
in the tropics and subtropics; more frequent and stronger occurrences of hurri-
cane/typhoons and thinning ice caps in the Arctic and Antarctic. Out of those
indicators, an extreme increase in global temperature or warming is unequivocal
since the 1950s.

The influence of climate change as reported by [2] showed that the number of
warm days and nights has increased on a global scale. It is also very likely that
human influence has contributed to the observed global-scale changes in the
frequency and intensity of daily temperature extremes since the mid-20th cen-
tury. According to Assessment Report 5 (AR5) of Intergovernmental Panel on
Climate Change (IPCC), “global surface temperature changes for the end of the
21st century are likely to exceed 1.5°C relative to 1850-1900 for all RCP except

DOI: 10.4236/acs.2023.132016

283 Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2023.132016

A. H. Abdalla et al.

RCP2.6” [3]. Previously, reference [4] detected a significant increase in temper-
ature, of about 0.15°C per decade over the period 1979-2010 in tropical Africa.
This increase of temperature was also consistent with [5] [6] who noted that the
magnitude of warming increases from Tanzania’s coastal belt to the interior and
northern part of the region. Consequently, high fatality rates were recorded in
developing countries because of their high reliance or increasing demands on
natural resources and their limited or low coping capacities [7] Additionally, [8]
and [3] revealed that the significant consequences of climate change may also
result in increased climate variability, reduced crops yield due to changing local
temperature regimes and extreme weather events that are likely to decrease the
food security of vulnerable populations.

Changes in long-term hydroclimatic variables such as rainfall could represent
regional climate change [9] Precipitation can be well explained when they have
separated into Inter-annual or temporal and spatial [10] Ze. space (geographical
variations) trends at regional scales [11] [12] Therefore, understanding the spa-
tial-temporal trends in climate variability, and comprehensive assessments at re-
gional and local scales are fundamental.

The trend in climatic conditions especially rainfall in East Africa is known for
its inter-annual variability, which has contributed to the devastating droughts
and floods [13] [14] [15]. The reasons for the spatial or temporal trends were
explained by [16] who highlighted that variability of rainfall in East Africa, par-
ticularly the inter-annual variability, is modulated by large-scale climate forcing
and changes in sea surface temperature (SST), which affects the rainfall amount
(e.g., decrease during the long-rain season) by changing wind patterns and
moisture fluxes. Other studies including [17] [18] [19] and [16] have highlighted
that the variability in rainfall in this region is linked to large-scale climate varia-
bility and change, not only El-Nino Southern Oscillation (ENSO) but also Indian
Ocean Dipole (IOD) and movement of the inter-tropical convergence zone
(ITCZ).

In Zanzibar islands, the influence of climate change and variability on spatio-
temporal rainfall was well explained by the flood events which forced a signifi-
cant number of people to migrate their houses, some local bridges to be washed
away and strandment of transportation for some time associated with number of
observed fatalities [20]. Additionally, frequencies of extreme and severe droughts
in Pemba which experienced severe droughts in 1976, 1987 and from 1994-1997
were also detected well during both long and short growing seasons with excep-
tion of severe drought events in MAM that lead to changes in forest cover and
biomass over time [21] The variability of rainfall has a great impact on agricul-
tural planning and water resources management. For example, rain-fed agri-
culture has remained the dominant source of staple food production for the
majority of rural poor in sub-Saharan Africa [22], for southern, heavy depen-
dence on rain-fed agriculture in Zimbabwe and climate sensitive resources [23]
and Zanzibar in particular, where the agricultural activities are rain-fed and

about 85% of most of the economic activities depends on the climate-driven
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agricultural sector [24].

2. Data and Methods
2.1. Study Sites

Zanzibar is composed of two Islands of Unguja and Pemba, which are situated in
the South western Indian Ocean. The geographical location of the islands is
roughly defined by grid points ranging from 5.75°S - 6.5°S, and 39.27°E -
39.53°E for Unguja while Pemba is roughly located between 4.93°S - 5.28°S and
between 39.67°E - 39.73°E [20] The two sister Islands of Unguja and Pemba are
35 and 56 km off the coast of mainland Tanzania, respectively.

Politically, Zanzibar became a semi-autonomous state under the United Re-
public of Tanzania (URT) effective in April, 1964. This small Island state has a
population of about 1.9 million people [25]. Climatologically, Zanzibar lie under
a tropical climate with two distinct rainfall patterns Ze long rains (Masika)
which normally start in March and ends in May (MAM) and short rains (Vuli)
of October to December (OND) [20] [26]. Reference [27] highlighted that dur-
ing Masika, the islands are characterized by abundant rainfall with good tem-
poral and spatial coverage, while during Vuli the islands are characterized by li-
mited rainfall anomaly with poor spatial and temporal coverage. Normally the
short rains are associated with the northeast monsoon flow, while the long rains
are dominated by southerly to southwesterly and southeasterly monsoon flow.
Annual and seasonal rainfall rates of Unguja and Pemba, wind pattern (south-
east and northeast monsoon), and annual and seasonal temperature rates (maxi-
mum, minimum and daily mean). Also [24] has shown that the long-term aver-
age maximum temperature during March to May (MAM) season for Zanzibar
ranged from 32.4°C for Unguja and 31.6°C for Pemba; while the minimum
ranged from 22.7°C and 23.1°C for Unguja and Pemba respectively.

The main socio-economic activities of the people in Zanzibar which form the
pillars of its annual Gross Domestic Product (GDP) includes small-scale farm-
ing, tourism, business as well as fishing [28]. Other activities that contribute to
GDP in Zanzibar are sand mining and other sectors of blue economy in the isl-

ands. The details of the study region are shown in Figure 1.

2.2. Datasets

The study used two types of datasets, namely the station’s observation data and
the CORDEX model simulated or projected data. The station observation data-
sets include the maximum (Tmax) and minimum (Tyi,) temperature records, and
the monthly observed rainfall with temporal coverage of 30 years (1991-2020)
from the nine (9) stations with details depicted in Table 1. These data were ac-
quired from TMA, Zanzibar office. The rainfall station observation datasets were
used for the analysis of SPI, Mann Kendall test as well and the decadal spatial
distribution of rainfall, while the observed temperatures were used to generate

the long term series for observing the nature and its trend. The model simulation
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Figure 1. Study area: source (GIS Tanzania administration layer freely downloaded in internet).

Table 1. Standardized precipitation index (SPI) thresholds and their descriptions.

STo9 /009~ SPoS- 005~ /SToS 005~ SPob-

DE.9-

SPI Value Meaning
2.0+ Extremely wet
1.5to0 1.99 Very wet
1.0 to 1.49 Moderately wet
—0.99 to 0.99 Near normal
-1.0 to —1.49 Moderate dry
-1.5t0 -1.99 Severe dry
-2 and less Extremely dry

or projected datasets were customized to longitude 0.44° and latitude 0.44° using
rotated pole system coordinates of the Regional |Climate Model (CORDEX). The
acquired model datasets include the projected Tmax (taSmax), Tmin (tasSmin) and pre-

cipitation (pr), which were downloaded from the registered CODEX links of
https://climate4impact.eu/impactportal/general/index.jsp and

https://esgf-data.dkrz.de/projects/esgf-dkrz/, respectively. These datasets were

downloaded using two RCPs of 4.5 and 8.5. The CORDEX downloaded datasets

were of three categories namely 1) historical datasets with temporal coverage of

1991-2005 2) The projected datasets with temporal coverage of 2006-2100 using

climate data operators (CDO).

DOI: 10.4236/acs.2023.132016

286

Atmospheric and Climate Sciences


https://doi.org/10.4236/acs.2023.132016
https://climate4impact.eu/impactportal/general/index.jsp
https://esgf-data.dkrz.de/projects/esgf-dkrz/

A. H. Abdalla et al.

2.3. Methods

2.3.1. Trend Analysis

The station observation data were processed and tested for homogeneity using
the interpolations methods including arithmetic mean among others. The stan-
dardized precipitation index (SPI) from different stations in Zanzibar were cal-
culated and plotted in time series to show the period of wet and dry conditions
based on descriptions in Table 1 [29] [30] and was used to classify the wet and
dry conditions using the thresholds presented in Table 1.

2.3.2. Mann Kendall Test

The Mann-Kendall (MK) trend test is a non-parametric statistical method used
to capture data trends over time [31] [32]. The test observes whether a random
response variable monotonically rises or falls with time [33]. The standardized

Mann Kendal test is given by equation
n—1 n .
SZZk:le:k+1Slgn(xj_xk) 1)

where S is a statistic, & are the sequential data values, and is the distance of

the time series, where sign(x ; —xk) is well explained by [34] in the Equation

(2).
I ifx, >x
Sign(xj —xk)z 0 ifx, =x (2)
-1 ifx; <x

where Sign(xj—xk)zl if (xj—xk)>0; Sign(xj—xk)zo if (xj—xk)zo
and Sign(xj—xk):—l if (xj—xk)<0.
When 7210 3)

Statistic Sis approximately normally distributed [35]

In the monotonic trend test, the null hypothesis (Hy) is referred as the data
have no trend and its alternative hypothesis (H,), indicates a rise or fall in a
monotonic trend [36], where positive (+) values specify a rise over time while
negative (—) values indicate descend. Since the data is independent and nor-
mally distributed, the variance of the S statistic ( Var($)) is

Identified by;
—1)(2n+5
Var(s) = =) (21+5) @)
18
The test statistic Zis computed using the values of VAR(S) and S[37] [38]
[39]
571 r g0
Var(S)
Z=<0 if §=0 (5)
S irs<o
Var(S)

[34] revealed that statistically significant trends are calculated by the Zval-
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ue, where positive value represents increasing variation (rising trend) and the
negative value decreasing variation or fall trend [32]. The null hypothesis is
rejected at the significance level if || = /2, where /2 is the critical value of the
standard normal distribution with a probability exceeding /2, and it shows
that the trend is significant. If || < Z,,
and the trend is not significant. A trend is examined to be statistically signifi-
cant at the 0.05 level [34].

The Sein’s slope estimator under the non-parametric method to estimate

the null hypothesis is recognized,

the true slope of an existing trend that is a change per year [40] [41]. The
Sein’s method is mostly used in cases where the trend is assumed to be linear
and is used under a simple non parametric procedure [42]. This means that

linear model £ #) can be described as
f(t)=0t+B (6)

The £¢) is defined as a function of time which represents the time series,
whereby it can be increasing or decreasing, ¢ is the date (time) values, Bis a
constant and Qs the slope as explained by [32] [39] in the Equation (7)

X, —X
i /. : @)

j—k
Also [39] note that at time, j> kand 1=1L12,---, N, the values of the data
pairs are represented by x; and x;. The median of the N values of Q; can be

determined as

Q( N2 if N is an odd number

Qmed = Q +Q (8)
w if N is an even number

An increasing trend can be discerned when the value of Q; is positive, and a
decreasing trend if the value of Q;is negative. There is no trend when Q;is zero.

2.3.3. Rainfall Spatial Distribution for Three Decades

The Geographic Information System (GIS) is a computer system that analyzes
and displays geographically referenced information. It combines software tools
for managing, analyzing, editing and visualizing such information [43] [44].
Quantum GIS (QGIS), a free and open-source software were used to produce the
spatial rainfall patterns using the Inverse Distance Weighting (IDW) interpola-
tion. IDW is the simplest interpolation method whereby a neighborhood for the
interpolated point is identified and a weighted average is taken within this
neighborhood. The weights are always observed to show it as a decreasing func-
tion of distance expressed as or a number of points or a radius [45] [46]. The in-
terpolated rasters were plotted in annual as well as seasonal scales of (MAM and
OND) in ten years (decade) intervals. The decadal differences in raster format

were also calculated and plotted.

2.3.4. Processing and Analyzing the CORDEX Data
As for CORDEX data, CDO commands include (cdo merge time, sellonlatbox,
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selmon among others) were used to navigate the downloaded netcdf (.nc) files of
rainfall (pr), Tmax (taSmax), and Tmin (tasmin) and then calculate these parameters in
seasonal (MAM and OND) averages for both RCPs (e 4.5 and 8.5) and for all
three time slices. The HS datasets were used as a reference climatology to calcu-
late the NF and FF departures (anomalies) for both RCPs (4.5 and 8.5). Using
the sellonlatbox CDO commands the CORDEX were customized to captured the
two island of Unguja and Pemba using the grid boxes of 4.8S to 6.6S and 39.1E
to 40.0E. The customized datasets for Zanzibar were visualized using free source
open GraDs software. The processed datasets were analyzed and plotted to
project the NF and FF projections of the rainfall and temperatures of Zanzibar
for the two RCPs of 4.5 and 8.5, respectively.

3. Results
3.1. Standardized Precipitation Index (SPI)

The results of the SPI presented in Figure 2(a) revealed that Zanzibar Airport

SPI-ZANZIBAR ARPORT (RED) AND PEMBA AIRPORT (BLUE) 1991-2020
#Pemba airport=Znz airport

(=] - -
(5] o w

Standardized Precipitation index (SPI)
(=]
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-0.5
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1990 1995 2000 2005 2010 2015 2020
Years
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Figure 2. (a) Upper pannel SPI for Zanzibar Airport (red) and Pemba Airport (blue); (b)
Lower pannel similar to (a) but for Mahonda rainfall (red) and Matangatuani (blue).
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have a positive SPI of near normal from 1991 to 1998, with moderate wet condi-
tions during 2004-2009 The SPI for Pemba showed near normal conditions to
moderately dry up to 2004, while moderately dry condition from 2015 onward
with exception of 2019 which was normal to near normal. The dry and wet pe-
riods results in Mahonda (Unguja) and Matangatuani (Pemba) presented in
Figure 2(b) show that Mahonda station was dominated by negative SPI which
indicates near normal to moderate dry conditions except for 2004 and 2020,
while the inter-annual variability of wet and dry conditions for Matangatuani
shows that the station was mostly dominated by moderately wet condition from
2006-2013, and near normal to moderately dry condition from 2016 onward, in-
dicating that the existing climate change has resulted in declining rainfall at Ma-

tangatuani, especially over the last ten years.

3.2. Mann Kendall Test and Sein’s Slope Results

The results of the Mann Kendall’s (MK) test and Sein’s slope at p = 0.05) and
under H, that there is no significant trend in rainfall distribution in Zanzibar
presented in Figure 3 show that Unguja and Pemba islands (Figure 3(a) and
Figure 3(b)), had p > 0.05 which depicted an increasing monotonic and thus re-
jecting the stated HO and accepting the H1. Also Figure 3(a) (left panel) reveals
that the intensity of p values was highest at urban west region of Unguja as
compared to the northern and southern regions, indicating that the urban west
region and its nearby areas are experiencing higher rainfall than the Northern
and Southern parts of Unguja. As for Pemba, p values is highest at the northern
part of Pemba compared to the southern. Figure 3(b) (left panel) indicating
higher rainfall at Matangatuani and Wete compared to the rest. Also, the results
in Figure 3(a) are in agreement with Figure 2(b) that Mahonda station in Un-
guja has weak rainfall intensity as well as weak monotonic rainfall trend though
significant. The results of the Z statistics for Unguja island (Figure 3(a) middle
panel) shows that the northern and southern part have positive z values indicat-
ing positive trend and the central part of the island depicts negative trend. The
results of the Sein’s slope for the Unguja island (Figure 3(a) right panel) shows
that the magnitude of rainfall is less than 1 mm per month for central region
Unguja. It is slightly increasing (positive slope) over southern part and signifi-
cantly increasing to the rate of +2.7 mm/months over the urban west and to
northern part of Unguja island.

As for Pemba, results in Figure 3(b) is in agreement with the results pre-
sented in Figure 2 which shows that the inter-annual variability of the wet and
dry values (SPI) was mostly wet condition over Matangatuani Pemba. The re-
sults of the Z statistics (Figure 3(b) middle panel) shows that the southern part
have positive z values indicating positive trend while Matangatuani depicts neg-
ative trend. As for the sein’s slope’s result in Figure 3(b) (lower right panel)
shows that the slope shift from negative to positive at Pemba Airport and the
Western Matangatuani, but the slope was slightly increasing at Wete and signif-

icantly increasing at Mkoani which indicating that Mkoani receives large
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Figure 3. (a) Upper panel Mann Kendall and Sein’s slope test results for Unguja; (b)
Lower panel Mann Kendall test and Sein’s slope test results for Pemba.

amount rainfall compared to other regions.

3.3. Analysis of Temperature Trends

The results of analysis of the Ty for Zanzibar airport for the period of last thirty
years (1991-2020) presented in Figure 4 shows that the rate of change of Tnmax
was 0.035°C/yr. Further results in Figure 4 show that the period from 1991 to
2009 was characterized by negative Tr. anomalies indicating cold conditions,
while from 2005 onwards the results show the dominance of positive Tm.x ano-
malies indicating increasing in warm conditions as well as a climate shift since
2005 onwards. This finding is well agreed by the [2] which indicates that in the
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Jan to Dec maximum temperature anomalies for Zanzibar 1991-2020
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Figure 4. Maximum (Tmax) and Minimum (Tmin) temperature anomalies-Unguja.

last decade of 20th century and the first decades of the 21st century are the
warmest periods. On the other hand, results in Figure 4(b) revealed that the rate
of change of minimum temperature was 0.064°C/yr which is approximately
twice that of Tnax indicating an increase in warming nights. Also like Ty, the
inter-annual variability of T, revealed negative anomalies i.e. cold condition
(nights) for the period running from 1991 to 2001 with shifting to positive ano-
maly in 2002. Moreover, Figure 4(b) shows that effective from 2003 to 2020 ex-
cept 2017 the T, anomalies were positive increasing indicating a decreasing
rate and strength of cold nights. This trend of T, positive increasing could be
well agreed by [47] that there is increasing trend in the percentage of warm
nights including Zanzibar. Also these findings are well agreed by the [2] which
noted that the T, was increased very rapid compared to Tmac due to increased
Green House Gases (GHGs), aerosol among others.

The rate of change of Ty for Pemba island for 1991-2020 presented in Figure
5(a) is 0.0169°C/yr which represents a positive trend and daily to monthly
warming condition. Trax egative anomaly occurs from 1991 to 2006 except for
1995, 1998, 2003 and 2004. Besides Figure 5 shows a climate shift in 2005 and
the positive T anomalies were depicted from 2008 to 2020 with the exception
of 2008, 2012 2019 and 2020. Twmi, for Pemba reveals an increasing trend of
0.104°C/yr (Figure 5(b)) indicating an increase of warming. The presented
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Figure 5. Maximum (Tmax) and minimum (Tmin) temperature anomalies-Pemba.

negative Tmin anomalies during 1991 to 1997 represent a cold condition. Also,
Figure 5(b) shows the positive Ty, anomalies from 1998 to 2020 with the ex-
ception of 1999 and 2005. This progression of positive Ty, anomalies for about
24 years could be attributed to the influence of climate change, as agreed by the
IPCC report that the first decade of the 21st century to be among the warmest
periods in history. These results is agreed with [47] who noted that the increas-
ing trend in the percentage of warm days and warm nights are mostly depicted
over the eastern parts of the country including Zanzibar, Dar-es-Salaam, Mtwa-

ra, and Mbeya regions and areas around Kilimanjaro.

3.4. March to May Rainfall Distribution in Unguja and Pemba

The results of the spatial rainfall distribution for the three decades of 1991-2020
(hereafter D1); 2001-2010 (hereafter D2); and 2011-2020 (hereafter D3) for the
MAM period in Unguja are presented in Figure 6(a) (upper panel). The MAM
rainfall distribution during D1 (Figure 6(a)) show the highest peaks ranged at
805 - 999 mm at Urban west region (Kizimbani and Zanzibar airport stations)
followed by the Southern region (Makuduchi and the nearby stations) and the
lowest rainfall strength occurred at northern region of the island at a range 0 -
599 mm. These results indicate that for D1 the northern region was experiencing

drier conditions. The results for D2 shows the rainfall strength at the northern
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Figure 6. (a) Upper pannel MAM rainfall distribution in Unguja; (b) Lower pannel MAM
rainfall distribution in Pemba.

part of the island and the similar coverage at the Urban west region as D1 con-
centrated only in the west B district. Unlike the periods D1 and D2, the rainfall
distribution in D3 shows that the highest rainfall ranged with greater than 1020
mm was distributed at the southern region, while moderate rainfall ranged from
1000 - 1019 mm was mapped at the Urban west and the least rainfall 700 - 804
mm was mapped at the northern region. These results show the shift of rainfall
distribution from the highest at Urban west to the southern region of Unguja.
Also Figure 6(a) shows that D3 has the highest rainfall intensities than D1 and
D2 indicating that the last decade of the 20th and the first two decades of the
21st century have revealed higher rainfall intensities in Unguja during the MAM
period, but these rainfalls show poor spatial distribution. Further results in Fig-
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ure 6(a) reveals the dryness of the northern region for last 30 years. The results
of the MAM spatial rainfall distribution for Pemba island presented in Figure
6(b) (lower panel) shows significant changes of the rainfall distribution from D1
to D3. The spatial rainfall distribution in D2 (Figure 6(b)) has shown significant
shift of rainfall distribution with the highest rainfall ranged from 805 - 999 mm
mapped at the northern tip (Matangatuani station) and the southern tip (Mkoa-
ni) compared to 720 - 804 mm in D1. In general, the spatial distribution of
MAM rainfall in Pemba (Figure 6(b)) shows a significant increase of MAM
rainfall over the southern part of the island (Mkoani) D2 to D3 with an average
rainfall intensity of up to 1572 mm in D3. Through these results, one can con-
clude that climate change has resulted into MAM rainfall shift over Unguja isl-
and as well as the existing variability and shifts of rainfall intensities from D1 to

D3 could be associated with the climate change and variability in Pemba.

3.5. October to December (OND) Rainfall Distribution at
Unguja and Pemba

The results of the spatial rainfall distribution in Unguja during OND presented
in Figure 7(a) (upper pannel) shows slight changes or shifts from D1 to D3 with
higher rainfall intensities mapped at the Urban west region for all decades (D1 to
D3), and slight changes of 250 - 399 mm at southern region during D1 to low
rainfall intensity during D3. Like the MAM season, the rainfall intensity during
D3 is higher than that during D1 and D2 indicating that the second decade of
the 21st century to be characterized by higher rainfall intensities in most areas of
Unguja. Further results in Figure 7(a) show persistent peaks for all periods (D1
to D3) which were centered at Kizimbani agromet and Zanzibar airport.

As for Pemba, the results of the climate change influence on spatial rainfall
distribution revealed significant increase of rainfall intensity at Chake-Chake
district during D1 (Figure 7(b) lower) with low rainfall intensities mapped at
northern (Wete district and Micheweni district (Matangatuani)) and the
southern region at Mkoani district. As for D2 results in Figure 7(b) shows the
significant shift of rainfall distribution mapped with higher intensities ranged
from 400 - 499 mm with the exception of Wete district which was mapped with
very low rainfall (0 - 99 mm). The results in D3 (Figure 7(b)) shows a signifi-
cant shift of the rainfall intensity with Mkoani leading with higher intensity (568
- 641 mm) compared to low in all northern and southern districts of Wete, Mi-
cheweni and Chake - Chake. Like in Unguja Island the spatial rainfall distribu-
tion during D3 has mapped with higher intensities D1 and D2, also results has
persistently shown that Wete district is characterized with low OND rainfall
through all three periods (D1-D3). The increase in rainfall intensity during D3
could be explained by the fact that the increased frequency of the severe weather
events which induced the extreme wetness of the three consecutive seasons of
MAM, 2019, OND, 2019 and JF (2020) of seasonal rainfall as concurred with
[20] [24].
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Figure 7. (a) Upper pannel OND rainfall distribution in Unguja; (b) Lower pannel OND
rainfall distribution in Pemba.

3.6. Annual Rainfall Distribution in Unguja and Pemba

The distribution of annual rainfall in Unguja shows the increase from first
(Figure 8 upper panel D1) to the second decade (D2) and significant to the third
decade over the northern part of the island. Significant distribution of annual
rainfall from Kizimbani, Zanzibar airport and part of central Unguja D1 to D3.
The southern part seems to maintain the distribution of the average rainfall for
two decades followed by a slight increase in rainfall, especially at Makunduchi in
which rainfall over the southern part is influenced by climate variability. The
results of the influence of climate change on the annual rainfall distribution at
Pemba presented in Figure 8(b) revealed that during D1 only central Pemba
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Figure 8. (a) Upper pannel Annual rainfall distribution in Unguja; (b) Lower pannel
Annual rainfall distribution in Pemba.

(Chake-Chake district) was characterized by high rainfall intensity ranging
from 1400 - 1700 mm, while the southern and northern Pemba was mapped
with low rainfall intensity ranging from 0 - 500 mm. The mapped rainfall inten-
sities during D2 presented in Figure 8(b) revealed a reverse in rainfall intensities
with the tips of northern and southern Pemba having high rainfall intensity
compared to the central, and Wete districts being mapped with low rainfall in-
tensity. The results in D3 Figure 8(b) show that unlike D1 and D2, the annual
rainfall distribution has highly changed with higher intensities mapped over the
southern tip of Pemba island (Mkoani) and the remaining parts ie. Wete and
Chake-Chake districts being mapped with moderate to low rainfall intensities.
These results in D1 to D3 have shown the rainfall shifting due to the influence of

climate change with D3 having affected the rainfall intensity in most areas in
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Pemba island.

3.7. March-May and October-December Rainfall Projection under
RCP 4.5 and RCP 8.5

The projected rainfall results for the NF, and FF with respect to historical (HS)
have shown that, MAM rainfall projection under RCP 4.5 (Figure 9) and RCP
8.5 Figure 10 that Unguja and Pemba islands are in decreasing rainfall in the
range of 0 - 25 mm NF and increasing in the range of 25 - 50 mm Unguja and 0 -
25 mm in Pemba during FF. Also, results have shown that under RCP 8.5, Un-
guja and Pemba are characterized by decreasing/increasing rainfall (by a range
of 25 mm) in the NF, and vice versa for the FF. As for OND rainfall, the pre-
sented projection under RCP 4.5 and RCP 8.5 Figure 11 and Figure 12 revealed
a decreasing rainfall in Unguja at a range of 25 - 50 mm for both NF and FF,
while Pemba will be characterized by an increasing rainfall of 0 - 25 mm for FF
under both RCPs, while increasing/decreasing at the same under RCP 8.5/4.5 in
NF (Table 2). The study results are in agreement/disagreement with [48] for
Pemba and Unguja under both RCPs and both time periods (NF and FF).

PRECIP. MAM[1091-2020 CLIMATOLOGY|RCPAS PRECIP. MAM|2021-2050 |RCP45 PRECIP [MAM|Near Future-Clim.|[RCP45
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Figure 9. MAM precipitation under RCP 4.5, near future (upper) and far future (lower) and the departures.
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Figure 10. MAM precipitation (mm) under RCP 8.5, near future (upper) and far future (lower) and the
departures.
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Figure 11. OND precipitation (mm) under RCP 4.5, near future (upper) and far future (lower) and the
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Figure 12. OND precipitation under RCP 8.5, near future (upper) and far future (lower) and the departures.
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Table 2. The summarized results of MAM and OND seasonal rainfall projection under RCP 4.5 and RCP 8.5 in Unguja and Pem-
ba Islands.

RCP 4.5 RCP 8.5
P ter:
.arame er MAM season OND season MAM season OND season
Rainfall (mm)
NF FF NF FF NF FF NF FF
decreasing increasing  decreasing  decreasing decreasing  increasing  decreasing decreasing
UNGUJA
from0-25 from25-50 from25-50 from25-50 from25-50 fromO0-25 from 25-50 from 25-50
PEMBA decreasing increasing  decreasing  increasing increasing  decreasing increasing increasing

from 0 - 25 from0-25 from25-50 fromO-25 from0-25 from0-25 from0-25 fromO-25

3.8. The Projections of March to May and October-December
Maximum Temperature Variation under RCP 4.5 and RCP 8.5

Results of the projected mean Tp. under RCP 4.5 and RCP 8.5 presented in
Figure 13 and Figure 14; Upper left and middle; lower left panel show that the
mean T during MAM is projected to increase with time from the range of
27°C - 27.5°C (HS) to 27.5°C - 28.0°C (NF); 29.5°C (FF) for both Unguja and
Pemba. FF in MAM season depicted higher Tp.x under RCP 4.5 and RCP 8.5
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Figure 13. Maximum temperature ("C) in MAM seasonal variation under RCP 4.5.
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Figure 14. Maximum temperature (°C) in MAM seasonal variation under RCP 8.5.
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ranging from 1.7°C - 1.8°C to 1.7°C - 2.0°C compared to 0.4°C - 0.45°C t0 0.6°C -
0.7°C NF respectively. As for the OND, the projected mean Ty under RCP 4.5
and RCP 8.5 presented in Figure 15 and Figure 16 upper left and middle; lower
left panel) show that mean Tp. during OND is projected to increase from the
range of 25.2°C to 25.5°C - 26°C (HS) to 26°C - 27.5°C - 28.0°C (NF); 27°C -
27.5°C (FF) for both Unguja and Pemba (Figure 15 and Figure 16 upper left
and middle panel) and in (Table 3). Tu. in FF were higher ranged 1.5°C to
2.0°C in both RCPs compared to 0.6°C - 0.9°C for RCP 4.5 and 0.3 - 0.6 under
RCP 8.5 scenario of NF. The results are concurred with [48] that the maximum
temperature departure in Zanzibar is projected to increase from 0.5°C - 1.4°C
for RCP 4.5 and from 0.6°C - 2.8°C RCP 8.5 (NF-FF) respectively.

3.9. The Projections of March to May and October-December
Minimum Temperature Variation under RCP 4.5 and RCP 8.5

The results of the projected mean T, under RCP 4.5 and RCP 8.5 presented in
Figure 17 and Figure 18 show that the mean Tmi,» during MAM is projected to

increase with time from the range of 25.5 (HS) to 26.0°C - 27.0°C (NF); 27.5
(FF) for both Unguja and Pemba (Figure 17 and Figure 20 upper left and middle;
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Figure 15. Maximum temperature (°C) in OND seasonal variation under RCP 4.5.
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Figure 16. Maximum temperature ("C) in OND seasonal variation under RCP 8.5.
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Figure 17. Minimum temperature in MAM seasonal variation under RCP 4.5.
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Figure 18. Minimum temperature in MAM seasonal variation under RCP 8.5.

Table 3. The summarized results of maximum temperature projection on MAM and OND season under RCP 4.5 and RCP8.5 in
both Unguja and Pemba islands.

P RCP 4.5 RCP 8.5
arameter:
MaxTemp MAM season OND season MAM season OND season
0 NF FF NF FF NF FF NF FF
I . I . I . 1 . Increasing Increasing Increasing Increasing
ncreasin ncreasin ncreasin: ncreasin:
UNGUJA 5 J & & from from from from
from 0.5-0.6 from1.8-1.9 from0.6-0.9 from 1.5-2.0
0.35-0.4 1.8-2.0 0.3-0.6 1.5-2.0
. . . . Increasing Increasing Increasing Increasing
Increasing Increasing Increasing Increasing
PEMBA from from from from
from0.6 - 0.7 from1.7-1.8 from0.6-0.9 from 1.5-2.0
0.4 -0.45 1.7-1.8 0-0.3 1.5-2.0

lower left panel). FF in the MAM season depicted higher Ty, under RCP 4.5 and
RCP 8.5 ranging from 1.12°C - 1.16°C to 1.92°C - 2.04"C compared to 0.6°C -
0.64°C to 0.76°C - 0.84°C NF, respectively (upper and lower right panel). As for
the OND, the projected mean T, under RCP 4.5 and RCP 8.5 presented in
Figure 19 and Figure 20 show that the mean Tni, during OND is projected to
increase from the range of 25.5°C - 26.0°C (HS) to 26°C - 26.5°C (NF); 27°C -
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Figure 19. Minimum temperature in OND seasonal variation under RCP 4.5.
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Figure 20. Minimum temperature in OND seasonal variation under RCP 8.5.
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27.5°C (FF) for both Unguja and Pemba (Figure 19 and Figure 20 upper left
and middle; lower left panel) and in (Table 4), Ty in FF under RCP 4.5 and
RCP 8.5 were higher ranged 1.12°C - 1.16°C to 1.8°C to 1.92°C compared to
0.6°C - 0.63°C for RCP 4.5 and 0.6°C - 0.75°C under RCP 8.5 scenario of NF,
(upper and lower right panel). These results concurred with IPCC indicating a
global average warming of 0.85°C over the period 1880 to 2012 with increasing
of the number of warm days and nights on a global scale [2] [47] [48].

4. Discussion

Climate change is a global phenomenon, with varying intensities and impacts
from one region to another. These climate change impacts have resulted in se-
rious social-economic ramifications associated with the increased frequency of
extreme weather events worldwide including Tanzania and Zanzibar in particu-
lar. Serious floods and ever-recorded higher temperatures have been observed
and reported in recent years. The study was aimed at understanding the extent
to which variability of spatial-temporal trends was affected, also the study inves-
tigated the future trends of these climate variables for the near future (NF) and
far future (FF) regarding the historical records (HS) under two RCPs of 4.5 and
8.5, respectively. Besides, the extremely wet and dry periods were investigated
using the SPI to show the impact of climate change on the rainfall patterns of
Zanzibar.

The presented SPI results in Figure 2(a) show the existence of climate shift
(Ze. SPI values changed from near normal to moderate wet reaching to extreme-
ly wet during the last decades at Zanzibar Airport and Matangatuani in Pemba)
indicating that climate change has influenced rainfall resulting in higher wetter
conditions due to strengthened seasonal rainfall. Also, the presented results have
shown that some areas including Mahonda have been affected by dryness condi-
tions due to weaken seasonally (Figure 2(b)). Generally, the presented incidence
indicates that the existing climate change impacts on rainfall distribution in
Pemba have resulted in declining/enhancing rainfall in most areas in Zanzibar,
especially over the last ten years. The study SPI within the island concurred with
[21] who detected severe drought during both long and short growing seasons
events in Pemba in 1975, 1991, 2003 and 2004. Moreover, our study results are
agreed with [20] who noted the significant socioeconomic ramifications (rang-
ing from floods to loss of life) due to increased rainfall strengths during OND
2019, MAM 2020 and the 2020 January to February (ie. the off-season rainfall
January to February 2020) which led to negative impacts on agriculture.

Further results for understanding the rainfall trends in Zanzibar are the ob-
served Mann-Kendall monotonic trends which have shown the highest p values
and most rapid positive increase of slope in the urban west region of Unguja as
compared to northern and southern regions, indicating higher rainfall in the
urban west and its rural areas than the rest part of Unguja, and for Pemba p val-
ues was higher to northern compared to southern regions, the rainfall distribu-
tion in amount is slightly at Pemba Airport and near regions. Higher rainfall at
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Table 4. The summarized results of minimum temperature projection on MAM and OND seasons under RCP 4.5 and RCP8.5 in

both Unguja and Pemba islands.

RCP 4.5 RCP 8.5
Parameter:
. . MAM season OND season MAM season OND season
Min Temp (°C)
NE FF NEF FF NF FF NE FF
Increasing increasing increasing increasing increasing increasing increasing Increasing
UNGUJA from from from from from from from from
06-064 1.12-116 06-063 1.12-116 0.76-0.8 1.92-2.04 0.72-0.75 1.8-1.92
Increasing Increasing Increasing Increasing increasing increasing Increasing Increasing
PEMBA from from from from from from from from
06-064 1.12-116 06-063 1.12-1.16 0.8-0.84 1.92-2.04 0.60-0.72 1.8-1.92

Mkoani followed by Wete which indicates that Mkoani is leading compared to
other regions. The impacts of the observed higher rainfall over most areas of
Zanzibar is in concurrence with [24] who noted that higher rainfall in OND
2019 has resulted into a number of socioeconomic stresses including the death of
people, damage to electric poles resulting in power shortage for several days (at
Mwakaje and Mwera)also trees and vegetation plantation were affected.

The presented results on the influence of climate change on spatial rainfall
distribution for the three-time period of D1, D2 and D3 revealed shifts of rainfall
intensities associated with an increasing trend during the MAM season with
high intensities (1423 - 1572 mm) in Pemba Island compare to Unguja (994 -
1022 mm). As for the short rain period of OND the presented results have
shown a significant increase in Pemba island during D3. More results have
shown that the annual rainfall was characterized by increasing rates from D1 to
D2 and a slight decrease during D3 over the northern parts of Unguja island,
with higher intensities in Kizimbani, Zanzibar airport and part of central parts of
Unguja and (Chake - Chake district in Pemba. The presented results on higher
intensity with good spatial and temporal rainfall distribution during D3 are well
agreed with [20] [24] who noted that the increased frequency of severe weather
events (extreme rainfall due to the existence of extreme climate and oceano-
graphic factors associated with climate change) induced extreme wetness of
three consecutive seasons of MAM, 2019, OND, 2019 and JF (2020) of seasonal
rainfall in Tanzania and the northern coastal area in particular.

As for the climate influence on Tpa and Twin at Unguja and Pemba, the pre-
sented results have shown that Tp.« was increasing at the rate of 0.035 and
0.0169°Cl/yr, respectively. Similar results hold for Tni indicating a warming
trend of 0.064°C/yr and 0.104°C/yr indicating increasing day-to-night warmer
conditions results as compared to the past. These study results are in agreement
with worldwide observed higher temperature trends as documented by [2] [3]
[49] as well as [47] that on a global scale, the global average warming has in-
creased by 0.85°C from 1880 to 2012 with an increasing number of warm days

and nights.
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The presented projection results for the NF, and FF with respect to historical
(HS) have shown that MAM rainfall projection under RCP 4.5 in Unguja and
Pemba island are in decreasing and increasing modes spatially in NF and FF re-
spectively. Also, results have shown that under RCP 8.5, Unguja and Pemba are
characterized by decreasing/increasing rainfall (by a range of 25 mm) in the NF,
and vice versa for the FF. As for the OND rainfall, the presented projection re-
sults under RCP 4.5 and RCP 8.5 revealed a decreasing rainfall in Unguja at a
range of 25 - 50 mm and 0 - 25 for both NF and FF, while Pemba is characte-
rized by an increasing rainfall of 0 - 25 mm for FF under both RCPs, while in-
creasing/decreasing at the same under RCP 8.5/4.5 in NF (Table 4). The study
results are in agreement/disagreement with [48] for Pemba and Unguja under
both RCPs and both time periods (NF and FF).

The presented projection results for the MAM and OND T« under RCP 4.5
and 8.5 in Unguja and Pemba depicted an increasing Ti. with time. For in-
stance, FF has depicted higher T ranging from 1.7°C - 1.8°C to 1.7°C - 2.0°C
under RCP 4.5 and 8.5 compared to NF during MAM. As for the OND seasons,
Tmax during FF was higher ranged 1.5°C to 2.0°C in both RCPs compared to
0.6°C - 0.9°C for RCP 4.5 and 0.3 - 0.6 under the RCP 8.5 scenario of NF. More
presented projection results for Tu, revealed an increasing trend under both
time slices (NF and FF) and under both RCPs (4.5 and 8.5). For instance, Under
RCP 4.5 during MAM and OND season, the projected T, were increasing in a
range of 0.6°C to 0.64°C during NF and 1.12°C - 1.16°C during FF, while for the
RCP 8.5, the projected Tpin was 0.76°C to 0.84°C in NF and 1.12°C to 1.16°C FF
in MAM, and from 0.69°C - 0.72°C to 1.8°C - 1.92°C during OND. These pro-
jected results of increasing max and T, indicate that the current climate is ex-
pected to experience warmer conditions resulting to an increasing number of
hot days and warm nights compared to the past. The study results are in agree-
ment with [2] [6] [47] who noted an increased number of warm days and nights
on global regional and local scales. The presented study findings suggest the
formulation of effective adaptation strategies to adapt to the projected increase
in T and Tiin as well as the increased rates of severe weather events in Zanzi-

bar.

5. Conclusions

This study presented the three decades of 1991-2000 (hereafter D1), 2001-2010
(hereafter D2) and 2011-2020 (hereafter D3) to analyze periodical spatial rainfall
distribution in Zanzibar as well as projection for Zanzibar (Unguja and Pemba
islands) based on climate simulations from high resolution CORDEX regional
climate models. We have found that:

1) There is an existence of climate shift in 2005 from lower to higher temper-
ature with changes ranging from 0.7% - 1.6% for T.x and 2.72% - 7.1% for Tmin
in Unguja and Pemba, indicating increased warming resulting in a higher num-

ber of hot days and warm nights which affects the socio-economics of the
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peoples in Zanzibar.

2) The severe weather events result in extreme wet and dry conditions in Zan-
zibar for instance Zanzibar Airport and Matangatuani in Pemba had shown
moderate wet conditions, while the northern part of Unguja (Mahonda) and
Pemba airport have shown normal to moderately dry conditions.

3) Long-term rainfall trends are showing increased rainfall intensities in Ur-
ban west in Unguja, whereas Mkoani in Pemba had shown higher rainfall trends
compared to other regions.

4) The second decade of the 21% century (D3) has shown higher MAM and
OND rainfall intensities in most areas of Unguja and Pemba including the Ur-
ban West region (Unguja) compared to other regions and periods.

5) Projected rainfall is likely to decrease in Unguja in the range of 25 - 50 mm
while increasing in a range of 0 - 25 mm in Pemba for NF and FF and for both
RCPs.

6) Projected T in Zanzibar (Unguja and Pemba) is likely to increase in FF in
the range of 1.7°C - 2.0°C compared to 0.3°C - 0.9°C NF for both RCPs.

7) Projected Tmin in Zanzibar is likely to increase in FF with higher values
ranging from 1.12°C to 1.16°C compared to 0.69°C - 0.72°C in NF for both
RCPs.

Recommendation

Based on the presented discussion and conclusions, the study recommends for
more studies be conducted to gain a clear understanding of the impacts of cli-
mate change in different time scales and different areas of Zanzibar. Secondly,
the formulation of effective adaptation, strategies and resilience mechanisms to
combat the projected climate change impacts especially in the agricultural sec-
tor, water and food security. Lastly, calls for the restructuring of urban planning,

to cope with the influence of the undergoing impacts of climate change.
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