& frontiers | Frontiers in Climate

@ Check for updates

OPEN ACCESS

EDITED BY
Farirai Rusere,
University of the Witwatersrand, South Africa

REVIEWED BY

Priscilla Ntuchu Kephe,

Potsdam Institute for Climate Impact
Research (PIK), Germany

Portia Adade Williams,

Science and Technology Policy Research
Institute CSIR-STEPRI, Ghana

*CORRESPONDENCE
Katharina Lohr
katharina.loehr@zalf.de

RECEIVED 29 November 2023
ACCEPTED 01 May 2024
PUBLISHED 16 May 2024

CITATION

Mugabe P, Kipkulei H, Sieber S, Mhache E and
Lohr K (2024) Examining climate trends and
patterns and their implications for agricultural
productivity in Bagamoyo District, Tanzania.
Front. Clim. 6:1346677.

doi: 10.3389/fclim.2024.1346677

COPYRIGHT

© 2024 Mugabe, Kipkulei, Sieber, Mhache and
Léhr. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Climate

TYPE Original Research
PUBLISHED 16 May 2024
pol 10.3389/fclim.2024.1346677

Examining climate trends and
patterns and their implications for
agricultural productivity in
Bagamoyo District, Tanzania

Paschal Mugabe™*2, Harison Kipkulei“2*%5, Stefan Sieber™?3,
Emmanuel Mhache™* and Katharina Lohr™23*

!College of Social Sciences, University of Dar es Salaam, Dar es Salaam, Tanzania, Leibniz Centre for
Agricultural Landscape Research, Muncheberg, Germany, *Faculty of Life Sciences, Humboldt-
Universitat zu Berlin, Berlin, Germany, *Department of Geomatic Engineering and Geospatial
Information Systems, Jomo Kenyatta University of Agriculture and Technology, Nairobi, Kenya,
Faculty of Applied Computer Sciences, Institute of Geography, University of Augsburg, Augsburg,
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Climate variability impacts various global challenges, including food security,
biodiversity loss, water scarcity, and human well-being. However, climate
patterns and trends and community perceptions at spatially-explicit levels
have been minimally addressed. The spatial and temporal trends of climate
conditions in Bagamoyo District in Tanzania were examined using historical
(1983-2010) and projected (2022-2050) meteorological and climate model
data, respectively. Community knowledge and experiences of past climate
occurrences were included. The implications of projected climate change for
regional agricultural production and food security were assessed. The study
drew on empirical data obtained from household surveys conducted in seven
villages in the district. Effectively, 309 households were randomly sampled
across the villages to provide the perception of climate change and associated
impacts on agriculture and livelihoods. Both qualitative and quantitative
statistical techniques were employed to analyse the incidence, frequency, and
intensity of regional extreme climate events. The meteorological and climate
modelling data were subjected to trend analysis using the Mann—Kendall and
Sen’s slope estimator tests, and the present and projected spatial and temporal
trends of climatic variables in the region were analysed. The household-based
questionnaire results were combined with climate modelling and the literature
to determine the implications of climate change for regional agricultural
production and food security. The results revealed that local knowledge and
climate model data strongly concur on regional climate changes. Furthermore,
the region is highly likely to experience increased warming and decreased
precipitation at varying magnitudes. The shifts in climate trends and patterns are
anticipated to greatly impact agricultural production, affecting livelihoods and
hampering food security efforts. Recommendations include adopting context-
specific measures and tailored strategies for enhancing resilience throughout
the entire region.
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1 Introduction

Climate change affects various facets of human and environmental
systems. As one of the greatest threats of the 21st century, climate
change has had a significant impact on the agricultural sector, which
is the main source of food, feed, and fibre for both humans and
animals. Climate change directly or indirectly affects the four pillars
of food security (availability, access, utilization, and stability),
according to the Food and Agricultural Organization (FAO) of the
United Nations (UN) (Affoh et al., 2022). This is manifested in
extreme climate change events that cause key crops to experience
declines and instability productivity. These declines affect market
prices, thus reducing food accessibility for the population.
Furthermore, the nutritional quality of various food products is
expected to decrease, affecting household food utilization (Mbow
et al., 2020). Therefore, understanding the nexus between climate
change and agricultural production is crucial for developing better
climate change adaptation strategies and increasing agricultural
system resilience.

The impact of climate change on agriculture and food security is
a major concern globally. Climate change is expected to
disproportionately affect different regions based on geographical
location, underlying weather conditions, economic capacity, and
technological capabilities (Kogo et al., 2021). Developing regions will
experience more impacts than their developed counterparts, largely
due to insufficient social safety nets, lack of proper infrastructure, low
technology uptake, and inadequate policy instruments to handle
climate change-related challenges. Sub-Saharan Africa (SSA) accounts
for most of these developing economies, which experience frequent
climate extremes. The region relies heavily on rainfed agriculture,
which is highly sensitive to weather and climate variables, including
temperature and precipitation (Kotir, 2011). This dependence
increases the vulnerability of its population to climate change effects
amidst the very low adaptive capacity in the region (Parry et al., 2007).
Climatic trends indicate that this region is already experiencing
increased warming compared with other parts of the world, in
addition to intensified aridity, land degradation, and highly variable
rainfall (Serdeczny et al., 2017).

Climate models have emerged as useful tools for projecting future
climates. These models provide information on likely precipitation
and temperature conditions in the future under changing demographic
conditions, elevated carbon dioxide emissions, increased urbanization,
and technological shifts. These models have been used to project
climate change dynamics in various regions of the world. Despite
multiple uncertainties, climate models project varying patterns and
trends for climatic variables. In SSA, for instance, climate models
project drier states in the southern region and highly variable and
reduced rainfall in West Africa (Kotir, 2011). However, these models
lack consensus regarding future precipitation changes in the East
Africa (EA) region (Choi et al., 2023). The EA region comprises the
greater horn of Africa, which in the recent past has witnessed frequent
droughts and persistent food shortages (Nicholson, 2014).
Furthermore, the region experiences low potential and high temporal
variability in groundwater resources (Agutu et al., 2019). These climate
shortcomings have propagated resource conflicts and contributed to
humanitarian crises across the region (Scheffran et al., 2019). The EA
region is characterized by a highly heterogeneous landscape in terms
of soil, vegetation, and topographic characteristics (Thornton et al.,
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2010). These conditions shape the underlying climate and its effect on
agricultural production and livelihood. Over the years, the region has
faced severe climate change effects manifested in the form of droughts,
heat waves, and floods. Various factors, including proximity to the
equator, shifts in the intertropical convergence zone (ITCZ), varied
topography, and remote teleconnections, namely, the El Nifo-
Southern Oscillation and the Indian Ocean dipole, are responsible for
climate dynamics and extremes in the region (Nicholson, 2019;
Gebrechorkos et al., 2020; Palmer et al., 2023).

Climatic extremes are more pronounced in EA than in other parts
of the SSA region. The region is familiar with rainfall-induced
disasters and droughts and is considered a climate change hotspot
(Thalheimer et al., 2021). The Ethiopian and Kenyan highlands and
Lake Victoria region often experience high rainfall intensities, with
frequent landslides (Onyutha, 2020). Similarly, in the last five years,
countries such as Somalia, Kenya, and Ethiopia have experienced
severe droughts that have plunged millions of people into severe
hunger (Funk et al., 2023). Furthermore, rainfall deficits have been
observed in Kenya, Somalia, and Ethiopia (Devi, 2022). These climate
extremes have increased the frequency of crop failures, escalated
livestock deaths, and amplified regional food insecurity (Devi, 2022).
Additionally, extreme climate events have favoured swarm formation
and the spread of pests such as desert locusts (Meynard et al., 2020).
Pest outbreaks have occurred in Djibouti, Eritrea, Ethiopia, Kenya,
Somalia, South Sudan, and Uganda, causing damage to large tracts of
croplands (Kassegn and Endris, 2021). All these conditions have
affected agricultural production and exacerbated prevailing food
insecurity in the region (Omambia and Gu, 2010).

Similarly, Tanzania has been subjected to rising temperatures in
recent years (Block et al., 2022). Furthermore, it has experienced high
variations in rainfall. These variations are strongly related to sea
surface temperature (SST) variations in the Indian and Atlantic
QOceans, which can alter standard oscillation outcomes (Paavola,
2003). Moreover, the climate of Tanzania is greatly influenced by El
Nino and La Nifia phases, with potentially severe consequences. El
Nifio refers to periods in which the sea surface temperature is warmer
than normal in the eastern tropical Pacific Ocean, whereas La Nifia is
associated with low temperatures near the equator (Philander, 1985).
In Tanzania, the first and second years of El Nino events result in less
and more than usual amounts of rainfall, respectively. Rainfall
decreases in the first year of La Nina and increases in the second year.
This alteration results in flooding and drought, the most common
climatic hazards in the country (Paavola, 2003). An analysis of
accurate regional climatic databases shows that the east coast of
Tanzania has been experiencing increasing drying events and a high
frequency of mild and severe droughts (Gebrechorkos et al., 2020).

Climate models project an increase in maximum temperatures of
3.5°C in Tanzania. The minimum temperatures will also likely increase
by up to 4.8°C (Luhunga et al, 2018). This increase might
be experienced countrywide, albeit at different magnitudes.
Furthermore, projections indicate mixed trends of precipitation
patterns with no general pattern; precipitation intensity will increase
in some regions and decrease in others (Adhikari et al, 2017;
Gebrechorkos et al., 2019). Several studies have been carried out on
various aspects of the Tanzanian climate (Mutai and Ward, 2000;
Behera et al,, 2005; Marchant et al., 2007); most have been conducted
at the national scale. However, Arndt et al. (2012) reported that local-
scale assessments are more effective and can optimally support
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adaptation policies that are usually context-based. Additionally,
climate change effects are becoming more intense in coastal areas,
predisposing Tanzania, which has an extensive coastline, to increased
risks (Rubekie et al., 2022). The literature has focused more on inland
regions and less on coastal environments. The latter environments face
severe threats from climate change, including salt intrusions, rising sea
levels, and flooding (Lyimo et al., 2013).

Additionally, climate change assessments at subnational scales in
Tanzania have focused on a single season and thus have failed to reveal
trends and dynamics across seasons (Mbilinyi et al, 2013).
Furthermore, studies examining the implications of climate risks for
agricultural production have focused extensively on household-level
impacts (Shikuku et al., 2017). Most of these studies lack local-scale
analysis, which involves extensive analysis at spatiotemporal scales.
Therefore, the impacts of localized climate change on agricultural
production and food security in the present and future have scarcely
been addressed. We hypothesize that accounting for spatiotemporal
influences via historical and projected climate change assessments will
provide more localized insights and thus support better targeted site-
specific strategies and better informed policies at both the local and
regional levels. These strategies will include smart soil, water, and
energy practices at agroecological zones, catchment scales, and regional
levels that are tailored for enhancing the resilience of agricultural
systems and improving agricultural production and food security.

Thus, the present study addresses these gaps by investigating
historical and future climatic trends and integrating data from
monitoring stations, high-resolution satellite data, and regional climate
models (RCMs) to assess climate variability and trends in Bagamoyo
District, Tanzania. This study is imperative since fluctuations in weather
patterns along the coast play an important role in terrestrial and marine
ecosystems, water supply, agriculture, human health, and other
socioeconomic issues. To our knowledge, no study has integrated
climatic aspects with agriculture and food security in the region and
analysed the implications of future climates for agricultural productivity.
Therefore, the objectives of this study, linked to the research gaps
identified in the study, are to (i) analyse the historical and future
climatic trends/patterns in Bagamoyo District in Tanzania, accounting
for spatiotemporal influences; (ii) evaluate the modelling skills of
regional climatic models using station data and high-resolution satellite
data and assess model uncertainties in predicting climatic variables in
the study area; (iii) examine the spatiotemporal influence of the
historical climate on agriculture and food security, accounting for space
and time implications; and (iv) analyse the spatiotemporal implications
of future climatic trends/patterns on agriculture and food production
to project future climate change influences at spatiotemporal scales.

2 Materials and methods

2.1 Study area

Bagamoyo district is located on the east coast of Tanzania and
north of Dar es Salaam, a major commercial city in Tanzania. It is one
of six districts in Tanzania’s coastal (“Pwani”) region. The study area is
bounded by latitudes of 5° 48" and 6° 26" S and longitudes of 37° 48" and
39° 08" E (Figure 1). It borders the Tanga region to the north, Morogoro
to the west, the Indian Ocean to the east, and Kibaha District to the
south. The district has a total population of approximately 311,740
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people, according to the 2012 census (Madumla et al., 2022). Before
2016, the district was politically subdivided into two parliamentary
constituencies, namely, Chalinze and Bagamoyo, with seven divisions,
22 wards, and 97 villages. However, with the current changes in the
political administration of the district, the Bagamoyo District Council
has retained two divisions, 11 wards and eight villages (Gourt, 2016).

2.2 Climatic and geographical
characteristics

2.2.1 Climate characteristics

Bagamoyo District has fluctuating maximum and minimum
monthly air temperatures throughout the year. The minimum mean
temperature varies from 18°C in July/August to 24°C in January/
February; the maximum mean temperature ranges from 29°C in July
to 32°C in February. The annual precipitation in the area is
approximately 1,000 mm. The rainfall pattern is bimodal, with the first
long rainfall events occurring in April and May and short rainfall
events occurring from November to January. The driest months in the
area are June to September, when the monthly rainfall is generally less
than 50 mm per month (Lyimo et al., 2013).

2.2.2 Soils, vegetation, and topography

Bagamoyo District is largely covered by sandy soils. These soils
support the growth of coconut and cashew nut trees. Additionally,
loamy soils cover some parts of the district. The soils are suitable for
food crop production. A small portion (10%) of the study area
comprises developing soils (stony type), which essentially support the
natural forest zone covered by mangrove swamps. Natural forests
cover the northeastern, northwestern, and western parts of the district.
Mangrove swamps are found on the coastal belt. Bagamoyo District
has a largely gently undulating to rolling topography characterized by
extensive plains, low hills or ridges, bottomlands, and shallow valleys.
The terrain rises gradually from the coastal mudflats to approximately
880 m above sea level at the northwestern border.

2.2.3 Economic activities

Formal and informal socioeconomic activities characterize most
parts of the district. Approximately 80% of the population is engaged
in agriculture, mainly subsistence farming. The cultivated cash and
food crops include maize, paddy, millet, cassava, sweet potatoes,
legumes, simsim, cashew nuts, pineapples, oranges, mangoes, and
sunflower. Agriculture is mainly rainfed. Similarly, livestock farming
is another important economic activity in the district.

2.3 Data sources

2.3.1 Primary data

Obtaining perspectives on climate change occurrences from local
communities is an important step towards creating awareness and
preparing communities to respond to different climate manifestations.
In the present study, we collected field data in December 2015 in
Bagamoyo District. Furthermore, we supplemented the data with
climate model outputs and secondary data from meteorological stations
in the region. Random sampling was used to select 309 households from
seven villages in the district to participate in the study. A household was
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FIGURE 1
Bagamoyo District and wards (left), Tanzania's location within Africa (upper right), Bagamoyo's location in the Pwani region (middle right), Bagamoyo's
location among other districts (lower right). A 30 m resolution digital elevation model derived from the Shuttle radar topography mission is overlaid on
the district.

chosen as the basic unit for the interviews because it has traditionally
been the primary unit of production and consumption in rural Tanzania.
The sample size was determined using the Equation 1 by Cochran (1977).

Z 5 pxq

= (1)

n=

where n=sample size, Z=abscissa of the standard normal curve
(Z=1.96 for 95% confidence),p=proportion of agriculture-based
households (72% in Bagamoyo District), d=error set at 0.05, and
q=1-p. In this study, priority was given to household heads who had
resided in the study area for more than 35years. The rationale for
selecting this group of communities was that they have good recall of
changes in weather conditions and agricultural practices and immense
knowledge of livelihoods due to their long period of residency (Uprety
etal,2017; Dyke etal,, 2020). Thus, the interviewees included 175 (58%)
adult women and 125 (52%) adult men who were regarded as
representatives of their households. The household interviews provided
first-hand information from the community members on their
perceptions of climate change and key events in the past. The data were
obtained as part of the first author’s doctoral research, but an integration
of climate modelling data was added to enhance the present study
findings. The initial research expanded other climate change-related
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concepts in the study area by including data collection techniques such
as focus group discussions (FGDs) and participatory research approach
(PRA) exercises. Thus, in the present study, only data on interview-based
questionnaires at the household level were analysed to derive information
on community perceptions. Both qualitative and quantitative analyses
were used to analyse data from the household interviews. During the
interviews, respondents were asked about the incidences, intensities, and
frequencies of extreme climate events they had experienced. The data
sourced from the respondents were entered into a spreadsheet database
and processed to obtain statistics, including counts and percentages of
the different questionnaire items. We refer the readers to Mugabe (2016)
for further information regarding the data collection. The larger project
assesses climate variability and food security in Tanzania using the case
of Bagamoyo District. The general research examines how climate
variability affects food security in Tanzania. The survey was conducted
for three years beginning in September 2013 and involved data collection
methods such as questionnaire surveys, key informants/thematic
interviews, FGDs, and PRA.

2.3.2 Meteorological and satellite climate data

This study utilized meteorological station rainfall and temperature
data from the Bagamoyo Meteorological Office from 1981 to 2010.
The data acquired were recorded from the District Agricultural Office
weather station in Bagamoyo. The climatic variables measured at the
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station included the annual average maximum and minimum
temperatures and annual average precipitation.

Additionally, due to limited meteorological station data coverage
in the district, we acquired gridded data from the Climate Hazard
Infrared Radiation with Stations (CHIRPS) dataset (Funk et al., 2015).
These data are among the most highly accurate and high-resolution
precipitation products in the SSA region. The CHIRPS gridded data
have a spatial resolution of approximately 5km (0.05°), with a daily
temporal resolution. These attributes make the data the most reliable
for assessing agricultural landscape dynamics and environmental
monitoring in data-scarce areas. Additionally, the data have been
validated in the EA region and found to adequately represent the
prevailing weather and climatic conditions (Dinku et al.,, 2018;
Macharia et al., 2020; Mwabumba et al., 2022).

Therefore, the CHIRPS data were ideal for supplementing the
station data in this data-limited environment. Subsequently, monthly
precipitation data for the entire Bagamoyo District were downloaded
from the CHIRPS database. The temporal coverage of the data ranged
from 1981 to 2021, enabling the detection of both interseasonal and
intraseasonal trends. The data were provided in raster GIS format. The
station data were supplemented with climate hazard infrared
temperature with stations (CHIRTS) temperature data. These data
provide high-resolution 5km (0.05°) temperature data on a daily
temporal scale (Verdin et al.,, 2020). The meteorological station data,
CHIRPS, and CHIRTS climatic variables were used to evaluate the
historical climate modelling data.

2.3.3 Climate modelling data

The future climate dataset for Bagamoyo District was obtained using
an ensemble of six models acquired from the Coordinated Regional
Climate Downscaling Experiment (CORDEX). The data included RCMs
provided by different institutes and for different domains. In the present
study, we obtained data for the African domain with a spatial resolution
of approximately 50km." The RCMs assessed in this study were selected
based on their average to good performances in simulating regional
climates in the EA region (Kiprotich et al,, 2021; Mathewos et al., 2023).
The RCMs were assessed using two representative concentration
pathway (RCP4.5 and RCP8.5) scenarios. RCP4.5, a medium emission
scenario, reflects a future with moderate climate change effects. However,
RCP 8.5 represents a future with increased use of fossil fuels and
emissions. RCP4.5 and RCP8.5 represent the intermediate GHG
emission (650 ppm CO2 eq.) and very high GHG emission (1,370 ppm
CO2 eq.) scenarios, respectively. RCP 4.5 is the intermediary scenario,
whereas RCP 8.5 represents the pessimistic scenario, with assumptions
that climate targets will not be easily attainable. A description of the
RCMs considered in the study is presented in Table 1.

For the RCMs, all the grids that overlapped Bagamoyo District
were used to provide the projected climate variable estimates.
Additional gridded data outside the extent of the district were
downloaded to provide complete coverage of the study area extent.
Point shapefiles representing the centroid of the RCM grids were used
to extract the climatic variables by employing the valueto points tool
in ArcGIS. The Earth System Grid Foundation (ESGF) OpenID was
used to access the climate modelling data. The data are freely available

1 https://cordex.org/domains/region-5-africa/
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TABLE 1 Regional climate models (RCMs) used in the study.

Institute ~~~ RCM Driving GCM

SHMI RCA4 CNRM-CERFACS-CNRM-CM5
SHMI RCA4 CSIRO-QCCCE-CSIRO-Mk3-6-0
SHMI RCA4 MOHC-HadGEM2-ES
SHMI RCA4 MPI-M-MPI-ESM-LR
SHMI RCA4 NCC-NorESM1-M

SHMI RCA4 NOAA-GFDL-GFDL-ESM2M

upon account creation. The NetCDF files were converted to point data
(downloaded for each grid) by extracting date stamps from the files
and saving the stamps in a text file. Climatic variables (precipitation
and minimum and maximum temperatures) were extracted for the
latitudes and longitudes. Empty data frames created using the pandas
library (McKinney, 2010) were populated with the extracted
precipitation and temperature variables. Other Python libraries,
including os, numpy, datetime, netCDF4, fnmatch, and cftime, were
used to develop functions for extracting data for each station
coordinate for the historical period (1950-2005) and the future period
(2006-2100). The data for each RCM were downloaded and saved
using the CSV table format. The files were then concatenated to obtain
seamless time series data for each station. The files for each station
were then summarized as annual means (for temperature variables)
and annual sums (for precipitation variables) by grouping the data
according to the station names.

2.4 Quality control and evaluation of the
RCMs

We performed data quality control by validating the model skills and
biases of the various RCMs using observed data from the Bagamoyo
meteorological station and additional data sourced from the CHIRPS?
and CHIRTS databases.’ The two databases have demonstrated excellent
performance according to various statistical assessments of various
climate models in the EA region (Kiprotich et al., 2021). Other studies
have found these databases useful for filling gaps in meteorological
station data (Kwawuvi et al, 2022). Therefore, we evaluated the
performance of the RCMs against the station, CHIRPS, and CHIRTS
data and used a Taylor diagram to visually represent the evaluations. This
diagram provides a visual representation of the comparison between
simulated and observed variables by using correlation coefficients, the
centred root-mean-square difference, and the amplitude of their
variation represented by standard deviations. Thus, it provides a visual
representation of multiple metrics, which are ideal for evaluating the
model accuracies of nonlinearly driven phenomena and processes. Based
on the evaluation of the models, the best-performing model was
subsequently adopted for bias correction of the precipitation and
temperature variables. The Climate Model data for hydrological
modeling (CMhyd) (Rathjens et al., 2016) was selected for bias correction
of the simulated daily precipitation and maximum and minimum

2 https://www.chc.ucsb.edu/data/chirps

3 https://www.chc.ucsb.edu/data/chirtsdaily
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temperature datasets for the study region. We adopted distribution
mapping (DM) for bias correction of the temperature and local intensity
scaling (LOCI) for bias correction of the precipitation, as reccommended
by Kiprotich et al. (2021).

2.5 Trends and spatiotemporal patterns of
climatic variables

The downloaded files were imported into ArcGIS 8.10 software
(Environmental Systems Research Institute) for further processing.
Climatic data for the entire Bagamoyo district were downloaded
from the CHIRPS, CHIRTS, and CORDEX databases. The CHIRPS
and CHIRTS data were readily available as GeoTIFF files. The raster
GeoTIFF files for the baseline period (1981-2010) were downloaded
and aggregated to an annual scale. The mean and sum statistics were
calculated for the temperature and precipitation values. Graphs and
tables were used to analyse and display climate trends at the weather
station scale, whereas maps were used to analyse and display
observed and projected climatic trends and patterns at the
district scale.

The precipitation and temperature variables were analysed using
the Mann-Kendall (MK) (Mann, 1945; Kendall, 1975) and Sen’s slope
estimator (SSE) (Sen, 1968) statistical tests (Eqs 2-6). MK is a
nonparametric test that detects monotonic trends in time series data.
The tau statistic of this method shows whether the monotonic trend
is increasing or decreasing. The test compares the null hypothesis (H,)
of no trend against the alternative hypothesis (H,) of a trend. Thus, a
p value is used to confirm the significance or nonsignificance of the
monotonic trend at the 5% significance level. Accordingly, the
processed precipitation raster files were subjected to trend analysis
using the ‘raster’ and ‘Kendall’ R packages (McLeod, 2005; Hijmans
etal,, 2022b). The ‘calc” function from the Kendall package generated
surfaces of the Kendall tau statistic, p values, and Sen’s slope estimator.

The MK test is mathematically expressed as follows:

n=1 n
Szz z sgn(Xj—Xi) (2)
i=1 j=i+l
where n represents the time series data points (X1, X2...... Xn)

and sgn is a value assigned to each data point based on the difference
between each pair of time series data. The conditions for sgn are

as follows:
lX] > X;
sen(X;—X;)=40X,;=X; 3)
-1 X/ < X;
Kendall’s tau 7 is computed as:
T= 5 (4)
0.5n(n - 1)

Accordingly, 7 ranges from —1 for a monotonic negative trend to +1
for a monotonic positive trend. The SSE statistic (Eq. 5) is used to
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determine the magnitude and direction of the variable trend. The
statistic is a ratio of the difference between data points and their
respective ranks. The SSE estimation test computes the linear rate of
change in the variable. A positive SSE value indicates an upwards trend;
a negative value indicates a declining trend. The SSE is expressed as:

X;-X
SSE="L K

J_kkj>k fori=1,2....n )

where 7 represents the time steps and j and k represent the ranks
of the data points. Accordingly, the n values are arranged from
smallest to largest in the SSE calculation. The SSE magnitude is
computed as the median value of the slopes using Eq. 6.

n+l

SSE[( )2] when nis an odd number

0= (6)
0.5*| SSE,, + SSE{,,H} when n is an even number

2 2

The MK technique robustly handles outliers and can effectively
model spatiotemporal data. Furthermore, it can be used for skewed
distributed time series such as rainfall (Hamed, 2008). The trend
analysis was based on long-term (1978-2021) rainfall and temperature
observations at the weather station level. Additionally, a trend analysis
of precipitation was conducted at the pixel level to provide insight into
the spatiotemporal variability in rainfall over Bagamoyo District from
1981 to 2021. The terra (Hijmans et al., 2022a) and Kendall (McLeod,
2015) packages in R were used to generate the MK tau and
slope surfaces.

3 Results
3.1 Evaluation of climate models

The Taylor diagrams for evaluating the model skills for
precipitation, maximum temperature, and minimum temperature are
shown in Figure 2. The plots display individual model correlation
coefficients, standard deviations, and centred root mean square (RMS)
errors of the RCMs and compares them to those of the CHIRPS and
CHIRTS datasets.

The modelling skill level varied across the RCMs. The results
from the Taylor plot showed that the Max Planck Institute for
Meteorology (MPI-M) RCM exhibited better model performance
in precipitation and temperature variable assessment in the
baseline period. However, the performance for the precipitation
variable was low across the RCMs. An evaluation of the minimum
and maximum temperatures for the RCMs and the observed
CHIRTS data revealed high correlations and low standard
deviations. The performance assessment for minimum temperature
was higher than that for maximum temperature (R >0.95).

Based on its high model performance, we adopted the MPI model
to assess the projected future climatic conditions for Bagamoyo
District. The spatiotemporal trends of the future climatic conditions
for Bagamoyo District under RCP4.5 and RCP8.5 were characterized,
analysed, and represented using MK tau and SS.
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FIGURE 2
Taylor diagrams used to evaluate the model skill of various RCMs. The plots display the correlation coefficients, standard deviations, and centered root
mean square errors for (left) precipitation, (middle) maximum temperature, and (right) minimum temperature variables in the individual models. The
coloured circles represent the different RCMs.

3.2 Observed and projected climatic trends
at the Bagamoyo weather station

3.2.1 Observed climate trends

Table 2 shows the time series trend and magnitude with respect
to the annual amount of rainfall and average precipitation between
1981 and 2010. The results from the Bagamoyo weather station
showed that precipitation exhibited a negative trend over the years,
whereas the average temperature increased.

3.2.2 Future climatic trends

The future climatic projections based on the MK analysis
showed varied trends in temperature and precipitation across
Bagamoyo District (Figure 3). The projected annual precipitation
was likely to exhibit an increasing trend under RCP 8.5, whereas,
under RCP 4.5, a likelihood of declining precipitation in the region
was revealed.

The minimum and maximum temperature trends are similar in the
study region. Both variables showed a likelihood of increasing in the
future and a high magnitude under RCP8.5 compared to under RCP4.5.

3.3 Spatiotemporal trends of the historical
and projected climates in Bagamoyo
District

3.3.1 Observed climatic trends

The spatiotemporal climatic trends for the observed data varied
across Bagamoyo District (Figure 4). The trends analysed from the high-
resolution satellite data showed that Bagamoyo District experienced a
decrease in precipitation and increases in both maximum and minimum
temperatures during the baseline period. The reductions (increases) in
precipitation and temperature variables were indicated by the negative
(positive) MK tau values. Spatially, the results showed that the western
parts of Bagamoyo District experienced greater decreases in
precipitation and increases in warming. Additionally, the northeastern
parts of the district experienced decreases in precipitation. However, the
decrease in precipitation in the southern and southwestern parts of
Bagamoyo District was minimal. The magnitude of the decrease was
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TABLE 2 MK trends for precipitation, maximum temperature, and
minimum temperature at the Bagamoyo weather station based on
historical data (1983-2021).

Period  Variable YA Sen's p tau N
value slope

1981-2010 | Precipitation 2.34 —-0.45 0.02 = -025 30

1981-2021 | Mean temperature 2.05 0.03 0.03 0.269 | 30

also high in the western parts of the region, as shown by Sen’s
slope raster.

The maximum temperature increase was high in the northeastern
part of the district, as was its magnitude. The temperatures in the
southwestern region increased but at lower magnitudes than those in
the northeastern region. The minimum temperature showed
increasing trends and appeared more uniform across the study region.
Apart from some small areas in the northern part of the district, the
overall trend across a large part of the study area was relatively
uniform. The magnitude of the increase in minimum temperature was
also lower than that of the maximum temperature.

3.3.2 Projected climate trends

The projected climate trends for Bagamoyo District under RCPs
4.5 and 8.5 are shown in Figure 5. The climate models project a
reduction in precipitation under RCP4.5 but increased precipitation
under the RCP8.5 scenario. The reduction in precipitation is greater
in the northern and northeastern parts of the district under RCP4.5.
The southern and southwestern parts of the district are likely to
experience lower rates of precipitation reduction. From the projected
precipitation increase under RCP 8.5, the northern parts will
experience increased rainfall compared with the southern zones.

3.4 Community responses to patterns and
trends of climate variability

Tables 3, 4 indicate the community response to climate change.

Almost all the interviewed respondents (95%) from the surveyed
villages affirmed changes in climate over the years. The results indicate
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that droughts were more prevalent than floods over the years.
Regarding their experience of droughts or dry spells, the majority of
respondents indicated increased incidences in the historical period in
comparison to recent years (56.3% experienced many more droughts
and 38.3% experienced more droughts), while the remaining
respondents either observed no changes (2%), fewer droughts than
before (2.7%) or reported that no droughts occurred (0.7). Regarding
floods, only 3.3% experienced many more floods, 1.3% experienced
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more floods, 35.7% experienced approximately the same number of
floods as before, 50.7% experienced fewer floods than before, and 9%
did not experience floods at all.

According to respondents interviewed at Mkenge Village, the
climatic trend showed that the variability was rampant compared to
that in previous years, in which there were two rainfall seasons, “Vuli”
(short season between September and January) and “Masika” (long
season between March and June). In recent years, there has been one
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Spatial distribution of the Kendall Tau precipitation and maximum and minimum temperatures under the RCP4.5 and RCP8.5 RCPs.

TABLE 3 Community experience of drought.

Experience Frequency Percentage
Much more 114 56.3

More 78 383

The same as before 4 2

Fewer than before 6 2.7

No drought was experienced at all 1 0.7

Total 203 100

unpredictable season. Most respondents, for example, described the
drying of the Mkombezi River as a result of drought. People living in
Mkenge village depend on rivers for domestic use and for
vegetable production.

The respondents’ main climate concern was drought in the
Mkwama sub village (Mkenge village), where most inhabitants are
pastoralists. The village last experienced flooding (El Nino) in
1997/1998, but drought incidences have increased since then.
Interviews with village elders, such as the former village executive
officer (VEO), indicated that in recent years, the major changes were
increased drought occurrence and the change in the rainy season
pattern from a bimodal to a unimodal pattern. These variations were
similar in Kidomole village, where respondents complained about the
harsh climate and indicated that water scarcity was affecting domestic
and small-scale food production.

In interviews and discussions in Mwavi village, the respondents
reported droughts as the major shock experienced by the community,
with rainfall declining in recent years. Other respondents revealed
that droughts have been prolonged in recent years, and temperatures
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have increased. The patterns and trend of rainfall were perceived to
be declining, as evidenced by the rapid drying of water catchment
areas and reduced run-off in the region. Other respondents reported
crop failure.

During an interview with community education experts at
Fukayosi, the respondents noted that rainfall in the village has become
scarce over the years. For instance, February-March, which has always
been considered the long rainy season, was dry in 2012. However, two
years later, heavy rains accompanied by strong winds damaged fruit
trees and destroyed property in the village. The changes in the seasons
were more strongly associated with the changing rainfall patterns.
However, floods occurred sparingly in previous seasons. For instance,
one flooding incident occurred in 2000. Discussions on several
shocking events and changing climatic conditions indicated that many
people associated drought with a lack of water due to dry water
catchments. People associated famine with a lack of rainfall, which
affected their agricultural production. The communities interviewed
reported increasing food insecurity due to crop failure and declining
livestock production. Most households in the region adopted food
rationing and reduced their number of daily meals. They reported a
strong effect of climate change on agricultural activities, which are
considered the main livelihood in the study area.

4 Discussion
4.1 Evaluation of climate models

Climate models developed by various institutions worldwide play
a key role in estimating future climatic trends and thus enable various

sectors of the economy that experience direct climate effects to
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TABLE 4 Community experience of floods.

Experience ‘ Frequency ‘ Percentage
Much more 7 33

More 3 1.3

The same as before 73 357
Fewer than before 102 50.7

No floods were experienced at all 18 9

Total 203 100

enhance their social, economic, and ecological resilience to climate
change effects. Determining how each model performs is vital in
selecting the model that best reflects the climatic conditions in a
particular region. Thus, evaluating climate models and selecting the
model that best characterizes the conditions of our study area
improves the reliability of the findings to address the effects of climate
on the population in the region. The models reproduced the
temperature variables, whereas precipitation exhibited moderate
accuracies. Analyses of climate models tested in other regions indicate
good performance. For instance, Luhunga et al. (2016) assessed the
performance of various RCMs in the CORDEX database in Tanzania.
They found good model performance in terms of temperature
variables, but there were uncertainties in precipitation estimation
during the short rainy seasons in the region.

Similarly, Girma et al. (2022) noted the satisfactory performance
of various models in replicating temperature variables over the
Ethiopian Rift Valley Basin. Moreover, their study noted the best
performance of the MPI RCM, which was also the case with our work.
Another study in the Upper Blue Nile Basin showed relatively high
biases in the simulation of seasonal precipitation cycles by RCMs
(Dibaba et al.,, 2019). Therefore, the uncertainties in the different
RCMs call for careful interpretation of the results when developing
climate adaptation measures. Overall, our evaluation showed that the
models could represent the historical conditions of Bagamoyo District
and form a basis for predicting future conditions to support climate
adaptation initiatives.

4.2 Historical climatic trends

Climate model evaluations form the basis on which regional
trends and patterns of climatic variables can be assessed. Strong
climate model performance regarding regional climatic conditions can
create confidence in the reliability of climate change interventions.
This study investigated the rainfall and temperature trends in
Bagamoyo District, as these climatic variables have major implications
for agriculture and other related sectors. Historical analyses of trends
and patterns of temperature and precipitation revealed that the study
area has experienced a decrease in precipitation and an increase in
warming over the years (Changa et al., 2017). These conditions have
led to increased evapotranspiration rates and, at times, crop failure in
parts of the study area (Mhache, 2017). Similar studies in the region
have shown that Bagamoyo District and the coastal region have been
experiencing periodic droughts (Besa, 2013). Furthermore, climate
change manifested through droughts has affected most parts of the EA
region, including Tanzania (Gebremeskel Haile et al., 2019). The
region is characterized by considerable topographic and climatic
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variability, which leads to varied responses of crops to changing
climates (Ongoma and Chen, 2017).

The local climate patterns also revealed varied spatiotemporal
trends in the climate variables. The trends indicated that the
eastern parts of the study area experienced a greater decrease in
precipitation than did the northeastern parts. This finding was
expected, as the northeastern parts fall in high-elevation zones,
which have favourable meteorological conditions (Favier et al.,
2009). Nonetheless, both concentration pathways agreed on the
direction of the precipitation trends across the study area. The
observed precipitation pattern was in line with the study of
Gebrechorkos et al. (2019), who found an increased frequency of
consecutive dry days in the region in previous years. The study
findings also revealed increased temperature rates in the western
parts of the study region. Despite the region’s relatively high
elevation, studies in EA show that the highlands warm dramatically
under the effects of climate change (Case, 2006; Moore et al., 2012).
The findings further showed an increase in the minimum
temperature in the western region but at a lower rate relative to the
maximum temperature increase. Similar observations have been
documented in other regional and global studies (Bhutiyani et al.,
2007; Camberlin, 2018).

4.3 Future climate trends

Future climate trends reveal increased warming, which is
anticipated to affect the region’s agricultural production and food
security. However, the trends in future precipitation are uncertain,
with the assessed optimal RCM under RCP 4.5 revealing declining
precipitation across the study area. In contrast, under RCP 8.5, the
precipitation appears to increase across the study area. Previous
climate modelling studies in the EA region have also reported
temperature projections. Our findings on precipitation appear to agree
with other studies that have shown that the future precipitation trends
from RCMs under different pathways have high uncertainty over the
EA region (Sylla et al., 2013; Assamnew and Tsidu, 2020).

4.4 Community perception and climate
modelling data

Climate-modelled data of climate change occurrences in the study
area were compared with local perceptions of climate change.
Knowledge from local communities is important because it supports
tailored climate change adaptation measures. The study showed the
concordance of community perceptions of climate change with
historical climate change occurrences. For instance, the historical
climate for Bagamoyo District, as assessed from climate models, shows
that the entire region experienced a decrease in precipitation. This is
indicated by the negative MK tau value over the entire region. Over
94% of the interviewed households in the region affirmed that
droughts have been severe. Both climate modelling analysis and
community-sourced information align with the findings of previous
studies in the region (Kangalawe, 2012; Haapanen and Mhache, 2013;
Lyimo et al., 2013).

The study also revealed differential impacts of climate change
across the district, as indicated by the varying magnitudes. The
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model data showed that the southwestern and eastern parts are
experiencing high precipitation decreases and temperature
increases. In addition to affirming perceived droughts in the
region, other studies have documented the alarming effects of
climate change, including saltwater intrusion into estuaries and
freshwater aquifers (Ligate et al., 2017), which has greatly affected
the production of major crops such as rice and maize. The spatially
explicit information on climate variables, trends, and patterns
presented in this work provides an in-depth reference to guide
communities in developing appropriate measures for adapting to
the effects of climate change. Such information has been utilized
in other regions; however, Bagamoyo District and Tanzania, which
face enormous risks from climate change in the future, have
received less attention. In previous studies, large-scale analyses of
perceptions and meteorological data analysis have been integrated.
However, meteorological data are not always readily available and
may have poor coverage, with missing records at some stations.
Therefore, conducting a comprehensive analysis of large-scale
climate change effects can be challenging due to data limitations.
This situation, in turn, undermines the understanding of how
future climate change might affect different areas and hinders
efforts to effectively prioritize adaptation measures. The existing
downscaled data had not been applied to local decision-making.

4.5 Implications of observed and future
climate change for agriculture and food
security

Climate change is apparent in the study area. The area has
experienced increased warming and declining precipitation, which is
evident and manifested through droughts. Climate models indicate
uneven patterns of temperature increases and precipitation decline.
These differential effects of climate change across the region reflect
varying levels of exposure and livelihood vulnerability to climate
change effects. Regions with increased temperature experience intense
heat, and prolonged droughts which affects crop production and
escalates food insecurity. Furthermore, areas in high-temperature
zones are prone to high moisture loss, which amplifies the decline in
agricultural production. Under moisture stress, water use efficiency
declines, and the duration of crop growth decreases. In other cases,
intense heat combined with low precipitation leads to crop failure.
Smallholder farmers in these regions might have to focus on
adaptations such as planting heat-tolerant crops, adopting early
maturing varieties, and upscaling soil water conservation measures.

The agreement between the climate modelling data and the local
people’s experiences indicates that locals can discern climate change
occurrences well. Additionally, future projections from the RCMs
indicate that the region will continue to experience increased warming
and decreased precipitation. The spatiotemporal analysis of the
projected climate indicates that the effect will vary across the study
area. Thus, it is imperative for the local people to be aware of these
occurrences to better develop effective local measures. Such measures
include timely crop planting, adopting short-maturing cultivars,
planting drought-resistant crops, promoting climate-smart
technologies such as irrigation, developing sound soil and water
conservation strategies, and paying attention to weather forecasts.
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Such measures will greatly enhance agricultural production and
improve food security efforts in the district. Moreover, as it is situated
along the coastal region, Bagamoyo District might also experience
challenges related to rising sea levels and ocean water intrusion on
land. This will have a devastating effect on the freshwater supply
systems that support ecosystem services and thus will have a direct
influence on food production. Therefore, preventative actions and
technology needed to protect freshwater systems and cropland areas
from increased salinity, which might further reduce yields.

4.6 Limitations of the study

One of the limitations of this study is that community perceptions
of climate change were investigated based on the recall of multiple
events over a long period (35years). Although such data can provide
valuable information and insights, multiple waves of data collection
could provide detailed perspectives on prevailing weather conditions.
This could help reduce seasonal biases and spatiotemporal
uncertainties. However, climate modelling studies often consider a
trade-off between spatial resolution, data accuracy, scale (spatial and
temporal), and data reliability. Furthermore, climate model projections
have inherent uncertainties and might introduce biases in different
regions. The results from climate models must thus be interpreted
with caution. Existing studies consider multimodel ensembles to
account for the differences among models. Nonetheless, evaluation of
model performance is necessary before applying them in a
particular region.

5 Conclusion

The present study assessed the spatial and temporal variations in
climate conditions in Bagamoyo District by combining data from
climate models, meteorological stations, community experiences,
and the literature. The study showed that the district has experienced
climate extremes manifested in the form of droughts over the years.
Climate modelling analysis revealed that climatic conditions vary
across the region and are likely to have differential effects on
agricultural productivity and food security in the region. The models
show that the southern and southwestern parts of the district will
experience minimal climate effects in the future. The identification
of the areas likely to experience significant climate extremes enables
the development of context-specific measures tailored for specific
environments and transition pathways through which agricultural
production can be improved. Integrating local community
knowledge with climate modelling analysis is crucial for enabling
local people and decision-makers to formulate strategies that
enhance production under future climate conditions. Furthermore,
the integration of spatially explicit information can improve the
understanding of climate change effects across space and time and
the precision of adaptation measures in specific regions. Future
research will focus on assessing the influence of context-specific
measures across the region, thus opening frontiers for proper
adaptation to projected climate conditions. Future studies will also
evaluate other climate data products of the region to assess scale and
resolution effects.
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