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19 ABSTRACT

20 Background: Coastal urban cities like Dar es Salaam, Tanzania, are increasingly vulnerable
21 to the adverse effects of climate variability, including urban flooding, heat stress, and changes
22 in water availability. Understanding the evolution of key climatic variables over time is
23 essential for supporting adaptive strategies and sustainable urban development.

24 Methods: This study analyzed decadal seasonal trends in rainfall, daytime and nighttime
25  temperatures, and relative humidity using monthly data from January 2014 to October 2024
26  obtained from the Tanzania Meteorological Authority. The analysis utilized the non-parametric
27  Mann-Kendall trend test and Sen’s slope estimator to detect and quantify monotonic trends
28  across five seasons.

29  Results: Statistically significant trends were identified across multiple seasons. Rainfall during
30 the long dry season (JJA) showed an increasing trend with a Sen’s slope of +1.95 mm/year and
31 a p-value of 0.005, indicating a notable deviation from expected seasonal dryness. Also,
32 daytime temperatures during JJA declined significantly with a Sen’s slope of —0.038°C/year (p
33 = 0.001), while nighttime temperatures during the short dry season (JF) also exhibited a
34  significant decreasing trend (Sen’s slope = —0.062°C/year; p = 0.044). Relative humidity
35  exhibited only minor, statistically insignificant fluctuations across all seasons, with the highest
36 z-value observed in OND.

37  Conclusion: The findings underscore shifting climatic patterns in Dar es Salaam that deviate
38  from conventional expectations, such as increased precipitation during dry periods and cooling
39 in some seasons. Hence highlighting the need for climate-informed urban planning and
40 infrastructure development and the importance of continued localized climate monitoring to
41  support evidence-based policy and resilience-building measures.

42

43  Keywords: Climate variability, Mann-Kendall trend test, Sen’s slope, Urban resilience, Dar es
44  Salaam

45
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46 1. Introduction

47  Climate change is increasingly recognized as one of the most critical challenges of the 21st
48  century, driving long-term shifts in global temperatures and weather patterns, primarily due to
49  the retention of solar heat in the Earth's atmosphere [1]. It is marked by rising global
50 temperatures and an increase in the frequency and severity of extreme weather events such as
51  droughts, floods, and heatwaves [2]. Projections indicate that water availability and annual
52 average runoff could decline by 10-30% by the mid-21st century, exacerbating water insecurity
53 in many regions [1]. These changes highlight the critical importance of examining historical
54  climate patterns to guide the development of effective adaptation strategies, particularly in
55  vulnerable regions where socio-economic systems are highly susceptible to climatic stressors

56 [3].

57 IPCC synthesis report highlights that human activities have driven rapid and widespread
58 changes in the biosphere, cryosphere, ocean, and atmosphere. These changes have caused
59  significant losses and damages, particularly affecting vulnerable communities that have
60  contributed the least to climate change [2]. Tanzania is particularly vulnerable to the adverse
61  impacts of climate change, with seasonal variations in recorded rainfall and temperature trends

62  observed across many regions of the country [4].

63  Several studies in Tanzania have used the Mann-Kendall test and Sen’s slope estimator to
64  analyze climate trends [4—6]. These studies have covered various aspects, including extreme
65 temperature changes, extreme precipitation indices ,agricultural impacts in specific districts

66  and hydro-climatic trends in river catchments [7].

67 However, there remains a notable gap, as no recent studies have specifically examined the
68  decadal seasonal trends of key climatic variables such as temperature, rainfall, and relative
69  humidity within Dar es Salaam. Decadal trends in temperature, relative humidity, and seasonal
70  rainfall are crucial for comprehending recent shifts in climatic patterns. This study especially
71  examines possible changes in climate variability during the last ten years (2014-2024), in
72 contrast to earlier research. By doing this, it highlights how adaptation strategies based on local
73 climate data are essential for controlling climate-related risks and guaranteeing that solutions

74  are adapted to the unique requirements and vulnerabilities of communities at the local level.

75  This paper contributes to the growing discourse on urban climate resilience by offering a
76 comprehensive, decade-long analysis of climatic variability in Dar es Salaam, Tanzania’s most

77  populous coastal city. By focusing on seasonal trends in temperature, rainfall, and relative
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78  humidity from 2014 to 2024, the study provides context-specific insights that are essential for

79  understanding emerging climate patterns and guiding adaptive planning.

80 2. Materials and Methods

81 2.1 Study Area

82  Dar es Salaam, Tanzania’s largest city and economic hub, is located along the Indian Ocean
83  coast between latitudes 6°36'S and 7°00'S and longitudes 39°00'E and 39°17'E. It has a humid
84  tropical climate, characterized by bimodal rainfall patterns with peaks in March—May and
85  October—December. The city experiences annual temperatures ranging from 18°C to 34°C and
86  receives an average of approximately 1,100 mm of rainfall per year [8]. As a rapidly urbanizing
87  coastal city, Dar es Salaam is highly susceptible to climate-related challenges such as flooding,
88  heat stress, and water insecurity, making it a critical case for localized climate trend analysis.
89  Figure 1 presents a panel map illustrating the study area, with a map of Tanzania on the left

90 and an arrow pointing to a more detailed map of Dar es Salaam on the right.
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92 Figure 1: Map of Study Area (Author’s own contribution)
93

94

95 2.2 Study design and data source

96 A retrospective, ecological time-series design was used to examine ten-year trends in climatic
97  variables across five seasons. Monthly climate data for Dar es Salaam, spanning January 2014
98  to October 2024, were sourced from the TMA. This dataset included rainfall (mm), daytime
99 and nighttime temperatures (°C), and relative humidity (%). The TMA pre-validated the



http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.

100 complete data, which required no imputation or correction, thus ensuring consistent and

101  reliable trend analysis.

102 2.3 Data Analysis

103 2.3.1 Classification of seasons

104  Analysis was conducted for the five climatological seasons recognized for Dar es Salaam: JF
105  (Short Dry Season), MAM (Long Rainy Season), JJA (Long Dry Season), S (Transitional
106  Period), and OND (Short Rainy Season)

107  Table: Classification of seasons

Season ID Months within the Season Season Name
JF January and February Short Dry Season
MAM March, April, and May Long Rainy Season
JJA June, July and August Long Dry Season
S September Transition Period
OND October, November and December Short Rainy Season

108

109  2.3.2 Mann Kendall test and Sen’s slope estimator

110  The non-parametric Mann-Kendall (MK) trend test was employed to detect the presence of
111  monotonic trends in the time series data without requiring the data to follow any specific
112 distribution. This method is particularly suitable for environmental and climatological data
113 where non-normality and missing values may be present. The corresponding magnitude and
114  direction of the trends were estimated using Sen’s slope estimator. All statistical analyses were
115  conducted at a 5% significance level (o = 0.05), and trends were interpreted using the computed

116  S-statistics, variance, Z-scores, p-values, and slope estimates.

117  Inthe MK test, the S-statistic was calculated as follows:

n—1 n
118 S= z Z sgn(x; — x;)
1

i=1 j=i+1

119 where sgn(x; — x;) is the sign function, returning +1, 0, or -1 depending on whether the
120  difference is positive, zero, or negative, respectively.
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121 For large sample sizes (n > 10), the variance of S was computed using:

122

n(n—1)(2n+5) —Xt,(p —1)(2p +5)
18

123 Var(S) =

124  where t,, denotes the number of ties of extent p.

125  The standardized test statistic Z was then derived as:

Z=1 S—1 0 S+1
B \/Var(S) ’\/Var(S)

126 ifS>0ifS=0ifS<0

127

128  The null hypothesis of no trend was rejected if the absolute value of Z exceeded the critical

129  value at the 5% significance level (i.e., |Z| > 1.96).

130  Sen’s slope estimator was used to quantify the magnitude of the trend. For each pair of time-

131  ordered observations, the slope (Qif) was calculated as:

Xj— Xj
132 Q;= I forall1<i<j<n

133 Where x; and x; are data values at time points i and j respectively. The Sen’s slope was then
134  determined as the median of all Q; values:

135 Sen's slope = Qn/, (if nisodd)

Qn,, +Qn/z41
2

136 Sen's slope = (if nis even)

137  This approach provides a robust and unbiased estimate of the linear trend over time, even in

138  the presence of outliers or non-normal data distributions [9,10].

139 3. Results

140 3.1 Description of the climatic variables

141  Monthly variations in climatic variables revealed distinct seasonal patterns and interannual
142 dynamics over the decade. Warmer months consistently occurred from January to March and
143  November to December, while cooler months with lower nighttime temperatures were
144  observed from June to September. Rainfall exhibited significant fluctuations, with higher
145  amounts predominantly in April and May. Notably, heavy rainfall was recorded in November
146 2023 (557 mm), deviating from typical patterns, and a consistent rainfall shortage occurred

147  from June to September. Relative humidity levels correlated with rainfall, being higher in



http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a Creative Commons Attribution 4.0 International
(CCBY) license and consented to have it forwarded to EarthArXiv for public posting.

148  April, May, and November, and lower from July to September, highlighting the interconnected

149  influence of rainfall and humidity on the regional climate (See Figure 1-4).
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151 Figure 2: A heatmap of Monthly and Interannual Variations in Daytime Temperature
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Minimum Temperature Heatmap
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153 Figure 3: A heatmap of Monthly and Interannual Variations in Nighttime Temperature

Monthly Rainfall Heatmap
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155  Figure 4: Heatmap of monthly rainfall in Dar es Salaam from Jan 2014 - Oct 2024
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Relative Humidity Heatmap
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157  Figure 5: Heatmap of Monthly Relative Humidity in Dar es Salaam from Jan 2014 - Oct 2024
158

159 3.2 Decadal Trend Analysis with Mann Kendall test and Sen’s slope estimator

160  Seasonal trends in rainfall, daytime and nighttime temperatures, and relative humidity across
161  Dar es Salaam. A statistically significant increasing trend in rainfall was observed during the
162  Long Dry season, a period traditionally characterized by minimal precipitation. The Mann-
163  Kendall test yielded a z-statistic of 0.349 with a corresponding p-value of 0.005, indicating a
164  robust trend. The Sen’s slope estimator quantified this increase at 1.95 mm/year, suggesting a

165  consistent year-over-year rise in rainfall during this typically dry period.

166  Conversely, a significant decreasing trend in daytime temperatures was identified during the
167  same Long Dry season. The Mann-Kendall test resulted in a z-statistic of -0.406 and a p-value
168  0f0.001, signifying a strong downward trend. This was further corroborated by the Sen’s slope
169  of -0.038°C/year, suggesting a gradual cooling in daytime temperatures during this period. In
170  contrast, nighttime temperatures exhibited a significant decrease during the Short Dry season,
171  with a z-statistic of -0.318 and a p-value of 0.044. The Sen’s slope for this trend was -

172 0.062°C/year, revealing a noticeable decline in nighttime temperatures during these months.

173 Relative humidity did not show any statistically significant trends across all seasons, indicating

174  relative stability in atmospheric moisture content over the analyzed period. While minor
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175  fluctuations were observed, none met the threshold for statistical significance (p > 0.05). For
176  instance, the highest z-value observed for relative humidity was during the Short Rainy season
177  with a z-statistic of 0.193 and a p-value of 0.149, further highlighting the lack of significant
178  trends in humidity (See Table 1)

179  Table 1: Mann-Kendall Test for Seasonal Climatic Trends (January 2014—October 2024)

Variable Season V/ p-value  Sen's Slope
Rainfall (mm) JF (Short Dry Season) 0.126 0.430 6.60
MAM (Long Rainy Season) -0.148  0.233 23.10
JJA (Long Dry Season) 0.349 0.005 1.95
S (Transitional Period) -0.345  0.161 -0.0500
OND (Short Rainy Season)  0.239  0.0615 -6.30
Daytime temperature JF (Short Dry Season) -0.280  0.075 -0.029
(°0 MAM (Long Rainy Season) -0.052  0.687 -0.066
JJA (Long Dry Season) -0.406  0.001 -0.038
S (Transitional Period) 0.057 0.874 0.000
OND (Short Rainy Season) -0.183 0.158 -0.040
Nighttime temperature JF (Short Dry Season) -0.318  0.044 -0.062
(°0 MAM (Long Rainy Season) -0.104  0.411 -0.053
JJA (Long Dry Season) -0.114  0.367 -0.056
S (Transitional Period) -0.019 1.000 -0.070
OND (Short Rainy Season) -0.004  0.986 -0.030
Relative Humidity JF (Short Dry Season) 0.113 0.494 0.095
(%) MAM (Long Rainy Season) -0.144 0.261 -0.063
JJA (Long Dry Season) 0.064 0.639 -0.125
S (Transitional Period) -0.080  0.808 -0.100
OND (Short Rainy Season)  0.193 0.149 0.033

180

181  The time series plots, derived from the Mann-Kendall analysis, illustrate statistically significant
182  trends identified in the rainfall data, revealing a notable pattern of increasing rainfall during
183  the long dry season (see Figure 6). Also, significant trends identified in the daytime temperature

184  reveal a notable pattern of decreasing temperature during the daytime of the long dry season
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185  (see Figure 7). Furthermore, significant trends were identified in the nighttime temperature,

186  revealing a notable pattern of decreasing nighttime temperature during the short dry season
187  (see Figure 8).
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189 Figure 6: Time series plots of rainfall in the long dry season.
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Figure 8: Time series plot of nighttime temperature in the short dry season

4. Discussions

This study found a statistically significant increase in rainfall during the long dry season (JJA),
which is typically a period of low precipitation. This unexpected trend indicates a notable shift
in the city's climate with important consequences. [11] also documented similar unusual
increases in rainfall during dry seasons in Tanzania, attributing them to both local land use

changes and broader climate change patterns.

This unexpected increase could be driven by a number of factors. The Indian Ocean Dipole

(IOD) and El Nifio—Southern Oscillation (ENSO) phenomena have increasingly been
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202  associated with altered rainfall patterns in East Africa [12]. Positive IOD phases, characterized
203 by warmer sea surface temperatures near East Africa, often enhance rainfall, even in
204  historically dry months [13]. Climate model simulations suggest that the frequency of positive
205 10D events is increasing under global warming scenarios [14]. Recent studies in East Africa
206  have reported increasingly erratic precipitation, driven by warming ocean temperatures [12].
207  Similar results were also reported by [15], who found out that while the short rains have become
208  wetter since the mid-1980s, the long rains in East Africa have tended toward a drier state from
209  the mid-1980s to 2010, with some recovery thereafter. The intensity and frequency of extreme
210 flooding and droughts, the stability of energy systems and food, the vulnerability to vector- and
211 waterborne diseases, and the resilience of ecosystems are all impacted by these trends, which

212 are layered on top of significant year-to-year variations.

213 Inaddition, the findings by [16] from South Sudan revealed that the rainfall shift is of particular
214  concern as it disrupts traditional agricultural practices and increases vulnerability to climate
215  extremes. Nevertheless, [17] documented a similar increase in dry-season rainfall in coastal

216  Kenya, linking it to intensified regional moisture convergence.

217  Furthermore, local climate conditions can be altered by locally induced land-use changes,
218  especially rapid urbanization. The conversion of vegetated land to impervious surfaces such as
219  roads and buildings affect surface-atmosphere interactions, potentially enhancing convective

220  activity and localized rainfall [18].

221  Increased dry-season rainfall could alleviate water scarcity but may also heighten flood risks
222 in poorly drained urban neighborhoods. Urban flooding becomes a significant risk when
223 rainfall patterns deviate from infrastructure design assumptions based on historical climatic
224  data. In Dar es Salaam, much of the drainage infrastructure was not designed to handle
225  substantial precipitation during dry months, heightening the risk of localized flooding. This is
226  because much of the city's drainage system was built to manage normal rainfall patterns, not
227  heavy storms that can occur even during the dry season [19]. The combination of inadequate
228  infrastructure, rapid urbanization, low coverage of solid waste collection, and climate change
229  exacerbates the problem in Dar es Salaam [20]. Furthermore, altered rainfall regimes may
230 impact sanitation systems, especially in informal settlements where resilience is low.
231  Additionally, this trend offers prospects for water harvesting projects and initiatives. As long
232 as it is properly collected and stored, dry-season rainfall can help to supplement dwindling

233 water reserves [21].
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234 Therefore, in order to accommodate this changing trend, urban planners and policymakers must
235 update water management strategies to include storage technology like rainwater harvesting
236  systems. But also, Dar es Salaam’s vulnerability to flash flooding underscores the importance
237  of integrating updated rainfall patterns into city planning and resilient infrastructure

238  development (drainage design).

239  In this study, it was also found that daytime temperatures in Dar es Salaam during the long dry
240  season (JJA) displayed a substantial decline, in contrast to the dominant global trends. The
241 short dry season (JF) also saw a decrease in nighttime temperatures. Although urban
242  temperatures are rising globally, there have been localized cooling tendencies in areas that are

243 implementing greening programs or where sea breezes exacerbate cooling [22].

244  Maritime influences are advantageous for coastal cities such as Dar es Salaam, whereby sea
245  breezes can help reduce daytime heat extremes because of the area's closeness to the Indian
246 Ocean. Over the course of the study, increased oceanic wind patterns may have increased the
247  frequency and intensity of these cooling breezes. Similar findings were obtained by [23],
248  reported that, with an impact that stretches about 7.94 kilometers inland, the ocean is essential
249  to cooling Xiamen's urban thermal climate. The ocean's moderating influence keeps land
250  surface temperatures in coastal and adjacent interior areas considerably moderate (18-20 °C)
251  despite dense populations and buildings. The degree of this cooling effect varied according to

252 urban geography and wind intensity.

253  Inaddition, similar findings were also obtained from the study conducted by [24], reported that
254  the cooling influence of Lake Ontario can lower local metropolitan areas' peak summer
255  temperatures by as much as 3°C. But also, in a similar vein, Vancouver's many water features,
256 including its long coastline, are essential for controlling the city's temperature. [25] reported
257  that the existence of water features like Burrard Inlet and False Creek is reported to influence

258  the urban microclimate by lowering local temperatures by about 2 to 4 °C.

259  Furthermore, localized surface cooling in Dar es Salaam can be explained in relation to
260  atmospheric aerosols, whereby an increased particulate matter from vehicular traffic, industrial
261  activity, and biomass burning can increase atmospheric albedo, reflecting solar radiation and
262  leading to surface cooling. A study by [26] reported surface temperatures to be directly lowered
263 by scattering aerosols, such as sulfates, which reflect incoming solar energy back into space.
264  But also, through their indirect role as cloud condensation nuclei (CCN), aerosols form clouds

265  with more numerous, smaller droplets, increasing cloud albedo and improving solar energy
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266  reflection [27]. Aerosols also increase cloud lifetimes by preventing precipitation, which
267  prolongs cloud cover and increases cooling [28]. Therefore, areas with significant aerosol
268  emissions are more likely to experience these combined impacts of localized surface cooling

269 [26].

270  Nevertheless, lower nighttime temperatures during the dry months may be a result of a change
271 in cloud cover mechanisms. According to studies, shifts in cloud cover patterns have been
272 causing more nighttime cooling in East African coastal zones, with fewer nocturnal clouds

273 enabling more infrared radiation to escape [12,15].

274  Cooling trends in Dar es Salaam need to be regarded with caution. While localized cooling
275  suggests that regional causes might influence climate signals differently, it does not imply a
276  reversal of broader global warming. Additionally, it calls into doubt the representativeness of
277  the data, indicating that in order to distinguish between peri-urban and urban core cooling

278  patterns, fine-scale geographical analyses are necessary.

279  Unlike rainfall and temperature, fluctuations in relative humidity in Dar es Salaam were
280 negligible and not statistically significant across all seasons during the study period. Findings
281  in other coastal areas where air moisture levels are moderated by proximity to major bodies of

282  water are consistent with this relative stability [24].

283  Stable relative humidity levels in a coastal city like Dar es Salaam can be significantly
284  moderated by the neighboring Indian Ocean, which can function as a humidity buffer and
285  provide constant atmospheric moisture even during times of temperature and precipitation
286  fluctuations. Dar es Salaam seems to have been protected from the more pronounced changes

287  in humidity that are seen in inland African cities by this marine stability [29].

288  However, even in the absence of statistically significant trends, subtle changes in humidity can
289 interact with temperature to drastically alter human thermal comfort levels; for example,
290  slightly elevated humidity at higher temperatures exponentially increases heat stress risks [30].
291  Humidity stability lessens the unpredictability of heat indices, protecting populations from
292  severe swings between humid and dry heat waves. Even in areas that are now stable, global
293  warming is predicted to exacerbate the hydrological cycle, increasing evaporation and possibly
294  increasing the frequency of extreme humidity episodes [2]. Therefore, proactive management
295  and monitoring are still required to be ready for possible future volatility, even though the study

296  found relative humidity to have been reasonably steady over the last ten years in Dar es Salaam.
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297 5. Conclusion

298  In coastal areas like Dar es Salaam that are fast becoming more urbanized, it is essential to
299  comprehend localized climate changes. Urban flooding, water supply, thermal comfort, and
300 public health are all impacted by climate variability. Global and regional patterns have received
301 alot of attention, but city-specific, seasonal-scale evaluations are still rare despite being crucial
302  for climate-resilient urban development.

303  The climate of Dar es Salaam seems to be changing seasonally in subtle but noticeable ways.
304  Contrary to predictions, higher rainfall during the dry season and falling temperatures challenge
305 traditional urban calendars, water management strategies, and disaster risk reduction
306  frameworks. In order to effectively prepare for adaptation and future-proof public health
307  systems, urban infrastructure, and economic activity in the face of climate unpredictability,
308 localized and seasonal evaluations are essential. As explained above, this local-level seasonal
309 study offers vital information that can help close the gap between the realities of urban planning
310 and national climate policies. Therefore, for Dar es Salaam to become more resilient, its city

311  master plan has to undergo regular revision and incorporate updated climatic baselines.

312 6. Limitation of the study

313  The study has some limitations. It relied on data from a single meteorological station and a
314  relatively short temporal window (2014-2024), which may not fully capture microclimatic
315  variations across the broader Dar es Salaam area, as there is only one local station. Additionally,
316 the study did not investigate potential underlying drivers of the observed trends, such as the
317  effects of urbanization or larger regional climate dynamics. To further understand urban
318  microclimatic variability, future studies should combine lengthier datasets, remote sensing

319  data, and localized ground-truthing.
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