Atmospheric and Climate Sciences, 2021, 11, 520-534
https://www.scirp.org/journal/acs

ISSN Online: 2160-0422

ISSN Print: 2160-0414

/
o Reenres
0.00 Publishing

Trends of Temperature Extreme Indices over
Arusha and Kilimanjaro Regions in Tanzania

Ladislaus Benedict Chang’al, Lovina Peter Japheth?, Agnes Lawrence Kijazi3,
Elisia Hamisi Zobanya#, Leila Francis Muhoma5, Meshack Anton Mliwas, Jafari Swalehe Chobo*

'Research and Applied Meteorology, Tanzania Meteorological Authority, Dar es Salaam, Tanzania

?Agrometeorological Section, Tanzania Meteorological Authority, Dar es Salaam, Tanzania

*Tanzania Meteorological Authority, Dar es Salaam, Tanzania

*Climatology and Climate Change Section, Tanzania Meteorological Authority, Dar es Salaam, Tanzania

*Volunteers, Tanzania Meteorological Authority, Dar es Salaam, Tanzania

Email: changa60@hotmail.com

How to cite this paper: Chang’a, L.B,,
Japheth, L.P., Kijazi, A.L., Zobanya, E.H.,
Muhoma, L.F., Mliwa, M.A. and Chobo,
J.S. (2021) Trends of Temperature Extreme
Indices over Arusha and Kilimanjaro Re-
gions in Tanzania. Atmospheric and Climate
Sciences, 11, 520-534.
https://doi.org/10.4236/acs.2021.113031

Received: May 18, 2021
Accepted: June 28, 2021
Published: July 1, 2021

Copyright © 2021 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

The study aimed at analyzing the trends and variability of temperature ex-
tremes over the northeastern highlands in Tanzania, specifically over Arusha
and Kilimanjaro regions. Quality controlled mean monthly, daily maximum
and minimum temperature data for the period 1961 to 2020, obtained from
Tanzania Meteorological Authority, were used in the study. Rclimdex and the
National Climate Monitoring Products (NMCP) software, developed by the
World Meteorological Organization (WMO), were used for computation of
the indices at a monthly, seasonal and annual time scale. The computed in-
dices were also subjected to trend analysis to determine their direction and
magnitude of change. Extraction and assessment of the top five highest and
lowest maximum and minimum temperatures were also done. Increasing
trends of temperature anomalies for seasonal and annual timescales were ob-
served for both Arusha and Kilimanjaro regions. Also, the increasing trends
of warm and extreme warm days and nights and relatively increasing trends
of cold and extreme cold days and nights were observed for both regions. The
highest ever recorded temperatures since the establishment of the two sta-
tions were 36.3°C observed on 16" February 2011 and 38.6°C observed on
22" February 2005 for Arusha and Kilimanjaro respectively. These results in-
dicate that The last two decades have been characterized by enhanced warm-
ing, which is consistent with overall global temperature trend patterns as de-
picted in recent IPCC reports and the report of the State of Climate in Africa.
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1. Introduction

Recent reports from the Intergovernmental Panel on Climate Change [1] [2] [3]
[4] have highlighted the increasing threat posed by climate change and climate
variability to human and natural systems across the globe. Warming of the cli-
mate system has accelerated at an unprecedented rate, with six warmest years on
record happening over the last decade, between 2015 and 2020, whereby 2016,
2019 and 2020 are three warmest years on record [5]. Anthropogenic warming
reached approximately 1.0°C above pre-industrial levels (1890-1900) in 2017 [3],
and 1.1°C above pre-industrial levels in 2019 [6]. Record breaking extreme
events are becoming common in different parts of the world including Tanzania,
and are the major causes of devastating disasters [7] [8] [9]. Climate variability
and change, and particularly increasing frequency and intensity of climate ex-
tremes are exerting more pressure on human and natural systems and signifi-
cantly affecting socio-economic development of most African countries includ-
ing Tanzania, particularly in traditional rain-fed agriculture, pastoralism and
water resources [10].

Extreme events, such as floods and droughts, are causing major human and
environmental impacts and disruptions of various socio-economic development
strategies and plans of most African countries including Tanzania [11]. Further-
more, average annual temperature is projected to increase by 1.0°C to 2.7°C by
the 2060s and by 1.5°C to 4.5°C by the 2090s, resulting in the regular increase in
the number of hot days and nights. As well as projected increase in frequency
and amplitude of extreme climate events in most parts of the country, particu-
larly the Central and Northern Zones, and resulting in long-term impacts on the
agricultural and other vulnerable sectors [12] [13] [14] [15] [16].

Unfortunately, there is still only limited knowledge and understanding about
the distribution, dynamics and trends of extreme temperature in many localized
parts of Tanzania including in Arusha and Kilimanjaro regions. Understanding
the distribution of extreme temperature and the associated trends at a finer res-
olution is critical for informed decision making, in planning and implementa-
tion of various socio-economic activities, sensitive to climate variability and change,
and also for development of effective climate change adaptation options. There-
fore, this study aimed at analyzing and characterizing temperature extremes, and
their associated trends over the northeastern Tanzania focusing on Arusha and

Kilimanjaro regions.

2. Description of the Study Area

The northeastern part of Tanzania comprises three regions Arusha, Kilimanjaro

and Manyara. The study focused on Arusha and Kilimanjaro regions, which lie
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between 2°S and 4°S and meridians 35°E and 38.5°E as depicted in Figure 1.
The regions exhibit a mountainous terrain including Mount Meru with an alti-
tude of 4566 m, and Arusha and Mount Kilimanjaro with an altitude of 5895 m
above sea level. (Mount Kilimanjaro is the highest mountain in Africa and the
world’s highest, single, free standing dormant volcanic mountain, measuring 80
km by 50 km, and located on the Tanzania-Kenya border 3°04'S, 37°21'E). The
seasonal rainfall patterns are mainly associated with the southward and north-
ward movement of the ITCZ, which is the main cause of the bimodal rainfall re-
gime namely “Long rainy” season, which starts in March and ends in May (MAM)
and the “short rainy” season, which starts in October and ends in December
(OND). Moreover, the amount of rainfall varies according to altitude and the
direction of the slope in the mountainous areas. In these two regions, livestock
keeping, agriculture and tourism are the main socio-economic activities, which

are strongly affected by climate change including rising in temperatures.

3. Data and Methodology
3.1. Data Source and Type

This study used quality-controlled mean monthly, daily maximum and mini-
mum temperature data from Arusha and Kilimanjaro meteorological stations,
for the period 1961-2019 and 1972-2019 respectively. The temperature data was
obtained from Tanzania Meteorological Authority (TMA). The description of

2°s-
3°S-
54,5_
5°S-
6°S-
35°E 355°E  36°E 36.1'5(;115 37°E 37.5°E 38°E  38.5°E

Figure 1. A geographical map of northeastern Tanzania.
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the data used included the geographical coordinates and altitude of the respec-
tive stations as provided in Table 1. The use of quality controlled data is a ne-
cessary prerequisite in the analysis of climate Indices [17] [18]. It provides an
opportunity to identify suspicious data and any erroneous outlier that might in-
fluence the analysis, including daily values outside the user-predefined thre-
shold. It helps to verify whether the reported data value is representative of what
was intended to be measured, and has not been contaminated by unrelated fac-
tors. RClimdex and National Climate Monitoring Products (NCMP) software
used in this study for quality control of the data, are often used to examine the
data and identify those that fail pre-defined tests [7] [19].

Table 1. Geographical coordinates of the stations used in the study.

Stations Latitude Longitude  Altitude (m) Period of data used
Arusha airport 3°22' 36°38' 1372 1961-2019
Kilimanjaro airport (KIA) 3°25' 37°4' 1144 1972-2019

3.2. Methodology

RClimdex and NMCP softwares were used for the computation of the climate
extreme Indices, adopting a similar approach as used by Expert Team on Cli-
mate Change Detection Indices (ETCCDI) and Expert Team on National Cli-
mate Monitoring Products (NCMPs) [18].

Detailed description of the methods and approach used in the computation of
the climate indices using Rclimdex and NCMP software is shown in [7] [14] [16]
and can also be accessed from [11] [20] [21]. The linear trends presented in this
study (Figure 2 to Figure 7) are computed from the indices series using a Ken-
dall’s tau based slope estimator [22]. This estimator is robust enough to detect of
outliers in the series. It has been widely used to compute trends in hydro-me-
teorological series, as seen, for example, in [23] [24] [25] [26]. The significance
of the trend was determined using the Mann-Kendall test and was estimated at a
5% significance level [27]. The trend was considered to be statistically significant
if it was less than or equal to a level of 5% [28] [29] [27] [30].

Daily maximum and minimum temperature data are analyzed for the estima-
tion of warm and cold day/night trends, and extreme warm and extreme cold
day/night trends using eight (8) extreme temperature indices provided in Table
2. Moreover, the computation of the top five extreme temperatures that oc-
curred during the period 1961-2019 and 1972-2019 for Arusha and Kilimanjaro
respectively is carried out; and finally analysis of mean monthly temperature da-

ta for temperature anomalies on seasonal and annual timescales is implemented.

4. Results and Discussion

The findings in this study are presented in four sections that includes descrip-
tion of the trends of warm and cold days and nights (Section 4.1); description of

the trends of the extreme warm and cold days and nights (Section 4.2); trends of
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Table 2. Definition of extreme temperature indices used in this study.

Index Indicator name Definition Unit
TXx Warmest day-Max Toax Annual high.est TXiMonthly maximum value -C
of daily maximum temperature
TNx Warmest night-Max T Annual high.est T.NTMonthly maximum value -C
of daily minimum temperature
TXn Coldest day-Min T Annual low.est TX—Monthly minimum value -C
of daily maximum temperature
TNm Coldest night-Min T Annual lowc.est TI.\I-.Monthly minimum value -C
of daily minimum temperature
Percentage of days when TN < 10™ percentile
TN10p Cold night frequency 8 s w P %
of 1961-1990
Percentage of days when TX < 10" percentile
TX10p Cold day frequency 8 s w P %
of 1961-1990
Percentage of days when TN > 90 percentile
TN90p Warm night frequency 8 s W P %
of 1961-1990
Percentage of days when TX > 90" percentile
TX90p Warm day frequency 8 s w P %

of 1961-1990

seasonal and annual temperature anomalies (Section 4.3); and the top five ex-
treme temperatures and the lowest five extreme temperatures for Arusha and

Kilimanjaro since the establishment of the stations (Section 4.4).

4.1. Trends of Warm and Cold Days/Nights

It has been observed that, for both Arusha and Kilimanjaro regions, the percen-
tage of warm days and warm nights exhibit an increasing trend; while the per-
centage numbers of cold days and cold nights show a decreasing trend. Figure 2
and Figure 3 depict a trend of the percentage of number of warm and cold
days/nights at Arusha airport and KIA station respectively. In both regions, it is
observed that, the trend of cold days (TX10p) and nights (TN10p) is decreasing
fast. The sharp and fast decrease in the number of cold days and cold nights may
be translated into a warming of the minimum temperature across the region,
which is consistent with national and regional temperature patterns [7]. Time
series analysis of the number of cold days and cold nights over Arusha and Kili-
manjaro stations indicates that the percentage number of both days and nights
exhibits a decreasing trend, and is characterized by stronger inter-annual varia-
bility (Figure 2 and Figure 3). Comparatively, the percentage number of warm
nights and warm days has been increasing, and the trend is more pronounced in
the percentage number of warm nights, particularly in Arusha, indicating that
the nights are warming faster (Figure 2). These findings are consistent with
other nation wide analyses [7], and also compliant with the observed tempera-
ture extreme trends in different parts of the world as depicted in the IPCC As-
sessment Reports [1] [31] [4] and [7], which indicates that the number of cold
days and nights have been decreasing, while the number of warm days and

nights are increasing.
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Figure 2. Trends in warm and cold days and nights 1961-2019 in Arusha airport station in Arusha region.
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Figure 3. Trends of warm and cold days and nights 1972-2019 in Kilimanjaro Airport station (KIA) in Kilimanjaro region.
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4.2. Trends of Extreme Warm and Cold Days/Nights

The trends of extreme warm days (TXx) and extreme warm nights (TNx) are
observed to increase at both Arusha and Kilimanjaro meteorological stations
(Figure 4 and Figure 5). Similar trend pattern is observed for extreme cold days
and extreme cold nights, whereby warming of the extreme cold nights is more
pronounced than warming of extreme cold days. This implies that the nights are

getting warmer faster than the days.

4.3. Trends of Seasonal and Annual Temperature Anomalies

The analysis of trends in seasonal and annual temperature anomalies is done for
four seasons; January-February (JF), March to May (MAM), June to September
(JJAS) and October to December (OND). It is well known that, during March to
May (MAM) and October-December (OND) the study domains experience
“long rainy” and “short rainy” seasons respectively. During January-February (JF),
the regions experience a transition period which is relatively dry, while during
June to September (JJAS) both regions experience relatively dry and cold weath-
er conditions respectively.

It has been observed that in all seasons (JF, MAM, JJAS and OND) for both
Arusha and Kilimanjaro, mean seasonal temperature anomalies are characte-
rized by stronger inter-annual variability, and exhibits a well pronounced in-
crease in the trend (Figures 6(a)-(e) to Figures 7(a)-(e)). For JF and JJAS sea-

sonal temperature anomalies in both Arusha and Kilimanjaro, earlier decades
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Figure 4. Trends in extreme cold and extreme warm days and nights 1961-2019 in Arusha Airport station in Arusha region.
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Figure 5. Trends in extreme cold and extreme warm days and nights 1972-2019 in KIA station in Kilimanjaro region.

(1961-1981) have been characterized by negative temperature anomalies, while
recent decades (1989-2019) have been characterized by positive temperature ano-
malies (Figure 6(a) and Figure 6(c)). However, MAM and OND seasons have
been dominated by positive temperature anomalies (Figure 6(b) and Figure
6(d)). Mean annual temperature anomalies exhibit stronger inter-annual varia-
bility, whereby the earlier decades (1961-1981) have been dominated by negative
temperature anomalies, while the last two decades have been dominated by posi-
tive temperature anomalies (Figure 6(e)).

For Kilimanjaro region, the JF, MAM, JJAS and OND have been dominated
by positive temperature anomalies especially in the last two decades (2000-2020),
while earlier decades (1971-1990) have been largely dominated by negative tem-
perature anomalies. These results indicate the accelerated warming over the last

two decades.

4.4. Top Five Extreme Temperature Occurrences

Monitoring and characterization of extreme temperature indices is very impor-
tant and useful for climate change detection and for effective planning and de-
signing of various infrastructures related development activities. The result in-

dicates that, for both Arusha and Kilimanjaro regions, the top five highest daily
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Figure 6. (a) Average temperature anomalies for JF from 1961-2019 over Arusha region. (b) Average temperature anomalies for
MAM from 1961-2019 over Arusha region. (c) Average temperature anomalies for JJAS from 1961-2019 over Arusha region. (d)
Average temperature anomalies for OND from 1961-2019 over Arusha region. (e) Annual mean temperature anomalies from

1961-2019 over Arusha region.

maximum temperatures have been observed in the last two decades, that is be-
tween 2000 and 2020 (Table 4 and Table 6). The highest ever-recorded daily
maximum temperatures for Arusha region is 36.3°C observed on 16™ February
2011, and for Kilimanjaro it is 38.6°C observed on 22" February 2005. Table 3

and Table 5 present the lowest five daily minimum temperatures for Arusha
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Figure 7. (a) Average temperature anomalies for JF from 1972-2019 over Kilimanjaro region. (b) Average temperature anomalies
for MAM from 1972-2019 over Kilimanjaro region. (c) Average temperature anomalies for JJAS from 1972-2019 over Kilimanjaro
region. (d) Average temperature anomalies for OND from 1972-2019 over Kilimanjaro region. (e) Annual mean temperature

anomalies from 1972-2019 over Kilimanjaro region.

and Kilimanjaro respectively. Most of the lowest recorded minimum tempera-
tures were observed before 2000 (Table 3 and Table 5). These results are con-
sistent with global warming patterns as depicted in IPCC and WMO reports in-
dicating that the last three decades have been successively warmer than any pre-

ceding decades since 1850.
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Table 3. The five lowest observed daily minimum temperatures (Tmin) at Arusha meteo-
rological station (1961-2020).

Month Day Tomin (°C)
2009 7 17 1.3
1973 10 8 4.0
1964 7 10 4.8
1996 8 4 4.8
1964 8 12 5.0

Table 4. The five highest observed daily maximum temperatures (Tmax) at Arusha me-
teorological station (1961-2020).

Year Month Day Tmax (°C)
2011 2 16 36.3
2005 2 22 36.0
2005 2 23 35.1
2013 2 01 35.1
2005 2 24 34.9

Table 5. The five lowest observed daily minimum temperatures (Tmin) at Kilimanjaro
meteorological station (1972-2020).

Year Month Day Tmin ("C)
1975 7 28 6.0
1986 8 13 7.1
1981 8 1 7.2
1984 9 8 7.4
1996 7 1 7.4

Table 6. The five highest observed daily maximum temperatures (Tma) at Kilimanjaro
meteorological station (1972-2020).

Year Month Day Tmax (°C)
2005 2 22 38.6
2005 2 25 38.6
1999 2 10 38.4
2000 2 22 38.5
2005 2 24 38.2

5. Summary and Conclusion

In this study, the observed quality-controlled temperature data on daily, seasonal
and annual timescales were analyzed to depict the trends of extreme temperature

indices, the temporal distribution of the highest recorded maximum tempera-
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ture and lowest recorded minimum temperature in Arusha and Kilimanjaro re-
gions. It has been found that, for both Arusha and Kilimanjaro regions across all
the seasons (JF, MAM, JJAS, OND), temporal distribution of the mean seasonal
temperature anomalies is characterized by stronger inter-annual variability and
exhibits a well pronounced increasing trend. It has also been found that the last
two decades have been dominated by positive temperature anomalies. The number
of warm days and warm nights are characterized by an increasing trend, where-
by the trend in the number of warm nights is much faster than the trend in the
number of warm days. However, the number of cold days and cold nights exhi-
bits a decreasing trend, signifying that the nights are getting warmer. For both
Arusha and Kilimanjaro regions, it has been observed that all of the top five
highest recorded maximum temperatures occurred in the last two decades, that
is between 2000 and 2020, which is consistent with global warming patterns. The
observed warming trends have consequential implications to various socio-eco-
nomic sectors and livelihood activities. It might also be contributing to accele-
rated melting of glaciers over Mt. Kilimanjaro, and leads to further investigation
including projection of the warming and temperature dynamics in the near, me-

dium and long-term future.
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