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Abstract: Ethiopia has been known for its recurrent droughts and poverty due to extreme climate change and 
variability affecting agricultural production. This study was, therefore, conducted to analyze the seasonal and 
inter-annual variability in rainfall and temperature v over the past three decades in western Tigray. The study 
consisted of 34 years of temperature and rainfall data from nine stations in two administrative zones in the 
western part of Tigray. The climate data was obtained from the National Aeronautic Space Administration 
(NASA) from 1983 to 2016. Total rainfall, simple daily intensity index, Rx1day and Rx5day, and maximum and 
minimum temperature, tropical nights, diurnal temperature range, cold spell and warm spell duration 
indicator values, cold days and cold nights, warm days, and warm nights were analyzed. RClimDex software 
was employed to analyze the trends and quality control of the extreme rainfall and temperature indices; in 
addition, the Mann-Kendall test was also used to detect the changes and variability of the variables. The trend 
analysis showed that there was significant (p<0.05) variability in extreme temperatures, with maximum and 
minimum temperatures varying from 0.04 to 0.051 0C, and 0.022 to 0.031 0C, respectively. The results also 
revealed that there was a negative trend in extreme rainfall, with no uniform pattern. The highest and smallest 
reduction in the annual rainfall were 14.6 mm and 8.4 mm, which were observed at Maygaba and Adigoshu, 
respectively. More than 60% of the total rainfall was received in July and August throughout the study areas, 
with the maximum monthly rainfall of 294.2 mm observed at Adiremets. Finally, this study demonstrated that 
areas in the northwestern and western zones of Tigray were significantly affected by extreme rainfall and 
temperature variability, which subsequently affected crop yield, natural resources, food security, and the 
livelihood of the community during the last three decades.  

Keywords: rainfall; Mann-Kendall test; temperature; spatial interpolation; temporal variability; Tigray 
 

1. Introduction 

Globally, climate change has been causing significant warming through changes and variability 
in rainfall and temperature [1,2], and recent studies revealed that Africa is also experiencing extreme 
warming due to changes in extreme temperature variables [3–6]. Therefore, Africa is one of the most 
vulnerable continents to climate change due to its high exposure and low adaptive capacity [7] 
particularly the Sub-Saharan African countries [8–10]. The East African countries faced extreme 
warming, with an increasing trend in maximum and minimum temperatures varying between 1.9 
and 1.2 0C, respectively from 1979 to 2010 [8]. 

Nowadays, global warming increases with temperatures varying from 1.5 and 2 0C, and this will 
expose a higher number of people to poverty in Africa and Asia, having a considerable negative 
impact on crop production like maize, wheat, and rice in Sub-Saharan Africa, Southeast Asia, and 
Central and South America [11]. In line with this, East Africa has been described as a region 
frequently prone to frequent droughts and poverty, which might be associated with climate change 
and variability as a result of poor management of natural resources, resettlements, and changing 
natural forests to grazing and cropping lands [9].  

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
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Sub-Saharan African countries, including Ethiopia, showed an increasing tendency in extreme 
temperature and rainfall indices [12–15]. The long-term climate changes and variability in 
temperature and rainfall are most likely increasing recurrent droughts in many parts of Ethiopia [16].  

Recent studies indicated that there was extreme temperature and rainfall variability in different 
parts of Ethiopia [16–21]; affecting crop production [1,22] and food security [23,24]. The country's 
heavy dependency on rain-fed and subsistence agriculture aggravates its vulnerability to the adverse 
effects of these changes [25]. 

It has been traced that there was a high annual rainfall and temperature variability over the past 
30 years in the Tigray region [20], with a coefficient of variation (CV) for precipitation varying from 
33.7 to 233% [26]; on the other hand, high rainfall variability was experienced in different parts of 
Tigray from 1980 to 2009 [27]. High rainfall variability, prolonged dry spells, and short growing 
periods have negative impacts on the growth and yield of crops [16,22]. Similarly, climate change has 
also been negatively affecting agricultural productivity and food security in the World and will also 
severely affect the sector, especially in developing countries with growing economies, towards 2050 
unless climate adaptation measures are undertaken [28]. It has also been stated that that climate 
change is affecting food security and nutirtion and posing direct and indirect impacts on agricultural 
production and crop yield [29].  

There is high vulnerability to climate change and variabilty in different parts of Tigray, which 
has subsequently affected social and economic developments in different areas of the region [30]. It 
has also been stated that there is considerable temperature variability in the western part of Tigray, 
with temperatures varying from 0.5 to 1.65 0C, and slight changes in rainfall from 1980 to 2010, 
affecting the production of cotton in the area [31], and yield of sesame was also highly affected by 
climate change and variability in western part of Tigray, where the crop is cultivated as a major cash 
crop [32]. 

Even though annual temperature and rainfall variability and trend analysis were analyzed and 
reported by different scholars in the Tigray region [19,20,20,27], and it is also commendable to analyze 
seasonal and intra-annual changes and variability in rainfall and temperature variables. 
Characterization of the seasonal and inter-annual climatic variables in the context of a changing 
climate in semiarid areas is very important to assess climate-induced changes and adaptation 
strategies for agricultural practices [16]. This study was therefore conducted to analyze the temporal 
and spatial variability in extreme rainfall and temperature variables in the semi-arid areas of western 
Tigray using long-term climate data. 

2. Materials and Methods 

The The current study was conducted in the semiarid areas of the northwestern and western 
zones of Tigray. The study area consisted of nine observation stations: Maytsebri, Dedebit, Adigoshu, 
Adiremets, Badme, Dansha, Humera, Maygaba, and Sheraro (Figure 1). The study area lies between 
13037’ North latitudes and 36037’ East longitudes at Humera, 14043’ North latitudes, and 3704’ East 
longitudes at Badme, and 13035’ North latitudes and 38043’ East longitudes at Maytsebri. The study 
areas have varying altitudinal setups, ranging from 600 meters above sea level at Humera to 2014 
meters above sea level at Adiremets.  

Based on the annual rainfall distribution, the study area is characterized by a uni-modal rainfall 
pattern, which is a typical characteristic of the northern part of Ethiopia. The mean annual rainfall 
across the stations ranges from 626 mm to 960 mm per year, and the average maximum and minimum 
temperatures vary from 30 to 34 0C, and 18 to 23 0C, respectively [33]. Mixed crop-livestock 
agriculture is the dominant agricultural practice in the study area, where crop production is mainly 
rain-fed-based production systems coupled with livestock production, where cattle and goats are the 
mainstays of livelihoods. of livelihoods. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 October 2023                   doi:10.20944/preprints202310.1330.v1



 3 

 

 

Figure 1. Location map of the study area. 

As it was difficult to obtain long-term observed historical climate data from the National 
Meteorological Agency of Ethiopia for all nine stations in the study area (Table 1), we used satellite-
derived climate data obtained from the National Aeronautic Space Administration (NASA) 
[http://power.larc.nasa.gov/common/AgroclimatologyMethodology/]. It has been recommended that 
climate data obtained from the NASA database can be used for climate change and variability [34,35] 
The procedures for archiving and data accuracy of the climate data at 10 latitude and 10 longitude 
spatial resolutions can be found in the Agro-climatology Archive [36].    

Table 1. Geographical location, data type, and database availability of the study area. 

Weather 

station  

Elevation (m)  Latitude 

(Decimal)  

Longitude  

(Decimal) 

Data Availability 

Sheraro 1031 14.240 37.555 1983-2016 

Badme  1080 14.725 37.804 1983-2016 

Humera  600 14.580 36.62 1983-2016 

Adiremets 2014 13.751 37.324 1983-2016 

Dansha 780 13.540 36.969 19832016 

Adigoshu 1115 14.167 37.306 1984-2016 

Dedebit 897 14.068 37.760 1983-2015 

Maytsebri 1350 13.586 38.143 1983-2015 

Maygaba 914 13.793 37.690 1983-2015 

Data quality control  

Before the start of the analysis, the daily time series on daily rainfall and temperature of each 
station were inspected and detected for outliers and missing data to avoid erroneous data that can 
cause changes in the seasonal cycle or variance of the data [13,37].  

For further quality control of the data, the procedure in RClimDex 1.10 software was applied 
[38]. RClimDex was developed by the Expert Team on Climate Change Detection Monitoring and 
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Indices (ETCCDMI) at the Climate Research Branch of the Meteorological Service of Canada. Daily 
rainfall amounts less than zero were removed, and both daily maximum and minimum temperatures 
were set to a missing value if the daily maximum temperature was less than the respective daily 
minimum temperature. Outliers in daily maximum and minimum temperatures were also assessed 
as values outside of four standard deviations of the climatological mean of the value for the day [38].  

Outliers are values that are outside of a region defined by the user, which is the mean plus or 
minus n times the standard deviation of the value for the day (mean-n*Std, or mean+n*Std). Standard 
deviation (Std) represents the standard deviation of the day and n is an input value selected by the 
user, and mean is the computed value from the climate data of the day [38]. Therefore, the number 
of standard deviations was set to four, as the software identifies the values that lie outside four 
standard deviations of the mean of the time series.   

Table 2. List of temperature and rainfall indices. 

ID Indicator name Definition Units  

Temperature indices   

TXx Max Tmax Monthly maximum value of daily maximum 

temperature 

0C 

TNx Max Tmin Monthly maximum value of daily minimum 

temperature 

0C 

TXn Min Tmax Monthly minimum value of daily maximum 

temperature 

0C 

TNn Min Tmin Monthly minimum value of daily minimum 

temperature 

0C 

TN10p Cool nights Percentage of days when TN<10th percentile Day 

TX10p Cool days Percentage of days when TX<10th percentile  Day 

TN90p Warm nights Percentage of days when TN>90th percentile  Day 

TX90P Warm days Percentage of days when TX>90th percentile  Day 

WSDI Warm spell duration 

indicator 

Annual count of days with at least 6 consecutive 

days when TX >90th percentile  

Day 

DTD Diurnal temperature 

range 

Monthly mean difference between the maximum 

and minimum temperatures  

0C 

CSDI Cold spell duration 

indicator  

Annual count of days with at least 6 consecutive 

days when TN<10th percentile  

Day 

 Rainfall indices   

RX1day Max 1-day 

precipitation 

amount 

Monthly maximum 1-day precipitation  mm 

RX5day Max-5day 

precipitation 

amount  

Monthly maximum consecutive 5-day precipitation  mm 

R10mm Number of heavy 

precipitation days  

Annual count of days when PRCP=10mm  Day 
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R20mm Number of very 

heavy precipitation 

days 

Annual count of days when PRCP=20mm  Day 

CDD Consecutive dry 

days 

Maximum number of consecutive days with 

RR>=1mm 

Day 

CWD  Consecutive wet 

days 

Maximum number of days with RR>=1mm Day 

R95p Very wet days Annual total PRCP when RR>95th percentile Day 

PRCPTOT Total precipitation  Annual total PRCP in wet days (RR>=1mm) mm 

Trend Analysis  

The Mann-Kendal (MK) trend test was applied to detect the changes and variability of selected 
temperature and rainfall variables (Table 2).  The Mk test is a non-parametric test with no 
requirement for the data to be normal [39]. The MK test was widely applied in various trend detection 
studies [1,13,16]. The MK statistic (S) measures the time series trend of the different temperature and 
rainfall extreme indices. The MK test statistic, S is calculated, [39] while the magnitude of the trend 
was calculated using the Sen’s slope estimator. The application of the trend test is done to a time 
series Xi that is ranked from i = 1, 2 … n-1, and Xj, which is ranked from j = i + 1, 2 …. n. Each of the 
data points Xi is taken as a reference point which is compared with the rest of the data point's Xj [16. 𝑺 = ෍ ෍ 𝑺𝒈𝒏(𝑿𝒋 − 𝑿𝒊)𝒏

𝒋ୀ𝒊ା𝟏
𝒏ି𝟏
𝒊ୀ𝟏                               𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏 

Where Xj and Xi are sequential data values for the time series data of length n. The Sgn series is 
defined as: 

Sgn (Xj-Xi)ቐ 𝟏 𝐢𝐟 𝐗𝐣 − 𝐗𝐢 > 𝟎𝟎 𝐢𝐟 𝐗𝐣 − 𝐗𝐢 = 𝟎−𝟏 𝐢𝐟 𝐗𝐣 − 𝐗𝐢 < 𝟎ቑ                        Equation 2 

Where Xi and Xj are the annual values in years i and j (j > i) respectively, sign (Xj-Xi) is equal to +1, 0 
or -1, and assign the integer 1, 0 or -1 to positive difference, no difference, and negative differences, 
respectively.  

The Z statistic (Equation 4) is also another important parameter to measure significance of the 
trend for each parameter. When the number of observations is more than 10 (n > 10), the statistic, S is 
assumed to be normally distributed with the mean and E(S) becomes 0 [40]. In this case, the variance 
statistic (variance of S) can be computed in Equation 3: 𝑽𝒂𝒓 (𝑺) = 𝟏𝟏𝟖 ሾ𝑵(𝑵 − 𝟏)(𝟐𝑵 + 𝟓) − ∑ 𝒕𝒊(𝒕𝒊 − 𝟏)(𝟐𝒕𝒊 + 𝟓)𝒎𝒊ୀ𝟏 ሿ…………………... (3) 

Where N is the number of observations, m is the number of tied groups in the data set and ti are the 
ties of the sample time series; ∑ti denotes the summation over all ties and is only used if the data 
series contains tied values. 

On the other hand, where Z (Equation 4) follows a normal distribution, a positive Z and a 
negative Z depict an upward and downward trend for the period, respectively [16]. For n larger than 
10, ZMK approximates the standard normal distribution [41,42] and hence, the standard normal variate 
ZMK is calculated by: 

𝒁𝑴𝑲 = ⎩⎪⎨
⎪⎧ 𝑺ି𝟏ඥ𝑽𝒂𝒓 (𝑺)  𝒊𝒇 𝑺 > 𝟎𝟎 𝒊𝒇 𝑺 = 𝟎𝑺ା𝟏ඥ𝑽𝒂𝒓 (𝑺)  𝒊𝒇 𝑺 < 𝟎   Equation 4 
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In a two-sided test for trend, the null hypothesis Ho should be accepted if 2/1 α−<ZZMK  at a 

given level of significance. Z1-α/2 is the critical value of ZMK from the standard normal table. For 
instance, for 5% significance level, the value of Z1-α/2 is 1.96 [33]. 

If there is a linear trend in a time series, then both the slope (i.e. the linear rate of change) and 
the intercept can be computed using Sen's Slope estimation test [43]. Therefore, the present study’s 
magnitude of the slope of the trends from temperature and rainfall extremes was calculated using 
the following formulas [3,16,33]. 𝛃𝐢 = 𝐗𝐣ି𝐗𝐤𝐭𝐣ି𝐭𝐤   for i =1, . . . ., N  Equation 5 

Where xj and xi are data values at times tj and tk (j>k) respectively. The median of these N values of 
βmed is a Sen's estimator of slope. If N is odd Sen’s estimator is computed using equation 6, and using 
equation 7 if N is even. 𝜷𝒎𝒆𝒅  = 𝜷(𝑵ା𝟏)/𝟐                               𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟔 𝜷𝒎𝒆𝒅 = 𝟎. 𝟓 ∗ ൬𝜷𝑵𝟐 + 𝜷𝑵ା𝟐𝟐 ൰          𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟕 

Spatial interpolation of extreme temperature and rainfall indices 

The spatial variability of extreme temperature and rainfall was carried out using ArcMap 10.3.1 
software. Extreme temperature and rainfall indices were separately interpolated using the inverse 
distance weighted (IDW) procedures for each station in the study area [44,45].  

3. Results 

3.1. Extreme temperature variability 

In this study, maximum temperature, monthly minimum temperature, number of cool nights 
and cool days, number of warm nights, and warm days, warm spell duration indicator, cold spell 
duration indicator, and tropical nights are presented in Table 1 and Table 2. Summary of the results 
from the trend analysis on the extreme temperature indices in the study area are presented in Table 
3 and Table 4; and the results on maximum and minimum temperature are presented separately in 
Table 4.  

Table 3. Trends on extreme temperature in the Western Tigray. 

Station TR20 TN10P TX10P TN90P TX90P WSDI CSDI DTR 

Adigoshu 0.58 -0.29 -0.23 0.33 0.43 1.52 0.013 0.017 

Adiremets 1.8 -0.31 -0.41 0.56 0.64 2.18 -0.25 0.023 

Badime 2.14 -0.36 -0.44 0.61 0.57 2.1 -0.41 0.014 

Dansha 1.86 -0.33 -0.39 0.59 0.65 2.23 -0.19 0.025 

Dedebit 1.9 -0.38 -0.45 0.59 0.67 2.39 -0.36 0.016 

Humera 1.86 -0.38 -0.37 0.62 0.71 3.16 -0.32 0.024 

Maygaba 0.99 -0.35 -0.46 0.61 0.68 2.43 -0.25 0.018 

Maytsebri 1.9 -0.38 -0.46 0.59 0.67 2.39 -0.36 0.016 

Sheraro 1.69 -0.44 -0.32 0.31 0.38 0.53 -0.60 0.013 

1. Tropical nights (TR20) 

The results on TR20 showed that there was a positive trend throughout the study area; varying 
from 0.58 days at Adigoshu to 2.14 night days at Badime (Table 2). The smallest changes on TR20 
were recorded at Adigoshu, and Maygaba with 0.58, and 0.99 nights, respectively; which indicated 
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that TR20 was increasing from 0.58 to approximately 1.0 day per year from 1983 to 2016. However, 
there was extreme warming at Adiremets, Badime, Dansha, Dedebit, Humera, Maytsebri, and 
Sheraro, where TR20 was linearly increasing from 1.69 to 2.14 days per year, due to the rising 
temperature beyond 20 0C (Figure 2). 

 

Figure 2. Tropical nights of the study areas from 1983 to 2016. (A) Adigoshu (B) Badme (C) Adiremets 
(D) Dansha (E) Dedebit (F) Humera. 

2. Trends on the minimum (Tmin) and maximum (Tmin) temperatures  

The trends on the Tmax and Tmin temperatures (Table 4) indicated that there was a highly 
significant positive trend (p<0.01) in the majority of the study areas from 1983-2016. The Tmax varied 
from 0.04 to 0.051 0C per year from 1983 to 2016 across the stations. Similarly, the Tmin also showed 
a significant variability from 0.022 to 0.031 0C per year in the same time span.  

On the other hand, an increase in the Tmax of the study sites (Figure 3) was observed in May 
with a Tmax of 42 0C obtained at Humera; whereas, the highest value of Tmin was observed in August 
with 25.920C at Maygaba. Similarly, the results on the Tmin showed that the coolest month was 
January in the majority of the study areas, except in Maygaba where December was the coolest month 
with the smallest change of 15.70 0C of the minimum temperature. The changes in the Tmax and Tmin 
revealed that the months April to May, and December to January were found the hottest and coolest 
months throughout the study areas, respectively. 
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Table 4. trends on maximum (Tmax) and minimum (Tmin) temperature. 

Station  Tmax (0C) Tmin (0C) 

Adigoshu 0.040*  0.022**  

Adiremets 0.049**  0.027**  

Badme 0.045*  0.031**  

Dansha 0.051**  0.027**  

Dedebit 0.046**  0.029**  

Humera 0.051**  0.027**  

Maygaba 0.047**  0.029**  

Maytsebri 0.046**  0.029**  

Sheraro 0.040*  0.026**  
Note: significance level at p<0.05 (*) and p<0.01 (**). 

 
Figure 3. Average monthly maximum (A) and minimum (B) temperatures from 1983-2016. 

3. Diurnal temperature range (DTR) 

The results on the DTR showed that there was a positive trend across all stations from 1983 to 
2016 (Table 2 and Figure 5). The trend analysis revealed that there was a significant (p<0.05) positive 
trend at Humera, Adiremets, and Dansha. The annual DTR variability at Adiremets and Badime 
varied from 11.86 to 14.240C, and 11.8 and 13.50C, respectively from 1983 to 2016. On the other hand, 
the highest inter-annual TDR variability was higher during November, December, January, February, 
March, and April varying from 13 to 18.36 0C; whereas, the smallest DTR variability was observed in 
July and August ranging from 6.250C to 10.50C; with intermediate changes in May, June, September, 
October, and November (Figure 4).  
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Figure 4. Average monthly DTR variability from 1983 to 2016. 

 
Figure 5. Diurnal temperature range (DTR) (A) Adigoshu (B) Adiremets (C) Dansha (D) Dedebit (E) 
Humera (F) Sheraro. 

4. Warm spell (WSDI) and cold spell duration indicator (CSDI) 

The linear trends on WSDI revealed that there was a positive trend throughout the study areas 
from 1983 to 2016. The highest increase in the WSDI was recorded 3.16 days per year in the last 34 
years; whereas, the smallest increase in WSDI of 0.53 days was recorded at SHeraro during the time 
course. Maytsebri and Dedebit also experienced a similar increase in WSDI of 2.39 days per year; and 
WSDI values at Adiremets, Adigoshu, Dansha, and Badime were 2.18, 1.53, 2.23, and 2.10 days per 
year, respectively (Table 2). The results of the trend analysis indicate that there was a consistent 
increase in WSDI throughout the study areas from 2002 to 2005, with the maximum increase in WSDI 
of 208 days observed at Humera; whereas, the WSDI was null revealing that there was no change in 
WSDI throughout the study areas from1985 to 1987, except at Humera with WSDI of 19 days recorded 
in 1987 (Figure 6). 
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Figure 6. Warm spell duration indicator (A) Adiremets (B) Badme (C) Humera (D) Sheraro (E) 
Maytsebri (F) Maygaba. 

Conversely, the trend analysis in CSDI showed (Figure 7) that there was a negative trend 
throughout the study areas, except at Adigoshu, where a positive trend was observed.  The changes 
in CSDI values varied from -0.25 days at Adiremets, and Maygaba to -0.60 days at Sheraro. However, 
CSDI at Adigoshu was positively increasing with 0.013 days per year; which is similar to 0.13 days 
per decade. The changes in CSDI at Maytsebri, and Dedebit were similar with -0.36 days; and CSDI 
at Humera, and Badime were decreasing by -0.32, and -0.41 days, respectively.  

The results on CSDI showed that the maximum decrease in CSDI observed at Badime with 60 
days was observed in 1987. The highest CSDI values observed from 1983 to 2016 at Adiremets, 
Humera, Maygaba, and Maytsebri were observed in 1986 with 47, 43, 42, and 54 days, respectively. 
The maximum CSDI values of 30 days at Sheraro, and 27 days at Adiremets were observed in 1986, 
and 1988, and 1992, respectively.  
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Figure 7. Cold spell duration indicator (A) Adiremets (B) Adigoshu (C) Badme (D) Humera (E) 
Sheraro (F) Maytsebri. 

5. Cold days (TX10p) and cold nights (TN10p) 

The results on the TX10p, and TN10p (Table 2) showed a negative linear trend across all stations. 
The highest, and smallest TN10p values of 0.44 and 0.29 days per year, were observed at Sheraro, and 
Adigoshu, respectively. Similarly, the TN10p at Dedebit, Humera, and Maytsebri was 0.38 days per 
year. On the other hand, the annual TX10p showed a negative trend, which was linearly decreasing 
from -0.23 at Adigoshu to -0.46 days per year at Maygaba, and Maytsebri. Likewise, the results 
revealed that the TX10p at Badime, Humera, and Dansha were varying from -0.32 days per year at 
Sheraro to -0.39 days per year at Dansha.  

Except at Adigoshu, and Sheraro, the highest number of cold days per month occurred during 
March, and August. The highest and smallest number of TX10P was observed at Humera with 28.27 
days per year in January and 3.24 days per year in September, respectively.  The smallest number of 
cold days was observed in April and September throughout the study areas, except at Adigoshu and 
Sheraro. The highest number of cold days 15.5 days at Adigoshu, were observed in January, whereas, 
the smallest number of cold days 5.4 days were observed in September (Figure 8).   
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Figure 8. Monthly (A) cold days (TX10P) and (B) cold nights (TN10P) of nine stations averaged from 
1983 to 2016. 

6. Warm days (TX90p) and warm nights (TN90p) 

The results on the TX90p and TN90p (Table 2) showed that there was a positive trend throughout 
the study area. The TX90p was increased between 0.38 days at Sheraro to 0.71days at Humera.  
TX90P was increasing by 0.43 days at Adigoshu; and 0.65 days at Dedebit and Dansha. There was 
also an increasing trend on TX90P at Adiremets, Badme, Maygaba, and Maytsebri with 0.64, 0.57, 
0.61, and 0.59 days per year, respectively. 

On the other hand, there was also a positive trend in TN90p; which was significantly (p<0.05) 
increasing across all stations. The highest increase in TN90p was observed at Humera with 0.62 days 
per year, and the smallest TN90p values were 0.31 and 0.33 days per year were observed at Sheraro, 
and Adigoshu stations, respectively. The changes and variability on TN90p across the stations were 
relatively similar during January and March. Except at Maygaba and Sheraro, the highest changes 
occurred during July, September, and October with the highest values 60.53 and of 61.20 days 
observed at Dansha, and Humera, respectively. The inter-annual variability on TN90p (Figure 9) 
revealed that there was comparatively consistent warming at Maygaba, and Sheraro from 1983 to 
2016; with the smallest change of 9.2 days per annum occurring in February at Maygaba followed by 
9.46 days at Sheraro.  

 
Figure 9. (A) monthly average monthly warm days (TX90P) and (B) monthly average monthly warm 
nights (TN90P) from 1983 to 2016. 

In addition, the spatial interpolation for extreme temperature indices (Figure 10) also revealed 
that there was a high spatial variability across the study areas. The highest spatial variability on Tmax 
was observed in areas around Humera, and Dansha; whereas, areas around Adigoshu, and Sheraro 
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experienced the smallest variability from 1983-2016. Areas around Badime, and some parts around 
Sheraro, Dedebit, Maytsebri, and Maygaba experienced a moderate change in Tmax. On the other 
hand, the smallest Tmin variability was observed in areas around Adigoshu with an increasing trend 
of 0.022 0C per year from 1983-2016; and the highest Tmin variability was observed in areas around 
Badime with Tmin rising by 0.03 0C per year. There was also a relatively lower variability in Tmin in 
areas around Humera, Dansha, Adiremets, and some parts around Maygaba. Besides, areas around 
Dedebit, Maygaba, and Maytsebri experienced a relatively moderate change and variability in Tmin 
during the last three decades. 

The results also showed that there was a significant variability on warm days and warm nights 
across the study areas from 1983 to 2016. Warm days and warm days were apparently smaller in 
areas around Adigoshu and Sheraro when compared with areas around Humera, Dansha, Adiremets, 
Dedebit, Maygaba, and Maytsebri; where there was an increasing trend in warm days and warm 
days; with 0.7 and 0.61 days per year.  The spatial interpolation on WSDI and CSDI was considerably 
increased in the majority of the study areas, except in areas around Adigoshu where there was a 
relatively mild variability in WSDI, and CSDI since the last three decades.  The highest rise in a WSDI 
value of 3.15 days was observed in areas around Humera, whereas, the smallest WSDI of 0.53 days 
per year was observed in areas around Adigoshu.   

 

Figure 10. Spatial variability on extreme temperature indices over study area from 1983-2016. 

Annual and inter-annual rainfall variability 

The results on the extreme rainfall indices showed that there was significant variability over the 
past three decades in the western part of Tigray. The trend analysis revealed that there was a negative 
trend in majority of the stations from 1983 to 2016. The summary for PRCPTOT, SDII, Rx1day, and 
Rx5day are presented in Table 5. 

Table 5. Trends on extreme rainfall indices of the study areas from 1983-2016. 

Station PRCPTOT SDII Rx1day Rx5day 

Adigoshu -8.4ns -0.04ns -0.013 -0.33 
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Adiremets -13.8* -0.06* 0.037 -0.65 

Badme -8.8ns -0.03ns 0.02 -0.35 

Dansha -13.3* -0.06* 0.10 -0.66 

Dedebit -10.9* -0.05* -0.42 -0.78 

Humera -13.3* -0.06* 0.10 -0.66 

Maygaba -14.6* -0.07* -0.52* -1.14* 

Maytsebri -10.9* -0.05* -0.42 -0.78 

Sheraro -8.826ns -0.03ns -0.21 -0.35 
Significant at p<0.05 (*) non-significant (ns). Rx1Day and Rx5Day were ns except at Maygaba. 

1. Total rainfall (mm) 

The results on the total rainfall revealed that there was a negative trend across the study area 
(Table 5), with no uniform pattern. There was no significant (p>0.05) variability in total rainfall at 
Adigoshu, Badme, and Sheraro; whereas, total rainfall showed significant (p<0.05) variability at 
Adiremets, Dansha, Dedebit, Humera, Maygaba, and Maytsebri since 1983-2016. Total rainfall at 
Maytsebri, Maygaba, Humera, Dedebit, and Dansha significantly (p<0.05) decreased by 10.9, 14.6, 
15.3, 10.9, 15.3, and 16.5 mm per year. Whereas, there was no significant (p>0.05) variability in the 
total rainfall at Badme, Sheraro, and Adigoshu with 11.4 mm, 8.83 mm, and 8.44 mm per year, 
respectively.  

The results showed that more than 60% of the annual rainfall was received between July and 
August (Figure 11) throughout the study areas. The inter-annual rainfall variability also revealed that 
there was high variability on rainfall across the study areas. The maximum monthly rainfall was 
observed in August with 294.2 mm at Adiremets and 289.8 mm at Maygaba. However, monthly 
rainfall observed throughout the stations during November, December, January, and February were 
below 10 mm; which are considered dry seasons.  

 
Figure 11. Mean annual and monthly variability of rainfall of the study area from 1983 to 2016. 

2. Simple daily intensity index (SDII) 

The trend analysis on SDII (Table 5 and Figure 12) showed a negative trend from 1983 to 2016 
throughout the study areas. The results indicated that there was no uniform pattern on the SDII in 
the study area; where there was a significant (p<0.05) change at Adiremets, Dansha, Dedebit, Humera, 
Maygaba, and Maytsebri; whereas, there was no significant change at Adigoshu, and Sheraro. The 
SDII was decreasing by 0.07 and 0.06 at Maygaba and Adiremets, respectively every year over the 
last three decades. However, the smallest change -0.03 was observed at Sheraro and Badime followed 
by 0.04 at Adigoshu from 1983 to 2016 (Table 5).  
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On the other hand, the maximum SDII observed in 1986; with the highest values of 10.1 
(Adiremets), 6.9 (Adigoshu), 8.9 (Badime), 9.6 (Dansha), 9.0 (Dedebit), 9.3 (Humera), 10.1 (Maygaba), 
9.0 (Maytsebri), and 9 mm/day at Sheraro. Whereas, the smallest SDII in Adigoshu, Badme, Dedebit, 
Maygaba, Maytsebri, and Sheraro; with 3, 3.1, 3.2, 3.6, 3.2, and 3.2 mm/day, respectively were 
observed in 2004. Similarly, the smallest SDII value of 3.9 mm/day at Dansha, and Humera was 
observed in 2011.  

 
Figure 12. SDII of the study area from 1983-2016. 

3. Rx1day and Rx5 day (mm) 

The results indicated that there was no significant variability on the linear trend of Rx1Day and 
Rx5Day throughout the study areas; except at Maygaba where significant (p<0.05) variability was 
observed. The maximum annual 1xday rainfall showed a negative trend in the majority of the study 
areas (Table 4), except at Humera, Dansha, and Adiremets. The maximum one-day (Rx1day) rainfall 
in Humera, Dansha, and Adiremets areas showed a positive trend varying from 0.1 to 0.037 mm per 
year. The maximum Rx5 day rainfall varied from -0.33 mm at Adigoshu to -1.14 mm per year at 
Maygaba; which were the highest, and smallest changes, respectively. On the other hand, there was 
also a -0.35 mm per year change at Badime, and Sheraro from 1983 to 2016. While, changes in the 
maximum Rx5day at Dansha, and Humera was -0.66 mm per year; however, Rx5day values at 
Dedebit and Maytsebri were -0.66 and -0.78 mm per year, respectively (Table 4).  
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The monthly Rx1day rainfall (Figure 13) showed that the maximum amount of Rx1day rain was 
observed during July and August, with the magnitude varying from 21.5 to 30.2 mm per day, at 
Adigoshu and Adiremets, respectively. The results on the maximum Rx1day rainfall at Badime, 
Dansha, Dedebit, Humera, Maygaba, Maytsebri, and Sheraro were 23.58, 27.94, 22.62, 28.00, 26.58, 
22.62, and 23.61 mm, respectively. However, the total amount of rainfall received in May, June, 
September and October was comparatively small when compared with the daily Rx1day rainfall 
received in July and August at all stations; indicating July and August are the months, which 
maximum rainfall is received in the study areas. 

 
Figure 13. Monthly Rx1day and Rx5day of the study areas during the short and main rainy seasons. 

The results also revealed that there was a strong inter-annual variability on Rx1day and Rx5day 
in the study areas. The maximum Rx5days rains in the study area was also concentrated in July and 
August; with the highest amounts 87.7mm at Adiremets, and 87.3 mm at Maygaba which were 
observed in August. Whilst, both the highest amount of Rx1day and Rx5day rainfall were observed 
at Adiremets in July, and August, during which more than 60% of the annual rainfall was received 
(Figure 13). 

On the other hand, the spatial interpolation on the different extreme rainfall indices showed that 
there was a high variability across the stations from 1983-2016 (Figure 14). The spatial analysis on 
SDII showed that there was highly negative variability in areas around Humera, Dansha, Adiremets, 
and Maygaba, whereas, SDII was moderately varying in areas around Maytsebri, and Dedebit, with 
comparatively small variability around Badime, Sheraro, and Adigoshu. Likewise, seasonal rainfall 
variability across the study areas was observed in the time course. Figure 14 illustrates that there was 
high rainfall variability in areas around Humera, Dansha, Adiremets and Maygaba; whereas, areas 
around Maytsebri, Dedebit, and areas Adigoshu showed moderate variability when compared with 
areas in the western parts around Humera, Dansha, and Adiremets, and areas around Badime, 
Sheraro, and areas around Adigoshu towards the northeastern part of the study area. 

Similarly, the spatial interpolation on R10mm and R20mm showed that there was high spatial 
variability in areas around Humera, Dansha, Adiremets and Maygaba; whereas small variability was 
observed in areas around Badime, Sheraro and Adigoshu. Comparatively, there was a moderate 
spatial variability on R10mm and R20mm in areas around Dedebit and Maytsebri from 1983-2016. 
There was also a significant spatial variability on Rx1day and Rx5day in the study areas from 1983-
2016 (Figure 14). The highest spatial variability on Rx5day was observed in areas around Maygaba 
from 1983 to 2016; whereas, areas around Badime, Sheraro and Adigoshu experienced a relatively 
lower variability on Rx5day. Likewise, there was a relatively moderate variability on Rx5day in areas 
around Humera, Dansha, Adiremets, Maygaba, Dedebit, and Maytsebri in the last three decades. 
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Figure 14. Spatial variability on extreme rainfall indices over study area since 1983-2016. 

4. Discussion 

4.1. Changes in extreme temperature  

The present study demonstrated that there was continuous warming over the study areas from 
1983 to 2016. Recent studies indicate that there was extreme warming in different areas around the 
globe [3,8,37,46–48]; which are in line with the results obtained in this study. A recent study indicated 
that the mean, minimum, and maximum temperatures were linearly increasing by 0.046, 0.067, and 
0.026 0C per decade in northcentral Ethiopia from 1901 to 2014 [16]. Similarly, there was also a 
significant increase in the annual maximum temperature in Tana areas in Ethiopia, with maximum 
and minimum positive slopes of 0.03 and 0.05 0C per year, respectively [49]. It also been stated that 
there was a significant increase in the inter-annual and seasonal trends on maximum and minimum 
temperatures in different parts of Ethiopia [8]. 

Similarly, the results also indicate that warming indicator values of extreme temperature indices 
such as warm days, warm nights, and WSDI revealed significant (p<0.01) positive trends throughout 
the study areas. In line with the results obtained in this study, a linear increasing trend in WSDI, 
warm days, and warm nights, coupled with up to 22% increase in warm days; and a decreasing trend 
on cold days and cold nights were observed in different parts of Ethiopia [12]. Similarly, there was 
also a negative trend on cold nights, cold days, and CSDI; and a positive linear trend on warm days, 
warm nights, and WSDI in different parts of Ethiopia from 1967-2008 [50]. On the other hand, 
increasing trend in warm days and warm nights varying from 0.38 to 0.71 days per year, and 0.31 to 
0.62 days per year, respectively were observed over the last three decades in the lowland areas of 
Tigray [33]. On the other hand, the trends on the DTR also revealed that there was a linearly 
increasing trend over the study areas with magnitude varying from 0.013 0C at Sheraro to 0.025 0C at 
Dansha in the time span; while there was a high falloff during July and August.  

The increase in warm days and warm nights might be due to global warming, deforestation, 
and/or urbanization. In the majority of the study areas, deforestation was extensively increasing due 
to expansions for arable land and resettlements. In line with this, there is strong evidence that 
anthropogenic factors affect warm days and warm nights [51]. 
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Increasing warming indicator values might negatively affect the growth and development [52], 
and grain yield of different crops [53,54], and increase in distribution, and severity of infectious 
diseases like Leishmaniasis [55,56], and malaria [57] during the main cropping season in the study 
areas. Subsequently, such circumstances might affect the socio-economy and multifaceted challenges 
of the livelihood in the study area. 

4.2. Changes in extreme rainfall  

The current study presented that there was high rainfall variability in the lowland areas the 
Western Tigray, with no uniform pattern. The linear trend analysis on PRCPTOT, SDII, Rx1Day, and 
Rx5Day showed that there was a negative trend in the majority of the stations from 1983-2016 (Table 
5). The results indicated that more than 60% of the annual rainfall was received was occurred in July 
and August at all stations. There was a decreasing trend in the annual rainfall, SDII, Rx1day, and Rx5 
day across all stations. Trends on rainfall showed that there was a decreasing tendency over the past 
four decades in the Tigray around the Geba river basin [19], which was in agreement with results 
obtained in this study. Recent studies confirm that there was seasonal and inter-annual rainfall 
variability in different parts of the East African region including Ethiopia [8,12,19,20,47]. On the other 
hand, trend analysis in the annual rainfall showed that there was strong variability with a coefficient 
of variation from 33.77 to 233% from 1981-2010 [20]; and the annual and inter-annual variability 
exceeds 9-30% annually, 9-69% during the main rainy season (Kiremt) and 15-55% during the short 
rainy season (Belg) in different parts of the country [58]. It has also been stated that there was a 
significant reduction in the season rainfall variability in Welega in Oromiya national regional state 
between -5.92 to -9.74 mm per year [49], which is similar to the results obtained in this study. 

In line with the results obtained in this study, research studies indicated that there was a 
decreasing trend on maximum Rx1day and Rx5day rainfall in different agro-ecologies in Ethiopia 
[46,50]. In this study, we found that there was no uniform rainfall variability in the study areas in the 
last three decades, which similar to the changes and variability on the maximum Rx1day and Rx5day 
rainfall indices; with negative trends on Rx1day at Adigudem, Adigrat, Mekelle, and Sinkata, and 
positive trends at Abiadi, Hawzen, and Wukro; whereas, the author also indicated that there was a 
negative trend was observed on the maximum Rx5Day at Adigudem, Mekelle, and Sinkata, except 
at Abiadi, Hawzen and Wukro [19]. 

Overall, the results on extreme temperature and rainfall showed that the Northwestern and 
Western parts of Tigray experienced seasonal and inter-annual variability, coupled with extreme 
warming, which could substantially affect crop production and food security in the study areas. 

5. Conclusions 

In the current study, we analyzed the trends and the temporal and spatial variability in rainfall 
and temperature. Hence, this study demonstrated that the northwestern and western zones of Tigray 
experienced extreme warming over the last three decades. There was an increasing trend on 
maximum and minimum temperature, warm days and warm nights; however, there was a negative 
trend on cold days and cold nights. There was also a significant reduction in the annual and inter-
annual rainfall across the study area, with no uniform pattern. Based on the results obtained in this 
study, it is important to apply suitable climate change adaptation strategies for improved and 
climate-smart agricultural production, food security, and livelihood of the community in the study 
area. The results obtained in this study might be helpful for devising appropriate climate change 
adaptation strategies and decision-making on policy implications for improved and sustainable 
agriculture in the study area. Providing further research inputs are important to better understand 
the changes and variability of extreme climatic variability in the study area. 
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