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Abstract
The headwater region of the upper Blue Nile is the main source of the Nile water for the three Eastern Nile countries, 
namely Ethiopia, Sudan, and Egypt. Climate-related studies for the region is thus paramount. However, previous studies for 
the region used non-homogenous data, and did not remove all the significant autocorrelations in trend analysis. Therefore, 
this study analyzed the trend using gap-filled and homogenized meteorological data over the period 1980 − 2017. Using the 
non-parametric Mann–Kendall test adjusted by effective sample size, the influence of all significant positive and negative 
autocorrelations on the trend was removed. Sen’s slope was used to determine the magnitude of trends. The tests were applied 
to minimum and maximum temperatures, mean temperature, diurnal temperature range (DTR), and total precipitation as well 
as seasonal and annual extreme climate indices. In general, the climate in the study region has become wetter and warmer. 
As for extreme temperature, the hot ends of the daily temperature distribution have altered more rapidly than the cold ends. 
Accordingly, the DTR exhibited a consistent increasing trend across the stations. The rainfall showed increases in maximum 
1 − day precipitation amount, maximum 5 − day precipitation amount, number of heavy precipitation days, total annual rain-
fall, and extremely wet days. As trend magnitudes of the homogenized series differed from those of the original series, the 
results that emerged from the previous hydroclimate-related studies for the region using non-homogenized data should be 
revised. This study has significant implications for water use efficiency and adaptation to climate risk in the three riparian 
countries, given the recently commenced water resources projects.

1  Introduction

Detection of long-term trends in climatic variables is a 
vital task in climate change studies. Knowledge about past 
and recent climate changes has received substantial atten-
tion across the globe (Hegerl et al. 2019). Climate change 
is directly linked to temperature and precipitation. These 
parameters determine the environmental condition, which 
affects the agricultural productivity (Worku et al. 2019). 

Increasing temperatures and changes in rainfall pattern 
resulting from global climate change have serious effects 
on water resources availability and surface energy budgets, 
along with the danger of increasing occurrences of droughts 
and floods (Tesfamariam et al. 2019).

One of the effects of global warming might be an increase 
in climate extremes (Alexander et al. 2006; Aguilar et al. 
2009; Gummadi et al. 2017; Manikandan et al. 2018; Rai 
et al. 2019; Lionello and Scarascia 2020). Not only the 
detection of changes in mean values, but also in extremes, 
of temperature and rainfall are vital for implementing cli-
mate change adaptation and mitigation measures. Extremes 
in a changing climate are more important than averages 
(Katz and Brown 1992) because these events might cause 
property damage, loss of life, and threat to the existence 
of society. Changes in natural and human systems emanate 
from extreme climate events much more than from their 
average counterparts (Perera et al. 2020). Therefore, cli-
mate extremes and their impacts have been investigated by 
many scholars (e.g., Seleshi and Camberlin 2004; Shang 
et al. 2010; Degefu and Bewket 2014; Gummadi et al. 2017; 
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IPCC 2012; Gebrechorkos et al. 2018; Berhane et al. 2020; 
Shawul and Chakma 2020). Some near-global analyses of 
changing climate extremes indicated widespread and signifi-
cant warming trends related to temperature extremes (Alex-
ander et al. 2006; Donat et al. 2013). They also reported 
that changes in precipitation extremes were spatially more 
complex. As changes in extreme precipitation will have 
substantial consequences on water, food, and energy nexus 
(WMO 2009; Degefu and Bewket 2014; Elagib et al 2021), 
assessing the trends of mean and extreme rainfall is crucial 
to understand flooding and drought consequences in the 
framework of climate change and the nexus system.

The Intergovernmental Panel on Climate Change (IPCC) 
Special Report on Extremes (SREX) provided the most 
comprehensive global review and assessment on the rela-
tion between climate extremes, their impacts, and the 
strategies to manage the associated threats (IPCC 2012). 
However, lack of long-term and homogenized climate data 
hinders the investigations of climate extremes particularly 
in data-scarce areas like the Horn of Africa. When analyz-
ing changes in indices of climate extremes, studies in Africa 
reported increases in warm extremes and decreases in cold 
extremes (Alexander et al. 2006; Aguilar et al. 2009; Collins 
2011; Kruger and Sekele, 2013; Nashwan and Shahid 2019; 
Berhane et al. 2020). These studies also reported both an 
increase and a decrease in rainfall amount and an increase 
in heavy precipitation. East African countries (Ethiopia, 
Kenya, and Tanzania) witnessed an increasing tendency in 
extreme temperature indices, and uneven rainfall patterns 
(Gebrechorkos et al. 2018).

Several studies have been undertaken in Ethiopia in order 
to assess trends in mean temperatures and total rainfall using 
non-homogenous climatological dataset (e.g., Conway et al. 
2004; Cheung et al. 2008; Tessema et al. 2010; Gebremicael 
et al. 2013; Tekleab et al. 2013; Viste et al. 2013; Tabari 
et al. 2015; Asfaw et al. 2018; Jaweso et al. 2019). Most of 
the above studies have found positive trends in temperature 
indices and mixed trends in precipitation. Past climatic stud-
ies in Ethiopia are summarized in Table S1. Findings from 
these studies indicated that trends in rainfall-related indices 
are highly influenced by local and large-scale climate condi-
tions. Conclusions drawn from previous trend detection stud-
ies for the upper Blue Nile basin are contradictory. Reasons 
for this contradiction might be the difference in length of the 
study periods, data inhomogeneity, dissimilar classifications 
of the major rainy season, and variation in trend assessment 
approaches. For instance, Cheung et al. (2008) used a para-
metric t-test whereas Mengistu et al. (2014) applied F-tests 
for trend detection. Parametric tests are applicable for nor-
mally distributed data, which are not usually the case with 
rainfall time series. Some investigations that applied a non-
parametric approach, such as the Mann–Kendall technique, 
overlooked the influence of serial correlation in data (e.g. 

Seleshi and Zanke 2004; Viste et al. 2013). In addition, some 
studies applied the trend-free pre-whitening approach to 
remove the influence of serial correlation on the Mann–Ken-
dall trend test (e.g. Tessema et al. 2010; Tekleab et al. 2013). 
This method, however, eliminates the serial correlation in 
the data only at the first lag while serial correlations in other 
time lags are ignored. A more recent study applied non-
parametric trend detection approach, which considered all 
the significant serial correlations (e.g. Tabari et al. 2015), 
paid less attention to data homogenization. It is generally 
recognized that only by using homogenized data series can 
the long-term climatic trends be accurately detected (Zahng 
et al. 2014). Studies should therefore examine and adjust 
the non-homogeneities before analyzing long-term trends 
in climatological data (Meshram et al. 2020).

Quantifiable information describing how weather and 
climate extremes are changing using homogenized climate 
data over the upper Blue Nile basin in Ethiopia has until now 
been very limited. Climatic studies for the upper Blue Nile 
basin are crucial for water provisioning of the downstream 
riparian countries in general and the study region in par-
ticular. In this paper, therefore, we attempt to detect trends 
in precipitation, diurnal temperature range, and minimum, 
maximum, and mean temperatures on seasonal and annual 
scales. The study includes (1) identification of trends using 
the Mann–Kendall trend test, adjusted with the effective 
sample size (ESS) technique to take all significant serial 
correlations into account; (2) detecting the trend magni-
tude and slope by applying the non-parametric Sen’s slope 
approach; and (3) analyzing trends on extreme temperature 
and rainfall indices as defined by the joint World Meteoro-
logical Organization Commission for Climatology (CCL)/
Climate Variability and Predictability (CLIVAR) Expert 
Team for Climate Change Detection Monitoring and Indi-
ces (ETCCDMI).

2 � Description of the study area

The study region—the upper Blue Nile—is characterized 
by tropical climate, influenced by high altitude. Tana and 
Beles watersheds are the main contributors of flow to the 
upper Blue Nile (Fig. 1). The combined surface area of both 
watersheds is 28,900 km2. Four rivers (Gilgel Abbay, Ribb, 
Megech, and Gummara) contribute the flow to Lake Tana. 
The hydrological year in the study area is divided into three 
seasons. Kiremt is the main rainy season, which refers to 
the months from June to September, Belg is a small rainy 
season that lasts from March to May, and Bega is the dry 
season, which lasts from October to February (NMA 1996). 
Based on Shuttle Radar Topography Mission (SRTM) 90 m 
digital elevation model, the altitude of the two sub-basins 
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ranges from 435 to 4090 m a.m.s.l. Rainfed agriculture or 
cultivation and forestation are the dominant land uses and 
land covers in the Tana and Beles sub-basins (Woldesenbet 
et al. 2017a).

3 � Data and methodology

The overall data and methodology used in the current study 
are overviewed in Table 1 and Fig. 2.

3.1 � Data

The climate data, including daily precipitation and maxi-
mum and minimum temperatures, for the period extending 

from 1980 to 2017 for Lake Tana and Beles sub-basins were 
obtained from the National Meteorological Agency of Ethio-
pia for six stations. In general, the spatial coverage of the 
climatic data is meager in the sub-basins, and had many 
data gaps. Accurate detection of climatic trends requires 
quality-controlled, gap-filled, and homogenized time series 
(Cannarozza et al. 2006; Zhang et al. 2014) prior to trend 
detection. Therefore, the missing records of precipitation 
and temperature from the six meteorological stations were 
interpolated based on the coefficient of correlation weight-
ing method then homogenized using the Multiple Analysis 
of Series for Homogenization (MASH) (Szentimrey 2011; 
Woldesenbet et al. 2017b).

MASH is an automatic homogenization algorithm based 
on relative homogeneity test procedure that does not assume 

Fig. 1   Hydro-meteorological 
stations under consideration

Table 1   Description of meteorological stations for daily rainfall and temperature in the study area

No Station name Latitude (°N) Longitude (°E) Elevation (m) Period of records Average

Rainfall (mm) Temperature (°C)

Maximum Minimum

1 Ayikel 12.32 37.03 2150 1980 − 2017 1247.3 24.0 13.4
2 Bahir Dar 11.36 37.25 1770 1980 − 2017 1495.1 26.9 11.9
3 Bulen 10.41 36.06 1450 1980 − 2017 1476.8 28.0 14.5
4 Chagni 10.57 36.30 1620 1980 − 2017 1584.2 28.3 13.4
5 Debre Tabor 11.53 38.02 2690 1980 − 2017 1421.4 22.1 9.2
6 Gondar 12.33 37.25 1967 1980 − 2017 1156.4 27.0 13.7
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the reference series to be homogeneous. It uses a multiple 
breakpoint approach. The function of reference and target 
series changes step by step in the course of the procedure. 
MASH uses additive model for temperature and cumulative 
model for precipitation. Monthly homogeneity was esti-
mated without metadata, and was transferred to daily series. 
New monthly series were calculated from the adjusted daily 
time series, and their homogeneities were checked. As 
MASH has an automatic algorithm for the homogenization 
of daily data, daily series were automatically corrected, and 
automatic quality control was applied for homogenized daily 
data (Szentimrey 2011; Woldesenbet et al. 2017b).

3.2 � Extreme climate indices

For extreme climate indices, the data were analyzed using 
the RClimDex package. The software and documentation 
are available for download from the Expert Team on Climate 
Change Detection, Monitoring and Indices (ETCCDMI) web-
site (http://​etccdi.​pacif​iccli​mate.​org). As the data were already 
gap-filled and homogenized, RClimDex was used to calculate 
climate indices from the daily data. RClimDex has become a 
common tool for analyzing climate change indices, and has 
been implemented by various studies (e.g., Easterling et al. 
2003; Alexander et al. 2006; New et al. 2006; Aguilar et al. 
2009; Caesar et al. 2011; Sun et al. 2016; Saddique et al. 2020; 
van der Walt and Fitchett 2020; Zuo et al 2021). Anomalies in 
percentile indices were calculated relative to 1981 − 2010 base 

period. Since all the indices are basically anomalies from the 
same reference period, arithmetic averages of the indices from 
all the stations were calculated (Aguilar et al. 2009).

The indices considered in this study were categorized into 
four groups: (1) absolute indices like the hottest day and cold-
est night in the year or the annual daily and 5-day maximum 
precipitation; (2) threshold indices, which count the number 
of days exceeding a fixed threshold, such as tropical nights and 
summer days, (3) percentile-based threshold indices, which 
refer to the exceedance rates below 10th percentile or above 
90th percentile derived from the 1981–2010 base period; and 
(4) duration indices, which represent the lengths of warm and 
cold spells based on percentile thresholds or dry and wet spell 
based on absolute threshold.

3.3 � Monotonic trends

One of the commonly used trend detection approach in climate 
data is the original non-parametric Mann–Kendall (Mann, 
1945; Kendall, 1975) trend test, which assumes no significant 
serial autocorrelation among the data records. The existence 
of long-term persistence in climate time series influences the 
determination of their trends. Mann–Kendall trend detection 
method by considering Hurst coefficient (Hamed, 2008) was 
attempted to check whether a significant autocorrelation at 
long lags exists. However, the approach is applicable when 
Hurst coefficient (H) is statistically significant for the existence 
of long-term persistence.

Numerous approaches have been applied in the litera-
ture to eliminate the influence of serial correlations on the 
Mann–Kendall trend test. Prior to the trend test, approaches 
like pre-whitening (von Storch, 1999) and trend-free pre-whit-
ening (Yue et al. 2002) adjust the data depending on significant 
autocorrelation at lag 1. Others adjust the variance considered 
in the trend analyses, for example by using an effective sample 
size (Bayley and Hammersley, 1946) relating to the significant 
autocorrelation at any specific lag time. The current study used 
the Mann–Kendall trend test with the effective sample size 
approach, and removed all the significant autocorrelations at 
the 95% confidence level. The variance of the Mann–Kendall 
trend test was adjusted as (Yue and Wang, 2004):

where Variance*(S) is the adjusted variance, Variance (S) 
is the variance of the Mann–Kendall statistic before the adjust-
ment, m is the actual sample size of the sample time series, 
and n* is the effective sample size which is computed using 
the following formula:

(1)Variance∗(S) = Variance(S)
m

n∗

(2)
n∗ =

n

1 + 2.
∑n−1

k=1

�
1 −

k

n

�
.Rk

Fig. 2   Data, stations used, and methodology employed in the current 
study considering original data and homogenized climate data from 
Woldesenbet et al. (2017b)
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where Rk is the significant lag-k serial correlation coef-
ficient computed as follows (Yue and Wang, 2004):

In the current study, monotonic trends in monthly, sea-
sonal, and annual precipitation, temperature (mean, maxi-
mum, and minimum), and diurnal temperature range were 
assessed by applying the Yue and Wang (2004) approach, 
which has been extensively utilized in hydro-climatic trend 
analysis in different regions of the world (Tabari et al. 2015; 
Berhane et al 2020).

3.4 � Trend magnitude

Once there is a trend in a data, the change per unit time 
(slope) can be determined by applying a non-parametric 
method (Sen, 1968). The Sen’s slope method provides a 
strong estimate of the magnitude of a trend (Yue et al. 2002) 
and is computed as follows:

where xj and xk are the data values at times j and k (j > k), 
respectively. If there is only one datum in each time period; 
then, N =

n(n−1)

2
 , where n is the number of time periods. If 

there are multiple observations in one or more time periods; 
then, N <

n(n−1)

2
 , where n is the total number of observations. 

The N values of Qi are ranked from smallest to largest, and 
the median of slope or Sen’s slope estimator is computed as:

The Qmed sign reflects data trend while its value indicates 
the steepness of the trend.

(3)

rk =

1
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1
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t=1
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(4)Qi =
xj − xk

j − k
for i = 1,… , N,

(5)Qmed =

⎧
⎪⎨⎪⎩

Q [(N+1)]

2
Q
[ N

2 ]
+Q [(N+1)]

2

2
,

if N is odd

if N is even

4 � Results

4.1 � Trends in climate elements

Since the Hurst coefficient was found to be statistically 
insignificant for all the climatic parameters at all the sta-
tions on annual and seasonal scales (Table S2), the modified 
Mann–Kendall trend analysis with Hurst coefficient (Hamed, 
2008) was not considered for further discussion in the sub-
sequent sections.

4.1.1 � Rainfall

Trends in seasonal and annual rainfall obtained by the modi-
fied Mann–Kendall test and Sen’s slope estimator are sum-
marized in Table 2. The main rainy season rainfall showed 
both increasing and decreasing trends. Similarly, Belg 
rainfall exhibited increasing trends at two of the stations 
and a decreasing trend at one station. Annual precipitation 
increased at all the stations located in the Lake Tana sub-
basin (Fig. 3) except Ayikel, which indicated a decreasing 
trend.

The effect of data homogenization manifested in the mag-
nitude of the rainfall trends (e.g., in the form of decreased 
trend magnitude of the annual rainfall at four out of six sta-
tions, and of the main rainy season rainfall at half of the 
stations). Data homogenization changed the trend magnitude 
and statistical significance simultaneously (e.g., the small 
rainy season at Bahir Dar). Overall, because most of the 
original rainfall time series were already homogenous, the 
effect of homogenization on the trends was small.

4.1.2 � Mean temperature (Tmean)

The seasonal and annual trends in mean temperature are 
shown in Table 3. Homogenization increased or decreased 
the trend magnitudes and the number of significant trends 
at most of the stations. In the main rainy season and the 
dry period, increasing trends manifested at all the stations. 

Table 2   Mann − Kendall trend considering effective sample size (ESS) for original and homogenized seasonal and annual total rainfall (mm/dec-
ade, Sen’s slope) for stations in and around Tana and Beles sub-basins

O stands for original and H stands for homogenized datasets. Significant trends (p ≤ 0.05) are indicated in bold and highly significant trends 
(p ≤ 0.001) are indicated in bold and italics

Time/station Ayikel Bahir Dar Bulen Chagni Debre Tabor Gondar

Rainfall O H O H O H O H O H O H

Main rainy season (JJAS)  − 22.3  − 22.3 55.4 31.4  − 39.9  − 39.9 27.7 21.2 5.6 5.6 43.2 28.8
Small rainy period (MAM)  − 6.3  − 6.3  − 4.1  − 20.1 23.9 23.9 21.0 21.0 15.1 7.6 6.5 6.5
Dry period (ONDJF)  − 24.6  − 7.5 11.5 12.1 2.3 2.3 13.4 13.4  − 21.1  − 21.1 4.1 4.5
Annual precipitation  − 49.6  − 33.8 66.0 21.8  − 26.0  − 26.0 68.9 59.6  − 8.6  − 11.7 56.5 39.6
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Similar to the main rainy season, Tmean in the small 
rainy season revealed an increasing trend at most of the 
stations. The annual Tmean revealed an increasing trend 
(Fig. 4). The trend in Tmean indicated a clear warming 
in the study region over the period 1980–2017. Tmean 
trends showed increasing trend after homogenization 
(Table 3).

4.1.3 � Maximum temperature (Tmax)

The results of applying statistical tests for the seasonal 
and annual Tmax over the period 1980–2017 are pre-
sented in Table 3. As shown, Tmax revealed increasing 

trends on the annual and seasonal scales at almost all of 
the stations. It is clearly noted that no decreasing trend 
was detected on seasonal and annual Tmax series. The 
effect of data homogenization on the trend magnitude 
and significance was not uniform among the stations and 
seasons for daytime temperature (Table 3). Trend mag-
nitudes for annual Tmax were higher for homogenized 
series than that of the original series at most of the sta-
tions. In the dry period and the main rainy season, only 
the trend magnitude changed but the numbers of signifi-
cant trends due to homogenization remained unchanged. 
Both the number of significant trends and the trend mag-
nitude changed for the small rainy season.

Fig. 3   Sample time series 
for selected annual total and 
extreme rainfall parameters at 
Ayikel and Gondar stations
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Table 3   Mann–Kendall trend considering effective sample size (ESS) for original and homogenized seasonal and annual Tmean, Tmax, Tmin, 
and DTR for stations in and around Tana and Beles sub-basins (°C/decade)

O stands for original and H stands for homogenized datasetsSignificant trends (p ≤ 0.05) are indicated in bold and highly significant trends 
(p ≤ 0.001) are indicated in bold and italics

Variables Season/stations Ayikel Bahir Dar Bulen Chagni Debre Tabor Gondar Average

O H O H O H O H O H O H O H

Tmean Annual 0.12 0.13 0.12 0.25 0.18 0.15 0.21 0.16 0.15 0.18 0.36 0.27 0.15 0.17
Main rainy season 0.07 0.14 0.15 0.27 0.22 0.19 0.25 0.15 0.24 0.20 0.38 0.33 0.22 0.22
Small rainy period 0.42 0.13 0.06 0.32 0.12 0.05 0.75 0.15 0.06 0.22 0.33 0.28 0.29 0.19
Dry period  − 0.06 0.10 0.11 0.20 0.23 0.22  − 0.14 0.17 0.10 0.19 0.40 0.25 0.17 0.18

Tmax Annual 0.11 0.17 0.46 0.47 0.14 0.19 0.27 0.33 0.50 0.36 0.41 0.38 0.28 0.31
Main rainy season 0.15 0.31 0.36 0.48 0.20 0.23 0.25 0.29 0.34 0.27 0.35 0.43 0.29 0.33
Small rainy period 0.13 0.25 0.42 0.44 0.05 0.00 0.15 0.19 0.46 0.32 0.28 0.28 0.33 0.25
Dry period 0.10 0.07 0.50 0.50 0.22 0.26 0.17 0.41 0.56 0.48 0.25 0.43 0.27 0.36

Tmin Annual 0.10 0.06  − 0.02 0.00 0.21 0.10 0.18 0.00  − 0.17 0.00 0.29 0.14 0.04 0.03
Main rainy season 0.00 0.00  − 0.08 0.03 0.18 0.09 0.23 0.00 0.11 0.11 0.31 0.14 0.14 0.08
Small rainy period 0.13 0.00  − 0.32 0.16 0.29 0.08 1.00 0.27  − 0.24 0.19 0.30 0.25 0.27 0.12
Dry period 0.09 0.09  − 0.18  − 0.07 0.26 0.18  − 0.48  − 0.06  − 0.39  − 0.18 0.28 0.08 0.04 0.00

DTR Annual 0.00 0.10 0.67 0.50  − 0.06 0.06 0.06 0.29 0.71 0.38 0.08 0.24 0.22 0.25
Main rainy season 0.10 0.25 0.48 0.43  − 0.06 0.11 0.00 0.19 0.24 0.14 0.00 0.25 0.13 0.23
Small rainy period 0.41 0.15 0.80 0.33  − 0.31  − 0.07  − 1.15 0.04 0.78 0.13 0.14 0.14 0.09 0.11
Dry period  − 0.33 0.00 0.67 0.55  − 0.04 0.07 0.81 0.47 1.00 0.67 0.15 0.33 0.21 0.33
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4.1.4 � Minimum temperature (Tmin)

Table 3 summarizes the trends in seasonal and annual 
minimum temperatures. During the dry period, both 
increasing and declining trends were manifested. The 
majority of the stations indicated increasing trends dur-
ing the main and small rainy seasons. In general, the 
annual and seasonal minimum temperatures demonstrated 
increasing trends at most of the stations. Homogenization 
affected the Tmin in the trend magnitude, the direction 
of trends, and the number of significant trends between 
the homogenized and the original time series (Table 3). 
The number of significant trends following homogeniza-
tion reduced drastically on the annual and seasonal scales 
together from 25 to 15.

4.1.5 � Diurnal temperature range (DTR)

On the seasonal and annual scales, most of the stations 
portrayed increasing trends in DTR (Table  3). These 
trends partly indicated that the rate of increase in the 
minimum temperature was less than that in the maximum 
temperature in the study region. No significant decreasing 
trend in DTR was observed on the annual and seasonal 
time scales. The number of significant trends for both the 
seasonal and annual DTR increased due to homogeniza-
tion (Table 3). In general, the declining trends of DTR 
before homogenization converted into positive or weak 
trends after homogenization.

4.2 � Trends in climate extremes

The trends in all climate extreme indices are summarized for 
all the stations in Table 4, showing stations with magnitude 
of trends that are significant at ≤ 5% level.

4.2.1 � Cold extremes

Three to five stations showed decreasing trends in all the 
indices of cold extremes, except the cold spell duration indi-
cator (CSDI) trend, which was statistically insignificant at all 
the stations (Table 4). The percentage of days when maxi-
mum temperature is less than the 10th percentile (TX10p) 
for the period 1981 − 2010 indicated that the number of cold 
days has declined, with about 83% of the stations having 
statistically significant trends. Significant trends in TX10p 
ranged from − 3.50 to 0.76% per decade at Bahir Dar and 
Chagni, respectively. These percentages correspond to trends 
of − 12.8 days/decade to − 2.8 days/decade, respectively. 
Similarly, the minimum of the minimum temperature (TNn) 
decreased at the stations of Bulen, Debre Tabor, and Gondar 
at rates of 0.20, 0.75, and 0.29 °C/decade, respectively.

4.2.2 � Hot extremes

One to four stations showed increasing trend in hot extremes 
except in TR20 and TNx (Table  4). TNx showed both 
increasing and decreasing trends. In particular, TX90p 
indicated an increase in the number of warm days, with 
all the stations having statistically significant trends. The 

Fig. 4   Time series of mean 
annual maximum temperature 
(Tmax), minimum temperature 
(Tmin), mean temperature 
(Tmean), and diurnal tempera-
ture range (DTR)
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significant trends in TX90p ranged from 0.56 to 5.50% per 
decade. These percentages correspond to trends of 2.0 to 
20.1 days/decade, respectively. The number of warm nights 
increased at four stations. In the case of TX90p and TN90p, 
approximately five stations had greater magnitude in TX90p 
trends. The number of stations with significant trend in TNx 
was higher than that in TXx. Five out of six stations showed 
increasing trend in SU25 ranging from 3.75 to 23.06 days/
decade. Warm spell duration indicator (WSDI) increased at 
two out of six stations.

4.2.3 � Comparison of hot and cold extremes

It is practical to contrast trends in hot and cold indices, 
as this helps to understand the relative changes in the 
extremities of the daily temperature distributions. During 
the study period, the number of stations with increas-
ing trends in TX90p was six while that with decreasing 
trends in TX10p was five (Fig. 5). But the trend magni-
tude was higher for TX90p than for TX10p (Table 4). 

As for TXx, the trend magnitude ranged from 0.29 to 
0.69 °C/decade while TXn showed a range of trend mag-
nitude of 0.06 to 0.19 °C/decade. In general, the trends 
in the hot tails of the maximum temperature distribution 
were of higher magnitude compared to their cold coun-
terparts. There was an increase in the absolute annual 
maximum of both daily maximum and minimum tem-
peratures in common with the global picture.

The trends in warm extremes, such as TX90p, TN90p, 
and WSDI, showed greater magnitudes than those for 
cold extremes like TX10p, TN10p, and CSDI. With 
increasing occurrences of warm extremes and decreasing 
number of cold extremes, the temperature series clearly 
indicated warming in the study region. Across the entire 
region, the frequency of warm days increased whereas 
that of cold days decreased.

Not only the number of stations with significant trends 
was greater for WSDI during the study period, but also 
the trend magnitudes were higher than that of CSDI 
(Table 4). 

Table 4   Trends in the temperature and precipitation indices recommended by the ETCCDI. Percentile values used as a thresholds for some of 
the indices were calculated for the base period 1981 − 2010

Significant trends (p ≤ 0.05, Mann–Kendall test) are indicated in bold. Highly significant trends (p ≤ 0.001, Mann–Kendall test) are indicated in 
bold and italics.

Indices definition Ayikel Bahir Dar Bulen Chagni Debre Tabor Gondar Unit

Summer days (SU25) 0.00 23.06 3.75 5.00 14.74 8.33 days/decade
Tropical nights (TR20) 0.00 0.00 0.00  − 1.67 0.00 0.00 days/decade
Max Tmax (TXx)  − 0.11 0.60 0.00 0.00 0.29 0.69 °C/decade
Min Tmax (TXn) 0.06 0.19  − 0.12 0.11  − 0.08 0.18 °C/decade
Max Tmin (TNx)  − 0.05  − 0.06  − 0.21  − 0.95 0.47 0.15 °C/decade
Min Tmin (TNn) 0.00  − 0.38  − 0.20 0.00  − 0.75  − 0.29 °C/decade
Cool days (TX10p) 0.31  − 3.50  − 1.14  − 0.76  − 3.28  − 2.43 %/decade
Warm days (TX90p) 0.56 5.44 1.16 2.22 5.50 4.88 %/decade
Cool nights (TN10p) 0.42 0.77  − 0.42 0.10 0.92  − 0.75 %/decade
Warm nights (TN90p)  − 0.40 0.83 1.59  − 0.15 2.19 1.64 %/decade
Warm spell duration indicator (WSDI) 0.00 0.00 0.00 0.00 0.59 2.69 days/decade
Cold spell duration indicator (CSDI) 0.00 0.00 0.00 0.00 0.00 0.00 days/decade
Diurnal temperature range (DTR) 0.00 0.45 0.00 0.13 0.37 0.24 °C/decade
Max 1-day precipitation amount (RX1day) 1.17  − 1.22 0.73  − 2.28 2.00 2.59 mm/decade
Max 5-day precipitation amount (RX5day) 5.55  − 1.00 0.22  − 0.89 2.81 6.30 mm/decade
Simple daily intensity index (SDII) 0.43 0.07  − 0.31  − 0.40  − 0.20 0.25 mm/day/decade
Number of heavy precipitation days (R10mm) 1.15 1.36  − 0.63 0.00  − 1.25 2.00 days/decade
Number of very heavy precipitation days (R20mm) 0.97 0.83 0.00 0.53 0.00 0.71 days/decade
Number of days above 30 mm (R30mm) 0.91 0.00 0.00 0.00  − 0.54 0.36 days/decade
Consecutive dry days (CDD)  − 6.84 11.94 0.00 2.00 2.27  − 3.75 days/decade
Consecutive wet days (CWD) 0.00 0.48  − 0.34 1.61  − 0.86 0.00 days/decade
Very wet days (R95p) 33.48  − 3.00  − 1.69  − 8.79  − 20.61 7.87 mm/decade
Extremely wet days (R99p) 12.46 0.00 0.00  − 1.86 0.00 0.00 mm/decade
Annual total wet-day precipitation (PRCPTOT) 49.38 42.36 3.00 32.55  − 4.68 44.50 mm/decade
Extreme temperature range (ETR) 0.00 0.89 0.29 0.13 0.89 0.94 °C/decade
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4.2.4 � Precipitation extremes

The significance of trends in precipitation extremes during 
the period 1980 − 2017 was much lower compared to that of 
temperature extremes (Table 4). Most precipitation indices 
exhibited both increasing and decreasing trends though the 
increasing trend was slightly dominant. However, only few 
trends were statistically significant for any index. More than 
half of the extreme precipitation indices at Ayikel and Gondar 
showed increasing trends.

Increase of extremely wet days (R99p) and very wet days 
(R95p) manifested only at Ayikel station. As the study region 
has high spatio-temporal variability of rainfall, the discrepancy 
might have arisen due to the scale of spatial extent used to 
calculate the regional average and the period of trends.

The majority of the stations showed increasing trends (4 
statistically significant) in the annual total wet-day precipi-
tation (PRCPTOT). Likely associated with increase in total 
precipitation, the length of the maximum number of consecu-
tive dry days decreased in the source region of the Blue Nile. 
The simple daily intensity index, which measures the average 
amount of rainfall per day, showed mixed trends. The trends in 
the contribution of monthly and seasonal rainfall to the annual 
total rainfall varied among the stations. In general, the con-
tribution of the main rainy season rainfall to the annual total 
rainfall increased but that of the small rainy season decreased.

5 � Discussion

This section discusses and places the results in the context 
of existing literature regionally and worldwide.
5.1 � Rainfall trends

In general, the main rainy season and annual precipita-
tion got wetter for most of the stations while the small 

rainy season got relatively drier in the study region dur-
ing the period 1980 − 2017. This result is in agreement 
with  results obtained by Maidment et  al. (2015), who 
noted decreases in March–May East African rainfall using 
multiple observational data sets for 1983 − 2014. However, 
Meze-Hausken (2004) indicated the absence of decreasing 
trends in rainfall in the northern and northeastern high-
lands. Cheung et al. (2008), Gebremichael et al. (2013), 
Gummadi et al. (2017), Mengistu et al. (2014), Seleshi 
and Zanke (2004), and Viste et al. (2013) also reported the 
absence of significant trends in rainfall in different parts 
of the upper Blue Nile, thus contradicting the outcome of 
the current study. The main reason for this discrepancy 
might be the differences in the length of the data record, 
data homogenization, and/or differences in trend detec-
tion approaches (Table S1). Our result also disagrees with 
results presented by Tabari et al. (2015) due to differences 
in the length of records and homogenization. The increase 
in rainfall during the main rainy season observed in the 
current study might lead to excess soil moisture and ulti-
mately result in flooding, soil erosion, and/or siltation of 
water structures.

5.2 � Temperatures trends

In the study area, warming of air indicated by increasing 
mean annual temperature in the main rainy season was 
significantly higher than that of the small rainy season. 
Hulme et al. (2001) and Collins (2011) also noted that 
significantly larger warming was observed for June, July, 
and August in Africa and across Central Africa, respec-
tively. Elagib and Mansell (2000) also indicated higher and 
more significant trends in the wet-season series than in the 
hot and dry seasons at Sudanese stations located south of 
latitude 16°N during the period extending from the 1940s 
to 1996. The rise in mean temperature might increase the 

Fig. 5   Number of stations 
with significant trends in daily 
extreme temperature
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potential evapotranspiration, speed the rate of growth of 
plants, and shift agroecology zones (Hatfield and Prueger 
2015). It might also increase water evaporation from natu-
ral and man-made surface reservoirs.

In general, the day temperature rose in the upper Blue 
Nile at a higher rate in the main rainy season than in the 
small rainy season. During the dry period, the day tem-
perature rose at the highest rate. Christy et al. (2009), 
Collins et al. (2011), Shawul and Chakma (2020), and 
Worku et al. (2019) also reported warming trends in maxi-
mum temperature in the eastern part of Africa, the whole 
Africa, Beressa, and Upper Awash River basins in Ethio-
pia, respectively.

As a whole, the nighttime temperatures revealed domi-
nantly increasing trends in the current study area. In line 
with these results, Conway et al. (2004) reported increasing 
trends in minimum temperature at Addis Ababa although 
they cautioned about the results due to data inhomogeneity. 
Mengistu et al. (2014) also indicated a significant increas-
ing trend in minimum temperature in northern, central, 
southern, and southeastern parts of the basin in all seasons. 
Tekleab et al. (2013) also reported increasing trends in 
minimum temperatures at the majority of the stations they 
considered. In their study, station-specific trends in mini-
mum temperature were not reported. As a result, it is not 
possible to compare their results with ours. Trends in mini-
mum temperature are mainly heterogeneous, partly due to 
their significant relationship with the altitude of the station 
location (Woldesenbet et al. 2017a). The higher warming 
rate in minimum temperature compared to that of maximum 
temperature (Tekleab et al. 2013; Mengistu et al. 2014) is not 
noticeable in this study. The increase of daytime temperature at 
a rate greater than that of the nighttime temperature is in accord 
with findings by Elagib (2010), Sulieman and Elagib, (2012), 
Meehl et al. (2009), and Trewin and Vermont (2010), who indi-
cated that Tmax is warming at a higher rate than that revealed 
by Tmin in Sudan, El-Gedaref in the eastern Sudan, the USA, 
and Australia, respectively. In eastern Africa, including Ethio-
pia, King’uyu et al. (2000) also studied data from 71 weather 
stations from 1939 to 1992 and concluded that the nighttime air 
was warming, but the trend was not spatially constant over the 
given study area.

The magnitude of trends in DTR during the main rainy sea-
son was higher than that of the small rainy season at all the sta-
tions under consideration. These trends can be explained by the 
higher rate of warming during the daytime over that observed 
during the nighttime. Elagib and Abdu (2010) indicated that 
increasing cloud amount and rainfall and declining sunshine 
played a significant role in the changes in DTR in the Kingdom 
of Bahrain. Besides, they speculated that the diminished levels 
of atmospheric moisture increased the DTR. Wang et al. (2014) 
also identified a negative correlation between DTR and the pre-
cipitation value in north east China. The diurnal temperature 

range, which is decreasing globally (e.g., Karl et al. 1993), is 
slightly increasing in the current study region. Aguliar et al. 
(2009) also reported similar results for Zimbabwe and Guinea. 
The somewhat universal consensus that DTR is declining partly 
due to a higher rate of increase in minimum temperature than in 
maximum temperature is unnoticeable in this study. Although 
literature for cities around the study region showed that most of 
the minimum temperature records might be affected by urban 
heat islands (Elagib 2011; Teferi and Abraha 2017), the extent 
of urbanization in the current study region is minimal.

5.3 � Trends in extreme temperature 
and precipitation indices

Statistically significant trends in cold extremes are decreas-
ing, meaning that cold nights and cold days are decreas-
ing in the study region. This result is consistent with global 
and regional trends (Alexander et al. 2006; New et al. 2006; 
Aguilar et al. 2009; Funk et al. 2015; Asfaw et al. 2018; 
Gebrechorkos et al. 2018). The magnitudes of trends at dis-
tinct stations are normally higher for TX10p than TN10p 
and for TNn than TXn. Warm spells (WSDI) increased 
consistently across the stations. These results are partly 
in agreement with that found by Brown et al. (2008), who 
indicated that extreme daily temperatures have increased for 
most regions of the globe since 1950. Berhane et al. (2020) 
also indicated significant increasing trends in temperature 
extremes for stations in western Tigray, Ethiopia.

The trends in the hot tails of the maximum temperature 
distribution are on average of higher magnitude that those 
observed in their cold counterparts. This result is in agree-
ment with that obtained using EURO-CORDEX by Rey 
et al. (2020), who indicated that the warm ends of the daily 
temperature distribution are varying more rapidly than the 
cold tails. There is an increase in the absolute annual maxi-
mum of both daily maximum and minimum temperatures, 
again in common with the global picture.

The significant trends in warm extremes, such as TX90p, 
TN90p, and WSDI, showed greater magnitudes than those in 
cold extremes like TX10p, TN10p, and CSDI. This finding 
is in accord with global results (e.g., Alexander et al. 2006; 
Donat et al. 2013), indicating that warming since 1980s is 
somewhat shaped by the rise of warm extremes than by the 
decline of cold extremes. With increasing occurrence of 
warm extremes and decreasing frequencies of cold extremes, 
the temperature series clearly indicated significant warming 
in the upper Blue Nile. Over the entire region, the frequency 
of warm days seems to be increasing whereas the frequency 
of cold days appears to be decreasing. These trends agree 
with trends observed across different parts of the world 
(Caesar et al. 2011). Periods of extreme temperature values 
might be hazardous to crop development and growth (Das 
et al. 2003).
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The warmest day and night of the year is warming at a rate 
approximately comparable to the global average. The coldest 
day and night of the year are cooling slower than the global 
average rate although the planetary trend in the coldest day is 
insignificant. Hulme et al. (2001) stated that during the twenti-
eth century, temperature in Africa increased at a rate of 0.5 °C 
century−1 from 1987 to 1998. They also indicated that the 
June − August and September − November seasons showed 
moderately warmer conditions than in December − February 
and March − May. Kruger and Shongwe (2004) found for Africa 
that the days and nights with high temperatures have risen while 
those with low temperatures have declined.

Most precipitation indices for the study area exhibited both 
increasing and decreasing trends though the increasing trend 
is slightly dominant. However, only few trends are statistically 
significant for any index. The study region has high intra- and 
inter-annual variability of rainfall (Seleshi and Zanke, 2004), 
thus making the trends problematic to identify. The majority 
of the stations showed increasing trends in annual total wet day 
precipitation (PRCPTOT). This observation goes parallel to the 
global results (Alexander et al. 2006; New et al. 2006), indicat-
ing consistent trends towards wetter conditions. Assessments of 
rainfall extreme events are useful for understanding the influ-
ences of climate extremes on soil erosion and sedimentation in 
the source region of the upper Blue Nile basin. Soil erosion and 
sedimentation in the Blue Nile river has increased (Gebremicael 
et al. 2013), which is likely partly associated with the increasing 
trends of daily rainfall intensity and amount.

Variability in rainfall during the main rainy season in the 
study region is regulated by large-scale climate forcings and 
changes in sea surface temperatures, such as El Niño–Southern 
Oscillation (ENSO) and Indian Ocean Dipole (Degefu et al. 
2016; Gebrechorkos et al. 2019; Mpelasoka et al. 2018). The 
equatorial central Pacific, the tropical and South Atlantic, and 
the South West Indian Ocean influence the main rainy season 
rainfall anomaly, with the equatorial Pacific sea surface tem-
peratures (SSTs) variability playing the greatest role (Diro et al. 
2011; Gleixner et al. 2016; Omondi et al. 2013).

Changes in the frequency of climate extreme indices can 
often have a greater unfavorable impact on rain-fed agricul-
ture and agroecology than a change in mean climate condition. 
The current study also gives useful information for climate risk 
management in water, energy, and food security nexus from the 
viewpoint of climate change.

6 � Conclusions

The trend analysis was carried out for homogenized pre-
cipitation and temperature time series within or near the 
Tana and Beles sub-basins over the period 1980–2017. In 
general, the results indicated significant warming appar-
ent by increasing trends in maximum temperature, mixed 

significant trends in minimum (or night) temperature, and 
significant increasing trends in annual and main rainy-season 
precipitation.

The rate of change in Tmin for most of the stations 
considered herein was lower than that for Tmax. On one 
hand, the warming trend indicated by temperature could 
increase crop water demand and water evaporation from 
reservoirs in the sub-basins. On the other hand, the increase 
in rainfall may raise effective rainfall amounts to compen-
sate for crop water demand. It may also increase the input to 
reservoirs as direct rainfall. Therefore, the effect of higher 
temperature level and rainfall volume on net crop water 
demand and net reservoir losses might offset each other in 
the study region.

The study provides evidence that during the last 38 years, 
the source region of the Blue Nile was particularly affected 
by warming indicated by daytime extremes rather than cool-
ing manifested by nighttime extremes. As the trend direction 
and magnitude depend on the length of the records, the trend 
values in the current study might change when considering 
longer-term climate data. It should be noted, however, that 
the trends detected in the present study must be considered 
an investigative evaluation due to the short period (38 years) 
covered in the analysis.

Attention must be paid to data homogenization prior to 
trend detection and climatic related studies. It is recom-
mended that the previous climate-related studies, which 
overlooked this pivotal issue in the analysis, should be 
revisited. Furthermore, a robust approach to removing sig-
nificant serial correlation in climatic data should be empha-
sized before a trend detection is carried out. The outcomes 
of the current study offer crucial information on the recent 
trends of mean and extreme rainfall and temperature in the 
headwater region of the upper Blue Nile basin, where many 
water resource developments projects have been undertaken 
by the Government of Ethiopia for food and energy security. 
The study also gives useful information to consider while 
managing the water, energy, and food security nexus of the 
region in the context of climate change.
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