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Abstract

Climate variability can affect sustainability of water resources in rural areas. The impact of climate variability is greater for
areas having low annual rainfall and complex topography. The objective of this study was to investigate spatial and temporal
variability of climate and its impact on sustainability of rural water supplies in northern Ethiopia. Station-based climate
data of six meteorological stations were gathered from Ethiopian Meteorology Institute (EMI) with varied recorded peri-
ods. Rainfall trend analysis was conducted using the Mann—Kendall test and Sen’s slope estimator. Rate of water yield for
hand-dug wells and springs was measured using pumping and recovery tests. Results of this study showed that no significant
trends were detected for annual and seasonal rainfall of all stations, except the summer rainfall of Dengolat station. Average
monthly minimum and maximum temperatures in the last 3 decades have been increasing by 0.68 and 0.34 °C, respectively.
Yield test results of wells and springs of the study area varied from 0.01 to 1.34 L per second (I/s). Yield test results for
wells and springs showed that only 19% of the water supply schemes satisfy the daily domestic consumption of 25 L/capita/
day. The study implied that water yield of the water supply schemes is impacted by temporal and spatial climate variability.
Water yield of wells and springs was positively correlated with annual rainfall, but negatively correlated with slope gradient
of the study area. Water yield of the water supply schemes located nearby to check dams, reservoirs, ponds, and perennial
rivers was relatively better compared to others schemes.

Keywords Rainfall and temperature variability - Trend analysis - Water supply sustainability - Well and spring yield rate

Introduction

Water is recognized as a key factor for poverty reduction
and economic development. Domestic water supply is one
of the basic primary necessities for human beings to live
healthy, survive, and be productive. In this study, water sup-
ply describes the amount of water produced from wells and
springs and supplied to the rural communities. As many of
the water supply schemes (WSSs) tested for yield perfor-
mance had limited yield rates, the schemes were mainly used
to fulfil the basic needs of users. In 2022, 2.2 billion people
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of the world still lacked safely managed drinking water and
the projection implies that no region is on track to achieve
the universal water access by 2030. A dramatic progress is
needed to increase sixfold to meet the sustainable develop-
ment goal (SDG) global target (WHO, Unicef, World Bank
2022; WHO and UNICEF 2023). Observational records and
climate projection indicated that freshwater resources have
the potential to be strongly impacted by climate change, and
observed warming over several decades has been linked to
changes in the large-scale hydrological cycle (Bates et al.
2008). Nowadays, many African countries including Ethio-
pia are expected to be highly vulnerable to climate vari-
ability and future climate changes (Awulachew et al. 2007,
Conway and Schipper 2011; MoWIE 2016; MoWIE 2018;
MacAllister et al. 2020; Abebe et al. 2022). It is, however,
difficult to adequately model the impact of climate change
on hydrological systems because of the complex interaction
of climate and hydrological processes. As a result, it is very
difficult to predict the likely impacts of climate change on
rural water supply schemes (Bonsor et al. 2011; Taylor et al.
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2013). In fact, perceptions and experience of many African
rural communities showed a frequent and extended droughts
which relate with climate variability and changes (Meze-
Hausken 2004; Nyahunda and Tirivangasi 2019; MacAllister
et al. 2020).

Although climate variability and change will unques-
tionably be vital in determining future water security, other
drivers, such as population growth, economic development,
technical and social determinant, and rising food demands,
are likely to provide greater pressure on rural water sup-
plies (Wang et al. 2016; Esayas et al. 2019; Twisa and
Buchroithner 2019). Similarly, WHO (2009) stated that cli-
mate variability is becoming a threat to water supply and
sanitation. Thus, the ever-increasing water demand in sub-
Saharan Africa will depend on development of groundwater
resources (MacDonald et al. 2012). Water availability from
surface water sources or shallow groundwater wells depends
on the seasonality and inter-annual variability of either rain-
fall or combination of rainfall and streamflow (Kahsay et al.
2017; Kotchoni et al. 2018). Globally, ground water is the
source of 36% of all domestic water demands (Bonsor et al.
2011; Taylor et al. 2013). The situation is not different in
Ethiopia, where the majority of rural water supplies are
groundwater-based despite Ethiopia having 12 river basins
and 20 lakes with 122 billion m? annual runoff (Awulachew
et al. 2007).

Most rural communities in Africa rely on unimproved
sources, such as open water and shallow wells (Bonsor et al.
2011). Water springs (SPs) and hand-dug wells (HDWs)
are the major sources of domestic and irrigation water for
the vast developing countries as a result of relatively low
construction and maintenance costs (Ibrahim et al. 2021).
For example, in Ethiopia, the main domestic water sources
for rural population (more than 80%) are SPs, HDWs, shal-
low and deep wells, rivers, and ponds. Nearly 23.3% of the
Ethiopian population is dependent on unimproved sources,
such as rivers, ponds, unprotected SPs, and open HDWs
(MoWIE 2016).

Variability of water availability, overexploitation, techni-
cal determinant, and climatic effects exacerbate the limita-
tion to access and sustainability of water supply in rural
areas (Twisa and Buchroithner 2019). In northern Ethiopia,
the presence of climate variability highly affects the avail-
ability of water resources (Gebrehiwot and van der Veen
2013; Hadgu et al. 2013). Climate change is likely to modify
groundwater recharge patterns, though groundwater recharge
is thought to be a function of climatic factors, topography,
local geological formation, and land-use/land-cover (LULC)
types (Dragoni and Sukhija 2008; Sethi et al. 2020; Alem
et al. 2022). Moreover, rainfall variability and evaporation
are responsible to shifts in soil moisture deficits and surface
water runoff, and expected to have an effect on groundwater
recharge (Kahsay et al. 2017).
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According to FAO (1984), 50% of the African moun-
tains with elevation above 2000 m are found in Ethiopia.
It is reported that mountains can contribute more water to
downstream users (Wangdi et al. 2017). However, water
supply users who settle in mountainous areas are likely to
be affected by scarcity of water due to minimum ground-
water recharge (Walraevens et al. 2009). Thus, domestic
water sources in the northern Ethiopian highlands are
influenced by the rugged topography and degraded land
which limit infiltration and water holding capacity of the
ground.

About 80% of people living in rural areas are still lack-
ing at least basic drinking water services in 2022, and the
coverage gap between urban and rural is the greatest in sub-
Saharan Africa (38%) and in Latin America and the Carib-
bean (27%) (WHO and UNICEF 2023). Ethiopia has made
remarkable progress in water supply development and access
over the last 2 decades (Calow et al. 2015). According to
UNICEF and WHO (2015), Ethiopia has reached a water
supply coverage of 57% (48.6% in rural and 93% in urban
areas) in 2015. Similarly, MoWIE (2015) reported that rural,
urban, and overall water supply coverage of Ethiopia in 2014
was estimated to be 75.5, 84.1, and 76.7% respectively. In
Tigray, where this study is located, water supply coverage
was reported to be 58% (TBoWR 2019). However, with the
current pressing issues of climate variability, sustaining rural
water supply systems and services remains a huge challenge.
According to MacAllister et al. (2020), average non-func-
tionality rate out of 5196 sampled WSSs in Ethiopia was
25% for hand pumps and 40% for motorised boreholes. Simi-
larly, MoWIE (2018) identified that the main challenges of
water supply system are significant gap in the adequacy of
water supply system versus demand; reliability, and quality
of water sources; and climate conditions including frequent
droughts.

According Bates et al. (2008), it is highly complex to
know the relationship between rainfall, river flow, and con-
tamination of the water supply. Many water supply utilities
around the world face challenges due to population growth
and climate change (Kiyan et al. 2023; Talema 2023). The
quality indicator parameters and pollution of water depends
on human activities, population, temperature, rainfall
intensity, degree of flow, salinity, source of water, indus-
tries, waste water availability, and others (Bates et al. 2008;
Talema 2023). Two-thirds of people in sub-Saharan Africa
and one-third of people in Central and Southern Asia still
rely on unsafe drinking water (WHO, Unicef, World Bank
2022). Over 85% of improved rural water sources of Ethio-
pia were reported as contaminated (World Bank 2017).
As availability of industries and other oily factories in the
study area was less the main sources for pollution may be
due to natural hardness (for 68% of the people), fluoride, and
domestic waste (CSA 2017).
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In semi-arid areas, despite the frequent drought, unrelia-
ble rainy seasons, concentration of annual rainfall on certain
days of months, there is lack of detail scientific studies, data
and organized solutions for domestic water supply related
problems. The main objectives of this study were, therefore
to analyze temporal and spatial climate variability, measure
water yield of wells and springs, and assess the impact of
temporal and spatial climate variability on sustainability of
rural WSSs in Tigray region, northern Ethiopia.

Materials and methods
Description of the study area

The study area is found in the south-eastern zone of Tig-
ray regional state, northern Ethiopia. Geographically, it is
located between 12°53"2" and 13°38'44"N and 39°16'43"-
39°52'40"E (Fig. 1). The study area comprises two rural dis-
tricts or woredas of the south-eastern zone, namely Enderta
and Hintalo-Wejerat. Enderta is one of the four woredas of
the south-eastern zone and it surrounds Mekelle city, the
capital of Tigray regional state. Hintalo-Wejerat has a com-
plex topography and is located south of Enderta woreda
(Fig. 1). The study area has 38 Kebelles (sub-administrative
units of the woreda) and has a total area of 3151 square kilo-
meters. According to CSA (2013), the population size of the
two woredas in 2014 was 300,000 with average population
growth rate of 2.5%, out of which 94% are rural inhabitants.
Average population density of the study area is about 95
people per square kilometer.

Enderta and Hintalo-Wejerat are part of the rugged and
undulating topography of the northern Ethiopian highlands.
The landscape is characterized by mountains, plateaus, val-
ley floors, and gorges. The altitude of the two woredas ranges
between 1193 and 3537 m above sea level. There is no a
separate study that shows detail water resource potential of
the study area and the region; however, annual average run-
off volume and groundwater potential of Ethiopia are about
122 and 20 billion m?, respectively, which amounts to per
capita water availability of about 1100 m? per year (Awu-
lachew et al. 2007). The study area has a semi-arid climatic
condition with an extended dry period of 9-10 months. The
average effective rainy days (greater than 1 mm) of the study
area varies from 40 to 60 per year. The long-term annual
average rainfall of the study area is 604 mm in Mekelle
(M), 505 mm in Adigudom (A), 720 mm in Dengolat (D),
565 mm in Adishehu (As), 464 mm in Hiwane (H), and
539 mm in Debub (Db) (Fig. 1). The rainfall pattern is pre-
dominantly uni-modal type. In general, three distinct sea-
sons can be recognized. The first is the main rainy monsoon
season which lasts from June to September; the second is
the dry winter season from October to February. The third

season is spring from March to May, with occasional show-
ers of rain (15-20% of annual rainfall) is the hottest season
of the year.

Data collection and methodological framework

Primary data were collected in the months of April to June
in 2017. Similarly, secondary data were collected in the
months of January to March in 2017.

Primary data collection involved field measurements,
surveying, and interviewing water users. The collected pri-
mary data include yield rates of wells and SPs, depth and
overall dimensions of wells and SPs, number of users in
each scheme, amount of water used per household, and the
topographic and land-use conditions of the surrounding area
where schemes are located.

Secondary data in this study consisted of rainfall, temper-
ature, and detail information on WSSs. Secondary data were
mainly gathered from the Ethiopian Meteorology Institute
(EMI) and Tigray Bureau of Water Resources (TBoWR).

The overall methodological framework of this research is
demonstrated in Fig. 2.

Water supply scheme data sampling

The study was conducted using a cross-sectional survey
approach where data were collected from a representative
sample. In this study, purposive type of sampling technique
was used to select the scheme types for investigation. Only
functional HDWs and SPs were picked for detail evalua-
tion and analysis due to ease of access and minimization of
risk of failure during data collection. The dry WSSs were,
however, included in the overall climate variability analysis.

The sampling was dependent on the availability of
required data from the construction till field study period.
HDWs were selected for sampling if they had recorded data
of water yield rate during construction or rehabilitation,
water depth, and static water levels. SPs were prioritized
for sampling if they had recorded water yield rate and did
not have seepage problem. Moreover, the sampled HDWs
and SPs had a known construction time. Around 1136 WSSs
were constructed in the two Woredas untill March 2017. Out
of the 1136 WSSs, 425 were HDWs, 164 were SPs, 533 were
shallow wells, and 14 were deep wells.

Based on the selection criteria, 65 HDWs and 106 SPs
satisfy the requirements and were prioritized for field sam-
pling. During field work, only 30 HDWs and 22 SPs were
functional and they fulfil the criteria for water yield test.
However, only 21 HDWs were accessible and not difficult to
open their manholes. Moreover, all the 22 SPs were chosen
for detail analysis. All the dried WSSs (n="79), which covers
29% of the total non-functional schemes, were also selected
for analysis. Furthermore, questionnaire was prepared and
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Fig. 1 a Geographical locations of Ethiopia and the study area. b Administrative woredas of Tigray region. ¢ Existing meteorological stations. d

Elevation. e Terrain slopes. f Land-use/land-cover (LULC) map of the study area

distributed to target groups to assess the level of satisfaction
of the users. The questionnaire survey was aimed at col-
lecting data about the satisfaction and situations of selected
WSSs for the years 2015 to 2017.
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Most of the functional SPs tested for their performances
are found in the rugged topography of the study area. The
water supply sources are located in different LULC types.
The LULC of a certain water supply source was represented
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Fig.1 (continued)

by the dominant LULC of nearby areas. In most cases, the
dried WSSs were located in grazing land, bare land, and
cultivated lands. More than 72% of dry wells were found in
slope gradients greater than 4%; and 25% were located in
gradients greater than 8%. Figure 3a, b indicates the location
and distribution of functional HDWs and SPs, dry WSSs,
and spatial distribution of annual rainfall.

Measurement of water yield and static water level

Water yield of the WSSs was measured using a pumping
and recovery tests (Amah and Anam 2016; Balasubramanian
2017). Pumping test is a practical and reliable method of
estimating the performance and yield of wells (Balasubra-
manian 2017). The duration of pumping test could vary from
hours to days. The pumping test for surface or submersible
pump installation needs great care and long pumping dura-
tion, which may be more than one day (Gross 2008). In this
study, duration of pumping test for the HDWs varied from
1 to 3 h, depending on the potential of the wells. Duration
of recovery for the pumped wells also varied from 1 to 11 h.

[ Crops

The static and recovery water levels were measured using
a dip meter. The dip meter has an electric sensor that dis-
plays light with an immediate sound when the sensor reaches
or touches the surface of water. This instrument was also
used to know water level at different time during the pump-
ing test and recovery of wells, and water level change of SPs.
Figure 4 shows the procedures for measuring water yield
and static water level of the wells. The yields of the SPs
with gate valves were computed by measuring the internal
dimensions of the temporary reservoirs and change in water
level during observation by dip meter. For SPs without gate
valves, yield was measured using a bucket method.

Meteorological data analysis

Meteorological data records such as rainfall and temperature
were obtained from EMI. The description of the meteoro-
logical stations in the study area is summarized in Table 1.
Consistency of the rainfall data was checked by the double
mass curve method (e.g., Gao et al. 2017). Homogeneity of
the meteorological data record was checked by analyzing the
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Fig.2 Overall conceptual
framework of the research work
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A

Water supply schemes (Hand-dug wells
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|

Functional water
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Yield Test of
Hand-dug wells
and springs

! .

Dry water supply Variability and trend
schemes analysis
Evaluation/identif
ication of other
causes

A

deviation of a record from the mean as described in Buis-
hand (1982).

Based on the length of recorded years of meteorological
stations, Thiessen polygon was used to generate areal rainfall
of the study area before 2008 (only Mekelle, Adigudom,
Dengolat, and Adishehu stations were considered) and after
2008 (all stations). The generated areal rainfall was used
to correlate rainfall with measured water yields and dried
WSSs.

Rainfall and temperature variability

A standardized rainfall anomaly (SRA), precipitation con-
centration index (PCI), and coefficient of variation (CV)
were used for analyzing rainfall variability (Bewket and
Conway 2007; Gebrehiwot and van der Veen 2013; Hadgu
et al. 2013) of the study area. SRA was calculated as the dif-
ference between annual rainfall of a particular year and the
long-term average rainfall records divided by the standard
deviation of the long-term data. SRA was used to evaluate

@ Springer

Correlation between
parameters

I

Impact assessment

inter-annual fluctuations and examine the nature of trends of
rainfall throughout years (Eq. 1)

Pi—p
SRA = ——, 1
P )]

where SRA is standardized rainfall anomaly; P; is annual
rainfall of a particular year; y is mean annual rainfall for the
period of observation.

PCI was used to evaluate the distribution of the rainfall
throughout the months of the year using the method used
by De Luis et al. 1999), which is the modified version of
Oliver’s (1980). The PCI was computed using Eq. (2)

pel= <Z;=2]Pi2/(2ilzzlpi)2) * 100, @

where PCI is precipitation concentration index and P; is the
rainfall amount of the ith month. According to Ngongondo
et al. (2011) and Oliver (1980), PCI values of less than 10
indicate uniform monthly distribution of rainfall, values
between 11 and 20 indicate high concentration, and values
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above 21 indicate very high concentration of monthly rain-
fall distribution.

The inter-annual and seasonal rainfall variability was
determined by CV, which is obtained by dividing the standard
deviation of the event to the long-term average rainfall for the
given period of each weather station (Eq. 3). Similarly, temper-
ature variability was expressed in monthly, yearly, and decadal
variations of the observed temperature in Mekelle Airport.
The CV quantifies the overall variability of rainfall records
of an area. Based on the CV values (Addisu et al. 2015), rain-
fall variability is categorized into low (CV <20), moderate
(20<CV <30), and high (CV > 30)
cv =32 . 100, 3)

U
where CV is coefficient of variability; SD is standard devia-
tion; u is long-term mean value

Rainfall and temperature trends

Trend analysis of rainfall and temperature was conducted
using the Mann—Kendall test (Salmi et al. 2002; Yue and
Wang 2004; Mavromatis and Stathis 2011). The Mann—Ken-
dall test is a statistical non-parametric test which is widely
used for analyzing trends of hydro-meteorological time-
series (Kumar et al. 2010; Mavromatis and Stathis 2011;
Abrha and Simhadri 2015; Abebe et al. 2022). The advan-
tage of the Mann—Kendall test for trend analysis is that it has
low sensitivity to rushed disruptions due to inhomogeneous
data (Tabari et al. 2011; Abebe et al. 2022) and the data
should not have to be normally distributed.

The slope of statistically significant trends in rainfall and
temperature records was estimated using the Sen’s slope esti-
mator (Sen 1968). The Sen’s slope estimator can be applied
if the trend of the time-series data is linear.

Correlation with water yield of wells and springs

Precipitation and temperature are the two major sensitive
parameters that govern hydrologic change (Conway and

@ Springer
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Fig.4 Measurement procedure for water yield and static water level of hand-dug wells: a digging manhole, b measuring water level, ¢ measur-
ing diameter of the well, and d pumping water

Table 1 Description of meteorological stations in the study area

Meteorological station Northing Easting Altitude (m.a.s.l) Recorded data No. of years Available data type

Mekelle 13.47° 39.53° 2248 1960 57 Daily rainfall, minimum
and maximum tem-
perature

Adigudom 13.25° 39.53° 2104 1972 45 Daily rainfall

Dengolat 13.31° 39.32° 2070 1995 22 Daily rainfall

Adishehu 12.94° 39.53° 2465 1997 20 Daily rainfall

Hiwane 13.11° 39.55° 2050 2008 9 Daily rainfall

Debub 13.08° 39.64° 2080 2009 8 Daily rainfall
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Schipper 2011). Correlation is a statistic used to strengthen
the validity and reliability of the evidence by knowing the
relationship between two variables (Landau and Everitt
2004). To know the relationship and impact of rainfall and
slope of surrounding area on water yield of water wells and
SPs, Pearson correlation was used at 5% significant level.

Results and discussion
Rainfall variability

The long-term average annual rainfall distribution of the
study area varied from 464 mm in Hiwane to 720 mm in
Dengolat. In almost all stations, the rainfall character is uni-
modal type. Annual rainfall in all stations is mainly concen-
trated in the summer season (June—September). The contri-
bution of summer rainfall to the annual total ranged from
74.3% in Debub to nearly 89% in Adigudom and Adishehu
(Table 2). Spring rainfall makes a considerable contribution
to the annual total in Debub (20%), Dengolat and Mekelle
(16%), and Hiwane (15%). Annual rainfall of each station of
the study area highly concentrates on July and August, from
62% in Debub to 73% in Adigudom, as shown in Table 2.

The above results are similar with previous studies in the
region (Bewket and Conway 2007; Abebe et al. 2022).

Average monthly rainfall amount of the stations highly
varies throughout the year, as shown in Fig. 5. The mini-
mum average monthly rainfall varies from 0 mm (January
and December) to 164 mm (August). The maximum aver-
age monthly rainfall varies from 5 to 251 mm in the similar
months.

The CV of stations for summer season showed that
rainfall in the study area has high inter-annual variability
(Table 3). Annual rainfall variability was high and CV var-
ied from 19% in Dengolat to 41% in Adigudom. Generally,
the spring and the winter rainfalls are much more variable
than the rainfall of the summer season. Moreover, the sum-
mer rainfalls varied from a CV of 22% for Dengolat to 46%
for Adigudom. The seasonal and annual rainfall variability
analysis results of Hadgu et al. (2013) and Gebrehiwot and
van der Veen (2013) were similar with the findings of this
study. In contrast, a study in a nearby region to this study
area by Bewket and Conway (2007) stated that the summer
rainfall distribution had moderate inter-annual variability.

The spring rainfall for the study area showed high inter-
annual variability (CV >52% in Debub and 121% in Dengo-
lat). Similarly, inter-annual variability for Hiwane was 34%.
This result is in agreement with previous studies in Ethiopia

Table 2 Annual and seasonal

3 e Stations Summer rainfall (mm) Spring rainfall (mm) July contribu-  August
rainfall distribution and tion contribu-
concentration of rainy times tion

Mekelle 489 (81%) 96 (16%) 33% 37%
Adigudom 450 (89%) 47 9%) 30% 43%
Dengolat 579 (80%) 117 (16%) 30% 35%
Adishehu 498 (89%) 48 9%) 34% 38%
Hiwane 373 (80%) 71 (15%) 30% 35%
Debub 401 (74%) 106 (20%) 26% 36%
s Meckelle mmm Adigudom s Dengolat mmmm Adishehu

—_ 300 s Hiwane s Debub e oo Minimum = = Maximum
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Fig.5 Average monthly rainfall amount and minimum and maximum ranges
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Table 3 Precipitation

F Station Overall record 1997-2016

concentration index (PCI) and

the coefficient of variation Coefficient of variation, CV (%) PCI (%) Coefficient of variation, CV (%) PCI (%)

(CV) of rainfall in Enderta and - - - -

Hintalo-Wejerat Annual Summer Spring Winter Annual Summer Spring Winter
Mekelle 26 29 62 98 29 27 29 6 88 31
Adigudom 41 45 76 168 32 0.40 44 84 170 35
Dengolat 19 22 121 126 28 19 20 118 106 28
Adishehu 37 41 81 156 31 37 41 81 156 31
Hiwane 23 24 34 113 26 na na na na na
Debub 24 30 52 072 23 na na na na na

na Not available data in 1997

which indicated that the spring rainfall is more variable than
the summer season (Seleshi and Zanke 2004; Bewket and
Conway 2007; Gebrehiwot and van der Veen 2013). In con-
trast, in the central highlands of Ethiopia, Rosell (2011)
found higher rainfall variability during the summer season.
The difference in rainfall variability between the northern
and central parts of Ethiopia indicates that there is a large
spatial and temporal variation in climate across the country.
Seleshi and Zanke (2004) noted that the summer rainfall is
impacted by the sea surface temperature over the equatorial
Eastern Pacific Ocean. The summer rainfall season over the
central highlands of Ethiopia was mainly related to equato-
rial pacific sea-level pressure, the Southern oscillation index,
and the sea surface temperature.

The results for Mekelle station indicate that CV of
annual rainfall for the first 3 decades (1967-1996) was
24%. In the recent 2 decades (1997-2016), the CV
value of Mekelle station slightly increased to 27%. All
stations have PCI values which varied from 23 to 32%.
Based on De Luis et al.’s (1999) definition, all stations
were grouped under a range of very high concentration

mmmm Rainfall anomalies of Mekelle
ee+ Linear (Rainfall anomalies of Mekelle)

120

Rainfall anomalies

1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000

of monthly rainfall. The analysis for decadal trend of the
PCI value in Adigudom and Mekelle stations indicates that
PCI is increasing in every decade. Considering the very
high and continuous concentrated rainfall distribution on
few months is in agreement with the study by Viste et al.
(2012) and Abebe et al. (2022). Based on this result, the
availability and sustainability of surface and sub-surface
water for drinking and other purposes can then be affected.
The temporal rainfall analysis indicated that rainfall
pattern of the study area showed a very high variability
throughout year and it is quite often with negative and pos-
itive anomalies. A period of positive anomaly with respect
to the long-term mean is considered as normal, whereas a
period of negative rainfall deviation is noticed as drought
condition. In the first 15 years, the deviations from long-
term annual rainfall were very low and 67% of the two
(Mekelle Airport and Adigudom) stations showed positive
anomalies (Fig. 6). However, it is apparent that the period
of 2002-2016 has shown 60 and 67% reduction in rainfall
at Mekelle Airport and Adigudom stations, respectively.

mmmm Rainfall anomalies of Adigdom
Linear (Rainfall anomalies of Adigdom)

2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011

Years

Fig. 6 Rainfall anomalies of Mekelle Airport and Adigudom stations (1987-2016)
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Temperature variability

Mean annual temperature distribution in the study area var-
ied from 16.1 to 19 °C for the years 1960 to 2016. Almost
90% of the Tigray region is categorized under semi-arid
zones of the country which experience mean annual rain-
fall of between 300 and 800 mm and a mean annual evapo-
transpiration of 1600 and 2100 mm (MoWIE 2018). The
results of the past 3 decades showed that the average annual
maximum temperature for the study area has been increas-
ing by about 0.34 °C per decade, while the average annual
minimum temperature has been increasing by about 0.68
°C per decade. Another study by Gebrehiwot and van der
Veen (2013) in different parts of Tigray region has reported
similar changes in temperature.

National study revealed that average annual minimum and
maximum temperatures of Ethiopia have increased by 0.25
and 0.10 °C, respectively (NMA 2001). This shows that this
study area is warming faster than the national average. The
minimum temperature is increasing faster than maximum
temperature, which implies that warming nights is increasing
over the years. Some studies indicated that the magnitude
of temperature increase in most parts of Ethiopia is vari-
able (Conway and Schipper 2011; IPCC 2013). The average
temperature rises in Africa (0.5 °C per decade), which is
similar with the result of study area is faster than the global
average and it is expected to occur in future in similar man-
ner (Collier et al. 2008). Generally, the analysis showed that
temperature is highly increasing and this could increase the
rate of water loss from earth’s surface and water bodies.

The analysis on the inter-annual variability within the
last 3 decades of monthly average minimum and maxi-
mum temperature showed that minimum temperature is
the highest in May. The result shows that the fluctuation
of the highest monthly average minimum temperature

becomes greater in the previous decade (2007-2016)
than others. The percentage occurrence of lowest records
of monthly average minimum temperature was similar
in Januarys and Decembers with some fluctuations. The
maximum temperature in the study area is the highest in
May and the lowest occurs in August. The mean of the
minimum and maximum temperature is 11.6 and 26.1 °C,
respectively (Fig. 7).

Generally, temperature of the Mekelle meteorological sta-
tion is increasing. Average minimum temperature is fluctuat-
ing in all months of years for the past 3 decades, 1987-2016
(Fig. 8a). Similarly, the average maximum temperature is
increasing in all months of the 3 decades with increasing
trends (Fig. 8b).

Trend analyses of rainfall and temperature
Rainfall trend analysis

Average annual rainfall of each station varied both in time
and space, but the percentage of the summer’s annual rain-
fall distribution was similar in all stations. Generally, the
trend analysis for annual rainfall of all six stations has shown
no significant trend at 95 and 99% confidence levels. The
trend for Mekelle Airport station for 30-year data series
was similar with the results of long-term values. Hiwane
has positive but non-significant trend. Debub and Adishehu
stations recorded negative trends of annual rainfall. The
negative trend is higher for the southern and south-eastern
mountainous area of the study area. Table 4 shows the slopes
of annual rainfall trends of the study area.

The result of summer (rainy season) trend indicated that
Dengolat has positive and significant rainfall trend. Other
stations, however, showed a decreasing non-significant

mmm Monthly average Minimum temperature (1960-2016)

mmm Monthly average maximum temperature(1960-2016)
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=== Average monthly temperature, 1960-2016
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Fig.7 Inter-annual variability of average, monthly minimum, and maximum temperature in the study area (1960-2016)
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Fig. 8 Inter—annual variability of temperature: a monthly average minimum and b monthly average maximum for three decades

Table 4 Annual rainfall trends

: . Stations Record years ~ Annual Summer Spring
of the meteorological stations

Sen’sslope  Mann-K  Sen’sslope  Mann-K  Sen’s slope  Mann-K

Mekelle 57 —0.99" —-0.081 —-0.66™ —-0.091 —-0.19" —0.046
Adigudom 30 —1.65" —0.054 -0.97™ -0.027 -0.23™ -0.072
Dengolat 22 —-1.51™ -0.48 7.89% 0.255 —-1.67" -0.117
Adishehu 20 —14.6™ —-0.189 —8.82™ —-0.147  —-0.84™ -0.10
Hiwane 9 0.33" 0 —16.55™ -0.22 -0.1™ —-0.056
Debub 8 —-36.9™ —-0.286 —17.44™ —-0.36 6.3" 0.43

Slope =the change rainfall (mm)/year; Mann k=Mann—Kendall trend test, ns =non-significant trend
*Significant trend at 0.05 significant level

rainfall trend. The magnitude of decreasing rainfall trend is ~ Dengolat have positive and significant trends. However, the
higher for Debub, Hiwane and Adishehu. In similar manner, rest all months of were non-significant for all stations, as
the monthly trend indicated that August and September for ~ shown in Table 5.
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Table 5 Montbly rainfall trends Stations Sen’s slope

of meteorological stations

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

Mekelle 0 0 0.03 -0.29 0.17 0.08 -05 -049 -0.13 0 0 0
Adigndom 0 O 0 -026 0 -053 -025 095 -0.06 0 0 0
Dengolat 0 O 05 -16 0 —0.64 2.08 43% 227% 0 0 0
Adishehu 0 O 0 -037 -0.07 -092 —-425 -30 -072 0 0 0
Hiwane 0 0 1.08 -3.22 -0.27 0.56 -429 -0.048 105 0.11 0 0
Debub 12 0 1.9 -294 1004 3 -17.6 —-10.55 14 -1.65 1.04 0.13

Slope =the change rainfall (mm)/year

*Significant trend at 0.05 significant level

Table 6 Trend of average minimum and maximum temperatures

Temperature Sen’s slope Mann-K
Average minimum temperature 0.011* 0.245
Average maximum temperature 0.00 0.009
Annual average temperature 0.06 0.068

Mann—K Mann—Kendall test
*Significant trend at 0.05 significant level

Generally, no significant trend in seasonal and annual
rainfalls were observed in all meteorological stations of the
study area. Except in Hiwane, annual rainfall of all stations
has indicated a decreasing trend. Likewise, the previous
studies in northern Ethiopia reported that trends of seasonal
and annual rainfalls had increasing and decreasing trends,
but not statistically significant (Meze-Hausken 2004; Seleshi
and Zanke 2004; Viste et al. 2012; Hadgu et al. 2013; Abebe
et al. 2022).

Temperature trend analysis
Recorded data for both average minimum and maximum

temperature entail a positive trend at both 0.01 and 0.05
significant levels with significant slope for average minimum

temperature (Table 6). Many evidences indicated that tem-
perature is increasing throughout the world (Collier et al.
2008; Conway and Schipper 2011; IPCC 2013). The find-
ings of previous research studies in northern Ethiopia and
nearby regions are also in agreement with the current result
(Gebrehiwot and van der Veen 2013; Addisu et al. 2015;
Esayas et al. 2019; Gebrechorkos et al. 2019).

The Sen’s slope and Mann—Kendall values of seasonal
and monthly maximum and minimum temperature for the
station are given in Table 7. The seasonal maximum tem-
perature for all seasons had positive and significant trend
at 0.0001, 0.001, and 0.0001 p values, respectively. While
trend of minimum temperature was significant only for sum-
mer season with 0 p value, and this indicates the summer
has been warming which plays a vital role in water balance
and water supply.

Out of 12 months, half of them have shown positive sig-
nificant trend for maximum temperature. About 83% of the
months were found in dry and spring seasons. In contrast,
positive significant trend in minimum temperature was
observed only for July. Generally, MoWIE (2018) revealed
that temperature is increasing in all seasons and almost all
months, and the rate of evapotranspiration (1600-2100 mm)
will continue affecting both surface and groundwater sources
of water supply.

Table 7 Seasonal and monthly trend of maximum and minimum temperature for 30 years (1987-2016)

Parameter Sen’s slope
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

Maximum temperature 0.038  0.047° 005" 007" 009" —-0.001 004 0.05 004 0.04° 0018  0.021
Minimum temperature -0.002  0.031 0.035 0.02 0.01 0.022  0.03"  0.02 0.01 —-0.01 0.03 0.008
Parameter Dry Spring Summer

Sen’s slope Mann-K Sen’s slope Mann-K Sen’s slope Mann-K
Maximum temperature 0.046" 0.545 0.065" 0.458 0.047" 0.524
Minimum temperature 0.00049 0.011 0.016 0.122 0.057" 0.485

Mann—K Mann—-Kendall test
*Significant trend at 0.05 significant level
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Water yield of water supply sources

Figure 9 shows water yield rates of HDWs during construc-
tion and in 2017. For most HDWs, water yields were lower
in 2017 compared to water yields during construction. Some
wells, such as W2, W4, W5, W6, W8, W10, W11, and W19,
have higher water yield in 2017 compared to the water yield
during construction. Comparing the yield of the wells during
the construction time and in 2017, yield has increased by
38%. These HDWs were located in slope less than 5% and
in well covered or/and conserved surroundings.

In some wells, measured water yields were similar
throughout the depth. This may be either of or due to com-
bination of good potential of groundwater, property of geo-
logical formation (Walraevens et al. 2009; Gross 2008), con-
finement of the geological formation, and position of the
entry of recharged water. Most of these wells were covered
or/and found near conserved areas.

The common type of improved water source in the study
area is groundwater in boreholes equipped with a hand pump
and SP. Available studies showed that groundwater recharge
and discharge conditions are the reflection of the climatic
variables, landscape characteristics, topography (MacDon-
ald et al. 2009; Walraevens et al. 2009; Dragoni and Sukhija
2008; Kahsay et al. 2019), and human impacts, such as agri-
cultural drainage and flow regulation.

The springs which had good water yields were located in
grasslands and/or conserved areas. Examples of such SPs
were SP1, SP3, SP11, SP14, and SP18 (Fig. 10). SPs, such
as SP5, SP6, SP8, SP9, and SP10, showed a decrease in
water yield in 2017 by more than 70% compared to yield
in the construction time. These SPs were located in slopes
between 10 and 35%. Thus, the cause for the reduction in
yield could be due to the dramatic decrease of ground water

level in sloped areas during dry season (Walraevens et al.
2009).

Impact of climate variability on water yield
of water supply sources

Water yield and rainfall

For 86% of the HDWs, annual rainfall was greater in 2016
than before the construction time (Fig. 11). Generally, annual
rainfall in 2016 exceeded the long-term average annual rain-
fall by 17% in Adigudom, by 35% both in Mekelle and Den-
golat. In the other stations, the amount of annual rainfall
is similar with the long-term annual rainfall. Water yield
of HDWs have increased by 38% in 2017 compared to the
yield in the construction time. The increased yields were
observed for WSSs located nearby to check dams, ponds,
and perennial rivers. This change in water yield could be due
to enhancement of groundwater recharge from the infiltra-
tion of collected water with constructed water harvesting
structures (Nedaw and Walraevens 2009; Grum et al. 2016;
Kotchoni et al. 2018; Andualem et al. 2020). Regardless of
annual rainfall, water yield decreased in 2017 compared to
water yield in the construction time for HDWs located in
sloped and/or degraded areas. The decrease in water yield
in these sloped or degraded areas could be attributed to sud-
den drain of aquifers and drop of ground water level due to
gravity (Walraevens et al. 2009; Calow et al. 2015). Further-
more, Nata and Bheemalingeswara (2010) pointed out that,
apart from climatic factor, the yield characteristics of HDWs
depend on other factors, such as landform, regolith, fracture
characteristics of bedrock, and local groundwater regimes.
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Hand-dug wells and their construction time

Fig.9 Comparison of measured yield rate of hand-dug wells during construction and in 2017; W stands for wells tested for yield rate
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Fig. 11 Rate of water yield of HDWs and rainfall variability. W: wells

For 82% of the SPs, annual rainfall in 2016 is greater
than the rainfall during the construction time. The yield
of SPs was better in well-managed areas and slopes less
than 5%. Only 23% of SPs’ yields tested in 2017 have
similar yields compared to the yield in the time of con-
struction. For most SPs located in low LULC practices,
yields of 2017 were less than during construction period.
The decline in yield may be due to decrease in ground-
water under poor LULC and overexploitation of water
(Walraevens et al. 2009), clogging of SPs’ holes over time
(Sethi et al. 2020).

Service life of water supply schemes

The results for the service life of rural WSSs in the previ-
ous 2 decades were arithmetically decreasing throughout the
time (Table 8). Although the number of constructed WSSs
have increased over the years (1994-2017), a significant
number of these schemes have dried. This result demon-
strates that service life of the WSSs was decreasing over
the years.

Generally, it can be concluded that in areas having mean
annual rainfall of less than 600 mm for two consecutive
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Table8 Summary of Time of drying 1994-1998  1999-2003  2004-2008  2009-2013 20142017

service life of water supply

schemes (WSSs) Number of dried WSS 12 5 15 24 23
Average age in years 14.9 7 5.9 35 0.8

years, water supply sources were susceptible to decrease  The disparity in water demand and supply has the impact
their yield and/or dry up. The impact of rainfall amount on  during the dry season when demand for water is the highest.
dryness of water supply source was higher in steep and rug-  The deficiency of water supply of wells and SPs analyzed for
ged topography. If a well became dry, either the annual rain-  the study period is summarized in Fig. 12. The x-axis shows
fall amount of two consecutive years was low and/or its land ~ scheme type, codes, and their corresponding construction
use/land cover has changed. In areas such as the northern  period. The positive values indicate WSSs with excess water,
Ethiopia, in which the total annual rainfall is concentrated =~ whereas the negative values indicate a deficiency in water
mainly in the months of June—September, the susceptibility ~ supply compared to demand.

of the rural WSSs to dryness is high and likely to cause a

decrease in water yield of the schemes. Relation between rainfall and water yield

Water supply and demand fluctuation Correlation analysis of annual rainfall and water yield using
Pearson correlation coefficient showed variable relation-
The water demands of the study area were determined by  ships (Table 9). For HDWs, the correlation between rainfall
gathering data for the number of users in each WSS and a  and water yield was positive (r=0.25) and non-significant
water consumption of rate of 25 L/capita/day, a planned and  (p > 0.05). The correlation between water yield of HDWs
expected water supply service level standard for rural areas  and rainfall, however, improved (r=0.48) for wells located
during the Ethiopian growth and transformation plan 2 or  in slope gradients less than 5% but still non-significant
GTP-2 (MoWIE 2015). (p>0.05). This is complemented by the negative (r=—-0.44)
About 19% of wells and SPs fully satisfy the rural water ~ and significant (p < 0.05) correlation between water yield
demand requirements for GTP-2. However, 68% of water  and slope gradient.
yield tests conducted for wells and SPs showed far below For SPs, the relationship between water yield and annual
the requirement of the proposed water demand per capita for ~ rainfall was moderate (r=0.54) and significant (p <0.05),
household. This shows that there is still a large gap between showing the dependency of water yield of SPs on amount
water demand and supply in rural areas of the study area. of rain. The correlation between water yield and slope
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Springs and hand-dug wells

Fig. 12 Status of rural water supply schemes (hand-dug wells and springs) in terms of demand and supply differences. SP*: springs with gates;
W: wells
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Table 9 Correlation results with all the parameters

Parameters Wells’ Yield Springs’ yield Annual rainfall Slope gradient Slope gradient<5%
Annual rainfall Slope gradient

Pearson correlation 1 - 0.25 —0.44* 0.48 —0.48

(r) result with wells’

yield
2-tailed p value - - 0.51 0.048 0.119 0.113
Pearson correla- - 1 0.54%* -0.31 - -

tion (r) result with

springs’ yield
2-tailed p value - - 0.043 0.25 - -

gradient for SPs was, however, negative (r=-0.3187) and
non-significant (p >0.05). Generally, water yield of SP7 is
more dependable on rainfall than slope gradient. Other stud-
ies also indicated that WSSs become more susceptible to
a decrease in water yield in steep slope gradients. In these
areas, the possibility of the wells being dry is high due to
will natural draining of water within an aquifer to the lower
parts of a catchment (Calow et al. 2015).

Conclusions

This study has presented a detailed analysis on the impact
of temporal and spatial climate variability on sustainability
of rural water supply schemes in the Enderta and Hintalo-
Wejerat woreda, northern Ethiopia. Based on the findings of
this study, the following conclusions were drawn.

Trend analysis on rainfall indicated that no significant
change was perceived in annual and seasonal rainfall, except
summer season for Dengolat station. However, rainfall anal-
ysis using coefficient of variation, precipitation concentra-
tion index and standardized rainfall anomaly indicated a very
high rainfall variability in the meteorological stations. More-
over, about 70% annual rainfall of the stations was mainly
concentrated on 2 months, namely July and August. On the
other hand, an overall increasing trend in average annual
minimum and maximum temperatures was observed for the
study area. The average annual maximum temperature of the
study area has been increasing by about 0.34 °C per decade.
Moreover, average annual minimum temperature has been
increasing by about 0.68 °C per decade. This shows that the
northern Ethiopian part is warming faster than the national
average warming which is 0.25 °C per decade.

Results of most hand-dug wells and springs showed that
water yield has been decreasing for most schemes except
some hand-dug wells which were located in well-managed
land uses. The combined effect of climate variability and
concentration of rainfall in few months of the year is impact-
ing sustainable use of rural WSS in northern Ethiopia. Most

water supply schemes located in mountainous areas are sub-
jected to drying, while others located nearby to check dams,
reservoirs, ponds, and perennial rivers were resilient to cli-
mate variability.
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