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Abstract 15 

Background: For sustainable climate hazard management, climate information at the local level is crucial for 16 

developing countries like Ethiopia, which has an exceptionally low adaptive capacity to changes in climate. As a 17 

result, rather than making local decisions based on findings from national-scale studies, the study area's research gap 18 

of local level climate variability and trend was investigated within the endorheic Lake Hayk basin for the historic 19 

series from 1986 to 2015 to scientifically show climate change/variability implications on Lake Hayk water level 20 

variations. To achieve the study objective, the precipitation, station and ERA5 reanalysis temperature and patchy 21 

lake level fused with remote sensed water extents were examined using various statistical approaches. 22 

Results: The major findings revealed less variable (CV= 16.66%) and statistically nonsignificant declining trends   23 

(-33.94 mm/decade) in annual precipitation. Belg and Bega seasonal precipitation showed highly variable (CV = 24 

43.94-47.46%) nonsignificant downward trends of 4.57 mm and 22 mm per decade respectively, whereas kiremt 25 

precipitation showed moderate variability (CV=23.80%) and increased nonsignificantly at a rate of 21.89 mm per 26 

decade. Annual and seasonal mean temperatures exhibited less variable but statistically significant rising trends 27 

ranging from +0.20 to +0.45°C each decade.  The lake's water level showed less variable nonsignificant rising trends 28 

(70 mm to 120 mm per year) on annual and seasonal scales between 1999 and 2005. The lake's surface area has 29 

decreased from 2243.33 ha in 2005 to 2165.33 ha in 2011. During 2011-2015, it likewise demonstrated a high 30 

variable (CV > 30%) statistically significant dropping trend ranging from -250 mm to -340 mm per year on annual 31 

and seasonal periods. 32 

Conclusions: The study discovered that the endorheic lake basin was dominated by variable and diminishing 33 

precipitation, as well as continuous warming trends, particularly in recent years. It is argued that this climatic state 34 
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was having a negative impact on Lake Hayk's substantially dropping water level, necessitating an immediate basin-35 

based water management decision to save Lake Hayk from extinction.36 

Keywords: Climate variability/trends, Implications, Water level changes, Endorheic Lake Hayk basin 37 

38 

Background 39 

Global studies indicated that variations of precipitation and temperature have been the crucial factors in the 40 

fluctuations of the water levels of lakes (Motiee and McBean 2009; Mekonnen et al. 2012; Kiani et al. 2017). 41 

Climate studies in Ethiopia by the national meteorological agency (NMA) and others indicated consistently 42 

increasing rates of changes in temperature and variable trends in precipitation at most parts and across the entire 43 

country (Conway 2000; Seleshi and Zanke 2004; Bewket and Conway 2007; NMA 2007; McSweeney et al. 2008; 44 

Ayalew et al. 2012; Alemayehu and Bewket 2017). This change pattern in climate of Ethiopia promoted reduced 45 

surface runoff, decreased overlake precipitation and increased evapotranspiration to reduce the water levels of lakes 46 

in the country (Kebede et al. 2006; Olana 2014; Gebeyehu 2017).   47 

In Ethiopia, climate is largely influenced by seasonal shifts in atmospheric pressure systems controlling 48 

prevailing winds (NMA 2007) and the complex topography of the country (the elevation a.s.l. ranges from −120 to 49 

+4620 m) affecting the climate via its local heating and orographic effects (Figs. 1 and 2) (Camberlin  1997). Thus, 50 

Ethiopia receives seasonally varying precipitation in which most parts of it experience three precipitation seasons: 51 

kiremt or the long precipitation season (June–September), belg or the short precipitation season (March–May), and 52 

bega or the dry season (October–February) (NMA 2007). Seasonal precipitation failures of kiremt and belg due to El 53 

Nino/Southern Oscillation or ENSO to cause droughts have been common phenomena in the country (NMA 2007).   54 

55 

Fig.1 Ethiopia's topography and the location of the endorheic Lake Hayk basin 56 

57 

Fig.2 Mean annual ERA5 precipitation (left) and temperature (right) in Ethiopia (1986 –2015) 58 

59 

For developing countries like Ethiopia, where their adaptive capacity to changing climate is limited, 60 

climatic information at the local level is vital for sustainable climate hazard management on a specific lake. Due to 61 

its closed nature and location in one of Ethiopia's most drought-prone places (Conway 2000; Philip et al. 2018), the 62 

endorheic Lake Hayk basin is very sensitive and vulnerable to climate change. Previous studies on Lake Hayk 63 

revealed that the lake's water level has been continuously declining since the 1970s, posing a severe problem for the 64 

lake (Demlie et al. 2007; Yesuf et al. 2013). However, none of the studies have dealt with the issue in relation to 65 

climate variability and change. As a result, this study investigated the local level variability as well as trends in 66 

precipitation, temperature and lake level for the historic series from 1986 to 2015 on monthly, yearly and seasonal 67 

scales to scientifically show the implications of climate variability/change on Lake Hayk water level variations in 68 

the Endorheic Lake Hayk basin to aid in making local-level climate change oriented water management decisions to 69 

save Lake Hayk from extinction. 70 
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Materials and methods 71 

Description of the study area 72 

Ethiopia is situated in Eastern Africa, between 3° and 15° latitude and 33° and 48° longitude (Horn of Africa). The 73 

Lake Hayk basin is a naturally closed (endorheic) drainage that belongs to one of Ethiopia's most vulnerable zones 74 

to climate change and variability. Its areal extent is within 39.68°E to 39.81°E, 11.24°N to 11.39°N and its area 75 

coverage including the lake water surface area of 2156.76 ha was 8592.68 ha (Fig. 1). The Lake Hayk basin is under 76 

a subhumid tropical climate with bimodal precipitation regimes (kiremt and belg). The lake basin received a mean 77 

annual precipitation of 1192.31 mm; the mean annual surface temperature was 17.58°C.  78 

79 

Data sources 80 

We assessed the hydro climate variability/trend in the Lake Hayk basin against the historical datasets of 81 

precipitation, mean temperature (Tmean), and the Lake Hayk's Water Level (LWL). We analyzed the precipitation 82 

and temperature data recorded at Hayk meteorological station (11.31˚N, 39.68˚E; 1984 m a.s.l.). The Ethiopian 83 

National Meteorological Agency has granted us mean monthly precipitation (1986–2015) and temperature (1994–84 

2015) data for the lake basin. As well, the LWL data of Lake Hayk are measured using the water level measuring 85 

gauge situated on the southwest shore of Lake Hayk (Fig. 1). Ethiopia's Ministry of Water Resources, Irrigation and 86 

Electricity provided us with the lake average daily water level time series from 1986 to 2015. However, the LWL 87 

time series was full of badly missed data. Daily data with more than 10% missing values must not be included in the 88 

analysis (Seleshi and Zanke 2004).  Full daily LWL data were available for the 1999–2005 and 2011–2015 periods. 89 

Therefore, we fused the water level observations from these periods with remote sensed water extents to bridge the 90 

gap between 2005 and 2011. We downloaded Landsat images for 2005, 2008, 2009, 2010, and 2011 without cloud 91 

(cloud cover ≤ 10%) from the archiving system of Earth Explorer (http://earthexplorer.usgs.gov/). We collected all 92 

Landsat data for months of the same dry season (bega) with the same but not always acquisition dates as the lake 93 

level measurement days to ensure accuracy of interpretation.  In addition, we downloaded the reanalysis temperature 94 

of the same station for the 1986–2015 periods from the climate explorer (https://climexp.knmi.nl/) due to the 95 

availability of insufficient station data. 96 

97 

Data analysis98 

The general methodology of the study is depicted schematically in Fig. 3. 99 

100 

Fig.3 A schematic illustration of the study's methodology 101 

102 

Evaluating the reanalysis temperature data 103 

Reanalysis models, including NOAA-NCEP/NCAR, ERA5, and MERRA-2, are currently in use (Kalnay et al. 1996; 104 

Dee et al. 2011; Reinecker et al. 2011) and have been evaluated as part of this study. The R2, RMSE, and statistical 105 

indices of relative bias (Alemseged and Tom 2015; Nkiaka et al. 2017) quantitatively evaluated the models in 106 

http://earthexplorer.usgs.gov/
https://climexp.knmi.nl/
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estimating temperature time series against ground station temperature data for the 1994 to 2015 time series on an 107 

annual and seasonal scales.  108 
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where Tr and Ts denote reanalysis and ground station temperature records respectively and n is the length of data. 112 

R2 varies within 0 ≤ R2 ≤ 1; R2 = 0 reveals no correlation and R2 = 1 indicates perfect correlation between the 113 

reanalysis product and station temperature record. Bias detects a systematic error in temperature values. Zero bias 114 

indicates absence of systematic error, whereas negative/positive biases reveal respectively underestimation and 115 

overestimation of values (Alemseged and Tom 2015). The RMSE measures residual dispersion (estimation errors) 116 

around the best fitting line. RMSE near zero would be a better fit to the data. 117 

118 

Variability and trends analysis of hydro climate time series 119 

Various statistical approaches were used to examine the variability/trend in the hydro climatic time series of the 120 

endorheic Lake Hayk basin from 1986 to 2015.  The coefficient of variability (CV), the standardized rainfall 121 

anomaly (SRA) and the precipitation concentration index (PCI) were employed to study variability of the data. The 122 

Modified Mann Kendall (MK) trend test method and the Sen Slope estimator were applied to analyze the 123 

significance and magnitude of trend respectively using XLSTAT software. The CV value represents the level of 124 

variability in the dataset and is defined as the standard deviation (SD) to mean value (μ) ratio (Hare 2003). 125 

  100xSDCV  (4) 126 

Hare (2003) characterizes variability as being less for CV values less than 20, moderate for CV values between 20 127 

and 30 and high for CV greater than 30. PCI examines the heterogeneity of mean monthly precipitation data. For Pi 128 

is the ith month precipitation magnitude, Oliver (1980) defines PCI as follows: 129 
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(5) 130 

Precipitation concentration can be identified as low concentration (uniform distribution of precipitation) for PCI 131 

values lower than 10, high for values from 11 to 20 and very high for values above 21 (Oliver 1980). SRA offers 132 

insights on the occurrence and severity of drought periods. For Pt is annual precipitation at a year of interest t and Pm133 

is the mean annual precipitation value during the study period, SRA can be estimated according to Agnew and 134 

Chappell (1999): 135 

  SDPPSRA mt / (6) 136 
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Then, severity of drought can be categorized as extreme drought (SRA < −1.65), severe drought (−1.28 > SRA > 137 

−1.65), moderate drought (−0.84 > SRA > −1.28) and no drought (SRA > −0.84) (Agnew and Chappell 1999). 138 

The modified Mann Kendall (MK) trend test was used to examine the monotonic trends of hydro climatic 139 

time series in the endorheic Lake Hayk basin from 1986 to 2015 at a significance level of 5% on a monthly, annual 140 

and seasonal basis. It was chosen because it is a rank-based (i.e., less affected by low-quality hydro climatic data-141 

data with missing values and/or outliers) nonparametric (i.e., less sensitive to skewed datasets-applies for all 142 

distributions) method (Hirsch and Slack 1984).  The MK tests the null hypothesis (H0) assuming no trend against 143 

the alternative hypothesis of monotonic trend (Ha) using either the S statistics (n < 10) or the standardized normal Z 144 

statistics (n ≥ 10) (Hirsch and Slack 1984; Yue et al. 2002). The MK test S statistic is calculated using the following 145 

equations (Eqs. 7 and 8) as: 146 
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where n is the data size and xi and xj are the data values at times i and j respectively,  i = 1, 2,..., n-1 and   j =  i+1, 149 

i+2..., n. Every value in the chronologically ordered time series is compared to every value preceding it, yielding a 150 

total of n (n – 1) / 2 pairs of data. The total of all rises and falls result in the ultimate value of S (Yue et al. 2002).     151 

S values can be positive to show rising trends or negative to indicate falling trends.  152 

When n ≥ 10, the S statistic is assumed to have a normal distribution, with the mean becoming zero and the 153 

variance computed using the following equation (Eq. 9) (Kendall 1975): 154 
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where V (S) is the variance of S statistics, m denotes the size of tied groups (groups with similar values) and ti 156 

represents the size of data points in the ith tied group. Then, the Z test statistics can be calculated from the known 157 

values of S and V(S) using the following equation (Eq. 10): 158 
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The resulting Z values indicate the direction of a trend (values can be positive to show rising trends or negative to 160 

indicate falling trends). Furthermore, the Z statistic is used to measure significance of a trend. When testing for a 161 

trend (2 tailed) at significance α, H0 is rejected if Z equals or exceeds its critical value  2/ZZ  . For 162 

instance, if the 5% significance level is used, H0 is rejected when  96.1Z  or P ≤ 0.05, indicating that a trend 163 
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exists (A time series has a trend when it is significantly correlated with time). The letter P symbolizes the probability 164 

of risk to reject/accept H0 while it is true. 165 

Prior to trend testing, it is critical in time series analysis to examine autocorrelation or serial correlation, 166 

which is frequently overlooked in many trend detection studies. To account for the effect of autocorrelation, Hamed 167 

and Rao (1998) propose a modified Mann-Kendall test rather than the original MK test, which should be used only 168 

on datasets with no seasonality or significant autocorrelations. This is because the presence of significant 169 

autocorrelation in a dataset can alter the variance of the original MK test (the existence of positive autocorrelation 170 

will lower the actual value of V (S) and vice versa).  Hence, when data exhibit autocorrelation, the modified MK test 171 

calculates the modified variance using the following equations (Eqs. 11 and 12): 172 
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(12) 174 

where ns* is the effective number of data required to consider autocorrelation in the dataset, n/ns* is the data 175 

autocorrelation correction factor, ps(i) is the autocorrelation function between the ranks of the data for lag i, and p is 176 

the maximum lag time under consideration. As a result, this study used the XLSTAT MS Excel Add-in software, 177 

which is integrated with the Hamed and Rao (1998) modified MK trend test facility (at a significance level of 10%), 178 

to account for the autocorrelation effect. 179 

Sen's slope estimator computes the linear annual rate and direction of change (Sen 1968). It is a 180 

nonparametric approach for dealing with skewed datasets and outlier effects. The linear model f (t) is defined by the 181 

equations (Eqs. 13 and 14) (Sen 1968) as follows: 182 

   Qttf (13) 183 

    ijjiXXMedianQ ji  , (14) 184 

where Q is the slope, β is a constant and Xi and Xj are data values at times i and j (i > j). 185 

186 

Lake Hayk water level response to climate change/variability 187 

Due to the endorheic (closed) nature of the Lake Hayk basin, the main underlying hydrological processes are surface 188 

runoff and evapotranspiration, with precipitation and temperature being the most prominent climatic factors. Under 189 

such conditions, water level is the primary response variable that serves as an indicator to better reflect the climate 190 

change/variability effects on lake storage. In addition, it can easily be measured at observation stations and the 191 

changes in lake water levels can be monitored easily, accurately and continuously (Tan et al. 2017). Nevertheless, in 192 

cases of the patchy lake level data that lakes such as Lake Hayk do have, the remote sensed water extents from 193 

Landsat images would allow us to extend their water level time series (McFeeters 1996; Xu 2006). 194 

The Modified Normalized Difference Water Index (MNDWI) can efficiently extract open waters from 195 

Landsat images by easily suppressing signals from various environmental noises (such as vegetation and built-up 196 

areas) compared to its predecessor, the Normalized Difference Water Index (NDWI) using Shortwave Infrared 197 
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(SWIR) rather than Near Infrared (NIR) used in the NDWI (Xu 2006). The formula used for the MNDWI 198 

calculation is: 199 

   SWIRGreenSWIRGreenMNDWI 
(15) 200 

For Landsat 7 TM and ETM+, MNDWI becomes: 201 

   5252 bandbandbandbandMNDWI  (16) 202 

The index values are from −1 to +1. The zero threshold value was used to segment the MNDWI results into water 203 

and nonwater features; a feature is water if MNDWI > 0 and it is nonwater if MNDWI ≤ 0 (Xu 2006). The optimal 204 

MNDWI threshold can also be obtained by manual thresholding where the gray image histogram of MNDWI shows 205 

specific location of water threshold for that acquisition date. 206 

As a result, to bridge the time gap between 2005 and 2011, water level observations from 1999–2005 and 207 

2011–2015 were fused with remote sensed water areas derived from MNDWI analysis. The cloud free (cloud cover 208 

≤ 10%) Landsat 7 TM and ETM+ data of the years 2005, 2008, 2009, 2010 and 2011 were used to extract open 209 

water feature of Lake Hayk using manual thresholds for MNDWI in delineating water and nonwater features in the 210 

environment of ArcGIS 10.1.  211 

The MNDWI model area results were evaluated by correlating them with station water level observations 212 

of the Lake Hayk by using the Pearson's coefficient (parametric) and Kendall's tau (nonparametric) correlation 213 

coefficients at 0.01 significance level using SPSS 20 software. For n sample sizes of X and Y variables, the Pearson 214 

coefficient (r) can be computed as: 215 
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(17) 216 

This can be confirmed by the nonparametric Kendall's correlation coefficient. The Kendall's correlation helps to 217 

minimize the effects of extreme values and/or the effects of violations of the normality and linearity assumptions 218 

(Kendall 1938). The Kendall's correlation coefficient, tau is calculated based on signs as: 219 

       


  jijiji yyxxsign
nn 1

2 (18) 220 

In both cases, the correlation coefficients are within −1 and +1. Correlation values close to ±1 indicate strong 221 

relationships. For result interpretation, the hypothesis for a 2-tailed test of the correlation at a given significant level 222 

is defined as: H0: r, tau = 0 versus Ha: r, tau ≠ 0. 223 

224 

Results and discussion 225 

Performance evaluation of the reanalysis temperature data  226 

The small RMSE and bias values obtained for the ERA5 reanalysis indicated that it functioned better than the 227 

MERRA-2 and NCEP/NCAR reanalysis products. Similarly, the R2 criteria showed that the correlation between 228 

ERA5 and ground station temperature data appeared to be very strong. Therefore, the ERA5 product represented the 229 

temperature time series of the Lake Hayk basin (Table 1).  230 
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Table 1 Evaluating reanalysis temperature estimates in the lake basin (1994–2015)231 

Time scale Reanalysis R2 RMSE Bias (%) 

Annual 

ERA5 0.965 0.070 −0.233 
MERRA-2 0.108 0.482 −1.260 
NCEP/NCAR 0.274 0.182 0.255 

Seasonal 

Kiremt 

ERA5 0.957 0.092 −0.479 
MERRA-2 0.223 0.577 −4.003 
NCEP/NCAR 0.024 0.258 −5.297 

Belg 

ERA5 0.970 0.128 −0.376 
MERRA-2 0.049 0.652 3.237 

NCEP/NCAR 0.214 0.583 3.046 

Bega 

ERA5 0.958 0.099 −0.083 
MERRA-2 0.133 0.565 −1.763 
NCEP/NCAR 0.229 0.321 3.179 

232 

 Precipitation variability and trends  233 

Table 2 depicts the variability/trend in precipitation in the Lake Hayk basin for the time series 1986–2015 computed 234 

using the MK and Sen's methods. The average annual precipitation was 1192.31 mm. The highest annual 235 

precipitation (1835.30 mm) was recorded in 2010 and the lowest (827.10 mm) in 2015 that respectively stood out as 236 

the wettest and the driest years over the study period. Kiremt (June to September) or the principal rainy season 237 

contributed about 63.15% of the entire yearly rain. About 50% of kiremt precipitation occurred in July and August, 238 

while June and September contributed 2.93% and 10.37% respectively. This statistic was a clear indicator of high 239 

precipitation concentrations during the kiremt season in the lake basin. The short rainy or belg season (March to 240 

May) also contributed to a significant amount of precipitation (about 22.93% of total yearly precipitation).  Bewket 241 

and Conway (2007) and Ayalew et al. (2012) also indicated that 55–85% and 8–24% of the annual mean 242 

precipitation of the Amhara national regional state (the region where the Lake Hayk basin is found) was due to the 243 

kiremt and belg seasons respectively.  244 

Precipitation variability expressed in CV terms showed notable precipitation variability on a monthly scale 245 

varying from 31.70% in August to 133.68% in December. On the other hand, the Lake Hayk basin was 246 

characterized by less variable annual mean precipitation (CV = 16.66%) and moderate to high variable seasonal 247 

precipitation according to variability classification of Hare (2003). Seasonally, the belg (CV = 43.94%) and bega 248 

(CV = 47.46%) seasonal precipitations were almost 2-fold more variable than kiremt (CV = 23.80%) seasonal 249 

precipitation. Similar findings were reported by (Ayalew et al. 2012; Alemayehu and Bewket 2017). With respect to 250 

the precipitation trend, each month (excluding February, September and November) showed statistically 251 

nonsignificant trends. February and September showed a significant decreasing trend; November alone changed 252 

positively.  Likewise, the annual and belg seasons showed nonsignificant decreasing trend, whereas the kiremt 253 

season exhibited nonsignificant increasing change. This is in line with Bewket and Conway (2007) and Ayalew et al. 254 

(2012) that indicated nonsignificant precipitation trends in several locations in Ethiopia. 255 

256 

257 
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Table 2 Variability and trend tests of precipitation (1986–2015)258 

Time 

period 

Min 

(mm) 

Max 

(mm) 

Mean 

(mm) 

Contributi

on (%) 
SD 

CV 

(%) 

P values 

(2 tailed) 
Sen's slope 

Jan 0.00 119.10 27.90 2.34 32.28 115.68 0.943 0.000 

Feb 0.00 192.50 50.08 4.20 57.74 115.28 0.005* −2.716 
Mar 0.00 259.70 103.92 8.72 60.52 58.24 0.521 −1.082 
Apr 2.20 246.10 94.93 7.96 59.95 63.15 0.498 −1.150 
May 1.00 219.72 74.50 6.25 66.38 89.11 0.887 0.418 

Jun 0.00 143.20 34.89 2.93 33.80 96.87 0.411 0.509 

Jul 40.00 544.90 298.14 25.01 112.00 37.57 0.134 3.150 

Aug 97.60 617.60 296.27 24.85 93.92 31.70 0.521 1.250 

Sep 44.40 237.20 123.68 10.37 51.35 41.52 0.006* −2.727 
Oct 0.00 161.50 41.17 3.45 37.76 91.72 0.232 0.636 

Nov 0.00 133.80 26.09 2.19 34.25 131.30 0.029* 0.264 

Dec 0.00 77.40 20.74 1.74 27.73 133.68 0.621 0.000 

Kiremt 411.30 1218.60 752.98 63.15 179.24 23.80 0.544 2.189 

Belg 63.90 515.11 273.35 22.93 120.11 43.94 0.915 −0.457 
Bega 24.00 339.90 165.98 13.92 78.77 47.46 0.06 −2.200 
Annual 827.10 1835.30 1192.31 100.00 198.69 16.66 0.372 −3.394 

* Statistically significant (P ≤ 0.05) 259 

260 

The other variability measurement index called the PCI indicated a high to very high concentration of 261 

monthly precipitation in the lake basin (Table 3). Similarly, Alemayehu and Bewket (2017) reported high 262 

precipitation concentration in the highland areas of central Ethiopia. 263 

264 

Table 3 Precipitation concentration indices (1986–2015) 265 

Index Category 
Frequency of occurrence 

(Number of years) 

< 10 
Low concentration (uniform 

distribution of rainfall) 
0 

11–20 High concentration 22 

≥ 21 Very high concentration 8 

Mean PCI (1986-2015) = 18.30 (High concentration of rainfall) 

266 

Furthermore, the interannual precipitation fluctuations based on the SRA criterion indicated values of 267 

precipitation anomalies varied from −1.84 in 2015 (driest year) to +3.24 in 2010 (wettest year) (Fig. 4). This 268 

signified that the annual precipitations during the driest and the wettest years have been 1.84 and 3.24× the SD 269 

below and above the long term (1986 to 2015) mean respectively. Very low values of precipitation anomalies 270 

corresponded to severe drought periods. The year 2015 could be placed in the extreme drought category (SRA < 1. 271 

65). Philip et al. (2018) also showed 2015 was a strong El Niño driven worst drought year in recent decades 272 

occurred in large parts of Ethiopia including Lake Hayk basin.  Moreover, similar seasonal and annual precipitation 273 

anomaly patterns were observed, nevertheless some dry years in kiremt appeared wet in belg and vice versa. 274 

275 

Fig.4 Standardized rainfall anomalies (1986–2015) 276 

277 
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 Temperature variability and trends  278 

Table 4 depicts the results of the variability/trend analysis of temperature time series (1986-2015) computed using 279 

MK and Sen's methods. The highest and lowest mean monthly temperature values were 22.06°C in April and 280 

13.91°C in December respectively. Likewise, the highest seasonal mean temperature was observed in belg and the 281 

lowest was in bega season. The annual Tmean value ranged from 16.65°C (minimum) in 1989 to 18.54°C 282 

(maximum) in 2015. Its annual mean value over the study period was 17.58°C. The monthly, annual and seasonal 283 

CV values indicated that Tmean was in a less variability category. The standardized anomalies of Tmean revealed 284 

that most of the 2000s were warmer than Tmean's long run average (Fig. 5). 2015 was the ever-hottest year during 285 

the study period in the lake basin. 286 

287 

Table 4 Variability and trend tests of mean temperature (1986–2015) 288 

Time period 
Min 

(°C) 

Max 

(°C) 

Mean 

(°C) 
SD 

CV 

(%) 

P values 

(2 tailed) 
Sen's slope 

Jan 14.13 17.18 15.81 0.71 4.49 0.153 0.024 

Feb 15.41 18.32 17.17 0.86 5.01 0.108 0.031 

Mar 16.59 20.25 18.22 0.94 5.16 0.008* 0.059 

Apr 16.90 22.06 18.93 1.05 5.55 0.038* 0.049 

May 17.53 21.82 19.68 1.26 6.40 0.284 0.035 

Jun 17.69 21.58 19.75 1.19 6.03 0.544 0.021 

Jul 16.83 19.50 18.22 0.56 3.07 0.643 0.007 

Aug 17.10 18.81 17.97 0.43 2.39 0.002* 0.029 

Sep 16.58 18.07 17.31 0.40 2.31 0.001* 0.030 

Oct 15.56 18.18 16.65 0.57 3.42 0.032* 0.028 

Nov 14.14 17.48 15.96 0.87 5.45 0.164 0.030 

Dec 13.91 16.96 15.31 0.91 5.94 0.721 −0.011 
Kiremt 17.56 19.19 18.31 0.43 2.34 0.042* 0.020 

Belg 17.13 20.86 18.94 0.91 4.82 0.020* 0.045 

Bega 15.35 17.37 16.18 0.50 3.08 0.046* 0.022 

Annual 16.65 18.54 17.58 0.43 2.45 0.004* 0.026 

*Statistically significant (P ≤ 0.05) 289 

Concerning trends of Tmean, statistically significant upward trends were detected in March, April and 290 

August through October; the rest months, excluding December (December showed a nonsignificant decreasing 291 

trend) indicated nonsignificant increasing trends. The monthly mean temperature varied from +0.07 to +0.60°C per 292 

decade over the 12 months of the year. The most rapid increase occurred in March and April at rates of +0.60 and 293 

+0.50°C per decade respectively. The months between August and November experienced almost similar rate of 294 

increase (about 0.30°C every 10 years). The annual and seasonal Tmean time series showed statistically significant 295 

upward trends. The seasonal Tmean varied from +0.20 to +0.45°C per decade; the highest rate was recorded during 296 

the belg season. The annual Tmean has been changed at a linear rate of +0.26°C per decade. Similarly, McSweeney 297 

et al. (2008) showed an increase of 0.28°C per decade in the average annual temperature in Ethiopia for the period 298 

1960-2006. This warming trend has tended to accelerate the lake water evaporation in the endorheic Lake Hayk 299 

basin that could have negative implications on the water level changes of Lake Hayk in the lake basin. 300 

301 
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Fig.5 Mean annual and seasonal Tmean standardized anomalies (1986–2015) 302 

303 

Lake Hayk water level response to climate change/variability 304 

Lake water level change during 1999–2005 305 

As shown in Table 5, the monthly CV values ranged from 15.81% in June to 39.26% in December, with the majority 306 

of the months falling into the moderate to high variability category. However, there was less variability in the annual 307 

and seasonal LWL data. The MK trend test results demonstrated a nonsignificant positive trend in LWL data over 308 

monthly, yearly and seasonal periods. 309 

310 

Table 5 Variability and trends of mean water level of Lake Hayk (1999–2005)311 

Time 

period 

Minimum 

(m) 

Maximum 

(m) 

Mean 

(m) 
SD CV (%) 

P values 

(2 tailed) 
Sen's slope 

Jan 0.22 0.84 0.63 0.22 34.79 0.260 0.03 

Feb 0.31 0.65 0.51 0.13 24.76 0.260 0.02 

Mar 0.75 2.85 1.87 0.70 37.34 0.260 0.32 

Apr 1.55 2.56 2.07 0.40 19.16 0.260 0.09 

May 0.26 1.22 0.90 0.34 37.45 0.260 0.04 

Jun 0.71 1.17 0.98 0.16 15.81 0.260 0.06 

Jul 1.74 3.99 2.83 0.71 24.99 0.260 0.19 

Aug 1.81 3.93 2.91 0.67 22.98 0.452 0.20 

Sep 1.66 2.74 2.29 0.37 15.93 0.707 0.12 

Oct 0.98 2.05 1.54 0.43 27.75 0.970 0.05 

Nov 1.08 1.90 1.45 0.37 25.34 0.970 0.05 

Dec 0.30 1.61 1.20 0.47 39.26 0.970 0.05 

Kiremt  1.48 2.75 2.25 0.41 18.03 0.452 0.12 

Belg  1.21 1.99 1.61 0.31 19.37 0.260 0.11 

Bega  1.14 1.82 1.52 0.24 15.49 0.452 0.07 

Annual  1.15 1.90 1.60 0.25 15.63 0.452 0.09 

313 

Changes in precipitation and temperature are the most important climatic elements influencing lake level 314 

variations in endorheic lake basins (Tan et al. 2017). Increases in annual precipitation result in increased overlake 315 

precipitation and surface runoff into the lake, whereas increases in annual temperature result in increased lake water 316 

evaporation loss. During the period 1999-2005, both precipitation and temperature were characterized by substantial 317 

inter-annual variability, alternating every year or two years, with annual precipitation and temperature data 318 

exhibiting positive and negative anomalies in approximately half of the total years (Figs. 4 and 5). It was discovered 319 

that the impacts of precipitation in increasing LWL were less compensated negatively by the effects of rising 320 

temperatures, resulting in a statistically nonsignificant upward trend in Lake Hayk's water level (Table 5 and Fig. 6). 321 

322 

Fig.6 Mean annual water level and level variations of Lake Hayk (1999–2005) 323 

324 

Changes in lake water extent (2005-2011) 325 

The MNDWI extracted Landsat images of the Lake Hayk basin from 2005 to 2011 were classified into two 326 

categories: water and non-water features. The MNDWI model's performance was assessed by comparing the 327 
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obtained water areas to the observed lake water levels using the Pearson and Mann Kendall correlation coefficients 328 

(Table 6). The Pearson and Mann Kendall correlation coefficients had p values less than 0.01 (0.000 outputs in MK 329 

as rounded to a usual three decimal places), indicating a highly significant relationship between the two variables. 330 

As a result, H0 was rejected, implying that the LWL and the lake area are correlated. Pearson (r = 0.975) and 331 

Kendall (tau = 0.983) correlation coefficients confirmed that the lake water surface area values estimated from 332 

MNDWI represented the Lake Hayk basin and were suitable for water area change detection analysis.  333 

334 

Table 6 Correlating water level to surface area of Lake Hayk (2005–2011) 335 

LWL (mm) Area (ha) 

Pearson correlation 

(Parametric) 

LWL (mm) 
Correlation coefficient 1 0.975* 

Sig. (2 tailed) 0.005 

Area (ha) 
Correlation coefficient 0.975* 1 

Sig. (2 tailed) 0.005 

Kendall's tau  

(Nonparametric) 

LWL (mm) 
Correlation coefficient 1 0.983* 

Sig. (2 tailed) 0.000 

Area (ha) 
Correlation coefficient 0.983* 1 

Sig. (2 tailed) 0.000 

* Correlation is significant at the 0.01 significant levels (2 tailed) 336 

The validated lake areas were then used to detect changes in water extent of Lake Hayk during 2005-2011 337 

(Table 7 and Fig. 7). Water surface area of Lake Hayk was 2241.33 ha on 19 December 2005 and went down to 338 

2158.58 ha on 26 January 2008. It then began to rise to 2268.83 ha on 25 December 2010, before falling to 2165 ha 339 

on 10 January 2011. The lake's water area decreased and increased most in 2008 and 2010 respectively, with area 340 

changes fluctuating within the 110.25 ha range between 2005 and 2011. As a result, the lake areas in 2008 and 2010 341 

could be the prominent symptoms of the exacerbation of drought and flood climate hazards in the lake basin 342 

respectively. This pattern of change in the LWL data could be related to the patterns of precipitation and temperature 343 

changes. The mean annual precipitation has most of the time shown negative anomalies (except in 2005 and 2010, 344 

which showed positive anomalies), with the largest negative anomaly (-1.33) recorded in 2008 and the maximum 345 

positive anomaly (3.24) recorded in 2010 (Fig.4), contributing to the 2008 drought and the 2010 flood events 346 

respectively. 347 

348 

Table 7 Lake Hayk water area variations (2005–2011) 349 

Date of 

acquisition 
Satellite 

Type of 

imagery/sensor 
Path/row 

Spatial 

resolution (m) 

LWL 

(mm) 

Water area 

(ha) 

19 Dec 2005 Landsat 7 ETM+ 168/052 30 1780 2243.33 

26 Jan 2008 Landsat 7 ETM+ 168/052 30 470 2158.58 

06 Dec 2009 Landsat 7 TM 168/052 30 980 2173.33 

25 Dec 2010 Landsat 7 TM 168/052 30 2640 2268.83 

10 Jan 2011 Landsat 7 TM 168/052 30 660 2165.33 

350 

351 

Fig.7 MNDWI maps of the Lake Hayk basin (2005–2011) 352 

353 
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Lake Hayk water level changes (2011–2015) 354 

As shown in Table 8, the mean monthly LWL ranged from 330 mm in February to 1910 mm in August. Seasonal 355 

values ranged from 580 mm in bega to 2090 mm in kiremt, while annual values varied from 1337.5 mm in 2011 to 356 

570 mm in 2015. On monthly, annual, and seasonal scales, the LWL in the lake basin showed high variability. The 357 

MK test revealed statistically significant downward trends on monthly, annual and seasonal scales. The kiremt 358 

season had the greatest seasonal drop (-340 mm/year), while the bega season had the least (-250 mm/year). From 359 

2011 to 2015, the mean annual rate of fall in LWL was 280 mm/year. 360 

Unlike the preceding two periods (1999-2005 and 2005-2011), there were no discernible inter-annual 361 

fluctuations in precipitation and temperature data between 2011 and 2015 (Figs. 4 and 5). The consistent reduction 362 

in precipitation, along with rising temperature, resulted in less surface runoff into the lake, reduced overlake 363 

precipitation and increased lake water evaporation. As a result, a statistically significant declining trend in Lake 364 

Hayk's water level was identified (Table 8 and Fig.8). Similarly, WMO (2016) reported that the 2011–2015 was the 365 

hottest period and 2015 was the warmest year since modern observations started in the late 1800s. Philip et al. 366 

(2018) also confirmed that 2015 was an El Niño driven worst drought year in most parts of Ethiopia including the 367 

Lake Hayk basin, causing the worst decline in the water level of Lake Hayk during that time.  368 

369 

Table 8 Variability and trends in mean water level of Lake Hayk (2011–2015) 370 

Time period 
Minimum 

(m) 

Maximum 

(m) 

Mean 

(m) 
SD 

CV 

(%) 

P values 

(2 tailed) 
Sen's slope 

Jan 0.16 0.72 0.44 0.22 48.92 0.046* −0.13 
Feb 0.04 0.56 0.33 0.20 60.45 0.046* −0.12 
Mar 0.68 1.89 1.22 0.50 40.57 0.046* −0.32 
Apr 0.02 2.19 1.26 0.83 65.76 0.027* −0.49 
May 0.49 1.58 0.92 0.43 46.86 0.027* −0.15 
Jun 0.15 1.01 0.61 0.33 54.35 0.046* −0.21 
Jul 0.51 2.46 1.51 0.76 50.00 0.027* −0.47 
Aug 1.20 2.56 1.91 0.56 29.08 0.027* −0.37 
Sep 0.52 2.35 1.45 0.71 48.99 0.027* −0.44 
Oct 0.15 1.76 1.04 0.62 59.18 0.046* −0.39 
Nov 0.62 1.63 1.06 0.42 39.34 0.046* −0.27 
Dec 0.19 1.38 0.83 0.46 55.43 0.046* −0.29 
Kiremt  0.85 2.09 1.37 0.52 38.02 0.027* −0.34 
Belg  0.76 1.71 1.13 0.41 36.28 0.027* −0.27 
Bega  0.58 1.58 1.04 0.40 38.39 0.027* −0.25 
Annual  0.57 1.34 1.05 0.43 41.04 0.027* −0.28 
*Statistically significant (P ≤ 0.05) 372 

373 

Fig.8 Mean annual water level and level variations of Lake Hayk (2011–2015) 374 

375 

The findings of this study were supported by findings from global and local studies. Globally (Motiee and 376 

McBean 2009; Mekonnen et al. 2012; Kiani et al. 2017) and on a local level in Ethiopia (Kebede et al. 2006; Olana 377 

2014;  Gebeyehu 2017) reported that the regional variability and declining trends in precipitation and increased 378 
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evapotranspiration via consistently warming trends caused significant changes in the water levels of lakes utmost for 379 

their disappearance. 380 

381 

Conclusions 382 

The study found that the Endorheic Lake Hayk basin experienced variable and declining precipitation, as well as a 383 

consistent warming trend. Concurrently, Lake Hayk's water level varied in response to changes in precipitation and 384 

temperature. In recent times, the Lake Hayk water level has been negatively impacted by declining precipitation 385 

coupled with continually rising temperature. This suggests that climate change/variability in the lake basin has direct 386 

implications for Lake Hayk's water level changes, necessitating immediate climate change oriented water 387 

management strategies for Lake Hayk to save it from demise.388 
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Figures

Figure 1

Ethiopia's topography and the location of the endorheic Lake Hayk basin

Figure 2

Mean annual ERA5 precipitation (left) and temperature (right) in Ethiopia (1986 –2015)



Figure 3

A schematic illustration of the study's methodology



Figure 4

Standardized rainfall anomalies (1986–2015)

Figure 5

Mean annual and seasonal Tmean standardized anomalies (1986–2015)



Figure 6

Mean annual water level and level variations of Lake Hayk (1999–2005)



Figure 7

MNDWI maps of the Lake Hayk basin (2005–2011)



Figure 8

Mean annual water level and level variations of Lake Hayk (2011–2015)


