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ABSTRACT 13 

Climate variability and recurrent droughts have a strong negative impact on agricultural 14 

production and hydrology in the highlands northern Ethiopia. Since the 1980s, numerous 15 

mitigation and land rehabilitation measures have been implemented by local and national 16 

authorities to reduce these impacts, are often poorly effective. As underlying reason may be 17 

that controlling relationships between climate and ecohydrology at medium-sized catchments 18 

(10–10,000km2) of semi-arid highlands are not well known. We investigated trends and 19 

relationships in precipitation, temperature, streamflow, and net primary productivity (NPP). 20 

The results were mixed, with both significant increasing and decreasing trends for 21 

temperature and streamflow. Precipitation time series did not show a significant trend for the 22 

majority of stations, both  over the years and over each season, except for a few stations. A 23 

time series indicated a significant abrupt increase of NPP in annual, seasonal and monthly 24 

timescale. Cross-correlation and regression analysis indicate precipitation and maximum 25 

temperature were the dominant climatic variables in the Geba catchment for streamflow and 26 

NPP. In view of these results, also land use and land cover change over the past three decades 27 

was analyzed as a possible factor of importance, as human interventions, may affect 28 

streamflow and NPP. Factors that mainly correlate with streamflow and NPP are precipitation 29 

and maximum temperature. Important interventions that appear beneficial for these responses 30 

are soil and water conservation, construction of micro-dams, and ecological restoration 31 

measures. The awareness that interactions can be quite different in semi-arid and semi-humid 32 

regions, as well as in upstream and downstream areas, should be reflected in management 33 

aimed at sustainable water and land resources use. 34 

Keywords: Precipitation, Streamflow, Primary Productivity, Ecosystem Model, Land Use, Semi-arid35 
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1. Introduction  39 

Ecohydrological processes are strongly determined by climate, primarily by precipitation 40 

patterns, air temperature and radiation (Canadell et al., 2006). The impacts of each factor to 41 

ecohydrology, however, differs depending on coupling and feedbacks between subsystems at 42 

many scales of space and time. Understanding of interactions and feedbacks between  43 

ecohydrological processes and climate is crucial for preparing effective strategies for 44 

upcoming challenges of society (Melesse et al., 2014; Sykes et al., 1999). Ideally, such 45 

understanding is supported by long term data and therefore trends, and variability of 46 

streamflow, ecosystem productivity, and climate have been investigated and related for 47 

diverse regions of the world (Hao et al., 2016; Peng et al., 2015; Jones et al., 2012; Potter et 48 

al., 2012; Witte et al., 2012; Twine and Kucharik, 2009; Dettinger and Diaz, 2000). The 49 

effects of precipitation and air temperature on ecohydrological responses, such as streamflow 50 

and ecosystem productivity, are not clear (Jones et al., 2012; Zhao and Running, 2010), 51 

perhaps because of the complexity of ecohydrological systems and human intervention. 52 

The northern Ethiopian highlands are characterized by  rugged topography, intense rainfall, 53 

and a sparse vegetation cover (Vanmaercke et al., 2010; Nyssen et al., 2004; Feoli et al., 54 

2002). Therefore, climate variability and recurrent droughts have a strong negative impacts on 55 

agricultural production and hydrology (Nyssen et al., 2004; Shanko and Camberlin, 1998). 56 

The amount and temporal distribution of rainfall is generally the most important determinant 57 

of inter-annual fluctuations in crop production in Ethiopia (Bewket and Conway, 2007; Araya 58 

and Stroosnijder, 2011; Conway and Schipper, 2011). Both Segele and Lamb (2005) and 59 

Araya and Stroosnijder (2011) provided evidence that frequent dry spells of about 10 days 60 

length are among the major causes of crop failure in rain-fed farming systems of Ethiopia. 61 

Araya and Stroosnijder (2011), for instance, mention  that 40% of crop failure around Mekelle 62 

Airport station, in northern Ethiopia is due to dry spells during the growing season.  63 
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Drought struck Ethiopia in 1888, leading to the historic deadly famine of 1888/89 64 

(Pankhurst, 1985). The 1957/58 drought and its related impacts led to famine in Tigray 65 

province and the 1972/73 famine caused by drought claimed 200,000 lives in Wollo province, 66 

northern Ethiopia. Although the drought in 1983/84 triggered a famine that lead to an 67 

estimated one million fatalities,  less serious, nonetheless significant droughts, occurred in the 68 

years 1987, 1988, 1991–92, 1993–94, 1999, and 2002/3 in northern Ethiopia (Edossa et al., 69 

2010). The severe drought of 2010/11 in eastern Ethiopia, Kenya and Somali, for example, 70 

affected some ten million people and was a contributing factor to more than 250,000 fatalities 71 

in Somalia alone (Checchi and Robinson, 2013). In the most recent drought (2015/16), about 72 

10.2 millions of people have been affected in Ethiopia (FEWS NET, 2016).  73 

Since the 1980s, numerous mitigation and land rehabilitation measures, such as terraces, 74 

stone bunds, construction of micro-dams, exclosures, and reforestation programs, have been 75 

introduced to reduce adverse effects of climate variability and climate change in northern 76 

Ethiopia (Alemayehu et al., 2009; Descheemaeker et al., 2006; Haregeweyn et al., 2005). 77 

However, most of the implemented schemes are not sufficiently effective (Geberyohannes et 78 

al., 2013; Teka D., 2013;  Haregeweyn et al., 2006). In 1994, the regional government of 79 

Tigray established a Commission for Sustainable Agriculture and Environmental 80 

Rehabilitation in Tigray (COSAERT) to construct 500 micro-dams within ten years to 81 

promote water harvesting and irrigation (Haregeweyn et al., 2006). After ten years, in 2003, 82 

only 54 dams had been built because of different practical problems such as insufficient 83 

inflow, sedimentation, evaporation, excessive seepage, and lack of appropriate dam sites 84 

(Teka D., 2013;  Berhane et al., 2012; Haregeweyn et al., 2006; Nyssen et al., 2004). Possibly, 85 

these problems are attributed to knowledge of the factors controlling the relationships, and 86 

lack of reliable data during the planning, design, construction and post construction stages. 87 

For sustainable resource management, the processes and their spatiotemporal variability needs 88 
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to be known (Conway, 2004), which is one incentive to aim for long data records for northern 89 

Ethiopian highlands.  90 

The hydrological and ecological responses to climate change and human activity in the 91 

northern Ethiopian have been studied (Taye et al., 2013; Zenebe et al., 2013; Nyssen et al., 92 

2010; Gebresamuel et al., 2009), but considered only short periods. Climate change 93 

(Gebreselassie and Moges, 2015; Hadgu et al., 2013; Tekleab et al., 2013), runoff, and 94 

streamflow generation (Ashenafi, 2014; Goitom et al., 2012; Zenebe et al., 2013) have been 95 

investigated, and much attention has been given to changes in land use and land cover 96 

(LULC) and to the restoration of vegetation (Hargeweyn et al., 2015; Descheemaeker et al., 97 

2006; Hurni et al., 2005).  98 

There are only a few studies on trends and relationships of climate and ecohydrological 99 

responses in northern Ethiopian highlands (Liu et al., 2008; Taye and Willems, 2012; Tekleab 100 

et al., 2013). These studies are either at national or basin scales which mask local scale 101 

variability. Liu et al. (2008) studied the rainfall-runoff relationships for the monsoonal 102 

climate, for the period (1945–1984) at three watersheds of the northern Ethiopian highlands: 103 

Andit Tid, Anjeni, and Maybar.  They reported that all three watersheds exhibit consistent 104 

hydrologic behaviour after approximately 500 mm of cumulative effective seasonal rainfall 105 

since the beginning of season. Tekleab et al. (2013) investigated trends of precipitation, 106 

temperature, and streamflow over the Upper Blue Nile basin, for the period 1954–2008. They 107 

reported significant increasing trends in temperature, no statistically significant trends in 108 

precipitation, and both statistically significant increasing and decreasing streamflow trends in 109 

seasonal and extreme flow. 110 

Taye and Willems (2012) studied temporal variability of hydroclimatic extremes in the 111 

Blue Nile basin using historical data (1964–2009). They showed that the high flow extremes 112 

of the Blue Nile are strongly influenced by climatic oscillations while the low flows are 113 
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influenced by the combined effects of climate and land use and land cover changes. Similar 114 

studies also reported that the rainfall in the Ethiopian highlands during the rainy season has 115 

teleconnected to the ENSO phenomena (Camberlin, 1995; Conway, 2000). Seleshi and Zanke 116 

(2004) reported a cool tropical Indian Ocean can be associated to reduced rainfall conditions 117 

over the semi-arid lowlands of northeastern, eastern, southern, and southwestern Ethiopia. 118 

Nyssen et al. (2005) and Eklundh et al. (1990) also described the geographical or 119 

topographical factors, such as slope aspect, general orientation of the valley and slope 120 

gradient over longer distances, but not elevation, contributed to the spatial variability in 121 

precipitation in the northern Ethiopian highlands. Krauer (1988) mentions that the daily rain 122 

pattern in the Tigray region, where this study is conducted,  is dominated by afternoon rains 123 

(with 47% of rain falling between 12 to 18 PM) provoked locally by the convective nature of 124 

the rains after heating of the earth surface in the morning. 125 

To the best of our knowledge, only one study is available on the relationships between 126 

climate variables and  net primary productivity (NPP) by Teferi (2015), in  northern Ethiopian 127 

highlands. Teferi (2015) studied the patterns and climatic controls of vegetated land cover 128 

dynamics in Blue Nile (Abay) basin using satellite based estimates of NPP and water use 129 

efficiency (1982–2006). His results show significant positive correlation between NPP, 130 

rainfall and temperature in the humid zones, and significant negative correlation between 131 

NPP, maximum temperature and vapour pressure deficit in semi-arid zones of the study 132 

region. Interesting is that they found correlations between NPP and rainfall, which were  133 

marginal in the sub-humid zone, yet significant in the humid and semi-arid zones of the study 134 

basin. This suggests a sensitive dependence of interactions on (sub-)climate region. 135 

Previous research conducted in the northern Ethiopian highlands has not resulted in 136 

sufficient understanding as needed for effective water and land management, particularly for 137 

the driest part of the semi-arid highlands of northern Ethiopia. Since previous studies focused 138 



- 6 - 
 

more on humid climatic conditions (Teferi, 2015; Tekleab et al., 2013; Taye and Willems, 139 

2012; Tessema et al., 2010), or larger basin or national scales (Liu et al., 2008; Hurni, 2005; 140 

Gete and Hurni, 2001), local conditions may have been misrepresented. Our aim, therefore, is 141 

to identify and characterize trends, change points, and cross-correlations of precipitation, 142 

temperature, streamflow, and NPP. Rather than previous work at either larger scales or more 143 

humid conditions, this investigation focusses at the medium-sized catchment scale (10–10,000 144 

km2) in the semi-arid highlands of northern Ethiopia, where recent interventions have not 145 

been as successful as needed.   146 



- 7 - 
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2. Material and methods 172 

2.1. Study site 173 

The study area, the upper Tekeze (Atbara) basin of Geba catchment in the Tigray region of 174 

northern Ethiopia, extends from 13°18′00″ to 14°15′00″N and from 38°37′48″ to 39°47′24″E 175 

(Fig. 1). It covers an area of 5142 km2, and the elevation ranges from 914 to 3316 m a.s.l., 176 

with a mean of 2145 m (± 641). The highest point is in the northeast of the catchment. Eleven 177 

sub-catchments of the Geba catchment were studied (Appendix A, Table A.1). Suluh (SU), 178 

Genfel (GE), Agula (AG), Ilala (IL), and  May Anbesa (MA) are found in the upper region of 179 

the catchment. May Gabat (MG), Endaselassie (ES), and Bershwa (BS) are sub-catchments of 180 

the middle region of the catchment. Upper Tankwa (UT), Lower Tankwa (LT) and Chemay 181 

(CH) are located in the lower region of the catchment (see Fig. 1 and Appendix A, Table 182 

A.1).  183 

The topography of the Geba catchment is highly controlled by erosional features and 184 

geological structures. Sharp cliffs and steep slopes border the major rivers. Slope gradient 185 

range from 1.5 to 26.7%, with a mean of 15.2%. The catchment has a semi-arid climate, with 186 

a season of heavy rains (June to September), a smaller rainy season with less rain (March to 187 

May), and a dry season (October to February). The mean annual rainfall for 1980–2014 188 

ranged from 552 to 767 mm. The temperature is rather uniform throughout the year except for 189 

diurnal variations. The mean annual temperature ranges from 16 to 20 °C. The mean annual 190 

potential evapotranspiration is 1688 mm, with a maximum of 2538 mm in the west part of the 191 

lower region and a minimum of 905 mm in the central highlands of the upper region of the 192 

catchment (Gebreyohannes et al., 2013). The Geba catchment is characterised by a mixture of 193 

land use and land cover (LULC).  194 

 195 
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 196 

Fig. 1. Map of the study area, illustrating the regions (purple line) and sub-catchments (blue line), location of 197 

streamflow and meteorological stations, and the catchment topography. Geba catchment outlet is marked with a 198 

red dot. The numbers of the streamflow gauging stations and abbreviation identifying the sub-catchments are 199 

provided in Appendix A, Table A.1.  200 

 201 

 202 

The area consists of crop land (45.6%), shrub covered areas (29.9%), grass land (8.7%), bare 203 

soil (7.95%), artificial surfaces (4.9%), tree covered areas (2.8%), and water bodies (0.15%) 204 

(own processing from 2014 Landsat images). The dominant soil types are Eutric Leptosols, 205 

Vertic Cambisols, Rendzic Leptosols, Chromic Luvisols, and Calcic Vertisols (FAO, 1998; 206 

Tielens, 2012).  207 

 208 

 209 
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2.2. Data collection and processing  210 

Satellite images, streamflow and climatic variables were used as data sources. Remote 211 

sensing and geographic information system techniques were used for processing, analysing, 212 

and mapping all spatial data. Mann-Kendall (Mann, 1945; Kendall, 1975) and Pettitt (Pettitt, 213 

1979) tests were used to analyse the trends and change points, respectively. Pearson 214 

correlation coefficients, and cross-correlation analysis were also used to investigate the 215 

relationships between streamflow, NPP, precipitation and temperature. 216 

 217 

2.2.1. Satellite data 218 

Three types of data sets were used: (1) Global Inventory, Monitoring, and Modelling 219 

Studies (GIMMS) 15-day composite normalised difference vegetation index (NDVI) data, (2) 220 

Moderate-resolution Imaging Spectroradiometer (MODIS) 16-day L3 Global 250 m NDVI 221 

(MOD13Q1) data, and (3)  Landsat TM images (April, 1984; and March, 1995; 2003)  and 222 

ETM Plus satellite images (February, 2014). The GIMMS NDVI data product (Tucker et al., 223 

2005) was used to analyse long-term (1982–2000) NPP trends and variability in the 224 

catchment. The MOD13Q1 NDVI datasets used to investigate NPP for 2001–2014  were 225 

extracted from the NASA (National Aeronautics and Space Administration) Land Processes 226 

Distributed Active Archive Centre (LPDAAC, https://lpdaac.usgs.gov/dataset_discovery/ 227 

modis/modis_ products _table/mod13q1). Land use and land cover (LULC) data from the 228 

Landsat images with a spatial resolution of 30 meters (interpreted from Landsat TM and ETM 229 

Plus images) is used to determine the LULC change, and fraction of photosynthetically active 230 

radiation and the maximal light-use efficiency (LUE) to input into the CASA (Carnegie-231 

Ames-Stanford Approach) model. Land use and land cover maps were developed and 232 

grouped according to the FAO Global Land Cover SHARE classes (FAO, 2014) into 7 land 233 

https://lpdaac.usgs.gov/dataset_discovery/%20modis/modis_%20products%20_table/mod13q1
https://lpdaac.usgs.gov/dataset_discovery/%20modis/modis_%20products%20_table/mod13q1
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use and land cover types: (1) tree covered areas; (2) shrub covered areas; (3) grass land; (4) 234 

artificial surfaces; (5) crop land; (6) bare soil and (7) water bodies. 235 

 236 

2.2.2. Climatic and streamflow data 237 

Daily and monthly series of precipitation data for 15 stations and temperature data for 10 238 

stations were obtained from the Ethiopian National Meteorological Agency (Appendix A, 239 

Table A.2). Data for monthly total solar radiation at a spatial resolution of 0.5×0.5° for input 240 

into the CASA model was obtained from a data set reanalysed by the National Centre for 241 

Environmental Prediction (NCEP) DOE-II (Zhao and Running, 2010). Streamflow data for 10 242 

gauging stations in the catchment periods of different duration were obtained from the 243 

Ethiopia Ministry of Water Resources, Irrigation and Energy and the MU-IUC/VLIR-UOS 244 

(interuniversity collaboration between the Flemish universities and Mekelle university) 245 

programme archive (see Appendix A, Table A.1). The data set for streamflow and climatic 246 

variables was scanty, with much missing data (see Appendix A, Table A.1 and 2).  To get 247 

monthly mean precipitation, temperature, and streamflow, the missing values at stations were 248 

filled through statistical regression analysis, using loading factors estimated from the 249 

coefficients of correlation between stations (Yang et al., 2010). This was achieved by 250 

establishing the linear, power, logarithmic and exponential cross‐correlation equations 251 

between the observed variables at stations which have missed values and those at other 252 

stations for each month of the year. Missing monthly variable values then calculated at each 253 

station using the best performing equation and corresponding variable data observed at the 254 

other station. Each climatic variable in and around the catchment was processed by using 255 

Thiessen polygon to acquire the interpolated value for the sub-catchments.   256 

 257 
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2.3. Data analysis 258 

The Mann-Kendall test was used to assess trends in precipitation, temperature, streamflow, 259 

and NPP. We used trend-free pre-whitening (TFPW) to remove the auto-correlation before 260 

executing the trend analysis, as descried by Yue et al. (2003). Pettitt tests were used to 261 

identify change points in the time series. Trends and change points were evaluated for      262 

1980–2014. Trends magnitude was computed for assessing the rate of change per unit time as 263 

proposed by Sen (1968) (Appendix B, B.3). We used the improved CASA model (Yu et al., 264 

2009) for estimating monthly NPP (presented in Section 2.4). Pearson’s correlation 265 

coefficients were determined for the correlations between streamflow, NPP, and climatic 266 

variables (precipitation, mean temperature, maximum temperature, and minimum 267 

temperature). It was assumed that the inter-annual (seasonal and monthly) fluctuation of 268 

streamflow and NPP could be attributed to the temporal and spatial variability of these 269 

climatic variables when the correlations between the coefficients of variation (CVs) for 270 

streamflow, NPP, and climatic variables were significant (Gong et al., 2012). The method of 271 

time-lagged cross-correlation analysis (Appendix C) was used to study the immediate and 272 

delayed effects of climate variables on monthly variations of streamflow and NPP, as 273 

described  by  Fik and Mulligan (1998), and  Peng et al. (2008).  274 

 275 

2.4. The CASA ecosystem model 276 

The CASA ecosystem model based on estimating light-use efficiency (LUE) is a process-277 

based model appropriate for estimating NPP on global or regional scales (Potter et al., 1993; 278 

2009; Yu et al., 2009). The product of absorbed photosynthetically active radiation (APAR) 279 

and LUE was used to define NPP (Potter et al., 1993): 280 

 281 
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 =  (1) 

 282 

where  (MJ/m2/month) and LUE(x,t) (g C/MJ) are the APAR and LUE of the 283 

vegetation in the geographic coordinate system at location x and time t. 284 

 285 

The algorithm for APAR is given by (Piao et al., 2001): 286 

 287 

 =  (2) 

where  (MJ/m2/month) and  are the monthly total solar radiation and the 288 

fraction of the incoming photosynthetically active radiation intercepted by green vegetation at 289 

position x and time t, and r is the ratio of the photosynthetically active radiation (PAR)  (with 290 

a wavelength range of 0.4–0.7 mm) that can be used by the vegetation with the incoming solar 291 

radiation ( ) (Gong et al., 2012).  292 

 293 

Eq. (2) indicates that APAR depends on FPAR and PAR. FPAR is mainly determined by 294 

vegetation type and its canopy. The normalised difference vegetation index (NDVI), 295 

calculated from remotely sensed data, assesses the vegetation canopy (Potter et al., 1993). 296 

FPAR is linearly correlated with NDVI (Yu et al., 2009; Potter et al., 1993):  297 

 298 

 

(3) 

 299 

where  = 0.001 and  = 0.95 are the minimal and maximal FPAR, respectively, and 300 

are independent of vegetation type, and  and  are the minimal and 301 

maximal NDVI values of vegetation type i and represent bare ground and complete coverage, 302 

respectively.  303 

 304 

LUE is the basis for the CASA model, and the algorithm can be expressed by:  305 

 306 
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(4) 

where  and  are temperature-stress coefficients,  is the moisture-stress 307 

coefficient, and  is the maximal LUE of the vegetation in ideal conditions. The 308 

algorithms for  and , and the improved  have been described by Potter et 309 

al. (1993) and Yu et al. (2009). The model uses the regional moisture index (the ratio of 310 

regional actual evapotranspiration with potential evapotranspiration) which is computed from 311 

monthly climate data, to estimate the influence of  moisture-stress coefficient ( ) on light-312 

use efficiency. Details about this model are described by Yue et al. (2009). The maximum 313 

LUE (ε max) was set uniformly at 0.55 gC/MJ PAR, estimated globally from field 314 

measurements by Potter et al. (2003). 315 

 316 

3. Results and discussion  317 

3.1. Trends and change-point detection  318 

3.1.1. Precipitation and temperature 319 

The precipitation and temperature records between 1980–2014 are shown in Appendix A 320 

(Table A.2). The Mann-Kendall method was used to investigate the trends at the annual, 321 

seasonal and monthly time scales. In Fig. 2A, total annual precipitation tended to decrease at 322 

about 60% of the stations. For the seasonal cases, the trends in the rainy season showed a 323 

decrease for about 47% of the stations. Similarly, precipitation decreased at about 40 and 47% 324 

of the stations in the small rainy and dry seasons, respectively. These decreasing trends are 325 

found to be statistically significant (<0.5 level of significance) and comprise of a reduction of 326 

13% of precipitation for the annual and small rainy season, and 27% for dry season.  327 
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The magnitudes of the significant decreasing trends at Edega Hamus and Hawzen in the 328 

upper region of the catchment respectively, are, in mm/year per year: -9.33 and -4.87 in 329 

annual, -3.56 and -1.67 in small rainy season, and -0.45 and -1.1 in dry season. Hager Slam in 330 

small rainy season, Wukro and Mekelle Airport in dry season also showed significant 331 

decreasing trends of precipitation by -1.55, -0.38, and -0.49 mm/season per year, respectively. 332 

In contrast Abi Adi in the lower region, and Dengolat in the middle region revealed a 333 

significant increasing trends of precipitation in rainy season by 30.81 and 7.04 mm/season per 334 

year, respectively (Fig. 2E). 335 

According to the performed analysis, the test result for the monthly scale precipitation in 336 

February and May at seven and two stations, respectively, showed a statistically significant 337 

decreasing trend mainly in the upper region of the catchment. August and September 338 

precipitation also showed a mixture of statistically significant decreasing trends in the upper, 339 

and increasing trends in the lower regions of the catchment stations. For 73.3% of the stations, 340 

change point analysis of precipitation showed no abrupt changes for either total annual or 341 

seasonal precipitation. Precipitation in small rainy season had a downward shift at Edega 342 

Hamus station in 1996, Hawuzen station in 1997, and Hager Slam station in 1997. For 53.3% 343 

of the stations, an abrupt change was observed in the monthly precipitation, with a significant 344 

change in February precipitation over the past 35 years (not shown). Depending on the 345 

station, time scale and sub-season, both decreasing and increasing trends have been observed. 346 

However, significantly decreasing trends are mainly observed in the northern part of the upper 347 

region (Edega Hamus, Hawzen, Wukro and Mekelle Airport), and middle region (Hager 348 

Slam) of  the catchment, while  stations in the middle region (Dengolat) and lower region 349 

(Abi Adi) showed significant increasing trends. Perhaps, the spatial difference in magnitude 350 

and direction across the catchment, e.g., the two nearby stations, Hager Slam and Abi Adi, 351 
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which showed the significant decreasing and increasing trends, respectively, attributed to the 352 

difference in  topographical factors between the two stations (Nyssen et al., 2005).   353 

The results are  in agreement with those previously reported in the other parts of the 354 

country (e.g., Beyen, 2015; Tabari et al., 2015; Viste et al., 2012). Tekleab et al. (2013) found 355 

a mixture of positive and negative trends in total annual, seasonal, and daily precipitation in 356 

the Blue Nile/Abay basin for the period 1954–2008.  However, some previous rainfall trend 357 

studies have reported a declining trend of annual and seasonal rainfall in north central and 358 

central Ethiopia (FEWS, 2003; Osman and Sauerborn, 2002; Seleshi and Dameree, 1995), and 359 

no significant trend in northeastern, northwestern and central parts of the country (Conway, 360 

2000; Meze-Hausken, 2004; Seleshi and Zanke, 2004, Seleshi and Camberlin, 2006).  This 361 

difference may come from the use of climatic data from different time spans or moments 362 

chosen for the analysis (Bewket and Conway, 2007). 363 

 A decadal analysis by McSweeney et al. (2008) reveals that annual precipitation decreased 364 

during the 1980s in many parts of Ethiopia, and recovered during the early 1990s and late 365 

2000s, with the exception of 2002–2003 when the country experienced a severe drought 366 

period. However, when the analyzed period is made larger, this decreasing trend in annual 367 

rainfall is reduced or even removed. Seasonal and intra-seasonal trends may exist, as may 368 

more localized trends (Seleshi and Camberlin, 2006). Similarly, the annual precipitation in 369 

this study showed decreasing trends in the 1980s, an annual normal to slightly above the 370 

average trend in the years 1990s, decreasing and then increasing trends in the years 2000s, 371 

and slightly reduced trend in the 2010s at the majority of stations (Appendix D, Fig. D.1). 372 
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 373 

Fig. 2. Mann-Kendall test Z statistics and trend magnitudes for annual and seasonal trends in precipitation and 374 

temperature at the Geba catchment climatic stations. Graphs in the left row represent the Mann-Kendall test Z 375 

statistics for total annual precipitation (A), monthly mean of daily mean temperature (B), monthly mean of daily 376 

maximum temperature (C), and monthly mean of daily minimum temperature (D);  Graphs in the right row 377 

represent the trend magnitudes for total annual precipitation (E), monthly mean of daily mean temperature (F), 378 

monthly mean of daily maximum temperature (G), and monthly mean of daily minimum temperature (H).  379 

 380 

From Fig. 2B, C and D, it is evident that the annual and seasonal daily mean, maximum, 381 

and minimum temperatures tend to strongly increase at the majority of the stations. Monthly 382 
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means of daily mean temperatures in the annual, rainy season, small rainy season, and dry 383 

season increased significantly (<0.5 level of significance) for 60, 30, 30, and 50% of the 384 

stations, respectively. Annual means of daily maximum temperatures increased significantly 385 

for 50% of the stations for annual temperature and 20, 40, and 30% of the stations for the 386 

rainy, small rainy, and dry seasons, respectively. However, the stations found in the northern 387 

part of the upper catchment showed negative trends in minimum, and maximum temperatures 388 

(e.g., Adigrat and Senkata). 389 

The trends of mean annual minimum temperature indicated a warming in most regions of 390 

the catchment (90% of the observed stations), with significant increases in the upper region of 391 

the catchment (Atsebi station) and near the middle region of the catchment (Yechila station). 392 

Minimum temperature also showed significant increasing trends during rainy seasons at 393 

Hawuzen, Wukro, Mekelle Airport stations in the upper region and Yichela station in the 394 

middle region, as well as at Wukro station during small rainy season, and Yichila station 395 

during small rainy and dry seasons. The highest rate of increase was found for the small rainy 396 

season (0.24 °C/y) and, not surprisingly, the lowest rate of increase for the dry season (0.186 397 

°C/y). At one station, i.e., at the Senkata station in the northern region of the Geba catchment, 398 

annual and seasonal daily mean and minimum temperatures, tended to decrease. 399 

The analysis of the Pettitt test allows us to confirm the results obtained previously, and to 400 

locate the years of change (Appendix A, Table A.3). Change points differed between the 401 

stations and cannot well be compared to those of other studies due to different lengths of the 402 

data records. The change points differed for the stations, and for instance, for Adigrat and 403 

Mekelle Airport even for the data set concerning the same period (1980–2014). The change 404 

points at Adigrat station occurred in 2011, 1991, and 1987, while at Mekelle Airport station, 405 

the changes occurred in 1996, 1996, and 1989, for mean, maximum, and minimum 406 

temperatures, respectively. 407 
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Figure 2F, G and H shows the magnitudes of trends in the annual mean, maximum and 408 

minimum temperatures, respectively at annual and seasonal time scales. The increase in 409 

annual mean, maximum and minimum temperatures among stations ranged from 0.26–0.84 410 

°C, 0.04–1.09 °C and 0.13–1.64 °C per decade, respectively. At the seasonal scale, similar 411 

increasing trends among stations ranged from,  0.2–1.23 °C, 0.06–3.27 °C and 0.22–1.75 °C 412 

per decade in mean  temperature, 0.01–1.44 °C, 0.02–2.71 °C and 0.03–2.0 °C per decade in 413 

maximum temperature, and 0.13–1.79 °C, 0.01–3.24 °C and 0.24–1.80 °C per decade in 414 

minimum temperature were observed for main rainy, small rainy and dry seasons, 415 

respectively. The trends of temperature were not uniform across stations. Significant warming 416 

trends were observed at Hawuzen, Atsebi, Wukro and Mekelle Airport in upper region, 417 

Yichela in middle region, and Abi Adi in lower region of the catchment, with respect to 418 

annual mean temperature. In contrast, at Senkata station in the upper region significant 419 

cooling trend was experienced by -1.3 °C/decade. The annual mean temperature increased by 420 

1.2, 1.3, 0.9 and 0.3 °C/decade for Hawuzen, Atsebi, Wukro and Mekelle Airport stations in 421 

upper region of the catchment, respectively, nearly by twofold faster than the country’s 422 

average warming rate of 0.37 °C per decade for 1951–2006 (NMA, 2007) and sixfold faster 423 

than the global average warming rate of 0.12 °C/decade (0.72 °C increase for 1951–2012; 424 

IPCC, 2013). 425 

Our results are in line with previous studies with climate change in Ethiopia, which 426 

reported increasing temperature trends (e.g. Hadgu et al., 2015; Beyen, 2015). NMA (2007) 427 

reported that between 1960–2006, the mean annual temperature has increased at an average 428 

rate of 0.2 °C per decade over Ethiopia. A warming trend at a rate of 0.25 °C per decade for 429 

1952–1999, whereas NMA (2007) reported an increase of 0.37 °C per decade for 1951–2006. 430 

Gebrehiwot and van der Veen (2013) also indicated an increase in both mean minimum and 431 

maximum temperatures for 1954–2008 of 0.72 and 0.36 °C/decade, respectively in the 432 



- 20 - 
 

northern Ethiopia. Conway et al. (2004) found a warming trend in the annual mean maximum 433 

and minimum temperatures by 0.2 °C and  0.4 °C per decade for Addis Ababa for 1951–2002. 434 

In general, rates of change appear to differ between areas and time periods studied, but most 435 

studies concur on the presence of a warming trend in Ethiopia in both the mean, maximum 436 

and minimum temperatures over the past few decades. The increase in temperature 437 

particularly during the small rainy and rainy seasons at the majority of the stations impose its 438 

impact on the onset period of crop production by raising the evaporative demand, particularly 439 

in the upper and middle regions where a decline of precipitation amount is observed. Beside a 440 

reduced length of the growing period, seasonal rainfall with high evaporative demand will 441 

increase the risks of low yields in rain-fed crop production. 442 

 443 

3.1.2. Streamflow  444 

For all investigated periods of annual and all seasons except the dry season, more stations 445 

showed a decreasing trend of monthly mean streamflow (Appendix A, Table A.4). The 446 

stations with significant negative trends of annual and seasonal streamflow are mainly found 447 

in the upper region of the catchment.  In the upper region of the catchment, streamflow tended 448 

to decrease significantly at Suluh and Agula stations, and increased significantly at Genfel 449 

station during annual and main rainy season. Streamflow also showed significant decreasing  450 

trends for Suluh and Upper Geba stations during small rainy and dry seasons, and for Agula 451 

station during the small rainy season. To some extent, the hydrological stations showed a 452 

decreasing trend agree with the pattern of meteorological stations with significant negative 453 

trends in precipitation (refer to Fig. 2).  454 

Comparison between the sub-catchments, however, was not possible due to limited data 455 

availability for the catchment. Different stations and for different periods revealed different 456 

trends. For instance,  Appendix A (Table A.4), and Fig. 3 illustrate that streamflow tended to 457 
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decrease significantly in the upper region at the Upper Geba station in the small rainy season, 458 

and at the Suluh station in the annual and all seasons streamflow. Annual, rainy and dry 459 

seasons streamflow, however, increased significantly at the Genfel station, which is adjacent 460 

to the Suluh station. The most likely reason for this difference is the presence of micro-dams 461 

and diversions in the Genfel catchment, which create a smoothing effect in runoff distribution 462 

and limit the detection of changes at the gauging station. Moreover, water abstractions for 463 

irrigation and seasonal distribution of rainfall, which can be attributed to the change in 464 

streamflow, differ between the sub-catchments. Water-harvesting structures, river diversions, 465 

and more than 54 micro-dams have been built in the Tigray region since 1992; 28 of these 466 

were large- or medium-sized (3.1 to 0.1 106m3) micro-dams in the Geba catchment 467 

(Haregeweyn et al., 2008; Yazew et al., 2005), which have decreased runoff and hindered the 468 

detection of changes at the gauging stations. Tekleab et al. (2013) also reported a mixture of 469 

increasing and decreasing trends in the Blue Nile/Abby basin caused by human intervention. 470 

  471 

 472 

Fig. 3. Time-series plots for mean annual discharge (A), rainy season mean discharge (B), small rainy season 473 

mean discharge (C), and dry season mean discharge (D) at the Upper Geba, Suluh, and Genfel gauging stations 474 

in the upper region of Geba catchment.  475 

 476 
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 477 

 478 

Fig. 4. Time-series plots for the changes in mean annual discharge at the Suluh sub-catchment (A) and Genfel 479 

sub-catchment (B) gauging stations. The dashed lines labelled  and  are the means of the time series before 480 

and after the change points, respectively. 481 

 482 

The break points of the annual mean streamflow are shown in Appendix A, Table A.5. 483 

Significant downward shifts were generally detected for annual mean streamflow at most of 484 

the stations. The time-series plots for the changes in annual mean streamflow for the 485 

representative stations, Suluh and Genfel stations are presented in Fig. 4. Streamflow decline 486 

in Suluh started as early as 1988. It has accelerated since 1996 and the trend became 487 

significant after 2002.  For Genfel station, an upward shift of streamflow started as early as 488 

1987 and the trend became significant after 1996. This pattern can also be largely attributed to 489 

the operation of the micro-dam reservoir since 1992, and to the 1990–92 and 1999–2000 490 

droughts in the region (Edossa et al., 2010). The upward shifts were likely due to the 491 

implementation of large-scale measures for conserving soil and water in the sub-catchment 492 

since 1980s (Asfaw, 2014; Nyssen et al., 2010). The impact of human activities as land 493 

rehabilitation measures, and land use and land cover change, on streamflow is discussed in a 494 

later Section 3.2.3.   495 

 496 

3.1.4. NPP 497 

The spatiotemporal changes of NPP are summarised in Appendix A (Table A.4). The 498 

monthly mean annual NPP increased significantly in the Geba catchment. The average annual 499 
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NPP and inter-annual variation for 1982–2014 were 1.64 gC/m2 and 0.71 gC/m2, respectively 500 

(Appendix D, Fig. D.2). Based on the Theil-Sen slope trend (see Appendix C, Fig. C.1 C),  501 

the catchment showed a positive trend in monthly mean annual NPP with a mean rate of 502 

0.068 NPP units  (3.9% per year). 503 

Annual and rainy season NPP increased markedly in the Agula and Ilala sub-catchments of 504 

the upper region of Geba catchment. Endaselassie sub-catchment in the middle and Upper 505 

Tankwa sub-catchment in the lower regions also had similar tendencies for the small rainy 506 

and dry seasons. These similar results may be primarily the results of increased vegetation 507 

coverage through ecological restoration measures, such as exclosure and reforestation 508 

(Nyssen et al., 2015; Teka K et al., 2013; Gebersamuel et al., 2010). For example, annual and 509 

seasonal NPP increased significantly at the representative sub-catchments of Suluh, Bershwa, 510 

and Chemay in the upper, middle, and lower regions of the catchment, respectively (Fig. 5). 511 

The monthly NPP also showed a strong increase in all sub-catchments. Average annual NPP 512 

was highest in the upper region (1.69 gC/m2) among the three region of Geba catchment 513 

which is covered by Afromontane forest in the eastern and southern parts (mainly in the 514 

escarpments of Agula, Ilala and Genfel sub-catchments) of the region  (see Appendix D, Fig. 515 

D.2, and Appendix E, Fig. E.1).  516 

The average annual NPP in the sub-catchments was highest in the Upper Tankwa (2.03 517 

gC/m2), followed by Endaselassie (1.78 gC/m2) from the 11 sub-catchments, where the 518 

vegetation is dominated by shrubs and deciduous forests (TECSULT, 2004; 2014 LULC, own 519 

processing). NPP was next highest in the Agula (1.68 gC/m2) and Genfel (1.61 gC/m2)      520 

sub-catchments, which contain reforestation and patches of escarpment forest (Zeneb, 2009; 521 

TECSULT, 2004), followed by the Ilala sub-catchment (1.60 gC/m2) in the southern parts of 522 

the upper region of Geba catchment. NPP was lower in the Suluh sub-catchment (1.57 gC/m2) 523 
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in the upper, May Gabat sub-catchment (1.56 gC/m2) in the middle, and Lower Tankwa sub-524 

catchment (1.49 gC/m2) in the lower regions of the Geba catchment.  525 

The Pettitt tests identified several change points for the 11 Geba sub-catchments 526 

(Appendix A, Table A.5), and illustrated in Fig. 6 for the two representative sub-catchments. 527 

Mean annual NPP shifted upward in all sub-catchments around 2000. Upward shifts were 528 

significant in all seasons. Change points of monthly mean annual NPP in the small rainy and 529 

dry seasons occurred around 1994 and 1995 in the Suluh and Genfel sub-catchments, 530 

respectively. Upward shifts in the rainy seasons for these sub-catchments occurred around 531 

2000. Most change points were upward shifts in monthly NPP. The upward change points for 532 

all sub-catchments occurred mostly around the early 1990s and 2000s.  533 

 534 

 535 

Fig. 5. Time-series plots of NPP for the Suluh (A and B), Bershwa (C and D), and Chemay (E and F) sub-536 

catchments in the upper, middle, and lower regions of the Geba catchment, respectively. 537 
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 538 

Fig. 6. Time-series plots for the NPP change points for the Suluh (A) and Genfel (B) sub-catchments. The 539 

dashed lines labelled  and  are the means of the time series before and after the change points, respectively. 540 

 541 

The results from our study showed an increase of temperature and a decrease of 542 

precipitation in some parts of the catchment, and overall increase of NPP in the region, a 543 

similar result as also obtained elsewhere by Huntingford et al. (2000) and Mohammed et al. 544 

(2004). These results are difficult to explain as simply a combined effect of the semi-arid 545 

ecosystem. The following mechanism, however, may provide an explanation for the changes 546 

of NPP.  547 

Increase of minimum temperature in rainy and small rainy seasons, and decrease of 548 

precipitation in small and dry seasons are mostly found in the upper region of the catchment. 549 

This finding may be due to the fact that the upper region of the catchment is found in high 550 

altitude areas and have lower temperature, that increase in rainy and small rainy season 551 

minimum temperature advances an upward trend as a result  (Zhang et al 2013; Zhao and 552 

Running, 2010). While a decrease of precipitation in small and dry seasons have moisture 553 

stress to some extent. As the small rainy and dry seasons contributed less amount of  554 

precipitation (less than 20%) to the annual average in the catchment. Moreover, mechanisms 555 

other than climate, such as CO2 fertilization, and N deposition, may also play roles in the 556 

increasing of NPP trend (Jacob et al., 2015). Therefore, it is likely that the marked changes of 557 

the NPP seen in the upper region were mainly caused by human interventions, which will be 558 

discussed in Section 3.2.3. 559 
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3.2. Relationships of climate variables and human activities with ecohydrologic responses  560 

Ecohydrologic responses, streamflow and NPP were dynamic at annual and seasonal time 561 

scales. The spatial and temporal variations of  these changes reflect the combined effects of 562 

climate change and human activities, which provides valuable information in water and land 563 

resources management in the catchment. In this study, attempts, therefore, are made to 564 

investigate the relationships of streamflow and NPP with climate variables and human 565 

activities in the catchment. 566 

 567 

3.2.1.  Correlation between streamflow, NPP and climate 568 

The correlation coefficients of the relationships between the mean values and CVs for 569 

streamflow, NPP, and climatic variables are shown in Appendix D (Fig. D.3), and  Fig. 7, 570 

respectively.  Mean annual and seasonal streamflow were correlated positively with mean 571 

precipitation, and negatively with mean and maximum temperatures. Mean minimum 572 

temperature was correlated negatively with mean annual and rainy season streamflow, and 573 

positively with mean small rainy and dry season streamflow in most parts of the catchment. 574 

The CVs for annual and seasonal streamflow were correlated positively with precipitation, 575 

and with the CVs for mean and maximum temperatures (see Fig. 7). However, the CVs for 576 

streamflow and precipitation were negative correlations in some parts of the catchment.  577 

Correlation analysis between the CVs for annual and rainy season streamflow and minimum 578 

temperature showed negative relationships, whereas the CVs for small rainy and dry seasons 579 

streamflow were positively correlated with minimum temperature, in most regions of the 580 

catchment. 581 

Streamflow reflects the integrated response of the entire river catchment on weather 582 

forcing, and on particularly precipitation. In this study, we detected a significant decreasing 583 

trend of streamflow, particularly on small rainy and dry seasons, at Upper Geba station which 584 
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is located at the outlet of the upper region of the catchment river. A similar significant 585 

decreasing trend was observed for the upper region of the catchment precipitation, especially 586 

in May and February which are the small rainy and dry seasons months, respectively.  587 

 588 

 589 

Fig. 7. Correlations between the CVs for mean annual, rainy season, small rainy season, and dry season 590 

streamflow and NPP, and the CVs for precipitation, mean temperature, maximum temperature, and minimum 591 

temperature at a seasonal time scale. Graphs in the left row represent the correlations between the CVs for mean 592 

annual (A), rainy season (B), small rainy season (C), and dry season (D) streamflow;  Graphs in the right row 593 

represent the correlations between the CVs for mean annual (E), rainy season (F), small rainy season (G), and 594 

dry season (H) NPP.   595 
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Therefore, the decreasing trend of precipitation in the upper region of the catchment 596 

contributed to the decreasing streamflow. It is further evident by the significant correlation 597 

coefficient between CVs for streamflow and precipitation in the majority of the stations. The 598 

significant correlation indicates that the precipitation influences the streamflow directly. This 599 

observation is also supported by the close relationship observed by Zeneb et al. (2013) 600 

between runoff and precipitation in the Geba catchment for 2004–2007. The study by Taye et 601 

al. (2013) used a simple lumped rainfall–runoff models to identify the sources of observed 602 

temporal variability of hydrological extremes of the entire upper Blue Nile basin for 1964–603 

2009. They reported that rainfall variability is the main influencing factor for the observed 604 

extreme flow pattern in the basin. However, the impacts of human intervention were not 605 

clearly considered since the models used are lumped rainfall-runoff models that did not 606 

consider such catchment heterogeneities. Hence, it is likely that the effect of climate 607 

variability on streamflow is mainly through the changes in precipitation. However, the 608 

changes in precipitation were small in this study. 609 

Climatic variables controlling NPP also varied on many scales of space and time. No 610 

single climatic variable was correlated with annual and seasonal NPP in the sub-catchments. 611 

Mean annual and seasonal NPP were correlated positively with mean precipitation, and 612 

negatively with mean temperature and maximum temperature (Appendix D, Fig. D.4). Mean 613 

annual and rainy season NPP were negatively correlated with mean minimum temperature. 614 

For the mean small rainy and dry season NPP, the relationship was less evident as they were 615 

for some cases negatively and others positively correlated with mean minimum temperature in  616 

the catchment. Whereas means of NPP were positively correlated with precipitation, the CVs 617 

for annual and seasonal NPP were negatively correlated with the CVs for precipitation in 618 

most of the sub-catchments (see Fig. 7). The CVs for annual and rainy season NPP were 619 

either positively or negatively correlated with the CVs for mean temperature, and the CVs for 620 
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small rainy and dry season NPP were negatively correlated with the CVs for mean 621 

temperature in most parts of the catchment. The CVs for annual and rainy season NPP were 622 

positively correlated with the CVs of maximum and minimum temperatures, and the CVs for 623 

small rainy and dry season NPP were negatively correlated with the CVs for maximum and 624 

minimum temperatures in the catchment. 625 

The CVs for annual and rainy season precipitation, and the CVs for rainy and dry seasons 626 

maximum temperature were significantly correlated with CVs for the respective NPP, where 627 

the correlation with precipitation is higher than that for maximum temperature. The  628 

significant correlations of mean values and CVs for NPP and climate factors as precipitation 629 

and maximum temperature reveal their impact and role in the inter-annual and seasonal 630 

variation of NPP in the catchment. That the inter-annual and seasonal variation of NPP can be 631 

attributed mainly to precipitation and maximum temperature is remarkable, considering the 632 

relatively small fluctuation of both precipitation and maximum temperature. Teferi (2015) 633 

also reported a significant positive correlation between NPP, rainfall and temperature in the 634 

humid zones, and significant negative correlation between NPP, maximum temperature and 635 

vapour pressure deficit in semi-arid zones of the study region. His results also show NPP and 636 

rainfall are correlated marginally in sub-humid zones. 637 

From the above analysis, we learn that the annual, seasonal, and monthly changes of 638 

precipitation, mean temperature, maximum temperature, and minimum temperature all 639 

contributed to the inter- and intra-annual fluctuation of streamflow and NPP. However, 640 

precipitation and maximum temperature were important influencing climatic factor in the 641 

Geba catchment. Climatic variations have also been associated with long-term regional 642 

droughts identified by pollen analysis (i.e. vegetation coverage) (Lanckriet et al., 2015). The 643 

impact of the different climatic variables differed for different regions and may be related 644 
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with LULC and the agro-climatic zonation (Teferi et al., 2015; Tekelab et al., 2013; Zenebe et 645 

al., 2013; Nyssen et al., 2005). 646 

 647 

3.2.2. Time-lagged correlation between streamflow, NPP and Climate 648 

Results of lagged correlation analysis between monthly streamflow and NPP, and 649 

precipitation, mean temperature, maximum temperature and minimum temperature are shown 650 

in Fig. 8. The analysis shows that streamflow is well correlated with precipitation across the 651 

catchment. It is found that almost for all the months streamflow with precipitation correlation 652 

decreased with an increase in time-lag. Significant positive zero and one months lagged 653 

correlations between streamflow and precipitation were observed. For the study catchment, 654 

the correlation between streamflow and temperature are found to be poorly correlated and 655 

highly variable for all the years. No consistent change in correlation between streamflow and 656 

temperature was found with increase in time-lag. 20 and 40% of the sub-catchments 657 

streamflow showed a significant negative one month lagged correlation, and positive two 658 

months lagged correlation with mean temperature, respectively. Streamflow for most of the 659 

sub-catchments had a significant negative zero lagged correlation to maximum temperature, 660 

and significant positive zero and one month lagged correlation to minimum temperature.  661 

The lower and middle regions of sub-catchment streamflow are strongly correlated with 662 

precipitation at zero lag with compared to the upper region of  sub-catchments. While in the 663 

upper region, sub-catchments showed strong correlation between streamflow and precipitation 664 

at one month lag than the lower and middle regions sub-catchment (see Fig. 8). The 665 

significant positive correlations between streamflow and precipitation indicates that the 666 

streamflow is much more sensitive to precipitation and that the dependence increases from 667 

upstream to downstream in most of the sub-catchments. The relationships also suggested that 668 

sub-catchments in the lower and middle regions are respond more strongly to changes in 669 
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precipitation than sub-catchments in upper region. However, the magnitude of the changes in 670 

streamflow depends on both changes in precipitation and human intervention in the regions.  671 

 672 

 673 

Fig. 8. Lagged correlations of monthly anomalies of streamflow and NPP versus lagged anomalies of 674 

precipitation, mean temperature, maximum temperature and minimum temperature. Graphs in the left row 675 

represent the lagged correlations of monthly streamflow versus lagged anomalies of precipitation (A), mean 676 

temperature (B), maximum temperature (C), and minimum temperature (D);  Graphs in the right row represent 677 

the lagged correlations of monthly NPP versus lagged anomalies of precipitation (E), mean temperature (F), 678 

maximum temperature (G), and minimum temperature (H).  679 



- 32 - 
 

Notice that the correlation between streamflow and precipitation at one month lag becomes 680 

larger in the Genfel sub-catchment. However, the effects of precipitation persisted for up to 681 

one month in the other sub-catchments of the upper region of the catchment, suggests an 682 

underlying mechanises of water redistribution in the region. While the significant negative 683 

correlations of maximum temperature and positive correlations of minimum temperature  at 684 

zero lag reflect the fact that warm, dry weather tends to deplete moisture through evaporation 685 

and transpiration.   686 

It was found that NPP for all the sub-catchments showed significant positive correlation at 687 

zero lag with precipitation, and the effect will persist for two months in most area of the Geba 688 

catchment. Whereas 30%, and  90% of the sub-catchments NPP showed a significant positive 689 

one and two months lagged correlation, respectively, with mean temperature. 30%, and 20% 690 

showed a significant negative zero and one month lagged correlation with mean temperature, 691 

respectively. Significant negative correlation at zero lag with one month duration was also 692 

observed between NPP and monthly variation of maximum temperature in most of the sub-693 

catchments. NPP showed a significant positive zero lagged correlation with minimum 694 

temperature, and the duration length of minimum temperature on NPP was extend for two 695 

months in most of the study area.  696 

The significant positive correlation at zero lag with no duration between NPP for most of 697 

the sub-catchments and precipitation indicates the response of NPP to precipitation is  698 

instantaneous, as the study area found in semi-arid zone with mean annual precipitation 699 

ranges from of 552 to 767 mm, about 83% of the mean annual precipitation contributed in 700 

main rainy season and most of the plants were lacking water outside the rainy season, thus the 701 

response of vegetation to precipitation was immediate and could not persist for a long time 702 

(Ludwig et al., 2005; Wang et al., 2015). Precipitation infiltrated in the soil, is absorbed by 703 

the root system of vegetation and subsequently stored by the vegetation canopy and stems, 704 
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resulting in delayed vegetation growth response to precipitation, which may explain the 705 

significant positive correlation at one month lag with two months duration. 706 

Most of the sub-catchments, however have displayed significant negative zero-lag 707 

correlations between maximum temperature and NPP, which may be attributed to an increase 708 

in water stress in these water-deficient environments due to warmer temperature (Mohammed 709 

et al., 2004). The positive zero and one month lag correlations between minimum temperature 710 

and NPP in most of the sub-catchments reflect that their evidences of positive correspondence 711 

between NPP and temperature through enhancing an earlier initiation of the growing season 712 

and more robust plant production (Zhang et al 2013; Zhao and Running, 2010), however 713 

warmer temperature also have the effect of increasing evaporation and transpiration by 714 

vegetation leading to moisture stress (Hu et al., 2010; Braswell et al., 1997). 715 

 716 

3.2.3.  Impact of human activities  717 

The results so far suggest that other than climate factors changed in the course of the 718 

investigated period, and in particular land use and land cover changes qualify for further 719 

consideration. Therefore, streamflow and NPP are shown and linearly regressed in Fig. 9 as a 720 

function of precipitation. The method assumes that, for a given catchment, the relationship 721 

between streamflow and NPP, and precipitation will remain unchanged unless catchment 722 

properties have been modified (Zhao et al., 2015). Based on the breaks identified in the Pettitt 723 

test analysis Fig. 4 and 6, and Appendix A (Table A.5), two periods were distinguished for the 724 

representative sub-catchments. In both of the sub-catchments, the correlation, judged from R2-725 

values, between streamflow and precipitation in the first period is larger than in the second 726 

period. Accordingly, in the second period, the changes in streamflow and NPP are influenced 727 

to a lesser degree by precipitation than in the first period. Moreover, the regression lines for 728 
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streamflow in the first period were located either above (Suluh) or below (Genfel) the line for 729 

the second period, i.e., streamflow was stabilized at lower or higher levels. 730 

 For streamflow, the most likely reason for this difference could be the impact of human 731 

management, by measures such as diversions, earthen dams, and irrigated lands in and 732 

adjacent to the Suluh and Genfel sub-catchments. For instance the buffering effect of small 733 

water reservoirs behind dams is expected to decrease the direct correlation between rainfall 734 

and streamflow, and may stabilize flow rates at larger or smaller values, depending on e.g., 735 

water conservation measures that are taken upstream. 736 

For NPP, correlations in both periods were small, but also decreased from period 1 to 2. 737 

Larger effects can be seen in the magnitude of NPP, which about doubled after period 1. Such 738 

a sudden and beneficial effect is very likely related to human interventions as ecological 739 

restoration and soil and water conservation measures. 740 

The Pettitt test emphasizes the shifts in streamflow, and increase in NPP in most of the 741 

sub-catchments in 1990s and 2000s. Apparently, environmental rehabilitation programmes, 742 

 743 

 744 

 745 

Fig. 9. Correlations between streamflow, NPP and precipitation in the  Suluh (A) and (B) and Genfel (C) and (D) 746 

sub-catchments in the two different periods (first and second periods). 747 

 748 
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including soil and water conservation measures, construction of micro-dams, and ecological 749 

restoration measures implemented since the 1980s have had their benefits (Gebersamuel et al., 750 

2010; Nyssen et al., 2010;  Hargeweyn et al., 2006). 751 

Environmental rehabilitation programmes were initiated in the 1980s. From then on, the 752 

area affected by ecological restoration and soil and water conservation measures expanded 753 

year by year, and the capacity of water storage in the catchment was gradually enhanced. 754 

After the implementation of these programmes and measures of soil and water conservation, 755 

land management improved greatly, drainage density and the rates of gully erosion decreased 756 

(Frankl et al., 2011; Descheemaeker et al., 2006), vegetation coverage improved (Nyssen et 757 

al., 2015; Teka D et al., 2013), and the hydrology changed (Taye et al., 2013; Nyssen et al., 758 

2010; Haregeweyn et al., 2006) in most parts of northern Ethiopia. 759 

Based on the Landsat images, land use and land cover (LULC) change were detected for 760 

the four years, 1984, 1995, 2003, and 2014 (Table 1), and the spatial LULC changes and 761 

accuracy assessments are presented in the supplementary information Section (Appendixes 762 

E).  The dominant land use and land cover types in the catchment are crop land (including 763 

rain-fed areas and irrigated farm lands) and shrub covered areas. A reduction in tree covered 764 

areas from 3.8 to 2.8%, grass land from 13.2 to 8.7% and bare soil 11.5 to 7.95% cover in the 765 

catchment took place between 1984 and 2014 (see Table 1). During the 31-years period, the 766 

proportion of shrub covered areas increased by 19.12%, crop land by 5.1%, artificial surfaces 767 

by 58.06% and, water bodies increased by more than threefold. Although water bodies still 768 

covered a small proportion of the catchment in 2014, its change from the period 1984–2014 is 769 

large. The increase in shrub covered areas, artificial surfaces and water bodies was large 770 

during the time period 1995–2003, and 2003–2014 compared to the earlier time period 1984–771 

1995, whereas both time periods saw similar declines in bare soil and grass land. Crop land 772 

increased moderately, whereas tree covered areas showed little change during the 31-years  773 
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Table 1. Summary of land use and land cover (1984–2014) coverage. 774 

 775 
 

Land use  

Area cover (ha.) Cover change between periods (%) 

1984 1995 2003 2014 1984-

1995 

1995-

2003 

2003-

2014 

1984-

2014 

1995-

2014 

Tree covered 

areas  19539.6 16454.4 13369.2 14397.6 -15.79 -18.75 7.69 -26.32 -12.50 
Shrub covered 

areas  129064.2 131635.2 141405 153745.8 1.99 7.42 8.73 19.12 16.80 

Grass land  
67874.4 73530.6 62218.2 44735.4 8.33 -15.38 -28.10 -34.09 -39.16 

Artificial surfaces  
15940.2 17482.8 18511.2 25195.8 9.68 5.88 36.11 58.06 44.12 

Crop land  
222648.6 220077.6 229847.4 234475.2 -1.15 4.44 2.01 5.31 6.54 

Bare soil  
58953.03 54788.01 48314.232 40878.9 -7.06 -11.82 -15.39 -30.66 -25.39 

Water bodies  
179.97 231.39 534.768 771.3 28.57 131.11 44.23 328.57 233.33 

Total 5142 5142 5142 5142      

Cover change between periods was calculated as 100×(Afinal year −Ainitial year)/Ainitial year, where A = area of the land use and land cover type. 776 

 777 

period (see Table 1). Although it recovered between 2003 and 2014, tree covered areas was 778 

reduced in the earlier period, 1984–2003. Grass land increased between 1984 and 1993, but 779 

then declined between 2003 and 2014. The changes in LULC in the study area thus indicated 780 

that the pattern has changed significantly since 1990s (see Table 1, and Appendixes E), and 781 

could be contributed to the  changes in streamflow and NPP in the region. The increase of 782 

shrub covered area and water bodies could be mainly ascribed to the implementations of land 783 

rehabilitation programme, through ecological restoration and soil and water conservation 784 

measures, in the region since 1980s. 785 

The ecological restoration and soil and water conservation measures undertaken in the 786 

Geba catchment included both physical measures (e.g., creation of terraces and stone bunds, 787 

and micro-dam construction) and biological measures (e.g., afforestation and grass planting). 788 

Establishment of terraces and stone bunds can reduce the slope gradient and change the local 789 

micro topography. The establishment of terraces and stone bunds effectively improve the 790 

infiltration rate of water flow, thus delaying and reducing runoff generation. Similarly, micro-791 

dam construction can harvest the runoff and re-distribute the seasonal water resource within a 792 

year, and also adjust the inter-annual streamflow distribution. Moreover the use of water 793 

during the growing period, trees, shrubs, and grass intercept precipitation, enhance 794 
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evaporation, improve soil structure, increase infiltration, and thus reduce the amount of 795 

runoff. Thus, the implementation of  these land rehabilitation measures not only decreased the 796 

possibility of runoff generation from precipitation, but also retained more runoff on the 797 

hillsides instead of flowing into river channel. According to BoARD (2015), the region claims 798 

that about 80% of agricultural field as already being under soil and water conservation 799 

management, and about 1.96 million hectares (35% of Tigray region) of land is rehabilitated 800 

by ecological restoration measures. In the region, 54 micro-dams from 1992–2002 801 

(Haregeweyn et al., 2008; Yazew et al., 2005), and 87 micro-dams from 1992–2009 802 

(BoWRD, 2009) were constructed. 803 

The drivers and related changes discussed above may therefore influence ecosystem 804 

functioning in the catchment through their impact on vegetation coverage and water amount 805 

and distribution. This may also lead to a decrease in streamflow and increased in the NPP at 806 

the catchment. 807 

 808 

Conclusions 809 

Northern Ethiopian highlands in general and the study area are characterized by rugged 810 

topography, both intense rainfall and frequent droughts, and sparse vegetation cover. 811 

Therefore, climate variability have a strong negative impact on agricultural production and 812 

hydrology. Numerous mitigation and land rehabilitation measures, such as the construction of     813 

micro-dams, stone bunds, check dams, exclosures, and reforestation, have been introduced 814 

since 1980s, but not always successfully. For an accurate assessment of controlling factors, 815 

this study investigates trends and change points in precipitation, temperature, streamflow, and 816 

net primary productivity (NPP), as well as relationships between these variables and their 817 

annual and seasonal variation for the study catchment. 818 
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The findings showed both significant increasing and decreasing trends for temperature, and 819 

no statistically significant trends for precipitation with most stations, both  over the years and 820 

over each season, except for a few stations. For all investigated periods of annual and all 821 

seasons except the dry season, more stations showed a decreasing trend of monthly mean 822 

streamflow. The stations with significant negative trends of annual and seasonal streamflow 823 

are mainly distributed in the upper region of the catchment. From 1982 to 2014, the average 824 

annual NPP in the Geba catchment demonstrated a generally increasing trend. The increase 825 

rate was 0.068 gC/m2 per year. NPP increased significantly in all of the sub-catchments, and 826 

the average annual NPP increase was the largest in the upper region of the catchment. Though 827 

change points differ somewhat in time for the different variables. However, it is clear that 828 

most changes occurred in the period between 1995 and 2004, as both the breakpoint analysis 829 

and the changes in land use and land cover illustrate. 830 

The correlation coefficients of the relationships between the mean values and CVs for  831 

streamflow, NPP, and climatic variables indicated streamflow, however, was most strongly 832 

correlated with precipitation, and NPP was controlled mostly by precipitation and maximum 833 

temperature highlighting the role of climate variability in the changes of streamflow and NPP. 834 

The time-immediate/lagged cross-correlations between streamflow and NPP, and  climatic 835 

variables are responses from simultaneous biophysical alterations and delayed biogeochemic- 836 

al adjustments, respectively. It has been found that the correlation between streamflow and 837 

precipitation at one month lag becomes larger in the upper region than the lower and middle 838 

regions, which implies that streamflow is more sensitive to precipitation in the lower and 839 

middle regions than the upper region.  However, human activities play a more important role 840 

in streamflow change. 841 

Human activities, and related land use and land cover changes are shown to be the 842 

important influencing factors that affect streamflow and NPP in the catchment. Based on the 843 
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breaks identified in the Pettitt test analysis, streamflow and NPP data were divided into first 844 

period and second period for the representative sub-catchments, Suluh and Genfel, in the 845 

upper region. In the first period, climate change played a dominant role. In the second period, 846 

climate change continued to influence the streamflow, however the effect from human 847 

activities was enhanced significantly. 848 

Therefore, climate and human activities jointly affect the spatiotemporal variation patterns 849 

of the streamflow and NPP in the Geba catchment. Precipitation and maximum temperature 850 

were the dominant climatic variables, also human activities, such as soil and water 851 

conservation measures, construction of micro-dams, and ecological restoration measures has a 852 

profound and beneficial effects on streamflow and NPP variation. Accordingly, the selection 853 

of water and land management options may also have to be apprehensive of differences 854 

between catchments or sub-catchments. 855 
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