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Abstract. In this study we evaluated changes in land coverl Introduction
and rainfall in the Upper Gilgel Abbay catchment in the Up-

per Blue Nile basin and how changes affected stream flowz, 5 ,4ting the effects of land cover changes on hydrolog-
in terms of annual flow, high flows and low _f!OW_S' Land ical regimes has been a subject of ongoing research (see
cover change assessment was through classification analys‘ib;%Sch and Hewlett, 1982; Andassian, 2004; Cosandey et

of remote sensing hased land cover data Wh"? assessmfargﬁ' 2005). Understanding these effects is of key importance
on rainfall and stream flow data are by statistical analysis.q; e in many regions a rapid increase in population density

Re;ults of the supervised land cover classification analySi%ften causes changes in land use and cover where forests and
indicated that 50'9,% and 16.7 % of the catchment aréa Wagetlands are converted to agricultural land. Studies by Be-
covered by forest in 1973 and 2001, respectively. This Sigy et and Sterk (2005) and Larup et al. (1998) showed that
nificant decrease in forest cover is mainly due to expansion,,q cover changes cause changes in hydrological regimes

of agricultural land. i i that affect the stream flow volume but also the pattern of
By use of a change detection procedure, three periods WerEeam flow and peak flows

identified for which changes in rainfall and stream flow were .
analyzed. Rainfall was analyzed at monthly base by use of Many studies that address the effect of land cover changes
on hydrological regimes were undertaken in experimental

the Mann-Kendall test statistic and results indicated a statis* 2
tically significant, decreasing trend for most months of the aichments of small scale:( knr) (e.g. Bosch and Hewlett,

year. However, for the wet season months of June, July and982: Troen.dle and King, 1987; Lavabre etal., 1993; Iréum
August rainfall has increased. In the period 19732005, théft @l-» 2005; Guillemette et al., 2005). However, water re-
annual flow of the catchment decreased by 12.1%. Low flowSOUrCeS management often requires information on catch-
and high flow at daily base were analyzed by a low flow andMents of regional x1000 knf) or larger scale. Changes

a high flow index that is based on a 95 % and 5 % exceedanc@f !and cover typically is a phenomenon at local or plot
probability. Results of the low flow index indicated decreasesSca/€ (€.9. 1ha-1kf so the impact of any disturbance

of 18.1% and 66.6 % for the periods 19822000 and 2001 Will be minimal when catchment; are of regional or larger
2005 respectively. Results of high flows indicated an increaséC@le. Therefore, when considering larger scale catchments,
of 7.6% and 46.6 % for the same periods. In this study it isc"anges of land cover should be observable over larger do-
concluded that over the period 1973-2005 stream flow ha&n@ins and in essence is the premise to assess hydrological

changed in the Gilgel Abbay catchment by changes in |and'mp_acts of such changes. Some stut_jies on c.atchments of
cover and changes in rainfall. regional scale showed that the expansion of agricultural land

by deforestation resulted in an increase in annual stream flow
(e.g. Bewket and Sterk, 2005; Costa et al., 2003; Siriwardena
et al., 2006), an increase in high flow (e.g. Mati et al., 2008;

Correspondence taT. H. M. Rientjes Costa et al., 2003) and an increase in base flow (e.g. Zhang
BY

(t.h.m.rientjes@utwente.nl) and Schilling, 2006). However, Kashaigili (2008) reported a
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decrease in base flow while Wilk et al. (2001) were unabletime series for our analysis instead of the monthly maximum
to detect any change in hydrological regimes despite a sigand minimum in Solomon et al. (2010).
nificant change in land cover by deforestation. This indicates Recent studies with focus on the hydrology of the Gilgel
that results of past studies are not consistent but clear reasombbay catchment are reported by Abdo et al. (2009), Setegn
ing why differences occur is not trivial. While the catchment et al. (2010) and Uhlenbrook et al. (2010). Abdo et al. (2009)
hydrologic behavior by itself is a function of climatic and showed that climate change may affect the hydrological
topographic settings, soil properties and land cover types, itegime of the Gilgel Abbay catchment with a lower rainfall
is unclear how changes in (one of) these settings affect thamount prospected for the year 2080. In Setegn et al. (2010)
catchment hydrological behavior and related catchment reattention is on uncertainty analysis of hydrological modeling
sponses. by the Soil and Water Assessment Tool (SWAT) (Arnold et
In this study, we analyzed changes in the land cover andhl., 1998) but issues of land cover change are ignored. In
rainfall and the hydrological regimes of the Upper Gilgel Ab- Uhlenbrook et al. (2010) attention is on hydrologic model-
bay catchment with size of approximately 1656%mniThe ing of Koga catchment and the Gilgel Abbay catchment that
catchment is located in the Lake Tana basin that is the sourcevas partitioned in the Upper Gilgel Abbay that is gauged
basin of the Blue Nile River. Gilgel Abbay is a densely popu- and the lower part that is ungauged. Modeling was by the
lated catchment and is part of the larger Amhara region with*HBV light” approach (see Seibert, 2002) and focused on
annual population growth of 2.67 % (ANRS, 2009). This issues of model complexity, model transferability and simu-
growth has led to increased and intensified human activitiegating high flows and low flows. Further work in the Gilgel
that resulted in deforestation, overgrazing, land degradatiom\bbay catchment is reported in Wale et al. (2009) and Rient-
and expansion of agricultural land. During various field vis- jes et al. (2011) who assessed the water balance closure term
its in the period 2005-2010 we observed that water erosion isf Lake Tana by lake level simulation and application of a
pronounced with deeply incised gulliesZ5m) in the area  regional model for stream flow simulation from ungauged
where forests were cleared. We also observed that deforest®asins. Uhlenbrook et al. (2010) and Rientjes et al. (2011)
tion is a day-to-day activity of the people that use the woodpaid much attention to the correction of hydro meteorolog-
for heating and cooking. The catchment is characterized bycal time series. For more extensive reviews on research in
a rainfall regime with a pronounced dry and wet season withthe Gilgel Abbay reference is made to the latter two works.
very high rainfall intensities 20 mm 1) and high vari- Objectives of this study are to evaluate how land cover of
ability in space and time dimension (see Haile et al., 2009 the Upper Gilgel Abbay has changed over the past 3 decades
2010, 2011). During our field visits we observed that high (1973-2001) and to evaluate how changes may have affected
rainfall intensity and Hortonian overland flow affected the the hydrological regime. The work focuses on monthly time
sheet and rill erosion processes while saturation excess ovescales to identify trends and to evaluate possible long-term
land flow was observed at overland flow source areas at th@mpacts but also focuses on high flow and low flow indices
down side of hill slopes and in erosion gullies. to evaluate if extremes in discharges are affected. The present
In literature only few efforts are reported on assessmentstudy has large societal and economic relevance since the
on changes in land cover and rainfall in the Lake Tana basircatchment is situated in the source basin of the Upper Blue
and their effect on the hydrological regime. For studies inNile basin and since the relatively dense population largely
the Lake Tana basin we refer to Solomon et al. (2010) whodepends on agricultural production.
focused on hydrologic impacts of deforestation in the Koga
catchment that directly neighbors the Gilgel Abbay catch-
ment and to Tesemma et al. (2010) who focused on trends i@ Study area and data sources
rainfall and runoff for selected areas in the Blue Nile. Part
of the latter study focused on the Lake Tana basin area builgel Abbay is the largest contributor to the inflow of Lake
establishing clear effects of land use changes was not posfana (see Rientjes et al., 2011) which is considered the
sible since hydrologic assessments focused on the outflowgource lake of the Upper Blue Nile River. The study area
of Lake Tana instead of stream flows from catchments thacovers the upper part of the Gilgel Abbay catchment that is
drain to the lake. Moreover the authors suggest that from thesituated upstream of the gauging station at Wotet Abbay as
onset of the construction of the Chara Chara weir in 1996, shown in Fig. 1.
low flows and high flows are affected and thus flows not nec- The Upper Gilgel Abbay is located between°36 to
essarily reflect the natural flow conditions (see Wale et al.,11°22 N latitude and 3644 to 37703 E longitudes. The sur-
2009; Rientjes et al., 2011 for further discussion). We noteface area of the catchment is approximately 1658 larhile
that our work differs from Solomon et al. (2010) since we ap- the longest flow path of the river is 84 km. The Shuttle Radar
ply supervised satellite based land cover classification for thefopography Mission (SRTM) digital elevation model (DEM)
Upper Gilgel Abbay catchment as compared to unsupervisedhows that the elevation of the Upper Gilgel Abbay varies
classification to the Koga catchment that is much smallerfrom 1934 m to 3528 ma.m.s.l. Generally, the main wet sea-
Also, we use daily observations of the hydro-meteorologicalson covers the period June to September while the main dry
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260000 300000 340000 380000 420000 presumably constrains the uncertainty of results of the hy-

! ! i ! —t drological impacts assessment. This particularly applies to
N the extreme values (high and low) that may affect results of
trend analysis in this work. The corrected runoff time series
are used in hydrological modeling in the Gilgel Abbay in Ri-
entjes et al. (2011) and resulted in a Nash Sutcliffe efficiency
of 0.85 when calibrating a modified version of the HBV-96
model (see Lindstim et al., 1997) at daily base. We note
that the stream flow gauge in the Gilgel Abbay catchment
was relocated in 2005 but, to the knowledge of the authors,
the rating curve has not been updated. Therefore in this study
records after 2005 are not considered.
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3.1 Image processing

¢ Rainfall station

1 Stream flow gauge Three orthorectified images of the Upper Gilgel Abbay were
Tana basin DEM () B available by the National Aeronautics and Space Adminis-
. High - 4107 tration (NASA) and the Global Land cover Facility center

" 11791 B (GLCF) (seehttp://glcf.umiacs.umd.edu/index.shjml Ta-

ble 1 shows the acquisition dates, sensor, path/row, resolu-

tion and the providers of the images. The acquisition dates

s 2 75km of the 1973, 1986 and 2001 images correspond to the dry
g— ; ; ; ; i ; ; r season of the study area while the images have resolutions of
260000 300000 340000 380000 420000 57 m for the year 1973 and 30 for the years 1986 and 2001.
We note that more recent images with full coverage over the

Fig. 1. Lake Tana catchment. Gilgel Abbay are not available for the dry period (i.e. Jan-

uary/February).

The Landsat multispectral scanner (MSS) bands 1, 2, 3,
season covers the period October to May. Haile et al. (2009hnd 4 cover the spectral range between 0.45-1.10 um. Both
showed that the spatial distribution of rainfall amount has athe Landsat thematic mapper (TM) and enhanced thematic
decreasing trend from south to north. mapper (ETM+) bands 1, 2, 3, 4, 5, and 7 cover the spec-

The analysis on the changes of land cover is based on threigal ranges between 0.45-2.5 um. Observations by bands 1-3
remote sensing images that were acquired in 1973, 1986 antpresent visible electromagnetic (EM) radiances at wave-
2001. Details of the image characteristics and the remotdengths 0.45-0.52, 0.52-0.60, and 0.63-0.69 um, respec-
sensing sensors are presented in Sect. 3.1. Stream flow ddisely. Band 4 corresponds to the near infrared wavelengths
for the Upper Gilgel Abbay is made available by the Min- at 0.76—0.90 um while bands 5 and 7 correspond to the mid-
istry of Water Resources (MoWR) in Ethiopia. Data is on infrared wavelengths at 1.55-1.75 and 2.08-2.35 pm, respec-
daily base and covers the period 1973-2005. Rainfall timetively. The land cover images were created using the band
series data from some 9 weather stations is made availableombination of 7, 4, 2 (Landsat TM and ETM+ images of
by the National Meteorological Agency (NMA) in Ethiopia 1986 and 2001) and 4, 2, 1 (Landsat MSS image of 1973) to
and series are analyzed for completeness for the same peallow visual interpretation of the image in their true color.
riod. This resulted in the selection of time series of Dangila For this study the image in 2001 is georeferenced using
station which is located in the Upper Gilgel Abbay as indi- ground control points collected using a Global Positioning
cated in Fig. 1. Further, stream flow and rainfall time seriesSystem (GPS) during a field visit in September 2008, and
are screened and are corrected for unrealistic values. We note 1:50 000 scale topographic map of the study area. The
that, for instance, discharges as high as to 7%@ay 1 were root mean square error (RMSE) of the first order polynomial
recorded. Consistency of the daily time series was analyzefunction (affine transformation) was found to be 0.20 pixel
by use of double mass curve analysis and by plotting thelor 6 m on the ground). The images in 1973 and 1986 are
ratio of incremental differences of rainfall and stream flow geo-rectified by an image to image registration method. By
(Fig. 2a). Ouitliers serve to identify and to correct for erro- image registration, the same coordinates are assigned for the
neous runoff or rainfall data. After correction, the stream same object which is shown in different images and involves
flow discharges are related to rainfall inputs (Fig. 2b) andgeoreferencing if the reference image is already rectified to a
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Fig. 2. (a)Ratio of|A P|/A Q for Upper Gilgel Abbay catchment (1994—2008)) Corrected outliers in Upper Gilgel Abbay catchment in
the year 2003.

been corrected for atmospheric effects by applying the AT-
COR package (sewtp://www.erdas.com/tabid/84/currentid/
1072/default.aspxwhich is embedded in the ERDAS Imag-
ine software (sehttp://www.erdas.con)/

Table 1. The data sources for the analysis of land cover change.

Path/ Sensor  Acquisition Resolution  Provider

Row date (m)

During our field campaign in 2008, 498 ground control
ﬁggg ?&é ; JF:: 113;: Zg gt&? points (GCP) were collected forimage based land cover clas-
170/53 ETM# 5 Feb 2001 30 GLCE sification where 80 % of the data points were used for train-
170/54 ETM# 12 Sept 1999 30 GLCE ing, i.e. for classification, and 20 % were used for validation

SRTM* 2000 90 USG&GLCE purposes. We selected locations of the GCP data by inter-

viewing local elderly people and using a topographic map to
1MSS = multi-spectral scanne#TM = Thematic mappePETM = Enhanced thematic identify locations for which land cover has not changed be-
mapper;4 = SRTM Shuttle radar topographic missich= GLCF Global Land cover ~ tween 2001 and 2008.

Facility; = USGS United States geological Survey. Based on the collected field data, 5 land cover classes have
been identified for the Upper Gilgel Abbay catchment. The
description of these land cover classes is as follows:

particular map projection. This allows the use of images that — Forest Land (F) area with high density of trees which
are acquired at different instants in time to represent different  include eucalyptus and coniferous trees.

periods. For this study, the 1973 and 1986 images are regis-
tered to the 2001 image through image to image registration
with an RMSE of 0.34 pixel (19.38 m on the ground) for the
1973 image and 0.22 pixel (6.6 m on the ground) for the 1986  _ shrubs land (Sl:jareas covered with shrubs, bushes and
image. The RMSE of the registered images is acceptable  small trees with little wood mixed with some grasses.
since they are much less than the resolution of the images.

Since images are observed at different moments in time, dif- — Grass land (GL) area covered with grass that is used
ferent conditions can prevail in the atmosphere which affects ~ for grazing and that remains covered by grass for a con-
the measured radiances. As such, the satellite images have siderable period of the year.

— Agricultural land (AG) areas used for crop cultivation,
and the scattered rural settlements.
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— Water and marshy land (WMarea which remains water ”il i sgn(Y» _ Yi)
logged and swampy throughout the year, and rivers. i=1 j=it1 !

S = 1)

Os

3.2 Image classification

For supervised classification, the ground control points col-Vith standard deviation:
lected in the field are used as a training sample set. The sam-

ple set for the classification is created using the combination nn — 1) 2n +5) — i LG -1 @Qi+5)
ofbands 7, 4, 2 (forimages of 1986 and 2001) and bands 4,2, i=1 @)
1 (for the image of 1973) since these band combinations al- ° — 18

low visualization of the images in their true color. The maxi- )
mum likelihood classifier is selected since unlike other clas-wheren is the number of data/; andY; are the data values

sifiers it considers the spectral variation within each categoryn two consecutive periods; is the number of ties, i.e. equal

and the overlap covering the different classes. values, of extent andn is the number of tied groups. The
functionsgn(Y; —Y;)=11if Y; —Y; >0; sgn(Y; — ¥;)=0 if
3.3 Land cover change detection Y;—Y;=0 andsgn(Y; —Y;)=—1if Y; —Y; <0. The test

statisticS is asymptotically normal with zero mean and stan-
In this study, post classification comparison is used to quandard deviatiorvs, as computed by Eq. (2) (after Hirsch and
tify the extent of land cover changes over the 30 years periods|ack, 1984). For cases the sample sizs larger than 10,
The advantage of post classification comparison is that it bythe standard normal variageis computed by using the fol-
passes the difficulties associated with the analysis of the imfowing equation (see Douglas et al., 2000)
ages that are acquired at different times of the year, or by dif-

ferent sensors and results in high change detection accuracy S-1itg<0

(Alphan, 2003). The output of the post classification compar- e

) : . C ) ) p=130 ifS=0 ?3)
ison is best described by a matrix diagram in which the land S-1ifg <0

cover classes in the respective periods are shown across the s

rows and columns of the matrix. The output classes are as- In a two-sided test for trend th Il hvoothesis of no trend
signed according to the coincidence of any two input classesh n?d bO-SI € teds' or< ren t(tehnu | yp:) fe_S|s .?. notren
in the respective periods. If there is no change in the land®>10U!d b€ accepte Ip| < pa/2 at thea-level of significance

cover in the respective time period, then values appear onl)ghereolI 300? . The t;skt] ste}tlstlc;?]{hfollows tt?’ﬁ stangardh
in the diagonal of the matrix. Under such circumstances,°'ma Istribution and therefore If the probability, under the

the sum of the columns and rows are similar indicating non'“',:I hypothetsrlls,tof tobts?_r\gng a_vglgg ?hs e>itr:eme_ (or rt'nore
change in land cover. extreme) as the test statisic- « = 0.05, then there is a sta-

tistically significant trend. We note that a positive valuesof
3.4 Trends in rainfall and stream flow indicates an “upward trend” and a negative value indicates a
“downward trend” (see Partal and Kahya, 2006). Before ap-
Trend analysis of stream flow records is important to evalu-plying the MK test, time series data should be tested for auto-
ate whether climatic factors and human interference signif-correlation. Simple tests in this work on the daily time series
icantly affected the hydrological regimes of the catchment.of rainfall as well as stream flow indicated that data only is
Several approaches are proposed in literature to test the pregeakly correlated. We note that the weak auto-correlation is
ence of a trend in stream flow records. Following Kahyasupported by research findings in Haile et al. (2009, 2011)
and Kalayci (2004), in this study we used the Mann-Kendallon rainfall diurnal cycle assessments and rainfall variability
(MK) test that also is known as the Kendall’'s tau statistic issues.
(see Burn and Hag Elnur, 2002; Zheng et al., 2007). MK
is a non-parametric rank-based method that is widely use®.5 Stream flow change detection
to test for randomness against trend in climatological time
series (after Kahya and Kalayci, 2004). The test does nofollowing Zheng et al. (2007), the moving average t-test is
require assumptions about the statistical distribution of theapplied to identify the year at which changes in stream flow
data (i.e., data may be skewed) while measurements may beccurred. In this procedure, a time window of lengthv 2
irregularly spaced in time. Since the method is rank basedyears is centered on the year which is considered to be the
extreme data points in the hydro-meteorological time seriepotential change point. Next, the presence of a change in
will not largely affect the results of the trend analysis. the mean of the stream flows is evaluated by applying the
The MK test after Mann (1945) and Kendall (1975) is ap- t-test for the mean values of the annual flows in the two pe-
plied and serves to test the presence of a trend in the streaniods of lengthV years before and after the potential change
flow records of the Upper Gilgel Abbay. The test statisfit (  year. The window is sequentially moved over the entire time
for the MK test reads: period of the flow records by positioning the center of the
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Fig. 3. Land cover of the Upper Gilgel Abbay catchment in 198 1986(b), 2001(c) by Landsat satellites. AG stands for Agriculture, F
for Forest; GL for Grassland, SL for Shrub land, WM for Water and marshy land.

window at the potential change year. The test statistic of themeasures are derived. The confusion matrix is used to com-
t-test reads: pare spatially coincident ground control points and pixels of
the classified image. Table 2 shows a confusion matrix that

T 4) is established using 100 ground control points (GCP) which
s Nil — Niz are not used in the classification of the 2001 image.
From the confusion matrix four measures of accuracy are
and estimated that are the overall accuracy, user’s accuracy, pro-
5 5 ducer’s accuracy, and the kappa statistic. The overall accu-
o |Nisp+ Nss; (5)  'acy isthe number of correctly classified pixels (i.e., the sum
N1+ N2 — 2 of the diagonal cells in Table 2) divided by the total num-

ber of GCP (i.e., reference data) used for validation. The
overall accuracy in the present study is 83%. The user ac-
curacy in Table 2 is the probability that a certain class in the
GCP is labeled also that class in the classification and refers
to the columns of the table. The producer accuracy is the
. i ) o probability that a sampled pixel in an image falls in that par-
tion. In this studyN, and Nz are equal. After identifying 4 class in the GCP and refers to the rows. Producers
the time periods that have a statistically significant differ- accuracy values for all classes except WM ranged from 83 to
ence in mean annual flows, some indexes of the flow in eact% %. The kappa coefficient) of 0.78 of the maximum like-
period are estimated. These statistics include a high flowj, oy cjassification represents a probable 78 percent better
mdex ©s/Qs0) and a low f,k_)W index Qes/ Us0), where accuracy than if the classification would be based on random
Qy is the flow with probability of exceedance &% of |, nervised classification. Monserud (1990) suggested a
the time. The exceedance probabilities are estimated applykappa value 0f40 % as poor, 40-55 % fair, 55—70 % good,
ing the widely used Weibull plotting position formula. This 70-85 % very good ane-85 % as excellent. According to

app_roach was selected since the Weibull formula relates hese ranges, the classification in this study has very good
minima (i.e. smallest extreme values) as compared to G”mégreement with the validation data set

bel and Fechet formula, for instance, that relate to maxima =, _ o' o occification maps of the study area are pro-

(i.e. largest extreme values). duced for three reference years 1973, 1986 and 2001, see
Fig. 3. The land cover types in the respective years are sum-

wherex; andx; are the mean annual stream flow of tNe
years before the potential change point and Ahgears af-
ter the potential change point, respectivel and No are
the number of years in the first and second periedinds»
are the standard deviations;s the pooled standard devia-

4 Results marized in Table 3 which shows that most parts of the Upper
Gilgel Abbay were covered by forest in 1973 and by agricul-

4.1 Land cover classification tural land in 1986 and 2001.

Accuracy assessment 4.2 Change detection of the land cover

Results of the image classification are validated by creatingrables 4 and 5 show the land cover changes that occurred
an error (confusion) matrix from which different accuracy in the period 1973 to 1986 and the period 1986 to 2001,
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Table 2. Confusion matrix for validation of land cover map 2001.  Taple 4. Land cover (LC) conversion matrix (kK for the period

1973 and 1986.
Classified data
Reference Producer’s Land cover GL SL WM F AG 1973
Data WM AG GL F SL accuracy (%) types
wmt 12 0 2 0 0 85.71 GL 41 6 5 5 10 67
AG? 0 22 2 2 0 84.62 SL 13 83 5 60 118 279
GL3 1 2 17 0 0 85.00 WM 0 01 0 0 0 0.1
" ) )

ELS g ; é 129 123 ?gi; F 95 68 0 414 267 844

: AG 67 54 10 66 271 468
User’ 92.31 8148 77.27 82.61 86.67
acouracy 1986 216 210 20 545 665 1656

(%)

Overall classification accuracy = 83 %,; kappa statistic=0.78

lwM=Water and marshy land;2AG =Agricultural land; 3GL=Grass land; Table 5. Land cover (LC) conversion matrix (l&)]for the period
4FE = Forest®SL = Shrubs 1986 and 2001.

Land cover GL SL WM F AG 1986
Table 3. Summary of land cover types in Upper Gilgel Abbay types

catchment for 1973, 1986 and 2001.

GL 61 6 23 27 99 216
SL 18 76 0 16 100 210
WM 10 0 9 0 1 20

Land 1973 1986 2001

and cover F 30 23 2 192 299 546

types kit % km? % km? % AG 29 43 11 43 538 664

GL 657 4.0 2159 13.0 1465 88 2001 148 148 45 278 1037 1656

sL 2794 169  209.9 127 1475 89

WM 01 00 205 12 458 28

F 8438 50.9 5442 329 2774  16.7

AG 4672 282 6656 40.2 10389 62.7

1973-1986 suggesting acceleration of land cover changes.
For the periods that cover time spans of 6 years and 13 years
respectively, agricultural land increased by some 373 and

. 198kn? while forest land decreased by some 267 and
respectively. In both tables, the areas of the land COVehgg kn?.

classes that did not change appear along the diagonal of the

matrix. The change detection analysis indicates that a signifs 3 Trend detection in rainfall and stream flow
icant change in land cover occurred in both periods.

The first row of Table 4 shows that the total area coveredFor all month of the year, statistically significant changes are
by grass land (GL) is 67 kfin 1973. Itis shown that 6kfy  suggested by the MK test statistics. On annual base rainfall
5km?, 5kn? and 10km of the GL has changed to shrubs, of Dangila station showed a negative or “downward” trend
water and marshy, forest and agricultural lands respectivelysver the time period 1973-2005 (Table 6). For each month
during the period 1973-1986. Also, 267kn68kn? and  some trend is shown but the trend over consecutive months
95 ki? of forest land were converted into agricultural land, not always is consistently positive or negative. Rainfall in the
shrub land and grass land respectively. On the other handiry season in the months of December, January and Febru-
5 kn? of grass land, 60 kfishrubs land and 66 kbrof agri- ~ ary shows statistically significant trends. For December and
culture land were reforested. Between 1973 and 1986, agriJanuary a clear negative trend is indicated while for Febru-
cultural land in Upper Gilgel Abbay was expanded by almostary a positive trend is indicated although the trend only is
197 kn? while forest land was decreased by 29%km weak by the small value of the test statisfic We note that

Results in Table 5 on the period 1986-2001 indicate thathe changes in rainfall in the dry season only is expected to
30kn?, 23kn?, 2 kn? and 299 ki of forest land were con-  have a small effect on stream flow since rainfall only is very
verted to grass land, shrubs land, water and marshy land, ansall in the dry season<(10 mm per month). Towards the
agricultural land, respectively. In contrast, 27%gnass land,  beginning of the rainy season in the months of March—May
16 kn? shrubs land, and 43 kivagricultural land were con-  (also called “small-rainy period”) a statistically significant
verted to forest land. negative trend is shown. In the month of June the trend in-

Results in Table 3 suggest larger conversion of grass landreases indicating that rainfall has increased at the start of
and forest to agricultural land in 1986—-2001 as compared tahe wet season. In the remaining months of the wet season
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Table 6. The Mann-Kendall test statistiS) for trend analysis for
annual and monthly stream flow and rainfall in the Upper Gilgel al
Abbay catchment. Note the p-values are shown between brackets

while statistically significant trends (p-valu€0.05) are highlighted 2t ]

in gray. =
Period Upper Gilgel Abbay Dangila z

(Stream flow) (Rainfall) 27 1

Annual —0.99 (0.321) —0.87 (0.382) Ar 1
January —5.18 (0.000) —1.58 (0.115)
February —5.52 (0.000) +0.07 (0.944) Tors 1980 1985 190 19% 2000 2005
March —5.14 (0.000) —0.63 (0.528) Year
April —2.67 (0.008) —0.18 (0.861)
May —0.28 (0.780) —0.25 (0.801) Fig. 4. Results of change-point detection for the annual flow of Up-
June +1.64 (0.101) +1.05 (0.101) per Gilgel Abbay catchment using the moving t-test method (1973-
July —0.50 (0.620) —0.42 (0.670) 2001). Note: the solid line represents the estimated t-values while
August —2.42(0.016) —1.44 (0.151) the broken lines indicate the critical t-value tor 0.05.
September —2.73 (0.006) —0.28 (0.779)
October 0.000 (-0.988) —0.39 (0.699)

November
December

~1.53(0.125) +0.67 (0.505)

change point (year) of the stream flow is quite insensitive
—3.38(0.011) —1.08 (0.277)

to the window size. As such we applied a window size of
2N =10. Further, a significance level af=0.05 was se-
lected for which the absolute value of the critical t-value is
ty =2.3. As such, a change is considered to occur in a partic-
a negative trend is observed for the wettest months (July andlar year when the absolute value of the estimated t-value in
August) and towards the end of the rainy season (Septembdzd. (4) exceeds the value 2.3.
and October). The figure shows that for the years 1982 and 2001 the esti-
Results of the MK test for stream flow are also shown in mated t-values are lower than the critical t-values which indi-
Table 6. Analysis on annual stream flow of the Upper Gilgel cate the moment (or period) in time at which the mean of the
Abbay shows a negative trend that is statistically significant.annual stream flow has changed. Analysis on changes of an-
An analysis on monthly stream flow indicates a negative,nual stream flow records suggested that three periods, 1973—
downward trend for most months of the year but test statis-1981, 1982-2000, 20012005, could be identified for which
tics are not always significant. This particularly applies to changes are observed. For each of these periods a satellite
the low flows in the dry season (December—April). A neg- image on the land cover was available. We note that the rain-
ative but statistically insignificant trend is also observed infall time series of Dangila station covered a much smaller
August and September that cover the second half of the weperiod and therefore only 2 periods (1988—-2000 and 2001—
season. At the beginning of the dry season in October n®005) could be identified. These periods (party) cover the
trend is indicated while for November a negative trend is in- period of the stream flow analysis.
dicated. For both months the indicated trend is statistically Table 7 shows some features of the annual stream flow
significant. of Upper Gilgel Abbay catchment. The three time periods
Negative or downward trends that statistically are signifi- in the table are identified based on the results of the mov-
cant are observed in the wet season in May (start of wet sedng average t-test. In the analysis, results from the second
son) and July (wet season). Only in June a positive or “up-period are compared to results from the first period while re-
ward” trend is shown that is statistically significant. When sults from the third period are subsequently compared to re-
comparing the statistically significant trends for rainfall and sults from the second period. Overall, the mean annual flow
stream flow, we note that similar upward or downward trendof Gilgel Abbay has substantially decreased over the period
directions of rainfall and stream flow are shown in May—July. 1973-2005 with a decrease of 5.3 % during the second period
and a further decrease by 12.7 % in the third period. We note
that results of the MK test indicate that the decrease of the
annual flow is followed a downward trend that is statistically
Figure 4 shows the estimated t-values and the critical t-valuesignificant. Contrary to the decrease of the annual flows, the
for the stream flow of the Gilgel Abbay catchment which is high flow index Qs/Qs0) of the Gilgel Abbay catchment
represented by the solid line and the broken lines, respecncreased by some 7.6 % during the second period and an ad-
tively. For selection of the window size a simple sensitiv- ditional 46.6 % during the third period. This suggests that
ity analysis has been performed but results indicated that thencreases of high flows are particularly observed during the

4.4 Change detection for stream flow
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Table 7. Stream flow characteristics of Upper Gilgel Abbay catch- Table 8. Rainfall depths of Dangila stations for the period the

ment. changes in stream flow are observed.
Time period 1973-1981 1982-2000 2001-2005 Period 1988—-2000 2001-2005
Annual flow (mmyr1) 1085 1027 896 .
High flow index, 0s/0s0, (-)  18.58 20.00 29.27 Annual rainfall 1625 1512
Low flow index, Qgs/Qsp, (=)  0.22 0.18 0.12 (mm)
JJA rainfall 964 1006
(mm)
Ratio JJA over 59.3 66.5
third period. Obviously high flows apply to the wet season. Annual rainfall (%)

Contrary to this increase, results of the MK tests on rainfall
data in the wet season (Table 6) indicate that rainfall has sig-
nificantly decreased over the past decades and thus high flow
discharges are expected to reduce. Results of the low flow in-
dex (Qgs/ Os0) show a decrease by 18.1 % for the first period than in the previous time period suggesting that the demand
and an additional 66.6 % for the third period. This suggestsfor agricultural lands has increased.

that the probability that @os low flow will be exceeded has ~ To evaluate if changes of rainfall during the period 1973—

decreased and thus indicates that low flow discharges in ger?005 possibly could have affected stream flow we performed
eral have decreased. Mann-Kendall trend analysis on daily rainfall for Dangila

Table 8 shows the rainfall amounts at Dang”a during thestation that is located in the catchment. We showed that rain-

last two time periods for which changes in stream flows arefall in general has decreased following a negative trend that
detected. The annual rainfall of Dangila, which is situated inis statistically significant. Only for the wet month of June
Gilgel Abbay catchment, decreased over the two time peri-2nd the months of February and November, that both are in
ods suggesting that the decrease in the flow of Upper Gilgethe dry season, a positive trend is indicated suggesting that
Abbay catchment can be partly explained by a decrease ifi@infall has increased. Comparing mean annual rainfall for
rainfall amount. However, the JJA rainfall and the ratio of the periods 1988-2000 and 20012005 revealed that annual
JJA to annual rainfall of Dangila slightly increased over the rainfall has decreased by 6.9 % but the wet season rainfall
time periods. This is in agreement with the increase in thehas increased by 4.3 % indicating that the seasonal rainfall
high flow index which shows that high flows of Upper Gilgel distribution has changed.
Abbay increased. Results of a change detection analysis on annual stream
showed that three periods (1973-1981, 1982-2000, 2001—
2005) can be identified for which changes occurred. Mann-
5 Discussion and conclusion Kendall test results for stream flow at monthly base indicate
that flows in general have a negative trend but trends are not
For the Upper Gilgel Abbay catchment for the period 1973—statistically significant for all months. Only for the month of
2001 changes of land cover and rainfall and their effect onJune an upward trend is indicated that is statistically signif-
the hydrological regime were analyzed. For assessing thécant. We showed that the annual stream flow of the Upper
changes in land cover we used three remote sensing imagésilgel Abbay experienced a decreasing trend over the 32 year
that were acquired in the dry season month of February fotime period where the rate of decrease is higher in the third
the years 1973, 1986, 2001. An accuracy assessment by ugeriod (12.7 %) than in the second period (5.3 %). For ana-
of a confusion matrix for the supervised land cover classificalyzing if changes in low flows and high flows occurred for the
tion indicates that the classification results are reliable. Landsame three time periods we used a low flow and a high flow
cover changes in the study area are assessed by post cldsdex as indicator that is based on daily stream flow records.
sification comparison were results showed that forest landResults of the low flow index show a decrease by 18.1 % for
decreased from 50.9% in 1973 to 32.9% in 1986. Agri- the first period and an additional 66.6 % for the third period.
cultural land increased from 28.2% in 1973 to 40.2 % in Results of the high flow index show a 7.6 % increase during
1986. In the time period 1986-2001 forest land decreasedhe second period and an additional 46.6 % increase during
from 32.9 % to 16.7 % while agricultural land increased from the third period.
40.2%to 62.7 %. This indicates that the rate of deforestation Results of this study show that changes in stream flow
is slightly smaller in the second time period as compared torecords are a result of changes in land cover and changes in
the first period and probably is due to reforestation activitiesthe annual and seasonal distribution of rainfall. In terms of
in the catchment. The extent of deforestation, however, idand cover changes, most pronounced is the relatively large
still much larger than the extent of reforestation. The expan-decrease of forested area and the large increase of agricul-
sion of agricultural land in the period 1986—-2001 is larger tural land. Hydrologically, forested areas behave differently
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from agricultural areas and in general more rainwater isstudy were changes in stream in both studies are affected by
stored in the subsurface of forested areas. As a consequenchanges in rainfall as well.

of deforestation and land degradation processes soil perme- We note that different climatic and catchment characteris-
ability often decreases and causes that infiltration rates antics do not allow direct comparison of our results to results
recharge fluxes decrease. Therefore by deforestation lefsom other regions and therefore our results do not allow
amounts of rainwater are stored in the unsaturated zone dugeneralization. We recommend that future work must ap-
ing periods of rain. This consequently results in quicker ply distributed hydrologic models with a physical basis to
runoff responses were flow rates increase and we presumalow better evaluation of effects of land cover changes and
that this partly causes the increase of the high flow index inrainfall distributions on the hydrologic regime. Also changes
the Upper Gilgel Abbay. As stated in the Introduction sec-in actual evapotranspiration must be assesses as caused by
tion, water erosion processes have frequently been observathanges in land cover. Therefore we recommend the use
in agricultural areas during field visits over the past 6 years.of a remote sensing based approach that solves the energy
We note that lower water storage causes that less soil water isalance in a spatially distributed fashion to account for the
available for evapotranspiration processes during inter-evendifferent land covers. We note that both the rainfall-runoff
periods and dry periods and therefore causes that the unsatodeling and the energy balance modeling are are scheduled
urated zone may deplete quicker. Reduced water storagdor future work.

however, also causes recharge fluxes to decrease and con%\e—k ed Th ) l
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