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ABSTRACT

Analysis relating spatiotemporal variability of hgtbgic budget with that of catchment-
vegetation is one of the avenues to explore vagataesponse to climate variability and the
resulting impact on water resources dynamics. ltegespatiotemporal variations of hydrologic
budget and Normalized Difference Vegetation Ind&YI) in six moist zone catchments of
Ethiopia during 2000-2006 were analyzed and thedationship explored. It was found that the
fraction of precipitation potentially available ¢atchment-vegetation (Wetting; W) ranged from
0.73 to 0.96, meaning up to 27% of precipitatiors wat available to vegetations. A significant
positive correlation was observed between Humithigex (Hul) and W, making Hul a good
indicator of catchment wetness, and thus soil moestondition. Horton Index (HI) (a.k.a.
catchment-vegetation water use factor) ranged ©of@ to 0.92, leaving up to 58% of wetting
not consumed by vegetation in some catchmentsinaoithers this unused fraction was as low as
8%. Although HI showed strong inter-catchment \taoig it was relatively constant from year-
to-year and can be considered a catchment chasticteHowever, HI alone is not sufficient to
indicate whether vegetation growth is limited byistare availability, as NDVI of 0.77 was
observed in a catchment with lowest HI and NDVIOd6 was observed in another catchment
with highest HI. Moreover, inter-regional variabyliin the timing of observed lag between
monthly precipitation and NDVI peaks was noticedir @esults demonstrate that catchments
within the same climate zone exhibit variable hyaga partitioning and vegetation response
behavior.
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1. Introduction

Hydrologic budget and vegetations are closely cedipHence, identifying hydrologic budget
and vegetation link is one means of exploring vatyen response to climate variability and the
resulting impact on catchments water resourcesalss; on one side, vegetations primarily
control hydrologic budget of catchments usuallyotigh depleting soil moisture (Brutsaert,
1988; Thompsonet al., 2011a). The seasonal variability of vegetationso addfects the
seasonality of water cycles and surface energy étu@dm and Wang, 2005). While, on the
other front, hydrologic budget integrates the imipaof climate variability on vegetations
structure and functions (Mora and Iverson, 199Qwét al, 2003). In this regard, Broolet al.
(2011) suggests that symmetries in spatiotempataims of catchment-scale hydrologic budget
are suggestive of patterns of acclimation and adiapt of vegetations.

Improving our knowledge of hydrologic budget andgettion coupling is essential to
precisely predict the impacts of climate variabildnd to better manage catchments. It is also
important to understanding the potential feedbdmiisveen surface hydrology and the global
climate system (Thompsaat al, 2011b). In addition, exploring how radical lacmver changes
alter vegetation processes and affect the catchsnéptrologic budget is an urgent need
(Wilcox, 2010). However, understanding this couglia challenging. The possible reasons are:
lack of data (e.g. evapotranspiration and soil mo&) at finer spatiotemporal scales, complexity
of catchment processes and lack of appropriate amesim to scale information at patch level up
to catchments (Sivapalaet al., 2011). Likewise, lack of consensus on how chamgedimate
will affect regional vegetation, and shifts in regal climate patterns complicate the prediction
of hydrologic response of vegetations (Wagenery720@epelet al, 2011).

Despite all these challenges, scientists are triongplve the big unknown questions behind
hydrologic and ecologic processes with the helpmofdels and satellites. However, careful
selection of water balance model and remotely skxsgetation greenness index is essential to
depict reasonable result. For example, L'vovicherdalance theory (L'vovich, 1979) is one of
the frequently used approaches to quantify annusthement-scale hydrologic budget.
Considering satellites applications, Normalizedf&#nce Vegetation Index (NDVI) is the most
commonly used (Justicet al, 1985; Davenport and Nicholson, 1993) and hasgwdo be a
robust indicator of terrestrial vegetation produtyi (Wang et al., 2001, 2003; Donget al.,
2011).

Various previous studies have related L'vovich’'sdty based hydrologic budget estimates
and NDVI, although the geographic focus is entirglythe conterminous United States. For
example, Brooket al. (2011) compared the estimates of plant availablemta NDVI in order
to evaluate the ability of a catchment derived indéwater availability to capture responses in
vegetation. They found out that catchment-scaledigdic partitioning provides information on
both the fractions of precipitation available todamsed by vegetation, and it is important for
guantifying regional ecohydrological response tionate variability and/or vegetation change.
Sivapalaret al (2011) similarly stated that L'vovich water batartheory provides a promising
framework to evaluate both how plant available wattecatchment-scale varies from year-to-
year, and how vegetation responds to this intetahmariability. Voepelet al. (2011) also
investigated controls on hydrologic partitioningtla¢ catchment-scale across many different US
eco-regions, and compared the resulting estimatesatchment wetting and vaporization to
NDVI. Their results revealed that catchment-vegetatvater use factor (a.k.a. Horton index) is
a basic tool to explore interactions between hyijicl and ecologic processes.



Therefore, understanding hydrologic budget and tegiges coupling can be considered as a
critical step towards understanding climate-vegatahydrology interaction. The latter is
important for studies on climate variability, catoént management and terrestrial carbon sink.
In this paper, we quantify hydrologic budget and\NIh an attempt to explore their coupling
and examine their spatiotemporal variability inesééd catchments found in the mostly moist
climate regime of Ethiopia. Our main goal is towhbat issues like catchment management and
the impact of climate variability on catchment-vieg®n should be treated differently regardless
of similarity in climate regime of catchments. This important given how critical water
resources are for the economic development in Ridio

2. Methods
2.1.Study areas description

The study was conducted in six catchments locatethe moist climatic zone of Ethiopia,
East Africa (Figure 1). The term moist climatic eorepresents an annual humidity index of
greater than 0.65 (Mersha, 2000). This zone, imolath, encompasses strong variation of spatial
gradient, and seasonality in vegetation and wasources. It is also a site for various water
resource projects. The catchments were selected four different river basins: Blue-Nile,
Baro-Akobo, Omo-Ghibe and Genale-Dawa. The selecti@s primarily based on three
parameters: land cover type, rainfall seasonality availability of hydro-climatic observations
(i.e. stream flow, precipitation and temperatufgceiving catchment-average annual rainfall
between~885mm and 1872mm, their drainage area ranges f@irknf to 1622km (Table 1).
Land cover is mainly evergreen forest, cultivatibnshland and grassland. Each catchment is
primarily covered by specific land cover type (Tall). However, cultivation prevails in all
catchments although its area coverage differs.

Table 1. Physiographic, hydrologic, climatic anddaover characteristics.

Study catchments Koga Nashe Sor Mazie Mormora Shawe
Drainage area 244 350 1622 937 1375 161
(km?)

Elevation, Low 1926 2074 1550 932 1617 1416
a.m.s.l, (m) High 3048 2663 2621 3452 3017 3522
Mean daily 5.61 7.52 46.40 5.54 18.61 2.85
discharge (ffisec)

Mean annual 1434 1604 1872 1136 1113 885
precipitation (mm)

Rainfall seasonality unimodal unimodal unimodal bdal bimodal bimodal
Mean annual Max 26.7 23.4 24.9 30.3 23.7 24.4
temp. (C) Min 10.2 10.9 11.7 15.0 10.9 11.0
Major cultivated cultivated evergreen grassland evergreen evergreen
landuse / forest and forest forest

landcover bushland
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2.2.Data collection and preprocessing

Daily stream flow observations were obtained frdre Ministry of Water and Energy of
Ethiopia. The monthly climate data (precipitatiominimum temperature and maximum
temperature) were collected from the National Medlegical Service Agency of Ethiopia. The
Moderate Resolution Imaging Spectroradiometer (M®8)I Terra-Aqua combined land product
(MCD43A4 collection version 5) was used to quantfpVl. MCD43A4 is disseminated by
Land Processes Distributed Active Archive Centd? RAAC, webpagehttp://Ipdaac.usgs.gov
accessed on June 18, 2012).

The climate data is a merged product that combbws ground stations and satellites
observations. The product is made available at 1§patial resolution, and ten day, monthly and
yearly temporal scales for the year 1983 up togme¢Dinku et al., 2011). MCD43A4 is a
16days composite reported every 8days with a $pasalution of 500m and 12bits radiometric
resolution. We spatially averaged the monthly ctendata to create monthly and annual time
series of precipitation and temperature for eadchoaent. Missing stream flow observations
were filled and data quality assessment identifiedsignificant suspect. We then preprocessed
the stream flow and climate records twover the 2000-2006 period to obtain data
contemporaneous with NDVI at all study catchments.



2.3.Hydrograph separation

The aim of hydrograph separation is to distinguisb stream flow components (baseflow
and surface runoff). Baseflow is the relativelgvely varying component of stream flow, and it
is frequently the result of groundwater dischargimg wetlands, lakes and rivers. Surface runoff
(a.k.a. quick flow), on the other hand, is the oesme to rainfall events. The one parameter
recursive digital filtering algorithm (Nathan andcMahon, 1990) was used in order to separate
baseflow and surface runoff. The recursive diditiérs are routine tools in signal analysis and
processing, and are used to remove the high-frequsmface runoff signal to derive the low-
frequency baseflow signal (Lyne and Hollick, 19¢than and McMahon, 1990; Sloto and
Crouse, 1996; Eckhardt, 2012). Despite the lacé&xpiicit consideration for physical processes
and hydrological basis, these techniques do prowdde objective, repeatable and easily
automated index that can be related to the basef&sponse of a catchment (Nathan and
McMahon, 1990; Arnoldet al, 2000; Smakhtin, 2001). The one parameter regurdigital

filtering algorithm developed by Nathan and McMal{@890) is given as:
(1+a)

S=a§ 1+ (Qt' Qt—l) (1)

B=Qr-S (2)
Both Equations 1 and 2 are subject o 8>0or B, §<Q,; where § B; and Q are surface
runoff, baseflow and total river flow at thé" sampling instant, respectively, ands the filter
parameter.

An o value of 0.925 was initially recommended by Natlaawd McMahon (1990) to use in
Equation 1. The same value was adopted in diffdiematures including for example Smakhtin
(2001); Trochet al (2009); Welderufael and Woyessa (2010); Broetkal (2011), and Voepel
et al. (2011). We similarly set the value of filter pareter to 0.925. The filter was passed over
the daily stream flow data three times (forward¢ckveard and again forward in time). The
number of passes determines the degree of smoatithghe reverse pass nullifies any phase
distortion of the data due to the forward passefftiter (Nathan and McMahon, 1990). Passing
the filter two or three times is also importantafatain more precise estimation of the baseflow
especially for the beginning of the time seriesoffret al, 2009; Brookset al, 2011). Daily
values obtained from the filter were then summeaoltain annual stream flow, baseflow and
surface runoff.

2.4.Hydrologic partitioning

Hydrologic partitioning is first defined by L'vovit (1979) as the two-stage partitioning of
water at the land surface (Figure 2). The incongirggipitation is first divided between wetting
and surface runoff. Next, the wetting componerpastitioned into vaporization and baseflow.
Here, vaporization is the sum of all evaporation @manspiration. It comprises over 60% of
terrestrial water balance (Shiklomanov, 1998), aedrly equal to rainfall in semi-arid and arid
regions (Budyko, 1974; Zhangt al, 1999). L'vovich (1979) proposed a linked setwdter
balance equations annual time scale assuming year-to-year changeilim®isture storage is
negligible. This change is only less than 1.5% mwiual precipitation (L'vovich, 1979) and his
assumption is useful as a first approximation (Roaed Shetty, 1995). Similarly, Zhaegal.
(1999) stated that deep percolation or rechargechadge in soil moisture storage is often only



5-10% of the annual water balance, and therefonebeaneglected on practical grounds. Given
that P, S and B are known, we applied L'vovich'si@tpns to calculate W and V as:
W=P-S (3)
V=P +B=P-0Q (4)

where, P, Q, S, B, W and V are precipitation, totar flow, surface runoff, baseflow, wetting
and vaporization at annual time scale, respectively

The concept of hydrologic partitioning proposed Lyovich (1979) enables a better water
balance than conventional methods, and it provaledearer understanding of all the water
balance components for a given gauged catchnimipt/(saltonsea.sdsu.edu, accessed on July
23, 2012). Deemed to characterize the functioninth® catchments at the annual time scale, the
L'vovich’s approach provides a promising framewtwkevaluate both how plant available water
at the catchment scale varies from year-to-yearhawd vegetation responds to this inter-annual
variability (Brookset al, 2011, Sivapalast al.,2011).
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Figure 2. Conceptual model of the hydrologic paming at the land surface according to
L'vovich (1979) and elements of L'vovich’'s waterl&ace (after Ponce and Shetty, 1995). First,
precipitation (P) is partitioned between surfaceofti (S) and wetting (W). Then, W is divided
between vaporization (V) and baseflow (B). V in@acevaporation from water bodies,JBoare
soil evaporation (g} and plant transpiration (T).

The ratio of V to W (termed the Horton Index (Hige Troctet al, 2009) is a function of the
energy and water available to plants, and can bd ue evaluate how climate interacts with the
terrestrial vegetation (Brookst al., 2011). HI is less dependent on the method of basef
separation used (Troddt al.,2009), and it is relatively insensitive to theues ofa (in this case
0.5, 0.925 and 0.975) adopted in Equation 1, as@esitivity test in this study. Knowing that



there are many ways in which precipitation is glyickleased from the landscape to the channel
network (Beven, 2006), the catchment-derived Hhilsulated as:
HI= o (5)

The catchment-average annual Humidity Index (Hthg ratio of annual precipitation and
annual potential evapotranspiration (see Huénal., 1992) (Equation 7), was computed for all
study catchments. Monthly PET was calculated fromantlmly maximum and minimum
temperature using the 1985 Hargreaves equatiorgf{eares and Samani, 1985) (Equation 6).
Monthly values were then summed to obtain annudl. AlBe 1985 Hargreaves approach is one
of the simplest and most reliable of empirical aémues to estimate PET (Allen, 1995). It has
been widely used globally to provide reliable potidn of PET in data short situations (as is the
case in our study areas) for weekly or longer pirigdargreaves and Allen, 2003).

PET = 0.0023R@&m + 17.9Td (6)
Hul= == @)

Here, Ra is water equivalent of extraterrestridiaton (in same unit as PET, usually mm/day)
(obtained from http:/Mmvww.fao.org/docrep/X0490E/x0490e0j.htm, accessed Aagust 13,

2012), Tm is mean monthly air temperature®@ estimated from minimum and maximum
Tmax+ Tmin

temperatures as—"(z—), and Td is monthly temperature difference’®, calculated as

Tmax- Tmin.
2.5.NDVI time series

NDVI has been proved to be an excellent indicaborcharacterizing variations in vegetation
cover, productivity, biomass and eco-environmeqtellity from local to global scales (Do
al., 2011). It is influenced by the fractional coveragethe ground by vegetation, vegetation
density and vegetation greenness. NDVI is deterthiby the degree of absorption by
chlorophyll in the red wave length and reflectanteear-infrared by spongy mesophyll (Tucker
et al., 1979). We used MODIS’s MCD43A4 product to creadéckment-average monthly and
annual NDVI time series. Importantly, MCD43A4 isrxted for bidirectional effects (nadir
view and standard sun angles) in addition to ctioes for cloud contamination, atmospheric
variability and aerosols (Schaetfal.,2002). The two bands used for NDVI calculation Raad
1 (620nm — 670nm, red) and Band 2 (841nm — 876maw, imfrared) which is defined as:

Band 2 - Band
NDVI = [ Band 2 + Band1l

(8)
3. Results
3.1.Catchment-scale hydrologic partitioning variation

Precipitation and wetting in addition to total flomnd baseflow were closely related in all
catchments. The probability of vaporization loweart baseflow on annual basis was nearly zero
except in Shawe where vaporization was below basefor more than 70% of the time
analyzed (Figure 3). Statistically, the vaporizatiestimated for Shawe in some years was
detected as outliers when compared with that aératatchments (Figure 4). Also, the estimated
PET of this catchment was 5.81 times higher thamh¥e in other catchments this factor was
only up to 2.55 (Table 2). No unique similarity watsserved among all selected catchments in
the variability of individual water balance compatse(Table 2). In two catchments (Koga and



Sor), precipitation was highly variable comparedotber hydrologic budget whereas highest
variability in vaporization was observed in othéashe and Mazie) during the same period.
Similarly, in Shawe catchment, total river flow alpaseflow showed the highest variability over
the same period 2000-2006.
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Figure 3. Climographs demonstrating the patternsydfologic budgets in the study catchments
during 2000-2006. In this Figure, black is for Pepitation), blue is for Q (total river flow),
red is for B (baseflow), green is for W (wetting)daV (vaporization) is represented by purple
color.

The total river flow of Mormora was more than twames higher than that of Mazie’'s while
the two catchments received nearly equal amoumivefage annual rainfall during 2000-2006
(Table 2). Although there are different factorsp@ssible for the observed variance, high
groundwater contribution towards total flow or hiBase Flow Index (BFI) in Mormora had a
significant contribution. Note that BFI can be usedan indicator for the amount of groundwater
contribution towards total river flow, and therefat indicates baseflow percentage in a given
river. The BFI of Mormora was over 0.25 higher tliaat of Mazie’s (Table 3). Across the study
areas, a 30% difference in the fraction of grourtdwaontribution towards total flow was
observed (Table 3). Unlike the large magnitude afability in precipitation and wetting, the
fraction of annual precipitation that reached thtckkment outlet as surface runoff showed small
inter-catchment difference (Figure 4). This frantiovhen averaged over the period of analyses,
was in between 10% and 20%. Moreover, four of tikecatchments (Koga, Nashe, Sor and
Shawe) had a value greater than or equal to 17%.g&p between 35and 74' percentiles of



surface runoff was also small, showing little irtatchment variation compared to other
hydrologic budgets (Figure 4).
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Figure 4. Boxplots showing inter-catchment variated annual hydrologic budget. P, W, V, S
and B represents precipitation, wetting, vaporaatisurface runoff and baseflow, respectively.
In this Figure, the median (B@ercentile, line in the box), upper quartile {#Eercentile, upper
hinge of the box), lower quartile (#5percentile, lower hinge of the box), minimum vaue
(lower end of whiskers), maximum values (upper @fdwhiskers) and suspected outliers
(circles) are shown.

Table 2. Mean annual valuesgtandard deviations) of hydrologic budget over 22006.

Hydrologic Study catchments
budget -

Koga Nashe Sor Mazie Mormora Shawe
(mm/year)

Precipitation 1428 (225)1546 (95) 1811 (157) 1117 (129) 1113 (92) 836 (113)
Total river flow 726 (149) 678 (171) 903 (156) 183) 427 (97) 559 (200)

Baseflow 439 (76)  374(90) 603 (129) 77 (38) 289) (5 403 (158)
Wetting 1141 (165) 1242 (128) 1511 (145) 1008 (139) 973 (75) 680 (85)
Vaporizaton 702 (133) 868 (177) 908 (122) 931 (139686 (96) 277 (111)
PET 1790 (85) 1472 (25) 1631 (51) 1940 (27)  153) (41605 (63)

A significant positive correlation was observedvwssn Hul and W (Figure 5). This indicates
both across years and across catchments highedityrmdex tends to be accompanied by
higher catchment wetting. Thus, Hul is a sensithgicator of the amount of water potentially
available to vegetations. It also reveals thathraent-scale climate variables and hydrologic
partitioning are strongly related. Because, Hutiearinformation for two basic climate variables
(precipitation and temperature) and W is the oughdtydrologic partitioning.



However, the result shown in Figure 5 might alsabeanstance of spurious correlation, and
should be treated with caution. Hence, the linearetation between Hul and W is valid
provided that two necessary conditions hold:

a) 1/PET ~ constant. Since PET is usually quite irargrirom year-to-year (e.g. see Table

2), this is usually true.
b) V = oPET, whereo is a constant. For relatively small inter-anndattuations in Hul

(e.g. see Table 3), this will also generally betru
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Figure 5. The correlation between Humidity Indexu(Hand catchment wetting (W) across the
study catchments over the seven years analyze@-2006).

3.2.Catchment-derived hydrologic and vegetation indices variation

Like precipitation and wetting (Figure 4), durin@a®-2006, the annual humidity and Horton
indices were also highly variable across the samas (Figure 6). The inter-catchment range of
Hul was from 0.4 to 1.3. Although some HI values $hawe during some years were detected
as statistically outliers compared with that ofestkatchments, the inter-catchment range of Hi
was from 0.16 to 0.96. It was observed that onlghdaand Sor had an annual Hul greater than
or equal to 1.0 for more than 85% of the time anadywhile the other four catchments had a
value less than 1.0 in all years. Thus, on yeadgidy vegetation in Nashe and Sor barely
encountered any water limitation during the perimdalyzed. However, vegetation water
limitation might happened if the available water daravailable energy to derive
evapotranspiration were out of phase. That is, wages available but vegetation lacked enough
energy to consume the available water probably uéhe presence of cloud cover which
hinders sunlight from reaching the Earth’s surface.
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Figure 6. Boxplots indicating inter-catchment vada of annual hydrologic and vegetation
indices during 2000-2006. In this Figure, BFI, HHI, and NDVI represents BaseFlow Index,
Humidity Index, Horton Index and Normalized Diffee Vegetation Index, respectively. The
median (58 percentile, line in the box), upper quartile f4%ercentile, upper hinge of the box),
lower quartile (25 percentile, lower hinge of the box), minimum va@lwer end of whiskers),
maximum values (upper end of whiskers) and susgextdiers (circles) are shown.

The inter-catchment range of wetting averaged tverseven years was from 0.73 to 0.96,
meaning up to 27% of precipitation was not avadatd vegetations. Similarly, strong inter-
catchment variability in the fraction of mean annueetting vaporized by vegetations was
observed. This vegetation water use factor wakerrange of 0.42 to 0.92 over the same period
across the study areas (Table 3). This indicatas 4bme catchments-vegetations leave up to
58% of potentially available water unused whileenghleft only as low as 8% of the available
water unused during the stated period. In soménaots (e.g. Mazie), nearly equal vegetation
water use was observed over different years alth@agchment wetness showed an inter-annual
variability of up to 400mm. On the contrary, in etlcatchments like Shawe, the inter-annual
difference in vegetation water use reached up % 26r same amount of wetting. Despite
rainfall inter-annual variability, the vegetatiorater use factor or HI was relatively constant
from year-to-year in all catchments except Shaweabld@ 3). The observed inter-annual
variability of HI in these catchments was as lov@&s

Table 3. Mean annual valueg<gtandard deviations) of hydrologic and vegetatiotides
over 2000-2006.

Study catchments
Koga Nashe Sor Mazie Mormora Shawe

Indices

BFI 0.61(0.03) 0.55(0.05) 0.66(0.03) 0.42(0.09) 0.68(0.04) 0.72(0.03)
Hul 0.80(0.15) 1.05(0.07) 1.11(0.12) 0.58(0.07) 0.73(0.06) 0.52(0.09)
HI 0.61(0.06) 0.69(0.09) 0.60(0.07) 0.92(0.04) 0.70(0.07) 0.42(0.19)
NDVI  0.44(0.01) 0.51(0.02) 0.76(0.01) 0.56(0.03) 0.71(0.02) 0.77(0.01)




Of the six catchments, strong negative correlatietween Hul and HI was observed only in
Shawe catchment. Very weak (-0.35 < Pearson’s r04)0and statistically insignificant (p >
0.45) correlations were observed in the rest afteaents. It was visualized that in Shawe annual
HI showed a tendency of converging to the maximwssgble value as annual Hul decreased
(Figure 7). Also, comparing catchments with diffarevetness or humidity, high HI was
observed in less wet catchment (e.g. Mazie) whalatively low HI was observed in very wet
catchments (e.g. Nashe and Sor) (Figure 7). Thesgsoane indications that vegetation water use
increases as water availability decreases. It mgiies the ability of vegetation to maximize
productivity by consuming the largest possible amiai water available in the catchment.
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Figure 7. Scatterplots showing the correlation leetv catchment-derived annual Humidity
Index (Hul) and Horton Index (HI) in the study asehuring 2000-2006.

Relatively, lower mean annual NDVI was observed icatchment with highest mean annual
HI, whereas highest NDVI was observed for the ldwéisin another catchment (Table 3). This
has two implications. First, a larger fraction oétting vaporized by the vegetations (high HI)
does not necessarily lead to greater vegetatioengess (high NDVI). Because, there are also
other factors which affect the growth of vegetatidee nutrient availability, radiation and
temperature. Second, a larger vegetation watedoge not always mean vegetation got enough
water for maximizing greenness (presumably progitgji as the type of vegetations also
matters. The observed correlations between catdhdezived annual HI and NDVI were weak
and statistically not significant except for ther $atchment (Figure 8). However, Pearson’s r
and p values looked reasonable in the unimodafaiaireceiving catchments compared to those
with bimodal-rainfall. The Pearson’s r for the HHAaANDVI correlations was also positive in
catchments with unimodal-rainfall seasonality wiiileas negative in others (Figure 8).
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Figure 8. The correlation between catchment-deriathual Horton Index (HI) and
corresponding Normalized Difference Vegetation in@&DVI) in the study areas during 2000-
2006.

3.3.Variation of vegetation response to rainfall

The catchment-average annual rainfall and NDVI stibwood correlation only in Mazie
(Figure 9). Weak correlations (-0.4<Pearson’s rkthdt are statistically not significant (p>0.40)
were observed in the rest of catchments. The Itgaic relation (annual NDVI versus LOG
(annual rainfall)) was also checked and no improxanwas observed. Although the annual
rainfall standard deviation of 92mm to 225mm wasicea (Table 2), the annual variability of
NDVI was not higher than 0.03 in all catchmentshf€a3). Thus, it is difficult to detect inter-
annual rainfall variability from annual NDVI meassrexcept in Mazie. Also, comparing seven
years annual NDVI and wetting data, one will ndtat thigher vegetation greenness is not always
expected from highly wet catchment.
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Figure 9. The annual average rainfall and Normédlipefference Vegetation Index (NDVI)
relationships in the study areas during the yeaatyaed (2000-2006).

At monthly time scale, catchment-based time sefasinfall and NDVI showed variability
in amplitude, seasonality and lag time across tbdysareas (Figure 10). In catchments with
unimodal-rainfall seasonality (Koga, Nashe and St® monthly rainfall peak was in July and
corresponding monthly NDVI maxima was in Septeméecept for Sor. Results for the Sor
catchment showed a plateau monthly NDVI peak tiké&tnels from June to October. Thus, in
general, the time lag between monthly rainfall peakl monthly NDVI peak reach up to two
months. This indicates, in the dry season, veggtatiight be water-limited in these catchments
even though the mean annual precipitation amoumgts In the wet season however, vegetation
might be radiation-limited since the peak NDVI oced when precipitation starts to decrease
(Figure 10). On the other hand, in catchments vitimnodal-rainfall seasonality (Mazie,
Mormora and Shawe), the first monthly rainfall peeds in May while the second peak was in
September. However, distinct monthly NDVI peaks evaot observed except in Mazie where
single NDVI peak was in May. The time lag betweeanthly rainfall and NDVI peaks was
therefore less than one month. In these catchmBeBt¥] in dry seasons was about the same as
NDVI during wet seasons, and most of plant funcldgpes were evergreen all year long. This
is a typical case of water not being the main imgitfactor, and vegetation grows relatively more
during the dry season when cloud cover is low. Tiscates that these sites could be potential
areas for growing especially deep rooted crops. é¥@n solar radiation, land cover type,

nutrient availability and temperature might be coling the phenology of vegetation in these
catchments.
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Figure 10. Seven years average (2000-2006) monthlyfall and Normalized Difference
Vegetation Index (NDVI) seasonality. In this Figurainfall is represented by black plot and
NDVI is represented by green plot. Also, axesdifier the other five plots are the same as that
of the first plot.

4. Discussion

Our research goal is to show that whether selecé¢chments in the Ethiopia’s moist zone
exhibit variable or similar hydrologic partitioningnd vegetation response behavior. This is
important to better assess issues like catchmentagesment and the impact of climate
variability on catchment-vegetations, mainly. Withis in mind, we quantified hydrologic
budgets, calculated three basic hydrologic ind{&d, HI and Hul) and derived NDVI for all
catchments during 2000-2006. Then, we analyzedspla¢iotemporal variability of hydrologic
budget and vegetation response, and examined thding between the two. Receiving the
highest amount of rainfall in the country, the stzdne is a location for most of country’s rivers
and various vegetation types. We used one parametersive digital filtering algorithm
(Nathan and McMahon, 1990) to divide total rivewilinto quick flow and baseflow. L'vovich
water balance theory (L'vovich, 1979) was adoptecdstimate the hydrologic budgets. Next,
ratio-based hydrologic indices (HI and Hul) werdcalated and MODIS NDVI was derived
followed by statistical analyses using R.

Vegetation, climate and physical catchment chariaties govern temporal and spatial
variability of hydrologic partitioning within a pa@cular catchment and variability among
catchments. For example, in steep terrains, a highetion of precipitation leaves the catchment
as quick flow, reducing catchment wetting (Voegelal., 2011). Hence, the possibility of



vegetations being water-limited is higher in stéepains than in flat terrains. The timing,
intensity and duration of precipitation affect dquitow (Brookset al.,2011). Thus, as much of
precipitation goes to quick flow, the wetting compat of hydrologic budget decreases. The
inter-catchment variability of mean annual preapan was in between 836mm and 1811mm.
However, the fraction of this precipitation contrilmg to either quick flow or catchment wetting
was relatively constant, as the inter-catchmeniabdity was less than 10% in each case. This
suggests that precipitation was partitioned betwtemajor components in nearly similar ways
in all catchments.

Vaporization (evaporation plus transpiration) isgidy under the control of climate and
vegetations (Trockt al, 2009; Brookst al.,2011; Voepektal., 2011). Strong inter-catchment
variability of vaporization was observed. Its mdgde run closely parallel with precipitation in
Mazie catchment, but mostly falls below baseflonSimawe during 2000-2006. The difference
could be due to land cover and temperature vanatimainly. Mazie is primarily characterized
by open grassland, dense bushland and high temmpenahile evergreen forest and relatively
low temperature prevails in Shawe. Likewise, hugericatchment difference was observed in
the magnitude of wetting. Further, some catchménésnely Mazie and Mormora) received
nearly equal mean annual rainfall during 2000-2¢0®@w~ever, their total river flow differs by a
factor of more than two during same period. It Weagely due to relatively higher contributions
of groundwater towards the total river flow in Mayma catchmentThese are some indications
for the inter-catchment variability of hydrologi@amitioning and vegetation response although
the sites correspond to similar climate regimesThosely agrees with Brooks al. (2011) who
states “catchments within the same climate regixigibé variable hydrologic partitioning
behavior depending on local landscape charactsistConsequently, it is clear that multiple
catchment management practices are needed andttegeesponse to climate variability may
vary in catchments within the same climate regime.

Inter-catchment variability in the magnitude of Was noticed. Inter-annually, however, it
was relatively constant with less than 9% standkndations in five of six catchments. This is
in-line with previous studies (e.g. Horton, 1933pdh et al., 2009, and Brooket al., 2011).
According to Horton (1933), negligible HI inter-aral variability is an indication that
vegetations can utilize the largest possible priopoof wetting. HI is a catchment characteristic
much like well known physical catchment charactess(e.g. soil, geology, topography and
vegetation). Besides, it can be considered as diti@thl signature for studies on catchment
management and vegetation response to climatebildyiaAlthough weak and statistically not
significant, negative correlation was observed leetwH| and Hul. This suggests that vegetation
water use efficiency increases as water availgldicreases, as it was also revealed by Tebch
al. (2009). Because, Hul is a good indicator of vetgmtavater availability and Hl is vegetation
water use factor. Relative to very humid (annual HuL.0) catchments (Sor and Nashe), Mazie
is characterized by low vegetation water availapiannual Hul < 0.7), higher and less variable
catchment-vegetation water use (Bl 0.85 with STDEV< 0.04), and more bushland and
grassland cover. This indicates that water linotatprevails in Mazie. Brookst al (2011)
similarly revealed sites with highest fraction ashland and grassland reflects water limitation.

In catchments with mostly evergreen forest landecd®or, Mormora and Shawe), NDVI
stays nearly constant over different years. Deepats of forests may allow access to moisture
in deeper soil or even groundwater and minimize pbssibility of vegetation being water
limited. In these sites, vegetation stays evergraee does not show significant response to
changes in the amount of water available all yeag! Compared to hydrologic indices, NDVI



showed little inter-annual variability in all catolents showing rare natural and/or anthropogenic
impact on vegetations. Relatively, annual avera@/Nmagnitude is smaller in catchments
primarily covered by cultivation. It is reasonabdeaccept this result that significant greenness is
observed only twice a year (i.e. during cultivatperiod) in these catchments.

Like the previous research by Davenport and Nidmld993) conducted in Eastern Africa
specifically Kenya and Tanzania, the vegetatiomplagy closely resembles the seasonal cycle
of rainfall. Peak vegetation greenness appearé&btoainfall by up to two months in catchments
with unimodal-rainfall seasonality. Whereas, ondgd than one month lag was perceived in
those catchments with bimodal-rainfall. Globalltjrae lag of 1-2 months in the monthly timing
of NDVI extremes that is closely associated withssmal patterns in precipitation is reported by
Potter and Brooks (1998). On the other hand, tvairdit monthly NDVI maxima were not
noticed despite bimodal rainfall. Because, onlyhe drier areas does NDVI show two distinct
maxima within the year unlike bimodal-rainfall (Banport and Nicholson, 1993). Additionally,
NDVI show insignificant variability all year lond land cover is primarily evergreen forest. In
most areas of East Africa, NDVI is a sensitive aadior of the inter-annual variability of rainfall
(Davenport and Nicholson, 1993). Yet, this is taseconly in one of six catchments considered
in our study. This is reasonable, as the domireard tover of the other five catchments is either
cultivation (using irrigation in some areas) or ®reen forest, both showing little responses to
rainfall events.

5. Conclusion and Future Directions

This study has focused on quantifying catchmentamges hydrologic budget and NDVI in an
attempt to understand hydrologic partitioning aedetation response behavior. We demonstrate
inter-catchment variability in the hydrologic pédning. In this regard, water available to
vegetation, vegetation water use and groundwatertribation towards total river flow
differentiate among catchments. Like the previawslies, we found relatively constant annual
HI magnitude during 2000-2006. HI can be considexedatchment characteristic and as an
additional signature for studies on catchment mamesgt and vegetation response to climate
variability. Our results further indicate that tseasonal cycle of catchment-average NDVI
closely resembles that of precipitation, mostly. wdwer, inter-catchment difference was
observed in the time lag between monthly precipitatand NDVI peaks. The observed
variability is mainly due to catchment’s rainfakasonality (unimodal or bimodal) and land
cover type. In general, we clearly revealed th&thoaents found within the same climate regime
exhibit variable hydrologic partitioning and vegeia response behavior. Therefore, for
successful water resources development, issuesditadhment management and the impact of
climate variability on vegetation should be treat#fferently regardless of similarity in climate
regime.

The small number of catchments, short analysisogeaind drawbacks arising from some of
the methods adopted are potential limitations. dugh these methods are selected carefully,
they are potential sources of errors due to diffeessumptions incorporated in them. Thus, we
suggest future researches to include more repsentatchments and longer analysis period.
We believe this will help to provide a clear dejmntof hydrologic partitioning and vegetation
response behavior in catchments within similar atenregime. In addition, performing the
analysis at finer time-scale (preferably seasomsitend of annual) may help to further
understand the results.



Acknowledgements
Fasil. T. Worku was supported by the United St#&tgency for International Development

(USAID) under the USAID/HED funded grant in the ia-US Higher Education Initiative

(grant number: HED052-9740-ETH-11-01). Prof. GglWang’s contribution was supported by

a NSF Climate and Large Scale Dynamics grant (grantber: AGS-1063986). We are grateful

to Dr. Sally E. Thompson for her constructive comtseand suggestions. We are also indebted

to Prof. Paul D. Brooks for his input on earlieafdr

References

1. Allen, R. (1995) Evaluation of procedures for eatimg grass reference evapotranspiration
using air temperature data only. Water Resourceselzment and Management Service.
Land and Water Development Division. United Natidfeod and Agriculture Service:
Rome; 49.

2. Arnold, J. Muttiah, R. Srinivasan, R. and Allen,(P0O00) Regional estimation of baseflow
and groundwater recharge in the upper Mississipper basin. Journal of Hydrolog227,

21 - 40.

3. Beven, K. (2006) Benchmark papers in storm runafiegation. IAHS Press: Wallingford.

4. Brooks, P. Troch, P. Durcik, M. Gallo, E. and Sgdk M. (2011) Quantifying regional
scale vegetation response to changes in precipitatNot all rain is created equal. Water
Resources Researdii, W00J08. DOI: 10.1029/2010WR009762.

5. Brutsaert, W. (1988) The parameterization of regloavaporation-some directions and
strategies. Journal of Hydrology02, 409 — 426.

6. Budyko, M. (1974) Climate and Life. Elsevier: NeavkY

7. Davenport, M. and Nicholson, S. (1993) On the refabetween rainfall and the Normalized

Difference Vegetation Index for diverse vegetatyges of East Africa. International Journal

of Remote Sensirig, 2369 — 2389.



8. Dinku, T. Asefa, K. Hilemariam, K. Grimes, D. anoh@or, S. (2011) Improving availability,
access and use of climate information. WMO Bullé@in80 — 86.

9. Dong, J. Tao, F. and Zhang, G. (2011) Trends andhtian in vegetation greenness related
to geographic controls in middle and eastern InkkEmgolia, China. Environment and Earth
Science$2, 245 — 256.

10.Eckhardt, K. (2012) Technical Note: Analytical séagy analysis of a two parameter
recursive digital baseflow separation filter. Hytlvgy and Earth System Sciendés 451 —
455.

11.Hargreaves, G. and Allen, R. (2003) History and lea#on of Hargreaves
evapotranspiration equation. Journal of Irrigatiamd Drainage Engineeringj29, 53 — 63.

12.Hargreaves, G and Samani, Z. (1985) Reference evapotranspiration from temperature.
Applied Engineering in Agriculturg, 96 — 99.

13.Horton, R. (1933) The role of infiltration in theydirologic cycle. American Geophysical
Union 14, 446 — 460.

14.Hulme, M. Marsh, R. and Jones, P. (1992) Globahg®s in a humidity index between 1931
— 60 and 1961 — 90. Climate Resea?¢chi — 22.

15.Justice, C. Townshend, J. Vermote, E. Masuoka, &@fe\WWR. Saleous, N. Roy, D. and
Morisette, J. (2002) An overview of MODIS land datacessing and product status. Remote
Sensing of EnvironmeB8, 3 — 15.

16.Kim, Y. and Wang, G. (2005) Modeling seasonal atiget variation and its validation
against Moderate Resolution Imaging Spectroradi@m@1ODIS) observations over North

America. Journal of Geophysical Reseatd, D04106. DOI: 10.1029/2004JD005436.



17.L'vovich, M. (1979) World Water Resources and ThEuture: English translation.
American Geophysical Union: Washington DC.

18.Lyne, V. and Hollick, M. (1979) Stochastic timetghle rainfall-runoff modelling.
Hydrology and Water Resources Symposign89 — 92.

19.Mersha, E. (2000) A desertification convention loaséassification of moisture zones of
Ethiopia. Ethiopian Journal of Natural Resour&gsdl — 9.

20.Mora, F. and Iverson, L. (1998) On the sources efetation activity variation and their
relation with water balance in Mexico. Internatidnlburnal of Remote Sensii§, 1843 —
1871.

21.Nathan, R. and McMahon, T. (1990) Evaluation ofofndted Techniques for Baseflow and
Recession Analyses. Water Resources Res2éyd465 — 1473.

22.Ponce, V. and Shetty, A. (1995) A conceptual-madetatchment water-balance: 1.
Formulation and calibration. Journal of Hydrolody'3, 27 — 40.

23.Porporato, A. and Rodriguez-lturbe, 1. (2002) Ecdtnfogy-a challenging multidisciplinary
research perspective / Ecohydrologie: une perspectistimulante de recherche
multidisciplinaire. Hydrological Sciences Jourrd, 811 — 821.

24.Potter, C. and Brooks, V. (1998) Global analysiseaipirical relations between annual
climate and seasonality of NDVI. International Joak of Remote Sensiig, 2921-2948.

25.Schaaf, C. Gao, F. Strahler, A. Lucht, W. Li, Xafg, T. Strugnell, N. Zhang, X. Jin, Y.
Muller, J. Lewis, P. Barnsley, M. Hobson, P. Mathid. Roberts, G. Dunderdale, M. Dall,
C. dEntremont, R. Hu, B. Liang, S. Privette, Jd&voy, D. (2002) First operational BRDF,
albedo nadir reflectance products from MODIS. Rent®ensing of Environme88, 135 —

148.



26.Shiklomanov, . (1998) World water resources: A regpraisal and assessment for the
twenty-first century: A summary of the monographoflf Water Resources”. Report 37 pp.
UNESCO: Paris.

27.Sivapalan, M. Yaeger, M. Harman, C. Xu, X. and fyde. (2011) Functional model of
water balance variability at the catchment scale:Evidence of hydrologic similarity and
space-time symmetry. Water Resources ResdarddOl: 10.1029/ 2010WR009568.

28.Sloto, R. and Crouse, M. (1996) HYSEP: A computegram for stream flow hydrograph
separation and analysis. US Geological Survey. WResources Investigations Report 96-
4040:Pennsylvania.

29. Smakhtin, V. (2001) Estimating continuous montlageflow time series and their possible
applications in the context of the ecological reselWater SR7, 213 — 217.

30.Thompson, S. Harman, C. Konings, A. Sivapalan, MalNA. and Troch, P. (2011a)
Comparative hydrology across AmeriFlux sites: Theable roles of climate, vegetation,
and groundwater. Water Resources Resedi;iDOI: 10.1029/2010WR009797.

31.Thompson, S. Harman, C. Troch, P. Brooks, P. andp@ian, M. (2011b) Spatial scale
dependence of ecohydrologically mediated water rma partitioning: A synthesis
framework for catchment ecohydrology. Water RessircResearch 47, DOI:
10.1029/2010WR009998.

32.Troch, P. Martinez, G. Pauwels, V. Durcik, M. Siaiam, M. Harman, C. Brooks, P. Gupta,
H. and Huxman, T. (2009) Climate and vegetationewaste efficiency at catchment scales.
Hydrological Processe23, 2409 — 2414.

33.Tucker, C. (1979) Red and photographic infrarededin combinations for monitoring

vegetation. Remote Sensing of EnvironmBet®7 — 150.



34.Voepel, H. Ruddell, B. Schumer, R. Troch, P. BroBk&eal, A. Durcik, M. and Sivapalan,
M. (2011) Quantifying the role of climate and lacdge characteristics on hydrologic
partitioning and vegetation response. Water Ressmir&®Researchd7, WO00J09. DOI:
10.1029/2010WR009944.

35.Wagener, T. (2007) Can we model the hydrologic otgpaf environmental change?
Hydrological Processe?l, 3233 — 3236.

36.Wang, J. Price, K. and Rich, P. (2001) Spatial graits of NDVI in response to precipitation
and temperature in the central Great Plains. Intgfanal Journal of Remote Sensi@g,
3827 — 3844.

37.Wang, J. Rich, P. and Price, K. (2003) Temporapoeses of NDVI to precipitation and
temperature in the central Great Plains, USA. Intgronal Journal of Remote Sensi2g,
2345 — 2364.

38.Welderufael, W. and Woyessa, Y. (2010) Streamdlmlysis and comparison of baseflow
separation methods: Case study of the Modder RBa&sin in Central South Africa.
European WateBl, 3 — 12.

39. Wilcox, B. (2010) Ecohydrology Bearings - Invitedn@nentary. Transformative vegetation
change and ecohydrology: ushering in a new eracaichment management. Ecohydrology
3,126 — 130DOI: 10.1002/eco.104.

40.Zhang, L. Dawes, W. and Walker, G. (1999) Predictime effect of vegetation changes on
catchment average water balance. Cooperative Reke@entre for Catchment Hydrology.

CSIRO Land and Water. Technical Report 99/12.



41.Zhou, L. Kaufmann, R. Tian, Y. Myneni, R. and Tydke (2003) Relation between inter-
annual variations in satellite measures of northéonest greenness and climate between

1982 and 1999. Journal of Geophysical Resedfid) DOI: 10.1029/2002JD002510.



