Inter-annual and seasonal trends of vegetation coiitecbn in the Upper Blue Nile (Abay)
basin: Dual scale time series analysis

E. Teferi ¥', S. Uhlenbrook* W. Bewket*

! Addis Ababa University, Center for Environment &eVelopment Studies, P.O. Box 2176, Addis
Ababa, Ethiopia

2UNESCO-IHE Institute for Water Education, P.O. B@®5, 2601 DA Delft, The Netherlands

3Delft University of Technology, Water Resourcegi®acP.O. Box 5048, GA Delft, The Netherlands

* Addis Ababa University, Department of Geography Bndironmental Studies, P.O. Box 2176, Addis
Ababa, Ethiopia

Abstract

A long-term decline in ecosystem functioning anddorctivity, often called land degradation, is
a serious environmental challenge to Ethiopia tiegds to be understood so as to develop
sustainable land use strategies. This study examinger-annual and seasonal trends of
vegetation cover in the Upper Blue Nile (UBN) or by basin. Advanced Very High
Resolution Radiometer (AVHRR)ased Global Inventory, Monitoring, and Modellintu@es
(GIMMS) Normalized Difference Vegetation Index (NDWvas used for long-term vegetation
trend analysis at low spatial resolution. Moderaselution Imaging Spectroradiometer
(MODIS) NDVI data (MOD13Q1) was used for medium lscaegetation trend analysis.
Harmonic analyses and non-parametric trend tests egplied to both GIMMS NDVI (1981-
2006) and MODIS NDVI (2001-2011) data sets. Basedaagobust trend estimator (Theil-Sen
slope) most part of the UBN (~77%) showed a positrend in monthly GIMMS NDVI with a
mean rate of 0.0015 NDVI units (3.77%“yr out of which 41.15% of the basin depicted
significant increasep(< 0.05) with a mean rate of 0.0023 NDVI units @& yr') during the
period. However, the MODIS-based vegetation trendlysis revealed that about 36% of the
UBN showed a significant decreasing trepd<(0.05) over the period 2001-2011 at an average
rate of 0.0768 NDVI yt. This indicates that the greening trend of theetiipn condition was
followed by decreasing trend since the mid-2000&h& basin, which requires the attention of
land users and decision makers. Seasonal trengisehalas found to be very useful to identify
changes in vegetation condition that could be nthskeonly inter-annual vegetation trend
analysis was performed. Over half (60%) of the Abagin were found to exhibit significant
trends in seasonality over the 25 years period Z23%6). About 17% and 16% of the
significant trends consisted of areas experienangniform increase in NDVI throughout the
year and extended growing season, respectivelyseraeeas were found primarily in shrubland
and woodland regions. The study demonstrated mibegriated analysis of inter-annual and intra-




annual trends based on GIMMS and MODIS enables r@ mabust identification of changes in
vegetation condition.
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Introduction

Land degradation is a widespread environmentaldavélopment challenge (e.g.Dregne et al.,
1991; UNEP, 2007). It is central to many internaéibconventions and protocols related to
environmental protection. Increasing demands fadfowater and energy resulting from the
growth in population angber capitaconsumption are driving unprecedented land usaegsha
(Godfray et al., 2010; Kearney, 2010). In turn,ustainable land use is causing degradation of
land resources. Thus, up-to-date quantitative mé&tion about land degradation is crucial to
develop sustainable land use strategies and toosupplicy development for food and water
security and environmental integrity. Status aeddrof vegetation condition generally serve as
a proxy for land degradation (Metternicht et ab1@; Wessels et al., 2004; Wessels et al., 2007).

Detecting and characterizing trends in vegetatmmdion over time using remotely sensed data
has received considerable attention in recent yéas et al., 2008; de Jong et al., 2011;
Eastman et al., 2013; Verbesselt et al., 2010a)eRanterest in vegetation trend analysis arises
for three reasons. First, there is considerabkrést in monitoring and assessihg state and
trend of land degradation as well as for monitorihg performance of management programs
(Buenemann et al., 2011; Vogt et al., 2018¢cond, it is only recently that substantial anmtsu

of remotely sensed data and robust geospatial apipes suitable to such analysis are becoming
available (Bai et al., 2008; Buenemann et al., 20Ltker et al., 2005). Third, it is a natural ffirs
step towards identifying drivers of changes indstmal ecosystems as vegetation variability and
trends affect the exchange of water, energy, migi@and carbon between the biosphere, the
geosphere and the atmosphere (Baldocchi et all,)200

Changes in vegetation occur in three ways: (1)as@®l or cyclic change that is driven by
climate (e.g. annual temperature and rainfall) ictipg plant phenology; (2) a gradual change
over time that is consistent in direction (monotrauch as change in land management or land
degradation; and (3) an abrupt shift at a spepiint in time (step trend) that may be caused by

disturbances such as a sudden change in land liseqodeforestation, floods, droughts, and



fires (Angert et al., 2005; de Jong et al., 2018k&yback et al., 2003; Tucker et al., 2001;
Verbesselt et al., 2010b). Thus, considering ghesy of changes (i.e. seasonal, gradual and
abrupt changes) is essential in order to assesnthenmental impact of vegetation changes or
to be able to attribute the changes in vegetatomrivers behind (de Jong et al.,, 2013a;
Verbesselt et al., 2010b). There is substantigr@st in monitoring the trends in seasonality of
vegetation due to its sensitive response to climhatage (Parmesan and Yohe, 2003; Sparks et
al., 2009; Walther et al., 2002).

Long-term, remotely sensed normalized differencgetegtion index (NDVI) data are suitable to
detect and characterize trends in vegetation comditver time (de Jong et al., 2011; Eastman et
al., 2013; Tucker et al., 2001; Verbesselt et2d110a). Although NDVI can be computed from
different multispectral satellite data, NDVI fromd@anced Very High Resolution Radiometer
(AVHRR) is the only global vegetation dataset whegans a time period of three decades.
Hence, it allows quantification of ecosystem change a result of ecosystem dynamics and
varying climate conditions. In this study, AVHRRdea Global Inventory, Monitoring, and
Modelling Studies (GIMMS) NDVI data sets (1981-2p0@re used for the purpose of long-
term trend analysis (Tucker et al., 2005). Besid¢ByVI time series (2001-2011) from the
Moderate resolution Imaging Spectroradiometer (M®D250m (MOD13Q1) on board the

Earth Observing System Terra platform were usednfedium scale vegetation trend analysis.

Several vegetation trend studies from analysisatéliie observations have reported a positive
trend in vegetation condition (i.e. greenness)n| Worthern Hemisphere, including the Sahel
(Fensholt et al., 2009; Karlsen et al., 2007; Shaybet al., 2003; Tucker et al., 2001). Other
studies based on phenology and temperature obggryétom stations also confirmed greenness
trend (Sparks et al., 2009). However, Zhao and Rign(2010) reported a decreasing trend in
greenness globally during the period 2000-2009 gusiModerate-resolution Imaging

Spectroradiometer (MODIS) NDVI data. Similarly, deng et al. (2011) found that many

forested biomes experienced a decline in vegetatieanness. There is still no consistent result

on trends of global vegetation activity (Bala et 2013).



The inconsistent results from various studies pgatty emanated from differences in location of
study areas (variations in altitude and latitudiepd detection techniques (ordinary least square
versus median trend), the length of the data semesNDVI data sources used (e.g. GIMMS,
MODIS). Therefore, it is very important to charate and understand inter-annual and intra-
annual variability of vegetation activity using tpterm data sets in study areas such as Abbay
basin (1982-2006) where climate variability is hagid topography is diverse.

It is essential to characterize and understandr-artaual and intra-annual variability of
vegetation activity using long-term data sets agllBIMMS NDVI, especially, if the increase or
decrease of vegetation growth in Abay basin is ainiven by climatic factors (De Beurs et
al., 2009). However, if vegetation growth is maintpused by human activities such as
sustainable land management (SLM) programs thailvevlocalized implementation of best
management practices (BMPs), then it is usefusedMODIS NDVI data as it provides repeated
information at the spatial scale at which most hovdaven land cover changes occur (De Beurs
et al., 2009; Gallo et al., 2005; Townshend andickis1988). Such analysis reveals areas of
change that merit closer attention since it depsagmificant shifts in local water, carbon and
energy fluxes (Henebry, 2009; Vuichard et al., 2008e results of this study are very important
from context of Upper Blue Nile (UBN) basin for tweasons. First, the UBN basin is the major
water source area of the Nile river, as it contelsuaround 70% of the overall Nile flow. Thus,
the UBN basin is the most important river basin ooty for Ethiopia, but also for the
downstream Nile basin countries (i.e. Sudan andoBggecond, the UBN basin accounts for a

major share of the Ethiopia’s irrigation and hydveyer potential.

The general objective of this study was to charate¢he degree of improvement or degradation
of vegetation condition in the Abay basin usinghbobarse and medium scale analysis. The
specific objectives were: (1) to identify inter-arah and seasonal trends in vegetation conditions

at both coarse and medium scales using robust égtitdators; and (2) to detect trend breaks.



2. Materials and methods

2.1 Study area

The Upper Blue Nile/Abbay basin covers a total are499,812 krhand is located in the center
and west of Ethiopia (Fig. 1). It lies approximgtbetween 45 and 1246 N, and 3406 and
4000 E. Altitude of the Upper Blue Nile basin rangesnird75 m asl at the Sudanese border to
4,257 m asl at the summit of Mt. Guna. More thaPo8¥ the basin is located at an elevation
above 1,000 m asl. The multi-year (1983-2006) neawual rainfall varies between about 894
mm a-1 to 1,909 mm a-1, with a spatial mean of alig896 mm a-1 based on gridded station-
based rainfall data. The multi-year (1982-2006) maanual areal potential evaporation ranges
from 1065 mm a-1 to 1756 mm a-1, with a spatial mekabout 1,396 mm a-1 based on the
Penman—Monteith method from Climate Research Ud® 8lata set (Harris et al., 2014). The
multi-year (1982-2006) annual average temperataries across space from 14°C to 29°C based
on CRU 3.10 data set.

Cropland is the major land use and land cover tgpeupying more than 44% of the total area of
the basin (TECSULT, 2004). A variety of annual @agre grown under rainfed conditions
including: wheat, barley, sorghurteff, maize, finger millet, oil seeds, chick peas aedns.
Eucalyptus plantation mainly for wood and fuel wood is common areas near villages.
Extensive areas dfamboooccur in the lower areas of the western part ef hasin. Dense
woodland is mainly found on the lower western stope Wellega North Gondar and
Benishangul-Gumuyzopen woodland is found notably in Wellega, lllbba and Jimma; and
open shrubland in highland areas. Woodlands arnubkinds are often associated with a grass
under-storey or grassed areas between areas ofvtmwly vegetation. Two main types of
grassland occur in the basin; (@wland tall grasslandsccur in low rainfall areas interspersed
with a few trees and shrubs, and thiyhland temperate grasslanascur mainly above 2,000

masl.

2.2 Data sets

GIMMS 15-day composite NDVI produdthe Global Inventory, Monitoring, and Modelling
Studies (GIMMS) NDVI data product (Tucker et al008), was used to analyze the long-term



(1982-2006) vegetation variability and trends inNUBasin. A release of the global coverage
GIMMS data (GIMMSg) at 8 km resolution, coveringrin July 1981 through December 2006,
was made freely available from the Global Land Cdwvacility of the University of Maryland
(www.landcover.org). The GIMMSg data set is comfambiat a 15-day time step by applying
maximum value compositing (MVC) technique (Holb&886) in order to reduce cloud cover
and water vapor effects.

MODIS NDVI 16-Day L3 Global 250m (MOD13QIhe MODIS 16-day composite NDVI data
sets with 250 m spatial resolution (MOD13Q1) tiké$121v07 and h21v08 for the period 2001—
2011 obtained from the NASA Earth Observing Sys(&@S) data gateway were used in this
study (Huete et al., 2002). The MODIS NDVI complentseNOAA's AVHRR derived NDVI
products and provides continuity for time seriestdrical applications. Apart from the
vegetation index, the MOD13Q1 data contains piediability information describing overall
quality of NDVI values for each pixel. Pixel reliity information is a simple decimal number
that ranks the product into five categories: -1-#/fo Data, 0—Good Data, 1—Marginal Data,
2—Snowl/Ice, and 3—Cloudy. In the time series anglysnly ‘good’ = 0 data are retained and
all other values are interpolated or replaced.

Land use and land cover (LULC) dafahe third data set used in the analysis Wd&C data
produced by Woody Biomass Inventory and Stratetpariing Project (WBISPP) at a scale of
1:250,000 (TECSULT, 2004). The intention was tove a basis for understanding the spatial
distribution of seasonal trends.

2.3 Harmonic analysis of NDVI time-series

Both AVHRR and MODIS NDVIs are composite producsce Maximum Value Composite
(MVC) is not an atmospheric-correction method, sartefacts related to residual cloud cover
and atmospheric haze remain in the MVC processedIdBries (Nagol et al., 2009). Therefore,
it was essential to perform harmonic analysis ahb8IMMSg and MODIS NDVI data sets
using HANTS (Harmonic ANalysis of Time Series) aigum (Roerink et al., 2000; Verhoef et
al., 1996) for the purpose of: (i) screening andaeal of cloud contaminated observations; and
(i) temporal interpolation of the remaining obs&iens to reconstruct gapless images at a

prescribed time. Harmonic (Fourier) analysis hagnbsuccessfully applied to describing



precipitation patterns (e.g.Landin and Bosart, 198%teorology (e.g.Legates and Willmott,
1990) and seasonal and interannual variations nd kurface condition (Jakubauskas et al.,
2001). The HANTS algorithm was developed based lom ¢oncept of Discrete Fourier
Transform. HANTS considers only the most significeiaquencies expected to be present in the
time profiles, and applies a least squares cuttiadiprocedure based on harmonic components
(sine and cosine). Thus, harmonic (Fourier) anslyg@composes a time-dependent periodic
phenomenon (e.g. vegetation development) intoiassef sinusoidal functions, each defined by
unique amplitude (strength) and phase (orientatgh respect to time) (Roerink et al., 2000;
Verhoef et al., 1996) and can be described asuimed sine and cosine components as follows
(Harris and Stécker, 1998; Wilks, 2011):

(1.9)
— — (1.b)

wheref(t) is the series value at timeT is the length of the series (e.g. T=12 observations
monthly time seriesk is the number of harmonics to be used in the regregin this study 2

harmonics were used)p is the mean of the serie§,; is the amplitude of harmonics given by

# , nis the frequency (h/T), ,is the phase angle given by $% &
ande is the error term. Eqg. (1.a) emphasizes the haieniaterpretation, while Eq. (1.b) is a
convenient transformation to a multiple linear hamie regression model with coefficients

and that can be easily estimated.

In this study the IDL implementation of the HANT®arithm (De Wit and Su, 2005) was used.
In HANTS algorithm a curve fitting is applied itéirgely and the maximum iteration was set to
12 (Table 1). First a least squares curve is coetpltased on all data points, and next the
observations are compared to the curve. Obserwtibat are clearly below the curve are
candidates for rejection, and the points that itheegreatest negative deviation from the curve
therefore are removed first. Second, a new cureensputed based on the remaining points and
the process is repeated. Pronounced negative rsudlie removed by assigning a weight of zero
to them, and a new curve is computed. This itemageentually leads to a smooth curve that

approaches the upper envelope over the data p&sséential HANTS parameters were set as in



Table 1 in order to obtain a reliable fitting cunietail explanation about the parameters can be
found in Roerink et al. (2000). . Although he outpomprises five Fourier components (i.e.3
amplitudes and 2 phases), the zero frequency (m@amal NDVI) and the frequencies with time
periods of 1 year (annual) were selected for thayais Amplitude 2 and Phase 2 represent the
semi-annual curve, but they are difficult to intetp(Eastman et al., 2013).hi§ suite of

harmonics (Amplitude O, Amplitude 1 and Phase Episietimes callegreenness parameters

2.4. Long-term trend analysis

Before the time series analysis, the bimonthly HA\flltered GIMMS and MODIS data were
aggregated to monthly composites by applying th#raetic mean of each month. The bi-
monthly composites usually show strong serial aut@tation and aggregating into monthly
observations reduces the effect of serial autotadroa on the statistics generated from them.
Seasonal variation must be removed in order tebdiscern the long-term trend in NDVI over
time. Thus, a seasonally adjusted series is nededler to better discern any trend that might
otherwise be masked by seasonal variation. Staiz@grédhinomalies (Z-score) of the monthly
HANTS filtered NDVI data were calculated to remaove seasonality from the original time

series (i.ede-seasoningusing the following equation:

c )x '+ (2)

wherex is the data value of the respective montkg the monthly long term average value (i.e.,
the long term average of all Januaries, Februarigsand is the monthly standard deviation. A
Z-score value of O represents the long-term meawe of +1 represents 1 standard deviation
of the long term mean, and so on.

The de-seasoned monthly NDVI time-series was ctedefor serial correlation (autocorrelation)
using a Trend Preserving Prewhitening (TPP) approA&¥ang and Swail, 2001). The
prewhitened series has the same trend as the ariggnies, but with no serial correlation. Two
types of inter-annual trend analysis and one tsagdificance test were applied to pre-whitened
data on a pixel basis: linear trend (median tren@ihil-Sen), monotonic trend (Mann-Kendall)
and Mann-Kendall significance test.

The median trend (Theil-Sen (TS)) was computedassessing the linear trend and rate of
change per unit time (Hoaglin et al., 1983). Ti8®8h (TS) slope estimator was proposed by
Thiel (1950) and modified by Sen (1968) and computee median of the slopes between



observation values at all pair-wise time steps. Meggor advantage of TS slope estimator is
because of its breakdown bound. The breakdown béamd robust statistic is the number of

wild values that can occur within a series befareill be affected. For the median trend, the

breakdown bound is approximately 29%, meaning thattrends expressed in the image must
have persisted for more than 29% of the lengtihefseries (in time steps) (Hoaglin et al., 1983).
For example, in this study the GIMMS time seriesadeontains 300 monthly images so it is

completely unaffected by wild and noisy values gsléhey persist for more than 87 months
(.e.0.29*300=7.25 years). The implication of tileghat it also ignores the effects of short-term
inter-annual climate teleconnections such as EbNiipically a 12 months effect) and La Nifia

(typically a 12-24 months effect).

2.5 Seasonal trend analysis

Seasonal trend analysis was performed in ordetemtify trends in the essential character of the
seasonal cycle while rejecting noise and short-teamability seasonal cycle (Eastman et al.,
2013). This was performed based on a two-stage d&mies analysis. First, harmonic regression
is applied to each year of images in the time setgeextract an annual sequence of overall
greenness and the amplitude and phase of annuaeameannual cycles (Eastman et al., 2009).
This suite of harmonics is termed as greennesgregess. Amplitude O represents the annual
mean NDVI or overall greenness for each year. Almgé 1 represents the peak of annual
greenness. Phase 1 denotes the timing of annuklgoeanness, represented by the position of
the starting point of the representative sinewdvanaual greenness. An increase or decrease in
the phase angle means a shift in the timing toaaliee or later time of the year, respectively.
The values of Phase image potentially ranges frotdedree to 359 degrees such that each 30
degrees indicates a shift of approximately onencile month (Eastman et al., 2009). Amplitude
2 and Phase 2 represent the magnitude and posifioa semi-annual curve, but their
interpretation is difficult. They exist mainly akape modifier of the annual curve (Eastman et
al., 2013).Second, trends over years in the gressnp@&rameters were analyzed using a Theil-Sen
median slope operator. This procedure is robusthtart-term interannual variability up to a
period of 29% of the length of the series (Eastratal., 2013; Gilbert, 1987; Hoaglin et al.,
1983). Furthermore, the samples are annual measfirgsape parameters. Thus, short inter-

annual disturbances€., those 8 years or less in this case) such asithdivEl Nifio/Southern



Oscillation events, have little effect on the lalegm trends represented by the median trends.
The significance of the trends in the five shapepeters was tested using the Contextual Mann
Kendall statistics (CMK) (Neeti and Eastman, 20fhjich is a modified form of the Mann-
Kendall test of trend significance (Kendall, 1948ann, 1945). CMK trend test reduces the
detection of spurious trends and an amplificatidncanfidence when consistent trends are
present through adding contextual information. Cidk modified version of the Mann-Kendall
test which is based on a principle that a pixel Mowt be expected to exhibit a radically

different trend from neighbouring pixels.

In order to make the interpretation easier, thes@aa trends were categorized into different
classes based on major CMK trend significance. kK trend significance for each of the five
shape parameters was classified into three majegeaes: significantly decreasing at fhec
0.05 level, not significant, and significantly ieasing at the < 0.05 level. Only the major

seasonal trend classes in terms of area were eglistdetailed analysis.

2.6 Change-point analysis

A change-point analysis was conducted, becauseditates that the trends change between
positive and negative within the analysis periodgi@ns of interest (ROIs) were selected based
on most prevalent classes of significant seaseoaatls for GIMMS NDVI and MODIS NDVI.
The Breaks For Additive Seasonal and Trend (BFA®Bthod (Verbesselt et al., 2010a;
Verbesselt et al., 2010b) were used to detect &adacterize abrupt changes within the trend
and seasonal components of the ROI times serieASBHRs particularly important if long-term
trends are composed of consecutive segments watlugl change, separated from each other by
a relatively short period of abrupt change (de Jeng@l., 2012; Verbesselt et al., 2010b). In
BFAST, the ordinary least squares (OLS) residuaked MOving SUM (MOSUM) test, is used
to test for whether one or more breakpoints arenoery. Thus, the use of BFAST trend break
analysis assisted identification of several chgmg@ds which might otherwise been overlooked
through a commonly assumed fixed change trajecoglysis BFAST is an iterative algorithm
that integrates the decomposition of time seri¢s geasonal, trend, and remainder component
with methods for detecting changes. An additiveodggosition model is used to iteratively fit a

piecewise linear trend and a seasonal mdded.general model is of the form: - . "



01 /whereY; is the observed NDVI data at tintg(in the time seriesn), T; is the trend
components is the seasonal component, @& the remainder component. A trend component
corresponds to a long-term process that operates the time spanned by the series. A
remainder component corresponds to a local progbassh causes variability between cycles. A

seasonal component corresponds to a cyclic pralcassperates within each cycle.

3. Results



3.1. Inter-annual trends in NDVI

3.1.1 GIMMS NDVI

The Upper Blue Nile (Abay) basin is characterizgdabmulti-year mean NDVI of 0.49 for the
period 1982—-2006 using the GIMMS data set. On tiee ltand, the south and southwest region
of the basin represents the highest mean NDVI haddwest temporal variation. This area is
characterized by shrubland and woodland vegetation. the other hand, the eastern,
northeastern and northwestern part representtiest mean NDVI and the highest temporal
variation as a consequence of the relatively lowuah precipitation and the more extended dry
periods. Besides, this area is characterized lepgne and sedentary cultivation.

During the period 1982-2006, a significant incragsirend in vegetation condition is observed
in large part of the basin particularly in westarmd central part of the basin (Fig. 2). About 77%
of the basin showed a positive trend in monthly NBNth a mean rate of 0.018 NDVI yr(i.e.
0.0015*12 NDVI units) and the remaining 23% of thesin exhibited a decreasing trend with a
mean rate of 0.0084 NDVI yr(i.e. 0.0007*12) (Table 2). About 41% of the basira showed a
significant £<0.05) increase in monthly NDVI, with a mean rat@df3 NDVI yr* (0.0023*12)
and about 4.6% of the basin showed a significaotedese in monthly NDVI, with a mean rate of
0.02 NDVI yr(0.0017*12).

3.1.2 MODIS NDVI

Areas of higher multi-year mean NDVI depict lowergetation cover variability (Fig.3(a) and
Fig. 3(b)). Areas located in the eastern part ef ltlasin are those with higher variability and
show an upward (positive) trend of vegetation glowt the period 2001-2011 (Fig.3(b) and
Fig.3(c)). About 36% of the UBN/Abay basin showsignificant browning trendo(< 0.05) over

the period 2001-2011 at an average rate of 0.07B®INyr™ using MODIS 250 m spatial
resolution (Table 3 and Table 4). By contrast, abput 1.19% of the basin shows a significant
greening trendp( < 0.05) over the period 2001-2011 at an averate 0&0.066 NDVI yi*
(Table 3 and Table 4). The majority of the brownirend comes from Dabus (14.27% at a rate
of 0.0744), Belles (13.5% at a rate of 0.0816), WA (11.81% at a rate of 0.0792) and Didessa
(11.48% at a rate of 0.0792). The vegetation agtivi Belles sub basin is being decreased at a
faster rate (0.0816 NDVI ) than the others (Table 3 and Table 4).



The Maximum significant browning slope observedDidessa sub-basin is the largest of all
maximum slopes in the basin. The size of greenimjthe browning area within sub-basins are
proportional in sub-basins such as Beshillo, Jemvhager and Welaka. Whereas, more than
half of the areas of the Belles (66.91%), Rahad4(B%), and Wonbera (64.12%) are represented
by significant browning trend. The majority of tgeeening trend comes from Jemma (22.03% at
a rate of 0.066), Beshillo (18.23% at a rate 0606)0Q North Gojam (22.78% at a rate of 0.066),
and Muger (12.15% at a rate of 0.0648) sub-badihs. slowest rate and the fastest rate of
significant greening are observed in Dinder sulirb&.0552 NDVI yi*) and Dabus sub-basin
(0.0768 NDVI yi'), respectively.

3.2 Seasonal trends

3.2.1 GIMMS NDVI

More than half (59.52%) of land areas exhibit angicant trend in seasonality over the 25 year
time period measured (1982-2006), producing a tofab3 significant trending classes of
seasonal curves which include different combinatiofh significant changes in Amplitude O,
Amplitude 1, Amplitude 2, Phase 1 and Phase 2. Tatiend change in seasonality is not a rare
occurrence in Abay basin. Out of the 53 classeb; the prominent five classes of seasonal
trends are described below, which account for ab@& of all significantly trending pixels and
represent 39.95% of all land pixels of the basigufe 4 depicts the spatial distribution of the
five most prevalent classes of significant seastreads in GIMMS NDVI.

Class lhas an area of 19,712 kmhich accounts for 16.85% of all significantlyricing areas
and 10.03% of the total land area (Table 5). Thessc represents areas with a significantly
positive trend in Amplitude 0 (mean annual NDVIdamo significant change in any of the other
four parameters (Amplitudes, Phases 1 and Phaged?)ucing curves that are raised uniformly
throughout the year. The frequency distributiorseésonal trend classes within zones of land
cover types shows that the majority of Class 1diram pixels occur in areas of woodland (33%)
and shrubland (30%). Thus, it appears that woodtmdl shrubland areas are experiencing a
consistent increase in productivity throughoutyber.

Class 2 is characterized by both a significantaase in Amplitude 0 (mean annual NDVI) and a

significant decrease in Phase 1 (orientation witietof the annual cycle). A decreasing phase



angle means a shift to a later time of the yeais Tlass has an area of 18,56(Pkand describes
about 10% of the basin land area (Table 5). Fidifl® shows that the green-down period is
coming about 15 days later in 2006 than 1982. Al&&% of Class 1 trending pixels occur in
areas of woodland. This means that woodland arédaseoUpper Blue Nile/Abay basin are
experiencing an increase in mean annual NDVI wigiiScant shift in end of growing season

and no effect on the start of growing season leattinengthening of the growing season.

Class 3 represents areas that exhibit a significenéase in Amplitude 1 (the annual cycle), but
no other significant trend parameters. Class 3 r08e48% (6848 kA) of all the basin area
(Table 5). This class of seasonal trend exhibitharacteristic of increase in NDVI during the
growing season (Aug-Nov) balanced by declines dutire dry season (Feb-May) in order to
maintain the same mean NDVI (Fig.5(c)). The maoot Class 3 trending pixels occur in
cropland areas (68% or 4,672 ¥rof the basin. Therefore, NDVI is enhanced duting green
season (cropping season) and inhibited during ttvriseason or harvest.

Class 4 represents areas that exhibit a signifidaatease in Amplitude 1 (the annual cycle), but
no other significant trend parameters. Class 4 r509651% (18,688 kfi of all the basin area
(Table 5). This class of seasonal trend exhibitharacteristic decrease in NDVI during the
growing season (more pronounced between Aug-Nargase in NDVI during dry season (Fig.
5(d)). Class 4 seasonal trend pixels are mostlgcested with cropland (59%) and grassland
(19%) land cover types. This type of seasonal tigsrmdore common in North Gojam and Lake
Tana sub-basins.

Class 5 describes areas that show a significamedse in Phase 1 only. Class 5 seasonal curves
resemble Class 2 seasonal curves in that both dimar pattern of a decrease in yearly phase.
It covers 7.5% (14 720 Kinof all the basin area and represents 12.6% afigtiificant seasonal
trend pixels. This class of seasonal trend exhibitharacteristic shift at the end of growing
season. Class 5 pixels are mostly associated vatddiand (48%) and cropland (30%). This type

of seasonal trend is more common in southern anthaestern part of the basin.

3.2.2 MODIS NDVI



About 207 classes of significant intra-annual clesngere obtained from the MODIS-based
seasonal trend analysis during the period 2001-200Hese classes include different
combinations of significant changes in greennesameaters. Approximately 42% of the Abay
basin represents significant seasonal trends, buthach 96% represents the dominant eight
classes (Table 6 and Figure 6). Almost all vegdt&ad cover types commonly and dominantly
exhibits the seasonal trend characteristics oflagClass 2 and Class3 (Table 6). In addition,
Class 4-type seasonal trend is observed mainly 484 of the woodland and 15% of the natural
forest in the Abay basin. Seasonal trend classé&dads 5, Class 6 and Class 8 occur in small
proportion of each vegetated land cover types. Aiqudar land cover can exhibit different
seasonal trend characteristic. For example, 40%g, 2hd 18% of the grassland in the Abay
basin exhibit the seasonal trend characteristic€laés 1, Class 2 and Class 3, respectively.
Class 7-type seasonal trend is observed over 13%eafatural forest area.

Class 1 has an area of 31,664%kmhich accounts for 16.09% of the total land scapAbay
and 38.28% of all significant pixels (p < 0.05) bl&a 6). This class represents areas with a
significant decreasing trend in peak of annual mmess (Amplitude 1), with no significant
changes in overall greenness and time peak grezwiesg the period 2001 — 2011. Fig. 7 (a)
shows a decrease in greenness in the wet seasw Jilly, August, September), but an increase
in greenness in the dry season (January, Febriamgh, April). Class 2 represents significant
decreases in overall greenness and annual peakngsse with no significant changes in other
greenness parameters (Table 6). Fig. 7 (b) shosvsghsonal curves of NDVI (2-year average)
for Class 2. The maximum difference between the ¢wves occurs in August, whereas the
minimum difference occurs in February and NovembiVI values for both curves are above
0.6. Class 3 has an area of 11,408 kmd describes 16.21% of all significant seasaealtand
6.8% of the basin total area (Table 6). Class Besgmts areas with a significantly negative trend
in overall greenness (Amplitude 0) and no significahange in any of the other greenness
parameters, producing curve that is decreasedramifdhroughout the year. The NDVI values
at all months remain above 0.7 throughout the y&bout 34% of the natural forest corresponds
to Class 3 type of seasonal trend. Thus, the chiangeerall greenness may indicate a decrease
in vegetation density without complete removal $breClass 4 describes about 8% of all
significant trends and covers an area of 6525 [@able 6). Class 4 includes areas that exhibit a

significant increase in Phase 1 (the time of anmpeslk greenness), but no other significant



seasonal trend parameters. Fig. 7 (d) depictsethgosal curves of Class 4 at the initial (average
of 2001 and 2002) and final period (average of 2848 2011) of the analysis. This class of
seasonal trend exhibits a shift in the timing ofwal peak greenness to an earlier time of the
year. Class 5 represents areas with significantedse in both Amplitude 0 and Amplitude 1,
but significant increase in Phase 1. This type edssnal trend class is commonly found in
Wonbera sub-basins. The NDVI values remain abo@eir®.all months throughout the year.
According to Fig. 7(e), the maximum difference bedéw curves occurs between June and
November, suggesting that the density of land caype causing this difference might have
been reduced. Class 6 represents areas with dicagtly negative trend in Phase 1 and no
significant change in any of the other greennesarpaters. This class is mostly found in North
Gojam sub-basin and it is characterized by loweMNialues throughout the year as compared
to the NDVI values of other classes. Class 7 exhibignificant decrease in overall greenness
and significant increase in the time peak annuakigness. The NDVI values at all months
remain above 0.7 throughout the year and this midlsg®ilar with that of Class 3. Both Class 3
and Class 7 are mostly located in Didessa sub-b@&dass 8 represents areas with significant
decrease in annual peak greenness and signifinargaise in time of peak annual greenness.
These changes are noticeable in Fig. 7(h). Theampaak greenness observed in the initial state
(2001/2002) decreased by approximately 0.2NDVIaub#&tween July and October as compared
to the final state (2010/2011).

3.3 Trend break analysis

3.3.1 GIMMS NDVI

Trend break analysis in the inter-annual data serie

The tread break analysis of ROIs shown in Figuiu8trates different trend behavior within a

longer time series of GIMMS data. Trends are netgbs continuously increasing or decreasing
but can change over time. For example, ROI #2 8fiy) and ROI #4 (Fig.8(d)) represent

gradual browning and greening trends, respectivahgr the entire study period, while ROI #1

and ROI #3 describe abrupt browning and greenegpectively. ROI #1 characterized by trend
breaks at December 1989 and August 1997 and RGh&®&s a trend break at April 1998. Thus,



the trend break analysis assisted identificationse¥eral change periods which might be

overlooked through a commonly assumed fixed chamgectory analysis.

Trend break analysis in the HANTS seasonality patars

Trend break analysis was performed on the harnslrape parameters to identify the time when
abrupt change occurred. No significant break powere detected based on OLS-based
MOSUM test for structural change using BFAST. Hoamruthrough visual interpretation it is
possible to identify trend break points. For examgllass 2 and Class 5 showed a sharp increase
in Phase 1 between 1988 and 1998 and sharp deaftaseards (Fig. 9).

3.3.2 MODIS NDVI

The trend-break analysis did not indicate signific@end breaks using the BFAST approach in
all of the sampled areas (Fig. 10) suggesting vlegetation activity in Abay basin showed a
monotonic increasing or decreasing behavior. Slaelyng processes such as land management
practices or land degradation may cause such mioicatbanges in the time series.

ROI#1 and ROI#2 are similar in representing ardaggmificant monotonic decreasing trend in
vegetation condition but different in the reasoesibd the trend. ROI#1 is located in Didessa
sub-basin and the main reason for the observeeéasog trend is due to the decrease in woody
vegetation density by human activity. ROI#2 is lechin Beless sub-basin and forest fire is the
main cause for the observed decrease in vegetetiodition. Both ROI#3 and ROI#4 represent
areas of significant increasing trend in vegetatommdition. Trend-break is observed in the
seasonal component of the NDVI time series, butimd¢he trend component (Fig. 10(c)). The
seasonal component the NDVI time series in ROI#3dieanged since 2008. This indicates that
new activities causing increased greenness areraoguin the area. ROI#4 is located in between

Welaka and Jemma sub-basins.

Trend-break analysis in the HANTS seasonality patans

Although there is a significant monotonic incregsor decreasing trend, no significant break
points were identified in any of the greenness patars based on OLS-based MOSUM test.
The trends in overall greenness and annual peangess appear to be continuously increasing
or decreasing without trend breaks. However, Phasé€llass 5, Class 6 and Class 8 shows a
non-significant trend breaks (Fig. 11). The timeanhual peak greenness has increased since the
year 2007.



4. Discussion

4.1 GIMMS-based inter-annual and seasonal trends

Vegetation trend analysis using the monthly GIMMB\N revealed a significant increase in the
vegetation condition over 41.15% of the Abay bdsirthe period 1982-2006. The positive trend
in the eastern part of the basin could be relatetthé rehabilitation effort on degraded areas by
the government as a response to the devastatinglaran 1984/1985. The north western and
western parts of the basin that exhibited posii®/I change are mainly covered with lowland
vegetation such as woodland and shrubland. Thesses are used for traditional uses such as
shifting cultivation and livestock rearing, by themall indigenous population. One key
characteristic of these areas is the periodic bgrof vegetation, as it is evident from fire scares
visible on Landsat images. The practice of burrgtigmulates the growth of grass in the burnt
area and it can provide forage to be grazed fonéxt season. Thus, the positive NDVI trend of
these areas could be related to the decrease tretite of burning of woody vegetation. Several
studies have also reported widespread greeningnarehsed vegetation growth and productivity
for various areas of the world particularly in tiNorthern Hemisphere (Nemani et al.,
2003;Slayback et al., 2003;Zhou et al., 2001). Hewredetailed investigation of these areas is

crucial to be able to attribute the trend to palttc cause.

The basin is characterized not only by significater-annual variation, but also by a significant
trend in seasonality. More than half (59.52%) ofdaareas exhibited a significant trend in
seasonality over the 25 year time period measur882-2006). Thus, a trend in seasonality is
not a rare occurrence in Abay basin. Eastman €P@L3) in their global study also concluded
that a significant trend in seasonality is not i@ raccurrence. Areas with significantly positive
trend in mean annual NDVI (Amplitude 0) were fouadbe the dominant seasonal trend class,
which accounts for 16.85% of all significantly tdéng areas and 10.03% of the total land area.
The majority of this seasonal trend class occursaieas of woodland and shrubland. A
significant increase in mean annual NDVI withougrsficant changes in any of the other
harmonic shape parameters, as Amplitude O corslaith annual integrated NDVI rescaled to a
mean value. Integrated NDVI correlates stronglyhvéhnual gross primary productivity (Reed

et al., 1994). Thus increasing trend in Amplitudeduld implyincreased productivity uniformly



throughout the year. It appears that woodland ahdibdand areas of Abay basin are
experiencing a consistent increase in productithtpughout the year. ,This result is consistent
with previous findings over the African Sahel ragiEklundh and Olsson, 2003; Anyamba &
Tucker, 2005; Olsson et al., 2005; Heumann eR@by)

The most likely driving factor of monotonic greegior browning could be changes in growth-
limiting climatologies (Nemani et al., 2003), breschle land management practices, and
persistent land use change driven by settlemengs, (eopland expansion and urbanization)
(Ramankutty et al., 2007). Strongest indicationgm@ening in agricultural expansion areas such
as Fincha and Belles sub-basins is most likelybaitable to improved agricultural techniques.
Abrupt browning could be caused by logging followey regrowth or the already existed
vegetation decline in some places might have aragliby a period of persistently poor rains.
However, abrupt greening could be caused by wabgénduced by El Nino/La Nina Southern
Oscillation warming events such as ENSO 1986/894195, and 1997/98. The year 1997/1998
was identified as a trend break point using theitPeest. Thus, greening might represent
recovery from drought or other disturbances suchfasst fire (Anyamba and Tucker,
2005;Heumann et al., 2007;0lsson et al., 2005)e@ng as a result of land management such as
forest plantation cannot be traced with GIMMS daamost of the plantations are taking place
in the area at local scale and individual farm lef#ally, although the GIMMS data sets have
been thoroughly corrected (Tucker et al., 2005),HRR satellite platform changes could
potentially cause trend breaks within the time eseriThe detected trend break time was
compared with the time of AVHRR platform change§891988, 1994, 1995, 2000 and 2004)
(Tucker et al., 2005). With regard to attributionvegetation trend to the drivers, the coarser
scale analysis only provides indications for maveused analysis, because the driving factors
might act on a local scale much smaller than tkelution of GIMMS NDVI (i.e. 8 km). Thus,
based on the information obtained from this coussate analysis area specific attribution of the

increase in greenness to its causes is requirdtidokbay basin for the future.

4.2 MODIS-based inter-annual and seasonal trends

The vegetation trend analysis with a spatial reégmiuof 250 m MODIS (2001-2011) depicted a
different perspective from that of 8km spatial taon of GIMMS data set (1982-2006). About
36% of the UBN/Abay basin showed a significant kmowg trend and only 1.19% of the basin



showed a significant greening trend over the peBi6@1-2011. The majority of the browning
trend comes from Dabus, Belles, Wonbera and Didddsa MODIS-based vegetation seasonal
trend analysis during the period 2001-2011 revefdad conspicuous vegetation changes, which
accounts for 86% of all significant pixels: (1) laage in the greenness pattern from a strong
annual cycle to strong semi-annual vegetation c¢yoidicating significant changes from
shrubland/woodland vegetation to double croppimggétion); (2) a decrease in both overall
greenness and annual peak greenness; (3) degradati@getation without complete removal
(e.g. ROI#3); and (4) a change from semi-annuaktamn cycle to strong annual vegetation
cycle. These areas could have been masked if balinter-annual vegetation trend analysis was
performed. Thus, carrying out intra-annual trendlgsis at medium resolution (250 m) would
be helpful since most of the deforestations forghgose of small scale irrigation are operating
at local scale. However, a mere identification mas with significant intra-annual vegetation
change is not enough for monitoring of vegetati@mdition. Attribution of the observed
categories of intra-annual changes to the drivexgdrs based on detailed field observation is

also important.

The BFAST approach of the trend break analysiscatdd a monotonic increasing or decreasing
vegetation condition without any significant trebteaks. The greening trend observed from
GIMMS data set might have been reversed into brogviiend suggesting a localized decline in
vegetation activity during the period 2004-2006isTiesult is consistent with the findings of de
Jong et al. (2013b), who explained a trend reveargal browning trend not confined to single
geographical region, but extended across all cents In the 1980s and 1990s the Northern
Hemisphere was found to become greener (Nemaihi @083;Zhou et al., 2001). The impact of
sensor degradation on trends in MODIS NDVI (Wanglgt2012) could be one cause for recent
browning trend in the basin. Other studies attedunthropogenic factors to the observed recent
browning trend in the basin. In the northwest péthe basin especially in Rahad and some part
Dinder sub-basins could be intra-regional resetten(i.e. people from the same area with kin
relations in the same locality) and its associd&frestation for cropland expansion (Dixon and
Wood, 2007;Lemenih et al., 2014). The Amhara regjiogovernment of Ethiopia initiated
‘voluntary’ resettlement scheme since 2003 for riiast chronically food insecure people from

all zones of the region to potentially more prodwestfertile and less populated parts such as



Metema, Quara, Tach Armacheho and Tegede wored&®mfi Gondar administrative zone
(NCFSE, 2003). In the Belles sub-basin land premardor small to medium scale irrigation
schemes could initially cause a decline in vegetatiend, but after a while the browning trend
might be reversed to greening trend. Currentlygie and government agricultural investments
are underway in this sub-basin. Thus, the decrgasamd of vegetation greenness in the Belles
sub-basin can be largely explained by the de-végatauring land preparation for sugarcane
plantation particularly in Alefa and Jawi weredasni Amhara regional state and Pawe and
Dandur weredas from Benshagul Gumz regional st@itdsthiopia. Such big croplands could
contribute to the browning in the initial stage atal the greening once the cropland is

established.



4. Conclusions

This study concludes that integrated analysis t#riannual & intra-annual NDVI trend based

on GIMMS and MODIS data is crucial for robust idéoation of changes in vegetation

condition. The GIMMS-based inter-annual trend asialyevealed that about 41% of the UBN
basin depicts a significant increase in monthly NE\ring the period 1986-2006. However, the
MODIS-based inter-annual trend analysis revealed dfbout 36% of the UBN basin shows a
significant decreasing trend in NDVI over the pdri2001-2011. The greening trend observed
from the GIMMS data in the 1990s might have beeenged into decreasing trend in the 2000s.
Other studies in the area have attributed anthrepiedactors (e.g. resettlement and agricultural
expansion) to the observed greening-to-browningnsal of vegetation conditions in the UBN

basin. The decreasing trend in vegetation conditoserved from MODIS-based analysis could

indicate a localized decline in vegetation actiwityecent years.

Intra-annual trend analysis identified changes @getation condition that could have been
masked if only the inter-annual vegetation trendlygsis was performed. Intra-annual trend in
vegetation condition was found to be prevalenhim landscape of Upper Blue Nile/Abay basin
based on both the GIMMS-based and MODIS-based sisa@nly five types of seasonal trends
were dominant out of which the largest proporticgsatibes areas that are experiencing a
uniform increase in NDVI throughout the year. Ipaprs that woodland and shrubland areas of

the basin experienced increase in vegetation ptahyaesulting from longer growing season.

The trend break analysis of GIMMS NDVI (1982-200f)owed that trends in vegetation
conditions of the UBN basin were found to be ndyanonotonic, but also abrupt. However, the
trend break analyses performed on MODIS NDVI (2@011) showed that vegetation condition
in the basin is a monotonic increasing or decrgasend. Slowly acting processes such as land

management practices or land degradation may caatemonotonic changes in the time series.
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Table 1. Parameters used in HANTS analysis

HANTS parameters GIMMS MODIS
Single year Full data set Single year Full data set
Number of frequency 0,1,2 0, 24, 48 0,12 0, 23, 46
Invalid data rejection threshold: 0-1 0-1 0-1 0-1
Fit error tolerance (FET) 0.1 0.1 0.1 0.1
Maximum iterations {jax) 6 12 6 12
Minimum retained data points 16 416 15 165

Table 2. Result of linear trend analysis basedTiil-Sen (TS) (median) sloptor the monthly
GIMMS NDVI data

Slope MK-Z trends
Trend estimator Positive Negative Significantly + Significantly -
NDVI/month (Absolute change) 0.0015 0.0007 0.0023 .0007
% NDVI change/month (Relative change) 0.314 0.159 | 0.466 0.370
Land area (%) 76.85 23.15 41.15 4.60

Absolute change refers to the median slope; Relathange = (median slope/multi-year mean)*100

Table 3. The percentage of sub-basin’s signifi¢aartid out of the total area of significant trend

in the basin and the percentage of area significamtreasing or decreasing within sub-basins
are shown. The result is based on MODIS-based sisalijhe locations of the sub-basins can be
found in Fig. 8.

% of total trend % of sub-basin's area
Sub-basins Insignificant Significantly  Significantly Insignificant Significantly  Significantly

trend greening browning trend greening browning
Anger 3.37 0.46 5.27 52.96 0.14 46.90
Belles 3.77 1.12 13.50 32.90 0.18 66.91
Beshilo 9.78 18.23 0.97 91.65 3.22 5.13
Dabus 8.76 5.07 14.27 51.68 0.56 47.76
Didessa 9.28 1.76 11.48 58.64 0.21 41.15
Dinder 6.78 0.18 9.19 56.54 0.03 43.43
Finca 2.66 2.96 0.96 81.62 1.71 16.67
Guder 4.85 7.61 1.15 85.87 2.54 11.59
Jemma 11.48 22.03 1.45 90.25 3.26 6.49
Muger 5.88 12.15 0.86 89.13 3.47 7.40
North Gojam 8.65 12.78 4.76 74.64 2.08 23.28
Rahad 2.64 0.01 7.10 39.59 0.00 60.41
South Gojam 8.43 3.88 8.84 62.37 0.54 37.09
Tana 5.11 1.89 8.11 52.45 0.37 47.18
Welaka 4.82 9.77 0.29 93.24 3.56 3.20
Wonbera 3.74 0.10 11.81 35.86 0.02 64.12

Total 100 100 100 63.05 1.19 35.76




Table 4. Summary statistics of Theil-Sen slope (aredrend) for the significantly increasing
(greening) and decreasing (browning) trends perbsidins. Locations of the sub-basins can be
found in Fig. 8. The minimum, maximum and mean ighsicantly browning slopes have
negative signs. The result is based on MODIS-basaty/sis.

Significantly greening

Significantly browning

Sub-basins ( NDVIyr™ ( NDVIyr?
Minimum Maximum Mean Minimum Maximum Mean

Anger 0.0444 0.0984 0.0612 -0.0336 -0.1740 -0.0768
Belles 0.0456 0.1524 0.0744 -0.0348 -0.1908 -0.0816
Beshilo 0.0420 0.1596 0.0660 -0.0384 -0.1572 -0.0660
Dabus 0.0432 0.1812 0.0768 -0.0372 -0.1764 -0.0744
Didessa 0.0444 0.0984 0.0624 -0.0312 -0.2124 -0.0792
Dinder 0.0372 0.0912 0.0552 -0.0348 -0.1692 -0.0756
Fincha 0.0444 0.1524 0.0732 -0.0372 -0.1656 -0.0708
Guder 0.0420 0.1176 0.0648 -0.0360 -0.1584 -0.0684
Jemma 0.0408 0.1920 0.0660 -0.0348 -0.2016 -0.0660
Muger 0.0432 0.1224 0.0648 -0.0408 -0.1464 -0.0684
North Gojam 0.0372 0.1332 0.0660 -0.0384 -0.1704 -0.0732
Rahad 0.0528 0.0660 0.0600 -0.0384 -0.1620 -0.0756
South Gojam 0.0408 0.1308 0.0636 -0.0356 -0.1836 -0.0768
Tana 0.0444 0.1476 0.0672 -0.0372 -0.2028 -0.0792
Welaka 0.0348 0.1476 0.0660 -0.0420 -0.1488 -0.0636
Wonbera 0.0504 0.1452 0.0696 -0.0336 -0.1884 -0.0792
Total 0.0348 0.1920 0.0660 -0.0312 -0.2124 -0.0768

Table 5. Percent of seasonal trend classes bydawer classes for both GIMMS—-based and

MODIS-based analysis.

Classes of seasonal trends Grassland Shrubland Woodland Cropland Naturdrea
Forest (km?
GIMMS-based analysis
Class 1 (Sig. in AO) 34.78 40.71 25.76 13.79 0.00 19712
Class 2 (Sig. inA0& inP1. 7.97 25.66 40.66 13.08 0.00 18560
Class 3 (Sig. in A1) 10.87 4.87 1.77 17.06 0.00 6848
Class 4 (Sig. in A1) 39.86 12.39 4.04 40.19 33.33 18688
Class 5 (Sig. in P1) 6.52 16.37 27.78 15.89 66.67 14720
MODIS-based analysis
Class 1 (Sig. in A1) 39.48 34.89 27.10 45.90 16.76 31664
Class 2 (Sig. in both A0 and Al) 26.97 28.46 24.08 23.66 12.82 989p
Class 3 (Sig. in AO) 18.09 18.94 23.62 13.31 34.18 13408
Class 4 (Sig. in P1) 6.83 7.81 14.18 6.91 15.35 6525
Class 5 (Sig. in both A0 & A1, & inP1 3.32 3.08 3.81 2.77 3.82 2374
Class 6 (Sig. in P1) 1.48 2.45 1.27 3.29 0.31 2058
Class 7 (Sig. in AOand in P1 2.05 2.81 3.46 1.75 12.74 2058
Class 8 (Sig. in A1 and in P1) 1.78 1.56 2.49 2.41 4.01 1787

Note: The upward arrow ) indicates increasing trend and the downward afrQuwndicates decreasing trend.
Sig. = Significant (p < 0.05), A0 = Amplitude 01A Amplitude 1, P1 = Phase 1.



Table 6. Extent of dominant classes of trends in seasgrfatim MODIS-based analysis.

Dominant trends in Area (knf) %of total % of all
seasonality landscape significant pixels
Class 1 (Sig. in A1) 31664.19 16.09 38.28
Class 2 (Sig. in both A0 and Al 19891.56 10.11 24.05
Class 3 (Sig. in A0) 13408.13 6.81 16.21
Class 4 (Sig. in P1) 6525.94 3.32 7.89
Class 5 (Sig. in both A0 & A1, & inP1) 2374.31 1.21 2.87
Class 6 (Sig. in P1) 2058.44 1.05 2.49
Class 7 (Sig. in AOand in P1 2057.75 1.05 2.49
Class 8 (Sig. in Al and in P1) 1787.06 0.91 2.16
Not significant 2958.06 1.50 -
Others (small sig. changes) 114063.31 57.96 -

Note: Sig. = Significant at p < 0.05zdecreasing,= increasing, A0 = Amplitude 0, A1 = Amplitude 11 B Phase
1.
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Figure 1. Location map of the study area, UppeeBlile/Abay basin, Ethiopia.
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basin for the period 1982 to 2006
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Figure 4. The five most prevalent classes of sigaiit seasonal trends in GIMMS NDVI (1982-
2006): Class 1 shows significant increases in Atugé O (Mean NDVI); Class 2 shows
significant increases in Amplitude O and decreasePhase 1 (the timing of annual peak
greenness) together; Class 3 shows significanteas&s in Amplitude 1 (increase in the
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significant decreases in Amplitude 1; and Clasedws significant decreases in Phase 1.
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Figure 5. Seasonal curves representative of eattreaiajor trend classes from the 1982—-2006

series: the green curve represents the characesesisonal curve at the beginning of the series
(mean value of 1982 and 1983) while the red cuepeasents the characteristic seasonal curve at
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Figure 7. Fitted seasonal curves for 2001-2002reeiy and 2010-2011 in red, derived from
trends over the complete series. The intra-annaahtons of generalized monthly NDVI over
the first and last two-year periods of the timdese(2001-2002 and 2010-2011) are shown for
the 8 ROIs selected based on the amplitude coneposéges (Fig. 8).
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Figure 8. Examples of decomposition and trend besetysis of monthly GIMMS NDVI time
series (1982-2006) for sampled region of inter@R®Is) of increasing trend (ROI #1 and ROI
#2) and decreasing trend (ROI #3 and ROI #4) géeetay BFAST approach. The top panel in
every plot shows the NDVI data, whereas the otlleeet panels depict the individual
components after decomposition. The seasoBplafd remainderg) components have zero
mean while the trend componeiit)(shows the trend in NDVI. The slope coefficientsgnd the
significance levelsR) at value of 0.05 for each segment are given.



Figure 9. GIMMS-based trends and trend changdsaomonic series shape parameters for: (a)
Class 1 (significant increases in Amplitude 0 (M&HD\V1)); (b) Class 2 (significant increases in
Amplitude 0 and decrease in Phase 1 (the timirgnatial peak greenness) together); (c) Class 3
(significant increases in Amplitude 1); (d) Clasgs#@nificant decreases in Amplitude 1); and (e)
Class 5 (significant decreases in Phase 1). Ndkposats are detected in all classes based on the
ordinary least squares (OLS) residuals-based MOSldlyl (MOSUM) test in BFAST.



Figure 10. Examples of decomposition and trendibeselysis of monthly MODIS NDVI time
series (2001-2011) for certain region of interd®©Is) for significant decreasing trends: (a)
ROI #1 and (b) ROI #2 and for significant incregsitnends: (c) ROl #3 and (d) ROI #4
generated by BFAST approach. The locations of RPdsshown in Fig. 3 (d). The top panel in
every plot shows the NDVI data, whereas the otlleeet panels depict the individual
components after decomposition. The seasoBplafd remaindere) components have zero
mean while the trend componeiit)(shows the trend in NDVI. The slope coefficientsgnd the
significance levelsR) at value of 0.05 for each segment are given.



Figure 11. MODIS-based trends and trend changémononic series shape parameters for most
prevalent classes of significant seasonal trenkde.sempled locations are displayed in Figure 8.



