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Introduction

1.1 Background

Arid, semiarid and subhumid regions occupy appratxaty 50% of the global land surface
(Parsons and Abrahams, 1994). These regions aidetingronments are considered to be
water limited because annual precipitation is tglyc less than the annual potential
evapotranspiration (Guswa et al., 2004). Althoughiable with respect to physiography,
geology and soils, these environments are oftesitbem and vulnerable because of low and
highly variable precipitation, limited water resoes and sparse vegetation. The
environmental changes occurring over vast areaghese arid regions include land
desertification, groundwater depletion, salinizatiand soil erosion (De Fries et al., 2004),
amongst others. These environmental changes imeghaaffect human societies and have a
growing influence on global biogeochemical cycl8stlesinger et al., 1990; Bonan, 2002).

Vegetation, both native and cultivated, strgnghfluences the environment and is
influenced itself by the environment (Sabins, 199B)e vegetation is an environmental
indicator in water-limited ecosystems and is ofieked to both the causes and consequences
of arid land degradation. The role of vegetatiothi@ dynamics of soil moisture, runoff, and
streamflow has been acknowledged to be very impor(ailcox et al., 1997, 2003b;
Newman et al., 1998, 2004; Neave and Abrahams,;Z@@porato et al., 2002; Ridolfi et al.,
2003; Fernandez-lllescas and Rodriguez-lturbe, 2@&4rol et al., 2000; Kerkhoff et al.,
2004b). Understanding the influence of vegetationhgdrological changes is part of the
foundational basis of ecohydrology (Newman et2006). Therefore, studies on quantifying
the relationship between the vegetation and watspurces represent a critical step in
developing advanced ecohydrological approachespastipg resource management and
environmental change.

The above-mentioned arid regions occupy a &e&sa in north-western China, covering
about 2.5 million km2 or one-quarter of the Chinéswitory. In these regions, mean annual
rainfall is less than 250 mm, and even decreasimgrds the western plains (50-150 mm)
and the Ejina area (less than 40 mm). The annuehpal evaporation is in general more than
1,400 mm, and can exceed 2,000-3,000 mm in thertdesas. Because of the arid climate,
about 70% of the total arid regions are unusalienéonan activities, such as sandy deserts,
gravel deserts, and other sorts of xeric shrublaDdsing recent years, the recession of the
vegetated parts of the ecosystems appeared tadresese in Northwest China. They caused a
series of environmental problems, like the shrigkiri the oasis area and land desertification
resulting in increasing sources of sandstorms. Weteources are the essential factor
influencing the vegetation variability (Dawson, B9Burgess et al., 1998; Caldwell et al.,
1998; Brooks et al., 2002; Zou et al., 2005; Sagitaret al., 2007). In the northwestern arid
area of China, all the oases are fed by surfa@siand their extent has a close relationship
with runoff of the river and the groundwater depgdowever, due to little population density,
inconvenient transportation and shortage of avil&ng-term monitoring data, traditional
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methods performing qualitative ecohydrological gs@l that usually employ point
observations and are only representative for Iscales, cannot be extended to large areas.
The use of remote sensing can provide continuodsepresentative measurements of several
relevant physical parameters at scales from poiobhtinent. These methods are still used in
a limited fashion in hydrology for a quantitativesassment of the eco-environmental changes
in China (Li et al., 2001; Lu et al., 2003; Guo a@beng, 2004; Kang, et al., 2007). The
purpose of this study is to develop a method tontjtadively assess the eco-environmental
changes using remote sensing methods and appliyittg @cohydrological applications in
China.

The Heihe River basin, located in the middl¢hef Hexi Corridor of the Gansu Province, is
one of the two largest inland river basins in Chilts watershed covers an area of ¥4

m? and the upper, middle and lower reaches of théé{River stretch from the middle of the
Hexi corridor to the western Inner Mongolia Mungigy. In the southern part of the Heihe
River basin the Qilian Mountains are located repnéag the upstream area, which are steep
mountains with an altitude ranging from 3000 m @9® m above sea level. Due to the cold
climate and the sufficient precipitation, the rdngénerated from this area is the main source
of the surface water and groundwater for the Hé®eer basin, and finally ends in two
terminal lakes of the Ejina Oasis (the downstreaea)a namely, West Juyan Lake and East
Juyan Lake. The middle stream area, called the @erbasin, is a very important
agricultural area in northwest China. With growpapulation and farmland expansion in the
middle stream area, the water consumption has aserk gradually and most water is
nowadays used for irrigation. This is causing aegase of incoming water in the downstream
area resulting in a serious recession of the egoeaiment in that region. The Chinese
government puts significant importance on improvimg eco-environment of the downstream
area by balancing the water consumption and haseftre implemented a new policy for the
allocation of available water resources. An applieanethod for a quantitative analysis of
the eco-environmental changes as well as providuigntific evidence for protecting and
improving the eco-environment in these Chinese IiNegstern arid regions is the final goal of
this study.

1.2 Remote sensing in ecohydrology

Remote sensing has long been suggested as beimgea and cost-efficient method for

monitoring changes in arid environments. It caredettnd monitor landscape change and
degradation in arid and semiarid regions. The useemote sensing for deriving process-
relevant environmental information from optical @m sensing data in arid areas is
highlighted in several environmental degradatiaigs (Okin and Roberts, 2004; Bai et al.,
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2008). Therefore, using remote sensing methodsntterstand eco-environmental changes
has emerged to be a current research topic of wideest.

The complexity and heterogeneity of hydrolobipeocesses exist over a wide range of
scales in space and time. Traditional techniqueasoming hydrological variables rely on
point sensors collecting information which is asednto be representative for large areas.
However, this approach is not particularly helpfutomplex or heterogeneous environments
where the point measurements cannot be assumeeptesent large areas. The surface-
atmosphere interface is an example of a systemdhagjhly variable in both space and time
(Cooper et al., 1992, 2000; Eichinger et al., 20(®mote sensing, broadly defined as a
collection of noncontact observational methodsersfthe potential to capture information on
some of the spatial and temporal ecohydrologicacgsses. We propose to establish an
integrated remote sensing method where researdssatinie spectrum of hydrologic remote
sensing can be integrated with hydrological proegesxcurring at large scales. Historically,
remote sensing products have been used to evadhatéterm processes focusing on the
retrieval of a singular geophysical variable. Tgrove this approach, we suggest the use of
remote sensing for the estimation of water-enepsgstem variables be performed as an
integrated method. This method can be used to asidtnxdamental hydrological research
questions at local to global scales. It is cleat thatellites have proven their capability to
monitor many aspects of the total Earth system global scale. Aircraft- and ground-based
systems play a vital role in improving our undemgliag of hydrological processes and their
interactions.

For over 20 years, research on spatial hydicdbgrocesses has been developed through
modeling or scaling studies (Wood et al., 1988; @ugnd Waymire, 1990; Famiglietti and
Wood, 1995; Bloschl and Sivapalan, 1995; Guptd.efl@96; Rodriguez-lturbe and Rinaldo,
1997; Crow et al., 2000; Brown et al., 2002; Miliekal., 2002; Rietkerk et al., 2004). Many
of these developments have been related to theedpae organization of ecosystem fields
and their influence on hydrological processes. Teories can be further developed and
tested by adding multiscale views of the landscépeppears that remote sensing is the only
approach that has the potential to translate measnts from one scale to another scale. The
integration of remote sensing and hydrological datasarious spatial scales will further
produce the hydrological predictions that our styareeds.

The main hydrological variables of interestiuge precipitation, evapotranspiration, extent
of surface water reservoirs and river discharg#,msoisture, groundwater storage capacity,
and ecosystem variables like vegetation cover. tAoforesearch suggests that hydrologic
forecasts can be improved if hydrological variaplédse precipitation, soil moisture, river
runoff and snow cover, along with ground observatjocan be assimilated in hydrological
models (Houser et al., 1998; Reichle et al., 200&w and Wood, 2003; Margulis and
Entekhabi, 2003; Drusch et al., 2005; Duune anelrabi, 2005; Walker and Houser, 2005).
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Therefore, it should be investigated how remotesisgn data can be combined with
hydrological data to improve hydrological predicy and how these can be quantified. To
illustrate how to approach this question, we useekample of predicting evapotranspiration.
Accurate measurement of evapotranspiration at theershed scale is a major challenge in
hydrology. Evapotranspiration is one of the larggshponents of the surface water balance
and remains a major source of uncertainty in thieneson of groundwater recharge. Because
of the spatial variability of evapotranspirationdaits influence on soil water storage, it also
strongly influences the estimation of runoff. Idgalremote sensing can estimate
evapotranspiration at a large scale because itblis B0 map the spatial distribution of
vegetation cover and surface temperature, which tax@ quantities closely related to
evapotranspiration. Based on the surface energnba) regional scale land surface models
use input variables such as surface meteorologa@meters and detailed soil and vegetation
information to estimate the heat flux and the ewamspiration of the surface. Although
models have been proposed to estimate regionalogaagpiration, the reliability of the
results still requires validation before they canused for water resources assessment in a
specific region. In most of the studies, the accyraf the evapotranspiration estimation is
validated by monitoring data at local scale (Wilstral., 2002; Sun et al., 2004; Salazar and
Poveda, 2006; Zwart and Bastiaanssen, 2007). Tdrerethe proper validation of the
reliability of the evapotranspiration estimatesegional scales is a critical issue in properly
integrating remote sensing and hydrological data.

The main goal of ecohydrology is to explain libw hydrological processes influence the
distribution, structure, function, and dynamicsbadlogical systems and (2) how feedbacks
from biological systems affect the water cycle (Baand Wilby, 1999; Rodriguez-lturbe,
2000; Bonell, 2002; Eagleson, 2002; Kundzewicz,2Z20Muttle, 2002; Zalewski, 2002; Bond,
2003; Hunt and Wilcox, 2003; Newman et al., 200an\Dijk, 2004; Hannach et al., 2004;
Breshears, 2005). Consequently, ecohydrology is@pdine linking hydrology and ecology.
Vegetation is the most important factor to chanmdotethe variability of an ecosystem and
understanding and quantifying the relationship leetwthe vegetation and water resources is
an important step in developing an ecohydrologapgdroach for water resources management.
Much of the early and classic work in watershed ag@&ment of arid regions focused on this
topic (Hibbert, 1983) and it remains a topic of orance today, especially as water supplies
become increasingly limited. If specific correlasoamong groundwater recharge, runoff,
hydraulic factors, and variation of vegetation cbube defined through coordinated
measurement and monitoring activities, the vegmtatould be used as a proxy for recharge
and water demand (Walvoord and Phillips, 2004; Kiiscet al., 2005). The important role of
vegetation in the dynamics of groundwater recharggrunoff in arid environments has been
studied using remote sensing methods (Cayrol et 28100; Kerkhoff et al., 2004b).
Vegetation mapping, based on ground, aerial, @llgatapproaches, can be used to predict
surface flow and groundwater recharge in steaduofase and subsurface sampling and
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analysis. Therefore, incorporating remote sensieghods in ecohydrological approaches or
models will be useful for predicting both the resge of vegetation to changes in water input
and the effects of vegetation on water fluxes aondage. Enhanced satellite remote sensing
capabilities can improve our ability to quantify getation responses to changes in
hydrological processes. Combining remote sensinthade with hydrology will yield new
insights in ecohydrological processes.

1.3 Objectives

The main objective of this thesis is to developethudology for the quantitative assessment
of eco-environmental changes at a large scaleithragions by integrating remote sensing
methods in ecohydrological approaches. The HeikerRiasin, which is located in northwest
China, is selected as the study area because abit®us changes in water resources
management that are typical for a water-limitedaegassessing the vegetation distribution
and the close correlation between vegetation changeprecipitation in the upstream area,
further understanding of the water resources variah the whole river basin, resolving the
conflict of water consumption between the middleeatn area and the downstream area,
balancing the water allocation, improving and prote the eco-environment of the river
basin. To achieve this objective, the followingape research questions are formulated:

A. Can we use remote sensing methods for quantitptagdessing both the vertical and
horizontal distribution of vegetation in a mountaus area and assess the main impact
factors on vegetation growth?

B. Can regional evapotranspiration be preciselyneded by using a model based on the
surface energy balance including remotely senséal idput and how can we validate
the reliability of the evapotranspiration result$aager scales?

C. Can we use remote sensing methods for undemstanide quantitative relationship
between the runoff of a river towards an oasis dande and the vegetation growth in
the oasis, and can these relationships be useelsfonating the water demand of the
oasis?

D. Can we integrate remote sensing methods irdbyetrological approaches to study the
effect of groundwater depth on vegetation growththe oasis area, and use this to
determine the range of groundwater depth for veigetgrowth?

1.4 Outline

The main chapters of this thesis (chapter 2 torB) assigned to answering the research
qguestions as mentioned in the previous sectionhevd been prepared as peer reviewed
publications. The study area of the Heihe Riverrbasdivided into three parts in response to
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the upstream, middle stream and downstream arspectvely. Every chapter includes an
introduction related to one of the specific reskagaestions, a detailed description of the
corresponding study area and the datasets usead¢ussion of the obtained results and the
conclusions.

In Chapter 2, both the vertical and horizontal ribsition of vegetation in the Qilian
Mountain area, representing the upstream areaeoH#ihe River basin, is quantified based
on MODIS NDVI images from the years 2000 to 2006eTmain impact factors, such as
elevation, aspect, precipitation and land surfasaperature are analyzed in detail in this
chapter (Question A).

Chapter 3 presents a practical method to estinfateahnual evapotranspiration in the
Zhangye basin (representing the middle stream drasgd on the Surface Energy Balance
System (SEBS) algorithm and the accuracy of the@&vanspiration result has been validated
using the water budget. NOAA/AVHRR measurementgiramfrom 1990 to 2004 are used
for the evapotranspiration estimation (Question B).

In Chapter 4, the long-term vegetation change efdbwnstream area (the Ejina Oasis) is
analyzed in two periods, one before and one dfienmplementation of a new government
policy for water allocation. The GIMMS NDVI and MO® NDVI datasets are used to
evaluate the long-term vegetation change. A one kgsteresis effect of the runoff of the
river on the oasis vegetation is also discussedtlamdvater demand for sustaining the eco-
environment of the downstream area is estimatee@g@an C).

Chapter 5 continues on the research of chapter di faouses on quantifying the
relationship between the groundwater depth andta&ge growth in the Ejina Oasis by
combining MODIS NDVI measurements and groundwabseovation data. The threshold for
the groundwater depth affecting the vegetation ¢nows defined and the range of
groundwater depths suitable for vegetation growttiscussed in the Ejina area (Question D).

Chapter 6 concludes this thesis with the resultsraain findings of all previous chapters
and offers suggestions for the future work.

Finally, the thesis closes with an overview ofraferences used and summaries in English,
Dutch and Chinese.
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CHAPTER 2

Quantification of spatial distribution of vegetation in the
Qilian Mountain area with MODIS NDVI*

* Based on: Jin, X.M., Wan, L., Zhang, Y-K., Hu,d, Schaepman, M.E., Clevers,
J.G.P.W., Su, Z., 2008. Quantification of spatiatribution of vegetation in the Qilian
Mountain area with MODIS NDVInternational Journal of Remote Sensing (in press).
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Quantification of spatial distribution of vegetation in the Qilian Mountain area with
MODIS NDVI

Abstract

The spatial distribution of vegetation in the Qili®Mountain area was quantified with remote
sensing data. The MODIS NDVI values for June, JAlygust, and September are the best
indicators for the vegetation growth during a yeahis area and thus were used in this study.
The results obtained by analyzing the NDVI datadeven years from 2000 to 2006 clearly
indicated that elevatioand aspect, as a proxy for precipitation and teatpeg, are two very
important factors for the vertical distribution wégetation in Qilian Mountain area. In the
Qilian Mountain area: the vegetation growth is oyt between the elevations of 3200 m and
3600 m with the NDVI values larger than 0.50 angkak value of > 0.56 around 3400 Iin.

iIs the combination of plentiful precipitation anditable land surface temperatutbat
provides less soil moisture stress and thuitable conditions for vegetation growth in this
range of elevations. The optimal vegetation groistfound in the shady slope between NW
(340°) to NE (70°) with the largest NDVI value@56) within the elevation range of 3200 m
and 3600 m. The methodology developed in this stlmhuld be useful for similar ecological
studies on vegetation distribution.

Keywords:. MODIS NDVI, Elevation, Aspect, Precipitation, @&md surface temperature,
Qilian Mountain area

10
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2.1 Introduction

The importance of vegetation cover, especially dt&ein mountain areas can not be
overstated. Forests and other plants provide amament for many species living in these
areas. Vegetation cover affects local and regichalate and reduce erosion. Economy of
local communities and millions of people in mountaireas depend on forests and plants.
Vegetation cover also effectively protects peopdaiast natural hazards such as rockfall,
landslides, debris flows, and floods (Brang et2001). For example, the vegetation cover in
alpine regions protects the settlement and tratepan corridors, providing wind sheltering
and landslide prevention (Agliardi and Crosta, 200Berefore, understanding of distribution
and patterns of vegetation growth along with thafifecting factors in those areas are
important and have been studied by many resear¢ders Oliver and Webster 1986; Weiser
et al. 1986; Stephenson 1990; Turner et al. 19%tiedry 1993; Endress and Chinea 2001,
Bai et al. 2004).

Elevation, aspect, and slope are the three ngpographic factors that affect the
distribution and patterns of vegetation in mountareas indirectly (Huang 2002). Among
these three factors, elevation is important (Laak @raber 1974; Busing et al. 1993) because
it serves as a proxy for precipitation and tempgeatElevation along with aspect and slope in
many respects determines the microclimate and therocimate affects the spatial
distribution and patterns of vegetation (Geiger&9ay and Monk 1974; Johnson 1981;
Marks and Harcombe 1981; Allen and Peet 1990; Busiral. 1992).

One of the powerful tools to study the spadiatribution of vegetation is remote sensing.
Remote sensing has traditionally been used in {acgée global assessments of vegetation
distribution and land cover with the Normalized fBience Vegetation Index (NDVI) data
from Advanced Very High Resolution Radiometer (AVRIRand the Moderate Resolution
Imaging Spectroradiometer (MODIS) (Chen and Brutsd®97; Defries and Townshend
1994; Defries et al. 1995; Friedl et al. 2002; Uawvel et al. 1999, 2000). The NDVI is an
index derived from reflectance measurements in ri@ and infrared portions of the
electromagnetic spectrum to describe the relatmeuat of green biomass from one area to
the next (Deering 1978). This index is an indicatbphotosynthetic activity of plants and has
been widely used for assessing vegetation phencdogly estimating landscape patterns of
primary productivity (Sellers, 1985; Tucker and|&al, 1986). The NDVI was designed to
quantitatively evaluate vegetation growth: higheD\N values imply more vegetation
coverage, lower NDVI values imply less or non-veged coverage, and zero NDVI indicates
rock or bare land.

Most studies with remote sensing data were eamnated on two-dimensional horizontal
patterns although some were focused on the effegliegation on the vertical distribution of
vegetation in mountain areas (Franklin 1995; Edwdr@96; Guisan and Zimmermann 2000;

11
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Hansen 2000; Miller et al. 2004; Lookingbill et &005). Zhao et al. (2006) predicted
Qinghai spruce (Picea crassifolia) distribution the Qilian Mountains based on
meteorological data and the GIS-modeling. The teswlicated that the suitable niche of
Qinghai spruce ranged from 2650 m to 3100 m. Theatibes of this study are two-fold: 1)
to quantitatively assess both vertical and horiabdtstribution of vegetation in the Qilian
Mountain area and its main controlling factors,, isdevation and aspect or precipitation and
land surface temperature, and 2) to demonstratesiseiness of the methodology which may
be used for other environmental and ecologicalissud’he study area is described first and
followed by the dataset description and resultsgm&ation and discussion. The conclusions
are provided at the end.

2.2 Study area

Located in the upstream of the Heihe River badie, Qilian Mountain area has a steep
topography with an elevation range from 1680 m10(Gm (Figure 2.1). Geomorphologically,

. 4850 m

4000 m

q 3000 m

2000 m
1000 m

Figure 2.1 The DEM (digital elevation model) map tbé Qilian Mountain area with the spatial
resolution of 100 m. The area surrounded by wagetsti Heihe tributaries in east and west boundary
(outlined with bold blackine) was selected as the study area.

12
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the intermountain basin and longitudinal valley avalely developed in the area. The
northern part of the Qilian Mountains, surroundgdributaries of Heihe River to the east and
west, was selected to be the study area which wiised with the bold black line in Figure
2.1 because this area represents a typical mourdgage and reflects the typical vegetation
change with elevation in this region. With a tosaka of 2,968 kfy the study area is
characterized by typical high plateau continenliahate. The average annual temperature is
0.6 °C and the amount of precipitation increaseth vihe elevation. Due to complex
topography, the climate is diverse and has distugctical characteristics: from the lower
elevation area to the higher elevation area, thgpéeature decreases and the precipitation
increases. The climate in higher mountain areaslé and humid while the climate in lower
mountain areas is warm and arid. These verticahatk characteristics have important
impacts on the soil development and vegetation tiromvthe areas as they do in many other
mountains.

The vegetation distribution in this area exhibits @bvious vertical gradient due to the
climatic changes with elevation. From the low alli¢ to high altitude the vegetation types are:
desert-grassland vegetation (1800 — 2100 m), dybsrassland vegetation (2100 — 2400 m),
mountain forest-grassland vegetation (2400 — 34Q)Gsub-alpine shrub-grassland vegetation
(3400 — 3900 m), and cold-desert alpine meadowtaéga (> 3900 m). The mountain forest-
grassland vegetation is the main vegetation type the main component of the Qilian
Mountains ecosystem. The range of elevations (380000 m) in study area was divided into
a total of 31 intervals with 100m in each of theemal and the aspect angle was divided into
a total of 72 intervals with 5° in each of the im&d. The changes in the number of pixels with
elevation and aspect are shown in Figure 2.2 aBdr@spectively. These two figures should
show that there are enough data points in the eteveange between 2100 m and 4700 m and
in the aspect angles between 0° and 360° to dratistatally significant conclusions
regarding the spatial distribution of the vegetatio

The vegetation in the Qilian Mountain area play important role in the local water cycle
by affecting hydrological processes, e.g., evapspaation (ET) and runoff, and is an
important ecological storage for water resourcedia®) Mountains supplies water for the
Hexi Corridor which is the most important agricuéturegion and settlement in northwest
China. The vegetation in the Qilian Mountain angamificantly affects the oases in the region
and protects the middle and downstream area ofdHRiber against desertification.

13
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Figure 2.2 The distribution of the pixel number othee elevation intervals of 100 m in the studyaare

It shows that the most elevations are between 180fhd 4800 m and that there are enough data
points (at least a few thousands) for each intdpeaiveen 2100 m and 4700 m to warrant statistical
significance in the results.

20000

16000 — A H1

12000 — Ao Ao AT L - AN

8000 —

Number of pixels

4000

0 — T T T

0 100 200 300 400
Aspect (°)

Figure 2.3 The distribution of the pixel number otee aspect intervals of 5° in the study area. It
shows that there are enough data points (more 10z000) for each interval to warrant statistical
significance in the results.

14



Vegetation distribution

2.3 Dataset

The MODIS NDVI data, the vegetation index maps dipg spatial and temporal variations
in vegetation activities, was derived by monitorihg Earth’s vegetation. These vegetation
index maps have been corrected for molecular stajteozone absorption, and aerosols. The
MODIS NDVI data is based on 16-day composites asdspatial resolution is 250 m.
Currently, the MODIS NDVI products have been ugedughout a wide range of disciplines,
such as inter- and intra-annual global vegetationitaring, climate and hydrologic modeling,
and agricultural activities and drought studies gZhet al. 2000; Jin and Sader 2005;
Sakamoto et al. 2005; Knight et al. 2006; Lunettale2006). In this study the NDVI values
from 28 MODIS NDVI images of the 16-day compositek June, July, August, and
September in seven years from 2000 to 2006 were hiseause these four months consist of
the most productive season for vegetation growtindua year and thus the NDVI values of
these four months can best reflect the patterheof/egetation cover in the region.

The MODIS LST (land surface temperature) datatierdame four months, i.e., June, July,
August, and September from 2000 to 2006 were usehis study to be consistent with the

NDVI data. The MODIS LST data are 8-day composéed its spatial resolution is 1 km

The mean gridded rainfall data from June to Sepégnib given monthly and its spatial
resolution is 1 km. The monthly rainfall data wasblshed by the Institute of Geographic
Sciences and Natural Resources Research, @&S/(www.naturalresources.csdb).cithis
database contains the monthly rainfall data fromary@971 to 2001 of 700 land
meteorological stations in China. The interpolatagorithm in the ANUSPLIN4.3 software
was used which was published by Centre for Ressuarel Environmental Studies, the
Australian National Universityhftp://cres.anu.edu.gu/This method considers the impact of
climate and topography. In order to be consistetit thhe NDVI data, the rainfall data of June,
July, August, and September from 2000 to 2001 weeal in this study and the precipitation
of these four months are at maximum. A monthly maaeipitation chart from 2000 to 2001
illustrates that these four months are the wetopleriin a year and are sensitive for the
vegetation growth (Figure 2.4). The Digital EleeatiModel (DEM) data was downloaded
from the Digital River Basin websitdifp://heihe.westgis.ac.tand its spatial resolution is
100 m. The MODIS NDVI, land surface temperature] aminfall data were resampled and
interpolated to have the same spatial resolutidch@®EM data in this study.
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Figure 2.4 The monthly mean precipitation chartrfr2000 to 2001. It shows June, July, August and
September are the wet seasons in study area.

2.4 Results and Discussion

It is well known that elevation serves as a praxydrecipitation and temperature, and affects
the spatial distribution of vegetation cover indthg. Most of the vegetation in the northern

Qilian Mountain area is distributed between theva&iens of 1800 m and 4500 m. To the best
of our knowledge, however, the obvious spatialriigtion and patterns have not been
studied quantitatively. We show in this study tthet readily available NDVI data can be used
to quantify the spatial distribution of vegetatidrhe range of elevations from 1800 m and
4500 m was divided into a total of 270 intervalshaiOm in each of the interval. The aspect
angle of 360° were divided into a total of 72 imtds with 5° in each of the interval. These
divisions result a total of 19360 cells among whi&®960 cells with the NDVI values larger

than zero. In each cell the NDVI values from ye@0@ to 2006 were averaged. The mean
values represent the general conditions of thetatéga growth in different elevations and

aspects. A contour map of the mean NDVI values widvation and aspect in the northern
part of Qilian Mountains was plotted in Figure 286Gaussian smooth filter was used and a
low pass convolution was performed on the griddath do obtain the more consistent and
smooth map in Figure 2.5.

Several observations can be made in Figureréyarding the effects of elevation and
aspect on the vegetation growth in the mountaia.dfast of all, it is clearly seen that the
elevation is very important for the vegetation gttosthrough its control on precipitation and
temperature discussed later. The NDVI value in@gasith the elevation and reaches its
maximum value around 3400 m and then decreasé® addvation increases beyond 3400 m.
The NDVI values are mostly larger than 0.50 (thekdgeen region in Figure 2.5) when the
elevation is between 3200 m and 3600 m which isapemal vertical zone in terms of
vegetation growth. The NDVI values are less th&® @vhen the elevation is lower than 3200
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m and higher than 3600 m or the vegetation growtpoorer in these elevations than in the
zone between 3200 m and 3600 m.
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Figure 2.5 The change of the mean NDVI values wittvation and aspect in the northern part of
Qilian Mountains. A Gaussian smooth filter was used a low pass convolution was performed on
the grid data to present a more consistent and tsrmap. Note: a refiner scale (0.02) was used when
the NDVI value is larger than 0.5.

Secondly, the vegetation growth in the Qilialmuvitain area is significantly affected by
aspect. The impact of aspect on the vegetationthra@vmost significant in the vertical zone
of 3200 m and 3600 m. The optimal vegetation is #tone is distributed between NW 340°
and NE 70° (the darkest green area in Figure 25 the NDVI value larger than 0.56). In
other words, the optimal vegetation growth is oa #inady side of the mountain. This is
because of less evapotranspiration (ET) due torbfiation on the shady side which results
less soil moisture stress. The less soil moistorelition can also be produced by less snow
sublimation during the winter, lower temperaturad aigher relative humidity. The less soil
moisture stress on the shaded side is importantthfervegetation growth in the Qilian
Mountain area since it is located in a semi-arglae. It is also observed in Figure 2.5 that a
better vegetation growth occurs over a larger ¢lenaange on the side facing north and
northeast. At the aspect of N 0°, for example,NB&/I value of 0.50 or larger are observed
over the vertical zone from 3100 t@ 3700 m while at the aspect of S 180° the same NDVI
values are observed in a smaller zone from 320hen3%00 m. The much wider vertical
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zone with better vegetation growth on the shadg sidQilian Mountains may significantly
affect the local water cycle and climate.

Third observation made in Figure 2.5 is thee raf change in the NDVI values with
elevation. This rate varies more gently at lowewvations from 2000 m to 3400 m and more
quickly when elevation is higher than 3400 m, inipdythat the vegetation growth is more
sensitive in high altitude area. On the averagegei@mple, it takes about 300 m (roughly
from 2600 m to 2900 m) for the NDVI value to charigem 0.3 to 0.4 at the lower altitude
zone and only about 200 m at the higher altitudeezo

The relationship between NDVI values and theesponding elevation is clearly shown in
Figure 2.6a although the points scatter around eMbeless, the NDVI values corresponding
to the same elevation were averaged to better shewelationship between the vegetation
growth and elevation. A total of 221142 pairs of Wxand elevation were obtained based on
the 28 MODIS NDVI images of the 16-day compositesune, July, August, and September
from 2000 to 2006. It is clearly shown in Figurél2.the averaged NDVI increases with
elevation and reaches its maximum value of abdif @t 3400 m and then decreases as the
elevation increases beyond 3400 m, an clear indic#hat the vegetation growth is at its best
at the elevation of 3400 m.

The effect of aspect on the vegetation growth isenwdearly demonstrated in Figure 2.7
where the change of the NDVI values with aspeawben the elevations of 3200 m and 3600
m was plotted. It is seen in Figure 2.7 that theMNDalue is larger than 0.55 or the
vegetation growth is optimal in the aspect rang®&léf 340° to NE 70°. The NDVI value is
less than 0.54 or the vegetation is worse betwe8A°Bo W 270°. As we discussed above,
this shows that the aspect of the mountain slojgesfisantly affects the vegetation growth in
the study area. In general, the vegetation covepagihe sunny side in the semi-arid Qilian
mountain area is less developed than that on thdyskide because of more ET and thus
higher soil moisture stress in the sunny side thathe shady side due to the differences in
their solar radiation and higher land surface teupee.

Temperature and precipitation are probably therwst important primary climatic factors
that control differences in the Earth’s vegetatamver by affecting growth rate and plant
reproduction (Wang et al., 2001). The relationshyetween eco-climatic conditions and
vegetation growth are often complex and indirecbeMer understanding of this relationship
is needed for modeling regional atmosphere-biosphanocesses (Martin, 1993). The
difference in the vegetation growth of the two sidé¢ Qilian Mountains can be explained by
the difference in the solar radiation they receorethe difference in the land surface
temperature ). Similar to Figure 2.7, Figure 2.8 shows the dwarof land surface
temperature with aspect for the vertical zone betw@200 m and 3600 m. It is seen in the
figure thatT on the sunny side between SE 155° and SW 235%rithan 21.6 °C whil&
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Figure 2.6 (a) The change of the NDVI values witbvation in the northern part of the Qilian
Mountain area before NDVI averaging in the samegatlen; (b) The change of the NDVI values with
elevation in the study area after NDVI averaginghie same elevation.
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Figure 2.7 The change of the NDVI value with asgecthe elevation range of 3200 m to 3600 m in
northern part of Qilian Mountain area.
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Figure 2.8 The change of the NDVI value with thedaurface temperature for the elevation range of
3200 m to 3600 m in northern part of Qilian Mountarea.
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on the shady slope between NE 55° and NW 310°lasvib20.4 °C. A negative correlation
exists between the NDVI values and the land surtaceperature when the elevation is
between 3200 m and 3600 m, as shown in Figure Be9ana straight line fits well to the data

points. The aspect angle of 360° were divided atotal of 360 intervals with®lin each

interval and in each cell the land surface tempeeatrom 2000 to 2006 were averaged in
Figure 2.9. It is thus concluded that the vegetagoowth in the Qilian area is significantly
affected by the hillslope aspect with differentssotadiation and land surface temperature.
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0.52 T T T T T T | | T |

20.0 20.4 20.8 21.2 21.6 22.0 22.4
Land surface temperature (°C)

Figure 2.9 The relationship between the NDVI arel ldnd surface temperature. The solid line is the
best fit to the data with the linear regressioe = 0.77).

The precipitation values corresponding to tleeation interval of 10 m were averaged and
the relationship between the mean precipitationeladation was plotted in Figure 2.10 (the
diamonds). The measured precipitation is positivelsrelated with the elevation and can be
well fitted with the linear equation (the solidasght line in Figure 2.10):

P =0.0058 + 26.4 (2.1)

whereP is the monthly mean precipitation of June, Julyglst, and September in mm from
2000 to 2001 andl is the elevation in m. It can be easily calculdteded on Equation (2.1)
that the monthlyP increases 0.58 mm for every 100 m increase inaé@v from June to
September. The change of the land surface temperaith elevation was also obtained and
plotted on the same graph (the triangles in Figud®). The land surface temperature is
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negatively correlated with the elevation and iefitwell with a straight line (the dashed line
in Figure 2.10). The relationship between landagftemperature and elevation is given by:

T=-0.006H + 42.9 (2.2)

whereT is the mean land surface temperature of June, Auigust, and September in °C
from 2000 to 2006. Equation (2.2) indicates thatitiean land surface temperature decreases
0.63 °C for every 100 m increase in elevation. raight line at the elevation 3400 m is drawn
in Figure 2.10 which intersects with the valuelaround 21 °CGand the value dP around 46

mm per month, indicating the optimal temperaturé precipitation for the vegetation growth

at the elevation of 3400 m in the northern pathefQilian Mountain area.

Land surface temperature (°C)
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5000 | | | | |
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Figure 2.10 The change of precipitation (diamonas)l land surface temperature (triangles) with
elevation. The solid line is the best fit with regsion (R= 0.99) to the precipitation and the dashed
line is the best fit with regression{R0.98) to the land surface temperature.

The change of the mean NDVI with the montRlyvas plotted in Figure 2.11 which shows
that the NDVI increases with P and reaches its pedike around 0.56 &® = 46mm per
month and then decreases even thd@gicreases. The relationship between the NDVIRnd
in Figure 2.11 can be well fitted with two straidines, one foP < 46 mm withR? = 0.96 and
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Figure 2.11 The change of the NDVI with the montphgcipitation. Two straight lines are fitted to
the data, one for P < 46 mm?®R0.96) and the other for P > 46 mnf R0.99).
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Figure 2.12 The change of the NDVI with the landate temperature. Two straight lines are fitted to
the data, one for T < 21 °C{R 0.98) and the other for T > 21 °C*@R0.95).
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the other forP > 46 mm withR? = 0.99. A similar plot to Figure 2.11 is providedFigure
2.12 for the change of the mean NDVI with the |autface temperature. It is seen that the
NDVI increases withT and reaches its peak valueTat 21 °C and then decreases even
though T increases. The relationship between th¥INIDA T in Figure 2.12 can also be well
fitted with two straight lines, one faF < 21 °Cwith R? = 0.98 and the other faF > 21 °C
with R? = 0.95. Figure 2.11 and 2.12 clearly show thatidhgest NDVI values or the optimal
conditions for the vegetation growth in the Qilistountain area are given by a montlity

around 46 mm and around 21°C. This best combination of precipitation and tempee

exists at the elevation of 3400 m in the Qilian Mtain area. The vegetation at lower
elevation (< 3200 m) does not grow well due to Ipsscipitation and higher temperature
while the vegetation cover at higher elevation 8@ m) is poor due to lower temperature. In
fact, the land surface is covered by snow for thicds of a year when the elevation is higher
than 3900 m which is certainly not suitable for @&gion growth even though there is plenty
precipitation.

2.5 Conclusions

The spatial distribution of vegetation in the QiliMountain area was quantified with remote
sensing data. The MODIS NDVI values for June, JAlygust, and September are the optimal
indicators for the vegetation growth during a yeahis area and thus were used in this study.
Based on the results obtained by analyzing the Niata for seven years from 2000 to 2006,
the following important conclusions can be drawn.

1) Elevation and aspect are two very import@actors for the vertical distribution of
vegetation in Qilian Mountain area because of tbeintrol on precipitation and temperature;

2) In the Qilian Mountain area the vegetaticasvat a maximum between the elevations of
3200 m and 3600 m with the NDVI values larger tBas0 and a peak value of larger than
0.56 around 3400 m. The optimal vegetation growith ¥he largest NDVI value (> 0.56) is
found in the shady side between NW (340°) to NE)(Within the elevation range of 3200 m
and 3600 m;

3) Better vegetation growth occurs over a lagjevation range on the shady side than the
sunny side in this area because of the reducednBTess soil moisture stress on the shady
side;

4) The vegetation growth is more sensitiveighhaltitude area since the rate of change in
the NDVI values with elevation varies gently at Evelevations from 2000 m to 3400 m and
more quickly at higher elevations than 3400 m;
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5) The monthly mean precipitation of 46 mm (58#n/year) and the land surface
temperature of around 21 °C provide the optimalddmns for the vegetation growth
between 3200 m and 3600 m in the northern patteflilian Mountain area.
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CHAPTER 3

Impact and consequences of evapotranspiration charg
on water resources availability in the arid Zhangyebasin
(China)*

* Based on: Jin, X.M., Wan, L., Schaepman, M.E.ewels, J.G.P.W., Su, Z., 2008.
Impact and consequences of evapotranspiration elsamgy water resources availability in
the arid Zhangye basin (Chin&jternational Journal of Remote Sensing (in press).
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Impact and consequences of evapotranspiration charg on water resources availability
in the arid Zhangye basin (China)

Abstract

Evapotranspiration (ET) plays an important rol¢hi@ hydrological cycle and it is essential to
estimate ET accurately for the evaluation of atddavater resources. This is most critical in
(semi-)arid regions. In this paper, the long-tetmargye of daily ET in the semi-arid Zhangye
basin in northwest China and its impact factorsenstudied. The spatial distribution of ET
was assessed by using the energy balance appr&&® (Surface Energy Balance System).
Cloud free NOAA-AVHRR September images over thengly@ basin from the year 1990 to
2004 were used in combination with SEBS to estink&fteat a spatial resolution of 1.1 km.
This daily ET was converted to a monthly ET (fopt&enber) using daily pan evaporation
values from a meteorological station in the studgaa Spatial aggregation of all pixels
yielded the total monthly ET for the whole studgar Subsequently, the monthly ET was
extrapolated to annual ET values using the panaa#ipn data. Results were validated with
ground-based measurements on the water balandeefawhole Zhangye basin. The annual

ET increased gradually from 23Z0° m® in 1990 to 26.810° m® in 2004 for the Zhangye

basin. The main cause appeared to be vegetatiolgeha

Keywords. Evapotranspiration, Surface Energy Balance 8ygt8EBS), Water resources,
NOAA-AVHRR data, Zhangye basin
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3.1 Introduction

Sustainable development of arid and semi-arid alidg@sthe arid inland basins in Northwest
China, will largely depend on the availability oater resources. For the assessment of water
resources in a large arid inland basin one usuads to quantify the inflows from high
mountains to the basin and the evapotranspiraidn [0ss in the basin. Both quantities are
highly variable in time and space. River gaugirjishs can be established in large rivers to
measure river discharges, but the discharges itleantabutaries discharging directly in the
river basin are usually difficult to quantify. Im anland basin, ET is the only major loss term
occurring that is relevant for the water balance plays an important role in the hydrological
cycle. It is site specific and varies with local temological conditions (radiation, wind,
temperature, humidity of the air) and surface coma (surface type, soil wetness, vegetation
development stage, etc.) (Hare, 1980; Willmottletl®85; Mintz and Walker, 1993; Potter et
al., 1993; Sun et al., 2004).

The Heihe river basin is the second largesiniilriver basin in China, covering an area of
128,283 krf. With the increase of population and farmlanchia Zhangye basin, which is the
middle stream area of the Heihe river basin, theemweonsumption has increased gradually
during recent years. Most water is used for agnicalin the Zhangye basin and the irrigation
rate is more than 90% of the agricultural water stonption. The water consumption
increases continuously and part of the water ressucannot be used effectively because of
net ET loss. It is causing a decrease of incomiatgr in the downstream area resulting in a
shrinking of the Ejina oasis area that is locatewistream. The eco-environment of the
downstream area is degrading and it is causingiessef environmental problems, like land
desertification. In order to properly estimate texrease in water consumption and the net
ET loss in the Zhangye basin, the amount of watengyinto the atmosphere should be
estimated first. Subsequently, the incoming watehe downstream area should be estimated
as well. Concerning the water balance, precipitaisothe only recharge resource and the ET
is the only loss term in the inland river basinefiéfore, quantitative estimation of ET for the
Zhangye basin and finding the impact factors atait significantly contribute to improving
the eco-environment, balancing the water consumpénd properly allocating available
water resources.

To date, there are a series of methods availadsl ET estimation, such as the energy
balance method, the aerodynamic resistance metibdha eddy correlation method (Ke et
al., 1995; Mo and Liu, 1997; Kim, 1998; Mo, 1998uland Sun, 1999). These approaches
generally rely on ground meteorological observation a point basis. In order to estimate the
spatial distribution of ET, a network of ‘point’ @ahave to be interpolated to a regional scale.
As an alternative, methods using remote sensingrnmdtion to estimate ET have been
proposed. Because remotely sensed data have thatage of a large area coverage, frequent
update and consistent quality, remote sensing Hasesktimation has been a subject of many
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studies (Rango, 1989; Kuittinen, 1992; Kite andt®m@ro, 1996; Stewart et al., 1996;
Sorooshian et al., 1997; Rango and Shalaby, 1990et\l., 2007; Liu et al., 2007; Sobrino
et al., 2007; Santanello et al., 2007; Wang ef@l0;7). As ET cannot be directly measured by
remote sensing methods, indirect estimation of EBihgi remotely sensed data has been
explored with several approaches, such as the ermignce approach (Choudhury, 1997;
Seguin, 1997) and the Priestley-Taylor or modiffedestley-Taylor approach (Jiang and
Islam, 2001).

In recent years, methods for deriving surfdugefs using remote sensing data have been
developed, such as the model SEBAL (Surface End&ghlances Algorithm for Land)
(Bastiaanssen et al., 1998; Bastiaanssen, 200QjaBassen et al., 2002, 2005), SEBS
(Surface Energy Balance System) (Su, 2002), TSE#®{$ource Energy Balances) (Norman,
et al., 1995) and S-SEBI (Simplified Surface EneB@fances Index) (Roerink et al., 2000).
SEBAL is a robust remote sensing model that camapyelied to estimate the different
components of the energy balance of the earthcdad thus also actual evapotranspiration
(ET). TSEB modeling scheme has been developed @oettker microwave-derived near-
surface soil moisture or radiometric surface terapge as the key remotely sensed surface
boundary condition for computing spatially distried heat fluxes. The SEBS system was
developed by Su (2002) in order to estimate larhsa fluxes using remotely sensed data
and available meteorological observations. Beingliag to many case studies in Europe and
Asia (Oku et al., 2007; Ma et al., 2007; Jia et 2007; Su, 2002), SEBS was selected to be
the methods of ET estimation in this study.

Although these models have been proposed tmast regional ET, the accuracy of the
results still requires validation before they canused for water resources assessment in a
certain region. In most of the researches, thelteesif ET estimation are validated by
monitoring data at local scale (Wilson et al., 208@n et al., 2004; Salazar and Poveda, 2006;
Zwart and Bastiaanssen, 2007). The purpose ofthdy is to estimate the ET of the Zhangye
basin in Northwest China and to validate the ETltdsy using the water balance of the basin.
The specific objectives are: (1) to estimate the dTthe Zhangye basin using the SEBS
model, (2) to validate the accuracy of the ET riegsiing the water balance, and (3) to analyze
the long-term change of ET and the major impadbfacon this ET.

3.2 Material and Methods
3.2.1 Study area

The study area is the Zhangye basin, which is éotat the middle stream area of the Heihe
river in Northwestern China, roughly ranging betw&&°12’-102°20’E and 37°28’-39°57" N.
The total area is 24,060 Krand it is lying between the Yingluo gorge and Ziengyi gorge
(Figure 3.1). With a typical continental arid cliteathe precipitation in the study area is
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small and concentrated from June to September.nTden annual precipitation is spatially
varying between 54.9 and 436.2 mm.

The Heihe river is the longest river in the studgaa It flows along the south slope of the
Qilian mountains and flows out of the mountaingrirthe Yingluo gorge and enters into the
Zhangye basin. After that, the Heihe river flowsotigh the Zhengyi gorge into the Ejina
oasis in Inner-Mongolia, and finally discharge®itiie east and west Juyan lakes (Figure 3.1).
The length of the stream is 821 km. The Zhangyenb@slocated in the Heixi Corridor
between the Yingluo gorge and the Zhengyi gorge.

A Hydrological station
Zhangye basin

0 20 40 60 80 100
-——— km

Figure 3.1 The location of the study area. The glarbasin is between the Yingluo gorge and the
Zhengyi gorge. The Yingluo gorge is in the hillsidf the Qilian Mountains which is upstream of the
Heihe River. The Zhengyi gorge is in the middleain of the Heihe River.

3.2.2 Methodology

The surface energy balance is commonly written as
R,=G+H +JE (3.2)
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whereR, is the net radiatiorGy is the soil heat flux is the turbulent sensible heat flux, and
AE is the turbulent latent heat flux {s the latent heat of vaporization akdis the actual
evapotranspiration).

The equation to calculate the net radiatiagiven by
R, =(-0)[R, +& R, ~£ T (3.2)

where a is the surface albeda, is the emissivity of the surfac®:w, Rws are incoming
shortwave and longwave radiation respectivelis the Stefan-Bolzmann constant, aids
the surface temperature, ¢ andTpare physical parameters and can be derived froeflisat
data. The same estimation procedure as describ&ili kgt al. (1999) was used in this study.
Ravd @andRyq are measured by a meteorological measuremennsyste

The equation to calculate the soil heat flugasameterized as follows
Gy =R I, +@-f) (T —T,)] (3.3)

wherel_and T, are empirical coefficients. For most bare soildibans al’, value of 0.315
is valid (Kustas and Daughtry, 1989), and for ftdgetation ofterf’, is assumed to be 0.05

(Monteith, 1973). An interpolation is then perfoingetween these cases using the fractional
canopy coveragg. f. can be derived by following equation:

_ NDVI -NDVI . 43
° NDVI,, —-NDVI '

The surface energy balance computation with the SSBERjorithm is based on the
determination of the relative evaporative fractidm determine the relative evaporative
fraction, the energy balance solution at limitirages is used. At the dry-limit, the latent heat
(or the evaporation) becomes zero due to the lifnitaof soil moisture, and the sensible heat
flux is at its maximum value. It follows from E@.() that

/]Edry = Rn _GO - Hdry
Hdry = Rn _GO (35)

=0, or

At the wet-limit, where the evapotranspiration kdace at potential ratéE,e (i.e. the
evapotranspiration is only limited by the availaldeergy under the given surface and
atmospheric conditions), the sensible heat fluesaks minimum valueil, i.e.

AEwet = Rn _GO_Hwet’ or
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Hu =R, —Gy —AE4 (3.6)
The relative evaporation then can be estimated as

A, :1_% (3.7)

dry - wet

The evaporative fraction is finally given by:

AE AE A, [JE,.

N = = =
H+lE R -G R, -G

(3.8)

Egs. (3.1) — (3.8) constitute the basic forrmialaof SEBS. The actual sensible heat fiiix
in SEBS is obtained by solving a set of non-linequations and is constrained in the range
set by the sensible heat flux at the wet limjjs, and the sensible heat flux at the dry limit
Hdry.

It is assumed that the daily evaporative foacts approximately equal to the instantaneous
value. The daily evaporation can be determine®asZ002)

= 864x10" x AR, 9B
APu

E

daily

where Egy iS the actual evaporation on a daily basisnd?), 4 is the latent heat of

vaporization JKg?), p., is the density of wateKgm®) andﬁ is the daily net radiation flux.

3.2.3 Dataset

The Advanced Very High Resolution Radiometer (AVHR&nhboard the National Oceanic
and Atmospheric Administration's (NOAA) Polar Ombg Environmental Satellites (POES),
has unique characteristics in terms of spectrgbaese, image geometry, frequency of
coverage, and accessibility that make it usefuldpplications in oceanography, terrestrial
sciences, and meteorology. AVHRR is a broad-bamat, ér five channel (depending on the
model) scanner, sensing in the visible, near-ieffarand thermal infrared portions of the
electromagnetic spectrum. NOAA/AVHRR remote sensimtata were used for
evapotranspiration estimation in this study. Theadaere retrieved from NOAA's Satellite
Active Archive (SAA). SAA is a digital library ofeal-time and historical satellite data and
the data can be downloaded free. 11 Sets of cloeel NOAA satellite images over the
Zhangye basin from the year 1990 to 2004 were tsesstimate the daily ET at a spatial
resolution of 1.1 km. For each of the years a $epé& image was used. Due to cloud cover,
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there was no image available in 1992, 1994, 1999 2000. In order to relate results to
meteorological and runoff data, four sets of cloinde NOAA satellite images from
September in the year 1995 to 1998 were used éovdhdation of ET in the Zhangye basin.

The meteorological dataset used in this stadiudes the altitude of the Zhangye station,
sea level pressure, air temperature, wind speedl] @irection, relative humidity and pan
evaporation (open water surface evaporation). Rvegssing of the data was done to derive
the variables at satellite passing time neededmasgs for SEBS.

The mean gridded rainfall data from 1995 to8.@®%e given on a monthly basis and its
spatial resolution is 1 km. The monthly rainfalltalavas published by the Institute of
Geographic Sciences and Natural Resources ResearchCAS
(http://www.naturalresources.csdb)cihis database contained the monthly rainfalhdedm
1971 to 2001 from 700 meteorological stations inn@hThe interpolation algorithm in the
software was used which was published by the CdotreResources and Environmental
Studies, the Australian National Universitiyttp://cres.anu.edu.gu/The software package
provides a facility for transparent analysis an@npolation of noisy multi-variate data using
thin plate smoothing splines. The package provmeaprehensive statistical analyses, data
diagnostics and spatially distributed standardrerrti also supports flexible data input and
surface interrogation procedures. Thin plate smogtlsplines can in fact be viewed as a
generalization of standard multi-variate linearresgion, in which the parametric model is
replaced by a suitably smooth non-parametric fonctiThe degree of smoothness, or
inversely the degree of complexity, of the fitteshdtion is usually determined automatically
from the data by minimizing a measure of the piaalicerror of the fitted surface given by
the generalized cross validation (GCRecent applications of thin plate smoothing splitwes
annual and daily precipitation data have been destrby Hutchinson (1995, 1998ab). This
method considers the impact of climate and topdgrap

3.3 Result and discussion
3.3.1 Spatial distribution of daily ET in the Zhangye basin

The spatial distribution patterns of daily ET asreated using SEBS over the Zhangye basin
can be observed in Figure 3.2. Figure 3.2a shoespatial distribution of daily ET on 28
September 1995, having a mean value of 1.37 mii.déhe daily ET is between 0 and 1 mm
day' in the mountainous areas and this area is 42.39tectotal study area. The value is
between 1 and 3 mm dayn the corridor area with better vegetation arid #rea is 48.66%
of the Zhangye basin. The highest daily ET is bem® and 4 mm dayand it is distributed

in the hillside area of the Qilian mountains.

The distribution patterns of the other three yeaessimilar to the year 1995. The daily ET
is relatively higher on 15 September 1996. The eavfgvalues in the corridor area is between
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3 and 4 mm dayand this area is 10.05% of the total study aréa. daily ET is very high on

4 September 1998. Most of the ET in the corriddnigher than 4 mm dayand this area is
23.88% of the Zhangye basin. The mean daily ETestn 15 September 1996, 3 September
1997 and 4 September 1998 are 1.31, 1.18, andn2@@ay", respectively. The statistics of
daily ET for 1995, 1996, 1997 and 1998 are givehable 3.1.

Daily ET (mm) Daily ET (mm)

. o . ol
12 12
23 2-3
R . 4
B .y
Daily ET (mm) Daily ET (mm)

I 01 I 01

1-2 1-2

B3 2-3

[ I 34

[ BY .-

(c) (d)

Figure 3.2 The spatial distribution pattern of @&lT in the Zhangye basin on 28 September 1995 (a),
15 September 1996 (b), 3 September 1997 (c), Beptember 1998 (d). The legend provides the ET
in mm day".

Table 3.1 Statistics of daily ET for the studyaare

09-28-1995 09-15-1996 09-03-1997 09-0889
Daily ET Percentage Mean Percentddean Percentage Mean PeagentMean
(mm/d) of area value fama value of area value of area value
0-1 42.39 0.35 57.50 0.14 52.44 0.2 51.83 0.12
1-2 30.02 1.47 12.82 1.48 20.12 0L.5 11.01 151
2-3 18.64 2.46 11.93 2.50 19.54 R4 7.90 2.46
3-4 7.70 3.41 10.05 3.45 6.40 .43 5.39 3.48
>4 1.25 4.29 7.70 5.13 151 4.29 23.88 5.84
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3.3.2 Annual ET estimation
Monthly ET estimation based on daily ET

The daily ET values of the SEBS results were aatdgr all pixels of the study area in each
image and this mean value was considered to bedine ET of the whole Zhangye basin.
There are in total 6221 pixels in the study areae b cloud cover, there are only very few
NOAA satellite images available in one month anel daily ET for each day could not be
obtained. The extension of daily ET to monthly E&nd further to annual ET is very
important. In this study, the monthly ET was estwdaby combination of the SEBS results
and the daily data of meteorological stations. Tthkeyear 1995 as example. The SEBS result
of mean daily ET is 1.37 mm on 28 September 1988,the pan evaporation value from the
meteorological station is 6.9 mm for the same ddae daily ET of other days in September
can be obtained by Equation (3.10) and the summatithe monthly ET of September.

ETsq

M.d

ET.. = xET,, . (3.10)
S.i M.i

wherei is the number of days from 1 to 30 in SeptemB@&g;; is the predicted SEBS daily ET
for dayi in September after calculatiof]sq is the mean daily ET from the SEBS result and
this value is 1.37 mm on 28 September 199b; 4 is the observed pan evaporation of the
meteorological station on the same day, and it9sn@m on 28 September 19951y is the
observed daily pan evaporation of the meteoroldgizdion for day in September.

The Zhangye basin is in arid area and the watiget wind speed and temperature in
September is in the average values among a yearvaimtion of the vegetation, wind speed
and temperature in September is relatively smadder&fore, the quotient &Tsy/ETyg was
assumed not change in a month in this study. Tedigied daily ET of SEBS for each day in
September can be calculated by Equation (3.10ff@dummation yields the monthly SEBS
ET of September. The amount of monthly ET of thtaltbasin was estimated by multiplying
the area of the Zhangye basin. The area can baebtthased on the total number of pixels of

the study area (6221 pixels) multiplying the retioluof the NOAA data (11001100 knf).

Annual ET estimation

Based on the observed daily pan evaporation atZtrengye meteorological station, the
monthly evaporation of every September and the @nenaporation of each year from 1995
to 1998 were calculated. The monthly evaporatioS8egtember from 1995 to 1998 are 9.4%,
9.6%, 9.5% and 9.6% of the annual value, respdygtivderefore, the predicted annual ET
based on SEBS can be obtained using Equation (3.11)
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ET, =ET,/K (3.11)

whereETy is the predicted annual ET from SEBESE, is the predicted monthly ET from
SEBS in September obtained by Equation (3.10); khésrate of monthly evaporation of
September to the annual value.

The predicted annual ET from the SEBS result baseBquation (3.11) is shown in Table
3.2. We see the lowest annual ET values for 19961897 and a relatively high value in
1998.

Table 3.2 Predicted annual ET by SEBS in the Zhargsin from 1995 to 1998.

Year Monthly ET of Septemb&d® m®) Annual ET(fon°)
1995 3@ 24.47
1996 T2 28.54
1997 32 24.98
1998 33 34.90

3.3.3 Validation of ET

The Zhangye basin is considered as an isolatecblogical unit where recharge, runoff and
discharge occur. Impermeable and weakly permealylers are distributed around the base
and boundary of the basin. The precipitation in @i#an mountain area recharges the
groundwater in the drainage area, and it dischamgebe ET and the spring in the discharge
area. The Zhangye basin is a downfaulted basirtteare are water-resisting faults around it.
The main recharge of the groundwater is from tlagdge of the surface water of the rivers
and the precipitation. Therefore, the total amafnivater resources in the Zhangye basin is
consists of the outflow of the mountain-gap (Yir@lgorge), the precipitation and the lateral
runoff outside the basin. In this hydrological yunét water resources system of river-
groundwater-spring-river is constituted by the nalitthange between the surface water and
the ground water (Figure 3.3). In this closed badiZzhangye, the inflow and outflow are
equal in a hydrological budget. Considering theewdialance for a large watershed, the
hydrological balance equation can be given as (&u89)

E=P+R+AW (3.12)

whereE is the land ETP is the precipitationR is the water consumption adV is the
change of water storage in the Zhangye basin.
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Figure 3.3 Cross section of the water resourcesyfor the Zhangye basin in the middle stream of
the Heihe River basin. The Zhangye basin is lochetdieen two faults. The recharge of the system is
the precipitation of Qilian Mountains, the runofftbe Heihe River and groundwater. The discharge
path is evapotranspiration and a spring. The Yiogjarge is the upstream of the Heihe River and the
Zhengyi gorge is in the middle stream. The diffeeemetween the runoff at the two gorges is the
water consumption of the Zhangye basin.

Over a long period of time={ year), water storage stays more or less the $Akve= 0)
and thuseT = P + R The inflow of the Zhangye basin is mainly from thigngluo gorge
upstream of the Heihe river basin, and the outitdwhe Zhangye basin is equal to the runoff
at the Zhengyi Gorge in the middle stream of théheleiver basin. Equation (3.12) can now
be rewritten as

E=P+R -R, (3.13)

whereR, is the runoff at the Yingluo gorge aR¥lis the runoff at the Zhengyi gorge.
The annual mean runoff at the Yingluo gorg@598<10°* m*a, the mean runoff of other
small rivers was 6.2%10° m*/a in total, so the summation of the inflow in figangye basin

was 22.25%10° m’/a. Based on the statistics, the rate of the anmedn runoff at the

Yingluo gorge to the total inflow of the Zhangyestrais 0.718 (15.98/22.257). Therefore, the
annual inflow of the Zhangye basin can be estimbgethe following equation

R=R,/0.718 (3.14)
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whereR is the total annual inflow of the Zhangye basinl &y is the annual runoff at the
Yingluo gorge.

The annual ET of the Zhangye basin from 1995 to81Bf@sed on the water balance
equation is given in Table 3.3. This ET was detagdiby the inflow plus the precipitation
minus the outflow (Table 3.3). As can be seen,aheual ET based on the water balance
compared well with the SEBS result (Table 3.2 ar8).3rhus, the SEBS algorithm can be
used to effectively estimate annual ET in the Zlyanggsin.

Table 3.3 The annual ET (16/a) of the Zhangye basin from 1995 to 1998 basethenvater

balance
Year Inflow Outflow Precipitation ET
1995 18.25 7.54 12.44 23.15
1996 25.18 9.55 11.91 27.55
1997 19.28 5.13 8.84 22.98
1998 30.06 9.46 12.84 33.43

3.4 Annual ET change and the impact factor
3.4.1 Annual ET change

The daily ET values of September from 1990 to 2b0the Zhangye basin were calculated
using the SEBS model, and extrapolated to estimetethly ET and annual ET based on
observation data from the meteorological stati@hse to cloud cover, there was no NOAA
satellite image available in 1992, 1994, 1999 ab@b2 Figure 3.4 illustrates the annual ET
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Figure 3.4 The annual ET change in the Zhangyenlfasm the year 1990 to 2004. The solid line is
the fitted line.
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change in the Zhangye basin from the year 199@0# 2The result indicates that the annual
ET increased gradually from 1990 to 2004. The ah&Taincreased from 23xA0° m® in

1990 to 26.810° m® in 2004 and the increase rate is @ 2® m® per year in the Zhangye

basin.

3.4.2 Impact factor

Vegetation is one of the important impact factons evapotranspiration. The NDVI is an
index derived from reflectance measurements in ted and infrared part of the
electromagnetic spectrum to describe the relatweuat of green biomass per pixel (Deering,
1978). This index is an indicator of photosyntheiitivity of plants and has been widely used
for assessing vegetation phenology and for estigdéindscape patterns in terms of primary
productivity (Sellers, 1985; Tucker and Sellers,8@9 The NDVI was designed to
quantitatively evaluate vegetation growth: higheD\N values imply more vegetation
coverage, lower NDVI values imply less or non-veged coverage and zero NDVI indicates
rock or bare land.

Due to the arid and semi-arid climate in the Zhanbgsin, most of the vegetated areas
concern agricultural land. In general, this measgetation growth occurs if NDVI is larger
than 0.1 and an NDVI value greater than 0.3 reptesagricultural land. In this study, the
NDVI values of each September from 1990 to 2004eveaiculated based on NOAA satellite
data. The number of pixels with an NDVI greatemtl@al, 0.2 and 0.3 were counted for each
image (Figure 3.5). The frequency can represendta of vegetation coverage.
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Figure 3.5 The variation of pixel numbers from 199@004 with NDVI greater than 0.1, 0.2 and 0.3,
respectively.
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Figure 3.5 illustrates that the areas of NDVealer than 0.1, 0.2 and 0.3 increased
gradually with time and this result indicated tHa vegetation growth of the Zhangye basin
in September has become better with time. The aserén NDVI greater than 0.3 showed that
the agricultural land has increased gradually fa@80 to 2004. The Zhangye basin is one of
the most important agricultural areas in the Hearr{dor. The increase of agricultural area
caused an increase of the water demand and resoltad increase of evapotranspiration.
Therefore, the vegetation change, especially tioseease of agricultural area, is the main
factor explaining the increase of ET in the Zhanbgsin.

In order to further explain the impact of vegetation the ET, the spatial correlation
between the SEBS daily ET and the corresponding NB¥hown in Figure 3.6. Figure 3.6a
illustrates the correlation between the SEBS dailyand the NDVI on 28 September 1995 in
the Zhangye basin. The result indicates that tee arith a large ET value was in the area
with good vegetation growth (large NDVI values) andias mainly occurring in the corridor
area. The daily ET value is between 1 and 3 mm‘day the NDV!I is larger than 0.2 in the
corridor area. The ET in the southern area (clos®ilian mountains) is very large and the
daily ET is between 3 and 4 mm dayFigure 3.6b shows the correlation between thiy dai
ET and the NDVI on 15 September 1996 and it has#as result as Figure 3.6a. Figure 3.6¢
compares the daily ET and the NDVI on 3 Septemi®&71As can be seen, the NDVI of
1997 is larger than that of 1995 and 1996. The tatige in the Zhangye basin is mainly
agricultural land, the crop has matured and changedthe ripening phase at the end of
September. The NDVI results of 1995 and 1996 wereéhe middle and the end of the
September, respectively. The one of 1997 wasadtdl full green crop. Therefore, the NDVI
of 1997 has a relatively large value. Figure 3.6dvss that the vegetation is better in 1998
and the daily ET is higher than in the other thyears. In 1998, the precipitation was very
large and this made the inflow of the Yingluo gorggher, which resulted in a good
vegetation growth and high ET in the Zhangye babire SEBS daily ET was larger than 4
mm day'in the corridor area. Based on the above analifsisarea with a large daily ET is
corresponding to the large NDVI area and this tegalidated spatially that vegetation is a
very important impact factor for the ET.
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Figure 3.6 The spatial correlation between the SHBI& ET and the NDVI in the Zhangye basin on
28 September 1995 (a), 15 September 1996 (b), @&Bepr 1997 (c), and 4 September 1998 (d).
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The relation between the annual ET result obtainedising SEBS and the mean NDVI
based on NOAA satellite data from 1990 to 2004hews in Figure 3.7. The annual ET

increased with an increase of the mean NDVI. Tleciase rate of the annual ET is x2a°

m®and the increase of the mean NDVI is 0.01 per yEhis result proved temporally that
vegetation is a very important impact factor fae 8T .

40

36

32

28 ®

24 o [ ]

Annual ET of SEBS (108 m3)

20

0.28 0.32 0.36 0.4 0.44 0.48
Mean NDVI

Figure 3.7 The relation between the annual ETdaseSEBS and the mean NDVI based on NOAA
satellite data from 1990 to 2004 in the Zhangyérb@&=28.5X + 16.93, R=0.10).

3.5 Conclusions

As a key component in the water and energy budgetiong-term change of ET in the semi-
arid Zhangye basin in China and its impact factegse analyzed in this paper. The following
conclusions can be drawn based on the resultsnelotai

1) The annual ET was estimated based on theSSHgorithm (Surface Energy Balance
System) and increased gradually from 1990 to 2U64.annual ET increased from 2810°
m® in 1990 to 26.910° m® in 2004 and the increase rate is 2@ m® per year in the
Zhangye basin;

2) The accuracy of annual ET results basedherSEBS model was validated using a water
balance for the whole Zhangye basin from 1995 t881%Results show that the SEBS
algorithm can be used to effectively estimate ahkidian the Zhangye basin;
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3) The main impact factor of the long-term gwse of annual ET was the vegetation
change. The annual ET increased with the mean NadMdIthe area with a large daily ET is
corresponding to the area with large NDVI valuethim Zhangye basin;

4) The result of this study can provide refeeeffor the government to decide on a new
policy of water resources allocation in the HeiheeRbasin.
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CHAPTER 4

Runoff hysteresis effects of the Heihe River on the

vegetation cover in the Ejina Oasis (China)*

* Based on: Jin, X.M., Wan, L., Schaepman, M.E.ewels, J.G.P.W., Su, Z., 2008.
Runoff hysteresis effects of the Heihe River on tkgetation cover in the Ejina Oasis
(China).Journal of Hydrology (in review).

Using the method as defined in: Jin, X.M., Hu, GIG,. W.M., 2008. Hysteresis effect of
runoff of the Heihe River on vegetation cover ie @jina Oasis in Northwestern China.
Earth Science Frontiers, 15(4), 198-203.
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Runoff hysteresis effects of the Heihe River on theegetation cover in the Ejina Oasis
(China)

Abstract

In arid regions an oasis plays an important rdles Inearly the only support of living and
economic development for the local people. In regears, the recession of the oasis areas
appeared to be significant in Northwest China.alised a series of environmental problems
and part of the area even became the cradlelasdrafstorms. In this paper, the long-term
vegetation change of the Ejina Oasis, which istkdtan the downstream area of the Heihe
River basin, was analyzed based on remote senatag The quantitative relation between the
runoff of the Heihe River and the vegetation chaoigine Ejina Oasis from 1989 to 2006 was
established using AVHRR and MODIS time series. Végetation growth of the Ejina Oasis
depends on the runoff of the Heihe River. The tlag of the impact of the runoff on the
vegetation of the Ejina Oasis is one year. The lestalvater amount which can sustain the
demand of the eco-environment of the Ejina area estisnated. The result can serve as a
reference for decision making processes at govertahéevel, finally allowing a better
allocation of water resources in the Heihe Rivesita

Keywords: Runoff, Vegetation change, Hysteresis effectyidS NDVI, MODIS NDVI,
Ejina Oasis
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4.1 Introduction

In a desert area with an arid climate, like in #réd inland areas in Northwest China,
sustainable social development will largely dependhe availability and sustainability of an
oasis ecosystem. An oasis is nearly the only supgddiving and of economic development
for the local people. Although they occupy only &%- of the total area of the region, over
90% of the population and over 95% of social weali concentrated within the oases. The
oasis is not only the most concentrated area ofamuattivities in arid regions but also the
largest area where disturbances are happening a¢dgional scale. Thus the oases, which are
fragile ecosystems, play an important role in aedions. During recent years, the recession
of oases areas appeared to be extensive in NoitiGhes.

The Heihe River basin is the second largeanuhlriver basin in China, covering an area of
128,283 krf. With the continuous increase of economic actsiin the Zhangye area, which
is the middle stream area of the Heihe River bakmwater consumption increased gradually.
It caused a decrease of incoming water in the dveas area resulting in a shrinking of the
Ejina oasis area downstream. As a result, in #gibn the eco-environment is degrading and
it causes a series of environmental problems &kel ldesertification and part of the area even
became the cradleland of sandstorms. Thereforeargls on the spatial and temporal
regulations and the control factors of the oasmshas great significance for protecting and
optimal use of the oasis resources, sustainablel@@went of regional economy and social
stability of the inland area.

However, due to little population, inconvenigransportation and shortage of long-term
monitoring data, no quantitative analysis couldcheried out using traditional methods by
employing point measurements. Newly developed nusthmased on remote sensing data
provide representative measurements of severatamigohysical parameters at scales from
point to continent. Currently, remote sensing igeegively used in crop assessment, natural
disaster monitoring and land use mapping (Quarntbgl.e 1993; Hayes & Decker, 1996;
Unganai and Kogan, 1998; Mendoza and Etter, 20@2afdino et al., 2003; Crowley et al.,
2003; Kogan et al.,, 2003; Pinter et al., 2003; Gaet al., 2004; Shalaby et al., 2004;
Metternicht et al., 2005; Giri et al., 2005; Prasaadl., 2006; Shalaby and Tateishi, 2007), but
it is ample used in research towards regulatiormasfs variability in arid areas.

An oasis is the most important landscape ith aréas. The vegetation cover and the vitality
of the oasis can be used as indices to charactiézeegional ecological environment. Some
approaches have been proposed since the 1980sexaonple, Faragalla et al. (1988)
discussed the relationship between agriculturakligment and oasis evolution. With the
development of remote sensing techniques, the dignaronitoring of the variability of the
oasis has become possible. Some Chinese studidsLasésat Thematic Mapper satellite
data for analysing the variability of the Ejina isasSome other studies used meteorological
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satellite data to monitor the variability of Hexass. Tucker et al. (1991, 19%tudied the
long-term variation of the oasis vegetation in SBehara Desert using daily AVHRR data
from the year 1980 to 1992. Several studies hagw/slvegetation cover change in arid areas
using remote sensing (Elmore et al., 2000; McGwiral., 2000; Dube, 2001; Okin et al.,
2001; Diouf and Lambin, 2001; Larsson, 2002; Bra@h et al.,, 2003). In addition,
protection of the natural oasis also attracts nadiention (Bornkamm, 1986). However, most
of the studies are based on only small scale, tqtigk analysis or only use short time series
of satellite data. There is little focus on largale studies towards oasis variation or studies
using long time series.

Water is the essential factor that influendes basis variability (Devitt et al., 1997;
Bruelheide et al., 2003; Gries et al., 2003; Kahgle 2007; Thomas et al., 2006). In the
northwest arid area of China, all the oases depmmdsurface rivers and have a close
relationship with the runoff of the river. With thacrease of population and economic
development, more and more human activities, ligdréwulic structures and irrigation of
cropland, cause a large area of useless evaporatidnresult in shortage of oasis water
availability. The purpose of this study is to efisdbthe quantitative relationship between the
runoff of the Heihe River and the vegetation chaofjthe Ejina Oasis, and furthermore, to
estimate the water demand of the Ejina area. Teeifapobjectives are: (1) to study the long-
term change of the Ejina Oasis based on large sealete sensing data; (2) to establish the
quantitative relation between the runoff of the ¢eRiver and the vegetation change of the
Ejina Oasis; and (3) to estimate the yearly wagenahd of the Ejina Oasis.

4.2 Study area

The Heihe River Basin, located in the north of @ikan Mountains and the middle part of
the Hexi Corridor, is one of the biggest inlanceribasins in arid northwest China. Being the
oases of the Hexi Corridor and the desert plaia,ntiiddle stream area of the Heihe River is
the most important developing area for agriculamd the base for commodity grain in Gansu
province (Figure 4.1). The downstream area nortthefLangxinshan gorge forms the oasis
area of Ejina in Inner Mongolia. In recent yeamyelopment of industry and agriculture and
the consumption of water in the middle stream &aegely increased. According to the runoff
data of the Langxinshan hydrological station, treelthrge of the Heihe River has decreased
since 1950 (Table 4.1), and the shortage of watesed the Ejina oasis to shrink considerably.

Table 4.1 The annual runoff at Langxinshan statiotifferent decades
Time 1950-1959 1960-1969 1970-1979 1980-1989 1%E®1
Runoff (16m°) 8.66 7.4 6.53 6.64 3.47
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Ejina oasis is chosen as a pilot area in #8sarch. Ejina, covering an area of 114,008, km
is located at the end of the Heihe River and inwthst of Inner Mongolia of China. The Gobi
desert occupies over 90% of the Ejina area. Ardheddownstream area of the Heihe River
and near the lakes of West and East Juyanharnitsféhe only oasis with a long history. The
territory of the oasis stretches from 100.90° td.4R° east longitude and from 41.85° to
42.50° north latitude, forming an important ecotagiline of defense in the foreland of West
China. With extremely arid conditions, the studgaabelongs to the north temperate zone.
The mean annual precipitation in Ejina is around34@m; whereas the pan evaporation
ranges between 3700 and 4000 mm. The main vegeiatthis area is poplar.

From 1960 onwards, with the decrease of digghalownstream of the Heihe River, the
oasis of Ejina began to shrink and caused a sefiesvironmental problems. The areas of the
lake of West and East Juyanhai were 267 &md 35 krfi, respectively, and became dry in
1961 and 1992 one after the other. The oasis aestichlly reduced from 6,440 Krto 3,200
km? and the area of the Gobi desert increased oveka$0

As people’s life depends on it, the oasis not @ulgports the social-economic development,
but also characterizes the eco-environmental comddf the northwest area of China. The
Chinese government pays great importance to theeegoonmental aspect of the northwest
area and has implemented a long-term developmesdgram. In order to suppress the
recession trend of the eco-environment of the dowas area of the Heihe River Basin, the
State Council of the People’s Republic of Chinatethto perform a system for distribution
and management of the water resources for the H&Wer from the year 2000 onwards and
implemented an allocation scheme of the limitedewegsources.

4.3 Material and methods

The Global Inventory Modeling and Mapping Studi€sIMMS) normalized difference
vegetation index (NDVI) data sets (Tucker et alQ%2) were generated to provide a 23-year
satellite record of monthly changes in terrestviajjetation. The NDVI is an index derived
from reflectance measurements in the red and edrgvortions of the electromagnetic
spectrum to describe the relative amount of greéeméss present (Deering, 1978). The
NDVI was designed to quantitatively evaluate vegetagrowth: higher NDVI values imply
more vegetation coverage, lower NDVI values implysl or non-vegetated coverage and zero
NDVI indicates rock or bare land. The GIMMS-NDVI tdaet includes corrections for
variation in NDVI caused by solar zenith angle aes due to orbital drift (Pinzon et al.,
2004; Piao et al., 2003; Pinzon, 2002). It also Ibesn corrected for distortions caused by
cloud cover (Vermote et al.,, 1997), sensor intdibcation differences (Vermote and
Kaufman, 1995), solar zenith angle and viewing angffects, volcanic aerosols and
interpolation for missing data in the Northern Hspfiere during winter. The GIMMS dataset
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Figure 4.1The location of the study area. The Ejina Oasis ithe downstream area of the Heihe
River and it is close to the East Juyanhai lake.

50



Runoff hysteresis effect

iIs based on 15-day composites and its spatialutemo is 8 km. The data set used for this
research consisted of 336 15-day GIMMS-NDVI comiassfor the Ejina Oasis from 1989 to
2002.

Vegetation changes seasonally and is affecyedlimatic conditions. According to the
seasonal variations, the vegetation in China ig tdeseloped in most areas from June to
September. The vegetation variation is usually kfr@ih October to next May, especially in
northern China, and thus may not reflect the pdessibend of long-term vegetation
development. June, July, August and Septembeharmbst productive periods of vegetation
growth during a year and thus the NDVI values afsth four months may best reflect the
long-term pattern of vegetation cover. Therefone, NDVI from June to September of each
year was averaged and this mean value was usediaator for the annual vegetation growth
of the study area.

Since the GIMMS-NDVI dataset only runs until030 the NDVI product from the
Moderate Resolution Imaging Spectroradiometer (M®Dbf NASA’'s Earth Observing
System was used to complement this former timesefihe MODIS NDVI dataset (MOD13
product) is based on 16-day composites and itsaspasolution is 250 m. These vegetation
index maps have been corrected for molecular stajteozone and aerosol absorption.
Currently, the MODIS NDVI product has been useatighout a wide range of disciplines,
such as inter- and intra-annual global vegetationitoring, climate and hydrologic modeling,
agricultural activities and drought studies (Zharale 2000; Jin and Sader, 2005; Sakamoto
et al., 2005; Knight et al., 2006; Lunetta et 2006). In this study the NDVI values from 28
MODIS NDVI 16-day composites of June, July, Augastd September in seven years from
2000 to 2006 were used to study the spatial digioh of vegetation in the Ejina Oasis.

The pan evaporation (open water surface evépnojeaof the Ejina meteorological station
and the runoff at the Langxinshan hydrologicalistatvere used in this research to study the
quantitative relation between the runoff and thgetation change.

4.4 Result and discussion

4.4.1 The long-term vegetation change of the Ejina Oasisin the period 1982-2002

Figure 4.2 illustrates the long-term change of tiean annual GIMMS NDVI of the Ejina
Oasis in the period 1989-2002. The result indicdkes recession trend of the vegetation
growth during the 14 years period.

The impact of water resources on the vegetatioelig important in the downstream plain
in an arid area. Most of the incoming water recharipe groundwater in the downstream area
of the Heihe River Basin. In recent years, the tagen growth has become worse and the
vegetation area has decreased in the downstrearbacause of decreased incoming water
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and the increasing depth of the groundwater. Iseduand desertification and some salt-

enduring vegetation species have been replacedlbpliytic vegetation. The oasis landscape
has changed into a desert landscape.

0.20
.
¢ Y =-0.0012*X + 2.6
] . R =0.377
R2=0.142
0.8 1
>
o
z L 4
c . 03
g *
=
0.16 * * N *
. *
0.14 T T T T T T T
1988 1992 1996 2000 2004

Year

Figure 4.2 The long-term vegetation change of tfieaEOasis in the period 1989-2002 based on
GIMMS NDVI.

4.4.2 The relation between the runoff of the Heihe River and the vegetation change in the
period 1989-2002

A regression analysis was performed whereby thenraeaual GIMMS NDVI from the year
1989 to 2002 was the dependent variable (y) andutheff of the current year ¢k the runoff

of the previous year (xand the runoff of two years ago)0at the Langxinshan station were
the independent variables. Stepwise regressionedhtivat the runoff of the previous yeay)(x
was the only relevant independent variable in dggassion equation. The result indicates that
the mean NDVI and the runoff of the previous yelatha Langxinshan station are linearly
correlated (Figure 4.3) with a correlation coetfiai of 0.835. The equation can be written as

y = 0.004x + 0.1525 (4.1)

Wherey is the mean annual GIMMS NDVI between the year 1889 2002 and theis the
yearly runoff at the Langxinshan station betweanytbar 1988 and 2001. The relationship is
significant at 5% significance level, so the vegetagrowth of the oasis is related to the

runoff of the Heihe River. The time lag of the imspaf the runoff on the vegetation of the
Ejina Oasis is one year.
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According to the hydrological characteristics o tthownstream area of the Heihe River,
the incoming water of the Ejina Oasis in the winters the result of recharge by agricultural
irrigation in the middle stream area in the presigear. In the summer, the recharge from the
middle stream area can arrive in the downstreara arel the groundwater was recharged
efficiently. The groundwater table shows a big #ase along the two sides of the river.
However, the peak in growth of the vegetation hashed at that time and the increased
groundwater table produces a good condition foilotmas vegetation in the next year.
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Figure 4.3 The correlation between the mean NDMhe Ejina Oasis and the runoff of the previous
year at the Langxinshan station between the ye® a8d 2002.

4.4.3 The vegetation change of the Ejina Oasisin the period 2000-2006

In order to suppress the recession trend of theeagsonment of the downstream area of the
Heihe River Basin, the State Council of the PeagpReépublic of China started to perform a
distribution and management plan of the water nessu for the Heihe River and
implemented an allocation scheme of the limitedewaesources after the year 2000. The
water again flowed into the East Juyanhai in 2@B&,flow length of the channel increased
and the water entered into more regions alongweesides of the Heihe River. The oasis
vegetation was irrigated and the groundwater of Ejiea Oasis recharged and recovered
efficiently. The eco-environment along the dowrestneof the Heihe River improved and the
recession trend of the eco-environment was supguess

The MODIS NDVI was used to analyze the vegetatihange after the year 2000. Figure
4.4 shows the temporal change of the annual meavil MDthe Ejina Oasis from 2000 until
2006. The result indicates a positive trend of ghoof the Ejina Oasis vegetation. Figure 4.5
illustrate the spatial change of the annual meaVN® the oasis from 2000 to 2006. It can
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be seen from the result that the oasis area iredeagh time and the vegetation growth was
best in 2004. There was no water in the East Jwjdake (the red color area in Figure 4.5)
before 2002 and there was permanent water afte8.2lfe area of the East Juyanhai lake
increased with time.

The runoff (incoming water) of the Langxinshan istatin 1999 was relatively large

(3.74x10° m®). Due to the hysteresis effect of the runoff, Wegetation growth of the Ejina

Oasis was better in 2000 (Figure 4.4). The runof2000 and 2001 was smaller tharl@®
m® and the mean NDVI of 2001 and 2002 was lower tihe of 2000. The runoff of the
Langxinshan station was highest in 2003 (¥ m®), which resulted in the highest NDVI

in 2004. The runoff of 2004 and 2005 was smallantthat of 2003, the vegetation growth of
these two years was worse than that of 2004. Towerethere is close relationship between
the runoff and the vegetation change in the Ejnea.a
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Figure 4.4 The vegetation change of the Ejina ©iasihe period 2000-2006 based on MODIS NDVI.

4.4.4 The relation between the runoff of the Heihe River and the vegetation change in the
period 2000-2006

Also for the MODIS dataset a regression analysis p&formed for NDVI with the runoff
data. The mean annual MODIS NDVI from the year 2@0R006 was the dependent variable
(y) and the runoff of the current yeap)xthe runoff of the previous year;Jand the runoff
of two years ago ¢y were the independent variables. The runoff ofgtevious year and the
runoff of two years ago exceeded the significareeell and entered into the regression
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equation after stepwise regression. The regressiefficient of the runoff of the previous

year (%) is the largest and most significant and this lkdsuther proved that the runoff of the

previous year has most impact on the vegetationvifraof the current year. Figure 4.6

illustrates the correlation between the runoffte previous year and the mean NDVI of the
current year. The correlation coefficient is 0.906e equation can be written as

y = 0.0106¢ + 0.1691 (4.2)

Where y is the mean annual MODIS NDVI between tbary2000 and 2006 and tkes the
yearly runoff of the Langxinshan station betweesykar 1999 and 2005.

a) 2000 b) 2001 c) 2002 d) 2003

e) 2004 f) 2005 g) 2006

=0
0-01
0.1-04
=04

Figure 4.5 The spatial pattern and change of the Ejina astavden 2000 and 2006. The red area
represents the water in the Juyanhai lake andrdmege area is gobi and desert area. The green and
dark green area represents the vegetation of tha Bjasis.
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Figure 4.6 The correlation between the mean NDVithe Ejina Oasis and the runoff at the
Langxinshan station in the previous year betweerydar 2000 and 2006.

4.4.5 The water demand of the Ejina area

The government started to organize distribution anahagement of the water resources for
the Heihe River in 2000. The water discharges ftbenmiddle stream and has entered into
the East Juyanhai lake since 2002. Before 200thallater was consumed on its way and
couldn’t arrive at the lake. Due to water shortb@emany years, the water evaporated before
it entered into the lake and the East Juyanhai Ve&ke dry until the year 2002. Due to the
increase of discharge from the middle stream atea@, East Juyanhai lake has water
permanently since 2003. The water was dispatchtedtive East Juyanhai lake twice a year
based on the bulletins published by the Ministry\Gter Resources of the People’s Republic
of China. In 2002, the first time was from 17 Jtdy29 July and the second time was from 22
September to 20 October. Based on the MODIS iméges July to September, the lake
became dry around 16 September after the first Gfrgispatching in 2002. In other words,
the evaporation time was about 45 days from 30 thull6 September after the first time of

dispatching water. The amount of water that entémesl the lake was 0.230° m® for the

first time of dispatching in 2002 and most of thater was evaporated in about 45 days
because of the shallow depth of the groundwateerdfhre, the mean monthly evaporation

was about 0.1610° m®*and most of the evaporation happened in Auguste®as the pan

evaporation measurements at the Ejina meteorologiadon from 1986 to 2004, the mean
monthly evaporation of August is 14% of the totaly. So, the predicted annual evaporation

of the East Juyanhai lake is aboutxtL@® m®. On the basis of these result, the smallest water
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demand of the East Juyanhai lake, which can suitaillemand of the eco-environment, is
1.1x10° m?’.

There was permanent water in the East Juydakeiafter 2003. Based on the vegetation
change of the Ejina Oasis in the period 2000-2€@®6 mean MODIS NDVI was 0.2 in 2003
and we assume that this value is the smallest wahieh can sustain normal growth of the
oasis vegetation. According to Equation (4.2),dhmllest runoff corresponding to this NDVI

is 2.9x10° m® and this water amount is considered to be the sstallater demand of the
Ejina Oasis. Therefore, the smallest water amounthvcan sustain the demand of the eco-

environment of the Ejina area is#0° m®. The eco-environment will show a recession trend

if the water amount from the middle stream is seratian 410° m® per year in the Ejina area.

4.5 Conclusions

The long-term change of the Ejina Oasis vegetadioth the relation between the vegetation
and the runoff of the Heihe River were analyzethia paper. The following conclusions can
be drawn based on the results obtained.

1) The vegetation growth decreased from 198802 and increased from 2002 to 2006 in
the Ejina Oasis. The most important impact factausing the vegetation change is the
discharge from the middle stream area;

2) The relation between the oasis vegetation amdr rtmoff of the Heihe River was
established. The time lag of the impact of the fupnbthe Heihe River on the Ejina Oasis
was one year;

3) The smallest water amount which can sustairdémeand of the eco-environment of the

Ejina area is #10° m® per year.
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CHAPTER 5

Effects of groundwater depth on vegetation growthn the

Ejina area (China)*

* Based on: Jin, X.M., Schaepman, M.E., CleverG,B.W., Wan, L., Su, Z., Hu, G.C,,
2008. Effects of groundwater depth on vegetatioowmgn in the Ejina area (China).
International Journal of Applied Earth Observation and Geo-Information (submitted).

Using the method as defined in: Jin, X.M., Wan, Zhang, Y-K., Xue, Z.Q., Yin, Y.,
2007. A study of the relationship between vegetatipowth and groundwater in the
Yinchuan PlainEarth Science Frontiers, 14(3), 197-203.
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Effects of groundwater depth on vegetation growthr the Ejina area (China)

Abstract

The relationship between vegetation growth and mplaater depth in arid areas is one of the
most active research topics in ecohydrology. Dukttte precipitation, vegetation growth is
closely related to groundwater depth in the aridrid areas of northwest China. Research on
the ecological effects of groundwater depth atdargrales has great significance for policy
decisions on eco-environmental recovery and proteaf the occurring vegetation. In this
study we investigate the relationship between \&get growth and depth of the groundwater
table in June 2000 in the Ejina area, located m nrthwest arid region of China, by
combining remote sensing with in-situ groundwatbeseayvations. We demonstrate with our
results that the groundwater depth suitable foreteggon growth in this region ranges from
2.8 to 5 m, depending on species composition. amy vegetation growth occurs when the
groundwater depth is below 5 m because the roatemh of the present species is limited
and therefore cannot maintain adequate water sgfuitheir canopies. On the other hand, a
groundwater depth less than 2.8 m causes excesalvaccumulation in the rooting zone.
Field excavation experiments confirm that presgetciges develop a maximum rooting depth
between 2 and 5 m in the Ejina area. The vegetatimmge after implementation of a new
water allocation scheme since 2000 was also amdlyzéhis study. The result indicates that
the mean NDVI increased and the annual converditwar@ land into vegetated land is about
38 knt per year during the period 2000 — 2008. It exglanpotential recovery of the eco-
environment of the Ejina area.

Keywords: Groundwater depth, Vegetation growMODIS NDVI, Salt concentration, Ejina
area
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5.1 Introduction

About 47% of the total area of China consists af and semi-arid regions. The environment
in these regions is vulnerable because of littlecymitation, limited water resources and
sparse vegetation. There, an oasis is the onleftasustain life and social development for
local people. The area occupied with the land caype ‘oasis’ represents only 5% of the
total area of northwestern China, but supports @&% of the population with natural
supplies in that area. Among many influencing fesstgroundwater is the most important one
in sustaining the ecological environment of an @agegetation succession and cover patterns
are primarily controlled by the groundwater talfi¢r¢mberg et al., 1996). However, patterns
of vegetation cover also exhibit an important fesekoon the water quantity.

The main factors controlling vegetation growtk solar irradiation, temperature, water and
soil condition (Wang et al., 2001). Vegetation gtiowaries with space and time due to the
spatial and temporal variations of these factofge $easonal changes of vegetation growth
are the results of differences in temperature asdr srradiation. The spatial variations of
vegetation growth are mainly determined by the slodracteristics and the landform, among
which the soil moisture is the most influential ttarc Due to little precipitation in arid areas,
the soil moisture maintaining a vegetation roottexysis largely supplied by groundwater
through capillarity. The shallower the groundwadepth, which is defined as the distance
from the soil surface to the groundwater table, rtiee soil moisture is available, and vice
versa (Rodriguez-lturbe, 2000; Farmer et al., 2028y et al., 2008). On the other hand,
salinization may happen at the soil surface ands thinder vegetation growth if the
groundwater depth is too shallow (Mirlas et al.020Benyamini et al., 2005; Jalali 2007).

The groundwater depth influences the abundaage structure and species composition of
vegetation, particularly in semi-arid and arid mew (Stromberg et al., 1992; Busch and
Smith, 1995; Stromberg, et al., 1996; Mahoney aaddR 1998; Scott et al., 1999; Castelli et
al., 2000; Scott et al., 2000; Horton et al., 2Q0taMuioz-Reinoso, 2001; Amlin and Rood,
2002, 2003; Cooper et al., 2003; Elmore et al. 320aumburg et al., 2005; Stromberg et al.,
2007). It has been recognized that groundwaterhdispa critical parameter determining the
species composition in arid areas (Allen-Diaz, 19Ritolfi et al., 2006). Impacts on these
species by a gradual groundwater decline initiaily be expressed through loss of young age
classes, and ultimately through death of olderstrééthough a small groundwater decline is
not expected to cause large changes in abundarthes# species, it might affect factors such
as structure and productivity. Relationships betwgmundwater depth and riparian plants
have been studied frequently (Stromberg et al.618aker et al., 2004; Baird et al., 2005;
Loheide and Gorelick, 2007). However, certain agpestill remain underexplored, in
particular the effect of groundwater depth on rigr@wvegetation change at regional scales.

Hydrological processes vary over a wide ranfijscales in space and time. It is widely
accepted that remote sensing, broadly defined @dlection of non-intrusive observational
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methods, offers the potential to capture some ef ¢haracteristics of these spatial and
temporal processes. Traditionally, techniques adsnang hydrologic variables rely on point
measurements for collecting information, which hen assumed to be representative for
larger areas. In some cases, a point measuremestrepresent a ‘hydrologically integrated’
catchment area if it is a homogeneous one. Poiasarements are not particularly useful in
complex or heterogeneous environments where the gata cannot be assumed to represent
a larger area. Part of the problem is that thehEadurface is usually not homogeneous in
terms of topography, geology, soil moisture avalitgh soil type, or canopy cover. Remote
sensing may play a critical role towards addressimg problem. These methods have the
ability to produce high resolution spatial measwgrta over large areas. Moreover, remote
sensing data often allow us to visualize complexaghyic processes because the spatial data
can be captured at regular time intervals (TenhamehKabat, 1999; Krajewski et al., 2006).

Vegetation in arid and semi-arid environmeras feceived a lot of attention because of its
sensitivity to changes in groundwater depth, need rhanagement, and potential for
restoration (Chambers and Miller, 2004; Baker et 2D04; McKinstry et al., 2004).
Vegetation is particularly important because iarsimportant part of the eco-environment,
playing a critical role in the hydrological cyclEhe vegetation-groundwater relationship and
long-term shifts in the vegetation species comnyuoimposition resulting from changes in
the groundwater table are discussed in ElImore. 2@03). Baird et al. (2005) demonstrated
advanced groundwater modeling techniques for estigmaroundwater use by vegetation.
Initial efforts of linking groundwater flow and vetation response models for predicting
riparian vegetation patterns are discussed by Raias (2004) and Stromberg et al. (2007).
These recent advances can help us to understanel#t®nship between vegetation cover
and groundwater conditions. The growing interesinieractions between groundwater and
vegetation, particularly in arid and semi-arid ate&flects a current trend towards integrated
management of natural resources (Le Maitre etl@P9; Walvoord et al., 2002; Newman et
al., 2006).

In water-limited environments, temporal varidypiof meteorological conditions, spatial
variability of geologic and topographic settingsidadifferent ways that plants use water
present particular challenges when local field dedad to be scaled to regional scales. The
purpose of this study is to understand the hydiolbgk between the groundwater depth and
vegetation by analyzing both hydrological data gegl in the field and remote sensing data.
The study area is the Ejina oasis in northwest &hmepresenting an arid to semiarid
environment, including an oasis. The specific dloyes of this paper are two-fold: (1) to
study the effect of groundwater depth on vegetagoowth in the Ejina area in order to
determine the range of groundwater depth suitable viegetation growth, and (2) to
investigate the relationship between different vagen types and groundwater depth. The
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outcome of this study should be input to the wegsburces management in order to maintain
a certain groundwater table enabling sustainalgetation growth in the oasis.

5.2 Material and Methods

5.2.1 Study Area

Ejina, covering an area of 114,000%iis located at the end of the Heihe River in thestwof
Inner Mongolia of China (Figure 5.1). The Gobi deésecupies over 90% of the Ejina area.
In the downstream area of the Heihe River, jusbigethe East Juyan lake the Ejina oasis is
located. North-east of the oasis, a second lageeisent, the West Juyan lake. The Ejina oasis
has been existing for a long time already. Thattey of the oasis extends from 100.90° to
101.42° east longitude and from 41.85° to 42.50ftmdatitude, forming an important
ecological buffer in the foreland of west China.thVextremely arid conditions, the mean
annual precipitation in Ejina is around 40.8 mmevdas the pan evaporation ranges between
3700 and 4000 mm (Zhang et al., 2002).

West Juyan lake

—— Heihe River

Ejina Oasis

Figure 5.1 Location map showing the Heihe Rivesifband the Ejina area, China.
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The main vegetation of the oasis is dominated byppteytic plants, such aBopulus
euphratica Oliv., Elaeagnus angustifolia L., Haloxylon ammodendron (C.A.Mey.) Bunge,
and Tamarix ramosissima Ledeb. The development of this xeric, salt-endumegetation
depends on the groundwater depth. During recentsydhe development of industry,
agriculture and the consumption of water in thedigdstream area of the Heihe River has
increased a lot and resulted in a decrease of imgpwater into the oasis in the downstream
area. According to the runoff data of the hydrotaedjistation at the river, the discharge of the
Heihe River has decreased since 1950. The anncaiing water into the Ejina area was

8.66x10° m® and 6.53x10° m® during the period 1950-1959 and 1970-1979, respmsgt

(Zhang et al., 2002). Finally, the amount of rundéicreased to 3.410° m* in the 1990s

(Figure 5.2) and the shortage of water caused lghgrof the oasis and land desertification
resulting in increasing numbers of sandstorms.9801the area of the West and East Juyan
lakes still covered 267 Knand 35 km, respectively. They fell dry in 1961 and 1992 after

the other. The oasis area drastically reduced Bp#40 knf to 3,200 krfi, the area of the
Gobi desert increased over 460 *kamd some of the hygric, mesophytic and light salt-
enduring plants were replaced by xeric and halepplihnts. During the 1982 — 1995 period
the decrease in vegetation cover was severe, #as afPopulus euphratica and Elaeagnus
angustifolia decreased with 3.1% and 57.45%, respectively, enthie areas oHaloxylon
ammodendron and Tamarix ramosissima decreased with 39.17% and 7.28%, respectively.
78% of thePopulus euphratica is over-aged, covered with blight and dehydrakédst of the
herbaceous communities and 180 wildlife specie lthsappeared in the Ejina area (Wang,
2007).

Runoff (108m?g)
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Figure 5.2 Decreasing runoff of the Heihe Rivethe Ejina area (1989-2000).
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The Ejina area is fully dependent on incomingtex from the Heihe river. The water
quantity and water quality not only affect the grdwater, but also change the eco-
environment. Decrease of incoming water resulteal dmop of the groundwater table, falling
below 3 - 4 m in the 1990s. Meanwhile, it was obsdrthat decrease of the water quantity
combined with a strong evapotranspiration causedraalation of salt at the surface and in
the root zone (Wang, 2007). The deterioration & tbot zone influenced the vegetation
development and further altered the hydrologicairenment of the Ejina area.

5.2.2 Satellite data

One of the primary interests of the Earth Obser@ggtem (EOS) programme of the National
Aeronautics and Space Administration (NASA) is tiady the role of terrestrial vegetation in
large-scale global processes in order to underdtamdthe Earth functions as a system. One
of the EOS products is the Normalized Differenceg&tation Index (NDVI) of the Moderate
Resolution Imaging Spectroradiometer (MODIS), whishreferred to as the “continuity
index” to the NDVI derived from the existing Natan Oceanic and Atmospheric
Administration’s (NOAA) Advanced Very High Resoloti Radiometer (AVHRR). The
NDVI is an index derived from reflectance measumet®ein the red and near-infrared
portions of the electromagnetic spectrum to desctite relative amount of green biomass
(Deering, 1978). This index is an indicator of pisynthetic activity of plants and has been
widely used for assessing vegetation phenologyestichating landscape patterns of primary
productivity (Sellers, 1985; Tucker and Sellers,8@9 The NDVI was designed to
quantitatively evaluate vegetation growth: higheDW values imply more vegetation
coverage, lower NDVI values imply less or non-vatgd coverage, and zero NDVI indicates
rock and bare land.

In this paper, we use the MODIS Vegetation indeoduct (MOD13) that is based on the
MODIS surface reflectance product (MODOQ9). This duat is corrected for molecular
scattering, ozone absorption, and aerosols, andtadj to nadir with use of a Bidirectional
Reflectance Distribution Function (BRDF) model. TM®DIS NDVI data are based on 16-
day composites (MOD13Q1 product) and the spatiablution is 250 m. The gridded
vegetation indices include quality assurance (Qagd with statistical data that indicate the
guality of the NDVI product and input data (Hueteak, 1996). Currently, the MODIS NDVI
product is used throughout a wide range of disegdj such as inter- and intra-annual global
vegetation monitoring on a periodic basis, globalgbochemical, climate, and hydrologic
modeling, agricultural activities and drought sesl{Zhan et al., 2000; Jin and Sader, 2005;
Sakamoto et al., 2005; Knight et al., 2006; Lunettaal., 2006). A case study with mean
NDVI data of June 2000 (Figure 5.3) was used tolyaeathe relationship between
groundwater depth and vegetation growth in thighstiMonthly MODIS NDVI data was
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obtained by averaging two 16-day composites. Véigetahanges were monitored by using
MODIS NDVI data from June 2000 until 2008.

5.2.3 Ground observations

Most of the groundwater table in the Ejina areaaieed relatively stable in 2000 and the
main flow direction of the regional groundwater vilasn south to north. Groundwater finally
discharged into the East and West Juyan lakestah ¢d 13 groundwater observation wells
were distributed over the Ejina area (Figure 5t) abservations of groundwater depth from
1989 - 2000 are available. In this study the meaments from 2000 were combined with
satellite data. A map of the groundwater depthhef Ejina area was calculated at the same
resolution as the MODIS NDVI image by interpolatithgg groundwater depth measurements

in June 2000 to a 250 M250 m grid using kriging (Isaacs and Srivasta@89). More than

1,000,000 pairs of groundwater depth measuremewitd#DDIS NDVI values were obtained
for the study area. In order to study the relatmbetween the groundwater depth and the
vegetation growth, the oasis area was used assatsatea and groundwater depth data were
extracted (Figure 5.5). 18,801 pairs of groundwdegth measurements and MODIS NDVI
values remained after the oasis area was extrattel NDVI values corresponding to the
same groundwater depth were then averaged andvdraged NDVI value represents the
vegetation growth at this depth. The relationshgiween the averaged NDVI and the
corresponding groundwater depth in the area was #stablished. Since this relationship

showed strong local variations, a low-passSbfilter was applied to the curve depicting the

relationship. Finally, the groundwater depth suédbr vegetation growth was derived from
this analysis.

For validation, seven root systems were analyze@rms of rooting depth by performing
excavations (Table 5.1).

Table 5.1 Suitable groundwater depth for diffeqgants in the Ejina Oasis.

Species suitable groundwater depth [m] threshold depth [m]
Populus euphratica Olive. 2-5 55
Elaeagnus angustifolia L. 2-5 55
Tamarix ramosissima Ledeb 2-5 5

Haloxylon ammodendron (C.A.Mey.) Bunge 2-4 4
Phragmites australis (Cav.) Trin. ex Steud 2-3 3
Glycyrrhiza glabra L. 2-4 4

Apocynum venetum L. 2-4 4
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Figure 5.3 MODIS NDVI image of the Ejina area (8W000). The oasis is located within the red
boundary.
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Figure 5.4 Distribution of groundwater observatiegils in the Ejina oasis.
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Figure 5.5 Contour map of the groundwater deptthé Ejina oasis overlaid over the NDVI map.
Contours are in [m] and range from 2.6-5.2 m.

5.3 Results and Discussions
5.3.1 Relationship between vegetation and groundwater depth in June 2000

All the observation wells showed a continuous dechin the water table level during the
measurement period (1989 — 2000). Overall, thergtevater depth dropped 0.8 m according
to field data of five observation wells in the Bioasis (Figure 5.6). However, the Ejina area
has seen little increase in human pressure ovey, fracause of its poor sandy soils and the
difficulty to grow crops. The human groundwater lexation of the area remained therefore
at a low level and its impact on the regional gawater is considered to be low. The
dynamics of groundwater depth for each well overybars is between 0.5 m and 1.5 m and
most of the groundwater depths also showed no bange within one year in the oasis
(Figure 5.6). The standard deviation of groundwdegsth for these five observation wells is
shown in Figure 5.7. This standard deviation isveeh 0.14 and 0.40, whereby the northern
observation well at Saishe has the smallest vaidetlze other four wells of the oasis have a
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similar value. These results confirm that the gowater depth is relatively stable in the study
area, indicating a low level of human influence.

Year

1988 1990 1992 1994 1996 1998 2000
2 T

Groundwater depth (m)
N
|

6

4 Ceke -+ Jishe %% Saishe #¢ Jianguoying 4~ Saihan

Figure 5.6 Groundwater depth fluctuations in wells of Cekeshdi Saishe, Jianguoying and Saihan
during the period 1989-2000 in the Ejina area.
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Figure 5.7 Standard deviation of groundwater dépttthe observation wells of Ceke, Jishe, Saishe,
Jianguoying and Saihan during the period 1989-20@0e Ejina oasis.

69



Chapter 5

The MODIS NDVI image of June 2000 showed that 90%he Ejina area was covered
with desert sand and bare soil. The oasis in ti&a aorresponds well to NDVI values larger
than 0.08 (Figure 5.5). A histogram of the numbérpixels and the corresponding
groundwater depth for the oasis is presented inrEi¢p.8. Most pixels were in the depth
range between 2.6 m and 5.5 m. The relationshiwd®st the groundwater depth and the
corresponding average NDVI is plotted in Figure 69ng depth intervals of 0.1 m. This
figure shows that the NDVI values were generaligéda than 0.10 when the groundwater
depth was between around 2.8 and 5 m with a maxilNDVI| of about 0.20 for a
groundwater depth of 3.4 m. The NDVI value decrdase less than 0.10 when the
groundwater depth was larger than 5 m. Beyonddejsh hardly any vegetation is growing
because the water simply is too far away for that gystem to maintain adequate water
supplies to an extensive canopy. On the other hahen the groundwater depth becomes less
than 2 — 3 m, transpiration from the soil becomamiicant, causing increased salt
concentrations at and near the surface (in the zoog). Obviously, there is a fine balance
between a too shallow and a too deep groundwdbés far the present vegetation, resulting
in a limited range of suitable groundwater deptirs/egetation growth.

Number of Pixels
0 200 400 600 800 1000
2 T T T T T T T T T 1

Groundwater depth (m)
N
|

Figure 5.8 Number of pixels corresponding to different grouatiey depths in June 2000.
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Figure 5.9 Relationship between groundwater depth and meavlNiDthe Ejina area. The solid line
represents the groundwater depth. At the maximunviNie groundwater depth corresponds to 3.4
m. The dashed lines indicate the depth range bet@&m and 5 m.

5.3.2 Vegetation type and groundwater depth

Indications in the literature exist that root defglyenerally only limited by the water table or
by soil characteristics that prevent rooting (Stamel Kalisz, 1991; Nepstad et al., 1994;
Canadell et al., 1996; Jackson et al., 1996; Letrglaget al., 1999). The variation of

groundwater depth can affect the soil salt conéent further control the surface vegetation
growth. Different plants extract water from diffatedepths in the Ejina oasis. Root
excavation studies in June 2000 in the Ejina aheaved that seven main plants developed
strong sinker roots to a groundwater depth betv2eand 5 m (Table 5.1).

Populus euphratica, Elaeagnus angustifolia and Tamarix ramosissima are relatively deep-
rooting, drought tolerant tree species in the Efpn@a. Their suitable range of groundwater
depth is between 2 and 5 m, and the maximal roategh is 5 to 5.5 m. The corresponding
depth interval of dense coverage of these threeiepes between 3 and 5 m. The plant
develops well in a relatively large interval of grmlwater depths. The root can not extract

71



Chapter 5

enough water and the plant has difficulty to suevifvithe groundwater depth exceeds 5.5 m.
Haloxylon ammodendron, Glycyrrhiza glabra and Apocynum venetum are three shrub species
with a depth range for dense vegetation coverag@weesm 2 and 4 mPhragmites australis
(Cav.) Trin. Ex Steud. is a relatively shallow-redttype in the Ejina area and the suitable
depth interval is between 2 and 3 m. It develops ismall range of groundwater depth.
Indeed, species likPhragmites australis, Glycyrrhiza glabra and Apocynum venetum have
nearly completely disappeared in this area.

5.3.3 Vegetation and groundwater salt concentration

The vegetation growth in the Ejina oasis is noyaffected by groundwater depth, but also
controlled by groundwater salinity. In generbpulus euphratica can develop well in the
Ejina area if groundwater salt concentration isdowhan 5 g/L, and the thresholds of salt
concentration foiTamarix ramosissima, Phragmites australis and Glycyrrhiza glabra are 10
g/L, 10 g/L and 7.5 g/L, respectively (Zhang et 2002). However, strong evapotranspiration
and the decrease of incoming water in the Ejina aesulted in little groundwater recharge
and caused increased salt concentrations at tHaceuof the soil and an increase of
groundwater salt concentrations. Our experimemrsillts indicate thalamarix ramosissima

is the most halophile species in the Ejina areaiandn survive when the groundwater salt
concentration is larger than 22 g/L. Most planta davelop well if the groundwater salt
concentration is lower than 3 g/L and their growghrestrained if the salt concentration is
between 5 and 10 g/L. In the Ejina area, most ef plants start to die when the salt
concentration is larger than 10g/L exc&pimarix ramosissima. The extent of this species has
been increasing since the beginning of the 1990s.

5.3.4 Vegetation change after 2000

The Ejina oasis not only supports the social-ecaaa®velopment, but also characterizes the
eco-environmental condition of the northwesterraareChina. The drastic degradation of the
eco-environment in the Ejina area has raised muocitaerns in the past. A new scheme of
water allocation in the Heihe River basin was putplace after the year 2000 and the

incoming water of the Ejina area increased to nthem %10° m® lately, bringing back a

situation as before 1990 (cf. Figure 5.2) (Zhand Bng, 2005). The increased amount of
incoming water results in a steady recovery of gpeparts of the eco-environment of the
Ejina area and permanent water came back to theJigan lake in 2003. Some of the hygric
and light salt-enduring species liRaragmites australis alsorecovered in the areAlthough

no observations of the groundwater depth after 208CGavailable for this study to analyze the
change of the depth, the indicated vegetation ahamglects also the variation of the
groundwater depth as discussed earlier. We usestbie area to analyze the long-term change
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of the vegetation after 2000. Figure 5.10 illugisathe change of the mean NDVI between
June 2000 to 2008. This NDVI figure shows an insieg greening trend, ranging from 0.156
to 0.179 during the period 2000 — 2008. Figure 5Hdws the long-term change of the NDVI
classes based on the classification used in FigLeAccording to this analysis, bare land
(defined as 0 < NDVI < 0.08) covers nearly 74%ld Ejina area, low NDVI values (0.08 <
NDVI < 0.2) cover 18%, moderate NDVI values (0.2NBVI < 0.4) cover 7%, and high
NDVI values (NDVI > 0.4) make up the smallest amfaabout 1% surface cover. Trend
analysis in this period reveals a decrease — at li@provement — of bare soil, whereas the
other three NDVI classes show an increasing tremihg the period 2000 — 2008. The annual
conversion of bare land into improved land (meas$urg an increasing greenness trend) is
about 608 pixels/year (Figure 5.11a). This resiteals a net land improvement of 38%k
2.6 knf (Figure 5.11a) per year since 2000 with the magtificant improvement in the
NDVI class ranging from 0.08 — 0.2 of 16 kifFigure 5.11b). The moderate NDVI class
improved by 13 krh (Figure 5.11c) and the improvement of the high N@\ass is 6 krh
(Figure 5.11d) in the Ejina area. The above NDVargie analysis indicates an increasing
greening trend in the Ejina oasis since the nevematocation scheme was put in place in the
year 2000.

Given the established link between groundwaterldaptd NDVI as indicated in Figure
5.9, signs are that the groundwater table has beeressfully expanded and is recovering to
depth levels that are more vegetation friendly.

0.18
¢

017
>
]
Pz
< _
©
o
=

0.16 —

<
0.15 T T T T T T T
2000 2002 2004 2006 2008
Year

Figure 5.10 Mean NDVI changes as of June 2000 until 2008 inHfiea area, expressing a general
upward trend (y = 0.00243*x — 4.71) over that perio
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Figure 5.11 Annual changes of NDVI classes as usdtigures 5.3 and 5.5 in pixel counts for the
Ejina oasis: (a) represents 0 < NDVI < 0.08 (‘ngefation’), (b) represents the low NDVI area (0.08
< NDVI < 0.2), (c) corresponds to the moderate N@4ss (0.2 < NDVI < 0.4) and (d) to the high
NDVI class area (NDVI > 0.4).
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5.4 Conclusions and outlook

In this study the quantitative relationship betwgeoundwater depth and vegetation cover in
the Ejina area in June 2000 was derived by com@imgmote sensing and groundwater
observation data. Further we used the above establirelation to monitor greenness in the
Ejina area in the subsequent years, where extemgmendwater depth measurements are
missing. The following conclusions can be drawnreldasn the results obtained.

(1) The threshold for the groundwater deptleafhg the vegetation growth in the Ejina
area varies around about 5 m. The vegetation growtie Ejina area is mainly controlled by
groundwater when the groundwater depth is less hanand hardly any vegetation growth
occurs when the groundwater depth is larger tham 5

(2) The range of groundwater depth suitablevigetation growth in the Ejina area varies
between 2.8 m and 5 m. Deep groundwater depthcatlke shortage of water for the root
system that thus it is not able to supply adequater for the canopies. With a shallow
groundwater depth, salinization will occur at theface and this is also not suitable for
vegetation growth in the Ejina area either;

(3) The excavation experiments in the Ejinaaasiow that many plants developed strong
sinker roots to a groundwater depth between 2 amd Below ground level. Species like
Phragmites australis, Glycyrrhiza glabra and Apocynum venetum have nearly disappeared
from the Ejina area because of a shallow rootirsgesy;

(4) In the Ejina area, vegetation can develop vidhe groundwater salt concentration is
lower than 3 g/L. Their growth is restrained if thet concentration is between 5 and 10 g/L
and most of the plants start to die when the saltentration is higher than 10 g/Tamarix
ramosissima is a halophile species occurring in the Ejina aard its extent has increased
since the beginning of the 1990s.

(5) The mean NDVI shows an increasing greefriegd in the Ejina area during the period
2000 — 2008. The long-term change of the bare kamé (0 < NDVI < 0.08) shows a
decreasing trend and that of all the other thre&/Nflasses show an increasing trend during
the period 2000 — 2008. It reveals a net land im@meent of 38 kih+ 2.6 knf per year since
2000 with the most significant improvement in thBW class ranging from 0.08 — 0.2 of 16
km?®. The analysis supports the hypothesis that theaKjasis is gradually recovering its eco-
environment.

This study on the impact of groundwater depttvegetation growth can provide reference
for protecting the water depth from declining, Im&iag the water quantity allocation,
controlling the water salinity and finally slowirdpwn the rate of degradation in the Ejina
area. In future work, we will continue quantifyitige relationship between groundwater depth
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and vegetation growth after implementation of amlaipd water allocation scheme. New
observation data of the groundwater wells will leeaed, in combination with remote sensing
data, to analyze further the spatial and tempdnahges of the groundwater depth and its
relationship with vegetation growth. In particul#ig relation between structural vegetation
components (e.g., grassland, shrubs, trees) wif Ipeime interest.
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6.1 Conclusions

The main objective of this thesis is to develop ethndology for large scale quantitative
assessment of the eco-environmental changes inregidns by integrating remote sensing
methods with ecohydrology approaches. Each of Hapters of this thesis concentrates on
answering one of the research questions proposseciion 1.3, subsequently achieving this
overall objective.

Question A: Can we use remote sensing methods for quantitatively assessing both the
vertical and horizontal distribution of vegetation in a mountainous area and assess the
main impact factors on vegetation growth? The Qilian Mountains are located in the southern
part of the Heihe River basin representing the repst area. The runoff generated by
precipitation in this area is the main water sourethe total river basin. The vegetation
cover is one of the most important indicators f@ ecosystem in this area, it can affect local
climate and further it has an important effect oatev resources. Amongst the many
impacting factors affecting vegetation cover, thfea of topography is most significant
because it serves as a proxy for precipitationtamperature. Therefore, elevation and aspect
determine the microclimate and the microclimate@# the spatial distribution of vegetation.

In Chapter 2, the spatial distribution of vegetatia the Qilian Mountains is quantified
using remote sensing. Seven years of MODIS NDVhdabm 2000 to 2006 were used
serving as an indicator for vegetation growth iis $tudy. Our analysis shows that elevation
and aspect are two important impact factors resplendor the vertical distribution of
vegetation in mountainous areas. A contour mapessmting the relationship between NDVI
and the elevation and aspect is generated basadombination of MODIS NDVI and DEM
data. The ranges of elevation and aspect corresmpiid the best vegetation growth were
assessed. In general, the NDVI increases withlthaton and reaches its maximum value at
a certain elevation threshold, and then decreasethe elevation increases beyond this
threshold. The optimal vegetation growth is on shady side of the mountains because of
reduced evapotranspiration losses. Furthermoreeffieet of two primary climatic factors,
temperature and precipitation, on vegetation grow#ls also very important. The monthly
precipitation and land surface temperature progdiptimal conditions for the vegetation
growth were assessed in this chapter.

Question B: Can regional evapotranspiration be precisely estimated by using a model
based on the surface energy balance including remotely sensed data input and how can we
validate the reliability of the evapotranspiration results at larger scales? The Zhangye basin,
located in the middle stream area of the Heihe IRbasin, is a very important agricultural
area in northwest China. With the increase of paah and farmland, the water consumption
of this basin increased gradually during recentrgieMost water is used for agricultural
purposes and 90% of the water consumption is useedriigation purposes. The water
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consumption increased continuously during the gasts and parts of the water resources
disappear through net evapotranspiration (ET) I0bkss caused a decrease of the incoming
water in the downstream area resulting in a reomessif the eco-environment of the
downstream area. In order to properly estimatartbeease of water consumption and the net
ET loss in the Zhangye basin, the amount of wataperated to the atmosphere should be
estimated first.

Chapter 3 demonstrated the use of the SEBS algoffHurface Energy Balance System) to
estimate the regional ET in a basin. The SEBS dlgorrequires cloud free satellite images
as one of the input variables and there are onty f®w useful NOAA/AVHRR satellite
images available in one month for the study areams€quently, the daily ET could not be
modelled. A new efficient method to estimate thenthty ET, and subsequently the annual
ET, was proposed by using a combination of dailfBSEesults and measurements of ground
meteorological stations. First, the daily ET forcleandividual day in one month was
calculated based on SEBS results and the obsemedeyaporation at the meteorological
station. Then the monthly ET for the whole basirswatimated by multiplying with the area
of the basin, and finally the annual ET was comgg using again the pan evaporation data.
The results indicate that the annual ET increasaduglly during the period 1990-2004 and
the main impact factor on the long-term increasarsfual ET was the vegetation change.

The reliability of the ET result based on the SEB&orithm requires validation before it
can be used for water resources assessment itagnaegion. In this research, the study area
is an isolated hydrological unit where recharg@oftiand discharge occur. The inflow and
outflow are equal in this closed basin. The acouaddhe ET result was validated by using a
water balance for the whole watershed. Althoughietheere still some uncertainties in the
SEBS algorithm, the validation indicated that tieBS algorithm can be used to effectively
estimate annual ET. Further, it is expected thatdéhresults can serve as a basis for the
government to decide on a new policy of water resmallocation in the Heihe River basin.

Question C: Can we use remote sensing methods for understanding the quantitative
relationship between the runoff of a river towards an oasis landscape and the vegetation
growth in the oasis, and can these relationships be used for estimating the water demand of
the oasis? The decrease of incoming water in the downstrasea of the Heihe River basin
resulted in a shrinking of the Ejina oasis. It @ls series of environmental problems like
land desertification and because of this processliance of sandstorms occurring increased.
Water resources availability is essential for aticmous oasis development. In northwest
China, all the oases depend on surface rivers and & close relationship with the runoff of
the river.

The quantitative relationship between the runoffttid Heihe River and the long-term
vegetation change of the Ejina oasis was studigthiapter 4. The research was divided into
two stages corresponding to before and after thdeimentation of a new allocation scheme
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of the limited water resources in the Heihe Rivasib. For the first period from 1989-2002,
the GIMMS NDVI dataset was used to quantify thegiderm change of the oasis vegetation,
and a good correlation between the runoff of theerriand the vegetation change was
established based on stepwise regression analysmplementing the first stage, we used
MODIS NDVI in the second stage to analyze the vatimt change and the relationship
between the runoff of the river and the vegetatianation (2000-2006). The results illustrate
a decreasing trend of vegetation growth from 198922and an increasing trend from 2000-
2006. A good correlation between the runoff of tiver and vegetation growth was found in
both stages and the time lag of the hysteresisteffethe runoff of the river on the oasis
vegetation development is one year. In addition, {tearly smallest amount of water which
can sustain the demand of the downstream area stiasaged as well on the basis of these
MODIS images.

Question D: Can we integrate remote sensing methods into ecohydrological approaches
to study the effect of groundwater depth on vegetation growth in the oasis area, and use this
to determine the range of groundwater depth for vegetation growth? Groundwater is the
most important impact factor in sustaining the egadal environment of an oasis. Decrease
of incoming water caused a drop of the groundwaadde in the Ejina area and the
hygrophytic, mesophytic and light salt-enduring etedion was replaced by xerophytic,
halophilic vegetation. Understanding the hydrolagitnk between the groundwater depth
and vegetation cover is important for eco-environtakrecovering and protection activities
for the vegetation in the Ejina area.

Chapter 5 explored a method to quantify the eftdcthe groundwater depth on the
vegetation growth in the year 2000 in the oasis doynbining MODIS NDVI with
groundwater observation data. The groundwater defptihe downstream area was calculated
at the same resolution as the MODIS NDVI imagertgrpolating the measured groundwater
depth using a kriging method. The quantitative treteship between the NDVI and the
corresponding groundwater depth in the oasis areaa determined and the range of
groundwater depth suitable for vegetation growtls darived from this relationship. Finally,
the process of vegetation change after the impléatien of a new water allocation scheme in
2000 was analyzed in this study. The results inditlaat the mean NDVI increased and the
annual conversion of bare land into vegetated iarabout 38 krhper year during the period
2000 — 2008. This indicates a potential recoverthefeco-environment in the Ejina area. The
result of this study can be used as an exampleeteldp a new method for assessing the
impact of groundwater changes on large-scale vegetgrowth by using remote sensing.

General conclusions. Based on the studies of the four previous chapté can be
concluded that:

* The spatial (vertical and horizontal) distributiohvegetation in mountainous areas
can be successfully quantified using MODIS NDVI.eThklevation and aspect,
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serving as a proxy for precipitation and tempergtare two very important factors
for the vertical distribution of vegetation in ti@glian Mountains. The vegetation
was at a maximum between an elevation of 3200 m3800 m and the peak value
of NDVI was around 3400 m. Vegetation growth isté&ebn the shady side of the
mountain than on the sunny side. A preferred prdipn of 46 mm/month and a
land surface temperature of 21°C may provide slataimnditions for optimal
vegetation growth.

» The SEBS (Surface Energy Balance System) algorithm successfully estimate
the regional evapotranspiration of the inland bassimg it in combination with
observed pan evaporation of a meteorological stafidhhe annual ET increased
gradually during the period 1990-2004 and the nmajeact factor on the long-term
increase of annual ET was the vegetation change.

 GIMMS NDVI and MODIS NDVI data are two importantrie series allowing the
assessment of the long-term vegetation changes oasis area located in an arid
region. With the support of stepwise regressioa,hysteresis effect of the runoff of
the river on the oasis vegetation was efficienttgleated based on these two time
series in this study. The vegetation growth de@eéahiring the period 1989-2002
and increased from 2000 to 2006 in the Ejina Oddie. time lag of the impact of
the runoff of the river on the oasis vegetatioong year. Furthermore, the smallest
water demand which can sustain the need of theeeewonment of the oasis area

is 4x10°m® per year based on the series of MODIS images.

» The significant impact of groundwater on vegetatipawth in an arid area can be
guantitatively assessed at regional scale by iategy MODIS NDVI data with in-
situ groundwater observations. The range of groatemw depth suitable for
vegetation growth in a certain region can be fobpdneans of data mining. The
range of groundwater depth for vegetation growtbesveen 2.8 m and 5 m and
hardly any vegetation growth occurred when the gdwater depth is below 5 m
because the rooting depth of the present speciémited and therefore cannot
provide adequate water supply to their canopig¢kearEjina area.

6.2 Reflection

In this section, we discuss the general contriloutibthis research integrating remote sensing
methods with eco-hydrology approaches. In particuee refer to the here developed
methodology applied to the eco-environment in tleéhlel River basin.

The overall objective of this research is to findaund and robust method evaluating the
eco-environmental changes in an arid oasis aregetdgon and water are two significant
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factors and intimately coupled in an arid eco-systehanges in one factor automatically
imposes changes on the other. Although this cogplas been studied for many years within
various earth science and biological disciplinesn@l, 2002), our understanding of the
interdependencies and interaction of these twafads still far from complete. The merger
of ecology and hydrology into a science of “ecolyyolgy” is aiming at understanding
environmental systems in a more integrated and oeimemsive way (Newman et al., 2006).
This study successfully integrates remote sensiathods with ecohydrology in quantifying
the relationship between water resources and viegetat larger scale. The first achievement
of this thesis (Jin et al., 2008a, b) resides iargiatively assessing the spatial distribution of
vegetation and the topographic impact on the véigetavith remote sensing data in a
mountainous area. The result can help us to sthdyirtteraction between vegetation and
microclimate, and subsequently understanding therdependence between vegetation and
water resources.

The second step of this thesis (Jin et al., 20@8dgeveloping an innovative and efficient
method to estimate the annual evapotranspiratioregibnal scale by combination of the
SEBS (Surface Energy Balance System) algorithm withteorological observations.
Subsequently, one of the key issues addressedsithtsis is the validation of the accuracy of
the evapotranspiration result using a water balafbe work of the thesis indicates that the
continuous increase of farmland and irrigation ltesLin the ET increase.

In general, the distribution, growth, and mortaldf vegetation is more sensitive to the
hydrologic cycle than to any other factor (Weltand Tissue, 2003). Although significant
progress has been made in analyzing the interdepeadbetween vegetation and water
resources at local scale, quantitative methodstimglavegetation change to hydrologic
processes at regional scale are still in earleges of development. A main effort presented
in this thesis is the conceptual and quantitatindeustanding of how the surface water and
groundwater impact the vegetation growth in a laagd area using remote sensing data (Jin
et al., 2007; 2008d; 2008e; 2008f). Selecting tiseeies of remote sensing data with a
moderate spatial resolution suitable for evaluatewp-environmental changes not only
benefits from mapping the vegetation area overelaegions, but it is also possible to detect
long-term vegetation change using multi-temporabges (Jin et al.,, 2008f). The large
amount of remote sensing data can be used effigi¢at find potential variations and
regulations of the eco-environment by means of dateng (Jin et al., 2008a; 2008f).

Therefore, the main contribution of this work i® tdevelopment of new methods for (i)
quantitative assessment of the spatial distributbwegetation and its impact factors in a
mountainous area; (ii) accuracy estimation of tlegianal evapotranspiration and the
validation of the evapotranspiration with a waterd@et; (iii) quantifying the important
effects of surface water and groundwater on theetadigpn growth. Furthermore, a new
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particularly useful framework for evaluating theoeenvironmental changes at large scale in
an arid area was presented in this work.

The importance of this work also lies in the chaé¢he study area, being the Heihe River
basin. The Heihe River basin, located in middld pathe Hexi Corridor in China, is one of
the most important agricultural areas in northenin@ and it is also one of the inland basins
which is most strongly affected by human activiti€se entire river basin can be divided into
three parts based on three different landscaples upstream mountainous area, the middle
stream cropland area and the downstream desert Rueato sufficient precipitation, the
runoff generated from the upstream mountainous @rd@& main water resource supporting
the middle stream and downstream areas. There lase celations amongst these three
systems and their composition represents a veigalypegetation-water-ecosystem in an arid
region. The depletion of the water resources indmeidstream area caused serious eco-
environmental problems in the downstream area &hds become a threat to the eco-safety
of the whole river basin. The Heihe River basin \w@pproved to be the first generation of a
national protection area of the ecological funcior2001. The study of eco-environmental
changes in the Heihe River basin shows consisteshtsggnificant impact originating from
human activities, which has been discussed widemany scientific contributions (e.g., Lu
et al., 2003; Lan et al., 2004; Zhou et al,, 2004p et al., 2005; Qi and Luo, 2005; Qi et al.,
2007; Wang, 2007). However, little progress hasmbmade on the study of the quantitative
relationship between vegetation change and waserees availability at regional scales in
China. The main work of this thesis discussed tnecassive scientific issues as different
parts and then combined them systematically. iges a methodology to evaluate the long-
term vegetation change and the impact of wateruress using remote sensing methods. On
the other hand, river basins in water-limited layagges are particularly well suited for
studying environmental feedbacks and responsesubeddey contain long and relatively
complete records of past environmental change. |Abi@ eco-environmental results
originating from the total river basin analysis tbfs thesis can be synthesized to build a
comprehensive reconstruction of the hydrological aegetation history of the Heihe River
basin. This iterative, retrospective, and procesmated approach of vegetation dynamics,
runoff and groundwater change can lay a solid fatiod for predicting the effects of future
environmental changes. Therefore, this study pes/ia sound scientific reference to policy
makers and may help to further support adaptatobinites in order to carry out sustainable
environmental protection in the Heihe River basin.

6.3 Outlook

In this section we put our findings into perspeetand we outline possible improvements in
future work. We segment the efforts into the follogvdomains:

84



Synthesis

» Partitioning of evaporation and transpiration,

* Vegetation and streamflow,

* Vegetation change and groundwater recharge, and
« Evaporation and groundwater.

Partitioning of evaporation and transpiration. The amount of available water is the driver
of many plant and microbiological processes in whieited environments. The amount of
available water is determined by the spatial angipteal distribution and amount of
precipitation, but it is also determined by howqppéation is redistributed via processes such
as interception, infiltration, evaporation, andatinMost hydrological studies have estimated
water budgets by combining canopy interceptionl, eeaporation (E), and transpiration (T)
into a single term, evapotranspiration (ET) (Reysat al., 2000; Yepez et al., 2003; Loik et
al., 2004; Huxman et al., 2005). Although combiniBgand T is very useful for some
applications, the biological processes play a figamt role in regulating the hydrological
cycle directly or indirectly. Soil evaporation atrdnspiration all depend on vegetation cover,
but in different ways. Therefore, study on evagoraand transpiration processes separately
can help us to better understand how they aretaffeloy vegetation cover and what their
influence is on ecohydrological dynamics. Furthemmgartitioning E and T can help us to
estimate the water demand and to improve our philitquantify the effect of biological
processes on the hydrological cycle.

The E and T constitute more than 95% of the watelgbt in water-limited ecosystems
(Wilcox et al., 2003a) and some studies quantiffed partitioning for different ecosystems
and temporal scales (Reynolds et al., 2000; Un$werttal., 2004; Huxman et al., 2005;
Scanlon et al., 2005a). The stochastic variatiopre€ipitation is a very critical factor on this
partitioning of E and T. The spatial and temporalckasticity of precipitation in water-
limited environments results in highly dynamic pats of soil water distribution and
vegetation properties (Porporato et al., 2002; knap al., 2002; Rodriguez-lturbe and
Porporato, 2004). Assessment of controls on E aaddrfurther partitioning of E and T will
be needed in the future.

Vegetation and streamflow. Understanding the effect of vegetation on streamwfks one of
the most important tasks in ecohydrology. The mflevegetation in the dynamics of soaill
moisture, runoff and streamflow in arid environngeritas been studied through field
observations, hydrological modeling and remote isgngWilcox et al., 1997, 2003b;
Newman et al., 1998, 2004; Cayrol et al., 2000;W¢eend Abrahams, 2002; Porporato et al.,
2002; Ridolfi et al., 2003; Kerkhof et al., 2004Bew studies have attempted to quantify
relationships between the type and pattern of atiget and streamflow. These relationships
are a significant step in developing an ecohydricklgapproach to water resources
management and environmental change. In some Vimiezd areas, the streamflow is
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derived mostly from precipitation and melting snoand it has close relationship with

vegetation cover (Hibbert, 1983; Baker, 1984; \ditlison et al., 2004). Therefore, study on
the influence of vegetation on streamflow using emsensing will remain a main topic of

interest and importance in ecohydrology in the rietre.

Vegetation change and groundwater recharge. The important link between vegetation and
groundwater has been shown in water-limited enwiremts. The relation between
groundwater recharge and vegetation type couldlensadgetation to be used as a proxy for
recharge to some extent (Walvoord and Phillips,420Qwicklis et al., 2005). Vegetation
mapping generated by using airborne- or satellised approaches could then be used to
predict subsurface flow and recharge and these adstltan improve local to regional
estimates of recharge. Hydrological processesarthick infiltration zones of water-limited
environments demonstrate longer timescales tharsetho surface soils. Changes in
groundwater recharge brought about by changesgetagon (caused by climate variation,
land use, etc) can be predicted through a substitudf space by time. Although some
important progress has been made on the relatipristtiween vegetation dynamics, soil
water storage, and precipitation in predictive miedg groundwater recharge, the specific
relation among recharge, hydraulic factors and tatigsm type should be further assessed
through coordinated hydrological measurements amaitoring using various remote sensing
based methods (Allison et al., 1990; Smith et20Q0; Walvoord et al, 2002; Scanlon et al.,
2003, 2005a; Seyfried et al., 2005).

Phreatic evaporation and groundwater depth. Evaporation is the main discharge path of
groundwater in the hydrological cycle for waterilied areas. The groundwater moves up due
to capillary forces and enters into the atmospte@ugh the unsaturated zone. Therefore, the
groundwater depth and soil properties of the umatgd zone have significant impact on
phreatic evaporation. Quantifying the relation bedw groundwater depth and surface
evaporation can improve our understanding of factmtermining phreatic evaporation. The
relationship between groundwater depth and phreaaporation for different soil properties
have been studied through the use of various unseigthods (Duell, 1990; Nichols, 1994;
Laczniak et al., 1999; Berger et al., 2001; Steimiye2001, 2006). However, most studies
focused on experimental measurements for certaintygmes at local scale. Groundwater
depth, soil property, vegetation type and evaponatire all spatially dynamic at regional
scales. The regional phreatic evaporation can beiegftly estimated by using a remote
sensing model, but quantifying the relationshipwastn groundwater depth and phreatic
evaporation at large scale in an arid region Ikastiopen research question.

This study summarizes and puts various points s€udision for future work forward.
Implementation of the above efforts will need ferthntegration of remote sensing and
hydrological data at various spatial, temporal spelctral scales. A successful integration will
further promote the development of even more paweapproaches for environmental
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problem assessment. Even though past calibratidnnamw-casting are important methods
supporting this assessment, further data collectdhneed to include methods allowing
forecasting models to be used, ultimately allowwng to address unforeseen upcoming

environmental problems.
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Summary

Water-limited environments exist on all continepfsthe globe and they cover more than
30% of the Earth’s land surface. The eco-environtmehthese regions tend to be fragile and
they are changing in a dramatic way through prasske land desertification, shrinking of
oases, groundwater depletion, and soil erosionsdlaee either human induced or results of a
changing climate. Implications of these changedih the regional hydrologic cycle and the
vegetation have been documented. Since these chacgar over a wide range of scales in
space and time, remote sensing methods are nemdsahitor the land surface characteristics,
to observe changes in vegetation and hydrologitales, and to compare these with
predictions from hydrological models. It is widelgcepted that remote sensing methods offer
the ability to acquire spatially continuous measwrts over large areas. Remote sensing can
also help to visualize complex processes becawsasphtial data can be captured regularly
over time.

China is one of several countries with large and semi-arid areas. The Heihe River basin,
situated in the arid inland of northwestern Chisagne of the areas severely affected by eco-
environmental degradation and recovery. The proldéthe degraded environment is due to
overexploitation of surface and ground water legdio shrinking of oases, including the
decline and death of natural vegetation, and tivelimg of the groundwater table. Exhaustive
(over-)use of water resources is the main causendfdegradation in the lower reaches of the
basin, called the Ejina oasis. The whole Heihe Rbasin is therefore selected as study area
in this thesis to analyze the long-term eco-envitental changes. What happens in this river
basin is likely to have a growing influence on oe@l hydrological cycles, even affecting
human life. Effective management of eco-environmeproblems in this critical zone of
water-limited conditions will provide scientific elence for protecting and improving the
eco-environment in these Chinese northwestern r&gibns, eventually resulting in land
improvement.

Studies on quantifying the relationship betweernvibgetation and the water resources are a
critical step in developing an ecohydrological ajgmh to resources management in order to
minimize environmental degradation. Remote sensiggsurements can help us to better
understand the effects of changes in water manageomehydrological processes and their
subsequent feedback to the eco-environment ateiffierral scale. Remote sensing methods
can also provide information to quantify heteroggnand change at a large scale. Therefore,
the main objective of this thesis is to develop ethndology for the quantitative assessment
of eco-environmental changes at a large scaleithragions by integrating remote sensing
methods in ecohydrological approaches.

Chapter 1 outlines the significance of quantitatagsessment of eco-environmental
changes using remote sensing methods and applyamg for ecohydrology in northwestern
China, resulting in the specific research objestiokthis thesis.
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Chapter 2 quantifies both the vertical and horiabdistribution of vegetation in the Qilian
Mountains area, representing the upper reachelseoHeihe River basin, based on MODIS
NDVI images from the year 2000 - 2006. Our analysigeals that elevation and aspect are
two important impact factors for the vertical distition of vegetation in a mountainous area.
The NDVI increases with the elevation and reachezm&mum value at a certain elevation
threshold, and then decreases as the elevatioeases beyond this threshold. The optimal
vegetation growth is on the shady side of the manetbecause of less evapotranspiration.
The best combination of temperature and precipiait assessed providing good conditions
for vegetation growth.

Chapter 3 presents an efficient method to estitfeeregional annual evapotranspiration
(ET) based on the SEBS algorithm (Surface Enerdariga@ System) in the Zhangye basin,
representing the middle reaches of the Heihe Rhasin. The method proposed is a
combination of the daily SEBS results and dataectéld by meteorological stations. The
result shows that the annual ET increased graddaliyng the period 1990-2004 and the main
impact factor on the long-term increase of annud@l ieas the vegetation change. The
accuracy of the ET result is validated using a whttance for the whole watershed and the
validation reveals that the SEBS algorithm can eduto effectively estimate annual ET in
the Zhangye basin.

Chapter 4 establishes the quantitative relationbeipveen the runoff of the Heihe River
and the long-term vegetation change of the Ejingispdocated in the lower reaches of the
Heihe River. In this part, two time periods aretidguished corresponding to before and after
the implementation of a new water allocation schémihe Heihe River basin. The GIMMS
NDVI and MODIS NDVI data sets are used to quantifg long-term change of the oasis
vegetation in the first period 1989-2002 and theoed period 2000-2006, respectively. The
vegetation change shows a decreasing trend fron® 1®8002 and an increasing trend
between 2000 and 2006. Good relation between theffrof the river and the vegetation
growth are found at both stages and the time lagebbserved hysteresis effect of the runoff
of the river on the oasis vegetation is one yeaaddition, the yearly smallest water amount

which sustains the demand of the eco-environmetti®Ejina area is estimated to beld®

m® based on MODIS images.

Chapter 5 explores a method to quantify the effe#fcthe groundwater depth on the
vegetation growth in the year 2000 in the oasis dg¢ combining MODIS NDVI with
groundwater observation data. The result demowesttagat the groundwater depth suitable for
vegetation growth in this region ranges from 2.&tm, depending on species composition.
Hardly any vegetation growth occurs when the grewatdr depth is below 5 m because the
rooting depth of the occurring species is limited @annot maintain adequate water supplies
to their canopies when the water depth is below 5 The situation changes after
implementation of the new water allocation scheinees2000. The mean NDVI increased
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and the annual conversion of bare land into vegetizind is about 38 Knper year during the
period 2000 — 2008. It reflects a potential recgwdrthe eco-environment of the Ejina area.

Chapter 6 comprises the main conclusions and tleakufor possible improvements in
future research. The main contribution of this gtislthe successful integration of remote
sensing with ecohydrology in quantifying the redaship between water resources and
vegetation occurrence at large scale. It provideseshodology to evaluate the long-term
vegetation change and the water resources impag temote sensing data in water-limited
areas. The approach of vegetation dynamics, ramaffgroundwater impacts presented in this
thesis serves as a sound foundation for predittiegffects of future environmental changes.
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Milieus met beperkte waterhoeveelheden bestaadl@gantinenten en ze beslaan meer dan
30% van het landoppervlak op aarde. Het eco-miaudeze regio's is meestal kwetsbaar en
verandert op een dramatische wijze door middel matessen zoals woestijnvorming, het
inkrimpen van oases, uitputting van het grondwaterbodemerosie. Deze processen zijn
ofwel door de mens veroorzaakt of het gevolg vanwsganderend klimaat. De gevolgen van
deze veranderingen voor zowel de regionale hydratbg cyclus als de vegetatie is reeds
beschreven. Omdat deze veranderingen plaatsvinden een breed scala aan ruimte- en
tijdschalen, zijn remote sensing methoden nodig V@ monitoren van eigenschappen van
het landopperviak, voor het waarnemen van verangen in de vegetatie en de
hydrologische toestand, en voor het vergelijkemvaie met voorspellingen uit hydrologische
modellen. Het is algemeen aanvaard dat remoterggnsthoden de mogelijkheid bieden om
ruimtelijk continue metingen over grote oppervlakte verkrijgen. Remote sensing kan ook
helpen bij het visualiseren van complexe processemjat de ruimtelijke gegevens met
regelmatige tussenpozen kunnen worden verkregen.

China is een van de landen met grote arideeem-aride gebieden. Het stroomgebied van
de Heihe rivier, gelegen in het aride binnenlanal et noordwesten van China, is een van de
gebieden die sterk beinvloed zijn door degradatibezstel van het eco-milieu. Het probleem
van degradatie van het milieu is te wijten aan matig gebruik van het opperviaktewater en
het grondwater dat leidt tot het inkrimpen van deses, met als gevolg achteruitgang en
afsterven van de natuurlijke vegetatie, en verlgpguan het grondwaterpeil. Overmatig
gebruik van de watervoorraden is de belangrijkstezamk van bodemdegradatie in de
benedenloop van het stroomgebied, de zogenaamuk d&gse. Het hele stroomgebied van de
Heihe rivier is daarom geselecteerd als studiegeiniedit proefschrift om de lange termijn
veranderingen in het eco-milieu te onderzoeken. ¥agebeurt in dit stroomgebied zal
waarschijnlijk een groeiende invlioed op de regiertaldrologische cycli hebben, en zelfs het
leven van de mensen ter plaatse beinvioeden. Effdetheer van de problemen van het eco-
milieu in deze kritische zone met beperkte watevhetheden zal wetenschappelijke
aanwijzingen leveren voor de bescherming en veringtevan het eco-milieu in de
noordwestelijke aride gebieden van China, uiteifide¢sulterend in landverbetering.

Studies naar de kwantificering van de relaissén vegetatie en de watervoorraad zijn een
essentiéle stap in de ontwikkeling van een ecolgdische aanpak voor het beheer van
hulpbronnen met het oog op het minimaliseren vardelgradatie van het milieu. Remote
sensing metingen kunnen ons helpen bij het betgijpen van de effecten van veranderingen
in het waterbeheer op hydrologische processen emlgens van hun feedback op het eco-
milieu op regionale schaal. Remote sensing methdademen ook informatie leveren om
heterogeniteit en veranderingen op grote schalalvemtificeren. Daarom is de belangrijkste
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doelstelling van dit proefschrift het ontwikkeleans een methodiek voor de kwantitatieve
bepaling van veranderingen in het eco-milieu optegrechaal in aride gebieden door de
integratie van remote sensing methoden in ecohggisthe benaderingen.

Hoofdstuk 1 geeft een overzicht van de betekemin de kwantitatieve bepaling van
veranderingen in het eco-milieu met behulp van tensensing methoden en de toepassing
daarvan voor de ecohydrologie in het noordwesten @hina, resulterend in de specifieke
onderzoeksdoelstellingen van dit proefschrift.

Hoofdstuk 2 kwantificeert zowel de verticals de horizontale verdeling van de vegetatie
in het gebied van het Qilian gebergte, dat de bloognvan het stroomgebied van de Heihe
rivier vertegenwoordigt, gebaseerd op MODIS-NDVElen uit het jaar 2000 — 2006. Ons
onderzoek toont aan dat hoogte en hellingsrichtiege belangrijke factoren voor de verticale
verdeling van vegetatie in een bergachtig gebigd Ble NDVI neemt toe met de hoogte,
bereikt een maximale waarde op een bepaalde h@wgteeemt vervolgens weer af als de
hoogte nog verder toeneemt. De optimale vegetakegs aan de schaduwzijde van de
bergen omdat daar minder evapotranspiratie plaatsvMDe beste combinatie van temperatuur
en neerslag voor goede vegetatiegroei is bepaald.

Hoofdstuk 3 beschrijft een efficiénte metho@d®vhet schatten van de regionale jaarlijkse
evapotranspiratie (ET) op basis van het SEBS dlger("Surface Energy Balance System")
in het Zhangye bekken, de middenloop van het stgetmed van de Heihe rivier. De
voorgestelde methode is een combinatie van de igageSEBS resultaten en gegevens van
meteorologische stations. Het resultaat toont aamle jaarlijkse ET geleidelijk toenam in de
periode 1990 — 2004 en dat de belangrijkste imfaator op de stijging van de jaarlijkse ET
op de lange termijn de verandering in vegetatie. Wa&snauwkeurigheid van het ET resultaat
is gevalideerd met behulp van een waterbalans tiebrgehele stroomgebied en uit deze
validatie blijkt dat het SEBS algoritme gebruikinkeworden om effectief de jaarlijkse ET in
het Zhangye bekken te schatten.

Hoofdstuk 4 stelt de kwantitatieve relatie arsdde afvoer van de Heihe rivier en de
vegetatieveranderingen in de Ejina oase, gelegde lmenedenloop van de Heihe rivier, op de
lange termijn vast. In dit deel worden twee periodaderscheiden die overeenkomen met
voor en na de invoering van een nieuw systeem \oekenning van water in het
stroomgebied van de Heihe rivier. De GIMMS-NDVI &ODIS-NDVI gegevens zijn
gebruikt voor het kwantificeren van de lange temmvigrandering van de vegetatie in de oase
in respectievelijk de eerste periode 1989 — 200aertweede periode 2000 — 2006. De
vegetatieverandering vertoont een dalende treraktug989 en 2002 en een stijgende trend
tussen 2000 en 2006. Er is een goede relatie gevotussen de afvoer van de rivier en de
vegetatiegroei in beide perioden. De tijdsvertrgginan het waargenomen hysteresis-effect
van de afvoer van de rivier op de reactie van dgtatie in de oase is een jaar. Verder wordt
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de minimale jaarlijkse hoeveelheid water die nodigpm te voldoen van de vraag van het
eco-milieu in het Ejina gebied geschat ofi@ m* (gebaseerd op MODIS beelden).

Hoofdstuk 5 onderzoekt een methode om het teff@c de grondwaterdiepte op de groei
van de vegetatie in het jaar 2000 in de oase tentficeeren door het combineren van
MODIS-NDVI beelden met grondwatermetingen. Het Hesu toont aan dat de
grondwaterdiepte geschikt voor vegetatiegroei izedeegio varieert van 2,8 tot 5 m,
afhankelijk van de soortensamenstelling. Er viniihdb geen vegetatiegroei plaats als het
grondwaterpeil dieper is dan 5 m, omdat de bewaogstliepte van de voorkomende soorten
beperkt is en niet voldoende water kan leverenhadrbladerdak als het waterpeil dieper is
dan 5 m. De situatie is sinds 2000 veranderd naenng van het nieuwe systeem voor
toekenning van water. De gemiddelde NDVI is toege®o en de jaarlijkse omzetting van
kale grond in begroeid land is ongeveer 38 ker jaar in de periode 2000 — 2008. Dit geeft
een eventueel herstel van het eco-milieu van de§jebied aan.

Hoofdstuk 6 omvat de belangrijkste conclusies @en vooruitblik op mogelijke
verbeteringen in toekomstig onderzoek. De belakgigj bijdrage van deze studie is de
succesvolle integratie van remote sensing met dbyecologie bij het kwantificeren van de
relatie tussen watervoorraden en het voorkomernvegetatie op grote schaal. Het biedt een
methodologie om de vegetatieveranderingen op dgelarermijn en de impact van
watervoorraden vast te stellen met behulp van rersebsing data in gebieden met beperkte
waterhoeveelheden. De aanpak van vegetatiedynanablger en grondwatereffecten
beschreven in dit proefschrift dient als een gdeakas voor het voorspellen van de gevolgen
van toekomstige veranderingen in het milieu.
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