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Abstract

In this study, we analysed the role of vegetation in the recycling of water in two en-
dorheic watersheds in northwest China, namely within the Shiyang and Hei River wa-
tersheds (Gansu Province), along a gradient of elevation zones and within-zone land-
cover types. Each watershed was subdivided into four elevation zones representative of5

(i) oasis plains and foothills, and (ii) low-, (iii) mid-, and (iv) high-mountain elevations. By
means of monthly summaries of enhanced vegetation index (EVI), DEM-height values,
terrain orientation, and a decision-tree classifier, landcover in the study area (consist-
ing of oases, deserts, and adjoining Qilian Mountains) was classified into 11 unique
landcover types. Comparison of monthly vegetation phenology with precipitation and10

snowmelt dynamics within the same watersheds over a ten-year period (2000–2009)
suggested that the onset of the precipitation season in the mountains (in May) was
triggered by the greening of vegetation and increased production of water vapour at
the base of the mountains. Seasonal evolution of in-mountain precipitation correlated
fairy well with the temporal variation in oasis-vegetation coverage and phenology (of15

crops and grasses) characterised by monthly EVI, giving r2 values of 0.65 and 0.85 for
the Shiyang and Hei River watersheds, respectively. Generally, comparisons between
same-zone monthly precipitation volumes and EVI provided weaker correlations. Start
of the growing season in the oases was shown to coincide with the discharge of melt-
water from the low- to mid-elevations of the Qilian Mountains in mid-to-late March.20

Comparison of water volumes associated with in-mountain production of rainfall and
snowmelt with that associated with actual evapotranspiration revealed that about 90 %
of the water flowing downslope to the oases was eventually returned to the Qilian Moun-
tains as water vapour generated in the lowlands.
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1 Introduction

River basins not connected to oceans (endorheic basins; Meybeck, 2003) occupy about
13 % of the total land surface of the earth (Meybeck et al., 2001) and generate about
2.3 % of global runoff (Shiklomanov, 1998). Most of these basins are located in water-
limited regions of the world, generally in the middle of continents far from oceanic5

sources of moisture or blocked by mountain ranges (Meybeck et al., 2001). In endorheic
basins, located in arid mountainous regions, water is mostly generated in the moun-
tains, which eventually flows downslope to terminate in deserts (X. Li et al., 2013).
These basins are extremely sensitive to landcover and climate variability (Meybeck,
2003). Therefore, understanding the water cycle in these areas is extremely important10

for the long term sustainability (Pilgrim et al., 1988) of desert oases in northwest (NW)
China.

The influence of landuse practices and landcover (LULC) on local and regional cli-
mate has been widely demonstrated in the scientific literature (Bourque and Hassan,
2009; Helldén, 2008; Pielke and Avissar, 1990). Changes in LULC lead to changes15

in surface albedo, roughness length, leaf area index (LAI), and rooting depth, and
changes in the energy and water balance of the land surface (Beltran-Przekurat et al.,
2012; Pielke et al., 2007b). For example, reduction in surface albedo can cause the
net radiation at the surface to increase by reducing the amount of shortwave radia-
tion reflected by the surface, leading to a greater amount of surface energy available20

for sensible, latent, and ground heat (Cotton and Pielke, 2007). Changes in surface
properties can also influence climate by modifying the evaporative fraction of the sur-
face and partitioning of net radiation into sensible and latent heat (Greene et al., 1999;
Pielke, 2001; Pielke et al., 2007a; Raddatz, 2007). Variations in precipitation and la-
tent heat can lead to alterations in infiltration and surface and shallow sub-surface25

flow (Fernandez-Illescas and Rodriguez-Iturbe, 2004; Porporato et al., 2002; Ridolfi
et al., 2006; Wilcox et al., 2003, 1997). The role of vegetation on soil moisture and
runoff is also fairly well described in the scientific literature (e.g. Fernandez-Illescas
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and Rodriguez-Iturbe, 2004; Porporato et al., 2002; Ridolfi et al., 2006; Wilcox et al.,
2003, 1997).

Vegetation itself is influenced by the variability in hydro-climatic conditions. For exam-
ple, variation in precipitation, snowmelt, and surface runoff can have a profound effect
on the availability of soil moisture, which, in turn, can affect the growth of vegetation5

and its distribution in water-limited environments (Fernandez-Illescas and Rodriguez-
Iturbe, 2004). Understanding the mutual interactions between vegetation and hydro-
climatic variables is fundamental to modelling eco-hydrometeorological processes in
excessively dry environments.

By simulating regional climate over China, Gao et al. (2003) have shown that landuse10

changes has decreased precipitation levels in NW China by about 20 %. In a similar
analysis, Ming and Xinmin (2002) have shown that deforestation and degradation of
agricultural lands could potentially lead to desertification of northern China; afforesta-
tion of affected lands could potentially reverse this trend. However, Sen et al. (2004)
have demonstrated that once in a desert state, re-greening of the landscape is diffi-15

cult to achieve through afforestation, as the transplanted vegetation is itself influenced
by the hydro-climatic conditions existing at the time of planting. By model simulation,
Bourque and Hassan (2009) have shown that the reduction of vegetation in oases in
NW China, beyond a critical threshold, is irrecoverable because it results in signifi-
cant loss of atmospheric water vapour returning to the oases as surface and shallow20

sub-surface flow.
The objective of this paper is to investigate the relative influence of oasis vegetation

on water recycling and the generation of in-mountain precipitation in two large en-
dorheic watersheds in NW China over a ten-year period (2000–2009). Spatiotemporal
variation in oasis-vegetation coverage and phenology is characterised by a chronologi-25

cal series of monthly MODIS (Moderate Resolution Imaging Spectroradiometer)-based
images of enhanced vegetation index (EVI; Huete et al., 2002) and landcover-specific
thresholds. Hydrological components central to the analysis, include monthly surfaces
of actual evapotranspiration (AET), precipitation, snowmelt, and mountain return flow
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(i) developed in part from remote sensing (RS)-products and modelling procedures,
and (ii) validated against field data collected at climate and hydrometric stations (Fig. 1
in Sirikul, 2006) described in Matin and Bourque (2013a, b, 2015).

2 Study area

The study area consists of the Shiyang and Hei River watersheds in westcentral Gansu5

Province, NW China (Fig. 1). The Shiyang River watershed is an endorheic river basin
(F. Li et al., 2013) located in the eastern Hexi Corridor. The Shiyang River originates
from the Qilian Mountains and flows about 300 km northeastward (Gao et al., 2006)
before terminating in the Minqin-lake district (Li et al., 2007). The total watershed area
is roughly 49 500 km2. Elevation in the Shiyang River watershed varies from 1284–10

5161 m a.m.s.l. (above mean sea level), with an average elevation of 1871 ma.m.s.l.
The Shiyang River system has eight main branches, including the Xida, Donga, Xiying,
Jinta, Zamusi, Huangyang, Gulang, and Dajing Rivers (F. Li et al., 2013; Wonderen
et al., 2010).

The Hei River also originates from the Qilian Mountains, northwest of the headwa-15

ters of the Shiyang River network, and flows northwestward through the oases and
terminates in the desert lakes (Akiyama et al., 2007). The Hei River watershed, with
a land surface area of approximately 128 000 km2, is the second largest endorheic
watershed in NW China (Gu et al., 2008). The Hei River watershed includes the
Zhangye sub-watershed, with a total land area of about 31 100 km2. Elevation in the20

Zhangye sub-watershed varies from 1287–5045 ma.m.s.l., with an average elevation
of 2679 ma.m.s.l.

The study area overlaps four distinct ecoregions (Olson et al., 2001). The northern
part, noted for its semi-arid to arid conditions, includes portion of the Badain Jaran
and Tengger deserts and oases in the southwestern portions of the Alashan Plateau.25

Liangzhou Oasis, at the south, and Minqin Oasis, at the north, are two important oases
in the Shiyang River watershed (Li et al., 2007). Zhangye Oasis is the main oasis in
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the Zhangye sub-watershed. Spring wheat is the main food crop grown in these oases,
which is usually supported by irrigation (Zhao et al., 2005). In the deserts, salt-tolerant,
xerophytic shrub species, i.e. saxaul (Haloxylon ammodendron) and Reaumuria soon-
golica (Carpenter, 2015a) are commonly found. North-facing slopes of the Qilian Moun-
tains (Fig. 1) support alpine meadow at elevations ≤ 3300 ma.m.s.l. and deciduous5

shrubland at elevations > 3300 ma.m.s.l. Isolated patches of conifer forests (mostly of
Qinghai spruce; Picea crassifolia) in the Qilian Mountains are classified as a separate
ecoregion (Carpenter, 2015b). The natural landscape of the study area comprises of
mountains, oases, and deserts, all interacting with one another (Ma and Veroustraete,
2006).10

The study area includes five morphologic units, including mountains, foothill country,
alluvial fans, plain, and terminal lakes (Gao et al., 2006). Umbric soils are the dominant
soil type in the oases of both watersheds, i.e. Umbric Leptosols in the Shiyang River
and Umbric Leptosols and Umbric Gleysols in the Hei River watersheds. Soil types
in the mountains generally vary as a function of elevation. Dominant soil groups in the15

Qilian Mountains are Cambisols, Luvisols, Gleysols, and Pedozols (Nachtergaele et al.,
2012). The oases are mostly flat with an average slope < 5◦, whereas mountainous
regions are highly undulated; roughly 40 % of the region has slopes > 15◦.

Locally-generated precipitation in the oases is normally inadequate (120–
170 mm yr−1 based on 30 years of data collected from 1976–2005; Matin and Bourque,20

2013a) to support agriculture. The key source of water to the oases is the runoff from
the Qilian Mountains generated from snowmelt and in-mountain rainfall carried by the
Shiyang River and Hei River systems (Jin et al., 2010; Wang et al., 2009). Glacial melt-
water on average contributes to about 3.8 and 8.3 % of total runoff in the Shiyang and
Hei Rivers, respectively (Wang et al., 2009).25

Meltwater in rivers usually flows during late-spring to mid-summer due to the melt-
ing of the previous snow-season’s snow cover and warming of the mountain glaciers
(Ji et al., 2006). A primary source of water to the rivers during the summer is oro-
graphic precipitation (Roe, 2005) formed in the Qilian Mountains (Zhu et al., 2004).
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Long term average data (1950–2000) show that precipitation and potential evapora-
tion (PET) in the deserts are approximately 80–150 mmyr−1 and 2300–2600 mmyr−1

(based on an application of the Penman–Monteith equation, Monteith, 1965; Penman,
1948). Precipitation increases in the mountains from 300–600 mmyr−1, while PET de-
creases to about 700 mmyr−1 (Akiyama et al., 2007; Chen et al., 2005; Gates et al.,5

2008; Huo et al., 2008; Kang et al., 2009; Ma et al., 2013; Tong et al., 2007; Wang and
Cheng, 1999; Wang and Zhao, 2011; Zang et al., 2012). Most of the precipitation oc-
curs during June–August. About 94 % of water delivered from the mountains to lowland
oases is through surface runoff. Average annual runoff in the Shiyang River is about
15.8×108 m3 yr−1, whereas in the Hei River it is about 37.7×108 m3 yr−1 (Kang et al.,10

2009).
Vegetation in the oases and lower mountains plays an important role in maintaining

the hydrological cycle by assisting AET. Interruption of the region’s vegetative cover
could potentially lead to a disruption in the eco-hydrological balance in the recycling of
water (Bourque and Hassan, 2009) that must be supplemented by the unsustainable15

extraction of groundwater (Currell et al., 2012; Qin et al., 2012). Dependency of the
local water cycle on lowland oasis vegetation is supported by many other studies, in-
cluding those of Huo et al. (2008), Jia et al. (2011), Kang et al. (1999), Li et al. (2008),
Ma et al. (2013).

3 Methods20

Vegetation characteristics generated from monthly RS-based estimates of EVI were
compared and analysed with respect to monthly estimates of precipitation, AET, and
snowmelt, generated from earlier studies (Matin and Bourque, 2013a, b, 2015). Fig-
ure 2 describes the workflow (inputs and their usage) and associated results of this
study.25
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3.1 Vegetation characteristics

3.1.1 Landcover

The MODIS-based annual global landcover map currently available (as of 2012) is
produced from seven spectral maps, bi-directional reflectance distribution function
(BRDF)-adjusted reflectance, land surface temperature (Ts), EVI, and an application5

of supervised classification using ground data from 1860 field sites (Friedl et al.,
2010). Assessments of the product have shown that this map is not entirely realis-
tic for zones of steep transition, particularly in mountainous areas (Liang and Gong,
2010). Improved landcover definition at regional or local scales with supervised clas-
sification usually involves much greater amounts of ground data that are normally10

available for most regions. Recently, decision tree-based classifications have been
applied to RS-data and has been shown to produce better results than other clas-
sification systems based on maximum likelihood or unsupervised clustering and la-
belling (Friedl and Brodley, 1997). One benefit of decision tree-based classification is
that it is able to use local knowledge of vegetation characteristics together with other15

pertinent information, such as terrain characteristics, in its evaluation. In the current
study, chronological-sequences of MODIS-based EVI and digital terrain information of
the study area (e.g. slope orientation, elevation) are used to classify landcover with
a decision-tree classifier.

Vegetation distribution in the study area has a unique preferential association with20

elevation, slope, and slope direction (Jin et al., 2008). For instance, north-facing
slopes of the Qilian Mountains support alpine meadow at elevations between 2500 to
3300 ma.m.s.l. At elevations > 3300 ma.m.s.l., deciduous shrubs represent the most
dominant vegetation type. Isolated patches of conifer forests in the Qilian Mountains
are found at elevations between 2500 m to 3300 ma.m.s.l. (Carpenter, 2015b). Sea-25

sonal vegetation density and growth vary as a function of landcover and elevation.
Based on vegetation site preferences, the study area was subdivided into four main

elevation zones, defined by elevations: (i) < 2500 (oasis plains and foothills; Zone 1),
1160
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(ii) 2500–3300 (low-mountain elevations; Zone 2), (iii) 3300–3900 (mid-mountain eleva-
tions; Zone 3), and (iv) > 3900 ma.m.s.l. (high-mountain elevations; Zone 4). Different
landcover types in these elevation zones were then identified based on EVI and slope
orientation. Landcover types and their discrimination are summarised in Table 1.

Ten landcover maps were generated for 2000–2009. From these maps, a final land-5

cover composite (LCOVdom for all image pixels; Fig. 1) was then created based on
a pixel-level, landcover-dominance evaluation, i.e.

LCOVdom

∣∣∣
for all pixels

= Majority
i=2000−2009

(LCOVi )
∣∣∣

for all pixels
, (1)

where LCOVi and LCOVdom represent landcover at the pixel-level for individual years
(2000 through 2009) and the dominant landcover over the same ten-year time period,10

respectively.

3.1.2 Vegetation phenology

Land surface phenology (LSP) refers to the timing of different life-cycle stages of plants
(Martinez and Gilabert, 2009). Seasonal changes in LSP is important to understand
the relationship between vegetation growth and the hydrological cycle in watersheds15

(Martinez and Gilabert, 2009). Study of LSP is also important to understand the causes
of vegetation-growth-pattern changes (Fisher and Mustard, 2007; Myneni et al., 1997).
Satellite-based analysis of LSP addresses the development patterns in photosynthetic
biomass by means of derived vegetation indices (Ahl et al., 2006) in an area that can
potentially support many species. Ground-based analysis of LSP, in contrast, focusses20

on a single tree species at a time.
Typical measures of phenology are (i) onset of greening, (ii) onset of senescence,

(iii) peak development, during the growing season, and (iv) length of the growing sea-
son (Hudson et al., 2010). Various methods have been adopted to assess phenology
from space. Hudson et al. (2010) classified these into four groups, namely (i) threshold-,25

(ii) derivative-, (iii) smoothing-, and (iv) model-based methods. Among these methods,
1161
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the threshold-based method is the simplest and most commonly used (Hudson et al.,
2010).

With the threshold-based method, a single value of vegetation index (VI) is specified
as the threshold. The values of VI are plotted against time of year. The time when the
threshold value is passed in the upward direction is identified as the start of the growing5

period and when the same value is passed in the downward direction, the time is iden-
tified as the end of the growing period (Karlsen et al., 2006). Methods of selecting the
threshold vary among studies. Some authors use single arbitrary thresholds, e.g. 0.17
(Fischer, 1994), 0.09 (Markon et al., 1995), and 0.099 (Lloyd, 1990), whereas some
use threshold specifiers like the long term average (Karlsen et al., 2006) or % peak10

amplitude of VI (Jonsson and Eklundh, 2002).
In the current analysis, phenological state and regional coverage is specified by

monthly MODIS EVI. Different thresholds were identified for each landcover type to
determine the onset of greening and senescence in the vegetative cover. Threshold
values were generated from spatially-distributed 10 year averages of monthly mean15

EVI. Zonal averages of mean EVI were calculated for each landcover for each month
of the year. These values were plotted against time to generate separate EVI-vs.-time
plots for each landcover type. The threshold values were specified at the time when
mean EVI had maximum positive curvature when moving in the upward direction. Val-
ues generated were 0.09 for crop and sparse grass, 0.17 for coniferous forest and20

meadow, and 0.12 for other vegetation types.

3.2 Onset, cessation, and duration of the precipitation season

Most methods used in establishing the onset and cessation of the precipitation sea-
son, usually aim to determine the effective planting date of crops (Adejuwon et al.,
1990; Adejuwon and Odekunle, 2006; Benoit, 1977; Ilesanmi, 1972). In these meth-25

ods, the onset and end of the precipitation season is equated to the onset and end of
the growing season (Benoit, 1977; Odekunle et al., 2005). These methods do not help
elucidate the relationship between the onset of the growing and precipitation seasons,
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when the seasons are not entirely synchronised. Cumulative % precipitation (Ilesanmi,
1972) is the most widely used indicator of the onset and cessation of the precipitation
season independent of other climatic and vegetation factors (Adejuwon et al., 1990;
Adejuwon and Odekunle, 2006; Odekunle, 2006). In this method, daily % precipita-
tion data are processed to generate five-day means. Using these means, cumulative5

precipitation is plotted against time of year. On these plots, the point of maximum pos-
itive curvature is defined as the onset of the precipitation season, whereas the point of
maximum negative curvature is defined as the cessation of the season. Point of onset
typically happens at the time when cumulated % precipitation is between 7–8 %, while
the typical time of cessation is when cumulation reaches about 90 % (Ilesanmi, 1972).10

In the analysis, we apply Ilesanmi’s approach, but to monthly data.
Precipitation data were generated from monthly Tropical Rainfall Measuring Mission

(TRMM) data. These data were downscaled and calibrated to produce 250 m resolution
precipitation datasets (Matin and Bourque, 2013b). Spatial averages of monthly pre-
cipitation were calculated for the same elevation zones as identified earlier, i.e. oases15

plains and foothills (< 2500 ma.m.s.l.; Zone 1), low-mountain (2500–3300 ma.m.s.l.;
Zone 2), mid-mountain (3300–3900 ma.m.s.l.; Zone 3) and high-mountain positions
(>3900 ma.m.s.l.; Zone 4). These values were used to generate cumulative % precip-
itation curves for each zone as a function of month (Fig. 3).

3.3 Evapotranspiration20

Using the complementary method of Venturini et al. (2008), monthly AET for the study
area was calculated for the period of 2000–2009 (Matin and Bourque, 2013a). To eval-
uate the influence of vegetation on AET, monthly EVI was compared against the same-
month AET. Spatial averages of monthly EVI and AET were calculated for each land-
cover type in both watersheds and compared against each other.25
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3.4 Water yield estimation

Zone-specific water yield (Y ) is calculated as the balance of precipitation, AET, and
snowmelt (Matin and Bourque, 2013b), i.e.

Y k
i ,j = P k

i ,j +SMk
i ,j −AETk

i ,j , (2)

where SM is snowmelt, “i ” and “j ” refer to a specific pixel row and column number in5

rasters, and “k” refers to the time of year (i.e. month number). Here, water yield does
not take into account the lateral flow of water, but what is generated or lost locally. The
yield is positive when the sum of rainfall and snowmelt is greater than AET and neg-
ative when AET exceeds the sum of precipitation and snowmelt. Rasters of monthly
snowmelt are generated with a snowmelt model that uses precipitation, air tempera-10

ture, and DEM (based on NASA’s Shuttle Radar Topography Mission, SRTM, v. 4 90 m
(3 arcsec) digital elevation model) as primary input in the calculation of snowmelt in
snow-water equivalence (Matin and Bourque, 2013b).

4 Results and discussion

4.1 Onset of the growing season15

Onset of greening for the different sections of the watersheds for 2000–2009 is illus-
trated in Fig. 4. In Fig. 5, elevation zone-specific means of EVI are plotted against time
of year. From Figs. 4 and 5, it is clear that in the oases, onset of greening occurs mostly
in April, except in some parts, where the growing season is slightly advanced (i.e. initi-
ating in March). In the forest and meadow areas of the mountains, the growing season20

commences in May, and in some parts, in June. Early changes in vegetation devel-
opment patterns (changes in monthly EVI) seen in the upper mountainous regions of
the watersheds (Fig. 4) might occur as a result of localised melting of the snowpack.
Vegetation growth reaches its peak in July–August and dies back in all areas of the
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study area in November, except in the high-mountain regions of the Hei River water-
shed, where vegetation senescence occurs in early October. From Fig. 5, it is apparent
that the precipitation season starts in May and ends in September with nominal inter-
annual variation in cumulation and timing. Greatest interannual variation is observed
to occur in the lowlands (Zone 1) of both watersheds, and the least in the mountains5

(e.g. Zones 3 and 4). Interannual variation in the lowlands is most likely associated with
the convective nature of locally-generated precipitation. Asynchrony in the start of the
oasis-vegetation growing and in-mountain precipitation seasons by about one month
(the growing season in the oases starting earlier), suggests that oasis-vegetation de-
velopment and seasonal build-up of AET sufficient to trigger the precipitation season in10

the Qilian Mountains requires at least one month of active plant growth to ensue. The
source of water to support initial vegetation growth in the oases is surface water gen-
erated by snowmelt in the lower mountain positions during the March–April period of
each year (Fig. 6). Meltwater production in the lower mountainous portions of both wa-
tersheds is about the same (i.e. 250×106 m3 in the Shiyang vs. 223×106 m3 in the Hei15

River watersheds, respectively), whereas it is greatest in the mid- to high-mountainous
portions of the Hei River watershed (299×106 m3 in the Shiyang vs. 1129×106 m3

in the Hei River watershed) as a result of differences in their respective effective sur-
face areas at those elevations, i.e. 2979 vs. 10 328 km2 for the Shiyang and Hei River
watersheds.20

4.2 Vegetation influence on AET

Scattergraphs illustrating average regional AET as a function of average EVI over the
growing season (April–October) suggest that regional AET has strongest positive cor-
relation with vegetation in the oases with very high r2 values for crops and dense grass
(Fig. 7). Correlation with landcover types in the mountains is also positive, but much25

weaker. Correlations between vegetation and AET reveal that the amount of vegetation
in the oases (with respect to crops and dense grass) is an important contributing factor
to defining the amount of water vapour released into the atmosphere.
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4.3 Vegetation influences on precipitation

To evaluate the influence of vegetation on precipitation, spatial averages of monthly
precipitation for the different elevation zones are compared with oasis monthly EVI
(Fig. 8) and AET (Fig. 9). Comparisons are also made between zone-specific precip-
itation with same-zone EVI and AET. Coefficients of determination for these compar-5

isons are given in Table 2. These comparisons reveal that within-zone vegetation has
a weak influence on precipitation generated locally (i.e. in the same zone; Table 2), but
precipitation in the mountains has the strongest correlation with vegetation and AET in
the oases (Figs. 8 and 9). Correlation becomes strongest in the high mountains. These
results tend to support the suggestion that water vapour production by the oases is10

responsible for the generation of precipitation in the Qilian Mountains.

4.4 Zone-specific water yield

Spatial averages of monthly water yield for the different elevation zones were calcu-
lated and plotted against time (Fig. 10). In the oases, AET production by crops and
grasses exceed locally-generated precipitation. Comparisons between annual cumu-15

lative water volumes associated with the sum of rainfall and snowmelt with those of
AET for corresponding elevation zones and for the total watershed show that annual
water volumes associated with AET exceeds those of rainfall + snowmelt in the oases
(i.e. rainfall + snowmelt – AET < 0.0), with the opposite being the case in the mountains
(i.e. rainfall + snowmelt – AET > 0.0). Differences in the mountains (rainfall + snowmelt20

– AET) tend to increase with increased elevation because of corresponding increases
in rainfall and snowmelt (to a certain elevation threshold; Matin and Bourque, 2013b)
and decreases in AET. Total water volume associated with rainfall and snowmelt col-
lectively is about equal to that of AET at the watershed level, i.e. 90 and 89 % for the
Shiyang and Hei River watersheds, respectively (Table 3). This suggests that the bulk of25

water originating from the mountains (∼ 90 %) is eventually returned to the mountains
as evaporated water. This water can travel across watershed boundaries, but once de-
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posited, surface water is mostly confined to the watershed. This result is consistent
with a hydrologically-closed system.

5 Conclusions

This paper analyses the interdependencies between different components of the hy-
drological cycle of the Shiyang and Hei River study watersheds. By correlating pre-5

cipitation, AET, and vegetation within different elevation zones of the watersheds, the
analysis reveals that oasis vegetation has an important role in sustaining the water
cycle in both watersheds. Oasis vegetation is dependent on surface water flowing to
the region from mountain surface and shallow-subsurface sources. Surface runoff is
generated from the precipitation falling in the adjoining mountains. Correlation analy-10

sis shows that in-mountain-generated precipitation is strongly correlated to the state of
oasis vegetation (r2 = 0.65 and 0.85 for the Shiyang and Hei River watershed, respec-
tively) and water vapour generated by AET (r2 = 0.57 and 0.77). Comparisons between
the onset of vegetation development and the precipitation season shows that the grow-
ing season precedes the precipitation season in the oases by about one month. This15

suggests that vegetation growth in the oases provides a biotic trigger for the initiation
of the precipitation season in the mountains. Onset of vegetation development in the
oases is supported by the generation of snowmelt in the mountains in March-April.
Analysis of annual total water volume involved at the watershed level seems to indicate
that rainfall and snowmelt together, integrated across the entire watersheds, accounts20

for about 90 % of water transported to the mountains as a result of AET in the oases.
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Table 1. Landcover type definition as a function of elevation zone, EVI, and slope orientation.

Elevation zone∗ Landcover Discrimination thresholds

Zone 1 Desert Maximum growing-season EVI < 0.113
Crop Maximum growing-season EVI > 0.27 and minimum

growing-season EVI < 0.113
Dense grass Maximum growing-season EVI > 0.27, and minimum

growing season EVI > 0.113
Sparse grass Maximum growing-season EVI between 0.113–0.27
and/or shrub and mean growing season EVI > 0.113
Bare Soil Maximum growing-season EVI between 0.113–0.27

and mean growing season EVI < 0.113

Zone 2 Alpine meadow Maximum growing-season EVI > 0.27 and on north-
facing slopes

Coniferous forest Maximum growing-season EVI > 0.27, but not on
north-facing slopes

Sparse grass Maximum growing season EVI between 0.113–0.27
and/or shrub
Bare land Maximum growing-season EVI < 0.113

Zone 3 Deciduous shrub Maximum growing-season EVI > 0.27
Bare land Maximum growing-season EVI < 0.27

Zone 4 Sparse shrub Maximum growing-season EVI > 0.113
Snow and/or ice Maximum growing-season EVI < 0.113

∗ Zones are classified according to elevation bands: < 2500 m (Zone 1); 2500–3300 m (Zone 2); 3300–3900 m
(Zone 3); and > 3900 ma.m.s.l. (Zone 4).
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Table 2. Coefficients of determination (r2) for comparisons between zone-specific precipita-
tion with corresponding same-month EVI and AET for the Shiyang and Hei River watersheds,
respectively.

Variable Zone ∗

1 2 3 4

Precipitation= f (EVI)
Shiyang River 0.44 0.61 0.52 0.45
Hei River 0.51 0.62 0.69 0.75

Precipitation= f (AET)
Shiyang River 0.41 0.34 0.20 0.18
Hei River 0.39 0.34 0.43 0.47

∗ Zones are classified according to elevation bands: < 2500 m
(Zone 1); 2500–3300 m (Zone 2); 3300–3900 m (Zone 3); and
> 3900 m (Zone 4).
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Table 3. AET as a percentage of the sum of precipitation (P ) and snowmelt (SM) for corre-
sponding elevation zones in the Shiyang River and Hei River watersheds, respectively.

Zone∗ AET as a % (P + SM)

Shiyang River Hei River
Watershed Watershed

1 136 210
2 88 100
3 58 81
4 35 62
Entire Mountain Area 72 81
Entire Watersheds 90 89

∗ Zones are classified according to elevation bands, i.e. < 2500 m
(Zone 1); 2500–3300 m (Zone 2); 3300–3900 m (Zone 3); and
> 3900 m (Zone 4).
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Figure 01

Figure 1. The Shiyang and Hei River watersheds with distribution of dominant landcover
classes. The inset shows the location of the study area along the northeastern flank of the
Qinghai-Tibetan Plateau. Redish-brown colours identify mountain ranges and plateau.
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Figure 02
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Figure 2. Workflow diagram showing input, process, and output in the calculation of the various
components of the regional water cycle.
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Figure 03

Figure 3. Precipitation season onset and cessation in the Shiyang (a–d) and Hei River wa-
tersheds (e–h), respectively. Cumulative plots for different years are represented in different
colours. Plots (a–d; upper graphs) and (e–h; lower graphs) represent the phenological states
in the two watersheds for the (a, e) oasis plains and foothills (Zone 1), (b, f) low-mountain
(Zone 2), (c, g) mid-mountain (Zone 3), and (d, h) high-mountain portions of the watersheds
(Zone 4). The red vertical lines demarcate the onset (first line) and cessation of the precipitation
season (second line). The letters along the x axis coincide with month, January (J) through to
December (D).
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Figure 04

Figure 4. Spatial variation in the onset of greening for 2000–2009.
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Figure 05

Figure 5. Onset, peak, and decline of vegetation growth in the Shiyang (a–d) and Hei River
watersheds (e–h). Plots (a–d; upper graphs) and (e–h; lower graphs) represent the pheno-
logical conditions in the two watersheds for the (a, e) oasis plains and foothills (Zone 1), (b,
f) low-mountain (Zone 2), (c, g) mid-mountain (Zone 3), and (d, h) high-mountain portions of
the watersheds (Zone 4). The red vertical lines demarcate the onset of greening (first line) and
plant senescence (second line). The letters along the x axis coincide with month; January (J)
through to December (D).
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Figure 06

Figure 6. Ten-year mean monthly snowmelt generated within the different elevation zones (see
legend for colour-elevation zone associations). The first plot applies to the Shiyang River wa-
tershed and the second to the Hei River watershed.
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Figure 07

0

20

40

60

A
E

T
 (

m
m

)

80

0

20

40

60

A
E

T
 (

m
m

)
80

0 0.1 0.30.2 0.4 0.5 0 0.1 0.30.2 0.4 0.5 0 0.1 0.30.2 0.4 0.5

EVI EVI EVI

r2 = 0.85

r2 = 0.84

r2 = 0.27

r2 = 0.39
r2 = 0.32

r2 = 0.41

r2 = 0.12

r2 = 0.42

r2 = 0.83

r2 = 0.73

r2 = 0.54

r2 = 0.49

(a) (b) (c)

(d) (e) (f)

Figure 7. Scattergraphs of watershed-level AET as a function of same-month EVI for different
vegetation-cover types; red symbols and black solid lines apply to the Shiyang River watershed
(first r2 in each plot) and green symbols and blue solid lines to the Hei River watershed (second
r2). Landcover types are (a) crops, (b) coniferous forest, (c) alpine meadow, (d) deciduous
shrubs, (e) dense grass in oases, and (f) sparse grass and shrubs.
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Figure 08

Figure 8. Scattergraphs of average precipitation in the different zones as a function of same-
month average EVI in the oases; red symbols and black solid lines apply to the Shiyang River
watershed (first r2 in each plot) and green symbols and blue dashed lines to the Hei River
watershed (second r2). Plots (a)–(d) coincide with the different elevation zones: (a) oasis plains
and foothills (Zone 1), and (b) low-mountain (Zone 2), (c) mid-mountain (Zone 3), and (d) high-
mountain portion of the watersheds (Zone 4).
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Figure 09

Figure 9. Scattergraphs of average precipitation within elevation zones as a function of same-
month average AET in the oases; red symbols and black solid lines apply to the Shiyang River
watershed (first r2 in each plot) and green symbols and blue dashed lines to the Hei River
watershed (second r2). Plots (a)–(d) coincide with the different elevation zones: (a) oasis plains
and foothills (Zone 1), and (b) low-mountain (Zone 2), (c) mid-mountain (Zone 3), and (d) high-
mountain portions of the watersheds (Zone 4).
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Figure 10

Figure 10. Average monthly water yield for 2000–2009; red lines apply to the Shiyang and blue
lines to the Hei River watershed. Plots (a)–(d) coincide with the different elevation zones: (a) oa-
sis plains and foothills (Zone 1), and (b) low-mountain (Zone 2), (c) mid-mountain (Zone 3),
and (d) high-mountain portions of the watersheds (Zone 4). Note differences in the scale of the
y axis.
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