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Abstract

The Shule River Basin is located in an inland arid region, where water
resources are the key factor constraining vegetation growth and development
in the basin. Research on vegetation water consumption plays a crucial
role in achieving rational water resource allocation in this basin. Based on
meteorological data and GIS technology, this study employs the improved
Penman formula method to quantitatively analyze the spatiotemporal variation
characteristics of water consumption at different growth stages for various
vegetation types in the Shule River Basin. The research results indicate
that vegetation water consumption in the Shule River Basin showed an up-
ward trend during 2000-2015, with a multi-year average water consumption of
1824$ % 108m{3}.Vegetationwaterconsumptionemhibitssignificantspatialheterogeneity, withthehighestwaterconsumptionintheQi
During 2000-2015, there were substantial differences in water consumption
changes among different vegetation growth stages, with water consumption
showing a decreasing trend in the initial growth and development stages, and
an increasing trend in the mid-growth and late-growth stages. Compared to
changes in vegetation distribution, variations in reference evapotranspiration
are the primary influencing factor for changes in vegetation water consumption
in the Shule River Basin.

Full Text

Spatial and Temporal Distribution of Vegetation Water
Consumption in Shule River Basin Based on Improved Pen-
man Formula Method

WEI Le-min', ZHENG Xu', GUO Jian-jun?, ZHOU Yan-yan'!, YUE
Dong-xia!

chinarxiv.org/items/chinaxiv-202103.00095 Machine Translation


https://chinarxiv.org/items/chinaxiv-202103.00095
https://chinarxiv.org/items/chinaxiv-202103.00095

ChinaRxiv [$X]

ICollege of Earth and Environmental Sciences, Lanzhou University, Lanzhou
730000, Gansu, China

2Key Laboratory of Desert and Desertification, Northwest Institute of Eco-
Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000,
Gansu, China

Abstract: The Shule River Basin, located in an inland arid region, faces water
resource constraints as the key factor limiting vegetation growth and develop-
ment. Understanding vegetation water consumption is crucial for rational water
resource allocation in the basin. Based on meteorological data and GIS technol-
ogy, this study employs the improved Penman formula method to quantitatively
analyze the spatiotemporal variation characteristics of water consumption for
different vegetation types across growth stages in the Shule River Basin. Results
indicate that vegetation water consumption in the basin increased from 2000 to
2015, with a multi-year average of 18.24 x 10® m3. Spatial heterogeneity is pro-
nounced, with the highest consumption in the southern Qilian Mountains and
the lowest in the northern Mazong Mountains. Desert vegetation exhibits the
highest water consumption (11.25 x 10® m?), while forest land shows the lowest
(0.10 x 108 m3). Water consumption patterns vary significantly across growth
stages: consumption decreased during the initial growth and development stages
but increased during the mid and late growth stages. Compared with changes in
vegetation distribution, variation in reference evapotranspiration represents the
primary factor influencing vegetation water consumption changes in the Shule
River Basin.

Keywords: Shule River Basin; vegetation water consumption; evapotranspira-
tion; improved Penman formula method

Introduction

With socioeconomic development and population growth, irrational water re-
source exploitation has intensified water scarcity crises in arid inland river basins,
leading to vegetation degradation, land desertification, and deteriorating ecolog-
ical environments. Vegetation constitutes an essential component of watershed
ecosystems, providing crucial ecological functions such as water conservation
and soil retention that maintain environmental stability. Vegetation growth
and development require specific water quantities that vary substantially among
vegetation types and growth stages. Comprehensive understanding of spatiotem-
poral patterns and variation characteristics of vegetation water consumption is
therefore vital for optimizing vegetation structure and achieving rational water
resource utilization.

Evapotranspiration represents the primary pathway of vegetation water con-
sumption. Recent studies have employed various methods to estimate vegeta-
tion water use, including area quota methods, phreatic evaporation methods,
remote sensing models, biomass methods, and improved Penman formula ap-
proaches. The improved Penman formula method, which calculates vegetation
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evapotranspiration based on potential evapotranspiration combined with soil
moisture and vegetation area factors, has matured into a robust approach with
readily accessible data and strong operability, applicable to diverse ecosystems
including deserts, grasslands, and forests.

The Shule River Basin, situated in China’ s northwest arid region with an area
of approximately 1.25 x 10° km?, represents one of the three major inland river
systems in the Hexi Corridor. Characterized by scarce and unevenly distributed
precipitation, the basin relies primarily on alpine glacier meltwater and moun-
tain precipitation for water supply. Excessive groundwater exploitation and low
water use efficiency have exacerbated water shortages. As a critical ecological
barrier in China’ s “Two Screens and Three Belts” framework and a key node in
the “Belt and Road” initiative, the basin hosts important cultural heritage sites
including the Mogao Grottoes. Previous vegetation water consumption studies
in the basin have relied on limited station data and single vegetation coeffi-
cients, yielding coarse spatial resolution results without intra-annual analysis,
insufficient for scientific water resource allocation.

Addressing these limitations, this study employs the improved Penman formula
method with meteorological data and MODIS technology to calculate vegetation
water consumption at the grid scale, analyzing its spatiotemporal distribution
and variation patterns while examining the influence of vegetation type and
reference evapotranspiration changes. The objective is to clarify vegetation
water resource consumption and provide more accurate scientific references for
rational water allocation.

Study Area

The Shule River Basin (93°22 -98°59 E, 38°01 -42°47 N) is located in the hin-
terland of China’ s northwest arid region. The main stream, the Shule River,
extends approximately 670 km, with major tributaries including the Danghe,
Baiyanghe, Shiyouhe, Yulinhe, and rivers from the northern slopes of the Altun
Mountains. Administratively, the basin encompasses Dunhuang City, Yumen
City, Subei County, Guazhou County, and Aksai County under Jiuquan City,
plus portions of Tianjun County and Delingha City in Qinghai Province.

Precipitation is scarce and highly uneven, decreasing from southeast to north-
west, making it one of Gansu Province’ s most arid regions. Water resources
originate mainly from alpine glacier melt and mountain precipitation. Consid-
ering climatic, topographic, and administrative boundaries, the basin is divided
into three zones: the southern Qilian Mountains (water source and runoff gen-
eration area), the central plain area, and the northern Mazong Mountains (arid
with coexisting oasis and desert ecosystems). Representative meteorological sta-
tions are Tole (southern mountains), Yumen (central plains), and Mazongshan
(northern mountains).
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Methodology
Vegetation Water Consumption Calculation Model

Given low vegetation coverage and severe degradation in the Shule River Basin,
vegetation does not completely cover the surface, and growth is affected by soil
moisture limitations determined by a soil moisture restriction coefficient. There-
fore, evapotranspiration calculation for non-fully-covered vegetation requires in-
corporation of this coefficient based on the FAO-recommended method:

ET, = K.K,ET,

where E'T), is vegetation evapotranspiration rate (mm-d~1), K is the vegetation
coefficient, K is the soil moisture restriction coefficient, and ETj, is reference
evapotranspiration (mm - d=1).

Vegetation water consumption accounts for different vegetation types’ coverage
areas:

VIVC =) (4, x 10°%) x ET,

p=1

where VIWC is vegetation water consumption (m?), A, is the distribution area
of each vegetation type (km?), ET, is vegetation evapotranspiration rate (mm -
d™1), and n is the number of days in the vegetation growing season.

Reference Evapotranspiration Rate (ET,) Calculation

Reference evapotranspiration ET|, is calculated using the Penman-Monteith
equation recommended by the FAO:

B O408A(Rn - G) + ’YT?,_OQ%zJ,uQ(es - ea)
0~ A+7(1+0.34u2)

where A is the slope of the saturation vapor pressure curve (KPa-°C™1), R,
is net radiation at the crop surface (MJ+m™2-d~!), G is soil heat flux density
(MJ +m=2-d1), v is the psychrometric constant (KPa+°C™1), T is mean air
temperature at 2 m height (°C), u, is wind speed at 2 m height (m +s71), e, is
saturation vapor pressure (KPa), and e, is actual vapor pressure (KPa).

S

Determination of Vegetation Coefficients

The vegetation coefficient (K_) represents the ratio between actual vegetation
water consumption and maximum potential evaporation. Beyond environmental
conditions, K varies with vegetation type and growth stage. The annual growth
process is divided into four stages: initial, development, mid-season, and late
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season, with K, calculated separately for each stage based on representative
meteorological station data for each zone.

Based on land use data, vegetation in the Shule River Basin is classified into
six types: forest land, shrubland, sparse forest land, high-coverage grassland,
medium-coverage grassland, and desert vegetation. Dominant species for each
type were identified using Jiuquan Forestry Bureau statistics and NDVI time-
series classification results (Table 1). Vegetation coefficients and growth stages
were determined based on these dominant species, with stage boundaries defined
using phenological information from the Chinese Academy of Sciences’ “Annual
Report on Phenological Observations” and references to the Heihe River Basin.

The initial growth stage coefficient (K, ;,;) is primarily determined by soil
wetting intervals, wetting degree, and atmospheric evaporation capacity. Mid-
season (K. ,;4) and end-season (K, .,,,) coefficients are determined by effective
surface coverage, with development stage coefficients linearly interpolated be-
tween K ;,; and K ,,,;4, and late-season coefficients between K. ;4 and K, .,,4-

This study calculated K, values using meteorological and MODIS data from
2000-2015.

Determination of Soil Moisture Restriction Coefficient

The soil moisture restriction coefficient (K ) is determined by soil water content,
critical water content, and wilting coefficient. Using MODIS remote sensing data
and apparent thermal inertia methods, Liu Jiao (2014) inverted soil moisture
content and obtained K, values for the Tole, Yumen, and Mazongshan station
areas. This study adopts those results to represent the three zones.

Analysis Method for Interannual Variation of Vegetation Water Con-
sumption

The least squares method was used to calculate the interannual variation rate
of vegetation water consumption at the grid scale:

S (VWC, —VWWO)

K =

where K is the change rate of vegetation water consumption per grid cell [m? -
(5a)~1], n is the study period length, and VW C; is vegetation water consumption
in year i. Positive K values indicate increasing trends (larger values = stronger
increase), while negative values indicate decreasing trends.

Data Sources and Preprocessing

Digital Elevation Model (DEM) data were obtained from the Chinese Geo-
graphic Spatial Data Cloud (http://www.gscloud.cn) with 90 m spatial reso-
lution. Meteorological data, including daily maximum/minimum temperature,
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average temperature, wind speed, sunshine duration, vapor pressure, relative hu-
midity, and precipitation, were provided by the National Meteorological Data
Center (http://data.cma.cn). Surface pressure and near-surface wind speed
data came from the Chinese Academy of Sciences’ Cold and Arid Regions Science
Data Center (http://westdc.westgis.ac.cn) —the China Regional High-Temporal-
Resolution Surface Meteorological Element Driven Dataset with 10 km spatial
resolution and daily temporal resolution.

Land use data (1 km resolution) were obtained from the Chinese Academy of Sci-
ences’ Resource and Environmental Science Data Center (http://www.resdc.cn).
MODIS 16-day composite vegetation index data (MOD13A2) with 1 km resolu-
tion were acquired from NASA (https://ladsweb.modaps.eosdis.nasa.gov). All
spatial data were processed using ArcGIS 10.5, unified to the same projection
coordinate system and 1 km spatial resolution.

Net radiation was calculated from meteorological station data and interpolated
using inverse distance weighting. Maximum/minimum temperature, average
temperature, and relative humidity station data were spatially interpolated us-
ing the Anusplin method.

Results
Spatiotemporal Variation Analysis of Vegetation Water Consumption

From 2000 to 2015, vegetation water consumption in the Shule River Basin
showed an increasing trend (Table 3), with a multi-year average of 18.24 x 108
m?. Spatially, consumption was highest in the southern Qilian Mountains (9.48
x 108 m?), followed by the central plain area (4.64 x 108 m?), and lowest in the
northern Mazong Mountains (4.12 x 10® m3), with all zones showing upward
trends.

At the county scale (Table 2), Subei County had the highest consumption (9.58
x 10% m?), while Delingha City had the lowest (0.02 x 108 m?®). Aksai and
Subei counties in the southern mountains decreased by 0.16 x 10® m® and 0.07
x 108 m? respectively, while other counties increased, with Tianjun County
showing the largest increase (0.38 x 108 m3).

The spatial distribution of annual average vegetation water consumption (Fig-
ure 2a) exhibits pronounced heterogeneity, with high values concentrated in
mountainous areas of Aksai County and oasis regions of Yumen City, and low
values mainly in the Qilian Mountains and desert vegetation areas of the central
plain.

The variation rate of vegetation water consumption ranged from -54,056 to
57,440 m3 - (5a)~!, classified into five categories: significant increase, slight in-
crease, basically unchanged, slight decrease, and significant decrease (Table 3).
Areas with increased consumption accounted for 52.67% of total vegetation area,
with 0.92% showing significant increase (mainly near Huahai irrigation district
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in the central plain and glacier melt areas in Tianjun County) and 43.96% show-
ing slight increase (mainly in Tianjun County, central plain oasis areas, and
Mazongshan region). Decreased consumption areas accounted for 47.33%, with
0.09% showing significant decrease (scattered around oasis edges in Subei and
Tianjun counties, likely due to human disturbance) and 37.42% showing slight
decrease (mainly in Qilian Mountains, possibly related to decreasing evapotran-
spiration trends).

Differences in Water Consumption Among Vegetation Types

Average annual water consumption varied significantly among vegetation types
(Table 4): desert vegetation (11.26 x 10% m?3) > medium-coverage grassland
(3.96 x 108 m?) > high-coverage grassland (1.64 x 10® m?®) > shrubland (1.07
x 10% m3) > sparse forest land (0.22 x 108 m?) > forest land (0.10 x 103
m?). Due to smaller distribution areas, forest and shrubland accounted for only
0.58% and 6.32% of total consumption respectively, while grassland and desert
vegetation accounted for 7.60% and 85.50% respectively.

All vegetation types showed increased water consumption from 2000 to 2015,
with forest land increasing by 61.70% (0.04 x 108 m?), shrubland by 30.70%
(0.25 x 10® m?), and grassland and desert vegetation by 0.84 x 10® m?, ac-
counting for 34.28% of the total increase. This indicates that increased water
consumption by grassland and desert vegetation is the main driver of the overall
increase.

Box plots of grid-scale average water consumption (Figure 3) reveal that per-
unit-area consumption follows the order: forest land > shrubland > sparse forest
land > high-coverage grassland > medium-coverage grassland > desert vegeta-
tion (T-test, P < 0.01). High-coverage grassland and shrubland show longer
boxes, indicating higher heterogeneity, while desert vegetation and medium-
coverage grassland show shorter boxes with more concentrated values and lower
heterogeneity.

Intra-Annual Water Consumption at Different Growth Stages

Water consumption varies substantially across growth stages (Figure 4). For-
est land and sparse forest land concentrate consumption in the mid and late
growth stages (>70%). Shrubland, high-coverage grassland, medium-coverage
grassland, and desert vegetation show the pattern: mid-season > late season >
development stage > initial stage.

Changes in water consumption across growth stages from 2000 to 2015 show
that all vegetation types experienced slight decreases during the initial and de-
velopment stages, with forest land, sparse forest land, and desert vegetation
decreasing most during the initial stage, and shrubland and grasslands decreas-
ing most during the development stage. All vegetation types showed substantial
increases during the mid and late growth stages, with forest land and shrubland

chinarxiv.org/items/chinaxiv-202103.00095 Machine Translation


https://chinarxiv.org/items/chinaxiv-202103.00095

ChinaRxiv [$X]

increasing most during mid-season, and sparse forest land, grasslands, and desert
vegetation increasing most during late season.

Impacts of Vegetation Distribution and Reference Evapotranspiration
Changes on Water Consumption

Since vegetation distribution area and reference evapotranspiration are the only
time-varying variables in the estimation method, their combined effects drive the
increase in vegetation water consumption. To clarify their relative impacts, we
applied a controlled variable approach, assuming reference evapotranspiration
remained at 2000 levels while only vegetation distribution changed. Results
show that from 2000 to 2015, forest land area increased by 10.57 km?, sparse
forest land decreased by 3.52 km?, shrubland decreased by 6.51 km?, and high-
coverage and medium-coverage grasslands and desert vegetation increased by
19.29 km? and 4.23 km? respectively. These vegetation distribution changes
increased water consumption by 0.38 x 10® m3, accounting for 4.53% of the
total increase.

The most significant vegetation transitions contributing to increased consump-
tion were other land types converting to desert vegetation (545.85 km?, increas-
ing consumption by 1.32 x 10® m3, 31.35% contribution), and conversions to
high-coverage grassland and shrubland (increasing consumption by 0.23 x 108
m? and 0.34 x 10® m? respectively). Conversely, desert vegetation converting
to other land types (485.22 km?) reduced consumption by 1.18 x 10® m?® (con-
tribution: -29.20%). Medium-coverage grassland and shrubland converting to
other land types also substantially reduced consumption.

After accounting for vegetation distribution effects, the remaining 95.47% of
the increase was attributed to reference evapotranspiration changes. From 2000
to 2015, reference evapotranspiration in vegetation areas ranged from -149.11
to 302.19 mm, with 56.37% of areas showing increases (mainly in central plain
oasis areas, Tianjun County, and Mazongshan region) and 43.62% showing de-
creases (mainly in Qilian Mountains and northwest Guazhou). All vegetation
types experienced increased reference evapotranspiration, with sparse forest land
showing the largest increase (104.18 mm), followed by forest land, shrubland,
and grasslands (24.76-76.43 mm), and desert vegetation showing the smallest
increase (64.66 mm).

Discussion

In arid inland river basins facing population growth and water scarcity, the al-
location of water resources between ecological and production needs is a critical
concern. Vegetation water consumption, as a major component of ecological wa-
ter demand, is key to maintaining stable growth of natural and artificial oasis
protection systems. Supported by meteorological data and MODIS technology,
this study calculated vegetation water consumption at the grid scale using the
improved Penman formula method, examined its spatiotemporal distribution
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and variation patterns, and analyzed the impacts of vegetation distribution and
reference evapotranspiration changes to provide references for more rational wa-
ter resource allocation.

We validated our results against vegetation water consumption quotas from
the Shule River Basin and similar arid basins (Heihe and Aksu). Within the
same basin, our estimates are slightly higher than Zeng Jianjun’ s, likely due to
differences in evapotranspiration estimation methods. However, our forest land
quotas are similar to Liu Jiao’ s results from the adjacent Heihe River Basin,
and our Populus euphratica forest quotas align with Zhang Ruiwen et al.” s
Aksu River Basin study, confirming the credibility of our grid-scale calculations.
While our 1 km resolution improves upon previous county-scale studies, scale
effects in landscape ecology research suggest that multi-scale studies with higher
spatial resolution would provide clearer local insights.

Vegetation water consumption in the Shule River Basin increased from 2000 to
2015, with increases concentrated in Tianjun County, central plain oasis areas,
and Mazongshan region. The increase in Tianjun County is mainly attributed
to enhanced glacier melt from global warming, providing adequate moisture for
natural vegetation growth. Increases in the central plain oasis and Mazongshan
regions primarily result from active ecological restoration measures (afforesta-
tion and grass planting) that have improved vegetation conditions. However,
the spatial heterogeneity of consumption (Figure 2) and differences in intra-
annual consumption patterns across growth stages (Figure 4) suggest that wa-
ter resource allocation should account for regional vegetation types and con-
sumption distribution characteristics. Particularly during the mid-growth stage
when consumption peaks, monitoring precipitation and vegetation conditions in
non-zonal vegetation areas (natural oases and artificial protection systems) is
essential to detect water stress-induced degradation promptly.

Vegetation distribution and reference evapotranspiration are critical parame-
ters for estimating vegetation water consumption. Their distinct impacts on
consumption changes are important for vegetation health in arid inland basins.
Although vegetation distribution conversion was limited (Table 5), increased ref-
erence evapotranspiration across all vegetation types (Figure 5) was the main
driver of consumption increase. Vegetation distribution changes are primarily
human-induced, and their impact on water consumption will likely decrease
under stricter land use policies, while reference evapotranspiration effects will
amplify. Climate change is a key factor affecting reference evapotranspiration,
and under continued climate change, vegetation water consumption in the Shule
River Basin may further increase, intensifying water scarcity crises. Therefore,
scientific water resource allocation is urgent.

Water resource management should balance economic development and eco-
logical protection. On one hand, water allocation should prioritize ecological
protection areas, adjusting water distribution flexibly based on monitoring of
vegetation degradation. On the other hand, excessive vegetation construction
consumes substantial water resources, requiring clear understanding of regional
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groundwater and precipitation conditions to determine vegetation carrying ca-
pacity and rationally control afforestation and grass planting. Policies should
coordinate water resource supply-demand relationships for both economic devel-
opment and ecological protection. Additionally, “source” and “conservation”
approaches can increase water availability: “source” through inter-basin wa-
ter transfer, and “conservation” through controlling cultivated land, adjusting
agricultural structure, and developing water-saving agriculture to allocate more
water for ecological restoration.

This study has limitations requiring further improvement. First, using single
representative stations for K, and K values for entire zones neglects within-zone
vegetation and soil heterogeneity; incorporating more meteorological stations
and remote sensing data for finer-scale K, and K, would improve accuracy.
Second, the impact of climate change on vegetation water consumption warrants
deeper investigation to complete the study.

Conclusions

1) The Shule River Basin’ s average annual vegetation water consumption
is 18.24 x 108 m3, highest in the southern Qilian Mountains (9.48 x 10%
m?), followed by the central plain area (4.64 x 108 m?), and lowest in the
northern Mazong Mountains (4.12 x 108 m3).

2) Vegetation water consumption shows an increasing trend, with increases
mainly in Tianjun County, central plain oasis areas, and Mazongshan
region, and decreases mainly in the Qilian Mountains.

3) Water consumption differs significantly among vegetation types: desert
vegetation > medium-coverage grassland > high-coverage grassland >
shrubland > sparse forest land > forest land.

4) Forest land and sparse forest land concentrate consumption in mid and
late growth stages, while other vegetation types follow the pattern: mid-
season > late season > development stage > initial stage. All vegetation
types showed substantial increases in mid and late stage consumption and
slight decreases in initial and late stage consumption.

5) Vegetation distribution changes increased water consumption by 0.38 X
10® m3 (4.53% of total increase), with the remaining increase driven by
reference evapotranspiration changes.
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