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The different steps adopted to Modified SWAT Plant Growth Module on Modelling Green and Blue Water Resources in Subtropics.

Public summary

m SWAT Plant Growth Module (SWAT-EPIC) modified with remotely sensed leaf area index (LAI) has a better perform-
ance in simulations of subtropical vegetation growth.

m The modeled results using modified SWAT show that evapotranspiration is more sensitive to vegetation changes than
other components of green water in a representative subtropical watershed.

m Seasonal changes of vegetation can cause a different response of blue and green water resources between forest and non-
forest plant type.
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Abstract: The dynamics of water availability within a region can be quantitatively analyzed by partitioning the water into
blue and green water resources. It is widely recognized that vegetation is one of the key factors that affect the assessment
and modeling of blue and green water in hydrological models. However, SWAT-EPIC has limitations in simulating veget-
ation growth cycles in subtropics because it was originally designed for temperate regions and naturally based on temperat-
ure. To perform a correct and realistic assessment of changing vegetation impacts on modeling blue and water resources in
the SWAT model, an approach was proposed in this study to modify the SWAT plant growth module with the remotely
sensed leaf area index (LAI) to finally solve problems in simulating subtropical vegetation growth, such as controlling
factors and dormancy. Comparisons between the original and modified model were performed on the model outputs to
summarize the spatiotemporal changes in hydrological processes (including rainfall, runoff, evapotranspiration and soil
water content) under six different plant types in a representative subtropical watershed of the Meichuan Basin, Jiangxi
Province. Meanwhile, detailed analysis was conducted to discuss the effectiveness of the modified SWAT model and the
impacts of vegetation changes on blue and green water modeling. The results showed that (1) the modified SWAT pro-
duced more reasonable seasonal curves of plants than the original model. Eyg (Nash-Sutcliffe efficiency) and R* increased
by 0.02 during the calibration period and accounted for an increase of 0.09 and 0.03, respectively, during the validation
period. (2) The comparison of model outputs between the original and modified SWAT suggested that evapotranspiration
was more sensitive to vegetation changes than other components of green water. In addition, vegetation presented conser-
vation capability in the blue water. (3) The variation in blue and green water resources with different plant types after
modifying the SWAT model showed that seasonal changes in vegetation led to a significant difference between forest and
non-forest areas.

Keywords: SWAT-EPIC; model applicability; subtropical regions; leaf area index; green/blue available water
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water resources to strengthen the management of water re-
sources and solve the shortage of water resources.

The estimation methods for blue water resources currently
are statistical analysis and hydrological models. For green
water, its estimation methods mainly include three methods:
biological models, hydrological models, and biological-hy-
drological coupling model™. It can be easily seen that only the
hydrological model can simultaneously estimate the amount

1 Introduction

Blue water and green water are two basic concepts in ecolo-
gical hydrology. They are also the basis and foundation of
water resource evaluation"?. Blue water is the available
amount of water resources, including surface rivers, lakes,
reservoirs, wetlands and aquifers”. Green water mainly refers
to the amount of water resources related to the growth of ve-

getation, as explained by Falkenmark!. Specifically, green
water contains green water flow and green water reserves.
The former mainly refers to the water content in soil (soil wa-
ter volume), while the latter represents the emission of plants
and the evaporation of soil and water bodies (actual evapo-
transpiration) . Water resource management has previ-
ously focused on blue water resources while ignoring green
water resources’’. The distinction between blue water and
green water provides new insight into the change in water re-
sources. Therefore, it is of great practical significance to
study the spatio-temporal changes in blue water and green
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of blue and green water resources and analyze the transforma-
tion between these two water resources. Vegetation is the key
factor in distinguishing blue water and green water according
to their definitions. It can affect rainfall, infiltration, runoff on
slope and evapotranspiration processes through canopy struc-
ture in the vertical direction and community distribution in
the horizontal direction, resulting in changes in land surface
energy and water resources in the spatial and temporal distri-
bution of water resources”'". Taking into account the role of
vegetation, it is necessary to select hydrological models when
accurately estimating the amount of blue water and green wa-
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ter resources and discussing the mutual transformation mech-
anism between blue and green water.

The Soil and Water Assessment Tool (SWAT) model is a
suitable hydrological model for evaluating the amount of blue
water and green water resources under the impact of vegeta-
tion change in the watershed because this model can directly
output each component of the hydrological processes by
coupling several modules, such as land hydrology, vegetation
cover and growth, soil erosion and nutrients!” ", However,
the original plant growth module of the SWAT model (EPIC
plant growth model) is more applicable to simulate vegeta-
tion changes in temperate regions ‘. When it was used to
simulate vegetation growth in tropical and subtropical re-
gions, there may be the following problems!*: First, the main
factor controlling vegetation growth in the low-latitudes is
precipitation rather than temperature; second, the dormant
season in the original vegetation module of the SWAT model
does not exist in these regions. These problems can cause
large biases in simulating vegetation growth using the SWAT
model in tropical and subtropical regions and affect the accur-
acy of the SWAT model in the amount and spatio-temporal
distribution of blue water and green water resources.

To reduce the errors induced by the SWAT-EPIC vegeta-
tion module, we used the actual plant growth conditions from
remote sensing to replace the simulated plant growth from the
original module of the SWAT model in tropical and subtrop-
ical regions. The improved SWAT was applied in the
Meichuan River basin, which is located in the subtropical
monsoon region. By comparing the results of the SWAT
model before and after improvement with the vegetation
change under six different land uses, we quantitatively dis-
cussed the impact of vegetation change on the estimation and
the transformation mechanism of blue water and green water.
This study provides a more effective analysis tool and sci-
entific basis for the protection, utilization and management of
water resources.

2 Study area and data

The Meichuan River Basin (26°00'-27°09' N, 116°36'-116°39'
E) is located in the upper reaches of the Ganjiang River
Basin, covering an area of 6384 km? (Fig. 1a). As one of the
main headwaters of Poyang Lake, this basin is a typical sub-
tropical basin with a humid climate, obvious monsoon and
abundant rainfall. The average annual temperature is 17°C,
the annual rainfall is 1628 mm, and the average annual relat-
ive humidity is over 80%. The dominant vegetation type is
subtropical evergreen forest, coniferous forest and mixed
forest, covering 40.63% of the basin. Rice planting accounts
for 27.19% of the basin area. In addition, there are a few
shrubs and grass (Fig. 1b). The soils are mainly red soil
formed by metamorphic rocks and granites and paddy soil
formed by farmland cultivation. These two types of soils ac-
count for 64.3% and 28.2% of the basin area, respectively
(Fig. 1¢).

The research data include two parts: basic data for running
the SWAT model and data for improving the SWAT model
(Table 1). The soil data with a spatial resolution of 30 m were
generated by the soil vector map (1 : 500,000) from the Re-
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source and Environment Science and Data Center, Chinese
Academy of Sciences. The Meichuan River Basin was di-
vided into 15 sub-basins and 490 hydrological response units
(HRUs) based on DEM, land use/cover, soil and other data.
Runoff data from Fenkeng station at the river basin output
and climatic data from 6 meteorological stations and 27 pre-
cipitation stations around the study area were collected from
2001 to 2014 for model calibration and verification, respect-
ively. MODIS leaf area index products and Landsat images
are used to obtain a high spatio-temporal resolution leaf area
index, which is an important input parameter and variable for
improving the plant growth module of the SWAT model.

3 Methods

3.1 Limitations of the SWAT plant growth module

The original plant growth module of the SWAT model is de-
rived from the simplified version of the EPIC model. This
module assumes that the growth rate of plants is proportional
to the rise in temperature. The vegetation growth can thus be
modeled through the accumulated heat each day'‘. For each
type of plant, there are minimum, maximum and optimal tem-
peratures for plant growth. Each type of plant grows when the
observed temperature exceeds the minimum growth temperat-
ure (base temperature) . Each degree of daily average tem-
perature higher than the minimum growth temperature can be
counted as a heat unit (HU).

Because the SWAT-EPIC model controls vegetation
growth based on HU, it is more suitable for simulations in re-
gions with a slow accumulation of heat, i.e., temperate re-
gions. In temperate regions, the air temperature during crop
planting is approximately 10-15 °C, followed by 30-35 C
after 2-3 months. In contrast, the annual temperature in sub-
tropical regions is higher with faster heat accumulation.
Therefore, the leaf area index (LAI) that characterizes the ve-
getation growth status in SWAT will reach the peak quickly
and remain constant for a long time!'®. In addition, previous
studies have noted that the main factor controlling vegetation
growth in tropical and subtropical areas is precipitation rather
than temperature!”. These problems suggest that the simu-
lated vegetation growth using SWAT will produce a large bi-
as in the subtropical zone.

The dormancy period is another factor that reduces the ac-
curacy of SWAT simulations in tropical and subtropical
basins. The term refers to a time period in which vegetation
stops growing. Its duration can be calculated according to the
day length and latitude™. While the dormancy period for ve-
getation does exist in temperate regions due to its low temper-
ature in winter, there is no duration for warmer tropical and
subtropical basins throughout the year'.

In summary, the dormancy period and the heating accumu-
lation associated with vegetation growth will result in signi-
ficant differences when LAI simulations are produced by the
SWAT model, especially in the subtropical basin. This sys-
tematic error of LAI simulation will be transferred to the oth-
er simulations of hydrological parameters, such as biomass,
evapotranspiration, and soil water content, directly or indir-
ectly reducing the estimation accuracy of green water and

DOI: 10.52396/JUSTC-2023-0023
JUSTC, 2024, 54(5): 0503



Zﬁlsrg‘

Ma et al.

J.iangxi

A Hydrometric

SEtrer Elevation (m)

- 1425

o137 “‘

®  Rainfall station

River

Z | Province

...

&

~ .~
O—"

Zz

>

P s - S

o .

- .

o

Meichuan
River Basi

- Km
;
115°0'E 115°30'E 116°0'E 116°30'E
Landcover N Soil
(b) (C ) [0 Fe-accumuli-Stagnic Anthrosols
Cropland I Fe-leachi-Stagnic Anthrosols
I Grassland [ Xanthic Ali-Udic Cambosols
- Shrubland || H:s(.xc Slagn'l-Perud.lc Cambosols
Albic Stagni-Perudic Cambosols
I Water body I Brown Carbonati-Udic Argosols
- Artifical area I Dystric Purpli-Udic Cambosols
; Albic Fe-acemuli-Stagnic Anthrosols
Dedidous forest
[ Evergreen forest I Rhodi-Udic Ferralosols

- Mixed forest

Hapli-Udic Ferralosols

Fig. 1. (a) Locations of rain gauge stations, domain rivers, sub-basins, (b) landcover and (c) soil type in the Meichuan Basin.

Table 1. The SWAT model datasets for the Meichuan Basin.

Source

Data type Spatial/temporal resolution
Digital elevation model 30m
Land use 30m
Soil 30m
Climate data (temperature, precipitation,
wind speed, relative humidity, solar Daily
radiation)
Runoff Daily
Leaf area index 8 days/500 m

Scientific Data Center of CAS (ASTER GDEM)
Department of Earth System Science, Tsinghua University (FROM-GLC)

Resource and Environment Science and Data Center (1 : 500000)
China meteorological data service center (2001-2014)

Hydrologic data year book (2001-2014)
Scientific Data Center of CAS (MCD15A2)

blue water resources.

3.2 Improvement of the remote sensing leaf area index
in the vegetation module of the SWAT model

In the vegetation module of the SWAT model, LAI repres-
ents the canopy structure and light energy utilization of the
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vegetation population on the Earth’s surface. In addition, LAI
is also an important parameter that affects vegetation
growth”?. Due to the limitations in the SWAT plant growth
module, the LAI simulations are not accurate in SWAT. In
comparison, the dataset from remote sensing LAI can reflect
the actual situation of surface vegetation. Thus, MODIS LAI
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products are incorporated into the SWAT model to replace
the simulated LAI of the original plant growth module. An
overview of the datasets, procedures, and models is shown in
the flow chart (Fig. 2). This improvement can make SWAT
simulations more accurate in hydrological parameters and en-
hance the applicability of the SWAT model in tropical and
subtropical basins.

3.2.1 High spatial and temporal resolution LAI

Due to the influence of cloud cover, sensor defects and other
factors, MODIS LAI products have discontinuities in time
and space™. In addition, the relatively low spatial resolution
(500 m) of MODIS LALI products cannot accurately depict dy-
namic changes in vegetation and hydrological characteristics.
Therefore, it is necessary to conduct time filtering and spatial
downscaling to improve the spatial and temporal resolution of
data before using MODIS LAI products. The data after pro-
cessing would better fit with the spatial resolution of basic
data and reflect the change in LAI in the basin.

The data quality of MODIS LAI optical remote sensing
products is highly susceptible to the interference of atmo-
spheric factors such as clouds and fog in the atmosphere®".
Affected by these factors, LAI time series extracted from
MODIS products show a sharp fluctuation. This pattern is
significantly inconsistent with the reality of vegetation
growth. To reduce the disturbance, the mTSF (modified tem-
poral spatial filter) time filtering method was used in this
study to smooth and reconstruct the time series of LAI data.
mTSF identifies outliers for each pixel of the image by com-
bining the quality control (QC) information contained in
MODIS LAI products and uses the estimates fitted by the re-
mote sensing data before and after multiple time periods to re-
place the original outliers. The processing procedures include
three main steps: (1) Background calculation. The multi-year
averaged LAI values of pixels with high quality were taken as

SWAT database

m climate data

_________________________________

| Improvement

| of SWAT

! model
source code

simulated
streamflow

__________________________________

Discussing the !
impact of
vegetation
change on the
estimation of

blue water
green blue and green
water water

the background value. (2) Observed value calculation. The
low-quality LAI values were replaced by background values
in step (1), and missing values were filled by linear interpola-
tion. (3) A final LAI value was obtained by applying a filter.
Although low-quality LAI has been replaced with the multi-
year averaged LAI, there are significant discontinuities in
MODIS LAI products (e.g., some abnormally low LAI in the
growing season). Using the results from the above steps, the
adaptive Savitzky—Golay filtering method was applied to ob-
tain a continuous and smooth LAI dynamic with final LAI
values. The specific method of time filtering can be seen in
reference *.

In the SWAT model, HRUs are the basic units for simula-
tion. LAI as a parameter in the plant growth module, also
simulates vegetation growth based on HRU. This means that
the LAI of vegetation is homogeneous in one HRU ', In this
study, the spatial resolution of the HRU data is 30 m, while
the spatial resolution of the MODIS LAI products is 500 m.
The difference between the two datasets will generate mixed
pixels on the HRU boundary™, resulting in LAI errors in the
HRU. Therefore, it is necessary to downscale MODIS LAI
data to 30 m by using Landsat images with 30 m high spatial
resolution to match the scale of remote sensing LAI and HRU
and to depict hydrological characteristics and dynamic
changes in vegetation more precisely. The Enhanced Spatial
and Temporal Adaptive Reflectance Fusion Model (ESTAR-
FM) is a spatial downscaling method that uses Landsat and
MODIS surface reflectance images to downscale MODIS
LAI image estimation to the scale of Landsat pixels . This
method assumes that there is a linear relationship between the
land surface reflectance obtained by Landsat and MODIS,
which has the same physical meaning. The main steps are as
follows: (1) unsupervised classification of land cover types;
(2) resampling of MODIS surface reflectance and LAI data
onto the Landsat pixel scale (30 m); (3) construction of the re-

MODIS LAI

Adaptive
Savitzky-Golay
filtering

Iv1 uonnjosai ybiy Buluierqo

Fig. 2. Flowchart illustrating the different steps adopted to improve the SWAT plant growth module.
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lationship between MODIS and Landsat surface reflectance
under different land cover types; (4) application of the estab-
lished surface reflectance relationship and STARFM al-
gorithm to the initial spatial MODIS LAI products; and (5)
smoothing of the downscaled LAI data to obtain the final LAI
data with high spatial resolution. Detailed information for
specific methods of spatial downscaling is presented in the lit-
erature™.

3.2.2 Improvement of SWAT model source code

The SWAT model is written in Fortran language, with a total
of 306 sub-modules. Among these sub-modules, the sub-mod-
ule grow.f is the plant growth module . Therefore, the
source code related to integrated remote sensing LAI is modi-
fied in this sub-module. Since the HRU is the basic unit of
SWAT model simulation, ArcGIS zonal statistics are first
used to calculate MODIS LAI at the HRU level before LAI
can be incorporated into the plant growth module of the
SWAT model. Basically, the SWAT simulates streamflow
and plant growth at a daily time step!”.. The daily LAI was in-
terpolated by applying a cubic spline interpolation method on
each HRU using 8-day interval MODIS LAI values. These
daily LAI values were defined as the input of the modified
SWAT plant growth module. Then, the code for reading
MODIS LAI data corresponding to each HRU is added in
grow.f to replace the code for simulating LAI generated by
the original model. Instead of LAI simulated by the plant
module of the original model, MODIS LAI will directly be
used to drive the model after the modification.

3.3 Model calibration and validation

The simulation periods for warm-up, parameter calibration
and validation are 2001-2002, 2003-2010, and 20112014,
respectively. In this study, the simulated results of the origin-
al model and the improved model were validated mainly
through the measured runoff data at the Fenkeng hydrograph-
ic station, and the calibration of model parameters was car-
ried out through SWAT-CUP.

SWAT-CUP is a program specially developed for automat-
ic parameter calibration of the SWAT model. It mainly uses
optimizing estimation algorithms to conduct model sensitiv-
ity tests, parameter uncertainty analysis, and automatic para-
meter calibration or validation™. The algorithm used in this
study is SUFI-2, which can randomly generate a set of para-
meters through the Latin hypercube sampling method to carry
out the calculation of objective functions in the SWAT
model®™. The two most commonly used objective functions
are the Nash-Sutcliffe efficiency (Eys) and correlation coeffi-
cient R?, which are expressed as follows:

S o-ry

By=1-————, (1)

n

So-o]

i=1

R=— i-1 — -, 2)
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where 7 is the number of observed data, O, and P; are the ob-
served and simulated values at time i, and Oand P are the ob-
served value and the average value of a simulation, respect-
ively. The closer the values of the two functions are to 1, the
better the simulation results of the model are. Similar to other
studies”' 7, the results of the objective function can be evalu-
ated as poor, fair, good and very good in the model perform-
ance.

4 Results and discussion

4.1 Comparison between original and downscaled LAI

Fig. 3 presents the enhanced LAI after downscaling and
shows the agreement between the original MODIS (500 m)
and downscaled LAI (30 m) at the scale of the entire basin
and a typical magnified view on August 20, 2008. As expec-
ted, much more detailed spatial LAI patterns can be found in
the downscaled LAI but have been averaged out in the origin-
al MODIS LAI. The normalized frequency distribution (Fig. 3c)
also indicates that equivalent clusters exist among the two
downscaled and original LAIs.

4.2 Calibration and validation of SWAT simulations

According to sensitivity analysis, parameter calibrations for
the original SWAT model and the improved SWAT model
are focused on eight parameters, including CN2,
ALPHA BF, GWQMN, REVAPMN, RCHRG DP,
SOL_AWC, SOL K and ESCO (Table 2). Note that the o
coefficient of base flow (ALPHA BF) is obtained by the base
flow division of runoff data software.

Then, combined with MODIS LAI data, the original and
improved SWAT models were used to simulate runoff. The
validation for both simulations was based on the runoff obser-
vations at the Fenkeng hydrographic station (Fig.4). The
Nash coefficient and correlation coefficient R? between obser-
vations and simulations are shown in Table 3. We find that
the Eyg and R? are above 0.8 in both cases, indicating that the
simulations are close to the measured values. The model per-
formance for both models can thus be evaluated as "very
good". The comparison of simulations between the two mod-
els shows that the simulated runoff from the improved model
has a smaller variability over the period of 2001-2014. In ad-
dition, the Eyg and R* for the improved model were higher
than those in the original model during the period for para-
meter calibration (R? increases from 0.93 to 0.95 and Eyg in-
creases from 0.86 to 0.93, respectively). A similar change is
also evident in the validation period (R? increases from 0.93
to 0.95 and Eyg increases from 0.86 to 0.93, respectively).
The model comparison results show that the robustness of the
improved model is better. According to the results of previ-
ous research, the ENS was noticeably improved when the
ENS increased by 0.02-0.09 and was slightly improved when
the ENS increased by 0.01-0.02 (Peterson and Hamlett, 1998;
Zhou et al., 2013). Therefore, the accuracy of SWAT simula-
tion is noticeably improved after combining MODIS LAL

4.3 Spatial and temporal distribution of green water and
blue water

Blue water resources are the sum of basin water production
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Fig. 3. MCD15A2 (a) and downscaled (b) maps of LAI on August 20, 2008. The right plot (c) shows the normalized frequency distributions of these two

LAI maps.

Table 2. List of eight sensitive parameters in SWAT used to calibrate streamflow with their calibrated values.

Calibrated values

Parameter Definition(Unit) (original/improved)
CN2 Initial SCS runoff curve number for moisture condition II 0.02/-0.03
ALPHA_BF Baseflow alpha factor (1/day) 0.032/0.032
GWQMN Threshold depth of water in the shallow aquifer required for return flow to occur (mm) 2643/300
REVAPMN Threshold depth of water in the shallow aquifer for “revap” or percolation to the deep aquifer to 36/230

occur (mm)
RCHRG_DP Deep aquifer percolation fration 0.19/0.7
SOL_AWC Available water capacity of the soil layer (mm) 0.34/0.32
SOL_K Saturated hydraulic conductivity(mm/hr) 0.36/0.71
ESCO Soil evaporation compensation factor 0.84/0.06

(WYLD) and deep groundwater recharge (DA_RCHG).
Green water flow is evapotranspiration (ET). Green water re-
serves denote soil moisture content (SW), and green water re-
sources are equal to the sum of green water flow and green
water reserves. Based on the above calculations, we can ob-
tain the temporal variations in the overall blue water and
green water resources in the Meichuan River Basin during the
study period (Table 4).

As shown in Table 4, the average precipitation in the
Meichuan River Basin was 1628.97 mm during the period of
2003-2014. The average total water resources of 1764.08 mm
is approximately 1.8 times the annual mean amount of blue
water resources (total available water). The amount of blue
water resources will increase with heavy precipitation, sug-
gesting that precipitation is the main source of blue water re-
source replenishment and the most influential factor of blue

0503-6

water resources. The average amount of green water re-
sources from 2003 to 2014 was 790.58 mm, accounting for
44.8% of the total water resources. The equal amount
between blue water resources and green water resources re-
veals that green water resources play an important role in wa-
ter resource contributions. Green water flow (evapotranspira-
tion) serves as the main part of green water resources. Thus,
most green water resources are lost by the evapotranspiration
of vegetation. Notably, the total water resources simulated by
the model are not equal to the precipitation. This difference
can be attributed to inaccurate simulation of the initial soil
water content in the SWAT model™.

Fig. 5 shows the spatial distribution of several parameters,
including annual averaged precipitation, blue water resources,
green water resources, and the hydrological components of
water resources. The annual mean precipitation generally de-
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Fig. 4. Temporal variability of rainfall, observed and estimated monthly runoff from original (a) and modified (b) SWAT with MODIS LAI at Fenkeng
station.

Table 3. Evaluation statistics of the runoff simulated by the original and modified SWAT model.

Period Model Average(mm) Maximum(mm) Minimum(mm) StandardDeviation R’ Exs
Calibration Original 181.44 860.7 19.73 157.23 0.93 0.93
Improved 175.77 872.2 20.55 160.61 0.95 0.95

Validation Original 203.29 706.3 48.66 140.83 0.91 0.83
Improved 182.48 706 33.93 137.63 0.94 0.92

Table 4. Blue and green water resources (mm) in the Meichuanjiang Basin during 2003-2014.

Year Precipitation ~ Total water resources ~ Blue water resources ~ Green water resources  Green water flow  Green water reserves

2003 1072.8 1392.76 722.07 670.69 638.71 31.98

2004 1438.06 1461.79 653.98 807.81 715.43 92.38

2005 1940.36 2000.57 1210.63 789.94 656.81 133.13

2006 1848.14 1920.59 1112.92 807.67 655.13 152.54

2007 1493.29 1698.73 935.06 763.67 645.69 117.98

2008 1539.35 1662.11 840.77 821.34 714.1 107.24

2009 1426.22 1514.21 669.05 845.16 679.97 165.19

2010 1989.79 2133.18 1352.84 780.34 634.05 146.29

2011 1335.71 1483.61 686.54 797.07 646.98 150.09

2012 2363.12 235391 1579.42 774.49 608.03 166.46

2013 1443.24 1719.74 916.1 803.64 647.53 156.11

2014 1657.56 1827.71 1002.57 825.14 695.64 129.5
Average 1628.97 1764.08 973.5 790.58 661.51 129.07
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Fig. 5. Spatial distribution of annual mean water resource components in the Meichuan Basin during 2003-2014: (a) precipitation, (b) green water flow,
(c) green water resources, (d) surface runoff, (e) base flow and (f) blue water resources.

creases from northeast to southwest in the study area (Fig.
5a). The surface runoff in the northern basin is lower than that
in the southern basin, while the base flow has an opposite pat-
tern. This spatial pattern is consistent with the north—south
distribution of precipitation, suggesting that precipitation con-
trols the surface runoff and base flow in the whole basin. The
amount of green water resources along the river is obviously
higher than that in other areas. This feature can be explained
by green water resources produced by human activities. Be-
cause the crops in the southern subtropical basin were planted
in the area along the river course and require more agricultur-
al irrigation water, the increase in the overall evapotranspira-
tion results in a larger amount of green water resources along
the river course. In addition, the green water resources in the
northern part of the basin are higher than those in the south-
ern part. For green water flow, there is no obvious change in
the basin.

4.4 Changes in blue and green water resources before
and after the improvement of the SWAT model

By comparing the simulated blue and green water re-
sources before and after the improvement of the SWAT model
(Fig. 6), it is found that the blue water resources from the im-
proved SWAT model increase by 86.41 mm and the green
water resources decrease by 37.80 mm. This change is re-
lated to the following two reasons. First, the remote sensing
LAIT used in the plant growth module of the improved SWAT
is lower than that simulated by the original model, resulting in
a decrease in evapotranspiration and green water resources.
Second, a smaller proportion of rainfall infiltrated and reten-
ted the soil, which increased the amount of runoff (blue wa-
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ter). For each component of blue and green water resources,
we found an increase in base discharge surface and green wa-
ter reserves, with a decrease in runoff and green water dis-
charge. In comparison, the change in green water flow and
base flow is more significant because changes in vegetation
directly affect the amount of evapotranspiration (green water
flow) and rainfall infiltration. In addition, the Meichuan River
Basin is located in a humid area with a relatively high surface
vegetation coverage rate. This leads to an increase in the pro-
portion of the green water flow and the base flow.

For the spatial distribution, the green water flow simulated
by the improved SWAT model is lower, and green water re-
serves become higher than simulations before the model im-
provement (Fig. 6). The changes in green water resources
show an obvious difference between the northern and south-
ern regions of the basin due to the difference in vegetation
types. The major vegetation type in the south is forest, while
the major vegetation types in the north are farmland, grass-
land and shrub. Thus, low LAI values are shown in the north-
ern region, with a greater reduction in evapotranspiration
(green water flow). Another reason for spatial differences is
associated with the strong ability of forests to conserve water
and soil. In forest regions, rainfall can be converted into soil
water storage even if the LAI is reduced, and thus, the in-
crease in soil water (green water reserves) is more significant.

In Fig. 7, the variation trend of blue water resources is op-
posite to that of green water resources. Compared with the
original model, the blue water resources simulated by the im-
proved model increase significantly with a level of approxim-
ately 120-270 mm. The main reason is that the reduction in
vegetation increases the conversion rate of rainfall to runoff
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Fig. 7. Comparison of blue and green water resource components between the original and modified SWAT models during 2003-2014.

(blue water). Two main components of blue water resources,
i.e., surface runoff and base flow, vary significantly from
north to south. The surface runoff increases and the base flow
decreases in the northern region, while an opposite trend is
shown in the southern region. Similar to the north—south dif-
ference in green water resource distribution, different changes
in blue water resources occur in response to vegetation types.
For farmland, grassland and shrub, vegetation reduction leads

0503-9

to a small roughness coefficient, accelerates the velocity of
overland flow, and thus results in a decrease in the infiltra-
tion of water during the runoff process. Correspondingly,
there is a significant increase in surface runoff and a decrease
in base flow. For forests, a large proportion of infiltrated rain-
fall can be converted into base flow. Therefore, surface run-
off will decrease when vegetation cover and forest intercep-
tion of rainfall decrease in the basin. In addition, the analysis
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of soil spatial distribution and hydrometeorological condi-
tions shows that the change in soil and surface runoff and the
change in precipitation and base discharge play an important
role.

4.5 Impact of vegetation change on estimation of blue
and green water resources

Fig. 8 shows the estimation of blue and green water re-
sources in response to vegetation change before and after
model improvement. For the green water resources of farm-
ing land, grassland and shrub, their estimated values with the
improved model decrease more in autumn and winter than in
spring and summer. In contrast, the green water of the three
forest vegetation types had no obvious change at the seasonal
scale. Based on the analysis in Section 4.3 and 4.4, we have
learned that evapotranspiration is the dominant component of
green water resources. Thus, the decrease in green water re-
sources in autumn and winter is due to the decrease in evapo-
transpiration induced by vegetation reduction. However, the
changes in evapotranspiration cannot explain the decrease in
green water resources in spring and summer. Although the
vegetation cover rate in spring and summer is higher than that
in autumn and winter, the reduced evapotranspiration is lower
than that in autumn and winter. It can be concluded that the
reason for the reduction in green water in spring and summer
is that the decrease in vegetation cover leads to an increase in
solar radiation received by the surface and a decrease in soil
water content.

The simulations from the improved model show that the
blue water resources of grassland and shrub have a greater in-
crease, with annual average rates of 21.5% and 19.7%, re-
spectively, followed by farmland and deciduous forest, with
change rates of 18.9% and 18.2%, respectively. The change
rates of evergreen forest and mixed forest were the lowest at
10.8% and 11%, respectively. The blue water resources in-
crease with LAI changes and vegetation reduction. This also
implies that vegetation has a significant water-reducing effect
and can conversely increase the water and soil conservation
ability in the basin.

The changes in blue and green water resources of forests

before and after the model improvement indicate that the sea-
sonal change in vegetation has negligible effects on the
change in blue and green water resources for forests. The
main reason is that the short-term vegetation reduction associ-
ated with the small change in evapotranspiration has little ef-
fect on the change in overall water balance, especially for
forests with large evapotranspiration. In addition, forests have
a better water and soil conservation ability. This will cause
the increase in blue water sources and the decrease in green
water sources to be nonsignificant.

To further understand the relationship between vegetation
change and water sources, we compare the LAI time series
obtained from the original model with that from the im-
proved model. As shown in Fig. 9, the LAI simulated by the
original model is relatively high. This comparison is consist-
ent with the changes in green water resources between the ori-
ginal and modified SWAT models (Fig. 7), indicating that
green water is mainly affected by vegetation change. The LAI
simulated by the original model peaked quickly and occupied
a long time in the vegetation growth cycle, while there was no
such phenomenon in the simulations of the improved model.
We could not obtain an appropriate LAI curve that reason-
ably describes vegetation dynamics as the MODIS LAI
presented even though the SWAT parameters had been adjus-
ted to keep plant growth at the slowest speed. This could be
attributed to the EPIC model used in SWAT, which is only
adaptable to a temperate zone (Alemayehu et al., 2017).

Temperature is the most important controlling factor gov-
erning plant growth in EPIC. In temperate zones, the temper-
ature when seeding is approximately 10~15 °C and rises to
30~35 °C 2~3 months before harvesting (Bai et al., 2018).
Considering the plant growth pattern in the temperate zone,
the accumulation of heat units is slow, especially at the begin-
ning of plant growth (Neitsch et al., 2011). However, there is
an extremely rapid accumulation of heat units in the tropics
and subtropics due to high temperatures throughout the whole
year, resulting in an incredible rapid LAI increase at the be-
ginning of the growing season in SWAT-EPIC. In addition,
previous studies have demonstrated that the nature of vegeta-
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tion growth in the subtropics is controlled by rainfall, not
temperature (Ma et al., 2019). Therefore, the modeled LAI
values were abnormally higher than the observed satellite val-
ues in all vegetation types. All of the above issues were also
the reason why we tried to use satellite-observed LAI to re-
place the SWAT-simulated LAI

5 Conclusions

In this study, remote sensing LAI was processed by scale con-
version and then incorporated into the SWAT model. The
modified SWAT can thus be applied in tropical and subtrop-
ical regions, and its simulations also show a relatively high
accuracy in the studied area. Meanwhile, the comparison
between the blue water and green water resources estimated
by the original model and the modified model reveals the im-
portant influence of vegetation change on the spatial and tem-
poral change distribution pattern of blue water and green wa-
ter resources. Because the LAI can affect evapotranspiration,
green water is more sensitive to vegetation change than blue
water. The estimates of the improved model for the green wa-
ter resources are higher and the blue water becomes lower,
and they are closer to the actual changes. Changes in vegeta-
tion can cause the change in blue water and green water
amount in agricultural grassland to be more significant than
that in forestland. The forest has a good conservation and reg-
ulation capacity, and thus, its seasonal change has no obvious
effect on the change in blue and green water. In the process of
improving SWAT, this study uses MODIS 500 m/8 days LAI
remote sensing products that have been published steadily for
a long time and do not require additional correction for field
observations or specific satellite data processing. Thus, data
preparation and processing are very simple. This improved
model is a useful tool for the accurate and comprehensive
evaluation of water resource effects and the ecological envir-
onment.
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