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Abstract: Vegetation canopy interception (Ic) of precipitation is a considerable component of the
global hydrological cycles. Although the measurement and modeling of canopy interception have
been explored worldwide at the individual, stand or ecosystem scale, it is still unclear how to
recognize this process at the regional or global scales within the context of global climate change. In
this study, a revised Gash model was employed to estimate canopy interception based on remote
sensing and meteorological data. The spatial and temporal variations in Ic were investigated and the
main environmental factors were explored in China for the 2000–2018 period. The results showed
that the revised Gash model performed well in modeling canopy interception at the regional scale
compared with the PML_V2 dataset product and the in-situ measurements. The average annual
Ic in China from 2000 to 2018 was 166.55 mm, with a significant decreasing spatial pattern from
the Southeastern to the Northwestern regions. The ratio of canopy interception to precipitation
(Ir) displayed a similar spatial pattern, with an average value of 22.30%. At the temporal scale,
the mean annual Ic significantly increased at a rate of 1.79 mm yr−1 (p < 0.01) during the study
period, and the increasing trend was more pronounced during the 2000–2009 period, at a rate of
3.34 mm yr−1 (p < 0.01). In most vegetation types, except for the deciduous broad-leaved forest and
temperate desert, canopy interception showed a significant increasing trend (p < 0.01). Precipitation,
temperature, and the normalized differential vegetation index (NDVI) were considered to be the main
factors affecting the variations of Ic in China during the last two decades, with specific dominant
factors varying in different areas. Specifically, precipitation was considered to control the variations
of Ic in the Northwestern regions, temperature mainly influenced the Southern regions, and the
NDVI was identified as the main factor in regions where significant ecological conservation projects
are established, such as the Loess Plateau. Our findings are expected to not only contribute to
the understanding of regional ecohydrological cycle but also provide valuable insights into the
methodology of interception modeling at the regional and global scales.

Keywords: canopy interception; revised Gash model; remote sensing; vegetation types; China

1. Introduction

Vegetation canopy interception is the process by which gross rainfall falling onto
plant surfaces is captured, stored, and subsequently lost through evaporation from the
canopy [1]. This process represents water loss from ecosystems and water gain for the
atmosphere, and as such it plays a critical role in regulating the global hydrological cycle
and land–atmosphere interactions [2,3]. It has been widely reported that canopy inter-
ception accounts for more than 20% of the gross rainfall across biomes globally [4], even
exceeding 40% in some forest-covered regions [5,6]. In addition, canopy interception is also
the main component of evapotranspiration, with proportion values frequently reaching
up to 50% in many ecosystems [7]. Despite its importance, vegetation canopy interception
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has been traditionally simplified as an underestimated constant or even overlooked in
many hydrological models [2], leading to great uncertainties in the modeling results and
limiting our understanding of regional hydrological processes. Therefore, how to quantify
the magnitude of canopy interception across different vegetation biomes has become an
important scientific issue in ecohydrological studies in recent years [8–10].

Field observations and model simulations are two commonly used methods to esti-
mate the canopy interception of vegetation. The first allows the calculation of interception
from the in-situ monitoring throughfall (TF) and stemflow (SF) based on the water balance
model, as Ic = P-TF-SF (where P is gross rainfall or precipitation) [11]. Because of its easy
operability, the field observation method has been widely used to estimate interception in
almost all ecosystems worldwide [4,12,13]. However, due to the randomness of precipi-
tation and diversity of vegetation, long-term monitoring periods are generally required,
which makes this method time consuming and costly [14,15]. Model simulations have
contributed to addressing this problem, as they allow for estimation of canopy interception
based on the available meteorological variables and vegetation canopy parameters [1,16].
Numerous interception models have subsequently been developed to accurately estimate
canopy interception loss in various ecosystems, such as regression models [17], empirical
models [18], stochastic models [19], and physically based models [9,20–22].

Among them, a simple process-based model proposed by Gash (1979), known as
the Gash analytical model, has been widely applied due to its simple calculation process
and good simulation ability in different ecosystems [1,23,24]. Yet, the original model
usually overestimates canopy interception in sparse forests, as it contains a weakness in the
description of the canopy cover fraction for this ecosystem [21]. A revised Gash model was
therefore reformulated by improving boundary conditions and using evaporation per unit
canopy area instead of per unit ground area [21,25]. This reformulated version of the model
has been verified to have a good performance in predicting interception under various
canopy coverage conditions, from sparse to closed canopy [10,26–29]. However, both the
interception results obtained from field observation and simulation models are mostly
limited to individual, stand, or ecosystem scales, and it is uneasy to upscale these models to
the regional or global scales [30–32]. This limitation does not allow to include interception
into global hydrological models and to consider the spatial and temporal information of
interception within the current context of global change.

With the development of satellite technology, remote sensing has become a powerful
tool to extract spatial and temporal information related to earth surface processes owing to
its vast coverage, low costs, and applicability in ungauged areas [32]. Numerous studies
employed remote sensing to estimate the flux or reveal the dynamics of water [33–35],
nutrients [36], and heat [37] in land surfaces, which turned this tool into a conventional but
indispensable method in global hydrology research. In recent years, increasing attention
has been paid to the application of remote sensing to measure canopy interception at a
large scale. For instance, Wu et al. [38] calculated the vegetation canopy interception of
rainfall in southern China by combining observed rainfall data and leaf area index data
obtained using a moderate resolution imaging spectroradiometer. Ghilain et al. [31] utilized
remote sensing data to forecast canopy interception from an empirical interception model
in Europe, Africa, and South America. Nevertheless, the above-mentioned studies and a
number of other relevant studies mainly inversed canopy interception from remote sensing
data through simple regression relationships or empirical formulas. The integration of
remote sensing data to a process-based canopy interception model from the perspective
of the physical mechanism is still a key technical challenge at present [39]. Although few
studies have attempted to use remote sensing data to run the revised Gash model [30,32],
the coupling of the remote sensing technique and process-based interception models is still
at an early stage, due to the complexity of model parameters and the resolution of remote
sensing products. Hence, there is an urgent need for more relevant studies, especially in
regions with a wide range of vegetation types and high variability, as the model obtained
from these areas have been shown to generally contain more uncertainties.
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China is a vast country with a wide range of vegetation types, including forests,
shrubs, herbaceous vegetation, alpine tundra, marsh and aquatic vegetation, agricultural
and desert vegetation [40]. Due to climate change and ecological conservation projects,
vegetation growth significantly increased in most areas of China since the 21st century [41],
which contributed to a quarter of the global net increase in vegetation coverage with only
6.6% of the global vegetated area [42]. Specifically, the Loess Plateau China, where the
Grain for Green Program is well established, has experienced a distinct increase vegetation
coverage, with the NDVI growth rate reaching 0.008 yr−1 during the 2000–2015 period [43].
The karst area in the Guangxi-Yunnan-Guizhou region in Southwestern China, another
typical area chosen for ecological conservation projects, saw a stronger vegetation greening
trend during the ecological protection period (2001–2016) than during the reference period
(1982–2000), and this trend was influenced by eco-engineering [44]. Therefore, within
the context of these vegetation changes, it is urgent to elucidate how canopy interception
varied in different ecosystems in China during the last two decades in order to understand
the ecohydrological effects of vegetation under the persistent impact of climate change
and ecological engineering. The objectives of this study were to (1) develop and verify
a large-scale revised Gash model running by satellite observation and meteorological
data; (2) investigate the spatial and temporal variations of canopy interception in various
vegetation types in China since the 21st century; and (3) explore the main factors driving
the variations of canopy interception in China.

2. Materials and Methods
2.1. Study Area

China presents a wide range of vegetation types, which are distributed at specific
latitudinal and longitudinal zones. In Eastern China, tropical rain forests, monsoon forests,
and coniferous forests consecutively occur from South to North and, as moisture decreases
from East to West, the vegetation types change from forest, forest grassland, and grassland
to desert. Overall, China is divided into the following eight vegetation regions (Figure 1):
cold temperate coniferous forest, deciduous broad-leaved forest, Qinghai-Tibet Plateau
alpine vegetation, tropical monsoon forest, rain forest, temperate grassland, temperate
desert, subtropical evergreen broad-leaved forest, and temperate mixed forest.

2.2. The Revised Gash Model

The analytical Gash model assumes that rainfall events separated by sufficiently long
intervals and the intercepted water is completely evaporated before the next rainfall [45].
Three phases could be distinguished in each rainfall event: (1) the wetting phase, as rainfall
reaches the canopy; (2) the saturation phase, as the canopy reaches its maximum water
storage capacity; and (3) the drying phase after rainfall has ceased. Then, the model adds
up the canopy interception of each phase to obtain the total canopy interception. The
revised version considers leaves, branches, and crowns as a whole during the estimation of
canopy interception [1,21], and introduces additional parameters, such as canopy coverage
to simplify the calculation. The calculation formula is:

Ij = c ∑m
j=1 PG,i, PG ≤ P′G,i

I j = (ncP′G − ncSc) + c E
R ∑n

j=1 (PG,j − P′G) + ncSc + (qSt + Pt∑
n−q
j=1 PG,j), PG > P′G,i

(1)

where m and n indicate that the vegetation is not saturated for m times and is saturated for
n times of the m + n precipitation events; Ij is the canopy interception of the jth of m rainfall
events; c is the canopy density; q is the number of times that the trunk reaches saturation
and produces stemflow; PG,j is the gross rainfall (mm) of the jth of m rainfall events; Sc is
the canopy storage capacity and Sc = S/c; St is the trunk storage capacity (mm); E is the
averaged evaporation rate (mm/h) and Ec = E/c; R is the average rainfall rate (mm/h); St
is the trunk storage capacity (mm); and Pt is the stem runoff coefficient.
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Figure 1. Vegetation biomes and associated normalized difference vegetation index (NDVI) in China.

Several studies have attempted to develop the remote sensing based Gash model, and
successfully applied it to simulate canopy interception in large-scale regions [30,32,46]. The
calculation formula is: 

Ii = Fvc × PG, PG ≤ P′G,i

Ii = Fvc × PG,i + (Fvc × Ev
R
), PG > P′G,i

(2)

where Ii is the canopy interception of the ith subpixel; Fvc is the vegetation coverage; PG

is the gross rainfall; P′G,i is the rainfall threshold for saturation; Ev
R

is the ratio of the mean
evaporation rate to the mean rainfall rate, which is selected on the assumption that the
evaporation of the saturated canopy and trunk are the same. The calculation formula of
P′G,i is as follows:

P′G,i = −
R
Ev
×

Sveg

Fvc
× ln(1− Ev

R
) (3)

where Sveg is the canopy and stem storage capacity, and it is assumed to be linearly related
to the vegetation area index (VAI).

2.3. Data Preparation

The NDVI data were reconstructed from the moderate resolution imaging spectrora-
diometer (MODIS) products to estimate FVC. In brief, the spatial resolution of the MODIS
NDVI product is 500 m and the temporal resolution is 16 days, with the criteria of low
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clouds, low view angle, and highest NDVI value. The leaf area index (LAI) data-set with a
resolution of 500 m in spatial and 8 days in temporal, respectively, were collected from the
MODIS LAI product (MYD15A2) to estimate the VAI based on Equation (4):

VAI = LAIg + Ls (4)

where LAIg is the leaf area index provided by MODIS LAI product; Ls is the area index
of dead leaves, branches, stem, and trunk. In addition, Ls was estimated according to its
relationship with the LAI as described in Zeng et al. (2002) [47].

The landcover product (MCD12Q1), which contains 17 landcover types based on
the International Geosphere Biosphere Programme (IGBP) classification, was collected to
separate different vegetation types. As these vary, the input vegetation parameters changed
during the model simulation [32,46].

In the present study, 3-h precipitation intensity data sourced from China’s meteoro-
logical forcing dataset, which was supported by the National Tibetan Plateau Scientific
Data Center, were used to run the revised Gash model. The dataset was based on tropical
rainfall measuring mission (TRMM) precipitation data and reanalysis data, such as Prince-
ton reanalysis data, global land data assimilation system (GLDAS) data, and radiation
data from global energy and water exchanges project-surface radiation budget (GEWEX-
SRB), and it integrated the conventional meteorological observation data of the China
Meteorological Administration, which has a better accuracy of 0.1◦ [48,49]. A monthly
potential evapotranspiration dataset from the National Earth System Science Data Center
(http://www.geodata.cn/ accessed on 21 January 2022) was also used to run the model.
The data were calculated using the Hargreaves potential evapotranspiration equation with
a temporal resolution of 1 mon and a spatial resolution of 1 km [50].

The canopy interception evaporation data (Ei) used for validation were derived from
the PML_V2 global evapotranspiration (ET) and gross primary production, which is ob-
tained from the National Qinghai-Tibet Plateau Science Data Center (https://data.tpdc.
ac.cn/ accessed on 24 January 2022) [51]. Based on the Penman-Monteith-Leuning (PML)
model, PML_V2 coupled the GPP process according to the stomatal conductance theory,
which greatly improved the accuracy of the ET simulation. The resolution in spatial and
temporal scale were 0.05◦ and 8 days, respectively. Data from 2003 to 2018 were used for
this validation.

2.4. Data Analysis
2.4.1. Model Validation

The validation of the revised Gash model was assessed by comparing the canopy
interception both with those acquired from the PML_V2 dataset by randomly selecting
400 sites and with the results of in-situ measurements from 53 sites in 35 peer-reviewed
journal articles in China during the 2000–2018 period (File S1). We set the interception from
the PML_V2 dataset or in-situ measurements as the benchmark and employed normalized
root mean square error (NRMSE), the mean relative error (MRE), and determination coeffi-
cient (R2) to assess Gash model’s performance. MRE and NRMSE were calculated using
the following equations:

MRE =
Y− X

X
× 100% (5)

NRMSE =

√
1
n ∑n

i=1 (Yi − Xi)
2

X
× 100% (6)

where Yi is the canopy interception simulated by the revised Gash model, Xi is the inter-
ception obtained from the PML_V2 dataset or in-situ measurement, n is the number of
simulation datasets.

http://www.geodata.cn/
https://data.tpdc.ac.cn/
https://data.tpdc.ac.cn/
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2.4.2. Analysis of Canopy Interception Variation

The spatial and temporal variations in canopy interception were investigated by the
Mann-Kendal (MK) test, which is a non-parametric method recommended by the World
Meteorological Organization. This test is frequently utilized to determine the long-term
trend and variation of precipitation, temperature and runoff because it does not need to
obey the same probability distribution [35].

The MK test was calculated using Equations (7) and (8), assuming that the runoff
sequence is x1, x2, x3, · · · , xn. Sk represents the cumulative number of the first sample
xi > xj(1 ≤ j ≤ i) and it is defined as:

Sk = ∑n
i=1 ∑i−1

j=1 sign(xi − xj) (7)

where sign(xi − xj) is a step function. The statistical variable Z is defined as:

Z =



(S−1)√
n(n−1)(2n+5)

18

, Sk > 0

0 , Sk = 0
(S+1)√

n(n−1)(2n+5)
18

, Sk < 0

(8)

where Z obeys a normal distribution. Z > 0 indicates an upward trend, while Z < 0
means a downward trend. When |Z| is greater than 1.96, the serial trend passes the
95% significance test.

2.4.3. Analysis of the Environmental Factors Influencing Canopy Interception

Canopy interception is mainly affected by vegetation characteristics (vegetation
species, canopy structure, etc.) and environmental factors (precipitation characteristics,
wind speed, temperature, etc.) [11,52]. The NDVI can reflect the physiological charac-
teristics of vegetation. Thus, temporal evolution was revealed to identify the impacts of
environmental variables on canopy interception. The stepwise multiple regression analysis
was employed to estimate the relative contribution of each variable to canopy interception,
and it specifically included temperature (T), precipitation (P), relative humidity (RH), wind
speed (WS), solar radiation (SR), air pressure (AP), potential evapotranspiration (PE), and
NDVI. The significance of the multiple regression model was examined by the F-test, which
could be reflected by the determination coefficient R2, and the candidate variables were
selected for the model based on a 0.05 significance level [53]. All data were normalized
before applying the method. The spatial distribution of the relative contributions of these
factors in China was obtained by calculating eight environmental variables to canopy
interception in each pixel using GIS technology.

Finally, the stepwise multiple regression method was applied by setting the normalized
canopy interception as the dependent variable and the normalized environmental variables
as predictors (independent variables). The contribution of each influencing factor to the
change of precipitation interception was calculated using the following equations:

Y = a1X1 + a2X2 + a3X3 + · · ·+ anXn (9)

η1 =
|a1|

|a1|+ |a2|+ |a3|+ · · ·
(10)

where Y is the dependent variable, X1, X2, X3, · · · are the independent variables, a1, a2, a3, · · ·
are the coefficients of this regression equation, and η1 is the relative contribution ratio of
each dependent variable to the variations in canopy interception.
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3. Results
3.1. Validation of the Revised Gash Model

The canopy interception of the revised Gash model displayed a significantly corre-
lation both with the PML_V2 dataset product (r = 0.8, p < 0.01, Figure 2a) and the in-situ
measurements (r = 0.66, p < 0.01, Figure 2b). The points in Figure 2 mainly distributed
around the 1:1 line and the NRMSE were both less than 15%, indicating that simulated
results of the revised Gash model were relatively robust compared to those obtained from
the existing remote sensing products and in-situ measurements.
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3.2. Spatial Patterns of Canopy Interception in China

The mean annual canopy interception in China ranged from 0.98 mm to 1423.47 mm
(with an average value of 166.55 ± 160.61 mm) from 2000 to 2018 (Figure 3a), showing
a significant decreasing pattern from the Southeastern to Northwestern regions. For
example, the highest lowest mean annual canopy interception was measured in the tropical
rainforest (section VIII) and temperate desert regions, with values of 461.1 ± 161.25 mm
and 18.07 ± 22.34 mm, respectively (Figure 4). The ratio of interception to precipitation
displayed similar spatial patterns (Figure 3b), with mean annual values ranging from 0.12%
to 60.21% and an average value of 22.30 ± 11.45%. In contrast, in the cold temperate
coniferous forest region, the Ir was relatively higher, while the Ic was relatively lower.

3.3. Temporal Variation of Canopy Interception in China

The mean annual canopy interception in China significantly increased from 2000
to 2018 (Figure 5), at a rate of 1.79 mm yr−1 (p < 0.01). The increasing trend was more
pronounced during the 2000–2009 period, with rates of 3.34 mm yr−1 (p < 0.01), despite a
decrease down to 1.14 mm yr−1 observed from 2009 to 2018. In terms of seasonal patterns,
canopy interception in summer not only accounted for the largest proportion of annual
interception but it also obviously increased, especially between 2000 and 2009, at a rate
of 2.26 mm yr−1 (p < 0.01). Canopy interception in spring also increased significantly
(p < 0.01), causing a certain impact on annual interception.
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evergreen broad-leaved forest; V: tropical rain forest; VI: temperate steppe; VII: temperate desert;
VIII: alpine vegetation of Qinghai-Tibet Plateau.
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The results of the MK test (Figure 6a) showed that in many regions canopy interception
displayed an increasing trend during the 2000–2009 period, especially in Northeastern
China and in the Loess Plateau, where the increase was significant (p < 0.01). During the
2009–2018 period, the temporal variations were not obvious, except in Southern China
(Figure 6b), where a significant increasing trend (p < 0.01) was detected.
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broad-leaved forest; IV: subtropical evergreen broad-leaved forest; V: tropical rain forest; VI: temperate
steppe; VII: temperate desert; VIII: alpine vegetation of Qinghai-Tibet Plateau.
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In particular, except for the deciduous broad-leaved forest and temperate desert
vegetation, the other six vegetation types almost displayed a significant increasing trend
(p < 0.01) of canopy interception during the 2000–2018 period (Figure 7I,II,IV–VI,VIII).
Among them, the cold temperate coniferous forest and the temperate steppe showed a
significantly higher increasing rate (p < 0.01) of canopy interception between 2000 and
2009 than between 2009 and 2018 (Figure 7I,VI), while the remaining four types displayed
a significant increasing trend (p < 0.01) during the whole period. Similar with the mean
annual value, the canopy interception in summer dominated the most proportion of the
annual interception in almost all the vegetation types (Figure S1).
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3.4. Environmental Factors Affecting Canopy Interception

The results of stepwise multiple regression analysis exhibited precipitation, NDVI,
temperature, relative humidity, and solar radiation explained 82% of the variance in canopy
interception in China over the past 20 years (Table 1). Among these factors, precipitation,
NDVI, and temperature were the main contributors to the variations, and they were also
significantly correlated with interception based on the partial correlation analysis (Table S1).

Specifically, the spatial distributions of the relative contribution of environmental
factors have been explicitly visualized to show the main factors influencing canopy in-
terception across the entire country (Figure 8). Precipitation was the dominant variable
in Northwestern China, with a relative contribution of over 40% in most of the areas
(Figure 8a). In some regions of Xinjiang Province, the relative contribution of precipitation
reached even 80–100%. The NDVI was the main environmental factor in the Loess Plateau
and some regions of the Tibet Plateau, with relative contribution values approaching
40–60% (Figure 8b). Temperature contributed more than 40% in some Southern regions
of China (Figure 8c). Other factors, including wind speed, relative humidity, and solar
radiation, contributed less than 20% to the variation of interception in most parts of China
(Figure 8d–f).

Overall, the spatial patterns of the dominant environmental factors were obtained to
display which ones affected canopy interception the most in China (Figure 9). Based on the
results, precipitation, temperature, and NDVI were the predominant variables affecting
47.09%, 25.12%, and 16.29% of China, respectively.

Table 1. The coefficients of stepwise multiple regression and associating relative contributions of
environmental factors on canopy interception.

Variables
R2 p

P NDVI T RH SR WS AP PE

Coefficient 0.87 0.22 0.11 −0.04 0.03 — — — 0.82 <0.01Contributions 68.68% 16.97% 8.84% 3.02% 2.49%

P: precipitation; NDVI: normal difference vegetation index; T: temperature; WS: wind speed; RH: relative humidity;
SR: solar radiation; AP: air pressure; PE: potential evapotranspiration.
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4. Discussion

The validation results of the revised Gash model (Figure 2) meant that the model
performed well in estimating canopy interception at the regional scale compared with other
products and in-situ measurements [30,32]. The model results revealed that the Ic and Ir
in China during the last two decades were 166.55 mm and 22%, respectively (Figure 3),
which are in line with the values obtained in previous related studies [54,55]. For example,
Zhang et al. [56] conducted a review study by collecting canopy interception data from 86
studies conducted in 47 different research sites located in China and concluded that the
Ic and Ir were 209.8 mm and 25.5%, respectively. The results published in this paper are
slightly higher than those in present study, which may be due to the scale gaps of different
methods. The interception data used in Zhang et al. [56] was based on rainfall event at
site scale, and thereby analyzed by the meta-analysis method. Moreover, our study found
that the Ir in the coniferous and broadleaved mixed forest in temperate zone of China
was 34.56 ± 6.58%, which was close to the result of Zhang et al. [56] (i.e., 35.00 ± 10.50%).
Despite the slight differences, the simulated results of canopy interception in the present
study were generally in line with those of previous studies.

The results revealed a significant decreasing spatial pattern of the mean annual
canopy interception from Southeastern to Northwestern regions in China (Figure 3).
This pattern was mainly determined by the spatial distributions of precipitation and
vegetation types [4,6]. From Southeast to Northwest, precipitation significantly decreased
with the effect of the monsoon climate [57]. In addition, the vegetation type changed from
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tropical or subtropical forest to temperate steppe or temperate desert (Figure 1), which are
characterized by a sparser canopy structure that can retain less rainwater [58]. A similar spa-
tial pattern was also detected in the ratio of interception to precipitation (Figure 3b), except
for the cold temperate coniferous forest, which exhibited a relatively higher interception
ratio but lower canopy interception. This was mainly because coniferous plants generally
present a higher total plant leaf area due to their needle leaf form [4,59]. Magliano et al. [52]
collected data on 68 woody plant species worldwide and found that the Ir in needle leaf
form was significantly higher than in broad leaf or pinnate leaf forms.

At the temporal scale, the mean annual canopy interception in China increased sig-
nificantly from 2000 to 2018 (Figure 5) at a rate of 1.79 mm yr−1 (p < 0.01). This increasing
trend was most pronounced during the 2000–2009 periods (Figures 5 and 6), with a rate of
1.79 mm yr−1 (p < 0.01). This phenomenon was also reflected in the interception changes
observed in most vegetation types (Figure 7I,II,IV–VI,VIII). For instance, in the temperate
steppe, the increases in canopy interception were significantly more pronounced between
2000 and 2009, but the trend almost stabilized or even decreased during the 2010–2018
period (Figure 7VI). The subtropical evergreen broad-leaved forest and tropical monsoon
forest (Figure 7IV,V), the two vegetation types with the highest canopy interception in
China, also experienced a significant increasing trend of canopy interception. In addition,
Wu et al. [38] estimated that the mean annual canopy interception gradually increased from
2004 to 2016 in Guangdong Province, China.

Our attribution analysis showed that precipitation, NDVI, temperature, relative hu-
midity, and solar radiation could explain 82% of the variance in canopy interception in
China over the last two decades (Table 1). Among these factors, precipitation, NDVI, and
temperature were considered as generally predominant in China (Figures 8 and 9), while
more specifically dominant factors varied depending on the region. In Northwestern China,
precipitation was considered to affect the variation of canopy interception most, with a
relative contribution of over 40% in most of the areas or even reaching to 80–100% in some
regions (Figures 8a and 9). This is consistent with the results of previous studies reporting
that the arid and semiarid regions in Northwestern China have been experiencing an
upward trend in precipitation since the 1990s [60,61]. Such increases in precipitation might
mean that more rainwater could be intercepted by the vegetation canopy as, in these dry re-
gions, canopies do not easily saturate due to the high potential evapotranspiration [62–64].
Temperature was considered as the main dominant factor affecting interception in the
subtropical or tropical forest regions of China (Figures 8c and 9). It has been previously
reported that temperature in Southern China increased significantly since 1998; specifi-
cally, the average daily mean temperature increased by 0.7 ◦C in 2009–2018 compared to
1961–1970 [65]. The elevated temperature would accelerate the canopy’s evaporation rate,
thus improving the interception storage of the vegetation canopy [12,24].

Our results identified the NDVI as another main factor affecting the variation of
interception in China (Table 1), especially in the Loess Plateau (Figures 8b and 9). This
index has been widely used as a proxy to indicate variations in vegetation coverage [66]. It
has been shown that the establishment of a series of ecological conservation projects in the
past decades has contributed to widely increasing vegetation coverage in many regions
of China [41,42,67], especially in the Loess Plateau where the Grain for Green Project has
been implemented since the 1990s [35,68]. For instance, Chen et al. [69] reported that
during the 1999–2013 period, the vegetation coverage obviously increased from 31.6% to
59.6%. Such increases might facilitate the growth of vegetation canopy and enhance canopy
interception of rainwater [70]. Although the NDVI could be used as a good indicator
of regional vegetation changes, many other canopy structure variables still influence the
rainfall interception process, including leaf shape, canopy thickness, canopy surface area,
and canopy forms [11,52,58,71]. Ignoring these variables would limit the accuracy of the
model results for regional canopy interception, therefore they should be considered when
modeling regional canopy interception in future studies.
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5. Conclusions

This study investigated the spatial and temporal variations in canopy interception by
applying a revised Gash model to remote sensing and meteorological data collected in China
from 2000 to 2018. The impacts of the main environmental variables on interception were
also explored. The results showed that the revised Gash model had a good performance in
simulating canopy interception at the regional scale compared with the PML_V2 dataset
product and the in situ measurements. The average annual canopy interception was
166.55 ± 160.61 mm during the 2000–2018 period, showing a significant decreasing pattern
from Southeastern to Northwestern China. The ratio of canopy interception to precipitation
presented similar spatial patterns, with the average value of 22.30± 11.45%. At the temporal
scale, the mean annual canopy interception over the last two decades increased significantly,
at a rate of 1.79 mm yr−1 (p < 0.01), and the increasing trend was more pronounced in the
2000–2009 period, with a rate of 3.34 mm yr−1 (p < 0.01). Except for the deciduous broad-
leaved forest and temperate desert, most vegetation types have experienced a significant
increasing trend (p < 0.01) of canopy interception. The variations of precipitation, NDVI,
temperature, relative humidity, and solar radiation explained 82% of the variations in
canopy interception of rainwater. Among these variables, precipitation, temperature, and
NDVI predominantly controlled the vegetation canopy interception in China during the last
two decades. Overall, the present study successfully applied the revised Gash model at the
national scale and provided direct evidence of the spatial and temporal variations of canopy
interception in China. The results obtained could greatly improve our understanding of the
regional ecohydrological processes and contribute to the development of comprehensive
global hydrological models.
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from which the data were extracted from field studies for validation.
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