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Abstract: Under the background of global climate change, drought is causing devastating impacts
on the balance of the regional water resources system. Hydrological drought assessment is critical for
drought prevention and water resources management. However, in China to assess hydrological
drought at national scale is still challenging basically because of the difficulty of obtaining runoff
data. In this study, we used the state-of-the-art passive microwave remote sensing techniques in
river runoff modelling and thus assessed hydrological drought in Mainland China in 1996-2016.
Specifically, 79 typical hydrological stations in 9 major basins were selected to simulate river runoff
using the M/C signal method based on a high-resolution passive microwave bright temperature
dataset. The standardized runoff index (SRI) was calculated for the spatial and temporal patterns of
hydrological drought. Results show that passive microwave remote sensing can provide an effective
way for runoff modelling as 92.4% and 59.5% of the selected 79 stations had the Pearson correlation
coefficient (R) and the Nash-Sutcliffe efficiency coefficient (NS) scores greater than 0.5. Especially in
areas located on Qinghai-Tibet Plateau in the Inland and the Southwest River Basin, the performance
of the M/C signal method is quite outstanding. Further analysis indicates that stations with small
rivers in the plateau areas with sparse vegetation tend to have better simulated results, which are
usually located in drought-prone regions. Hydrological drought assessment shows that 30 out of
the 79 stations present significant increasing trends in SRI-3 and 18 indicate significant decreasing
trends. The duration and severity of droughts in the non-permanent dry areas of the Hai River Basin,
the middle reaches of the Yangtze River Basin and the Southwest of China were found out to be
more frequent and severe than other regions. This work can provide guidance for extending the
applications of remote sensing data in drought assessment and other hydrological research.

Keywords: drought assessment; passive microwave remote sensing; brightness temperature;
MEaSUREs CETB

1. Introduction

As one of the most complex natural phenomena, droughts with extreme severity can
tremendously influence crop production, water resources, natural ecology, thus producing
destructive impacts on the ecosystem and social-economic development in the world [1].
Under the background of climate change, such influences show an increasing trend, which
has led to great attention from both the scientific community and the public worldwide [2].
For example, in Europe, central Europe is frequently affected by drought due to significant
precipitation and temperature variations. Financial losses due to the 2018 drought were
estimated to be about 3,000,000,000 EUR, which made it the costliest single-year event
in Europe [3,4]. The Australian Bureau of Agricultural and Resource Economics and
Sciences reported that the 2006 drought reduced national winter cereal crops by 36%
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and cost $3,500,000,000 AUD, leaving numerous farmers in fiscal crisis [5]. Similarly,
China is now facing a very severe shortage of water resources. Drought disasters are
constantly occurring, causing extremely serious economic losses in China [6]. Especially
during 1997-2009, with extreme droughts occurring almost every two years, the affected
area and economic losses nationwide were significantly higher than the average of the
recent 30 years [7]. For example, according to the China’s Ministry of Water Resources,
29,258,800 hectares of crops were affected by drought in 2009, and 89 cities struggled with
water shortages, causing economic losses of about $176,630,000,000 billion [8]. Several
severe drought events including the mega-drought in Sichuan Province and Chonggqing
City in 2006 and the 2009-2012 meteorological drought of record-breaking magnitudes in
the Southwest China, caused devastating and long-lasting impacts to agriculture, society,
economy and ecosystems in local but large areas [9,10]. In recent years, affected by global
warming and human activities, extreme weather is becoming more and more frequent.
Drought disasters still pose a great threat, especially to the North and West China [11,12].

In general, drought can be divided into three main categories: meteorological, agricul-
tural and hydrological drought [2,7]. Meteorological drought is mainly triggered by low
precipitation, which is the result of abnormal atmospheric circulation. Agricultural drought,
also called soil water drought, is characterized by the deficit in soil water. Hydrological
drought is related to the low flow or water level of rivers, lakes, groundwater and other wa-
ter bodies. Depending on which part of the hydrological cycle is most impacted, the form
of drought can change. Meteorological drought caused by a lack of precipitation during a
certain period of time can propagate and develop into the others. Hydrological drought
characterized by a reduction in streamflow is considered the most complex drought as
it evolves along with the land-surface hydrological process. Incalculable impact on the
balance of the regional water resources system can be caused once hydrological drought
occurs [13,14]. Therefore, effective monitoring, analysis and assessment of hydrological
drought is an important prerequisite for rational management and effective utilization of
water resources [7]. To evaluate their frequency, duration and severity, drought indices,
such as the standardized precipitation index (SPI) [15], the soil moisture drought index
(SMDI) and the standardized runoff index (SRI) are the most widely used methods [15-17].
Many studies based on different drought indices have been conducted in China for recent
decades. For instance, the propagation of meteorological drought to hydrological drought
under the influence of human activities in the Hai River basin of the North China was
simulated by Xu et al. [18] based on the SPI and SRI. Xiang et al. [19] combined a multi-
dimensional Copula function hydrological approach with the SRI to assess hydrological
drought risk in arid inland basins of China. Results showed that the study area was
dominated by mild to moderate hydrological droughts in 1961-2018. Lei et al. [20] also in-
vestigated the transition mechanism from meteorological drought to hydrological drought
for major basins of China from 1961 to 2014 using the SPEI and SRI. However, these studies
usually forced on a single or a few basins and it is difficult to reveal the patterns of hydro-
logical drought across China. Moreover, as the most basic data for drought assessment,
river runoff is very difficult to obtain in mountainous or highland areas and international
river basins in China [21], which restricts comparative analysis of hydrological drought
in multiple basins at national scale. To overcome this obstacle, hydrological modelling is
the most widely used method. However, for many areas, information on model inputs
such as accurate precipitation and river morphology is often insufficient. High-resolution
modelling usually relies on massive computational resources [22,23], especially in the
Qinghai-Tibet Plateau region, where the presence of glacial snow and frozen earth, as well
as the lack of meteorological data and complex hydrological cycle mechanisms further
constrain the application of hydrological models. Meanwhile, with the rapid development
of remote sensing technology, real-time or near-real-time satellite data of high efficiency,
wide observation range and large volume have been widely used in earth science research,
including vegetation classification, land use/cover (LULC) planning, environmental pollu-
tion and disaster monitoring [24]. Remote sensing can provide another effective way to
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obtain basic information to simulate river runoff for drought assessment. To date, appli-
cations of using remote sensing spatial information in hydrological cycle research have
recently gained popularity in hydrological research [25-27]. Compared with optical remote
sensing, microwave remote sensing is basically not restricted by meteorological conditions
and can observe and monitor surface changes day and night. In particular, satellite network
equipped with microwave sensors can obtain daily global coverage data and minimize
the interference of non-water features in runoff simulation, which has obvious advantages
and can provide a new way to obtain data for drought studies in areas where data are
scarce [28,29]. Furthermore, brightness temperature (1), a fundamental parameter mea-
sured by the satellite microwave radiometer traveling upward from the Earth’s surface to
the satellite, is one of the core methods used in river runoff simulation based on passive
microwave remote sensing [30,31]. The radiation properties of the ground surface can be
reflected by T},. For example, T}, of water bodies is often lower than other land features,
which can be adopted for water body detection and runoff monitoring by methods such
as threshold classification [32]. Many institutes, including the National Aeronautics and
Space Administration (NASA), the National Snow and Ice Data Center (NSIDC) provide
real-time data download service of Tj, observations for free, whose time period can date
back to 1979. Meanwhile, the theoretical methods of passive microwave remote sensing for
river runoff simulation are relatively mature, among which the M/C signal proposed by
Brakenridge et al. [32-34] is the most typical method. It has been applied in many basins
around the world and works effectively. For example, van Dijk et al. [35] used the M/C
signal to simulate the monthly average runoff at 442 rivers worldwide and the results
show that its performance is better in small rivers or tropical areas than that in arid areas.
Revilla-Romero et al. [36] also applied the M/C signal method in typical river basins in
Europe, Asia, Africa and the South America. Climate type, LULC type and basin area were
found out to be the dominant influencing factors.

In this paper, we explored how microwave remote sensing T; data can promote the
current hydrological drought assessment by combining the M/C signal method with the
SRI algorithm in typical basins of Mainland China. The main objectives of this study are
to discuss the utility of microwave remote sensing data for drought assessment and to
reveal the patterns of hydrological drought over the last few decades in Mainland China,
as well as to gain a better understanding of drought disasters in areas lacking in long-term
station observed data but frequently hit by drought hazards, such as the northern Tibet,
the Tarim Basin, the Yunnan-Guizhou Plateau and remote areas in northeastern China.
First, 79 stations in 9 major basins of Mainland China were selected for runoff modelling
using the latest global high-resolution passive microwave T}, dataset based on the M/C
signal method. Then, hydrological drought assessment based on simulated runoff data
was conducted using the SRI algorithm. Further investigation was made to explore how
topographic and hydro-meteorological factors influenced the runoff simulated results. In
the end, the spatial and temporal patterns of hydrological drought in the major basins of
Mainland China were discussed and summary and conclusions were drawn.

2. Study Areas and Data
2.1. Study Areas

China is a vast country with an area of 9.63 x 10° km? and has a great variety of
climates, varying from tropical, subtropical to temperate and polar [37]. The topography
descends from the west to the east, forming a three-step “staircase” according to altitude.
The 9 major basins include the Yangtze River Basin (YZR), the Yellow River Basin (YR), the
Pearl River Basin (PR), the Southwest River Basin (SWR), the Huai River Basin (HR), the
Southeast River Basin (SER), the Hai River Basin (Hai), the Songliao River Basin (SLR) and
the Inland River Basin (IR). In this study, 79 typical hydrological stations were selected in
these basin areas, involving 65 small, medium and large rivers (Figure 1). Among them,
the middle and lower reaches of the YZR and YR, PR, HR and SER are mainly plain or
hilly areas, with well-developed river systems and high-dense station networks. The SWR
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and the three rivers’ source region (TRSR), located on the Qinghai-Tibetan Plateau, which
belong to the plateau area, are the source of many rivers. However, gauging station records
are generally sparse in the SWR and TRSR as the topography and climate conditions are
relatively harsh. While the IR, SLR and Hai belong to the arid and cold zones, characterized
by low annual precipitation, low annual runoff and frequent drought disasters [19,38].
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Figure 1. Distribution of the 79 typical stations in the 9 major basins, where dark blue dots indicate
data period is 1999-2008 and light blue dots indicate data period is 1996-2005.

2.2. Data
2.2.1. Hydrological Data

Daily observed runoff of 79 typical hydrological stations in the 9 major basins were
collected. The period of all the data is from 1996 to 2008, with records from 57 stations of
1999-2008 and 22 stations of 1996-2005. A few data gaps existed and linear interpolation
was performed to fill them. Table 1 shows the basic information of the hydrological data.

2.2.2. Remote Sensing Data

A high-resolution passive microwave T}, dataset from the Making Earth System data
records for Use in Research for Earth Science (MEaSUREs) multi-platform Calibrated Bright-
ness Temperature Earth System Data Record (ESDR) (CETB) was used in this study [39].
This dataset was released by NSIDC in 2017. It compiles global T}, time series generated
from data records of the Scanning Multichannel Microwave Radiometer (SMMR), the
Special Sensor Microwave/Imager (SSM/I), the Special Sensor Microwave Image/Sounder
(SSMIS) and the Advanced Microwave Scanning Radiometer-Earth Observing System
(AMSR-E) sensors from 1978 to present. These data have been produced at smoothed
25 km resolution and an imaging reconstruction algorithm developed at the Brigham
Young University was used to enhance the data resolution up to 12.5 km, and 3.125 km [40].
The CETB has been well evaluated in studies of water and snow surface detection with the
H-polarized 36.5 or 37 GHz frequency channels showing the highest sensitivity to water
surface changes [27,41,42]. Therefore, the high-resolution T, data extracted from the SSM/1
sensor 37 GHz at H-polarization with a data period of 1996-2008 at a resolution of 3.125 km,
was utilized for the M/C signal to detect river runoff changes in this study.
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Table 1. Statistics of climate, land use/cover (LULC), topography and data period of 79 stations for the 9 basins, which are
Yangtze River Basin (YZR), the Yellow River Basin (YR), the Pearl River Basin (PR), the Southwest River Basin (SWR), the
Huai River Basin (HR), the Southeast River Basin (SER), the Hai River Basin (Hai), the Songliao River Basin (SLR) and the

Inland River Basin (IR).
Basin YZR YR PR SWR HR SER Hai SLR IR
Tropical
Arid 2 1 2 4
Climate Temperate 21 7 4 4 5 3
Cold 2 2 4 5
Polar 4 2 7
Grassland 4 5 6
Forest + grassland 4 1 2 2 2 2
LULC Crops 5 2 2 2 5 3
Urban 6 2 1 1 1
Forest land 3 3 3 5
Bare land 3 1 3
Mean <100 6 7 1 6 3 5 7
discharge 100-500 6 1 2 6 2 3 4
(m3/s) >500 13 1 1 3 2
Catchment <10 7 5 2 4 2 2 3 1
area 10-50 5 3 2 7 2 1 2 6 4
(%103 km?) >100 13 1 4 3
Fist terrace 4 6 11 3
Topography Second terrace 8 3 1 4 1 3 4
Third terrace 13 3 7 4 4
D Period 1996-2005 4 3 1 4 6 1 3
ata Perio 1999-2008 21 6 3 11 1 4 4 4
Total 25 9 4 15 7 3 5 7 4

2.2.3. Reference Data

The reference data used to evaluate surface conditions for the performance of satellite
passive microwave signals are: 90 m Digital Elevation Model (DEM) data from the Shuttle
Radar Topographic Mapping Mission [43], 250 m river width data from the Global Width
Database for Large Rivers (GWD-LR) [44], 500 m LULC data [45] and 250 m Vegetation
Continuous Fields (VCF) [46] from the Moderate Resolution Imaging Spectroradiometer
(MODIS) Level 3 products, climate zones from the World Map of Képpen-Geiger climate
classification [47,48]. The above data were all upscaled into the same spatial resolution
(3.125 km) as the T}, data.

3. Methods

As shown in Figure 2, the hydrological drought assessment based on passive mi-
crowave data was conducted in the following steps: (1) choosing pixels of M and C at
the location of each station; (2) pre-processing observed runoff and T, data extracted
from the passive microwave dataset; (3) calculating the M/C signals and developing the
relation curve between the M/C signals and observed runoff for each station to build the
runoff model; (4) assessing the patterns of hydrological drought using the SRI based on the
monthly runoff obtained from the step (3).

3.1. Processing Steps for Ty, Data

Before extracting the T}, data, pixels M and C needed to be selected according to the
station location. The “wet pixel” (pixel M with the T}, value marked as M) that covers part
or all of the river channel is located near the station in a non-bending river. The water level
in this pixel will rise when flooding, so the floodplain on both sides of the river shows
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periodic or seasonal changes in the T}, value. Correspondingly, the “dry pixel” (pixel C
with the T}, value marked as C) covers only land areas near the “wet pixel”. To make the
selection process automatic, C is determined as the brightest (95th percentile, avoiding
selecting outliers) value of the pixels within a 9 x 9 pixel array centered on the pixel M.
Ideally, the C is not influenced by water bodies and can also represent the T}, of the region
if all other influencing factors can be excluded.

Observed MEaSUREs River
runoff Tb geomorphology
Data. gap Noise reductl?n& Pixel M Pixel C
filling data gap filling
Y A 4
Monthly Monthly Ts >
runoff X
M/C signals for
selected stations
v
Relation curve
Step (1)
A
Step (2) Simulated
runoff
Step (3) v
SRI-3
Step (4)
v v v
SRI-3 trends Drought duration Drought severity

Figure 2. Methodological workflow to assess hydrological drought based on passive microwave remote sensing.

According to the M/C signal method, by obtaining the ratio of T}, value of the dry and
wet pixels, the influence of other environmental factors on the “wet pixel” can be excluded.
Moreover, Planck’s radiation law considers that the T}, value of the object is related to its
physical temperature T and emissivity e. M and C can be expressed as follows:

Ty = (1 —w)Ty; + wTpy 1)
C=Tye =Ty =Tcg 3)

where w stands for the surface water fraction of the pixel; Ty, is the T}, of land; Ty, is the
Ty, of water; Tj, ,,, is M; Ty, is the physical temperature of the pixel M; ¢ is the emissivity of
the land part of the pixel M; T, . is C; T, is the physical temperature of the pixel C; ; is the
emissivity of water.

For pixels M and C at a certain region, an assumption is made that the physical
temperatures of them are the same and the emissivity of the land in both pixels can be
considered as equal. Therefore, the ratio of M and C can be expressed as:

Ty = Tc (4)
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Previous studies have shown that M/C reflects the variability of the water fraction in
the pixel M and can be used as a monitoring signal for runoff variability. Since the emissivity
of water bodies tends to be around 0.5, while the emission rate of land (e.g., rock minerals)
is between 0.75 and 0.95 [49], the ratio M/C is taken in the range of 0 to 1. Moreover, the
larger the water fraction w, the smaller the value of M/C and correspondingly the larger
the runoff of the river within the pixel M.

3.2. Building a Runoff Simulation Model

It is recognized that for large rivers, using daily signals to monitor surface river
runoff might result in a few days of lag when comparing with observed runoff. In other
words, when the flood wave approaches, the water level at the gauging station will rise
immediately, but streamflow will not spread rapidly to the river floodplain and the T}
values observed by remote sensing will not change in time, which may introduce errors
in the rating curve of M/C and runoff [50]. In addition, Khan et al. [51] have observed
that in some cases, it may lead to an overestimation compared to observed runoff during
the dry season when using a single regression equation for calibration. To better reflect
runoff characteristics and minimize errors, a linear regression equation was established
separately for each month. The simulated runoff calibrated by the M/C signal method can
be expressed as:

Qui= i+ b (G) (i=1,2,-,12) @)

where Q;; is the simulated runoff of month ith; 4; and b; are the regression equation
coefficients of the ith month; (%)i is the % value of ith month.

3.3. SRI Calculation and Run Theory

The SRI, which is used to characterize the hydrological droughts, is based on the
SPI proposed by McKee [15,17]. In this study, due to the seasonal drought that exists
in many of the selected river basins, SRI on a 3-month scale (SRI-3) was obtained as the
drought indicator. The reason why 3-month timescale was adopted is to consider seasonally
wet/dry conditions as well as to avoid redundant information if a longer timescale were
used (e.g., 6-24 months). Assuming that the runoff volume for a certain time period is x,
the probability density function f(x) of its gamma distribution can be expressed as:

=L 1T
f(x) ’Yﬁl"(,B)x e x>0 8

where v > 0 and B > 0 are the shape and scale parameters, respectively, which can
be calculated by the maximum likelihood method. I'(B) is the gamma function. For a
particular time scale, the cumulative probability of runoff x; is as the following:

Fx) = [ fx)dxo ©

After standardizing the probability of the I distribution, the SRI can be calculated by
the following equation:

f—(C2t+C1)t+C0
SRI =S t=/—2In(F 10
(st + do)t +dp)t+1 n(F) (19

F is the probability derived from Equation (8) or Equation (9); when F > 0.5,5=1;
when F < 0.5, S = —1; the other values are empirical parameters, and their specific




Water 2021, 13, 2429

8 of21

values are: cy = 2.515517, ¢; = 0.802853, ¢, = 0.010328, d; = 1.432788, dp = 0.189269,
ds = 0.001308 [19].

Based on the run theory [52], the drought characteristics include drought duration
(Dd) and drought severity (Ds). Previous studies usually set —0.5 [19,53] or —1.0 [54] as a
threshold to identify drought events. In this study, the threshold was defined as —1.0 in
order to better separate the more severe drought events from the moderate drought events.
The count of continuous months at which the value of the SRI is below the threshold x,
is Dd and the absolute sum of all SRI during the drought period is Ds. The run theory
schemes are shown in Figure 3.

[
4F
3t
2F
1
Z x, AN -
»n Drought events
-7 Ds
2+t Dd

Figure 3. Schematic diagram of the run theory used to determine drought duration (Dd) and drought
severity (Ds) [55].

3.4. Statistical Metrics

In this study, the Pearson correlation coefficient (R), the Nash-Sutcliffe efficiency
coefficient (NS) which are commonly used in hydrological modelling, were adopted to
evaluate the simulation performance [56,57]. Among them the R and NS will be divided
into 5 categories: <0.5, 0.5-0.7, 0.7-0.8, 0.8-0.9 and 0.9-1.0. To further analyze, the normal-
ized centered root-mean-square error (NCRMSE) and the mean relative error (MRE), which
are indicators of random error and systematic error, respectively, were used to reflect the
dispersion between simulated and observed runoff values [58,59].

Lim1(Qoi — Qo) (Qsi — Qs)

= a
\/Z?:l (Qo,i — @)2\/2?:1 (Qsi — @)2
n L N2
NS=1-— Zz':l(Qo,z gw)z (12)
17‘1:1 (Qo,i - Qo)
L1y - . _1lym o 12
NCRMSE = \/n 21:1 [Qs,z QO,Z n 1:1(Q25,1 Qo,z)] (13)
\/% Zznzl (Qo,i - Qo)
MRE = Z?:l(an,i - Qo,z‘) (14)
i=1 Qo,i

where Q, is for the observed monthly runoff, m?3/s; Qs is for the simulated monthly runoff,
m3/s; Qg is for the average observed runoff, m3/s; Qs is for the simulated average runoff,
m?3/s. R can be used to reflect the correlation between the simulated value and observed
values. The range of values is 0-1. R value closer to 1 indicates that the performance
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of the runoff model is better. NS is commonly used to assess the predictive power of
hydrological models and was calculated here also to reflect the fitting effect of the peaks.
NS =1 indicates a perfect match of simulation and observed data, whereas NS = 0 means
the simulated result is as accurate as the mean of the observed value. The value range of
NS is [—oo,—1]. The range of both NCRMSE and MRE is [0, oo], when the values are equal
to 0 for a perfect model.

4. Results

In the M/C signal method, the simulation accuracy not only depends on the geometry
of the selected river cross-section and floodplain, but also is impacted by the time series
data [60]. Considering the length of the measured runoff data, the first 7 years (1996-2002
or 1999-2005) were selected as the calibration period and the last 3 years (2003-2005 or
2006-2008) as the validation period for 79 typical stations in this paper. Firstly, the daily
Ty, values of pixels M and C from 1996 to 2008 were extracted, and then a 7-day forward
running mean was performed for each pixel to remove data gaps as well as to eliminate
the existing noise of the original data. Finally, for each month, the regression equation was
obtained by linearly fitting the observed monthly runoff values and T}, values during the
calibration period.

4.1. Runoff Simulation Results Obtained by the M/C Signal Method

Figure 4a depicts the R and NS statistics of each category for the whole simulation
time. The results indicate that among the 79 stations, the percentage of stations with R
and NS reaching 0.5 is 92.4% and 59.5%. While the percentage of stations with R > 0.8 is
46.8%, with 27.8% in the range of 0.8-0.9 and 19.0% reached 0.9. The NS is slightly worse,
all stations are greater than 0, including 15.2% in the range of 0.8-0.9 and 2.5% reached
0.9. Figure 4b demonstrates the statistics for the 9 basins. In terms of individual station
analysis, the best simulation results in the YZR were obtained at the Tuotuo River station
as R is 0.93 and NS is 0.85, followed by the Zhimenda station on the source of the Yangtze
River with R reaching 0.91 and NS above 0.82. R scores in the SWR are all greater than 0.61
and the mean value of NS reached 0.87 with the best simulation results observed at the
Gengzhang station on the tributary of the Yarlung Tsangpo River. In the YR, runoff of the
Qiaotou station at the source of the Yellow River and the Xiaochuan station in the upper
reaches of the Yellow River were best simulated with R of 0.85 and NS above 0.72. The
mean values of R and NS in the SLR reached 0.72 and 0.51, respectively, with the Balinqiao
station on the tributary of Liao River showing the best performance. The stations in the
IR have the best overall simulated results with all of the R scores exceeding 0.8 and NS
exceeding 0.78, among which the Xidagiao station on the Tarim River tributary shows the
highest R and NS of 0.97 and 0.94, respectively. The simulated results of the PR are also
quite good with the best R and NS of 0.89 and 0.79 at the Pingle station on the tributary of
the Xi River. The performance of the other three basins (the HR, Hai and SER) are slightly
less well, as shown in Figure 4b.

In comparison, the runoff model got the best performance at the IR, followed by the
SWR, while the performance of the Hai is worse than others due to low streamflow, a
relatively narrow river channel and a lack of discernible T}, difference between pixels M
and C. As shown in Figure 5, R score of each station during the validation period shows a
decreasing trend from the west to east, which is similar with the spatial distribution of NS.

Figure 6 compares the observed and simulated monthly runoff processes at several
representative stations. During the calibration and validation period, the simulated runoff
Q_sim obtained by the M/C signal method at the Yambajing, Gengzhang, Xidaqgiao, Yang-
cun, Pingle and Zhimenda station basically matched very well with the observed runoff
Q_obs. Generally, the performance during the calibration period is better than that of the
validation period. The simulated results in dry seasons are significantly better at all stations,
while the flood peaks were underestimated for some of the stations. This phenomenon was
also observed in the research of Khan et al. [51]. For specific reasons, the flooded area of
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some stations will exceed the coverage extent of a single pixel M (i.e., 3.125 km x 3.125 km)
when flood approaches. However, the monitored T}, value by the satellite sensors does
not decrease accordingly, resulting in an underestimation of simulated runoff during
flood seasons.

4.2. Hydrological Drought Assessment Based on Simulated Runoff

In order to assess the hydrological drought for recent decades in China, the time series
of runoff for all the stations from 1996 to 2016 were generated using Equation (7) based on
microwave T}, data. The SRI-3 for each station was then calculated to analyze hydrological
drought in the selected 9 major basins across Mainland China.

The Mann-Kendall (M-K) test [61,62] was used to analyze the SRI-3 as shown in Figure
7, presenting the trend of change and significance. According to the analysis, 40 of the
79 stations indicate an increasing trend in SRI-3, with 30 stations showing a significant
increase. Conversely, 39 stations present decreasing trends, 18 out of which experienced
significant decreases. As shown in Table 2, among the 9 basins, the SRI-3 values of the PR,
SWR and HR show primarily increasing trends as these basins were dominated by drought
intensification from 1996 to 2016. The SRI-3 of the YZR, SER, Hai, SLR and YR, on the other
hand, primarily indicates decreasing trends, showing a slight drought relief in this period.
The three stations with the highest rising SRI-3 trends are the Qilinzui station on the Zeng
River, a tributary of the Pearl River, the Yunhe station on the Dayun River, a tributary of
the Huai River, and the Xiantao station on Han River, a tributary of the Yangtze River.

(a) o as (b)
40 Lo}
0.8
30+
%)
5 0.6
<
20+
T 04
10+ 0.2
T 0.0 -
<0.5 0.5-0.7  0.7-0.8 0.8-0.9 0.9-1.0 YZR SWR YR SLR HR Hai IR SER PR

Figure 4. (a) Statistics of each category and (b) comparisons between basins for R and NS of the 79 stations.
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Figure 6. Observed vs. simulated monthly runoff at typical stations during the calibration and validation period: (a)

Yambajan Station of Duilong River; (b) Gengzhang Station of Niyang River; (c) Xidaqiao Station of Aksu River; (d) Yangcun

Sation of Yarlung Tsanpo River; (e) Pingle Station of Gui River; (f) Zhimenda Station of Yangtze River.
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Figure 7. Standardized runoff index on a 3-month scale (SRI-3) trends for 79 stations from 1996-2016.

Table 2. Statistics of SRI-3 trends for the selected 79 stations.

Basin Increasing Trend Percentage (%) Decreasing Trend Percentage (%)
YZR 12/25* 48.0 13/25 52.0

YR 3/7 37.5 5/7 62.5

PR 3/4 75.0 1/4 25.0
SWR 9/16 56.3 7/16 43.8

SER 1/3 33.3 2/3 66.7

HR 4/7 57.1 3/7 42.9

Hai 2/5 40.0 3/5 60.0

SLR 2/7 28.6 5/7 71.4

IR 2/4 40.0 2/4 40.0

Note: * The number of stations with the SRI-3 of the corresponding trend/the total number of stations in the
corresponding basin.

Statistics on the frequency of drought events occurring at the 79 stations during
1996-2016 (shown in Figure 8) indicate that, apart from the permanent dry regions (mainly
in the IR), the areas with the most frequent occurrence of drought are mainly located in
the upper reaches of the PR, the middle and upper reaches of the YZR, the middle reaches
of the Yarlung Tsangpo River (in the SWR) and the Hai. Basically, these areas belong to
Yunnan Province, Sichuan-Chongqing regions, Lhasa City and Beijing-Tianjin-Hebei region.
Furthermore, the largest drought events in 19962016 were also identified and their Dd
and Ds were calculated, as shown in Figure 9. It can be found that in terms of spatial
distribution, Dd and Ds are larger in the upper reaches of the YR, the Tibetan region and
some areas in the middle reaches of the YZR, while the drought in the SLR is more severe
despite its short duration. In terms of time of occurrence, half of these strongest drought
events occurred in the periods 1996-1999 and 2009-2014, which was also proved by the
analysis from the China Meteorological Agency (CMA) (http://www.cma.gov.cn/en2014/,
accessed on 31 August 2021).
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Figure 9. Distribution of Dd and Ds for the most severe drought events for each station during

1996-2016.

5. Discussion

5.1. Influencing Factors of Runoff Simulation Based on the M/C Signal Method

Comparing to the performance of M/C signal method in simulating runoff at global
scale, this method shows to be more capable and effective in typical river basins in Mainland
China. For example, in the analysis of Revilla-Romero et al. [36] for the simulated runoff
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from several rivers across the globe, the percentage of R > 0.5 is only 10.6% and the
percentage of NS < 0 reached 53.6%. Furthermore, the outcomes of van Dijk et al. [35]
at the global scale show that only 2.5% of stations had R > 0.8. In this study, R score for
92.4% of the stations is greater than 0.5 and NS of all stations is above 0. Error analysis also
indicate that both random error and systematic error are within accepted range (please see
Figures S1 and S2). Especially in the Qinghai-Tibetan Plateau area, the performance for
stations such as the Gengzhang, Zhimenda, Yangcun is more prominent.

To further clarify the factors influencing the M/C signal method, 7 topographic and
hydro-meteorological factors, including elevation, river width, mean discharge, catchment
area, vegetation cover, LULC and climate, were selected and discussed based on the R
score of each station during the 1999-2008 (or 1996-2005) time period.

Elevation: In Figures 10a and 11b, the values of elevation and R score show a certain
positive correlation. The higher the elevation, the better the R score obtained from the
simulation. The performance is clearly better for stations with elevation greater than
1000 m, where R all exceeded 0.61. These stations are mostly located in the Qinghai-Tibet
Plateau and the Yunnan-Guizhou Plateau.
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Figure 10. Relationship between R and the influencing factors including (a) elevation, (b) river width,
(c) mean discharge, (d) catchment area and (e) vegetation cover for the 79 stations.

River width: According to the equation Q = v-A, the variation of runoff Q depends
not only on the runoff velocity v, but also the river cross-sectional area A, which is related
to the river width, water depth and cross-sectional geometry. As a result, there can exist a
relationship between R score and river width W [63]. As shown in Figure 10b, all stations
with W > 200 m have an R score greater than 0.5; 90.9% of the 55 stations with W < 200 m
are greater than 0.5, while the stations showing inferior results are primarily those with
river widths of less than 100 m.

Mean discharge and catchment area: As shown in Figure 10c,d, considering the mean
discharge and catchment area, 56.7% of the 37 stations with outstanding simulation results
(R > 0.8) have a mean discharge between of 100 and 1500 m3/s and the catchment of more
than 10,000 km?. For rivers with discharge lower than 100 m3 /s, the difference between the
Ty, values of pixels M and C is not obvious, resulting in an unsatisfactory performance. On
the contrary, for stations with larger discharge (Q > 1500 m3/s), although interference from
hydraulic engineering projects near the station can be excluded in the process of selecting
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pixel M, larger hydroelectric power plants and dams upstream and downstream may still
affect. In addition, during the flood seasons overflowing from pixel M is very likely to
occur, which can also introduce uncertainties to the simulated results.

LCLU types
B Forest land

Climate types

W Tropical
I Forest + grassland Ari(l; 5 0.02
B Grassland B Wetland A ¥a Temperate Y '
Bare land 9 Urban Cold i = [ 15({:1“1
Crops W Snow and ice 4 Polar 3 :

Figure 11. Spatial distribution maps of R and NS: (a) percent tree, (b) elevation, (c) LULC types and
(d) climate types.

Vegetation cover: Vegetation cover indicates the percentage of tree canopy cover for
each pixel and can be used to assess how vegetation cover affects the T}, value of the pixel.
The VCF product used in this study has three attributes: percent tree, percent non-tree
and percent non-vegetated, which represent forest land, non-forest land and bare land,
respectively. From Figure 10e, it can be noticed that 57.0% of the stations are dominated
by non-tree, while 35.4% by bare land. The spatial distribution of R score and percent tree
is shown in Figure 11a. All the stations dominated by forest land have R scores greater
than 0.5 and R scores at 93.3% of non-forest land dominated stations all exceeded 0.5. The
proportion of bare land dominated stations with R scores lower than 0.5 is slightly larger
than the other two.

LULC types: As illustrated in Figures 11c and 12a, six LULC types were observed at
the 79 stations, including grassland, urban, bare land, forest land, crop and forest + grass.
From the box line diagram of the R score under different LULC types, it can be found that
stations with grassland or bare land tend to acquire the best R scores, both with a mean
value above 0.8.

Climate types: Figure 12b shows that among the four climate types: arid, temperate,
cold and polar, most stations with good performance exist in the polar climate area with
both of the mean and median of R reached 0.87, followed by the arid climate and temperate
climate with the mean R of 0.81 and 0.78, respectively. Stations with the cold climate tend to
have poor performance, as Figure 11d shows. Considering that climate type can influence
river discharge and LULC type, further analysis shows that in 77% of these stations located
in cold climate, the LULC type is grassland and 85% of them have a mean discharge of
lower than 500 m3/s.
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Figure 12. Box plots of R for the influencing factors: (a) land use/cover (LULC) types and (b) climate types for the

79 stations.

To obtain the factors that have the greatest influence on runoff modelling, the multiple
linear regression analysis was conducted. The results indicate that elevation, climate type
and mean discharge significantly affected the simulation results (please see Table S1). These
three factors are dominant. The remaining factors such as river width, land use/cover,
vegetation cover and catchment area have less influence on the performance of the M/C
signal method. The finding is generally consistent with the studies of van Dijk et al. [35] and
Revilla-Romero et al. [36]. Among these factors, elevation is the most significant, followed
by mean discharge and then climate type. Most of the stations with good performance
are located in high altitude areas such as the Qinghai-Tibet Plateau and the Yunnan-
Guizhou Plateau. As the source and upstream areas of many rivers in Asia, these areas
are less influenced by human activities. Moreover, they usually have smaller river widths
and low soil moisture in the floodplain [64], which interfere relatively less with the T}
observations, thus creating more favorable conditions for runoff simulation when using
the M/C signal method.

In summary, the simulated runoff tends to match with the observed runoff in the
plateau area with elevation above 1000 m, and mean discharge of 100-1500 m3/s. The M/C
signal method based on passive microwave remote sensing T} is proven to have broad
applicability in China’s plateau region. In regions such as the Huai River Plain and the
middle and lower reaches of the YZR, the large runoff and wide river channel usually
lead to slightly inferior performance of the M/C signal method. Furthermore, the fitting
method, the length of data series, uncertainty of the method (e.g., in the selection of pixel
C, in the producing of T}, data), the presence of other water bodies near the stations and
the river channel shape can also affect. For example, after precipitation, the water volume
of depressions around some stations accumulates, which interferes with the accuracy of
acquiring the T, value of pixel C, subsequently affecting the simulation results [45,46].
Another example is that for rivers with wide and shallow channels or with floodplains on
both sides, river width can change significantly, making the T}, values within the pixel M
more different from the pixel C, which is more conducive to simulating runoff based on the
M/C signals [65,66].

5.2. Drought Assessment Based on Remote Sensing

Most previous drought studies based on meteorological data concluded that the
southwestern region of China is drought-prone and most severely affected, while droughts
in northeastern and southeastern China are usually characterized by short duration and
low severity [21,67,68]. For example, the spatial and temporal variability of drought in
China conducted by Xu et al. [11,12] showed that the drought occurring in 2010-2011 was
one of the most severe drought events in the past half century, sweeping through more
than half of the non-arid regions in China. Large-scale droughts are usually concentrated
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in the areas from the North China Plain to the lower reaches of the Yangtze River, as well
as in the Southwest China, while the western part of the North China Plain, the Loess
Plateau, the Sichuan Basin and the Yunnan-Guizhou Plateau show a significant drying
trend. Based on meteorological data, Zhai et al. [69] investigated the spatial distribution of
the Palmer drought severity index (PDSI) and SPI in 10 major basins of China. The results
also show a visible increasing trend of SPI in the middle and upper reaches of the Yangtze
River in the Yunnan-Sichuan region. These findings present considerable agreement with
the analysis in Section 4.2, proving that drought assessment based on simulated runoff
data from passive microwave remote sensing is feasible. In addition, we also compared
the results of the drought based on observed and simulated runoff during the period of
1996-2008 (Figure S3). The results show that 60% of the stations are consistent in the trend
test of SRI-3 with R reaching 0.6 or higher scores. Comparisons of Dd and Ds generated by
observed and simulated runoff, respectively, also indicate that drought assessment based
on simulated runoff is reliable.

As mentioned in Section 5.1, passive microwave remote sensing is capable of runoff
modelling, especially in areas with small river width and low discharge in the river
channel, where are usually drought-prone regions. In fact, besides the runoff data used
for calculating SRI in this study, meteorological data, soil moisture and vegetation data
derived from multi-source satellites can also be used to calculate various drought indices as
well as to provide data support and high-quality applications for precise drought research.
At present, in meteorological and agricultural drought studies, remote sensing data such as
multi-source satellite precipitation, soil moisture derived from records of passive or active
satellite sensors are more widely used [65-68]. With the development of satellite technology,
multi-source remote sensing data are becoming more and more abundant. Previous studies
show that relationship generated by the rating curve between M/C signals and Q at a
downstream station can be applied to upstream areas [26], which means the relation curve
can be transported into the data-gap regions in the upstream of a certain basin if well
modified. It will bring more potential for drought investigation by generating long-term
runoff time series at large scales or in data-scared areas. One of the focuses of future studies
can be integrating the multi-source remote sensing data to explore the evolution of drought.

6. Summary and Conclusions

To explore the utility of microwave remote sensing data for runoff modelling and
thus drought assessment in Mainland China, we combined the M/C signal method with
the SRI algorithm based on the MEASURESs high-resolution passive microwave remote
sensing T}, observation dataset for 79 typical stations in the 9 major basins across Mainland
China. Specifically, SRI-3 was calculated based on the simulated data to assess spatially
and temporal patterns of droughts over 1996-2016. The main conclusions of this study can
be summarized as follows:

(1) 92.4% and 59.5% of the selected 79 stations got the R and NS greater than 0.5
when comparing the simulated and observed runoff. Among the 9 major basins, the
M/ C signal method shows the best performance in the IR and the SWR. Meanwhile, the
simulated results at the stations such as the Gengzhang, Yangcun, Zhimenda and Pingle,
which are located on the Qinghai-Tibet Plateau and Yunnan-Guizhou Plateau, are also
quite outstanding. Comparing the simulated and observed monthly runoff processes, it is
obvious that the M/C signal method is far more effective for the dry season than the flood
season as the flood peaks of some stations were underestimated.

(2) The monthly runoff data obtained by the M/C signal method for 1996-2016 was
applied for calculating the SRI-3. 30 out of the 79 stations indicate significant increasing
trends in SRI-3 and 18 show significant decreasing trends. By analyzing the frequency of
drought events and the most severe drought events at each station during this 21-year
period, the duration and severity of droughts in the non-permanent dry areas of the Hai,
the middle reaches of the YZR and the Southwest of China were found to be more frequent
and severe than that in other regions.
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(3) After analyzing 7 topographic and hydro-meteorological influencing factors, eleva-
tion, climate type and mean discharge were found to be the dominated factors. Stations
over small rivers in plateau areas with sparse vegetation tend to have better simulated
results. To be more specific, areas with elevation higher than 1000 m, river mean discharge
between 100 and 1500 m? /s and a polar climate are defined to be more suitable for applying
passive microwave remote sensing data to runoff modelling. Meanwhile, these regions are
usually prone to drought, proving that passive microwave remote sensing can be a feasible
way for hydrological drought assessment.

This study proposed an effective way for hydrological drought assessment based on
microwave remote sensing in Mainland China. It can be further applied to studies on all
forms of drought together with other multi-source satellite data. This study can provide
guidance for other practical hydrological applications, especially in regions of limited
ground data.
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trends, drought event frequency, distribution of drought duration (Dd) and drought severity (Ds)
for the 79 stations from 1996-2008 based on simulated and observed runoff, respectively; Table S1.
Multiple regression analysis of the influencing factors.
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