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Droughts and floods alternately occur over a large karst plateau (Yun–Gui Plateau) in Southwest China. Here we
show that both the frequency and severity of droughts and floods over the plateau are intensified during the
recent decade from three-decade total water storage anomalies (TWSA) generated by Gravity Recovery and
Climate Experiment (GRACE) satellite data and artificial neural network (ANN) models. The developed ANN
models performed well in hindcasting TWSA for the plateau and its three sub-regions (i.e., the upper Mekong
River, Pearl River, and Wujiang River basins), showing coefficients of determination (R2) of 0.91, 0.83, 0.76,
and 0.57, respectively. The intensified climate extremes are indicative of large changes in the hydrological
cycle and brought great challenges inwater resourcemanagement there. The TWSA of the plateau remained fair-
ly stable during the 1980s, and featured an increasing trend at a rate of 5.9± 0.5mm/a in the 1990s interspersed
extreme flooding in 1991 and during the second half of the 1990s. Since 2000, the TWSA fluctuated drastically,
featuring severe spring droughts from 2003 to 2006, themost extreme spring drought on record in 2010, and se-
vereflooding in 2008. The TWSAof the upperMekonghas decreased by ~100mm(~15km3) comparedwith that
at the end of the 1990s. In addition to hindcasting TWSA, the developed approach could be effective in generating
future TWSA and potentially bridge the gap between the current GRACE satellites and the GRACE Follow-On
Mission expected to launch in 2017.

© 2014 Elsevier Inc. All rights reserved.
1. Introduction

The Yun–Gui (an abbreviation of Yunnan and Guizhou Provinces)
Plateau in Southwest China characterized by large karst landforms
(~159,000 km2) is plagued bymassive drought and flood hazards, lead-
ing to tremendous economic, societal, and ecological losses over the
past decades. Controlled primarily by the South Asianmonsoon, and ad-
ditionally impacted by the East Asian monsoon, plateau monsoon, and
westerlies (Li et al., 2012), the climate is humid and shows large season-
al variability, with the major portion of annual precipitation in summer
and relatively lower precipitation inwinter and spring. According to the
Bulletin of Water Resources of Yunnan Province (Department of Water
Resources of Yunnan Province, 2011), themost extreme spring drought
hen@sjziam.ac.cn (Y. Shen).
in Southwest China in 2010 resulted in drying up of 744 streams, 564
small reservoirs, and 7599 ponds in Yunnan alone. There were ~27mil-
lion people being affected, ~9.65 million experienced shortages of
drinkingwater, and $2.5-billionworth of crops failed in Yunnan accord-
ing to the Ministry of Civil Affairs (Qiu, 2010). On the other hand, the
plateau is a flood-prone region due to the combined effect of subtropi-
cal/tropical climate and karst formation. Karst surface features
(e.g., sinkholes and thin soil layer) allow rainfall to enter the subsurface
and percolate down rapidly, resulting in a high runoff ratio and inter-
connected surface and subsurface systems (Guo, Jiang, Yuan, & Polk,
2013). Mountain rainfall could bringmud, sand, silt, and waste deposits
to the mouth of sinkholes, reducing cross-sectional flow and the
discharge capacity of conduits, and consequently increasing the poten-
tial for flooding (Guo & Jiang, 2010). It is therefore especially important
to monitor droughts and floods to mitigate associated losses over
this region.
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The plateau situates major branches of the upper Yangtze and Pearl
Rivers in Southwest China, and several transboundary rivers, e.g., the
Mekong River flowing through China, Burma, Laos, Thailand, Cambodia,
and Vietnam. There have been fierce debates over whether the existing
and planned hydropower plants and construction of large dams on the
mainstreamof theMekong influence the low-flowhydrology and reduce
the availability ofwater in Southeast Asian countries in the lower reaches
(Grumbine & Xu, 2011). Quantification ofwater storage changes of these
transboundary river basins could be helpful in isolating climate change
impact on thewater resources from the one induced by human activities,
and for negotiations among stakeholders. Data sharing across political
boundaries is critical for such purposes, but national hydrological records
are often withheld due to political, socioeconomic, and national security
reasons (Famiglietti & Rodell, 2013).

Gravity Recovery and Climate Experiment (GRACE) satellites have
been used to monitor droughts and floods (Chen, Wilson, & Tapley,
2010; Leblanc, Tregoning, Ramillien, Tweed, & Fakes, 2009; Reager &
Famiglietti, 2009; Xavier et al., 2010; Yirdaw, Snelgrove, & Agboma,
2008) by observing temporal variations in Earth's gravity field (Tapley,
Bettadpur, Ries, Thompson, & Watkins, 2004), which are controlled pri-
marily by the total water storage change (TWSC) that is an integrated
change of surface water storage (SWS), soil moisture storage (SMS),
and groundwater storage (GWS). TWSC for a certain time interval
(e.g., 1 month) can be derived from GRACE TWSA. For the karst plateau,
it is a great challenge to disaggregate changes in SWS, SMS, and GWS
from TWSC as was done in other regions because of the complex inter-
connections between surface and subsurface water. Given the large spa-
tial extent, special geology, and inaccessible hydrological records for the
transboundary rivers, GRACE TWSA could be valuable in drought and
flood monitoring and prediction for the plateau.

GRACE monthly TWSA data are only available since 2002 and there
is 2- to 6-month latency before the data are released (Famiglietti &
Rodell, 2013; Tapley et al., 2004). Monitoring of droughts and floods
was mostly done in the recent decade (Famiglietti et al., 2011; Voss
et al., 2013). However, TWSA data before GRACE launch are critical to
developing an understanding of long-term trends in TWSC, and to
predicting future TWSC. In addition, there are likely no reliable TWSA
data between the period of the decaying orbit of current GRACE satel-
lites and the planned launch of the GRACE Follow-On Mission in 2017.
Developing methods of generating TWSA data beyond the GRACE peri-
od is hence an urgent need.

Becker et al. (2011) reconstructed GRACE TWSA data over the
Amazon basin back to 1980 by examining the correlation between
GRACE TWSA and water level observations from interannual to multi-
decadal time scales using Empirical Orthogonal Function (EOF) decom-
position. Pan et al. (2012) integrated multiple sources of water cycle
estimates, including in situ observations, remote sensing retrievals,
land surface model (LSM) simulations, and global reanalyses, into one
consistent set of water-cycle data records over 32 major river basins
globally from 1984 to 2006 using data assimilation techniques. In this
data set, total water storage beyond the GRACE period was provided
by the Variable Infiltration Capacity (VIC) model (Liang, Lettenmaier,
Wood, & Burges, 1994) that precludes the simulation of GWS change
and therefore might not be capable of simulating the interactions
between surface water and groundwater systems over karst regions.
de Linage, Famiglietti, and Randerson (2013) developed simple statisti-
calmodels to predict TWSA over Amazon by examining variations in sea
surface temperature (SST) anomalies from the equatorial central Pacific
(represented byNiño 4) and tropical North Atlantic (represented by the
Tropical North Atlantic Index, TNAI), with R2 between TWSA and a com-
bination of Niño 4 and TNAI of 0.43 for the entire Amazon basin. Note
that completewater level data are not available for the Yun–Gui Plateau
due to limited data sharing. LSMs (e.g., VIC) alone are not able to recover
TWSC for the large karst region where the surface and subsurface water
are interconnected. Predictability of TWSC could be further improved as
compared with R2 (0.43) between TWSC and Niño or TNAI.
The artificial neural network (ANN) is a nonparametric modeling
technique that is especially suited for modeling input–output relation-
ships when lacking well-calibrated, physics-based models. ANNs have
been extensively used in streamflow forecasting (House-Peters &
Chang, 2011;Hsu, Gupta, & Sorooshian, 1995) and recently in predicting
groundwater level changes (Sun, 2013). A major strength of ANN
models lies in its universal approximation property—an ANN model
can be trained to approximate the causal relationship of any nonlinear
dynamic system without a priori assumptions about the underlying
physical system (Haykin, 2009).

The objectives of this study are to (1) hindcast TWSA for the
Yun–Gui Plateau and its sub-regions using GRACE satellite data and
ANNmodels in combination with other in situ and modeling data over
the past three decades, (2) examine long-term trends in TWSA for the
study regions, and (3) monitor droughts and floods across the large
karst plateau based on the three-decade TWSA time series, including
the most extreme drought in 2010 and severe flooding in 2008. The
hindcasted long-term TWSA data could be valuable for understanding
climate change impacts on the hydrological cycle and providing impli-
cations of water resource management over this region.

2. Study region

2.1. Yun–Gui Plateau

The Yun–Gui Plateau, the fourth largest plateau in China, encom-
passes eastern Yunnan Province, entire Guizhou Province, some
portions of northwestern Guangxi Zhuang Autonomous Region, and
frontiers of Sichuan, Hubei and Hunan Provinces. It is in the confluence
of north–south and northeast–southwest oriented mountain ranges of
China, with elevation generally decreasing from the northwest to the
southeast and ranging from ~2000 m down to ~1000 m. Here the
study region was chosen to coincide with provincial boundaries,
i.e., both Yunnan and Guizhou Provinces totaling 559,000 km2, for sim-
plicity of discussion (Fig. 1(a)).

Summer (Jun–Aug) precipitation of the Yun–Gui Plateau is ~580mm
(derived from monitored daily precipitation at 55 meteorological sta-
tions, see section 3.4.1), accounting for ~52% of mean annual precipita-
tion of 1125 mm across this region. Fall (Sep–Nov), spring (Mar–May),
and winter (Dec–Feb) precipitation is ~250 mm, ~230 mm, and
~60 mm, accounting for ~22%, ~20%, and ~5% of mean annual precipita-
tion, respectively. This region is characterized primarily by a typical karst
geological formation (159,000 km2, accounting for ~28% of the study re-
gion, Fig. 1(b)), with an extensive distribution of limestone in the formof
caves, stalactites, stalagmites, stone-bar, underground streams, and
peak-clusters. Karst formations are often cavernous and therefore have
high rates of permeability. Rainfall can quickly move through crevices
into ground and underground, which results in surface water with few
to no rivers or lakes and close coupling of surface water and under-
ground water. Surface soil is often parched between rains and during
spring and winter when there is no much precipitation.

2.2. Individual basins

Both the Wujiang River, the largest tributary of the right bank of the
upper Yangtze River, and the Xijiang River, the longest river (~2214 km)
of the Pearl River, originate from the Yun–Gui Plateau (Fig. 1(b)). Trends
in TWSA of theWujiang River basin (area: 83,000 km2 with reference to
the Wulong gauging station in Chongqing Municipality and the runoff
ratio is greater than 0.5) characterized primarily by a karst geological
formation, and the Pearl River basin within the Yun–Gui Plateau (area:
124,000 km2) will be examined (Fig. 1(b)). In addition, there are several
transboundary rivers (i.e., termed China's Southwest Rivers) originating
from the Qinghai–Tibet Plateau, flowing through Yunnan and then into
Southeast Asian countries. For instance, the Nujiang River originates
from the southern foot of the Tanggula Mountains on the Qinghai–Tibet
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Fig. 1. (a) Location and a digital elevationmodel (DEM)of theYun–Gui Plateau and distribution of 55meteorological stations across this region, and (b) location of the upperMekongRiver
basin, the Pearl River basin within the Yun–Gui Plateau, and theWujiang River basin, with showing gauging stations of the upper Mekong River (Xiangda and Yunjinghong stations) and
the Wujiang River basin (Wulong station). Hatched areas denote karst landform.
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Plateau, flows through Tibet and Yunnan in China and Burma (the
Salween River), and finally flows into the Andaman Sea in the Indian
Ocean. The Lancang River (China's section of the Mekong River or the
upper Mekong River) originates from melting snow in Zadoi County on
the Qinghai–Tibet Plateau, flows through Qinghai, Tibet, and Yunnan, ex-
tends into the countries of Laos, Burma, Thailand, Cambodia, andVietnam,
and finally flows into the South China Sea. These transboundary river ba-
sins are steep and narrow, e.g., the area of the upper Mekong River basin
(151,000 km2) accounts for ~19% of the total area of the Mekong River
basin of ~810,000 km2 (Fig. 1(b)).

3. Methods and materials

3.1. Evaluation of GRACE total water storage change using a water balance
equation

GRACE-derived TWSC was compared with water budget estimates
of TWSC to evaluate reliability of GRACE TWSC estimates for the study
region:

dS=dt ¼ P þ Rin−Rout−ET ð1Þ

where dS/dt is the TWSC at the monthly scale (mm/month); P is the
monthly precipitation (mm/month); and Rin and Rout are the inflow
and outflow for a specific region of interest. For the Yun–Gui Plateau,
the inflow mainly comes from snowmelt from Qinghai Province and
flows into the study region north of Yunnan (Fig. 1(b)). The Yun–Gui
Plateau is one of the source regions of the upper Yangtze River and
the Pearl River (the Xijiang River). The outflows leave this region from
the north, east, and south to the upper Yangtze River and the Pearl
River basins. The characteristics of the geological and topographic
conditions, and inaccessible data in most parts of the Southwest China
Rivers, make estimation of inflow and outflow of this region extremely
difficult. In this study, we assumed that streamflow over the entire
plateau could be represented by streamflow measurements of the indi-
vidual basins of distinct hydrological and geological characteristics,
i.e., streamflow measurements at the Wulong station of the Wujiang
River basin were used to represent the outflow for the karst region
(Fig. 1(b)). Inflow at the Xiangda station and outflow at the Yunjinghong
station of the upper Mekong River were jointly used to approximate the
net flow flux (Rout–Rin) for non-karst areas. The net flow term in Eq. (1)
for the plateau is therefore the weighted sum of the net flow for the
karst region and the net flow of the non-karst region in the unit of mm.
ET ismonthly evapotranspiration (mm/month). There is limited irrigation
in this region due to a humid climate, geological (e.g., it is difficult to
access groundwater in the karst region) and economic reasons
(e.g., infrastructure inmanymountainous areas is backwards). Therefore,
the impact of anthropogenic activities on TWSC is assumed to be negligi-
ble in Eq. (1). GRACE TWSC is computed as the backwards difference of
TWSA (mm) whose reference is the mean gravity field for a calculation
period (e.g., Jan 2003–Sep 2012 in this study):

dS=dt ¼ TWSA tð Þ−TWSA t−1ð Þ
t

: ð2Þ

3.2. Artificial neural network

Time series hindcasting (prediction) problems seek to learn a func-
tional mapping between a set of predictors x and the target variable y
(Sun, 2013):

y ¼ f xð Þ þ ε ð3Þ

where f is the mapping and ε is the process noise. We developed multi-
layer perceptron (MLP) ANN models to learn the functional mapping
and hindcast (predict) monthly GRACE TWSA one month ahead from
Feb 1979 to Dec 2002. There are one input layer, one hidden layer,
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and one output layer (Fig. 2). Inputs (predictors) of the MLP models
consist of SMS, monthly precipitation, and monthly mean temperature.
A multitude of studies showed that GRACE TWSA is highly correlated
with SMS anomalies from LSMs (Long et al., 2013; Sun, Green, Rodell,
& Swenson, 2010). Here we examined the correlation between SMS of
the total depth from four LSMs, i.e., Noah (2 m), Mosaic (3.5 m), VIC
(1.9 m), and Community Land Model (CLM) (3.4 m) in Global Land
Data Assimilation System-1 (GLDAS-1), and GRACE TWSA for the
Yun–Gui Plateau. It was found that the SMS anomaly from Noah
shows the highest correlation with GRACE TWSA (r= ~0.9) for the pe-
riod 2003–2012. The use of precipitation as a predictor was intended to
reflect the rapid response of SWS and GWS to precipitation across the
large karst plateau. Monthlymean temperaturemay be able to indirect-
ly reflect evaporation fromwater bodies and soil layers in the humid re-
gion and therefore be linked to SWS and GWS (Meng, Long, Quiring, &
Shen, 2014). Therefore, it was also used as a predictor. Three combina-
tions of the predictors were tested in this study. The first combination
(Prediction 1) comprises Noah SMS and in situ precipitation, the second
combination (Prediction 2) includes Noah SMS and in situ monthly
mean temperature, and the third combination (Prediction 3) consists
of Noah SMS, in situ precipitation, and monthly mean temperature.

The hidden layer comprises K hidden neurons and each neuron is a
weighted sum of predictors (Bishop, 2006):

ak ¼
XM
i¼1

w 1ð Þ
ki xi þw 1ð Þ

k0 ; k ¼ 1;…;K; ð4Þ

where ak is a hiddenneuron, {wki
(1)}i= 1

M are unknownweights associated
with each input neuron, and wk0

(1) is an unknown bias term used for
correcting the estimation bias. Superscripts in Eq. (4) represent the
layer number. When developing MLP networks, a rule-of-thumb is
that the number of hidden neurons should be about half the number
of predictors and should never be more than twice as large (Berry &
Linoff, 2004). Therefore, we set the number of hidden neurons to 3
(i.e., K=3) through a trial-and-error process, inwhichMLPs having dif-
ferent numbers of hidden neurons were tested. Eq. (4) is subsequently
passed to a transfer function to compute outputs from hidden neurons:

zk ¼ ψ akð Þ; k ¼ 1;…;K; ð5Þ

where zk is the output and ψ is the logistic sigmoid transfer function
ranging from 0 to 1. Connections from the hidden layer to the output
layer are built through a linear transfer function:

TWSA ¼
XK
k¼1

w 2ð Þ
jk zk þw 2ð Þ

j0 : ð6Þ

The output neuron (predictand) is monthly TWSA. Subscript j is the
number of output neurons (=1 in this study). {wjk

(2)}k = 1
K and wj0

(1) are
the unknownweights and the bias term of the output layer, respective-
ly. During the training phase, the unknowns in Eqs. (4) and (6) are
solved through backpropogation, which is a process of propagating
fitting errors backward through the network to obtain the optimal
weights in each layer. GRACE TWSA data from Jan 2003 to Nov 2010 to-
taling 96 months (~80% of the samples) were used for training (60%)
and validating (20%) the MLP, and that from Dec 2010 through Sep
2012 totaling 22 months (~20% of the samples) were used for testing
the performance of the trainedMLP. The resultingMLPwas then applied
to hindcasting TWSA for the period Feb 1979–Dec 2002 for the plateau
and three sub-regions.
3.3. Flood potential amount

Flood potential amount (FPA) was calculated as the following
(Reager & Famiglietti, 2009):

FPA tð Þ ¼ P tð Þ− TWSAmax−TWSA t−1ð Þð Þ=dt ð7Þ

where TWSAmax is the regionally observed historic maxima of TWSA.
Deviating from Reager & Famiglietti (2009), TWSAmax in this study is
considered to be of statistical meaning, instead of a single value derived
from a short time period (~10 years for traditional analysis). The maxi-
mum values of TWSA for each year from 1979 to 2012 were used to fit
parameters of the probability density function (y) for the extreme dis-
tribution as following:

y ¼ f TWSAmaxjμ;σð Þ
¼ σ−1 exp

TWSAmax−μ
σ

� �
exp − exp

TWSAmax−μ
σ

� �� �
ð8Þ

where parameters μ is the location and σ is the scale parameters.
TWSAmax for a certain return period (e.g., 10a, 25a, 50a, and 100a)
was subsequently derived from the extreme value inverse cumulative
distribution function. FPA for a certainmonth and location can be calcu-
lated by using the TWSAmax for a certain return period andmonthly pre-
cipitation derived from the nearest meteorological station of a grid cell
based on Eq. (7). If a grid cell has multiple stations (i.e., ≥1), averaged
monthly P across stations was used.

3.4. Data and processing

3.4.1. Hydrometeorological data
Precipitation and mean temperature observations were obtained

from 55 meteorological stations (Fig. 1(a)) in Yunnan and Guizhou
Provinces at a daily time scale from the 1950s to Sep 2012.Monthly pre-
cipitation of the entire study region and individual river basins was ob-
tained by spatial averaging and aggregated from the daily precipitation
records. Comparison of the spatially averaged in situ precipitation with
the satellite precipitation product (TRMM 3B43) (Huffman et al., 2007)
indicated high consistencywith a RootMean Square Difference (RMSD)
of 8 mm/month and nil bias for theGRACE period. This gives confidence
in reliability of the in situ precipitation over the plateau (Fig. 3).
Streamflowmeasurements at a few gauging stations, includingWulong
in the Wujiang River basin (data span from 1952 through 2011 at the
daily scale) and Xiangda and Yunjinghong in the upper Mekong River
basin (data span from 1956 through 2000 at the monthly scale) were
obtained for use in estimating net flow of the study regions (see
section 3.1 and Fig. 3). It is noted that monthly outflow measurements
of the upperMekongRiver basin from2001 to the presentwere inacces-
sible due to the sensitivity of water resources of the transboundary
rivers. Bulletins of Water Resources of Yunnan Province from 2000
through 2010 provide annual streamflow anomalies (1956–1979) of
the upper Mekong River basin. Therefore, monthly outflow of the
upper Mekong River basin from 2001 through 2012 was estimated
from a simple precipitation–runoff relationship constructed based on
data from1956 through 2000 and corrected by a scaling factor of the ob-
served annual streamflow over the estimated annual streamflow.

ET in Eq. (1) was obtained from two remotely sensed products based
on: (1) the National Oceanic and Atmospheric Administration-Advanced
VeryHigh Resolution Radiometer satellite (NOAA-AVHRR, ETAVHRR span-
ning from 1983 through 2006) (Zhang, Kimball, Nemani, & Running,
2010) and (2) Moderate Resolution Imaging Spectroradiometer sensor
(MODIS, ETMODIS spanning from 2000 through 2012) (Mu, Zhao, &
Running, 2011). In addition, ET outputs from four LSMs (i.e., Noah,
Mosaic, VIC, and CLM) in Global Land Data Assimilation System-1
(GLDAS-1) (Rodell et al., 2004) were used to provide estimates of ET
over this region. All these ET products were compared with annual ET
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derived from a water budget at the annual scale (ET ≈ P–R) in the
Wujiang River basin where there are the most complete streamflow
measurements in this study. There is an assumption of negligible TWSC
at the annual timescale in the water budget estimates of ET. The Root
Mean Square (RMS) of annual TWSC derived from GRACE satellites is
~60 mm accounting for only 5% of mean annual precipitation in the
plateau, which indicates the validity of the assumption of negligible an-
nual TWSC in the humid region. The ET output of the least discrepancy
with the water budget estimates of annual ET will be used as an input
of Eq. (1) to evaluate GRACE-derived TWSC. Uncertainties in P and
Rout–Rin are not known and were pre-specified as 10% and 20%, respec-
tively. Uncertainties in ET were estimated by the standard deviation of
all ET products being used in this study for each month. Uncertainties
in P, Rout–Rin, and ET were then added in quadrature to obtain the total
uncertainty estimates of TWSC from thewater budget. The global Palmer
Drought Severity Index (PDSI) data set (Dai, Trenberth, & Qian, 2004)
was obtained for defining the duration of the extreme drought in this
study (PDSI b −3).

3.4.2. GRACE data
Both spherical harmonic solutions and postprocessed gridded

GRACE products were used in this study to derive TWSA for the plateau
and three sub-regions. GRACE spherical harmonic solutions were
provided by the Center for Space Research at the University of Texas
at Austin (CSR) and Groupe de Recherche de Géodésie Spatiale
(GRGS) analysis center. CSR and GRGS represent two end members in
terms of GRACE processing. CSR is one of the least constrained solutions
and GRGS is one of the most constrained solutions. The latest release of
CSR data (Release number 5, RL05) was used in the analysis. Spherical
harmonics for CSR RL05 were truncated at the maximum degree and
order of 60, destriped (Swenson & Wahr, 2006), and filtered using a
300 km Gaussian filter to suppress GRACE measurement noise of
high-degree and order spherical harmonics. Spherical harmonics for
GRGS RL02 were truncated at the maximum degree and order of 50.
Truncation is a low-pass filter and the lower degree and order applied
to GRGS constitutes a regularized solution and no further filtering was
required.

Bias and leakage effects of filtered GRACE TWSA were corrected
using the additive approach that calculates bias (signal loss due to low
pass filtering applied to GRACE data in a study region) and leakage
(signal gain from the surrounding due to low pass filtering) using syn-
thetic data from LSMs (Longuevergne, Scanlon, & Wilson, 2010). The
resulting GRACE TWSA estimate is therefore the filtered GRACE TWSA
adding the bias and subtracting the leakage. There is another approach
for bias and leakage corrections termed the multiplicative approach
(Longuevergne et al., 2010), which computes a multiplicative factor
based on a filtered and unfiltered basin function under the assumption
of uniform distribution of TWSC in a study region. Given hydrological
heterogeneity (e.g., karst and non-karst) in the plateau which may not
meet the assumption of uniform distribution of TWSC in themultiplica-
tive approach, we used the additive approach for bias and leakage cor-
rections for the filtered GRACE TWSA. Bias and leakage of GRACE
signals were computed using SMS from the Noah model in GLDAS-1
(0.25° × 0.25°) as a priori knowledge of the global SMS variation. Uncer-
tainties in GRACE TWSA estimates include: (1) uncertainties in GRACE
L1 measurements and (2) bias and leakage corrections due to uncer-
tainties in SMS changes from GLDAS-1 Noah. Uncertainties in GRACE
L1 measurements were estimated by residuals over the Pacific and
Atlantic Oceans at the same latitudes as the plateau and its sub-
regions. Uncertainties in bias and leakage corrections were estimated
from the standard deviation of SMS from 4 LSMs (Noah, Mosaic, VIC,
and CLM) in GLDAS-1.

Gridded TWSA products (1° × 1°) derived from spherical harmonics
from CSR, Jet Propulsion Laboratory (JPL), and German Research Center
for Geoscience (GFZ) centers with signals being restored by gain factors
computed by CLM4 output (Landerer & Swenson, 2012; Swenson &
Wahr, 2006) were obtained for comparison with TWSA time series
processed by the additive approach. The use of spherical harmonics
from different processing centers (i.e., CSR, GRGS, JPL, and GFZ) and ap-
proaches (i.e., the additive and gain factor) provides valuable informa-
tion on uncertainty in GRACE TWSA.

It should be emphasized that for relatively small areas
(e.g., b150,000 km2), the fraction of filtered GRACE signal in realistic
TWSC decreases significantly. Bias and leakage corrections for small
areas will therefore make the resulting TWSA estimates biased toward
output of LSMs that may, however, not be accurate due to the missing
hydrological components (e.g., groundwater and lateral flow) and un-
certainties associated with forcing and parameters of the models.

4. Results and discussion

4.1. Evaluation of GRACE total water storage change and its spatiotemporal
variability

Comparison of TWSA time series derived from different data pro-
cessing centers and approaches of the Yun–Gui Plateau indicates a
high consistency (Fig. 4)with amean correlation coefficient of ~0.95 be-
tween two different TWSA time series among the five TWSA time series
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derived. In general, the TWSA derived from the GRGS center and three
gridded TWSA products (CSR, JPL, and GFZ) are within uncertainties
(shading areas in Fig. 4) in the TWSA derived from CSR RL05. The con-
sistency provides confidence in the use of GRACE TWSA for monitoring
droughts and floods over the plateau and training the ANN model for
hindcasting TWSA beyond the GRACE period. Relatively large differ-
ences among these TWSA time series occur in high or low amplitudes
in summer or spring, with the gridded TWSA products showing higher
amplitudes. In addition, slight differences in these TWSA time series
may also arise from the masks of the study region defined by different
approaches. The TWSA time series derived by the additive approach
used a basin function on a spatial resolution of 0.5° × 0.5°, which is
higher than the one of 1° × 1° for the gridded products and may better
represent the TWSA for the plateau and sub-regions. Differences may
therefore result partly from approximating the boundary of the study
region by different GRACE data sets. The TWSA derived from CSR RL05
using the additive approach for bias and leakage corrections will be
used for the following analysis and discussion.
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Annual ETAVHRR in the Wujiang River basin exhibited the lowest
RMSD of ~50 mm/a relative to the water budget estimates of annual
ET in all ET products being examined. Annual ET estimates from LSMs
were significantly overestimated relative to the water budget estimates
of ET, suggesting relatively higher RMSD ranging from ~190 mm/a
(CLM) to ~400 mm/a (VIC). Similarly, annual ETMODIS showed an
RMSD as large as ~390 mm/a compared with the ET derived from the
water budget. These results indicate that the LSMs may not be able to
reasonably partition available energy into latent and sensible heat
fluxes over the karst region where underground drainage systems
have been well developed and the surface and underground flows are
closely coupled. LSMs lack the mechanisms to describe and simulate
these processes and lateral flow, resulting in unrealistic streamflow
and ET estimates. In addition, ETMODIS was found to overestimate ET
over this region, which warrants further study of the forcing data and
its algorithm. Therefore, in the water budget calculation for the entire
Yun–Gui Plateau, monthly ETAVHRR (2003–2006) was used as a surro-
gate of observed ET in Eq. (1) to drive TWSC. Given the high correlation
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(r N 0.94) betweenmonthly ETAVHRR and ETMODIS, monthly ET in Eq. (1)
from 2006 through 2012 was generated by using ETMODIS and the ratio
of ETAVHRR to ETMODIS for the overlapping period (2000–2006) (Fig. 3).

Evaluation of GRACE-derived TWSC against ground-observed TWSC
from a water budget with in situ precipitation, inflow and outflow, and
ETAVHRR was subsequently performed. Results demonstrate the validity
of GRACE satellites to track the amplitude and timing of TWSC from the
water budget estimate over the study region (Fig. 5). GRACE-derived
TWSC estimates are generally consistent (r= 0.82)with thewater bud-
get estimates of TWSC for the period Jan 2003-Sep 2012, with showing
an RMSD of ~25 mm/month and a bias of ~−6 mm/month. The slightly
higherwater budget estimates of TWSC in cold seasons (e.g., Oct toDec)
appear to result from the underestimation of outflow in the water
budget calculation. The underground drainage system has been well
developed over the large karst plateau; however, there is no accounting
for underground flow in the water budget estimates of TWSC. The RMS
error in the water budget estimates of TWSC is ~20 mm/month, which
is lower than the one of GRACE-derived TWSC of ~45 mm/month
(i.e., the red shading areas are generally within the blue shading areas
in Fig. 5). This means that in general, uncertainty in GRACE-derived
TWSC is relatively higher than the one in water budget estimates of
TWSC (Long, Longuevergne, & Scanlon, 2014), though substantial un-
certainties in estimates of ET and outflow could also occur.

Both TWSC estimates from the water budget and GRACE are gener-
ally positive (total water storage surplus) from Apr to Sep, and negative
(total water storage deficit) in other months (Fig. 5). This characteristic
is different from those systems where total water storage deficits occur
in the warm season and total water storage surpluses occur in the cold
season, e.g., in Texas (Long et al., 2013), and is likely driven by the com-
bined effect of the monsoon climate and geological conditions. Because
the precipitation of the Yun–Gui Plateau is concentrated from Apr
through Sep, total water storage increases markedly in response to the
increasing precipitation. After the rainy season, total water storage
starts to decline due mostly to decreasing precipitation but sustaining
surface and underground flows.

Spatial patterns of GRACE TWSA exhibit a dominant seasonality and
prominent gradients of decreasing TWSA from the south to the north
and from the west to the east, which are likely to be associated with
the impact of monsoons and topography. We averaged TWSA at the
0.5° × 0.5° over each longitudinal zone (Fig. 6) and latitudinal zone
(Fig. 7) of the Yun–Gui Plateau from 2003 through 2012. The TWSA
time series over the latitudinal and longitudinal zones exhibit a marked
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Fig. 6. GRACE total water storage anomalies (CSR) averaged over longitudes for each latitudina
maximumdegree and order of 60, destriped (Swenson &Wahr, 2006) and filtered using a 300 k
ical harmonics (Longuevergne et al., 2010).
seasonal cycle, e.g., total water storage starts to increase in response
to increasing precipitation in Apr/May and decrease after the end of
rainy season in Sep through spring next year. This is a strong indication
that droughts frequently occur in spring over this region. Because of the
seasonality in TWSC and the difficulty in accessing surface and ground-
water in mountainous and/or karst areas, spring (Mar–May) droughts
have a large impact on agricultural, industrial, and municipal water
use. Spatially, amplitudes of TWSA dampen gradually from the south
to the north and from the west to the east of the Yun–Gui Plateau.
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However, gradients of TWSA across the latitudinal zones (Fig. 6) are
larger than those across the longitudinal zones (Fig. 7). For instance,
from 2004 through 2006, the TWSA of the western and eastern parts
of the study region appears to be higher than those in the central longi-
tudes (Fig. 7).

4.2. Evaluation of total water storage anomalies predicted from ANN
models

The developed ANN model with predictors of SMS from GLDAS-1
Noah and in situ precipitation can generate TWSA of the plateau reason-
ably well (referring to prediction 1 in Fig. 8 and section 3.2), showing a
coefficient of determination (R2) of 0.91, a bias of about −21 mm, and
an RMSD of ~28 mm between the predicted and the GRACE TWSA.
The RMSD is lower than the RMS error of GRACE TWSA of ~33 mm,
and generally within the range of uncertainties in GRACE TWSA for
the testing period (shading areas in Fig. 8). Prediction 1 (R2 = 0.91;
RMSD = 28) outperformed prediction 2 (R2 = 0.78; RMSD =
35 mm) and prediction 3 for the Yun–Gui Plateau (R2 = 0.86;
RMSD = 30 mm, Fig. 8).

The developed ANN model also performed relatively well in sub-
regions, showing R2 for the upper Mekong, Pearl River, and Wujiang
River basins of 0.83, 0.76, and 0.57, and RMSD of 21 mm, 44 mm, and
58 mm, respectively (Fig. 9). The best performance of the developed
ANN model by taking the plateau as a whole could be due mostly to
the lower uncertainties in GRACE TWSA than relatively small sub-
regions, though hydrogeological heterogeneity does exist across the en-
tire plateau. By the contrary, the worst performance of the developed
ANN model for the Wujiang River basin could be ascribed to the fact
that uncertainties in GRACE TWSA tend to be higher than the other
two river basins due to the relatively small area of the Wujiang River
basin (~83,000 km2) and the relatively large footprint of GRACE signal
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Plateau for the period Jan 2003–Sep 2012 (referring to section 3.4). ANN-predicted TWSAwith
circles denote the predictionwith predictors of SMS fromNoah inGLDAS-1 andmonitoredpreci
mean temperature, and green circles denote the prediction with predictors of SMS, precipitatio
rectangle shows the period of the extreme drought in Southwest China from Sep 2009 to Mar
(~200,000 km2). Bias and leakage corrections for GRACE TWSA for the
Wujiang River basin tend to make the resulting TWSA estimates biased
toward the Noah output. However, the correlation between SMS from
GLDAS-1 Noah and GRACE TWSA in the Wujiang River basin during
the GRACE record period is ~0.7, which is far lower than the one for
the entire Yun–Gui Plateau of ~0.9. The Noah model (and also many
other LSMs) is not able to depict surface and subsurface hydrological
systems well in karst regions. The lack of mechanisms of simulating
lateral flow could be an important source of error in Noah output in
this region.

4.3. Long-term trends in total water storage anomalies of the Yun–Gui
Plateau

Frequencies of droughts and floods across the plateau are intensified
for the recent decade as evidenced by changes in trends of three-decade
TWSA time series from GRACE data and the proposed ANN model. Dif-
ferent low-pass filters intended to remove seasonal variability and
high frequency noise of the TWSAgave similar results (Table 1), indicat-
ing that there are generally five episodes of variations in the TWSA
(Fig. 10). During the 1980s, the TWSA remained generally stable, with
severe summer droughts occurring in 1982 and 1989. Since the 1990s,
the TWSA increased at a rate of 5.9± 0.5mm/a (themoving average fil-
ter). An abrupt decrease in the TWSA at a rate of−31.2±0.8mm/awas
subsequently followed after 2000, reaching a low value in spring 2004.
The fourth episode features a substantial increase at a rate of 22.2 ±
1.8mm/a by summer 2008 featuring a severe flooding in Yunnan. After-
wards, the TWSA dropped at a rate of−15.6 ± 3.2 mm/a, and reached
the most extreme spring drought in 2010 on record. After the 2010
drought, the TWSA appeared to recover to some degree, but severe
droughts hit this region in summer 2011 and spring and summer
2013. Apparently, variations in the TWSA became drastic after 2000.
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Variations in TWSA of the three sub-regions are also intensified
compared with those in the 1980s and 1990s (Table 1 and Fig. 11).
Particularly, TWS in the upper Mekong has decreased by ~100 mm
(~15 km3) relative to the end of the 1990s. The reduced TWSwasmost-
ly subjected to climate, whichmayhave resulted in decreases in outflow
and changes in the flow regime.

Amplitudes of soil moisture variations are generally lower than
TWSA variations, especially during peaks of TWSA in each year
(Fig. 10). The timingof TWSA and SMS variations appears to be synchro-
nized. During rainy season, SWS and GWS of the plateau could respond
quickly to substantially increased precipitation, thereby contributing
to an appreciable portion of TWSA signals, e.g., in years 2001, 2002,
2007 and 2008. This demonstrates that the sole use of SMS
from LSMs to depict TWSC over this region could deviate greatly
from reality. The developed ANN model could, however, provide a
straightforward and effective way to obtain a complete picture of
TWSC in the long run. This could also be useful in making prediction
of TWSA forward when GRACE data are not available or the 2- to
6-month latency before the release of GRACE data is longer than
what we need in practice.



Table 1
Trends and associated standard errors in TWSA for five episodes of the past three decades. The long-term TWSA time series were filtered by three low pass filters (see Fig. 7).

Study region Period Moving average Butterworth HP filter

Trend
(mm/a)

Error
(mm/a)

Trend
(mm/a)

Error
(mm/a)

Trend
(mm/a)

Error
(mm/a)

Yun-Gui Plateau 9/1979–8/1990 −1.8 0.2 −1.9 0.2 −1.3 0.1
8/1990–9/2000 5.9 0.5 5.8 0.5 6.4 0.3
9/2000–8/2004 −31.2 0.8 −32.1 0.7 −25.9 0.3
8/2004–8/2008 22.2 1.8 25.1 1.5 16.9 0.6
8/2008–8/2011 −15.6 3.2 −18.3 2.1 −10.5 0.4

Upper Mekong River basin 9/1982–9/2000 1.8 0.1 1.8 0.1 1.7 0.0
9/2000–8/2006 −19.4 0.7 −19.9 0.7 −17.6 0.4
8/2006–8/2011 −1.9 1.6 −3.1 1.4 −1.9 0.5

Pearl River basin 8/1979–9/1983 4.2 0.2 4.9 0.6 3.5 0.1
9/1983–7/1989 −5.4 0.3 −5.8 0.3 −5.4 0.1
7/1989–7/2000 4.7 0.3 4.5 0.3 4.6 0.1
7/2000–8/2005 −18.1 0.4 −19.2 0.3 −15.6 0.4
8/2005–8/2008 31.0 0.3 33.2 0.9 19.5 0.4
8/2008–7/2010 −45.1 4.2 −34.4 0.9 −15.4 0.3

Wujiang River basin 8/1979–8/1983 3.9 0.5 4.0 0.5 3.1 0.1
8/1983–9/1990 −2.2 0.3 −2.5 0.3 −2.3 0.1
7/1990–7/2000 2.7 0.2 2.7 0.2 2.8 0.1
7/2000–7/2004 −24.3 0.9 −24.2 0.4 −20.0 0.3
7/2004–7/2012 10.4 0.6 10.9 0.6 11.3 0.3
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Fig. 10. TWSA (the ANN-generated TWSA from Feb 1979 to Dec 2002 combined with GRACE TWSA from Jan 2003 to Sep 2012) and soil moisture (Noah in GLDAS-1) anomalies for the
Yun–Gui Plateau from Feb 1979 to Sep 2012, with showing linear trends for five episodes of the study period based on the TWSA time series filtered by the moving average filter. TWSA
filtered by the Butterworth filter (order 4 and normalized cutoff frequency 0.05) and Hodrick–Prescott filter (HP, a parameter of 14,400 formonthly time series) are also shown. It is noted
that the TWSA from Feb 1979 to Dec 2002 hindcasted by the ANN model was based on the mean gravity field from Jan 2003 to Sep 2012. The final TWSA time series from Feb 1979 to
Sep 2012 was derived by subtracting the mean of the TWSA for the three decades.
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4.4. Monitoring of the most extreme drought in 2010 across the Yun–Gui
Plateau

Severe droughts and floods over the recent decadewere also record-
ed. The duration of the 2010 drought was defined from Sep 2009
(the PDSI b −3) to Mar 2010 (the lowest TWSA is −143 mm, Fig. 8).
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Fig. 11. Time series of total water storage and soil moisture (Noah in GLDAS-1) anomalies for
(c) from Feb 1979 to Sep 2012, with showing linear trends for five episodes of the study peri
by the Butterworth filter and Hodrick–Prescott (HP) filter are also shown.
TWS depletion during the 2010 drought was estimated to be about
−255± 51mm (~143± 29 km3), i.e., the difference in TWSA between
Mar 2010 and Aug 2009. The PDSI declined to −5.2 in Feb 2010, the
lowest value since 1937. Furthermore, the PDSI responded to low
TWSA values well; however, the correspondence between the PDSI
and GRACE TWSA was generally low (r= ~0.1). This could be ascribed
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Fig. 11 (continued).
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to the thin soil layer of the karst area. The PDSI depicts primarily
variations in SMS of the uppermeter (Dai et al., 2004). However, chang-
es in SWS in the plateau could also play a critical role in TWSC especially
during rainy season. Therefore, there are prominent differences in
timing between the PDSI and TWSA as reflected by a low correlation
coefficient.

Large precipitation deficits are responsible primarily for the 2010
drought. Mean annual precipitation of the plateau for the period
1958–2010 is ~1130 mm. Precipitation in 2009 was only ~900 mm,
the second lowest value on record. The lowest record (~877 mm) oc-
curred in 2011 due mostly to the large precipitation deficit in summer
2011 resulting in an extreme summer drought in central Guizhou. All
months (except Apr) in 2009 and Jan–Mar in 2010 show precipitation
deficits (Fig. 8), which may be caused by negative anomalies in the
500 hPa geopotential height in the area of south 22°N and 70–110° E
(Wang & Li, 2010) or negative anomalies of the northern hemisphere
annular mode (NAM), less likely by El Niño (Jiang & Li, 2010). Fig. 12
shows the evolution and extent of TWSA during the 2010 drought.
The largest TWS depletion was centered in western and southern
Yunnan and spread out to Guizhou. Precipitation anomaly was
~13 mm/month in Apr 2010 and TWS depletion gradually recovered
since then.

4.5. Monitoring of severe flooding in 2008 for the Yun–Gui Plateau

The initial TWS status is one of the critical factors determining the
formation of flooding (Reager & Famiglietti, 2009). Higher TWSA
could likely cause large potential for flooding during rainy season due
to the excess of water that cannot be stored further. In addition, rolling
terrain has relatively short timeof concentration ofwatersheds, contrib-
uting to larger potential for flooding for higher TWSA. The TWSA for the
plateau peaks in Aug 2008 for the GRACE period (Figs. 8 and 13). This
was due in part to relatively lowTWSdepletion duringwinter (Jan–Feb)
2008 when Southwest China experienced extremely and persistently
low temperature and snowing and freezing weather over the past five
decades, marking the highest TWSA (only ~−40 mm in May 2008)
and the PDSI of ~0 in spring (Fig. 8). Similar situations without severe
spring droughts also occurred in years 1996, 1997, 1998, and 2000
when TWSA was ~−50 mm (Fig. 10).

FPA calculated by monitored precipitation and regional TWSA max-
ima from the developed approaches are consistent with the reality of
flood disasters during summer 2008. FPA with the regional TWSAmax

having a 10-year return period from Jun to Nov 2008 was calculated
(referring to section 3.3). Results indicate that in Jun, most parts of the
plateau have relatively lower FPA than other months, with relatively
low values of about −100 mm/month in eastern Yunnan and central-
north Guizhou (Fig. 14). FPA increases throughout the study region in
Jul, especially over central Guizhou and southern Yunnan. The southern
parts of Yunnan along the national boundary and central Guizhou mark
high FPA values ranging from ~200 mm/month to ~300 mm/month in
Aug. These high FPA values could be ascribed to the combined effect of
high TWSA and precipitation. For instance, the highest monthly precip-
itation of ~505 mm in Aug occurred at the meteorological station near
the national boundary in southern Yunnan. This corresponds to the
highest FPA for the grid cell situating the meteorological station due to
the relatively high TWSA developed in the previous months and the
highest monthly precipitation in Aug. Relatively low FPA values were
found in east-central Yunnan. Spatial patterns of FPA for both Sep and
Oct are similar, i.e., most parts of the Yun–Gui Plateau show FPA lower
than 50 mm/month. Exceedingly high FPA values are scattered along
the national boundary in southern and western Yunnan. In Dec, FPA
across the entire region tends to be further dampened, especially in
the northern region where FPA values range from −150 mm/month
to 0 mm/month.

According to the 2008 Bulletin of Water Recourses of Yunnan
Province (Department of Water Resources of Yunnan Province, 2009),
rainstorms and relatively high annual precipitation occurred mostly
overwestern and southern Yunnan along the national boundary. Thedi-
rect economic loss due to flood disasters is highest (~5.5 billion Yuan or
~$ 0.92 billion) since 2001, with 129 counties, 1216 villages and towns,
a population of 8.8 billion people, and 450, 000 ha of agricultural crops
being affected. Cities totaling 23 were inundated to varying degrees.



Fig. 12. Spatial distribution of TWSA (mm) of Southwest China from Sep 2009 throughMay 2010 at a spatial resolution of 0.5° × 0.5° derived fromCSRRL05 spherical harmonics (SH) solutions. The SH solutionswere truncated at themaximumdegree
and order of 60, destriped (Swenson & Wahr, 2006) and filtered using a 300 km Gaussian filter.
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Fig. 14. Spatial distribution of flood potential amount (mm/month) with a 10-year return period and precipitation (mm/month) of the Yun–Gui Plateau from Jun through Nov 2008.
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There was a death toll of 129 due to floods and associated mountain
hazards. The numbers of rain events with intensity N50 mm/24 h and
between 25 and 49.9 mm/24 h are 395 and 1793, respectively, which
rank first during the recent decade. In addition, there were 52 times
for all six major rivers in Yunnan that had stages higher than the warn-
ing levels.

In combination with real time precipitation and/or precipitation
forecast (e.g., Climate Forecast System, CFSv2) and the initial condition
of SMS from a LSM, GRACE-derived FPA has the potential to detect
flooding-prone areas and would be valuable in improving flood predic-
tion. In addition, GRACE-derived FPA could also be useful in assessment
of disaster losses. By improving the latency of GRACE data release and
spatial resolution, GRACE satellites would be more useful in predicting
floods in the future (Famiglietti & Rodell, 2013).

5. Conclusions

Quantification of climate extreme impact on water resources over
karst regions is a big challenge. In this study we show that both the
frequency and severity of droughts andfloods over the Yun–Gui Plateau
in Southwest China are intensified during the recent decade of three-
decade TWSA generated using GRACE satellite data and ANN models.
The intensified climate extremes are indicative of large changes in the
hydrological cycle and brought great challenges in water resources
management there. The TWSA of the plateau remained fairly stable dur-
ing the 1980s, and featured an increasing trend at a rate of 5.9 ±
0.5 mm/a in the 1990s interspersed extreme flooding in 1991 and dur-
ing the second half of the 1990s. Since 2000, the TWSA fluctuated dras-
tically, featuring severe spring droughts from 2003 to 2006, the most
extreme spring drought on record in 2010, and severe flooding in
2008. The TWSA of the upper Mekong has decreased by ~100 mm
(~15 km3) compared with the end of the 1990s.

Given the intensification of climate extremes and special geological
conditions, enhancing anddevelopingwater conservancy projects espe-
cially over rural areas and isolated villages would be an urgent need to
improve water supply during droughts and reduce losses associated
with flooding disasters. Further, improvingwater use efficiency as econ-
omy and population grow and developing monitoring and early
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warning systems for climate extremes, including droughts and floods,
could be extremely important. The developed ANN approach could
serve as a powerful tool to reconstruct long-term TWSA beyond the
GRACE period and potentially bridge the gap between the current
GRACE satellites and the GRACE Follow-On Mission expected to launch
in 2017. The extended TWSA data could be more valuable in drought
and floodmonitoring and prediction over the Yun-Gui Plateau and sim-
ilar regions of the globe.
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