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ABSTRACT

A topic of ongoing debate on the application of PDSI is whether to use the original version of the PDSI or a

self-calibrating form, as well as which method to use for calculating potential evapotranspiration (PET). In

this study, the performances of four forms of the PDSI, including the original PDSI based on the Penman–

Monteith method for calculating PET (ETp), the PDSI based on the crop reference evapotranspiration

method for calculating PET (ET0), the self-calibrating PDSI (scPDSI) based onETp, and the scPDSI based on

ET0, were evaluated in China using the normalized difference vegetation index (NDVI), modeled soil

moisture anomalies (SMA), and the terrestrial water storage deficit index (WSDI). The interannual variations

of all forms of PDSI agreed well with each other and presented a weak increasing trend, suggesting a climate

wetting in China from 1961 to 2013. PDSI-ET0 correlated more closely with NDVI anomalies, SMA, and

WSDI than did PDSI-ETp in northern China, especially in northeastern China, while PDSI-ETp correlated

more closely with SMA andWSDI in southern China. PDSI-ET0 performed better than PDSI-ETp in regions

where the annual average rainfall is between 350 and 750mmyr21. The spatial comparability of scPDSI was

better than that of PDSI, while the PDSI correlated more closely with NDVI anomalies, SMA, and WSDI

than did scPDSI in most regions of China. Knowledge from this study provides important information for the

choice of PDSI forms when it is applied for different practices.

1. Introduction

Drought is a recurring extreme climate event that has

devastating effects on regional agriculture, water re-

sources, and the environment (Sheffield et al. 2012).

Many types of indices have been developed to evaluate

meteorological drought, including the Palmer drought

severity index (PDSI; Dai et al. 2004), the standardized

precipitation index (SPI), and the standardized precip-

itation evapotranspiration index (SPEI), etc. PDSI is

one of themost commonly used indices to assess drought

conditions (Dai 2011a; Hao et al. 2015). The PDSI is first

introduced by Palmer (1965) as an agricultural drought

monitoring tool in the United States and uses historical

records of precipitation and temperature to calculate

surface water balance (Alley 1984). Compared with

other popular drought indices (e.g., SPEI), PDSI has

a more comprehensive physical mechanism consid-

ering the balance of precipitation, evapotranspiration,

and runoff and has the ability to assess local soil water

and possibly vegetation properties (Trenberth et al.

2014). This can be supported by strong correlations

between PDSI and observed streamflow and measured

soil reported in the previous study (Dai et al. 2004;

Dai 2011a).

The PDSI has gained wide acceptance but has also

received criticisms over the years. One primary deficit

is that the climatic characteristic (K) and the duration

factors (p and q) were empirically derived in the United

States and may not apply to other regions (Akinremi

et al. 1996; Vicenteserrano et al. 2014). This shortcoming

is partly resolved by devising the self-calibrating PalmerCorresponding author: Bin He, hebin@bnu.edu.cn
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drought severity index (scPDSI;Wells et al. 2004). In the

scPDSI, the fixed coefficient is replaced by local condi-

tions in order to calibrate the PDSI. The scPDSI has

performed better than the PDSI in study areas in Europe

and North America (Schrier et al. 2006; van der Schrier

et al. 2006). Another important shortcoming is that the

PDSI and scPDSI have fixed temporal scales, whereas

drought may occur simultaneously across multiple tem-

poral scales (McKee et al. 1993). As a result, the PDSI

cannot identify droughts on time scales shorter than

12months (Vicenteserrano et al. 2010). For example,

scPDSI is found to be only suitable for evaluating mid-

term and long-term term droughts in China, because it is

insensitive to short-term drought (H. Zhao et al. 2017). A

systematic comparison between PDSI and scPDSI at a

national scale is needed before these indices can be ap-

plied as detectors of drought in China.

Another main concern with PDSI is the choice of

method used to estimate potential evapotranspiration

(PET), which is a key variable in PDSI’s water balance

model. The Thornthwaite PETmethod (PET_th), which

is driven by temperature and latitude (Thornthwaite

1948), is used to simulate PET in the original PDSI

model. However, it has been suggested to produce

errors in energy-limited regions and overestimate the

impact of surface temperature on PET (Hobbins et al.

2008; Sheffield et al. 2012), thereby overestimating

drought conditions. Therefore, a fully physically based

Penman–Monteith equation PET method (defined as

ETp here), which incorporates the radiative and aero-

dynamic components that govern the evaporation pro-

cess, has been recommended to replace the original

Thornthwaite method to estimate PET (PET_th) in the

PDSI (Sheffield et al. 2012). In recent years, a modi-

fied Penman–Monteith equation, the so-called FAO

Penman–Monteith equation, which estimates crop ref-

erence evapotranspiration (ET0; Allen et al. 1998), is

also frequently used to estimate PET in the PDSI. The

main difference between ETp and ET0 is that they use

different hypothetical reference surfaces and there-

fore have different aerodynamic and surface resistances

(McVicar et al. 2005). Previous investigations have

suggested that PDSI varies greatly depending on the

PET method used. For example, Sheffield et al. (2012)

found that the PET_th method overestimated global

drought conditions since 1950. Dai (2011a) used both

PET_th and ETp to calculate global PET and suggested

that the different PET methods exerted only small ef-

fects on both the PDSI and scPDSI. Van der Schrier

et al. (2011) also assessed the differences in global PDSI

maps using the PET_th or the ET0, and found that, al-

though PET_th and ET0 have very different ampli-

tudes, the PDSI values based on the two PET methods

were very similar. Many existing studies have assessed

differences between the PDSI and scPDSI indices using

the PET_th and ETp methods or the PET_th and ET0

methods, few of them focused on the differences be-

tween the ETp and ET0 methods when they are used to

calculate PDSI, despite the fact that the two methods

have large differences in mean value, magnitude, and

long-term trends (McVicar et al. 2005).

Using PDSI or scPDSI, drought conditions in China

have been extensively studied. Liu et al. (2017) de-

veloped a multiscale scPDSI that can monitor droughts

along different time scales. Wang et al. (2017) used

the scPDSI to investigate changes in drought in China

between 1961 and 2009. J. Zhang et al. (2016) assessed

drought fluctuations in China (1961–2013) using PDSI

based on the PET_th and ET0 methods in order to

determine any differences in the responses of these two

approaches to global warming. However, few studies

have evaluated differences between PDSI and scPDSI

when these indices use different PET estimation

methods. It is essential to test the performance of a

drought index before it is used in a specific region. In

this paper, we compared drought estimates in China

for the period 1961–2013 given by either the PDSI or

the scPDSI with PET estimates based on two different

methods. The different drought indicators that were

compared included: the original PDSI based on the

ET0 method (PDSI-ET0), the original PDSI based

on ETp (PDSI-ETp), the scPDSI based on ET0

(scPDSI-ET0), and the scPDSI based on ETp (scPDSI-

ETp). The performances of various forms of PDSI

were evaluated using the normalized difference vege-

tation index (NDVI) from the Global Inventory Mod-

eling and Mapping Studies (GIMMS) NDVI3g data,

the modeled soil moisture anomalies (SMA) from

the Global Land Evaporation Amsterdam Model

(GLEAM), and the water storage deficit index (WSDI)

based on Gravity Recovery and Climate Experiment

(GRACE) data.

2. Study area, data, and methods

a. Study area and data

To investigate spatial differences in performance

of various forms of the PDSI, China was divided into

seven climatic regions based on physical and geographic

features (Zhao 1983): the northeast humid/semihumid

warm region (NE), the north China humid/semihumid

temperate zone (NC), the central and southern China

humid subtropical zone (CSC), the south China hu-

mid tropical zone (SC), the Inner Mongolia steppe

zone (IM), the northwest desert area (NW), and the

Qinghai–Tibetan Plateau (QT), as shown in Fig. 1.
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Daily meteorological data from 824 stations was

provided by the National Meteorological Information

Center of the China Meteorological Administration

(CMA) (http://data.cma.cn/site/). This dataset includes

records of daily precipitation (P), maximum tempera-

ture (Tmax), minimum temperature (Tmin), wind speed

(U), relative humidity (RH), and sunlight duration

(SD). The reliability of the daily meteorological data

had been confirmed by the CMA before it was released.

Stations with data missing more than 5% were excluded

from this analysis. Finally, a total of 755 stations with

relatively complete records from 1961 to 2013 were se-

lected for analysis. To calculate monthly values for the

PDSI and scPDSI, the daily meteorological data were

aggregated into monthly values.

Datasets of surface vegetation, SMA and total ter-

restrial water storage were collected to assess the per-

formance of the various forms of PDSI. Satellite-based

NDVI was used to indicate vegetation condition. Bi-

weekly GIMMS NDVI3g data (0.0838 latitude 3 0.0838
longitude grid monthly data) from 1982 to 2013 were ob-

tained from https://ecocast.arc.nasa.gov/data/pub/gimms/

3g.v1/. Daily root-zone soil moisture (SM) data with a

spatial resolution of 0.258 latitude 3 0.258 longitude be-

tween 1981 and 2013 were obtained from theGlobal Land

Evaporation Amsterdam Model (GLEAM) Version 3.2

product (https://www.gleam.eu/). The NDVI and SM of

each station were extracted from the grid data within the

same location. Monthly total terrestrial water storage

(TWS) derived from GRACE (RL05) between 2003 and

2013 was provided by the Center for Space Research

(CSR) at the University of Texas at Austin, which is

presented as 18 latitude3 18 longitude grid monthly data.

The soil properties data were extracted from Harmo-

nized World Soil Database (Nachtergaele et al. 2010)

published by the Food and Agriculture Organization of

the United Nations (FAO) and the International In-

stitute for Applied Systems Analysis (IIASA). Land

cover with 30-m resolution of China was extracted from

the Finer Resolution Observation and Monitoring of

Global Land Cover (FROM-GLC) issued by De-

partment of Earth System Science, Tsinghua University

(http://data.ess.tsinghua.edu.cn/).

b. Methods

1) A BRIEF OVERVIEW OF PDSI AND SCPDSI
CALCULATIONS

PDSI is one of the indices to quantify the sverity of

droughts across different climates, which is based on a

water balance model instead of purely precipitation or

evaporation. Palmer (1965) describes how to calculate

FIG. 1. Locations of the meteorological stations (white dots) included in this study and the

seven climatic regions: the northeast humid/semihumid warm region (NE), the north China

humid/semihumid temperate zone (NC), the central and southern China humid subtropical

zones (CSC), the south China humid tropical zone (SC), the Inner Mongolia steppe zone (IM),

the northwest desert area (NW), and the Qinghai–Tibetan Plateau (QT).
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the PDSI using monthly data. Eight variables including

evapotranspiration (E), recharge to soils (R), runoff

(RO), water loss to the soil layers (L), potential

evapotranspiration (PE), potential recharge (PR), po-

tential runoff (PRO), and potential loss (PL) during

each month were considered. Because the weighting

calibration parameter of the original PDSI was empiri-

cally derived from limited data from the United States

(Palmer 1965), it may not be applicable to other climatic

regions. To improve the poor spatial comparability of

the original PDSI, Wells et al. (2004) modify the self-

calibration duration factors (p and q) and the climatic

characteristics (K) based solely on how the climate of

the location. Compared with the PDSI, the scPDSI has

more comparable frequency distribution across differ-

ent locations (Dai 2011a). The calculations of PDSI and

scPDSI followed the studies of Jacobi et al. (2013) and

Wells et al. (2004), respectively.

2) CALCULATION OF PET

Potential evapotranspiration is the key variable needed

to estimate the amount of ‘‘climatically appropriate

for existing conditions’’ (CAFEC) precipitation. Dif-

ferences in how PET_th and ETp drive PDSI have

been extensively examined. Therefore, this study fo-

cused on comparisons of PDSI and scPDSI based on

ET0 and ETp.

Following Allen et al. (1998), the ET0 model is

given by

ET
0
5

0:408D(Rn2G)1 g
900

T1 273:3
U

2
D

D1g(11 0:34U
2
)

, (1)

where D (kPa 8C21) is the slope of the saturation

vapor pressure; Rn (MJm22 day21) is net radiation

at the ground surface (Yin et al. 2008); G

(MJm22 day21) is the ground heat flux; T 5 (Tmax 1
Tmin)/2 is the mean of the daily maximum and minimum

air temperatures; g (kPa 8C21) is the psychrometric

constant; U2 (m s21) is the average wind speed at 2 m

above the ground surface, and D (5 es 2 ea) is the

saturation vapor pressure deficit, where es (kPa) is the

saturation vapor pressure and ea (kPa) is the actual

vapor pressure.

FIG. 2. Interannual variations for different forms of PDSI in (a) thewhole of China, (b) NE, (c)NC, (d) CSC, (e) SC,

(f) IM, (g) NW, and (h) QT from 1961 to 2013.
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Following (Penman 1948; Shuttleworth 1993;Valiantzas

2013), ETp was calculated as

ET
p
5

D

D1 g
Rn1

g

D1g

6:43(11 0:536U
2
)D

l
, (2)

where l is the latent heat of vaporization of water

2.45 (MJ kg21) and other climatic factors and other

parameters are the same as those in Eq. (1).

3) CALCULATION OF WSDI

WSDI is a GRACE TWS-based drought indicator.

Following Sinha et al. (2017), the WSDI was given by

WSDI
i
5
Tres

i 2mres
T

sres
T

, (3)

Tres
i 5TWSA

i
2TWSAclim

j , (4)

where T is the residual time series and m and s are the

mean and standard deviation of the time series, re-

spectively. The superscripts ‘‘res’’ and ‘‘clim’’ denote

residual and mean monthly climatology of the terres-

trial water storage anomaly (TWSA). Here, negative

residuals indicate deficits in TWS compared to its cli-

matologic mean, whereas positive residuals signify sur-

plus water storage. Variable i is the total number of

months in the study period and j varies from 1 to 12,

representing the corresponding calendar month.

4) TREND ANALYSIS

The Mann–Kendall trend test (Mann 1945; Kendall

1948) was used to determine trends in PDSI and

scPDSI in this study. It is a frequently used method for

testing trends in climatic and hydrological series

without requiring normality or linearity and is also

highly recommended by the World Meteorological

Organization.

3. Results

a. Drought in China

1) PDSI AND SCPDSI TREND IN CHINA

We first examined the trends of PDSI-ETp, PDSI-

ET0, scPDSI-ETp, and scPDSI-ET0 at both national

and regional scales. Figure 2a shows interannual vari-

ations in mean PDSI-ETp, PDSI-ET0, scPDSI-ETp,

and scPDSI-ET0 in China from 1961 to 2013. The four

indices all demonstrated a weak increasing trend, in-

dicating a wetting condition over China. The inter-

annual changes identified by the four forms of the

PDSI were similar, although with different trend

line slopes (Fig. 3). The largest increase was observed

for PDSI-ETp (0.034decade21), followed by PDSI-ET0

(0.026decade21), scPDSI-ETp (0.026 decade21), and

scPDSI-ET0 (0.022 decade21). At the regional scale,

increasing trends of the various forms of PDSI were

FIG. 3. The slopes (per decade) of trend lines of various forms of PDSI (Fig. 2) in seven regions

in China for the period 1961–2013. Bars with an asterisk indicate p , 0.05.
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observed in NE, NW, SC, QT, and IM, suggesting a cli-

mate wetting in these regions. In NW, all forms of PDSI

increased significantly (p , 0.05) while the ascending

trends of PDSI were greater than those for scPDSI.

All four PDSI forms showed a decreasing trend in the

NC and CSC regions, indicating a drying climate. PDSI

or scPDSI based on ET0 produced larger decreases than

those based on ETp. This highlights the influence of

PDSI form on determinations of drought conditions.

A relatively uniform spatial pattern (Fig. 4) is ob-

served in the annual trends of all four PDSI forms. At

station scale, the majority of the meteorological stations

in northwestern China experienced significant increas-

ing PDSI trends, suggesting climate wetting. In contrast,

stations in central and south-central China showed sig-

nificant decreasing trends, indicating drying conditions.

The PDSI-ETp produced a greater number of statisti-

cally significant positive trends than the other three

forms, and a total of 139 stations were identified as

having significant trends. PDSI-ET0 suggested a total

of 120 stations that experienced significant wetting,

followed by scPDSI-ETp (102 stations) and scPDSI-

ETp (98 stations). PDSI-ET0 indicated a total of 92

stations that experienced significant drying, followed

by PDSI-ETp (88 stations), scPDSI-ETp (84 stations),

and scPDSI-ET0 (80 stations).

To reveal the potential reasons for the different trends

of four forms of PDSI, we evaluated the trends of two

major components of PDSI: precipitation P and actual

evapotranspiration E estimated by the Palmer model.

Here, E was evaluated because it has a greater effect on

the PDSI model than PET (Dai 2011a). As shown in

Fig. 5, the average annual P did not change significantly

over the whole of China during 1961–2013. However,

two forms of actual evapotranspiration, namely evapo-

transpiration estimated by the Palmer model based on

ET0 (E0) and ETp (Ep), respectively, decreased signifi-

cantly (P 5 0.1) between 1961 and 2013. The annual

mean Ep (20.31 yr21) decreased faster than annual

mean E0 (20.29 yr21) in China. This may explain why

PDSI or scPDSI based on ETp produce more significant

wetting trends or less significant drying trends than those

based on ET0 in China. In the NW of China, the story

was different. Both ofE0 andEp in this region showed an

insignificant increasing trend (p5 0.31 of the trend ofE0

and p 5 0.36 of the trend of Ep), while the increasing

trend ofPwas relatively striking (p5 0.13), which finally

caused a climate wetting in this region.

FIG. 4. The slopes of trend lines (per decade) for (a) annual PDSI-ET0, (b) annual scPDSI-ET0, (c) annual PDSI-

ETp, and (d) annual scPDSI-ETp at 755 stations during the period 1961–2013.
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The above analysis suggested that the choice of PDSI

form had only a small influence on the identification of

long-term trend for the whole of China. However, dif-

ferent PDSI forms could produce different trend slopes

at regional and station scales. The PDSI tended to

generate larger trend line slopes than scPDSI, and PDSI

and scPDSI based on ET0 produced larger ‘‘drying’’

trend than that based on ETp because the decrease ofEp

was faster than that of E0 in China.

2) SEVERE DROUGHT FREQUENCY IN CHINA

To better understand drought conditions in China and

further distinguish the performance of different forms of

PDSI, the frequency of severe drought in China during

1961–2013 was investigated. The frequency of severe

drought is defined as the percentage of months when the

PDSI is less than 23. Figure 6 shows the difference be-

tween the severe drought events produced by PDSI and

scPDSI based on ET0 and ETp. Assessing by PDSI-ET0

or PDSI-ETp, high frequency of severe drought oc-

curred in stations in northeastern, northwestern and

southwestern China, while scPDSI seems to produce

less severe droughts in above regions. A distinction is

made according the difference between severe drought

frequency identified by PDSI-ET0 and PDSI-ETp, re-

spectively, as shown in Fig. 7. Interestingly, during 1961–

2013, PDSI-ET0 produced more severe drought events

in north China, especially in northeastern China and

North China Plain, while PDSI-ETp produced more

severe drought events in southern China, especially in

southwestern China. The above analysis suggests that

the choice of PDSI form has great influence on the

identification of severe drought events.

b. Evaluation of PDSI and scPDSI

1) CORRELATION ANALYSIS BETWEEN MONTHLY

NDVI AND PDSI

Droughts are usually associated with depressions of

vegetation growth state. A recent study also suggested

that vegetation activity is sensitive to drought in north-

ern China, especially in its eastern part (Hua et al. 2017).

To further evaluate the PDSI forms via vegetation be-

haviors in northeastern China, stations in NE, the east-

ern part of IM, the northern part of NC were selected

to examine the response of NDVI during the growing

season (from May to September) to the four forms of

PDSI. Owing to the differences in grid size between

NDVI and PDSI datasets, for each station the NDVI

time series were extracted from the nearest grid. Con-

sidering the potential delayed response of vegetation

growth to drought (Vicenteserrano et al. 2013), for each

form of PDSI, the Pearson correlation coefficients were

calculated between the growing season monthly NDVI

anomalies series and five group of PDSI series, namely,

PDSI series from January to May, from February to

FIG. 5. Interannual variations of (a) annual P, (b) annualE0, and (c) annualEp in the whole of China and (d) annual P, (e) annualE0, and

(f) annual Ep in the NW from 1961 to 2013.
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June, fromMarch to July, fromApril toAugust, and from

May to September, respectively. Then the maximum of

these five correlation coefficient (Max CorrelCoeff) was

determined to represent the strongest relationship be-

tween vegetation activity and this form of PDSI. Total

103 stations with significant correlations (p , 0.05) be-

tween NDVI and PDSI were remained for the following

evaluation.

The correlation coefficients between PDSI and NDVI

anomalies at different time lags (0–4 months; Fig. 8)

suggested that positive correlation was mostly strong

when PDSI preceded NDVI by 1-month in most of re-

gion. Figure 9a shows the Max CorrelCoeffs of different

forms of PDSI at all 103 stations during the period 1982–

2013. The minimum, first quartile, third quartile, and

maximum of the Max CorrelCoeffs group of PDSI-ET0

were all largest among four forms of the PDSI, sug-

gesting that the PDSI-ET0 correlated more closely with

the NDVI anomalies than other forms of PDSI in this

region. The Max CorrelCoeffs of PDSI or scPDSI with

ET0 were larger than those with ETp. Additionally, the

Max CorrelCoeffs of PDSI were larger than those of

scPDSI during studied period. The spatial pattern of the

PDSI forms (Fig. 9b) showed the highest correlations

with the NDVI anomalies in the east part of northern

China during 1982–2013. Among which, 41 stations

showed the largest correlations between NDVI and

PDSI-ET0, followed by 27 stations for scPDSI-ET0,

FIG. 6. The frequency of severe droughts (the percentage of months when PDSI,23) at 755 stations for the period

1961–2013.

FIG. 7. Differences between frequencies of severe drought

identified by PDSI-ET0 and PDSI-ETp, respectively (the frequency

of severe drought suggested by PDSI-ET0 minus that suggested by

PDSI-ETp), at 755 stations in China for the period 1961–2013.
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21 stations for PDSI-ETp, and 14 stations for scPDSI-

ETp. Overall, the PDSI exhibits more closely with

NDVI anomalies than scPDSI, whether it was calculated

via ET0 or ETp. However, the PDSI or scPDSI based on

ET0 showed a higher correlation with NDVI anomalies

than did PDSI or scPDSI with ETp.

2) CORRELATION ANALYSIS BETWEEN MONTHLY

SMA AND PDSI

PDSI is typically used as a proxy of SM (Dai 2011b).

Hence, SM data from GLEAM was used here to eval-

uate the performances of the different PDSI forms. For

each station, the SM series was extracted from the

nearest grid to calculate the monthly anomalies of SM

(SMA). The monthly SMAwas correlated to four forms

of PDSI with 0–3-months lags. The maximum correla-

tions were observed between SMA and all four forms of

PDSI at 0-months lag (Fig. 10), indicating a prompt re-

sponse of SMA to PDSI. Figure 11 shows the spatial

patterns of correlations between monthly SMA and the

different forms of PDSI in China from 1981 to 2013. The

significant relationships (p , 0.05) between SMA and

all forms of PDSI could be observed for all stations.

Relatively weak relationships were scattered in the

northwest of China. Compared with scPDSI, the PDSI

generally correlated more closely with SMA. To further

evaluate the influence of self-calculation process (PDSI-

ET0 vs scPDSI-ET0) and different PET models (PDSI-

ET0 vs PDSI-ETp), we respectively calculated their

correlation coefficient differences with SMA and shown

FIG. 8. The boxplot of correlation coefficients between monthly NDVI abnormities and

(a) PDSI-ET0, (b) scPDSI-ET0, (c) PDSI-ETp, and (d) scPDSI-ETp at different time lags for all

103 stations during 1982–2013.
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in Fig. 12. Overall, PDSI-ET0 captured SMA signals

better than PDSI-ETp in northern China, especially in

northeastern China, the North China Plain, and the east

part of Qinghai–Tibetan Plateau, but lost its advantage

in southern China, especially in southwestern China.

PDSI-ET0 also performed better than scPDSI-ET0 in

most regions, except for limited stations in northwestern

China and the lower reaches of the Yangtze River.

Our results suggested that PDSI-ETp performed bet-

ter than PDSI-ET0 in capturing SMA signals in re-

gions with abundant rainfall. For further inspection, we

adopted multiyear average precipitation as an index

to testify the performances of PDSI-ET0 and PDSI-ETp.

Figure 13a shows the relationship between annual mean

precipitation and the difference between PDSI-ET0

versus SMA correlation and PDSI-ETp versus SMA

correlation at all 755 stations during 1961–2013. We

further counted the number of stations in Fig. 13a with

an interval of 100mmyr21, as shown in Fig. 13b. Gen-

erally, in regions where average rainfall was less than

about 300mmyr21 ormore than 800mmyr21, the PDSI-

ETp correlated more closely with SMA than PDSI-ET0.

However, a better performance of PDSI-ET0 than PDSI-

ETp in capturing SMA was observed in regions with av-

erage precipitation between about 350–750mmyr21.

Above phenomenon was also supported by the spatial

patterns of multiyear mean rainfall and differences be-

tween correlation coefficients between SMA and PDSI-

ET0 and PDSI-ETp, respectively, as shown in Fig. 14a. In

general, the correlation coefficients between SMA and

PDSI-ET0 were larger than those between SMA and

PDSI-ETp in stations where average rainfall is between

400 and 800mmyr21 and the land cover is grassland or

cropland (Fig. 14b), while the PDSI-ETp correlated

more closely with SMA than PDSI-ET0 in southern

China where average rainfall is more than 800mmyr21

and is covered by forests, or in bare land in north-

western China where average rainfall is less than

100mmyr21. Above analysis suggested that the per-

formances of PDSI-ET0 and PDSI-ETp are related to

local land cover conditions, which are mainly deter-

mined by average rainfall.

3) CORRELATION ANALYSIS BETWEEN MONTHLY

WSDI AND PDSI

The TWS-based drought index, WSDI, has been used

to compare with commonly used drought indices (Long

et al. 2013; D. Zhang et al. 2016). Due to the relative

coarse resolution GRACE, the grid WSDI cannot be

compared directly with the station PDSI. Therefore, we

calculated the correlation between regional mean PDSI

across all station in a region and regional mean TWS

over all grids of the defined region during 2003–13. The

correlation coefficients between PDSI and WSDI at

different time lags (0–3 months) (Fig. 15) suggested that

positive correlation was mostly strong when PDSI pre-

cededWSDI by 0–1 months in most of region. Figure 16

exhibits the maximum of correlation coefficients be-

tween WSDI and four forms of PDSI in seven regions

when time lags were considered. All forms of PDSI

showed significant correlation (p , 0.05) with WSDI in

most regions, except for the PDSI in NC. Relatively

large correlations between the different forms of PDSI

and the WSDI were found in SC and NE, while rela-

tively small correlations were found in NC and IM. The

PDSI-ET0 correlated more closely with WSDI than did

FIG. 9. The maximum correlation coefficients between NDVI abnormities and four forms of PDSI. (a) The

boxplot of the maximum correlation coefficients between NDVI and four forms of PDSI for all 103 stations during

1982–2013. The correlation coefficient is higher than 0.15 when p, 0.05. (b) The spatial pattern of PDSI forms that

presented the maximum correlation with NDVI for 103 stations in northeastern China for the period of 1982–2013.
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PDSI-ETp in most regions of northern China, espe-

cially in NE, where correlation coefficient between

PDSI-ET0 and WSDI was 0.83 while that between

PDSI-ETp and WSDI was 0.8. The correlation be-

tween PDSI-ETp and WSDI was higher than that be-

tween PDSI-ET0 and WSDI in southern China such

as CSC. In addition, the correlations between PDSI

and WSDI were higher than those between scPDSI

and WSDI in most regions except for the NW and

NC, where the scPDSI with ET0 or ETp correlated

more closely with WSDI than did the PDSI with ET0

or ETp.

4) THE SPATIAL COMPARABILITY OF PDSI AND

SCPDSI

Previous study suggested that the scPDSI identified

far fewer months with extreme drought or wet spells

than did by PDSI for same regions (Schrier et al. 2006).

Here, the probability distributions of themonthly PDSI-

ET0, scPDSI-ET0, PDSI-ETp, and scPDSI-ETp for all

stations in China from 1961 to 2013 were calculated

(Fig. 17). Compared with the PDSI calculated by ET0 or

ETp, the scPDSI calculated by ET0 or ETp presented

a better near-normal pattern, and the variations in ex-

treme drought or extreme wet spells were controlled at

a relative lower level. Figure 18 shows the frequency of

extreme wet or dry conditions (the percentage of times

that the PDSI was at above 4 or below24, respectively)

reported by the different forms of PDSI at each station

from 1961 to 2013. In short, the scPDSI with ET0 or ETp

producted less extremes than did by PDSI with ET0 or

ETp, particularly in NE, NC, IM, and NW of China,

suggesting a better spatial comparability of scPDSI than

that of PDSI in China.

4. Discussion

a. Drought fluctuations in China

This study compared four forms of PDSI by deter-

mining their trends and examining their capacities to

FIG. 10. The boxplot of correlation coefficients between monthly SMA and (a) PDSI-ET0, (b) scPDSI-ET0,

(c) PDSI-ETp, and (d) scPDSI-ETp at different time lags for all 755 stations in China for the period 1981–2013.
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capture vegetation anomalies, SMA, and TWSA. For

China as a whole, all forms of PDSI demonstrated weak

increasing trends, suggesting a wetting climate, which is

consistent with previous investigations using drought

indices (PDSI, SPEI) based on ET0 or ETp, but is in-

consistent with studies using drought indices based on

PET_th. It has been suggested that the PET_th method

overestimates the impact of temperature on PET

FIG. 11. Spatial distributions of correlation coefficients between monthly SMA and (a) PDSI-ET0, (b) scPDSI-

ET0, (c) PDSI-ETp, and (d) scPDSI-ETp at 755 stations for the period of 1981–2013. The correlation coefficient is

higher than 0.1 when p , 0.05.

FIG. 12. Differences in the correlation coefficients (a) between SMAandPDSI-ET0/PDSI-ETp (coefficient between

SMA and PDSI-ET02 coefficient between SMA and PDSI-ETp) and (b) between SMA and PDSI-ET0/scPDSI-ET0

(coefficient between SMA and PDSI-ET0 2 coefficient between SMA and scPDSI-ET0) at 755 stations in China for

the period of 1981–2013.
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(Hobbins et al. 2008) and therefore overestimates drought

conditions in the context of global warming. PET cal-

culations that use the Penmen-type equation, however,

are less affected by temperature, and consider influences

from other climatic factors such as surface radiation

(Roderick et al. 2007), wind speed (McVicar et al. 2012),

and humidity deficit (Zhang et al. 2015). J. Zhang et al.

(2016) compared the sensitivity of PDSI to ET0 and

PET_th and found that the PET_th-based PDSI over-

estimated drought conditions due to its high sensitivity

to warming and thereby suggested a drying trend over

China from 1961 to 2013, while PDSI-ET0 indicated

a weak wetting trend over China. These contradictory

conclusions were also reflected in studies by Yu et al.

(2014) and Wang et al. (2017), who both used the SPEI

to study drought conditions in China, but used differ-

ent PET forms: the former was based on PET_th and the

latter was based on ETp. Chen and Sun (2015) also

suggested that the SPEI based on PET_th overestimates

drought conditions in China, especially in the north and

northwest. Our study found that the northwest and the

Qinghai–Tibetan Plateau regions of China experienced

significant wetting trends, which was also reported by

previous studies (Chen and Sun 2015; Wang et al. 2015;

Wang et al. 2017). In our study, the nationally insignifi-

cant wetting trend can be largely explained by the de-

cline of evaporation in most regions as the small change

of precipitation, which could be proved indirectly by the

decreased pan evaporation in China over the past de-

cades (Liu et al. 2010; Liu et al. 2011). However, the

significant wetting trend in NW is mainly caused by

the increased precipitation, which has been reported by

previous studies (Li et al. 2012, 2013). In addition,

we identified a dry trend in central and south-central

China, which was also roughly consistent with previous

studies (Chen and Sun 2015;Wang et al. 2017). Themain

cause may be the decreased precipitation (Wu et al.

2016) and warming associated increase of evaporation

(Chu et al. 2015).

b. Influence of different PET calculation methods
on PDSI

Potential evapotranspiration is an important forcing

factor needed to estimate the amount of precipitation

required under CAFEC. In this study, we used two dif-

ferent methods to calculate PET: ET0 and ETp, which

have been widely used in previous studies (Dai 2011a;

van der Schrier et al. 2011; J. Zhang et al. 2016). Al-

though both the ET0 and ETp methods can evaluate

evaporative processes in terms of atmospheric water

demand, they are not equivalent terms. Differences in

ET0 and ETp have been described by (Dodds et al. 2005;

McVicar et al. 2005; McVicar et al. 2012) in detail. In

short, the differences include 1) The surface resistance

(rs) of ET0 has a prescribed value of 70 sm21 (Allen

et al. 1998), while rs of ETp is 0 sm21, and 2) different

assumptions of underlying surface conditions. The as-

sumptions of underlying surface condition of ET0 is

‘‘grass with an assumed crop height of 0.12m, a fixed

surface resistance of 70 sm21, and an albedo of 0.23’’

(Allen et al. 1998), while the surface condition of ETp is

‘‘a short green crop, completely shading the ground, of

uniform height andwith adequate water status in the soil

profile’’ (Penman 1948, 1963), which is wider than that

of ET0 because there are more types of horticultural and

agronomic crops that fit into the description of Xu et al.

(2006). The differences between ETp and ET0 are di-

rectly reflected in their mean values and ultimate PDSI

values and trends, as observed in this study. Moreover,

the choice of PET has great influence on the identifica-

tion of severely drought events. PDSI-ET0 reported

more severe drought events in north China while PDSI-

ETp identified more severe drought events in south

FIG. 13. The relationship between multiyear average precipita-

tion and the performances of PDSI-ET0 or PDSI-ETp. (a) The

relationship between annual mean precipitation and the difference

between PDSI-ET0 vs SMA correlation coefficient and PDSI-ETp

vs SMA correlation coefficient (PDSI-ET0 vs SMA correlation 2
PDSI-ETp vs SMA correlation) for all 755 stations in China, and

(b) the relationship between annual mean precipitation and the

number of stations with a better performance of PDSI-ET0 than

PDSI-ETp (PDSI-ET0 vs SMA correlation . PDSI-ETp vs SMA

correlation) or the opposite condition.
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China. In addition, the evaluation of different PDSI

suggested that PDSI-ET0 performed well in northern

China, especially in northeastern China, while PDSI-

ETp performed well in southern China. Above results

indicated the differences between PDSI-ET0 and PDSI-

ETp in many respects. Therefore, which form of PDSI

should be chosen is crucial for drought quantification

for a specific region. In this study, we found that the

FIG. 14. As in Fig. 12a, but with a (a) mutiyear mean rainfall map and (b) land cover map as an external reference.

FIG. 15. Correlation coefficients between monthly (a) PDSI-ET0, (b) scPDSI-ET0, (c) PDSI-ETp, and (d) scPDSI-

ETp and WSDI at different time lags in seven regions in China for the period 2003–13.
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PDSI-ET0 performed well in the condition where the

average rainfall is between about 350 and 750mmyr21.

The reason may be that the vegetation in these regions,

namely the crop and grass (Fig. 14b), is close to the

reference crop defined by ET0. The PDSI-ETp has a

good performance in a larger scale because ‘‘a short

green crop’’ defined by ETp is more widely distributed

than that defined by ET0.

In short, both the ET0 and ETp equations have the

merits and limitations. The above analysis highlights the

necessity of a full consideration of the assumptions and

ideal conditions included in different PET calculation

methods before they are used to estimate atmospheric

water demand.

c. Comparison of PDSI and scPDSI

In this study, we found the spatial comparability of

scPDSI is better than that of PDSI, which is also re-

ported by previous studies. For example, the modified

scPDSI performed more consistently and allowed for

more accurate determinations of drought conditions

than the original PDSI at different locations in all cli-

mate zones in the conterminous United States (Wells

et al. 2004). However, according to the evaluations of

PDSI and scPDSI in this study, the original PDSI cor-

related more closely with NDVI anomalies, SMA and

WSDI than did by scPDSI inmost regions of China. One

of the major reason is that scPDSI captured less severe

meteorological droughts than PDSI. This may be due

to 1) themodifications to the scPDSI reduced the impact

of using different PET methods (van der Schrier et al.

2011), which led to an insensitivity of scPDSI to changes

in wet or dry conditions, and 2) the modifications to

the self-calibration duration factors (p and q) and the

climatic characteristics (K) potentially make the scPDSI

more sensitive to the characteristics of datasets. Ac-

cording to a previous study in the Yellow River basin in

northern China (Liu et al. 2016), the self-calibrating

process further destabilized the drought identification

performance of scPDSI among different datasets. This

is not to deny the contributions of the self-calibrating

procedure, which improves the spatial consistency of

PDSI and controls the frequency of extreme events (Dai

2011b; Trenberth et al. 2014).

d. The evaluation of PDSI

In this study, the NDVI anomalies in northeastern

China were not all well correlated to PDSI even though

most of correlations are significant (if R . 0.2 then p ,
0.01), which indicated that PDSI could not capture all

the vegetative droughts. Meanwhile, all forms of PDSI

did not show significant correlation with WSDI in NC,

which is in line with the finding of M. Zhao et al. (2017)

that suggested a drying trend indicated by GRACE-

based terrestrial water storage while a wetting trend indi-

cated byPDSI in this region. In addition,Qin et al.’s (2015)

FIG. 16. Correlation coefficients betweenWSDI and different forms of PDSI in seven regions in

China for the period 2003–13. Bars with an asterisk indicate p , 0.05.
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study in the same area found that NDVI and SMA in-

creased during 2002–14 despite significantly decrease of

annual precipitation. The agricultural irrigation associ-

ated groundwater pumping should be responsible for the

low correlation between WSDI and PDSI in NC (Dai

2011a). In addition, the correlation coefficients between

PDSI and SMA in some stations in NW and QT were

relative low, because that not only the P or evapo-

transpiration but also the glacial and snowmelt from

mountains (Barnett et al. 2005) participate in local water

balance. The above analysis suggested that despite the

PDSI is a good meteorological drought index, while it

could not fully represent the changes of land water

conditions.

5. Conclusions

In this study, the performances of four forms of PDSI,

including the original PDSI based on either ET0 or ETp,

the scPDSI based on either ET0 or ETp, respectively,

were compared in China from 1961 to 2013. The primary

conclusions are:

d For China as a whole, all four forms of PDSI

suggested a wetting trend during the studied pe-

riods, with a relatively larger increasing trend sug-

gested by PDSI-ETp due to the faster decreasing

rate of Ep. Regionally, widely distributed wetting

trends were observed in Northwestern China due to

the increasing precipitation, while the central and

south-central China underwent drying trends from

1961 to 2013.
d Vegetation changes were more closely correlated with

PDSI-ET0 than other forms of PDSI in the east of

northern China. PDSI or scPDSI with ET0 had rela-

tive better performance in capturing changes in SMA

and WSDI in northern China, especially in north-

eastern China, while PDSI or scPDSI with ETp per-

formed well in southern China.
d PDSI-ET0 performed better than PDSI-ETp over

regions covered by grass and agricultural crops, where

the annual mean precipitation is between about 350

and about 750mmyr21. However, for those regions

out of this precipitation scope, PDSI- ETp had a better

performance than PDSI-ET0.

FIG. 17. Frequency distribution of monthly value of (a) PDSI-ET0, (b) scPDSI-ET0, (c) PDSI-ETp, and (d) scPDSI-

ETp at all of the 755 stations in China for the period 1961–2013.
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d The spatial comparability of scPDSI was better than

that of PDSI, while the PDSI correlated more closely

with NDVI anomalies, SMA, and WSDI than did

scPDSI in most regions of China.
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