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Abstract With climate warming, frequent drought events have occurred in recent decades, causing huge losses to industrial and
agricultural production, and affecting people’s daily lives. The monitoring and forecasting of drought events has drawn in-
creasing attention. However, compared with the various monthly drought indices and their wide application in drought research,
daily drought indices, which would be much more suitable for drought monitoring and forecasting, are still scarce. The
development of a daily drought index would improve the accuracy of drought monitoring and forecasting, and facilitate the
evaluation of existing indices. In this study, we constructed a new daily drought index, the daily evapotranspiration deficit index
(DEDI), based on actual and potential evapotranspiration data from the high-resolution ERA5 reanalysis dataset of the European
Center for Medium-Range Weather Forecasts. This new index was then applied to analyze the spatial and temporal evolution
characteristics of four drought events that occurred in southwest, north, northeast, and eastern northwest China in the spring and
summer of 2019. Comparisons with the operationally used Meteorological Drought Composite Index and another commonly
used index, the Standardized Precipitation Evapotranspiration Index, indicated that DEDI characterized the spatiotemporal
evolution of the four drought events reasonably well and was superior in depicting the onset and cessation of the drought events,
as well as multiple drought intensity peaks. Additionally, DEDI considers land surface conditions, such as vegetation coverage,
which enables its potential application not only for meteorological purposes but also for agricultural drought warning and
monitoring.
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1. Introduction

Drought is the most frequent and complicated meteor-
ological disaster worldwide (Ma and Fu, 2007). In China,
drought accounts for 50% of the area affected by meteor-
ological disasters, while floods account for only 27.8%
(Zhang, 2008). Drought, as the most serious meteorological
disaster in China (State Scientific and Technological Com-

mission, 1990), has caused huge losses to industrial, agri-
cultural, and routine activities. From 2004 to 2015, the direct
economic losses caused by drought exceeded an average of
64 billion Yuan per year (Liao and Zhang, 2017). In recent
years, ecological environmental deterioration, such as de-
sertification aggravation and water shortages, caused by
frequent regional extreme drought events under climate
warming, and their associated impacts on social and eco-
nomic development, have aroused wide public concern
(Lucht et al., 2002; Dai, 2013; Vicente-Serrano et al., 2013;
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Ding and Gao, 2020).
Drought indices are important indicators for quantifying

and assessing dry and wet conditions and their effects on
agriculture and hydrology (Vicente-Serrano et al., 2013;
Yang et al., 2017). Because of the complexity of the onset
and cessation times, influence range, and intensity evolution
of drought events, various drought indices have been de-
veloped to enhance the accurate description of actual dry and
wet conditions. The self-calibrated Palmer Drought Severity
Index (scPDSI) has been widely applied in drought research
because it considers the influences of multiple factors, such
as temperature. However, the difficulty in obtaining the data
necessary to calculate all the parameters, the complexity of
the calculation, and the timescale (9–12 months) of its ap-
plication (Wells et al., 2004; Dai, 2011a), make it difficult for
scPDSI to be universally applied in drought monitoring and
forecasting. The Standardized Precipitation Index (SPI) has a
simpler calculation method than scPDSI and can reflect the
multi-scalar characteristics of drought processes. Never-
theless, as SPI is only based on precipitation, it cannot
faithfully reflect the impact of temperature variability and
changes on drought under the current warming conditions
(McKee et al., 1993; McRoberts and Nielsen-Gammon,
2012). Therefore, it has certain limitations in practical
drought research. The Standardized Precipitation Evapo-
transpiration Index (SPEI) uses the difference between pre-
cipitation and potential evapotranspiration (PET) to replace
the precipitation anomaly in SPI, thereby combining the
sensitivity of scPDSI to changes in temperature and the
multi-scalar nature of SPI (Vicente-Serrano et al., 2010,
2012; Wang and Chen, 2014). However, SPEI may not ac-
curately reflect the relationship between vegetation ecosys-
tems and climatic dry and wet variations, because it does not
fully consider land surface conditions (Mao et al., 2011;
Vicente-Serrano et al., 2013; Zhang et al., 2019). Anderson
et al. (2011) emphasized the importance of considering both
PET and actual evapotranspiration (AET) in the construction
of a drought index and proposed an evaporative stress index

based on the ratio between remotely sensed AET and PET.
However, this index is primarily utilized for describing
drought conditions on a monthly timescale. Moreover, the
applicability of a drought index based on this evapo-
transpiration ratio to shorter timescales (e.g., daily) is greatly
limited because PET=0 is common in most regions of the
world during winter (Vicente-Serrano et al., 2010).
Generally, different drought indices are constructed ac-

cording to specific research perspectives or purposes and can
be used in practical applications to characterize different
drought intensities and their associated impacts on agri-
culture, water resources, and fire risk (Table 1; cited from
Svoboda et al. (2002)). However, each drought index has
both advantages and disadvantages. It is difficult to construct
a unified index that comprehensively and fully describes all
drought information and meets the needs of various users
(Heim Jr., 2002; Mao et al., 2011; Yang et al., 2017). In
particular, most of the drought indices that are currently used
are appropriate for the detection and assessment of dry and
wet conditions on timescales of months or years, while
drought indices with shorter timescales (e.g., daily), which
are better suited to drought monitoring and forecasting, are
relatively scarce. With the rapidly increasing concurrence of
abnormally high temperatures and droughts owing to a
warming climate (Hao et al., 2013; Ren et al., 2020), flash
droughts frequently occur (Wang and Yuan, 2018; Yuan et
al., 2020). Such droughts may be of short duration (e.g., a
few days or weeks), but can greatly threaten water supply
(Dai, 2011b; Zhang et al., 2020) and cause significant re-
ductions in crop yields, especially during critical plant
growth stages, such as germination, pollination, and grain
filling (Meyer et al., 1993; Calviño et al., 2003; Hunt et al.,
2014). Currently, the widely used drought indices with
timescales of months or longer have weak applicability for
characterizing short-term droughts, whereas drought indices
with daily timescale can more accurately describe the onset,
cessation, and evolution of drought events (Couturier et al.,
2001; Jia and Zhang, 2018; Li et al., 2021). Therefore, under

Table 1 The categories of drought magnitude, determined by a percentile approach, and their associated impacts on agriculture, water, and fire riska)

Drought category Percentile chance k (%) Potential impacts on agriculture, water, and fire risk

Extreme drought k≤2
Major, widespread crop losses;

widespread water shortages and restrictions;
extreme fire risk

Severe drought 2<k≤10
Crop losses likely;

water shortages, restrictions imposed;
fire risk very high

Moderate drought 10<k≤20
Some damage to crops;

streamflow, reservoir, and well levels reduced, some water shortages;
fire risk high

Abnormal drought 20<k≤30
Farm activities and crop growth slowed;

streamflow below average;
fire risk above average

a) Svoboda et al. (2002).
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a changing climate, it is necessary to supplement and de-
velop drought indices at a daily timescale. In China, a daily
updated Meteorological Drought Composite Index (MCI)
has been applied to monitor the real-time nationwide drought
status. MCI is a complex drought index based on SPI and the
relative humidity index, with a timescale of 1–5 months. By
considering relatively comprehensive influencing factors,
MCI can better represent the synthetic effects of drought
processes (Liao and Zhang, 2017; Han et al., 2019). How-
ever, as it contains many variables, the calculation of MCI is
complicated. Additionally, Wang et al. (2015) pointed out
that, owing to the consideration of an excessively long period
of early impact, MCI detects longer drought durations and
stronger drought intensities during the mitigation stage than
the actual situation entails. Therefore, to supplement or
evaluate the daily MCI and improve operational drought
monitoring and forecasting in China, the development of a
daily drought index that can effectively characterize drought
is urgently needed.
PET represents the capability of the atmosphere to obtain

water vapor from terrestrial precipitation, soil moisture,
runoff, water stores, and lake water, and plays an important
role in regulating the water deficit that causes drought
(Vicente-Serrano et al., 2012; McEvoy et al., 2016). In the
context of climate warming, the increase in PET plays an
important role in aggravating global aridity (Ma and Fu,
2007; Dai, 2011b, 2013; Scheff and Frierson, 2014). Many
drought indices that are widely used in current meteor-
ological drought monitoring operations and research con-
sider PET (e.g., scPDSI, SPEI, and MCI). Many studies have
shown that drought indices that consider PET are superior to
those that only consider precipitation (e.g., SPI), as they can
more accurately characterize drought events (Vicente-Ser-
rano et al., 2010, 2015; Yang et al., 2017). Nonetheless, PET
does not directly depend on actual land water storage, while
AET represents the atmospheric water content that evapo-
rates from water, soil, and vegetation surfaces and transpires
from vegetation. Therefore, considering both PET and AET
in the drought index is expected to enable better quantifi-
cation of surface dryness and wetness, and their impacts on
the terrestrial ecological environment (Anderson et al.,
2011). Zhang et al. (2019) built a monthly drought index
based on AET and PET and demonstrated that drought in-
dices that consider both AET and PET can more reasonably
detect changes in climatic dryness and wetness, and parti-
cularly, can more sensitively capture the responses of eco-
systems to drought evolution.
As such, the combination of AET and PET clearly has rich

physical significance, not only because it takes the maximum
atmospheric demand for water and actual land water storage
into account, but also because it is closely related to the
ecosystem. Thus, this study attempts to construct a daily
drought index based on AET and PET, and to evaluate its

potential in drought monitoring and forecasting by compar-
ing it with other daily drought indices.
Against a background of climate warming, the frequent

occurrence of drought events, particularly in the north,
northeast, southwest, and eastern northwest regions of China
(Ma and Fu, 2001; Huang and Zhou, 2002; Huang et al.,
2012), has caused huge economic losses. The prolonged
extreme drought event that occurred over Yunnan Province
in the southwest region in the spring and summer of 2019
caused a direct economic loss of 6562 million Yuan, ex-
ceeding the total direct economic loss caused by droughts
during the previous five years (Ding and Gao, 2020). In the
spring and summer of 2019, heavy regional drought events
also occurred in north China, northeast China, and eastern
northwest China. Based on our newly established daily
evapotranspiration deficit index (DEDI), this study analyzed
the temporal and spatial evolution of these four drought
events with varying intensities. Furthermore, comparisons
with MCI and SPEI were conducted to evaluate the potential
of DEDI for use in drought monitoring.

2. Index definitions, data, and methodology

2.1 Definitions of the new drought index

In this study, a new drought index with a daily timescale is
defined, based on the difference between AET and PET. It is
called the daily evapotranspiration deficit index (DEDI). The
formula is as follows:

D D
D DDEDI = ,  = AET PET , (1)i
i

i i i
AVE

STU

where i indicates the time, AETi denotes the AET on day i
(mm d−1), PETi denotes the PET on day i (mm d−1), Di re-
presents the evapotranspiration deficit between AET and
PET on day i, and DAVE and DSTU are the multi-year climatic
mean and standard deviation, respectively.

2.2 MCI and SPEI

MCI is a daily drought index developed by the National
Climate Center and is currently used for daily updated op-
erational drought monitoring across China (Liao and Zhang,
2017; Han et al., 2019). The formula for MCI is as follows:

( )K a b c dMCI = SPIW + MI + SPI + SPI , (2)a 60 30 90 150

where SPIW60 is the standardized weighted precipitation
index for the past 60 days; MI30 is the relative humidity index
(i.e., the ratio of the difference between precipitation and
PET to PET) in the past 30 days; SPI90 and SPI150 represent
the SPI in the past 90 and 150 days, respectively; a, b, c, and
d are weighting coefficients, and their values vary with re-
gion and season; and Ka denotes the seasonal adjustment
coefficient, which is determined according to the sensitivity
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of the growth changes of the dominant crops in different
regions and seasons to soil moisture. The detailed calculation
of each component in MCI and the value of each weight
coefficient can be found in the national standard “Grades of
meteorological drought” (General Administration of Quality
Supvision, 2017). The dry and wet classifications of MCI are
shown in Table 2.
SPEI, proposed by Vicente-Serrano et al. (2010), can also

be applied to a daily timescale using the following formula:

D P= ( PET ), (3)n
k

i

k

n i n i
=0

1

where k is the timescale (day or month), n and i represent
certain days (or months), P is precipitation, and Dn

k re-
presents the difference between precipitation and PET on the
nth day (or month) when the timescale is k. For example,
when k=5, theDn

k of the nth day (or month) equals the sum of
the difference between precipitation and PET for the ante-
cedent four days (or months) and the current day (or month).
At a given timescale, SPEI was calculated by fitting the
accumulated difference between precipitation and PET to a
certain probability distribution, and then transforming the
cumulative distribution into standard normal distribution. In
this study, the Pearson-III distribution was used to fit the
cumulative sequences. Pearson-III was recommended by
Guttman (1999) as a universal model for calculating prob-
ability distributions. Wang et al. (2019) compared SPEI re-
sults fitted using Pearson-III, general logistic, generalized
extreme value, and normal probability distributions, and
demonstrated that Pearson-III fits the SPEI data in China
well. The dry and wet classifications of SPEI are displayed in
Table 2.

2.3 Data

To calculate DEDI in this study, we adopted 0.25°×0.25°
gridded daily AET and PET data for the period 1979–2019
from the ERA5 reanalysis provided by the European Center

for Medium-Range Weather Forecasts. ERA5 characterizes
the surface heat budget quite accurately through a relatively
good representation of surface processes and the adoption of
high-quality near-surface meteorological data (Martens et
al., 2020). Sun et al. (2020) investigated land-atmosphere
coupling over the Tibetan Plateau in the rainy season and
demonstrated that ERA5 behaves similarly to site observa-
tions. In addition, Huang et al. (2020) showed that ERA5
could reasonably describe the rules governing changes in the
water cycle of the Yellow River basin under global warming,
and accurately depict the increasing evapotranspiration trend
in the upper reaches over the past 40 years. Su et al. (2020)
also showed that ERA5 could accurately depict the spatio-
temporal evolution and regional differences of the water
cycle in China and major river basins under climate change.
These results verify the accuracy and applicability of ERA5
data in China.
Daily MCI data for 2019, covering more than 2000 sites in

China, were provided by the National Climate Center of the
China Meteorological Administration (https://cmdp.ncc-
cma.net/extreme/dust.php?product=dust_moni). Our study
regions in southwest, north, northeast, and eastern northwest
China contained 251, 619, 165, and 137 MCI stations, re-
spectively. To allow comparisons between different datasets,
we adopted Cressman interpolation to interpolate the MCI
site observations to fill the 0.25°×0.25° grid.
The daily SPEI data analyzed in this study were calcu-

lated based on observational precipitation and PET data.
Precipitation data were obtained from the National Me-
teorological Information Center of the China Meteor-
ological Administration (http://data.cma.cn/), and PET was
calculated based on the Penman-Monteith model (Allen et
al., 1998), using daily observational 10-m wind speed,
maximum temperature, minimum temperature, relative
humidity, air pressure, and sunshine duration data from 715
sites on the website. Our study regions in southwest, north,
northeast, and eastern northwest China contained 67, 112,
83, and 48 SPEI stations, respectively. The calculated SPEI

Table 2 Dry and wet classifications for the Daily Evapotranspiration Deficit Index (DEDI) in different regions in China, the Standardized Precipitation
Evapotranspiration Index (SPEI), and the Meteorological Drought Composite Index (MCI)

Classification Percentile chance k
(%)

DEDI
SPEI/MCI

Southwest North Northeast Eastern northwest

Extreme drought k≤2 ≤1.94 ≤1.83 ≤1.91 ≤1.93 ≤2.00

Severe drought 2<k≤10 −1.94–−1.30 −1.83–−1.19 −1.91–−1.19 −1.93–−1.27 −2.00–−1.50

Moderate drought 10<k≤20 −1.30–−0.93 −1.19–−0.85 −1.19–−0.83 −1.27–−0.91 −1.50–−1.00

Abnormal drought 20<k≤30 −0.93–−0.64 −0.85–−0.61 −0.83–−0.58 −0.91–−0.63 −1.00–−0.50

Normal 30<k<70 −0.64–0.50 −0.61–0.35 −0.58–0.40 −0.63–0.50 −0.50–0.50

Abnormally wet 70≤k≤80 0.50–0.86 0.35–0.75 0.40–0.76 0.50–0.86 0.50–1.00

Moderately wet 80≤k<90 0.86–1.31 0.75–1.37 0.76–1.31 0.86–1.34 1.00–1.50

Severely wet 90≤k<98 1.31–2.04 1.37–2.37 1.31–2.35 1.34–2.10 1.50–2.00

Extremely wet k≥98 ≥2.04 ≥2.37 ≥2.35 ≥2.10 ≥2.00
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site data were not interpolated into the grid space, con-
sidering the relatively small number of available stations in
each region.

2.4 Methods

(1) Penman-Monteith model used to calculate PET. The
Penman-Monteith model can reasonably calculate PET un-
der different climatic conditions and has been recommended
by the Food and Agriculture Organization of the United
Nations as a standard method for calculating PET (Allen et
al., 1998). The formula is as follows:

R G T u e e
uPET =

0.408 ( ) + 900
273+ ( )

+ (1 + 0.34 ) , (4)
n s a2

2

where Rn is the net radiation (MJ m−2 d−1), G is the soil heat
flux (MJ m−2 d−1), T is the mean air temperature (°C), u2 is
the 2-m wind speed (m s−1), es is the saturation vapor pres-
sure (kPa), ea is the actual vapor pressure (kPa), (es−ea) is the
saturation vapor pressure difference, Δ represents the slope
of the saturation vapor pressure curve (kPa °C−1), and γ is the
psychrometric constant (kPa °C−1). Detailed calculations of
each parameter in the formula are provided by Allen et al.
(1998). Regular observations at meteorological stations, in-
cluding maximum temperature, minimum temperature, re-
lative humidity, 10-m wind speed, sunshine duration,
latitude, and altitude, were utilized to calculate PET. The
PET data from ERA5 were also calculated using the Pen-
man-Monteith model (Hersbach et al., 2020).
(2) Standardization of DEDI. Using daily ERA5 data

from 1979 to 2019, we first calculated the difference between
AET and PET at each grid point. Then, the climatic average
and standard deviation, derived from daily evapotranspira-
tion difference data from 1979 to 2008, were utilized to
standardize the daily evapotranspiration difference in the
study year (2019), according to eq. (1), and the DEDI data

needed for this study were obtained. The choice of the period
used to calculate the climatology of the evapotranspiration
difference was tested and was shown to have little effect on
the results. Figure 1 shows that the discrepancies in the cli-
matic values of evapotranspiration difference between the
full period (1979–2019) and every 30 years from 1979 on-
wards are negligible. The DEDI values standardized using
different climatic values of evapotranspiration difference
vary little, with an average relative deviation of only 4.65%.
Therefore, the first period (1979–2008) of evapotranspira-
tion difference was chosen as the climatic value to standar-
dize the evapotranspiration difference. This approach made
the calculation more convenient and would benefit the in-
stant calculation of DEDI values in real-time drought mon-
itoring and forecasting using the latest released data.
(3) Dry and wet DEDI classifications. In this study, a

percentile threshold method (Svoboda et al., 2002; Hobbins
et al., 2004) was used to classify the DEDI dryness and
wetness and determine the intensity of drought. Using daily
DEDI from 1979–2019, the abnormal, moderate, severe, and
extreme drought thresholds were confined to 21–30%, 11–
20%, 3–10%, and ≤2%, respectively (Table 2). The dry and
wet classifications for each of our study regions (southwest,
north, northeast, and eastern northwest China) were divided
separately using the percentile threshold method, consider-
ing regional differences. As shown in Table 2, the drought
classification determined by this percentile approach is
convenient for matching and comparison with other in-
dicators. For instance, the drought magnitude of scPDSI,
SPEI, and SPI can also be classified using percentile
thresholds (Svoboda et al., 2002).
(4) Calculation of the drought coverage percentage. In

this study, the percentage of drought coverage was used to
analyze temporal variation in spatial drought condition dur-
ing drought events with different intensities (Zou et al.,
2010). For the grid and station data, the formulas are as

Figure 1 Intra-annual variations of daily evapotranspiration difference averaged over the southwest China region (21°–30°N, 97°–107°E). DIFF represents
the difference between actual evapotranspiration and potential evapotranspiration; the black line shows the daily variations of evapotranspiration difference in
2019; the colored dots denote the daily deviations of evapotranspiration difference in the year 2019 from those in different periods from 1979 to 2019.
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follows:

S

x y
x y
N
N

=

× 
×  ×100%,

 
 ×100%,

 (5)i c

i c i c

i c
,

, ,

0 0

,

0

where c represents different drought categories (nine cate-
gories can be seen in Table 2); i denotes the time; xi,c and yi,c
represent the number of grid points for longitude and lati-
tude, respectively, occupied by the c drought category on the
ith day; x0 and y0 represent the sum of the grid points in the
study region for longitude and latitude, respectively; Ni,c
indicates the number of stations occupied by the c drought
category on the ith day, and N0 indicates the sum of all sta-
tions in the study region.

3. Results

3.1 Drought signals of the 2019 southwest China
drought event identified by DEDI

To clearly understand the temporal and spatial characteristics
of drought events, we first analyzed the spatial evolution of
daily drought conditions. The entire drought process from
occurrence to relief lasted approximately 180 days; thus, as it
was unrealistic to place so many daily spatial figures in the
main text, the daily drought evolutions detected by DEDI are
displayed as dynamic pictures in the attachments, while the
half-monthly DEDI averages are shown in the main text. As
shown in Appendix Figure S1 online (https://link.springer.
com), the southwest region (21°–30°N, 97°–107°E) experi-
enced heavy drought in the spring and summer of 2019,
especially in Yunnan Province. Furthermore, the half-
monthly DEDI averages (Figure 2) show that the drought
began in late March over central Yunnan, the intensity then
increased rapidly in late April and the extent expanded to
most parts of Yunnan Province, northern Sichuan Province,
and western Guizhou Province. The Red River basin in
Yunnan Province exhibited particularly extreme drought. In
May, the drought intensity in Yunnan Province continued to
increase, and the range of droughts classified as severe and
above extended in a northwesterly direction from the Red
River basin in Yunnan to the Xishuangbanna and Pu’er
municipalities. The drought eased slightly in June; subse-
quently, most parts of the southwest displayed normal or
humid conditions in July. A second peak of drought appeared
in August, and the drought-affected area covered almost the
entire southwest region, but the peak lasted only a short
period, and the region finally returned to normal by the be-
ginning of September.
To evaluate the ability of the newly constructed DEDI to

represent the temporal and spatial evolution of this extreme
drought event, the MCI and SPEI analyses are presented in

Figures 3 and 4. From the MCI analysis in Figure 3, a slight
drought began to develop over Yunnan Province in early
April, then intensified to an extreme drought over central and
western Yunnan in May. Almost the entire Yunnan area ex-
hibited a state of extreme drought until June. The drought
intensity began to weaken and the drought range to narrow in
July, but most parts of Yunnan Province persistently pre-
sented relatively mild drought conditions from August to
September. Unlike MCI, SPEI (Figure 4) generally presented
similar drought characteristics (timing and spatial evolution)
to DEDI, and the drought detected by SPEI also experienced
two peaks, in May and August, respectively. However, the
drought intensity detected by SPEI was slightly weaker than
that detected by DEDI. The drought detected by SPEI in the
Red River basin of Yunnan did not reach the extreme cate-
gory in late April, and in June the drought eased over the
central and western areas of Yunnan, which presented
moderate drought in DEDI.

3.2 Evolution of the 2019 southwest China drought
event depicted by DEDI

From the spatial patterns of the daily drought evolution
characterized by DEDI (Appendix Figure S1 online), the
areas with the strongest drought magnitude in the 2019
southwest extreme drought event were mainly located in the
central and western parts of Yunnan Province from late April
to late June. Therefore, the region (21°–26.2°N, 98.3°–
103.6°E) was selected as the critical zone of the drought
event (the gray dashed boxes in Figures 2–4) to further
analyze the evolution of the drought process.
Figure 5 shows the daily variations of the original DEDI

and its values smoothed on weekly, semi-monthly, and
monthly scales from March 16 to September 15, 2019. The
evolution of DEDI using various time windows reflects that
the drought event experienced two stages. The drought began
in late March, after persistent development from April to
May, it reached a peak in May, weakened in June with al-
ternation between dry and wet, and eased in the middle of
July. The second stage of the drought event began to develop
in late July and reached its peak in mid-August, presenting a
relatively short duration. The humid conditions that appeared
in early September quickly alleviated the drought, indicating
that the end of the drought event occurred during the sea-
sonal change from spring to summer. The DEDI 31-day
moving average smoothed out dryness and wetness fluc-
tuations at timescales shorter than a month and displayed
smoother drought changes, similar to the variations dis-
played by MCI. The second process of the drought event
monitored by DEDI in August lasted only about a month and
contained several dry and wet fluctuations, therefore the
drought magnitude after being smoothed was much weaker
than that in the first drought stage. Unlike DEDI, MCI
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showed that the transition from wet to dry occurred in early
April. After continuous strengthening until mid-June, the
drought intensity began to weaken, and, despite a short wet
period in late July, a slight drought state remained in the
region. MCI presented a remarkable discrepancy when
compared with the 31-day smoothed DEDI; the DEDI peak
appeared in May, while the MCI peak lagged by one month.
The drought evolution characterized by the 31-day smoothed
SPEI was very consistent with that of DEDI, while the onset

and peak time of the MCI-monitored drought lagged behind
those of both SPEI and DEDI.
From the daily coverage percentage of moderate, severe,

and extreme droughts monitored by DEDI (Figure 6), the
drought area constantly expanded from April, especially the
area of extreme drought, and the drought coverage reached
its maximum of approximately 60% in mid-May. Compared
with the climatic mean of 1979–2019, the drought in the
spring and summer of 2019 presented a remarkably different

Figure 2 Spatial patterns of semi-monthly DEDI averages over southwest China from March 16 to September 15, 2019. The areas with the strongest
drought in this drought event were mainly located in central and western Yunnan Province (21°–26.2°N, 98.3°–103.6°E) from late April to late June, so it was
selected as the critical region (the gray dashed box) for subsequent time series analysis. Edry, extremely dry; Sdry, severely dry; Mdry, moderately dry; Adry,
abnormally dry; Ewet, extremely wet; Swet, severely wet; Mwet, moderately wet; Awet, abnormally wet.
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seasonal evolution. In terms of the multi-year average,
droughts classified as moderate and stronger developed
markedly in the early spring. Drought intensity then
strengthened owing to seasonal precipitation shortages and
rising temperatures. Drought intensity and range were
markedly reduced in late May owing to the approach of the
rainy season in the southwest. In 2019, no or slight drought
occurred in early spring, and the studied drought only began
to develop in late March. The drought magnitude thereafter
was generally much higher than the climatic average. These
results indicate the long duration and severity of the drought

event in 2019. The spatial coverage of the drought areas with
different intensities monitored by SPEI showed temporal
variations consistent with those monitored by DEDI. In
contrast, MCI detected that the drought magnitude in-
tensified into the extreme category in early May, the drought
range reached a maximum of 60% in early and mid-June, and
the detected peak time of the drought lagged one month
relative to that of DEDI. In addition, DEDI detected that the
coverage percentage of severe drought in August was gen-
erally approximately 30%, occasionally reaching as high as
50%. This indicates that the impact of the second stage of the

Figure 3 Spatial patterns of semi-monthly MCI averages over southwest China from March 16 to September 15, 2019. The gray dashed box indicates the
critical region (21°–26.2°N, 98.3°–103.6°E) of the drought event. Edry, extremely dry; Sdry, severely dry; Mdry, moderately dry; Adry, abnormally dry;
Ewet, extremely wet; Swet, severely wet; Mwet, moderately wet; Awet, abnormally wet.
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drought event should not be ignored, although it only lasted
for a short period.
The above analysis shows that the drought events mainly

occurred from April to August 2019. Figure 7 shows the
evolution of dry and wet conditions from April to August in
1979–2019, monitored by DEDI. From the long-term time
series data, DEDI detected that the drought that occurred in
the spring and summer of 2019 could be regarded as a re-
cord-breaking extreme event in Yunnan, considering the last
40 years. The DEDI from 1979–2019 exhibited distinct an-
nual variations. The region presented an apparent transition
from wet to dry starting in the early 1990s, and continuous

drying with a linear tendency coefficient of −0.0063 (passing
the 99% confidence level). The lowest value of DEDI ap-
peared in the year 2019. Through further analysis of annual
variations in the climatic means for April to August, serious
drought (with especially extreme values in May) occurred in
all months except for April, which was normal and slightly
dry. These results suggest the rare extremity of the drought
event of 2019.
Previous studies have shown that persistently low pre-

cipitation owing to the abnormally late arrival of the rainy
season and the abnormally large PET value were the main
reasons for the southwest, especially Yunnan Province, to

Figure 4 Spatial patterns of semi-monthly SPEI averages over southwest China from March 16 to September 15, 2019. The gray dashed box indicates the
critical region (21°–26.2°N, 98.3°–103.6°E) of the drought event. Edry, extremely dry; Sdry, severely dry; Mdry, moderately dry; Adry, abnormally dry;
Ewet, extremely wet; Swet, severely wet; Mwet, moderately wet; Awet, abnormally wet.
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become the center, with a high incidence of drought
throughout southern China (Huang and Zhou, 2002; Huang
et al., 2012). Compared with the same period in previous
years, the significantly stronger Australian high pressure in
2019 resulted in a weaker southern branch trough and an
abnormally strong anticyclone over the Bay of Bengal. This
weakened the meridional transportation of water vapor into
Yunnan and led to an abnormally late rainy season in the
southwest (Liu and He, 2019; Ding and Gao, 2020). How-
ever, the drought was relieved by heavy precipitation in late
June, delayed by about one month compared with previous
years; therefore, the lack of effective precipitation led to the
rapid development of the drought in Yunnan from May to
June. These results are consistent with the drought evolution
characterized by the DEDI.

3.3 Performance of DEDI in characterizing the 2019
north China drought process

The daily drought evolution detected by DEDI (Appendix

Figure S2 online) indicates that a heavy drought event oc-
curred over north China in the spring of 2019. Therefore, to
evaluate and examine the regional applicability of DEDI in
characterizing drought signals, Figure 8 shows a comparison
of the spatial evolution of the weekly averages of DEDI,
MCI, and SPEI in north China (34°–42°N, 106°–120°E). The
drought began to develop in late February, and a wide range
of moderate drought events occurred from early March to
mid-March. The drought intensity continued to deepen in
late March, and extreme drought events appeared in some
areas. The intensity and extent of drought started to decrease
in early and mid-April, and the drought eased in late April,
presenting relatively humid conditions over almost the entire
area. DEDI was able to reproduce this drought process well.
However, DEDI captured earlier development of the drought
than MCI. DEDI indicated that slight drought occurred in
Shanxi and Shandong Provinces at the end of February. The
intensity then increased rapidly in the middle of March.
Areas such as the Shanxi, Shandong, northern Henan, and
southern Hebei Provinces presented severe drought, and
areas in the northwestern Shandong and northern Henan
Provinces showed extreme drought. The drought detected by
SPEI was alleviated more quickly than those detected by
MCI or DEDI. SPEI identified areas, including the Shanxi,
Hebei, and Shandong Provinces, that were in slight drought
or normal conditions at the end of March, when they still
presented very serious drought conditions in MCI and DEDI.
Furthermore, the regional DEDI averages in north China

were used to analyze the characteristics of the drought pro-
cess. Figure 9 shows the daily evolution of DEDI, SPEI, and
MCI from February 16 to April 30, 2019. Both MCI and
DEDI indicated that the severity of the drought event re-
sulted from continuous dryness from early March to mid-
April, and that the drought began to ease in April. As the
length of the smoothing timescale increased, DEDI presented
transitions between dry and wet periods and changes in
drought intensity similar to those of MCI, although the dry
and wet variations monitored by MCI lagged behind those of
DEDI. DEDI detected that the drought began to develop in
late February, while the onset of drought in MCI was in early
March, lagging one week relative to DEDI. Moreover, DEDI
detected the peak drought intensity in mid-March, while the
peak intensity in MCI lagged by about half a month. The
drought process monitored by SPEI presented a temporal
evolution similar to that of DEDI.
The drought in north China was closely related to atmo-

spheric circulation anomalies, such as the weakening of the
East Asian summer monsoon, the strengthening of the mid-
latitude westerly circulation, stronger Siberian high pressure,
and weaker subtropical high pressure in the central and
eastern North Pacific (Zhang et al., 2003; Xu et al., 2005;
Huang et al., 2006). In March, the monsoon was relatively
weak, and the rain band did not move northward in China,

Figure 5 Daily evolutions of (a) the original DEDI values, (b)–(d) DEDI
values after being smoothed over 7, 15, and 31 days, (e) the 31-day
smoothed SPEI values, and (f) MCI, averaged over the typical arid region
of southwest China (21°–26.2°N, 98.3°–103.6°E) from March 16 to Sep-
tember 15, 2019. The gray dashed lines indicate the two drought peaks
detected by DEDI in May and August.
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Figure 6 Daily evolutions of the drought area percentages for moderate (Mdry), severe (Sdry), and extreme (Edry) drought detected by the original DEDI
and the index values after being smoothed across 7, 15, and 31 days, the 31-day smoothed SPEI values, and MCI, averaged over the typical arid region of
southwest China (21°–26.2°N, 98.3°–103.6°E) from March 16 to September 15, 2019. The curve lines represent the climate mean from 1979–2019 (Note: As
MCI climatological data are not available, only the climate averages of the drought areas monitored by DEDI and SPEI are displayed). The gray dashed lines
indicate the two drought peaks detected by DEDI in May and August.

Figure 7 Annual evolutions of DEDI averaged over the typical arid region of southwest China (21°–26.2°N, 98.3°–103.6°E) from April to August 1979–
2019.
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resulting in a lack of precipitation in north China. In addition,
a rapid increase in surface temperature, high evaporation,
and high water consumption for spring plowing make north
China prone to severe drought in spring (Huo et al., 2000; Ma
et al., 2010). The drought characteristics detected by DEDI
correspond well with the above processes.

3.4 Performance of DEDI in characterizing the 2019
northeast China drought process

The drought evolution shown by the daily DEDI values
(Appendix Figure S3 online) indicated that the northeast
region (40°–50°N, 120°–130°E) experienced a heavy
drought event from April to May 2019. Figure 10 further
compares the spatial evolution of the weekly averages of
DEDI, MCI, and SPEI in the northeast region. The DEDI
results indicated that most parts of the northeast experienced

slight to moderate drought throughout April. The drought
intensity increased rapidly and reached its peak from early to
mid-May. Most parts of Jilin Province experienced extreme
drought that lasted about a week. The drought began to ease
from mid- to late May, after which most of the northeast was
under normal or wet conditions. DEDI showed that slight
drought began to occur in areas such as the Jilin, Hei-
longjiang, and Liaoning Provinces from late March, when
MCI and SPEI still presented humidity or normal conditions
over most areas, only displaying widespread drought con-
ditions after about half a month. Additionally, after the initial
onset of drought, DEDI and MCI indicated that the drought
continued to develop from early April to early May, while the
drought process monitored by SPEI was interrupted. SPEI
detected that normal conditions were restored in most parts
of northeast China from April 22 to April 28, and the drought
developed rapidly in early May. The drought conditions in

Figure 8 Spatial patterns of the weekly averages of DEDI, SPEI, and MCI over north China from February 22 to April 30, 2019. Edry, extremely dry; Sdry,
severely dry; Mdry, moderately dry; Adry, abnormally dry; Ewet, extremely wet; Swet, severely wet; Mwet, moderately wet; Awet, abnormally wet.
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most areas of Jilin Province, especially, deepened to an ex-
treme category.
Furthermore, Figure 11 shows the daily evolutions of

DEDI, SPEI, and MCI averaged across Jilin Province, where
the most extreme drought occurred. DEDI detected that the
drought began to develop before April, and two peaks oc-
curred around April 15 and May 8, before the drought was
relieved in late May. In contrast, MCI showed that the
drought began to develop in early April. The drought in-
tensity continued to increase, remaining persistently strong
from early to mid-May, and then it weakened remarkably in
late May. According to the original and 7-day smoothed
DEDI values, the distinct humid state from April 22 to 28
interrupted the drought process and formed two peaks. The
drought characteristics presented by DEDI were similar to
those of SPEI (Figure 10), indicating that DEDI can better
reveal the temporary relief of drought during periods of
precipitation, while MCI may present excessive drought in-
tensity. The SPEI values smoothed over 31 days showed a
similar drought evolution to that of DEDI.
As the temperature over the northeast rose in spring, sea-

sonal snowmelt was helpful in alleviating the drought.

However, the surface evaporation increased rapidly owing to
the prolonged sunshine (Ma and Fu, 2006; Tu et al., 2012),
and the weak southwestern water vapor transport caused a
lack of effective local precipitation (Wei and Zhang, 2009;
Lu et al., 2015). In addition, the northeast region, as the
largest commodity grain production region in China, ex-
periences frequent spring plowing activities from April on-
wards, and both industrial and agricultural water
consumption has also increased (Tu et al., 2012), leading to
the aggravation of drought in the northeast from April to
May. The 2019 spring northeast drought event detected by
DEDI presents drought evolution characteristics corre-
sponding with the above processes.

3.5 Performance of DEDI in characterizing the 2019
eastern northwest China drought process

The three drought events analyzed above indicate that the
constructed DEDI can characterize drought events with dif-
ferent intensities. However, southwest, north, and northeast
China are mainly located in humid and sub-humid regions of
China. To more comprehensively evaluate the capabilities of
DEDI in characterizing drought processes, the drought event
that occurred over eastern northwest China in 2019 was se-
lected as a typical case representing arid and semi-arid re-
gions and is analyzed in this section.
The daily drought evolution identified by DEDI (Appendix

Figure S4 online) shows that serious drought occurred in the
eastern northwest from mid-March to late April 2019. Figure
12 compares the spatial characteristics of the weekly DEDI,
MCI, and SPEI averages in the eastern northwest region.
DEDI detected that the drought developed rapidly from north
of Gansu toward the southeast in early March, and almost all
of the Ningxia Hui Autonomous Region and Gansu Province
were in a state of moderate drought or worse from mid-late
March to mid-late April. The drought eased at the end of
April, presenting normal or slightly wet conditions over most
areas, except for slight drought in regions such as Maqu
County in Gansu Province. In contrast, the drought devel-
opment monitored by MCI and SPEI lagged somewhat. MCI
showed that there was a slight draught in the Ningxia Hui
Autonomous Region from early March, but drought over the
northern and eastern parts of Gansu Province was not de-
tected until the end of March. SPEI detected slight to mod-
erate drought in the Ningxia Hui Autonomous Region and in
eastern Gansu Province in late March, but normal and wet
conditions covered almost the entire area by late March.
According to the spatial evolution of drought conditions

indicated by the drought indices, this drought event mainly
occurred in Gansu Province and the Ningxia Hui Autonomous
Region, which were jointly regarded as the typical region for
the subsequent time series analysis, considering that the two
regions are adjacent. Figure 13 shows the daily evolution of

Figure 9 Daily evolutions of (a) the original DEDI values, (b)–(d) DEDI
values after being smoothed over 7, 15, and 31 days, (e) the 31-day
smoothed SPEI values, and (f) MCI, averaged over north China from
February 16 to April 30, 2019.
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DEDI, SPEI, and MCI in the typical region. DEDI indicated
that the drought began to develop around March 5, and the
intensity then gradually strengthened, reaching its peak in
early April. After a short period of fluctuations between dry
and wet conditions, the drought developed markedly from
mid- to late April. It finally eased in late April. Comparing
DEDI and SPEI smoothed over 31 days, as well as MCI,
shows that the drought evolution characterized by SPEI was
generally the same as that presented by DEDI; however, the
drought lagged by about a week and half a month in SPEI and
MCI, respectively. Moreover, the duration of the drought
identified by SPEI and MCI was approximately five days
shorter than that described by DEDI.
The eastern northwest region, located in the transition zone

between the Tibetan Plateau and Loess Plateau, acts as a
critical area for the transport of warm and humid ocean air-
flow into northwest inland regions. It is one of the main

water shortage areas in China, with a climatic average pre-
cipitation of less than 400 mm per year (Yao, 1992; Zhang et
al., 2008). A lack of precipitation and high temperatures are
the main causes of drought in the eastern northwest (Ma,
2005; Ma and Shao, 2006), which makes the region prone to
severe drought in spring. In the 2019 drought event, the
temperature continued to rise from the beginning of spring,
and the drought developed continuously from March to early
April owing to weak monsoons and insufficient rainfall.
Later, in mid-April, the monsoon intensified and widespread
precipitation occurred in the northern Yangtze River, gra-
dually easing the drought in this region.

4. Discussion

In this study, we evaluated the performance of one newly

Figure 10 Spatial patterns of weekly DEDI, SPEI, and MCI averages over northeast China from March 25 to May 31, 2019. Edry, extremely dry; Sdry,
severely dry; Mdry, moderately dry; Adry, abnormally dry; Ewet, extremely wet; Swet, severely wet; Mwet, moderately wet; Awet, abnormally wet.
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defined and two currently used daily drought indices in de-
picting drought characteristics. Four drought events with
different intensities that occurred over various dry and wet
climate zones in southwest, north, northeast, and eastern
northwest China in 2019 were analyzed. The results show
that the ability of DEDI to identify drought features, such as
the onset and cessation, spatial extent, and intensity of
drought, is generally consistent with MCI and SPEI, but the
details of the detected drought information varied between
the drought indices. The following discusses the superiority
and uncertainty of DEDI, compared to MCI and SPEI.

4.1 Superiority of DEDI over MCI and SPEI

MCI, which considers the effective precipitation and atmo-
spheric evaporation demand accumulated over the past
1–5 months, can effectively overcome the large jumps in the
index value caused by rapid increases and decreases in soil
moisture (Liao and Zhang, 2017; Han et al., 2019). However,
as MCI integrates the cumulative effect of recent months, it
can easily overlook intense drought processes with relatively

short durations. For example, Figures 2–4 show that the
heavy drought events over southwest China in 2019 ex-
perienced two peak drought stages when monitored by DEDI
and SPEI. The first stage of the drought occurred from April
to June, reaching peak intensity in May before returning to
normal or humid conditions in July. The second stage de-
veloped in early August, and the drought intensity reached its
peak in late August. In contrast, the drought intensity de-
tected by MCI varied little after the drought was relieved in
early July. In practical drought monitoring and forecasting, a
detailed understanding of the phased development of the
drought process is helpful for relevant departments, such as
agriculture and the environment, allowing them to adjust
their policies promptly. In addition, by considering atmo-
spheric conditions accumulated over the previous five
months, MCI may present obvious early effects of drought
events. This would result in lagging drought mitigation time,
more serious drought during the mitigation period, and a
longer drought duration than the actual situation (Wang et al.,
2015). For example, the drought conditions in northeast
China (Figure 10) detected by DEDI and SPEI weakened
substantially in mid-May, and most areas returned to a nor-
mal or humid state; however, the drought conditions mon-
itored by MCI still presented as moderate or even extreme in
most areas. Similar situations also occurred over southwest
China in early September (Figures 2–4) and north China in
mid-April (Figure 8).
Many commonly used drought indices (including MCI and

SPEI) only focus on PET, ignoring the differences in the
physical mechanisms of PET and AET and the insufficient
representation of PET in surface water processes (Heim Jr.,
2002; Mao et al., 2011; Tu et al., 2012). According to the
theoretical formula of evapotranspiration, PET is related to
radiation energy, atmospheric water content, and other at-
mospheric state variables, which can reflect atmospheric
water demand under sufficient water supply conditions. AET
reflects the actual water budget and is closely related to the
ecosystem through vegetation transpiration and soil evapo-
transpiration. DEDI, which is constructed based on AET and
PET, can sensitively reflect the water budget against the
background of climate warming, and considers land surface
conditions such as vegetation and soil. Therefore, although
DEDI contains only two parameters, it has rich physical
meaning.
Finally, just as SPI and SPEI have multi-scalar character-

istics, for example, the indices within 1–2 months reflect
short-term drought conditions, the indices within 3–6 months
reflect seasonal changes, and the indices within
12–24 months reflect inter-annual changes in drought, DEDI
can also be applied to monitor drought conditions at different
timescales. Because the time resolution of DEDI is daily, it
can show the occurrence and development of drought day by
day, avoiding the omission of short-term intense drought

Figure 11 Daily evolutions of (a) the original DEDI values, (b)–(d)
DEDI values after being smoothed over 7, 15, and 31 days, (e) the 31-day
smoothed SPEI values, and (f) MCI, averaged over Jilin Province from
March 20 to May 31, 2019.
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processes (e.g., a few days long). At the same time, DEDI
can be smoothed using different time windows, such as
pentad, weekly, ten-day, monthly, seasonal, and annual
windows, to meet the needs of users for drought analysis and
monitoring at various timescales. Moreover, previous studies
have demonstrated that DEDI has unique advantages in
drought monitoring at different timescales. For example,
Zhang et al. (2019) showed that the evapotranspiration dif-
ference index at a monthly timescale has a closer relationship
with soil moisture and leaf area index than SPI, SPEI, or
scPDSI, and can better describe the response of ecosystems
to drought evolution. This study further verified the potential
application of the index for drought monitoring using a daily
timescale. Therefore, DEDI can not only monitor short-term
(e.g., daily) droughts in real-time, but can also reflect the
abnormal climate conditions of long-term water shortages

(e.g., monthly and yearly timescales). DEDI can be used for
meteorological drought monitoring and the assessment of
water deficit impacts on agriculture and water resources.

4.2 Uncertainties in DEDI

The data quality of the variables used in the calculation of
DEDI inevitably lends uncertainty to its evaluation. Because
of the lack of long-term observational AET data and the
sparse and uneven distribution of regular meteorological
observation stations that can be used to calculate evapo-
transpiration, this study adopted the ERA5 reanalysis, newly
developed by the European Center for Medium-Range
Weather Forecasts, to calculate DEDI. ERA5 is a replace-
ment for ERA-Interim data; however, although ERA5 uses
higher-quality near-surface meteorological data to better

Figure 12 Spatial patterns of the weekly DEDI, SPEI, and MCI averages over eastern northwest China from February 22 to April 30, 2019. Edry, extremely
dry; Sdry, severely dry; Mdry, moderately dry; Adry, abnormally dry; Ewet, extremely wet; Swet, severely wet; Mwet, moderately wet; Awet, abnormally
wet.
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characterize surface processes and surface heat budgets, it
still has some uncertainties, for example, in data assimilation
and assimilation technology. Its accuracy and applicability
require further targeted evaluations, particularly in areas with
complex terrain (Lucht et al., 2002; Martens et al., 2020). In
addition, the highest spatial resolution of ERA5 data at
present is 0.25°. Thus, the application of DEDI to reflect
local dry and wet conditions at a finer scale still requires
support from higher resolution data. In the coming years,
with denser in-situ data (Granger, 1989; Allen et al., 1998;
Qiu et al., 2003), more accurate remote sensing evapo-
transpiration methods (Zhang et al., 2010, 2016), and more
realistic simulations of land surface models and surface
water conditions (Chen et al., 1996, 2018), the calculation
and study of DEDI will become more convenient and reli-
able.
At present, there is no perfect drought index that can be

applied to all drought research objects and problems. For
example, Heim Jr. (2002) pointed out that the Palmer index, a
milestone in the history of developing drought indices, was
originally designed to deal with droughts in semi-arid cli-

mate zones, and it has greater uncertainty under other cli-
matic conditions. Yang et al. (2017) evaluated the
performance of seven drought indices commonly used in
recent years in China, including SPI, SPEI, and scPDSI.
They showed that the regional applicability of each index is
greatly affected by its own definition and by climate change.
DEDI represents the difference between AET and PET; PET
is mainly limited by energy under humid conditions and by
available moisture under arid conditions, while PET is al-
ways primarily controlled by energy (Budyko, 1948). Be-
cause both AET and PET are mainly controlled by energy in
humid and semi-humid regions, their differences are small,
meaning that DEDI can show relatively large bias in these
regions. Therefore, DEDI may be more suitable for arid and
semi-arid regions, but further evaluation and verification are
needed.

5. Conclusions

In this study, DEDI was constructed based on daily AET and
PET using high-resolution ERA5 reanalysis data. The ability
of DEDI to identify the drought signals of intense drought
events and to characterize the drought evolution process was
systematically assessed. Four drought events with different
intensities that occurred in the southwest, north, northeast,
and eastern northwest regions of China in the spring and
summer 2019 were chosen to compare DEDI with the op-
erational drought index of the Chinese National Climate
Center, MCI, and a commonly used meteorological drought
index, SPEI. The main conclusions are as follows:
(1) DEDI accurately detected the occurrence and evolution

of the extreme drought events that occurred in the Yunnan
Province, southwest China, in 2019. DEDI indicated that this
extreme drought event started in late March and reached its
peak in May. The drought eased slightly after the beginning
of the rainy season in the southwest in June, and most areas
reached a normal or humid state in July. A relatively strong
drought process, but with a short duration, appeared again in
August, and the region then returned to normal in early
September. SPEI presented similar drought characteristics
(in terms of timing and drought intensity evolution) to DEDI.
In contrast, the drought process monitored by MCI, from
development, to peak, to alleviation, lagged somewhat. MCI
accumulates dry and wet conditions over the previous five
months, meaning that it could easily miss the short-term
characteristics of drought evolution. Therefore, the MCI did
not capture the second drought intensity peak that occurred
in August. The analysis of the heaviest drought, which oc-
curred in the typical arid region in central and western
Yunnan Province, showed that the drought intensity and
extreme drought coverage percentage identified by DEDI in
August was comparable to the first drought process, in-

Figure 13 Daily evolutions of (a) the original DEDI values, (b)–(d)
DEDI values after being smoothed over 7, 15, and 31 days, (e) the 31-day
smoothed SPEI values, and (f) MCI, averaged over a typical arid region of
northeast China including both Gansu Province and the Ningxia Hui Au-
tonomous Region from February 16 to April 30, 2019.
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dicating the relevant impacts of the second drought process,
despite its short duration. Moreover, the analysis of climatic
DEDI from 1979 to 2019 also revealed the rare and extreme
nature of this drought process.
(2) To verify the regional applicability of DEDI, the index

was further applied to monitor strong drought events that
occurred in north, northeast, and eastern northwest China in
2019. In north China, DEDI reproduced the drought process
that began to develop in early March, reaching a peak in late
March, and decreasing in both intensity and extent from
April onwards. In northeast China, DEDI detected that the
drought developed in April and rapidly reached its peak in-
tensity from early May to mid-May, particularly in Jilin
Province, where the extreme drought lasted about a week.
The drought was then relieved from mid- to late May owing
to its short duration and the rapid arrival of precipitation. In
eastern northeast China, DEDI monitored the rapid devel-
opment of drought, starting from the northern Gansu Pro-
vince and moving southeast in early March. In mid-late
March to mid-late April, almost all of the Ningxia Hui Au-
tonomous Region and Gansu Province were in a state of
moderate drought or worse. The drought was finally relieved
in late April. Although the intensities and durations of these
three drought events were not as strong as those of the
drought in southwest China, DEDI still showed reasonable
and accurate monitoring abilities.
(3) The application of DEDI in drought monitoring has

both advantages and uncertainties. By integrating the effects
of temperature and precipitation, DEDI can more sensitively
reflect the amount of surface water deficit. It also considers
land surface conditions such as vegetation cover and soil.
Therefore, DEDI can be used as an indicator for meteor-
ological drought monitoring and early warning systems, and
has the potential for application in agricultural drought
monitoring. Compared with MCI, DEDI can detect dis-
crepancies in water deficit on different days, which can
provide necessary details for drought monitoring. The
quality of the available evapotranspiration data contributes
most to the uncertainty of DEDI. Nevertheless, in the coming
years, improvements in observations, reanalysis data, land
surface models, and remote sensing retrieval methods for
evapotranspiration should help to reduce this uncertainty.
Moreover, the applicability of DEDI in other regions requires
further verification.
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