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A flash drought is a recently defined extreme event that has destructive impacts on agriculture as well as other
elements of society and ecosystems. Understanding where and when flash droughts occur can improve pre-
dictability and mitigation strategies for countries with economies that rely on agriculture. This study represents
the first investigation of flash drought occurrences in Vietnam, one of the largest agricultural exporters in the
world, using the standardized evaporative stress ratio (SESR). Monthly SESR data captured historical sustained
Flash drought drought events across the study period and exhibited a pattern similar to that shown by the standardized pre-
Standardized Evaporative Stress Ratio cipitation evapotranspiration index over most of the study region, with Pearson’s correlations mostly ranging
ENSO from 0.52 to 0.82. Results of the SESR analysis at a pentad timescale indicate that flash droughts did occur in the
country over the last two decades, with the northern regions and a majority of the south-central coast experi-
encing fewer than 9 flash drought events that covered less than 20% of each region. The remaining southern
areas of the country were subjected to a much higher flash drought frequency, with 12 to 21 occurrences
covering from 30% to more than 50% of the area in each region, typically during the dry season and exacerbated
by anomalies of potential evapotranspiration and temperature. This research also revealed that flash droughts in
Vietnam were correlated with the El Nino Southern Oscillation climate phenomenon, particularly in the southern
regions, where a high flash drought frequency could take place under either El Nino or neutral conditions. This
study provides new evidence to support the development of a comprehensive overview of drought in Vietnam,
the country’s drought mitigation strategies, and water management policies.
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1. Introduction

Droughts are among the most damaging natural hazards and an
extreme phenomenon worldwide (Smith and Katz, 2013) due to their
detrimental effects on water supplies, ecosystems, agricultural produc-
tion, and society (Narasimhan and Srinivasan, 2005; Godfray et al.,
2010; Hu et al., 2019). Physically, a conventional drought event mani-
fests as a prolonged deficit in water storage and flux that can disrupt
longstanding hydrological balances (Hobbins et al., 2016). Notwith-
standing the gradual and long-lasting features of traditional droughts, a
kind of drought event characterized by rapid intensification has been
identified: a flash drought (Hobbins et al., 2016; Wang et al., 2016;
Forda and Labosier, 2017). Initially, a flash drought occurs as a

meteorological drought that can rapidly switch to an agricultural
drought when climatic conditions deteriorate; it is sometime termed an
agricultural flash drought (Christian et al., 2019). The speedy onset and
evolution of drought is caused by severe atmospheric anomalies,
including the absence of rainfall, strong winds, high surface tempera-
tures, and clear skies, that last for several weeks. This combination of
anomalies results in rapid land-surface desiccation via excessive evap-
orative demand from the atmosphere regardless of prior moisture con-
ditions (Christian et al., 2019), significantly shortening the time
available to mitigate the impacts of drought (Otkin et al., 2015). A flash
drought commonly has large effects on crop yields, can result in eco-
nomic losses (Hu et al., 2019; Li et al., 2020), and is likely to cause
greater agricultural and social devastation than evolving sustained
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droughts (Otkin et al., 2015). As such, a better understanding of where
and when flash droughts are likely to occur is needed to improve the
ability to predict them and implement mitigation strategies, particularly
in countries with economies dominated by agriculture.

As one of the world’s largest agricultural exporters, Vietnam has a
long history of cultivation, one that has played a fundamental role in the
rapid development of its economy (Paul et al., 2004). Vietnam
frequently suffers substantial economic losses due to droughts, which
are ranked third among costly natural hazards (Nguyen and Shaw,
2011). Quantifying drought is therefore of paramount importance to the
country. The nation’s mainland is wholly located in a tropical climate
that is likely to experience severe droughts, particularly during El Nino
Southern Oscillation (ENSO) events (Lyon, 2004), and has high potential
for flash drought occurrence (Christian et al., 2021). Besides, along with
the global warming, the mean air temperature has been speedily
increasing across Vietnam at a rate of 0.26 + 0.10 °C per decade since
1971, which is approximately twice the global rate for the same period
(Nguyen et al., 2014).

Despite widespread recognition of this threat, few studies (Zaki and
Noda, 2022) have examined the changes, probability, and frequency of
droughts in Vietnam (Thanh et al., 2014; Tue et al., 2015; Le et al., 2020,
2019). Those studies have improved understanding of drought in Viet-
nam, but shortcomings and ambiguities in the research need to be
clarified. For example, most of these studies analyzed the evolution of
meteorological droughts using a drought index based only on precipi-
tation (P) (i.e., the standardized precipitation index) (Thanh et al., 2014;
Tue et al., 2015), which can fail to capture the effects of warming on
drought severity (Vicente-Serrano, 2010). Thanh et al. (2014) applied
drought indices based on a combination of P and air temperature, such
as Peday’s and Martonne index. This work reflected the effect of global
warming on Vietnamese droughts, but these used drought indexes that
may underestimate the severity of extreme drought events because of a
lack of information on the interactions between soil moisture and
evapotranspiration (Aghakouchak et al., 2014). Specifically, an indica-
tor that incorporates evapotranspiration, which plays a central role in
energy-water exchange between land surfaces and the atmosphere,
would better track drought characteristics (Yao et al., 2010; Kim and
Rhee, 2016). Based on that understanding, Le et al. (2019) and Le et al.
(2020) applied the multivariate Palmer drought severity index and
standardized precipitation evapotranspiration index (SPEI), respec-
tively, to assess drought conditions in Vietnam. Those two indexes
incorporate potential evapotranspiration (PET), as estimated by the
Thornthwaite equation, to reflect the involvement of warming in
drought severity (Vicente-Serrano et al., 2010). However, a major
debate about global drought trends has arisen due to the difference
between PET calculated by the Thornthwaite equation and those
calculated by the Penman-Monteith equations (Dai, 2012). Zhou et al.
(2020) also pointed out that a temperature-based method (i.e., the
Thornthwaite equation) significantly underestimates PET, compared
with the output of other popular radiation-based (i.e., Priestley and
Taylor) and energy balance-based (Penmann-Monteith) methods,
implying that drought indices that rely on Thornthwaite-derived PET do
not adequately capture the characteristics of drought extremes.

Previous studies concentrated on prolonged drought events, leaving
a critical scientific question unanswered: What are the characteristics of
Vietnam flash droughts? With the extreme devastation that flash
droughts can cause to agricultural operations in mind, it is critical to
understand where and when flash drought events occur over the coun-
try. This research thus attempts to answer that question and improve the
country’s capacity to predict flash droughts and to develop mitigation
strategies. Given that a drought can be viewed as ‘flash’ event when
moisture-stress conditions intensify rapidly (Otkin et al., 2018), a novel
percentile-based methodology proposed by Christian et al. (2019) relied
on standardized evaporative stress ratio (SESR) was used in this research
due to its ability to comprehensively assess all the flash drought criteria.
In general, the main objective of this study is to pinpoint the
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characteristics of flash drought in Vietnam by analyzing SESR-based
drought index. This study attempts to answer two main scientific
questions:

(1) What are the characteristics of flash drought events in Vietnam?
(2) What is the relationship between ENSO and flash droughts in
Vietnam?

2. Study area

Vietnam is a southeast Asian country on the Indochinese Peninsula,
between 101.1 °E and 110.3 °E and 8.2 °N and 23.5 °N. Topographically,
one-quarter of the country’s territory is covered by plains interspersed
with hills and mountains. The remaining three-quarters are mountains
and hills that form an arc stretching from the northwest to the southeast
of the country and facing the East Sea. The north, south, and southwest
of mainland are adjacent to the East Sea. Vietnam has 3,260 km of
coastline and thousands of islands and archipelagos. The entire country
has a tropical climate; the northern half has a tropical monsoon climate
with 4 distinct seasons, and the southern half is a tropical monsoon with
2 seasons. For example, northern Vietnam has a relatively cold winter,
whereas the south experiences a warmer winter. While the north expe-
riences scorching temperatures in the summer, the south enjoys cooler
conditions. With a hot and humid climate, Vietnam has cultivated a
prosperous agriculture industry by devoting more than 70 % of its land
area to farming, making the country one of the top rice producers in the
world with many other agricultural products such as rice paddy, coffee,
soybeans, and corns.

Due to the complex topography and climatology of Vietnam, this
study divided the country into seven sub-regions: the North Mountains
and Midlands (R1), Red River Delta (R2), North Central Coast (R3),
South Central Coast (R4), Central Highlands (R5), Southeast (R6), and
Mekong River Delta (R7), as shown in Fig. 1 and Table 1. Being under
the influence of monsoons and topography, two sub-regions, R1 and R2,
have four distinct seasons yearly, consisting of a dry and cold winter
(from December to February), a tepid spring (from March to May), a
sweltering and humid summer (from June to August), and a mild
autumn (from September to December). Sub-region R3 has four seasons
similar to those of the two northern sub-regions, but experiences warmer
temperatures during winter. All four southern sub-regions have two
seasons, including a dry season (from the end of November to April) and
a rainy season (from May to November). Coastal sub-regions R4 and R7
are hot year-round, whereas both R5 and R6 experience cooler weather
(Fig. 1). Overall, three sub-regions in the north experience large varia-
tions among the seasons, with wide amplitudes of air temperature, while
four sub-regions in the south experience regularly hot weather with less
fluctuation in air temperature (Fig. 1). Using those differences in cli-
matic conditions among regions, we established the study at either
regional or national mainland scales to investigate spatial-temporal
changes in flash drought events from 2003 to 2021.

3. Materials
3.1. Global land evaporation amsterdam model (GLEAM)

The GLEAM is a satellite-based global evapotranspiration dataset,
providing adequate information of actual evapotranspiration (AET),
PET, and several other hydrological variables, such as the components of
land evapotranspiration and surface and root-zone soil moisture (Mir-
alles et al., 2011). This product was generated to maximize consolida-
tion of satellite observations and provide spatial-temporal continuity of
terrestrial evapotranspiration at a resolution of 0.25° on a daily scale.
The model applies the Priestley and Taylor equation to compute daily
PET using surface available energy and air temperature, and then
downscale PET to AET using a dimensionless coefficient parameterizing
the resistance to evapotranspiration. The method might accurately
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Fig. 1. Land cover classification of the study region, geographic locations, altitudes, and annual variations in air temperature over the 18 ground stations used in

the study.

Table 1
Dominant land cover and dominant climate types for each sub-region of
Vietnam.

Sub-region D Dominated land Dominated climate type (ID)*
cover
Northwest & R1  Grasslands & Mixed Temperate, dry winter, hot
Northeast Forests summer (Cwa)
Red River Delta R2  Croplands Temperate, dry winter, hot
summer (Cwa)
North Central R3 Cropland & Mixed Tropical, monsoon (Am)
Coast Forests
South Central R4  Cropland & Mixed Tropical, savannah (Aw)
Coast Forests
Central Highlands R5  Cropland & Mixed Tropical, savannah (Aw)
Forests
Southeast R6 Croplands Tropical, monsoon (Am)
Mekong River R7  Croplands Tropical, savannah (Aw)
Delta

*This information summarized in the Table is referred from Beck et al. (2018).

calculate AET when compared with the well-known Penmann-Monteith
and Priestley-Taylor Jet Propulsion Laboratory approaches (Miralles
et al., 2016). In this study, the latest version 3.6b of GLEAM, which is
based solely on satellite data from January 1, 2003, to December 31,
2021, was downloaded to retrieve AET and PET data. Then, GLEAM
dataset covering mainland of Vietnam (7.8911 °N to 23.3933 °N and
101.6250 °E to 110.1250 °E) was subset for using in this study.

3.2. Integrated Multi-satellite Retrievals for global precipitation
measurement

Global Precipitation Measurement (GPM) is a partnership between
the US National Aeronautics and Space Administration and the Japan
Aerospace Exploration Agency that provides global precipitation data at

a high temporal and spatial resolution. The GPM level 3 product uses the
Integrated Multi-satellite Retrievals for GPM (IMERG) system, which
incorporates all available precipitation data from ground-gauge ana-
lyses, microwave-calibrated infrared data, satellite-microwave precipi-
tation data, and other sources with half-hourly temporal and 0.1° x 0.1°
spatial resolutions (Huffman, 2018). The IMERG system generates three
types of products: Early, Late, and Final runs, which have response times
of 4 h, 12 h, and approximately 2 months, respectively, after observation
(Huffman et al., 2020). The Early and Late run types are conducted in
near real-time and adjusted with climatological coefficients that change
by location and month. The Final run type is produced post-real-time
when gauge calibration is consistent with precipitation data supplied
by the Global Precipitation Climatology Centre. The Final run product is
more accurate than other versions, particularly over land, and is the
most appropriate dataset for scientific research.

We used the Final run product of the latest IMERG (GPM_3I-
MERGDF_VO06) to retrieve P data for the study period. P for the mainland
of Vietnam (7.8911 °N to 23.3933 °N and 101.6250 °E to 110.1250 °E)
was the first subset, which was then upscaled to the pixel size of the
GLEAM data for further calculations. The temporal length of the P
dataset was 3 months shorter than the GLEAM dataset due to the time
limit of IMERG products.

3.3. Climate indices

To examine the influence of ocean processes on drought events in
Vietnam, popular climatic indexes incorporating El Nino and La Nina
events were used. The Oceanic Nino Index (ONI), as defined by NOAA
Climate Prediction Center, is a primary indicator that monitors seasonal
climate patterns over the ocean domain, namely ENSO. The ONI index
tracks higher- and lower-than-normal sea-surface temperatures in the
east-central tropical Pacific Ocean using running 3-month means. The
Southern Oscillation Index (SOI) is one measurement of large-scale air-
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pressure fluctuations, including El Nino and La Nina events, over the
region between the western and eastern tropical Pacific Ocean (Kiladis
and van Loon, 1998). The SOI is standardized from observations of sea-
level pressure to distinguish between the island nation of Tahiti and
Darwin, Australia. Nino3.4 is a widely used index to define El Nino and
La Nina episodes based on the average equatorial sea-surface tempera-
ture over a region stretching from the international dateline to the South
American coast (Trenberth and Stepaniak, 2001). The multivariate
ENSO index (MEI) is a temporal record of a leading combined empirical
orthogonal function incorporating five key climatic variables (i.e., out-
going longwave radiation, sea-level pressure, sea-surface temperature,
and the zonal and meridional components of surface winds) across the
tropical Pacific basin (Wolter and Timlin, 1993; 1998). The trans-Nino
index (TNI) quantifies the gradient in anomalies of sea-surface temper-
ature between the central and eastern equatorial Pacific Ocean, which is
measured as (Ninol + 2) — (Nino4) (Trenberth and Stepaniak, 2001).
These five climate indices were used to examine the association between
ENSO modes and flash drought events in Vietnam. They can be down-
load from https://psl.noaa.gov/data/climateindices/list, and include
the study period (2003-2021).

4. Methodology
4.1. Standardized evaporative stress ratio drought index

4.1.1. Calculations

The SESR index was first proposed by Christian et al. (2019) to
identify flash droughts by accounting for their fundamental drought
features of a short duration and a large effect. SESR calculations contain
AET and PET, both of which are highly sensitive to rapid changes in soil
moisture and evaporative stress (ETgess) in the atmosphere, and reflect
the effects of radiation, humidity, temperature, and wind anomalies, all
of which are involved in the intensification of flash droughts (Otkin
et al., 2013). The SESR was computed using data from GLEAM, which
provides an adequate and reliable dataset of daily AET, its components,
PET, and soil moisture (Miralles et al., 2011). The SESR quantifies flash
drought events using the concept of evaporative stress ratio (ESR) using
AET and PET:

AET

ESR = PET (€D)
where ESR varies within the range [0,1]. ESR values close to 0 indicate
that moisture in the soil and vegetation meets little or none of the
evaporative demand from the atmosphere. Values approaching 1 indi-
cate that the available moisture on the land surface satisfies a majority
or all of the evaporative demand from the atmosphere. Generally, the
larger the ESR the lower the stress of evapotranspiration in the envi-
ronment, and vice versa.

To avoid volatility in detecting flash drought events, the daily ESR
were converted to a pentad scale (5-day mean) (Christian et al., 2019).
Next, a standardized ESR was calculated from the pentad ESR to support
comparisons of ETsess among different regions and of ESR values over
long time periods. The pentad ESR values were computed for each pixel
as follows:

ESR,'/k - ESR,];\

OESR;j,

SESRy;, = 2

where SESR;jy is the z-score of ESR for a specific pixel (i,j) at the time of
pentad k and ITRU;( and ogsg,, are the mean and standard deviation,
respectively, of ESR at a specific pixel (i,j) and the time of pentad k for all
available years during the study period.

To identify the ‘flash’ characteristic of drought, the pentad-to-pentad
change of SESR (ASESR) was calculated at each pixel over the study
duration. These changes were standardized in the same manner:
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ASESR;; — ASESR

O ASESR;j,

(ASESRy), = ©)]

where (ASESRyj), is the z-score of the change in the SESR for a specific
pixel (i.) at the time of pentad k, and ASESR;j and oasgs,, are the mean
and standard deviation of the SESR changes, respectively, at a specific
pixel (i,j) and the time of pentad k for all available years during the study
period.

4.1.2. Flash drought detection

To define whether a drought qualifies as ‘flash’ event, four criteria
were thoroughly evaluated based on the SESR and ASESR at each pixel,
following Christian et al. (2019):

(1) The declining SESR must last for at least six pentads, equivalent
to five ASESR.

(2) The final SESR value of the duration should fall below the 20t
percentile of the SESR.

(3) The third criterion includes two components: (3a) ASESR should
be equal to or less than the inter-pentad 40™ percentile value; and
(3b) only one ASESR is allowed to be larger than 40 percentile
value following a ASESR that satisfies criterion 3a. When crite-
rion 3b is met, the following ASESR must reach criterion 3a and
have a final ASESR of a flash drought event smaller than the SESR
value of the two previous pentads.

(4) The mean value of ASESR over the entire flash drought duration
must be under the threshold of the 25® percentile value of the
climatological changes in SESR at that pixel and time of year.

The percentile thresholds used in criteria 2 and 3 were retrieved from
the data variability of SESR and ASESR for each local pixel and specific
pentad of all years during study period. The percentile thresholds
applied in criteria 4 were computed using the ASESR for all pentads of a
flash drought event at a local pixel level.

4.2. Standardized precipitation evapotranspiration index (SPEI)

To evaluate the SESR performance, PET data from GLEAM products
were utilized not only to compute the SESR but also to replace the
Thornthwaite-based PET in the SPEI calculations in current work.
Because PET in GLEAM products was retrieved using observations of
near-surface air temperature and surface net radiation based on the
Priestley and Taylor algorithms (Miralles et al., 2011), which efficiently
calculate PET values similar to those generated by the Pen-
mann-Monteith method (Zhou et al., 2020). The SPEI was selected for
comparison because it is simpler than the Palmer drought severity index
(Vicente-Serrano, 2010), and superior to the Standardized Precipitation
Index in taking warming into account when quantifying drought
severity (Begueria et al., 2014).

By definition, the SPEI is based on the climatic water balance, known
as the difference between P and PET. We computed the SPEI following a
procedure described by Vicente-Serrano (2010) with two main steps:

(1) The accumulation of water deficit Dy (Dw = P — PET) was
calculated at 1-month timescales for each pixel to better examine
seasonal drought variations.

(2) To obtain the SPEI, Dy was normalized into a log-logistic prob-
ability distribution using two equations:

Y] -1
It (;(L) ] )
-7

co+ W+ e, W?
SPEI = W — 5
L LW LW + W )

Fy) =
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where F,) is the probability distribution function of variable Dy, and a,
v, and f are the respective scale, origin parameters, and shape of the log-
logistic distribution (Vicente-Serrano, 2010; Yao et al., 2018). With P
(Dw) < 0.5, W = \/—2In(P(Dw)), where P(Dy) = 1 —F(y); with P(Dy)
> 0.5, (1 —P(Dw)) is used instead of P(Dy) and the sign of the SPEI is
reversed.

4.3. Other examining methods

4.3.1. Statistical analyses

The modified Mann-Kendall (MMK) trend test (Hamed and Rao,
1998) and Sen’s slope (Sen, 1968) were used to examine trends in pre-
cipitation, ETgess (Which measures differences between PET and AET),
and flash drought conditions in the study regions. The MMK test, which
statistically evaluates the monotonic trends of hydrological variables
over time, was selected because it is a widely used non-parametric test
with low requirements for data distribution and quality. The robustness
of the MMK test allows it to consider the effects of autocorrelated time
series that can affect trend results (Hamed and Rao, 1998). Sen’s slope,
which is also a well-known non-parametric method, was chosen because
it is not sensitive to outliers and is regularly applied to assess trends in
univariate meteorological and hydrological time series (Hamed, 2009;
Gocic and Trajkovic, 2013). We conducted an inter-comparison of the
SESR and SPEI and an examination of the linkage between those drought
indexes and ENSO phases at each grid point within the study region
using Pearson’s correlation (R). Values of R range within [—1,1], with a
larger R representing a higher correlation between these two indices and
vice versa (Nguyen and Choi, 2022).

4.3.2. Features of drought dynamics
Temporal and spatial patterns of flash drought were examined using
frequency of occurrence (fp) and drought area percentages (PDA),

Journal of Hydrology 630 (2024) 130669

respectively (Le et al., 2020). fp and PDA are calculated using the
following equations:

_ > 1Dy
N

o x 100%

(6)

where Dy; is the j™ flash drought duration detected using frameworks
described in Section 4.1.2; n is the total number flash drought duration
at a specific pixel, and N is the number of pentads during study periods,
and

Apa

PDA,) = x 100% )

Total
where Ap, is the number of pixels with flash drought conditions and
Argq is the total number of pixels within the regions.

5. Results and discussion
5.1. Characteristic of climate over seven sub-regions

5.1.1. Annual variation of P and ETsyess

To the best of our knowledge, no previous studies have focused on
ETgress in the atmosphere in Vietnam despite the fact that the climate
features across southeast Asia are strongly affected by the annual change
in surface-atmosphere circulation (Le et al., 2019). This section exam-
ines annual variability not only in P but also in ETess, estimated as the
difference between PET and AET (PET — AET), as shown in Fig. 2.

The annual patterns of both P and ET s differ between the northern
and southern regions. The northern regions (R1-3) generally have
relatively high P magnitudes (nearly 200 to 500 mm month ') from May
(the end of spring) to October (the middle of the fall), whereas the rainy
months in the southern regions (R4-7) last longer, from May to
November, but with lower amounts (nearly 200 to 400 mm month’l)
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R1 oP ©ET,,,, (PET-AET) R2 y R3 [
. |
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Fig. 2. Annual cycles of precipitation (P) and evaporative stress (ETgy.ss, difference between potential and actual evapotranspiration) across seven sub-regions of
Vietnam. Blue and red vertical lines illustrate + standard deviation of P and ETess, respectively.
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during peak time. The dry period of regions R1-3 lasts from November
(the end of fall) to April (the middle of spring) with little P (from 20 to
80 mm month™1), during winter, when P is below 40 mm month™!. The
dry season in regions R4-7 (December to April) showed slightly higher P
(mostly above 40 to more than 100 mm month™ 1) compared with (R1-3)
during same period. ETgess is small in regions R1-3 (mostly below 10
mm month™!) and increases toward regions R4-R7 (reaching nearly 70
mm month ™! in R7), with distinct patterns in annual change. Region R1
showed lower ETgyess compared with R2 and R3, where small ETgegs
values were common during winter and spring, and an insignificant
ETstress (close to 0) was seen during summer and fall. ETggess in region R2
randomly fluctuated during the one-year course, but remained relatively
large, at nearly 10 mm month ! during winter (January to March), with
alow P or during summer (June and July), with a large P amount. In R3,
ETstress had a similar increasing tendency with P, which started in winter
and reached a peak of approximately 12 mm month ! in the hot summer
(June and July), but ETess then steadily declined during the peak of the
rainy months (August and September). All four southern regions (R4-7)
had much higher ETgss during the dry season, in which the south-
central region (R4 and R5) has approximately 40 mm month™! of
ETstress and the southeast regions (R6 and R7) approached 70 mm
month ™! of ETgress at peak time. After peak time, ETgess in R4 gradually
decreased when the rainy season began and hit bottom in October, while
ETgtress in R5-7 rapidly declined immediately after the onset of the rainy
season. A significant intensification of ETgyess Was observed in R7,
beginning in July, under rainy weather. Overall, the northern regions
(R1-3) annually have much wetter conditions than do the southern re-
gions (R4-R7). While moisture deficit in R1-3 may occur either in the
cold (and dry) season (R1 and R2) or in the hot (and rainy) season (R2
and R3), the southern R4 and R5 regions mostly experienced an extreme
surface dryness during the dry season. One feature in common between
the R3 and R4 central coast regions is that, during hot conditions, the
moisture deficit is not robustly sensitive to P, with steady increases (R3)
and decreases (R4) expected with rainfall escalations.

Compared with regions R4-7, regions R1-3 experienced a larger
amplitude of air temperature (Fig. 1) that varied seasonally in a pattern
that matched that of P (Le et al., 2019). Lower air temperatures during
the winter may generate a small evaporative demand in the atmosphere
(Donohue et al., 2010) regardless of low P conditions, and high P may
supply water for extreme evaporative demand caused by scorching hot
temperatures during summer. However, ETgyess may still occur during
the sultry summer despite relative rainy conditions in R2 and R3, and in
R3 in particular, revealing the potential for droughts to occur in these
regions under such weather. In southern regions R4-7, the massive
ETstress during the dry season was due primarily to its significantly low P
and constantly high air temperature, particularly in R7, which had the
highest mean temperature (Fig. 1) in the country. In addition, the
increasing trend in ETgyess magnitude from the northern R1 region to-
ward the southern R7 region was similar to trends in mean temperature
across the stations in the seven sub-regions (Fig. 1), suggesting a
dependence of ETgyess On air temperature rather than on P in study re-
gion. Among the regions, R1 commonly experienced lower air temper-
atures than R2 and R3, which can be attributed to the effects of the high
elevations of this region (Fig. 1) (Le et al., 2019); ETsyess in R1 was
correspondingly lower than in R2 and R3. Although it was within the
rainy months, ETgess in R3-4 still showed a steady change due to steep
terrain and narrow hills, which have minimal water-holding capacity,
resulting in a moisture deficit in the regions. Overall, these findings
indicate that ETgess Was much higher in the southern R4-7 regions than
in the northern R1-3 regions, particularly during the dry months. ETress
conditions in Vietnam are generally not strongly disturbed by P due to
the hot weather and complex typography of the country, which poten-
tially leads to differences in drought quantification between P-based and
ET-based indexes.
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5.1.2. Inter-annual variation of P and ETstress

To further examine the long-term trends in P and ETgyess, results of
MMK tests, illustrated as spatial maps in Fig. 3 and Fig. 4, were used to
describe inter-annual and inter-seasonal tendencies and slopes, respec-
tively, during the study period.

At an inter-annual time scale, MMK analysis revealed that P had
increased in R1 and R2 and mostly decreased in R3-7 (Fig. 3). Along
with the increase in annual P in the northern R1 and R2 regions, a sig-
nificant decline of ET.ss Was observed in the same regions at such time
scales. However, despite a decrease of P in R3-7, ETess also tended to
decrease in large portions of these regions, except the Central Highlands
(R5) and small areas of R3 and R4 and R7, where ETg.ss increased. At
inter-seasonal time scales, P in the northern R1 and R2 regions mostly
increased during winter and fall and decreased during spring. While P in
region R3 primarily declined from winter to summer and only increased
slightly in the fall over a majority of the region, P in regions R4-7
likewise increased only during wintertime (early periods of dry season)
and tended to decrease during rest of the year. R1 was associated with a
significant decrease in ETgyess from fall to spring and an insignificant
decrease during summer, whereas R2 showed a significant decline
throughout the year. ETgess in R3-7 showed a decrease over the ma-
jority of the area year-round, except for a central portion of R4 and a
western portion of R5, where ETgess Was likely to increase during the
late dry and early rainy seasons (a seasonal change period). The Mekong
River Delta in R7 and southeast region R6 experienced an increase in
ETstress during the spring and summer, respectively. Overall, P in
northern R1-3 regions primarily increased during winter and fall and
decreased during spring, and P in southern R4-7 regions tended to in-
crease during the early months of the dry season and primarily
decreased in the rest of year. ET0ss Showed a notable decrease in the
northern R1 and R2 regions as well as a majority of other regions year-
round, except for a central portion of R4 and a western area in R5 with
an increase during seasonal change period.

As can be seen in Fig. 4, the inter-annual increase rate for P was
highest in R1 and R2 (>10 mm year’l), which was consistent with a
report by Le et al. (2020). The inter-seasonal investigation in this study
revealed that the highest increase rate of these regions only occurs
during fall seasons, and these regions even experienced a slight decrease
in P (<5 mm season 1) during spring. In other R3-7, the inter-annual
decrease amounts of P were the largest (>20 mm yearfl) in the South
Central Coastal (R4), Highland (R5) and Mekong River Delta (R5),
which was in close agreement with Le et al. (2020). However, P in these
regions increased (>5 mm season_l) during winter and decreased dur-
ing the rest of the one-year course. When it comes to ETg.ss, a large
decrease (>2 mm year’l) over time was seen over a majority of the
country. The northern R2 region experienced a large decline in magni-
tude at the inter-annual (>2mm year’l) and inter-seasonal (>1.5 mm
season 1) timescales, which can be attributed to the effect of an increase
in P during the same period (Figs. 3 and 4) as well as a reduction in air
temperatures (Le et al., 2020). Likewise, the inter-annual growth (>2
mm year’l) of ETgress was the highest in the Central Highlands (R5),
which experienced the highest escalation of air temperatures in the
country (Le et al., 2020). Our inter-seasonal comparison found that this
large increase in ETgqess primarily occurred during the late dry and early
rainy seasons. Again, these results indicate that ETgess in Vietnam is
sensitive to air temperature, particularly during rapid increases in
temperatures over the southern regions (Le et al., 2020). These results
also support the essential value of using ET-based rather than P-based
indicators to quantify drought in Vietnam.

5.2. Performances of SESR in Vietham

As the SESR is the key variable in the drought analysis used in this
study, this section thoroughly evaluates the performance of monthly
SESR based on the SPEI in quantifying drought conditions over the re-
gion of interest. R (a correlation coefficient) was used to make inter-
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Fig. 3. Mann-Kendall trend test of yearly and seasonal precipitation (P) and evaporative stress (ETsyess = PET-AET) during the study period (2003-2021) in Vietnam.

comparisons of these two indexes via a spatial map and boxplots (Fig. 5).
Also, monthly time series between these two drought indexes were
constructed over seven sub-regions (Fig. 6) to describe their temporal
variations during study period.

Correlations between the SESR and SPEI clearly varied among sub-
regions. These two indices were most closely correlated in the south-
east (R6) and Mekong River Delta (R7), with mean R values reaching
0.79 and 0.82, respectively (Fig. 5). Lower but consistent correlations
were observed in the north (R1 and R2) and Central Highlands (R5),
with average R values of approximately 0.58, 0.52, and 0.59, respec-
tively. While the weakest correlation between these two indices was
found in sub-regions R3 and R4, with a mean value for R of approxi-
mately 0.22 and 0.41, respectively, and R frequently dropping below
0 (Fig. 5b), particularly in R3. However, the SESR and SPEI generally
followed a similar pattern in temporal variations during study periods,
which also agrees closely with the historical record (pink shades in
Fig. 6) of Vietnam droughts. For example, both the SESR and SPEI
effectively captured the historical drought events in R4 and R5 in 2003
(Stojanovic et al., 2017), in R7 in 2019-2020 (Ty et al., 2022) and over
the entire country in 2004-2005, 2010, and 2014-2016 (Stojanovic
et al.,, 2017; Le et al., 2020; Ty et al.,, 2022). However, the SPEI
frequently showed less extreme drought severity than did the SESR,
including the drought events taking place in 2004-2005 across the
country. In regions R3 and R4, the SPEI also regularly predicted the
beginning and ending of drought events sooner than those predicted by
the SESR. Overall, the SESR efficiently captured historical drought
events during study periods, proving its usefulness in depicting drought
conditions in Vietnam. Also, the SESR was strongly and positively
correlated with SPEI over a majority of regions, except R3 and R4, where

the two indexes mainly presented negative correlations and in-
consistences in quantifying drought characteristics.

By definitions, the SPEI and SESR track drought events that rely on a
deficit between P and PET (Begueria et al.,2014) and the ratio between
AET and PET (Christian et al., 2019), respectively. A drought event
detected by the SPEI technically begins and ends at the same time with a
shortage P period, while droughts quantified by SESR have starting and
ending phases identical to those of periods with high ETess. Incorpo-
rating the results described in Section 5.1.1, it is clear that regions R5-7
regularly experience large ETgess during the dry season, with extremely
low P (Fig. 2). Likewise, regions R1 and R2 annually experience a small
amount of ETgyress, in which greater ET 55 primarily takes place during
the dry winter and spring. The two indices capture a similar period of
drought and correlate closely with each other over these regions. By
contrast, ETgyess in R3 remains low during the dry winter but higher
during spring and summer, with increasing P magnitudes (Fig. 2).
Drought events captured by the SPEI in such regions therefore tend to
start from a dry winter while those by the SESR are likely to begin later,
when ETgess begins to intensify. Similarly, ETgess in R4 inherently re-
mains high during the dry season and changes insignificantly when the
rainy season begins (Fig. 2); drought events captured by the SPEI in this
region potentially end when P begins escalating while those captured by
the SESR last longer.

Not surprisingly, the SPEI is more accurate than the other P-based
drought indices (i.e., Palmer drought index and Standardized Precipi-
tation index) (Begueria et al., 2014), but it is less efficient than the
evapotranspiration-based drought index in monitoring agricultural
drought due to a lack of AET in its computations (Begueria et al., 2014;
Pei et al., 2018). Including PET in SPEI calculations only reflects the
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Fig. 4. Sen’s slope of yearly and seasonal precipitation (P) and evaporative stress (ETsyess = PET-AET) during the study period in Vietnam.

warming effects on drought (Pei et al., 2018) but does not account for
the actual moisture status of the soil and vegetation during extreme
weather, which might be both reflected by AET and directly associated
with agricultural drought (Vicente-Serrano et al., 2010). Furthermore,
AET varies across different crops, and P has higher error than other
variables (Kim and Rhee, 2016; Nguyen et al., 2023), so using SPEI to
identify agricultural drought might retain some uncertainties. It is worth
noting that this study does not refute the effectiveness of the SPEI in
quantifying agricultural drought (as evidence of positive results showed
in most regions, except R3-4). However, integrating the findings of this
study with these in previously published reports lend us confidence that
SESR, which incorporates AET in its calculations, is more suitable to
capture agricultural drought condition under complex climate in several
sub-regions of Vietnam. On the other hand, it is widely acknowledged
that the SPEI is superior to other drought indexes in quantifying hy-
drological and ecological droughts in diverse of managed and natural
systems (Begueria et al., 2014). Accordingly, R3 and R4 might suffer
from longer drought durations in the form of transitions from hydro-
logical and ecological droughts (reflected by the SPEI) to agricultural
droughts (captured by the SESR) that potentially evolve during the rainy
months. In agreement with Otkin et al. (2018), more than one type of
drought can take place in a specific region in the same period, and
possibly convert from one type of drought to another as its impacts and
severities evolve. Generally, the SESR is able to capture the agricultural
droughts in Vietnam and has the potential to detect agricultural flash
drought events over the country. We suggest that future studies should
apply multiple-indices to capture comprehensively characterizations of
droughts over Vietnam.

5.3. Flash drought occurrence in Vietnam

Flash drought occurrence across Vietnam was detected using the
SESR and incorporating multiple criteria related to rapid intensification
and severity of drought as described in the methodology sections. Fig. 7
and Fig. 8 depict the spatial identification, characteristics, and drivers of
flash drought over the study regions.

The results show that Vietnam has been suffering flash drought
events, in which regions R1-3 only has a low fp, of flash drought, with an
annual mean below 3 % per year and fewer than 9 events during the
study period (Fig. 7a and Fig. 8a). Regions R4-7 mostly experienced a
much higher fp of flash drought, with an annual mean of up to 10 % per
year and more than 9 events during the study period. The annual mean
fp of flash drought could exceed 12 % per year, with 15-21 events during
study period in the central area of R5, the southeast of R4, and the
majority of R6 and R7. A report by Christian et al. (2021) previously
revealed that, in comparison with global hotpots (i.e., Brazil and India),
the tropical Indochinese Peninsula of southeast Asia has experienced
lesser but notable flash droughts. Regionally, the Lower Mekong River
basin area in Cambodia and a portion of Vietnam (the central area of R5
and R7) regularly sees a higher frequency of flash drought events,
compared with other areas in the basin (Kang et al., 2022). Additionally,
ETgtress in the northern regions R1-3 is dramatically lower than in the
southern regions R4-7 year-round due to different temperature and
rainfall regimes, as discussed in Section 5.1.1, providing evidence for a
higher fp of flash drought in the southern R4-7 regions.

Otkin et al. (2018) underlined the need for multiple pathways of
research to understand regional drivers and characteristics of flash
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Fig. 6. Temporal variations in monthly SPEI and SESR for the seven sub-
regions during the study period. Pink shades represent recorded histori-
cal droughts.

drought. Our study further found that flash droughts in the northern and
southern regions of Vietnam exhibited distinguishable drought charac-
teristics (Fig. 7b). Flash droughts tended to occur during the dry winter
(December to February) in R1 and during hot summers (May to July) in
R2 and R3 with small PDA magnitudes (below 20 % of each region’s
area. In the southern regions of R4-7, flash droughts frequently
appeared during the dry season (December to April), and R7 in partic-
ular experienced a high fp of flash droughts during the rainy season (July
to August). Flash droughts predominantly occurred in less than 20 % of
R4's area, while it reached 30 % of regions R5-7, particularly region R5
and R6, where flash drought sometimes covered more than 50 % of the
region. Most of sub-regions showed a decrease in PDA, most notably R5
and R6, which saw a statistically significant decline in PDA over the
study period (Fig. 7b). From a climatological standpoint, changes in the

occurrence and spatial extent of flash drought are a function of ETgress
according to variations in PET and AET. Specifically, an increase in PET
can be associated with a rise in vapor pressure deficit and temperature,
which are critical factors in climate change (Hobbins and Wood, 2012).
One common feature over seven sub-regions is that of a high fp of flash
drought arising during times of high ETgy.ss, as discussed in Section
5.1.1. For example, in one year, R7 experienced a second period (July
and August) with a relatively large fp, of flash drought, which can be
attributed to the effects of a second intensification of ETgyess (Fig. 2).
Likewise, the decline in PDA across most sub-regions was due to a
decrease in ETg.ss over the majority of Vietnam, as detailed in Section
5.1.2. It is worth clarifying that, despite the increase over time in ETgyess
inregions R5 and R7, a reduction in PDA persisted over those areas. This
can be mainly attributed to the fact that the ETgyess in these regions
primarily escalated during the late dry season (March to May), whereas
flash drought took place primarily during the early dry season
(December to March), when such regions experienced reduced ETsqress
(Fig. 3 and Fig. 4). Moreover, a change in the spatial coverage of a flash
drought may be driven by a teleconnection phase (i.e., ENSO) (Christian
et al., 2021). Consequently, decreases in PDA over most regions are
possibly due to the weakness of El Nino events over the past two decades
(Hu and Fedorov, 2018). The linkage between Vietnam flash droughts
and ENSO climate modes is discussed in more detail in Section 5.4.
Next, to examine the drivers of flash droughts over the region of
interest, standardized air temperature and PET anomalies at three
ground stations in areas with large numbers of flash drought events were
examined (Fig. 8b). The time series typically indicated that a flash
drought event (light yellow) took place during periods when the SESR
rapidly and significantly decreased (most often dropping below — 1)
while anomalous air temperature and PET increased by more than 1
(Fig. 8b). This phenomenon was most evident during these selected flash
drought events due to their rapid intensification over a relatively long
period. Additionally, as noted in Section 5.1.1 and 5.1.2, ETgyess
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conditions over Vietnam are insignificantly sensitive to P, and flash
drought in the country can be categorized as ‘heat wave’ flash droughts
due to their simultaneous manifestation during periods of elevated air
temperatures and PET anomalies (Otkin et al., 2018). This type of flash
drought can have profound impacts on vegetated areas (Otkin et al.,
2018; Wang et al., 2016), suggesting an avenue for future research
focusing on the impacts of flash drought on vegetation and crops in
Vietnam. Overall, our study confirms that Vietnam has experienced flash
drought events, particularly in the central highlands (R5), southeast
(R6), and Mekong Delta River (R7), with approximately 12-21 events
recorded over the last two decades, primarily in the dry season
(December to April). Flash drought development in Vietnam is
controlled by heat waves due to higher-than-normal air temperatures
and PET. We therefore encourage more research on the interactions
between heat wave flash droughts and agricultural impacts in Vietnam.

5.4. Impacts of ENSO on flash droughts in Vietnam

Identifying the teleconnection of ENSO with regional hydrology
could bolster hydrological management efforts (Abtew and Trimble,
2010), we thus discuss the linkage between flash drought and ENSO
phase in this section. Initially, the correlation between the monthly
mean SESR and monthly ENSO indices is represented by a spatial dis-
tribution of R values in Vietnam (Fig. 9). Signs of ONI, Nino 3.4, and MEIL
were inverted to consistently indicate El Nino and La Nina events in the
same manner as other indices, such that negative values of ENSO indices
now represent El Nino and vice versa. This section also investigates
patterns of yearly frequencies of flash droughts in the southern R4-7
regions, which have the highest fp rates in the country, along with ENSO
events, as shown by the ONI over study periods as the time series il-
lustrates in Fig. 10.

Throughout the country, spatial maps indicate discrepancies in re-
lationships between the SESR and ENSO indices among sub-regions
(Fig. 9). In northern regions, the association between the SESR and
the five ENSO indices is generally weak (with most R values below 0.2)
in R1, R3 and the northern portion of R4, whereas R2 exhibited a slightly
higher association (R values within a range of 0.2-0.3) with ONI, Nino
3.4, and MEI indices. Unlike the northern regions, the SESR showed a
markedly stronger correlation (R varies within a range of 0.3-0.6), with
all five ENSO indices for the southern regions (R5-7 and the southeast
area of R4), and a particularly large correlation evident between the
SESR and TNI (most R values above 0.5). More precisely, time series

-ONI

-Nino63.4
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analysis of ENSO events and flash drought occurrence in R4-7 further
revealed a similar pattern of flash drought occurrence and ENSO climate
mode (Fig. 10). Years characterized by La Nina events (2006,
2008-2009, 2011-2012, and 2017-2018) were associated with a low fp
of flash drought (mostly below or around 10 % per year), whereas those
featuring El Nino events (2003, 2005, 2007, 2010, 2016-2017, and
2019) were involved in a significantly higher fp, of flash drought, ranging
from 12 % to 20 % per year. Surprisingly, years with neutral conditions
(2004, 2013-2014, and 2020) showed a considerable f, of flash drought
of approximately 15 % per year, particularly in 2004, when the flash
drought occurrence rate in R6 approached nearly 30 %. Generally, flash
droughts in Vietnam are influenced by the ENSO climate mode, with a
significant correlation identified in southern regions (R4-7) and a less
pronounced connection in the north (R1-3).

Historically, during years with El Nino events, prolonged drought
events would commonly occur over all of Vietnam (Le et al., 2020,
2019). Statistically, Christian et al. (2021) found that the Indochinese
Peninsula was one of a few regions in the world (along with southwest
Africa and northwest North America) to show a significant association
between flash drought events and ENSO climate modes. It is therefore
not surprising that the ENSO phase also had impacts on flash drought
events in Vietnam. Among sub-regions, the contrasting association be-
tween ENSO events and flash droughts in the northern and southern
regions was likely the result of the diverse rainfall regimes and tem-
perature conditions over these areas. While rainfall and temperature in
Northern R1-3 are mainly dominated by the East Asian summer
monsoon system (Buckly et al., 2014), those in the southern R4-7 re-
gions are driven by the southeast Asian summer monsoon climate (Yan
et al., 2018). Compared with the East Asian monsoon, the Southeast
Asian summer monsoon is closer to the equator, where the warmest sea-
surface temperature has been reported, along with the strongest
example of coupling between ocean and atmospheric circulation.
Moreover, peak ENSO events regularly take place from October to
March, coinciding with a cool fall and cold winter in northern regions
(Section 5.1.1), when flash droughts occur infrequently (Section 5.3).
Any direct link between ENSO and flash drought in these regions is
unclear but cannot be ruled out, as evidence of a correlation between the
SESR and ENSO indices was found in this study. In contrast, peak ENSO
times coincided with the dry season of southern regions in Vietnam
(December to April) (Section 5.1.1), when flash droughts occur most
frequently in such regions (Hu and Fedorov, 2018), suggesting a stron-
ger susceptibility of flash droughts to ENSO effects in the south than in
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Fig. 9. Pearson’s correlations between the negative SESR and five climate variables at the monthly scale across the study region. The signs of the ONI, Nino3.4, and
MEI are reversed to indicate El Nino and La Nina events in the same manner as the other indices.
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the north of Vietnam.

Delving deeper into the influences of ENSO on flash drought in
Southern Vietnam, this study found that the frequency of flash drought
occurrence rose in El Nino years while low frequencies were associated
with La Nina years. The El Nino phase typically reinforces the hotter-
and drier-than-normal conditions over southeast Asia (Juneng and
Tangang, 2005), as evaporative demand in the atmosphere rises,
resulting in drought events. Under such a weather context, the rapid
intensification of evaporative stress could lead to the onset of flash
drought. Conversely, La Nina years are accompanied by wetter- and
cooler-than-normal conditions that reduce the likelihood of flash
droughts (Christian et al., 2021). By those definitions, neutral years
inherently have a greater possibility of complex dry and hot events than
do La Nina years, particularly during neutral years that is followed by an
El Nino year with much hotter and drier conditions (Feng and Hao,
2021). For example, 2004 was an ENSO-neutral year sandwiched

between two El Nino years (2003 and 2005), which apparently experi-
enced a prolonged dry and hot extreme, followed by a high frequency of
flash drought occurrence. Overall, flash drought occurrence in Vietnam
is closely related to ENSO events, with a notable emphasis in southern
regions, where flash drought can be promoted during either El Nino or
neutral conditions.

6. Conclusions

This paper aimed to investigate the occurrence and characteristics of
flash droughts in Vietnam, along with its driving factors such as rainfall,
evaporative stress, and ENSO phases. It focused on: (1) tracking flash
drought occurrence and its characteristics in Vietnam using the SESR
and flash drought criteria, and (2) examining the impacts of ENSO phase
on flash drought occurrence in Vietnam.

In term of quantifying drought conditions, monthly SESR values
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effectively presented historical drought events over the study period and
closely matched the SPEI over most study regions, with the exception of
the Central Coast (R3 and R4). As Vietnam potentially undergoes more
than one drought type on the same periods, using a single drought index
therefore cannot adequately reflect the features and duration of drought
in Vietnam, particularly in areas with complicated climate conditions (i.
e., the central coastal region, R3 and R4).

By incorporating four strict criteria that fully describe the charac-
teristics of a flash drought event into pentad SESR calculations and their
ASESR, this study successfully detected flash drought occurrence over
Vietnam. Over the last two decades, regions R1-3 and the majority of R4
endured fewer than 9 flash drought events, most covering less than 20 %
of drought area, while the remaining areas (R5-7 and the southeast area
of R4) underwent between 12 and 21 events covering from 30 % to over
50 % of each region’s area. Characteristically, flash drought events
primarily occurred during dry winters in the northern R1 region, during
hot summers in northern regions R2 and R3, and during the dry season
in southern regions R4-7, most notably when anomalous PET and
temperatures were positive and exacerbating. We also found that the
ENSO climate mode affected flash drought occurrence in Vietnam, with
a notable association in the southern R5-7 regions, where a high flash
drought frequency can appear in either El Nino or neutral conditions.
During La Nina years, the occurrence of flash drought is less likely but
still possible, highlighting the need for ongoing preparedness and
readily available impact mitigation strategies. Overall, our study once
again confirmed the occurrence of flash drought extreme events over
Vietnam, particularly in southern regions of the country. These bridges a
research gap in our understanding of the characteristics and drivers of
drought occurrences in Vietnam, which gives an idea of where our
findings fall among existing Vietnam drought publications. We
encourage more research to better understand the impacts of flash
droughts on agriculture and other aspects of Vietnam as well as other
agriculture-oriented countries.
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