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Abstract: This study investigated the temporal occurrence of dry conditions in the seven climatic
sub-regions of Vietham during the 1980-2017 period. This assessment was performed using the
Standardized Precipitation Evapotranspiration Index (SPEI) and the Standardized Precipitation
Index (SPI) at 1 to 24 months timescales. Results show that the main periods of extreme drought
occurred simultaneously throughout the country in 1992-1993 and 2003-2004, except for 2015-2016,
when it was not identified in the southern region. In addition, a slight temporal lag was identified
latitudinally (north—south) at the beginning of dry conditions, revealing the largest difference between
the northern and southern regions. A positive trend in the time series of both indices (SPEI and SPI)
prevailed in all sub-regions, with the SPEI minus SPI difference always being negative, suggesting
the importance of temperature and evapotranspiration for this trend. Further detailed analyses
were then performed using SPEI at 1-month and 12-months timescales for all climate sub-regions,
as well as the main indicators to characterize duration and severity. Results show that the number of
drought episodes did not vary much between regions, but they did vary in duration and severity
at the annual scale. Moreover, changes in the soil root zone are largely associated with dry and
wet conditions not only from season to season, but also in longer accumulation periods and more
strongly in the northern regions of Vietnam. Indeed, a study of the most severe drought episodes also
revealed the occurrence of negative anomalies of the root-soil moisture in the subsequent four or
more months. Dynamic atmospheric conditions associated with the peak of most severe drought
episodes show the crucial role of subsidence of dry air in the middle and high atmosphere, which
prevents convection in the lower troposphere. Finally, the linkages between drought conditions in
Vietnam and large-scale atmospheric and oceanic teleconnection patterns were revealed to be quite
different among northern and southern sub-regions. During the positive phase of El Nifio-Southern
Oscillation (ENSO), drought episodes at different timescales were identified in the southern climate
sub-regions, while the negative phase was associated with drought conditions in the northern regions.
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1. Introduction

Droughts are part of the natural climate system and can be defined as a complex phenomenon
that occurs when water availability is significantly less than regular levels for an extended period and
the available water cannot satisfy the demand [1-4]. The temporal and spatial variability of droughts
as well as the large number of systems that it can affect make this phenomenon difficult to quantify.
Therefore, there is no universal definition of drought [5-8]. Its onset, duration, end, and severity are
not easily measurable [9-11], and their effects can slowly accumulate over a substantial period of time,
affecting large geographical areas [3,12,13] and numerous sectors, such as environment, agriculture,
economy, and society. Hence, droughts are usually classified into four major categories: meteorological,
agricultural, hydrological, and socioeconomic droughts [2,14,15]. Meteorological droughts are defined
as below-average amounts of precipitation for a certain period of time, and may be combined
with increased potential evapotranspiration (PET) [16-18]. Through land-atmosphere interactions,
prolonged meteorological drought can further exacerbate agricultural drought, or even hydrological
drought [12,19-21]. Therefore, efficient monitoring of meteorological droughts is necessary in order to
provide early warnings and perform risk management in regions with limited water resources or high
agricultural production dependent on irrigation.

Some studies have highlighted that droughts have become unusually more frequent and severe
worldwide, such as in the Mediterranean region [21-23], Europe [24-26], West Africa [27,28], and Asia,
including Vietnam [20,29-35]. Recent conclusions of the Intergovernmental Panel on Climate Change
(IPCC) show much evidence that climate change affects many regions in Southeast Asia, one of the
most vulnerable regions in the world [36,37]. Vietnam is likely to be one of the countries most affected
by climate change because of its long coastline and strong reliance on agriculture, natural resources,
and forestry [34,38—41]. Few publications have investigated the characteristics of droughts in this region
(e.g., [32,35,42-45]). Tue and co-authors [32] investigated drought over the Central Highland using the
Standardized Precipitation Index (SPI) with different observed and modeled monthly precipitation
datasets for the period 1990-2005. Their results showed that regional climate models data successfully
captured the spatial structure of the SPI; in particular, the severe drought events of 1998 and 2005.
For a longer study period, Le et al. [35] studied the spatio-temporal variability of drought in Vietnam
for the period 1980-2014, but using the Palmer Drought Severity Index (PDSI). Their results showed
regional patterns of drought duration, frequency, and severity, but no consistent trend of drought
during the study period. Although the country is narrow, spatial differences of meteorological drought
severity for South Central and the Central Highlands are documented [42]. In the north of the country,
the Cai River Basin has also experienced relatively high drought severity in the period of 1982 to
2012 [43], while extreme drought affected the Ba River basin in South-Central Vietnam during 2013 and
2016 [44]. Other authors, such as Vu-Thanh et al. [45], investigated the occurrence of drought through
several drought indices for the period 1961-2007, considering Vietnam divided into seven sub-regions.
Their results revealed that in the southern sub-regions of Vietham drought mainly occurred during El
Nifio years, while wet conditions were frequently observed in the La Nifia years.

Drought predictability is a current challenge for hydrometeorological sciences and it has also been
assessed for some regions of Vietnam, such as the Khanhhoa Province Vietnam [46] or South-Central
Vietnam [47]. Statistical techniques have also been used to evaluate the influence of different infilling
techniques on the spatial distribution of the Standardized Precipitation Evapotranspiration Index (SPEI)
in the South-Central Region of Vietnam [48]. In terms of drought impacts, these have been quantified
for well-known dry periods, such as the extremely strong drought event in 1982-1983, which had
severe impacts on the environmental and socio-economic sectors of Vietnam [49]. Another example is
the 1997-1998 drought, when the total losses in terms of agricultural production were about 400 million
US dollars [44,50]. Furthermore, the drought episode that occurred in 2003 caused the main impacts on
the coffee sector of Vietnam, thereby emphasizing the role of the detection of drought as an important
issue [29]. As a result of the 2015-2016 drought, the discharges of the main rivers decreased by 20-90%
and crop damage was serious, with 60-90% of planted crops being damaged in drought-affected
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areas [51]. Although it is still impossible to avoid droughts, an effective and timely monitoring system
in Vietnam is required so that they can be predicted and their effects can be lessened.

During the 1958-2007 period, the annual mean temperature of the Vietnam area increased by around
0.5-0.7 °C [34,52]. According to Nguyen et al. [53], in all sub-regions, it increased at a rate of 0.26 + 0.10 °C
in the period 1971-2010, and this rate was greater in winter than in summer. Annual mean temperatures in
southern regions are rising quicker than in the northern ones. The concern arises if we also consider that
besides the precipitation, high temperatures also modulate the occurrence of droughts [35]. An impact
assessment based on climate change scenarios (precipitation and temperature) for the Lower Mekong River
Basin for the period of 20162040 [54] indicates an increase in temperature and a decrease in precipitation in
the near future, significantly decreasing the streamflow and soil water content, while drought characteristics
in terms of severity, duration, and frequency are projected to be increased.

Therefore, more hydrometeorological research is necessary as far as Vietnam is concerned; not
only in understanding climate and its changes, but also to be able to comprehend extreme events
such as droughts and their severity. This may contribute to increasing the hydroclimate knowledge of
Vietnam as well as to support early drought warning in order to develop effective mitigation strategies.
Therefore, the objectives of this study are: (i) to investigate the occurrence of dry conditions that
affected the seven main climatological sub-regions of Vietnam during recent decades (1980-2017) using
the SPI and the Standardized Precipitation Evapotranspiration Index (SPEI) at several timescales and
computed for Climate Research Unit (CRU) Time-Series (TS) v.4.02 gridded datasets; (ii) to identify the
occurrence of drought episodes, their characteristics and propagation through the root soil moisture;
and as a third aim (iii) to explore driving mechanisms of the most severe meteorological episode for
each of the seven sub-regions of Vietnam. Specifically, to explore the role of teleconnection patterns on
the occurrence of dry conditions, particularly the role of ENSO.

Despite previous research on droughts in Vietnam, referenced above, the novelty of our study
is mainly related to the assessment of the most extreme drought events. We expect that our results
may contribute to increasing the hydroclimate knowledge of the region and support early drought
warning, agricultural, and forest management plans in order to develop effective mitigation strategies
for Vietnam.

Study Area

Vietnam is situated in Southeast Asia on the eastern part of the Indochina Peninsula, in the centre
of two main tropical monsoon areas, the South Asian (southwest) and the East Asian (northeast)
monsoons among the latitudes 7.5° N and 22.5° N and longitudes of 102° E and 109° E. The area of
Vietnam is small (around 330,000 km?) and three-quarters of its territory is covered by mountains
and hills, with the highest peaks 3000 m tall. From North to South there are nine major river systems,
counting the Mekong River in the South and Red River in the North. Besides the South China Sea,
two large gulfs, the Tonkin gulf (situated in the North) and the Thailand gulf (situated in the South) are
a significant part of Vietnam'’s hydrological resources [53]. The climate of the country is very diverse
and is strongly influenced by monsoon circulation and the topography [32,53,55,56]. Vietnam’s climate
is mostly affected by Asian monsoon systems: the southwest monsoon in the summer season and the
northeast monsoon in the winter season. The southwest Asian summer monsoon and the northeast
Asian winter monsoon are related to a wet and a dry season, respectively. The wet season occurs
from May to October, whereas the dry season is from November to April [57]. During summer time,
the southwest monsoon brings moisture in the air from the Bay of Bengal to the country, initiating
the rainy season in the south and central highland sub-regions. This time is also the rainy season
in the northern parts of country, but rainfall originates mainly from the activity of the Intertropical
Convergence Zone (ITCZ), tropical cyclones, and part of the southwest monsoon.

The northern part of Vietnam has a tropical monsoon climate influenced by the northeast monsoon,
which produces cold, dry climate conditions in early winter, while in late winter, it produces cold,
highly humid conditions. Although the winter monsoon is primarily dry, due to it coming from the
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Asian continent, the clash with the mild and humid air of the Gulf of Tonkin creates frequent rains.
In this period the dry season also occurs in the south and central highland, but the difference is that in
the northern parts the number of rainy days is much more than in the southern parts of the country.
Southern Vietnam has quite a moderate tropical climate (due to the impacts of the southwest monsoon)
and is characterized by dry and rainy seasons [55,56]. The rainy season in the north central and south
central sub-regions starts in about mid-August and ends in about mid-December, while the dry season
is from January to July. In the summer, the temperature is very high, with the peak often happening in
June, while the highest precipitation rates are in May and August [58]. The mean annual precipitation
over the country is around 1400-2400 mm and can differ from 700 up to 5000 mm, depending on the
sub-region [32,59]. Regarding its complex topography and differences in precipitation and temperature
conditions, it is categorized into seven climate sub-regions: the North West (S1), North East (52), North
Plain (Red River Delta) (S3), North Central (54), South Central (S5), Central Highland (S6), and the
South (57) regions, shown in Figure 1 [41,55,58].
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Figure 1. S1-S7 seven climate sub-regions of Vietnam. Colors represent the elevation of the region in
meters. Data obtained from the HydroSHEDS project (hydrological data and maps on shuttle elevation
derivatives at multiple scales available online at https://hydrosheds.cr.usgs.gov/).
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2. Data and Methodology

2.1. Drought Identification

Diverse indices have been developed and used for identifying and monitoring droughts [60].
In particular, a great number of studies identifying and investigating the causes and impacts of droughts
have employed the Palmer Drought Severity Index (PDSI) [61,62] and the Standardized Precipitation Index
(SPI) [63], based on the soil-water balance equation and a precipitation probabilistic approach, respectively.
The Standardized Precipitation Evapotranspiration Index (SPEI) [64,65], based on the procedure originally
used to compute the SPI, was created to overcome the deficiencies of the PDSI and the SPI, and is based
on a climatic water balance (PRE (precipitation) minus PET (potential evapotranspiration)) that may be
computed at different timescales. The PET values in this study were obtained from the Climate Research
Unit (CRU) Time-Series (TS) v.4.02. To obtain PET values, a modified version of the Penman—Monteith
Reference Evapotranspiration (ETo) equation was used in the CRU dataset as a metric of the PET. This ETo
can be associated with the PET, since resistance factors are not temporally and spatially variable and
only depend on the four main meteorological drivers of PET (air temperature, radiation, atmospheric
humidity, and wind speed, as is the case for FAO-56 crop reference evaporation) [66]. The timescales are
connected to different types of drought, with the short timescales (e.g., 1 month) representing meteorological
drought, and the longest timescales of 12, 18, and 24 months representing drought in hydrological systems
under natural flow conditions. Therefore, it combines the sensitivity of the PDSI to the changes in
evapotranspiration demand with the multi-temporal nature of the SPI[17,67-69]. A detailed description of
SPI is not stated here, please refer to [61] for more information.

To calculate the SPEI, a log-logistic probability distribution is used to transform the calculated
(PRE-PET) values to standardized units, in which dry conditions are represented by negative values
and wet conditions are represented by positive values. Other probability distributions could be applied,
but the SPEI designers recommended the log-logistic probability distribution because it offers better
SPEI time series results than other distributions [64]. The SPEI is computed in temporal frequencies
from 1 to 24 months by considering the climatic water balance of the previous months.

A crucial advantage of the SPEI over other widely used indices is that it combines multiscalar
characteristics and temperature data in the analysis of drought. This makes SPEI likely to be more
appropriate to use under global warming conditions if we consider that (i) higher temperatures have
been found to affect the severity of droughts [3,64,70-73] and also (ii) the multiscalar character allows
the evaluation of drought conditions, considering different timescales. Therefore, the Standardized
Precipitation Evapotranspiration Index (SPEI) was used to determine the evolution of dry conditions
at each of the Vietnam climate sub-regions during the period 1980-2017.

For the identification of meteorological and long-term drought episodes, all the timescales from
1 to 24 months SPEI were used. A detailed analysis was performed for the 1, 12, 18, and 24 months
(SPEIO1, SPEI12, SPEI18, and SPEI24, respectively). The SPEI01 mostly represents the water balance for
one month and it is commonly used to identify the occurrence of meteorological droughts [74].

After the calculation of the index, a trend analysis based on simple linear regression analysis was
performed and statistical significance was considered at 95% confidence level (p-value < 0.05 computed
using the Wald Test with t-distribution [75]). The Wald test (W) is a statistical test commonly used to
verify the null hypothesis in linear regression analysis based on the maximum likelihood estimation
(MLE). The test for a single parameter, considering 0 the null hypothesis, follows the formulation:

/ )

where f is the MLE estimator and o its standard deviation.
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According to Agnew [76], the drought episodes can be classified into three categories (moderately
dry, severely dry, and extremely dry; Table 1). This categorization is based on the probability classes to
identify the severity of each dry period rather than the magnitudes of the SPI, and because of that,
it is proposed as a more reasonable approach. The same categories can be used for SPEI because SPEI
computation is based on the original SPI calculation procedure. The main difference with the SPI
is that calculation is exclusively based on precipitation, while the SPEI uses the difference between
precipitation and PET. Drought differs from other natural disasters in many ways and it is particularly
difficult to define when a drought starts and when it is over [9-11]. A drought episode onset is defined
when the SPEI falls below —0.84 and it ends when the SPEI returns to a positive value. When a drought
episode is identified, the peak value, duration, and severity may be calculated. The peak value of a
drought episode is the largest negative magnitude recorded during the episode. Duration indicates the
number of months between the first and last months of the episode, and the severity is calculated as
the sum of all SPEI values (absolute values) during the episode.

Table 1. Standardized Precipitation Evapotranspiration Index (SPEI) classification according to the
Standardized Precipitation Index (SPI) classification proposed by Agnew [76].

SPEI Probability Category
>1.65 0.05 Extremely humid
>1.28 0.1 Severely humid
>0.84 0.2 Moderately humid
>-0.84 and <0.84 0.6 Normal
<-0.84 0.2 Moderately dry
<-1.28 0.1 Severely dry
<-1.65 0.05 Extremely dry

2.2. Data

The SPEI was computed using the PRE and PET datasets from the Climate Research Unit (CRU)
Time-Series (TS) v.4.02 at a spatial resolution of 0.5° in longitude and latitude [77]. The SPI was
computed using the PRE from the same source. The mean temperature from this dataset was also used.
Soil moisture root (SMroot) data belonged to the Global Land Model (GLEAM) v3.0 [78,79]. The period
of study was 1980-2017.

Monthly gridded data of omega (dg/dt), air temperature (T), and relative humidity (RH) from
the NCEP-DOE AMIP-II Reanalysis (R-2) [80] provided by the National Oceanic and Atmospheric
Administration (NOAA) Earth System Research Laboratory’s (ESRL) Physical Sciences Division (PSD)
(https://www.esrl.noaa.gov/psd/) were used to investigate vertical motions and respective anomalies along
12 pressure levels, from 1000 mb to 100 mb, during the most severe drought episodes for each one of the
seven sub-regions of Vietnam. Monthly anomalies were computed as departures of the considered field
(for a given month) from the reference long-term (1981-2010) mean climatological field (for that month).
Composites of meteorological fields and of respective anomalies for each considered period were finally
derived by averaging the fields over the periods. This reanalysis project is an improved version of the
NCEP Reanalysis I model that fixed errors and updated parameterizations of physical processes.

The climate modes used in this study were Bivariate El Nifio Southern Oscillation time series
(BEST), Dipole Mode Index (DMI), Western Hemisphere Warm Pool (WHWP), Southern Oscillation
Index (SOI), Pacific Decadal Oscillation (PDO), and East Central Tropical Pacific Sea Surface Temperature
(SST) (ENSO 3.4). These datasets were downloaded from NOAA ESRL Physical Sciences Division
(PSD) at https://www.esrl.noaa.gov/psd/data/climateindices/list/.
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3. Results and Discussion

3.1. Climatological Annual Cycle

The hydrological annual cycle of PRE, PET, and mean temperature for the 1980-2017 period for
each of the seven sub-regions of Vietnam are represented in Figure 2. As observed, the occurrence of
the maximum PRE varied in time according to the latitudinal variation between the northern regions
(51, S2) and the southern ones (57). In the northern regions (S1, S2, S3), the rainy season extended
from May to October, and the rainiest months were July and August (more than 270 mm/month).
In the remaining months, from December to February, the minimum average PRE (<25 mm/month)
occurred. The PET values in these regions were lower than PRE values, but both followed a similar
annual cycle. Average temperatures ranged from 24 to 28 °C in summer to 15 to 20 °C in winter.
In the central part of Vietnam, the PRE over the 54 region reflected a transition of the pluviometry of
the country. The 54 region, unlike the northern regions, received a greater amount of precipitation
in the final months of the year. PET values remained lower than PRE. In the regions S5 and S6 a
rapid rise in average precipitation values was observed from September, with a maximum in October
(more than 360 mm/month), usually attributed to rainfalls associated with tropical cyclones and
typhoons [49]. In both regions, the mean temperature ranged from 21 to 25 °C, with the highest values
during May-August, which corresponds with the rapid warming of the landmass that causes the onset
of the South Asian summer monsoon with atmospheric circulation over mid and low latitudes [81].
Besides, PET values exceeded PRE from January to April. Southern Vietnam has a quite moderate
tropical climate due to the impacts of the southwest monsoon and is characterized by dry and rainy
seasons [55,56]. In the southern part of the country (S7), the rainy period covered from May to
November, without great differences in average amounts between June to October. The average
temperatures ranged from 28 to 29 °C in summer to 26 to 27.5 °C in winter. The average temperature in
this region hardly changed during the year, and the PET exceeded the PRE only from January to April.
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Figure 2. The climatological annual cycle for each of the seven sub-regions of Vietnam in the period
1980-2017. The blue bars represent the annual cycle of precipitation (PRE, mm/month), the green lines
represent the potential evapotranspiration (PET, mm/month) and the red lines represent the mean air
temperature (T, °C).

3.2. Drought Conditions

Figure 3 shows the temporal evolution of drought conditions for every sub-region of Vietnam
according to the SPEI and SPI computed for 1- to 24-months timescales and classified according to
those ranges shown in Table 1. For sub-region S1 both the SPEI and SPI were able to represent with
great similarity the temporal occurrence of drought conditions in all the timescales, even the extreme
droughts occurring in 1992 and at the end of 2009. However, there were some slight differences in
relation to the magnitude. This is the case for the drought event that began at the end of 2009 and
prolonged through timescales until 2012. It is also perceptible that several drought events did not
prolong across the 24-month timescale. For the regions S2 and S3 the beginning of drought and the
temporal pattern of different drought categories across the 24-month timescale of the index greatly
match those identified for S1. S4 showed major differences in the temporal evolution of drought
conditions, in which a temporal displacement of the beginning of the drought conditions occurred
around 1992. Besides this, the 2015-2016 period was affected by moderate, severe, and extreme drought
conditions. This was also observed in the southernmost regions (S5, S6, and S7). In terms of damage,
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the 20152016 drought has been documented as being the worst drought in Vietnam in 90 years and it
has been attributed to the El Nifio weather event [82]. Similar temporal evolution of drought conditions
as in 54 was observed in S5 and S6. The SPI in S6 seemed to reproduce less intense drought conditions
than SPEI in 1980, 1992-1993, and 2004-2005. Finally, the temporal evolution of different types of
droughts in the southern region of the country (S7) illustrated that an intense drought period affected
this region at the end of 1982 and the beginning of 1983 and, contrary to the rest of the sub-regions,
S7 was not affected by the 2015-2016 dry period.

The drought periods described above are in accordance with the study of Le and colleagues [35],
who used monthly precipitation and 2 m air temperature observations for the period 1980-2014 obtained
from 131 meteorological stations across mainland Vietnam to calculate PDSI. However, these authors [35]
found that in the S5 region the dry conditions were more intense than in the other regions of the
country, and this is not clearly noticeable in our results.

To investigate the overall trend of SPEI and SPI values at different timescales (1, 12, 18, 24 months)
during the period 1980-2017 for each of the seven sub-regions of Vietnam, the Wald test with
t-distribution [75] was applied. Table 2 shows for SPEI(1 a positive trend for S1, 54, S5, S6, and S7, and a
negative trend for 52 and S3. However, neither increasing neither declining trends were statistically
significant. In the case of SPI01 the results show positive trends for all sub-regions, but only for S5,
S6, and S7 were the trends statistically significant (95% confidence level). Regarding SPEI12, SPEI18,
and SPEI24 significant wetting trends were observed for 51, 54, S5, and S6, while drying trends were
detected for S2, S3 and S7. For the trends observed in SPEI12 and SPEI18 the drying trend was
statistically significant only for region S7, while for the trends observed in SPEI24 the drying trends
were statistically significant for regions 52 and S7. In terms of SPI12, SPI18, and SPI24 significant
wetting trends were detected for regions S1, 54, S5, 56, and S7, while no significant drying trends
were detected for regions S2 and S3. The obtained results indicate that the absolute values of the
slope gradually increased when SPEI and SPI were calculated with more lagged months for the 5S4,
S5, S6, and S7 sub-regions (for example, for the S7 sub-region SPEI values were: 0.147 X 1073 for
1 month, —0.934 x 1073 for 12 months, —0.1054 x 1072 for 18 months, and —0.1280 x 10~2 for 24 months).
Thus, the drying (wetting) conditions of these sub-regions were more remarkable when SPEI and SPI
on the longer timescales were considered. Results from a Mann—-Kendall trend test and the Sen slope
estimator (not shown) corroborated the regression analysis presented here through a non-parametric
approach [83].

Table 2. The slope of the SPEI and SPI at 1, 12, 18, and 24 months timescales for the period 1980-2017.
The bold numbers represent positive and negative statistically significant trends at a 95% confidence
level. Values in the table are multiplied by 100.

Sub-Regions SPEI01 SPIo1 SPEI12 SPI12 SPEI18 SPI18 SPEI24 SPI124

S1 0.0224 0.0588 0.0810 0.1553 0.0943 0.1826 0.0694 0.1665
52 —-0.0051 0.0141 -0.0276 0.0134 -0.0510 —-0.0032 -0.0901 —-0.0348
S3 -0.0072 0.0269 -0.0035 0.0463 —-0.0195 0.0395 -0.0519 0.0217
54 0.0132 0.0279 0.0800 0.1167 0.1096 0.1512 0.1413 0.1851
S5 0.0317 0.0712 0.1483 0.2175 0.1850 0.2688 0.2093 0.3089
S6 0.0142 0.0947 0.0916 0.1949 0.1079 0.2297 0.1144 0.2543

S7 0.0147 0.1413 —-0.0934 0.15479 —-0.1054 0.2067 -0.1280 0.2457
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Figure 3. Temporal evolution of the SPEI (left pannel) and SPI (right pannel) from 1- to 24-month

timescales for the period 1980-2017 in the S1-S7 climate sub-regions of Vietnam. Yellow, orange,

and dark red colors represent moderate, severe, and extreme drought conditions, respectively.

In Table 3 it is observed that differences between the SPEI and SPI trends were negative for all
sub-regions and for the timescales of 1, 12, 18, and 24 months. That is, if only the SPI trend was
considered, wetter conditions (less dry) than those identified by the SPEI would be obtained due
to the omission of the effect of temperature on evapotranspiration processes and the final water

balance, which was considered in the formulation of the SPEI. Figure 4 shows the temporal evolution
of SPEI12 and SPI12, and their differences as well as the trend lines of each one; it allows a better
understanding of the values presented in Table 3. For example, the evolution of the SPEI12 and
SPI12 for S5 and S6 showed a positive trend (Figure 4a), but the trend was stronger in the case of
SPI12, as shown by the negative trend in the SPEI12-SPI12 index (Figure 4b). Here, we show and
further investigate the 12-month timescales of the SPEI and SPI, since trends of both indices at this
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scale reflected long-term inter-annual drought changes at the same time considering seasonal extreme
events. For 1-, 18-, and 24-month timescales the trends of SPEI and SPI and their difference are available
in Figures S1-S3 in the Supplementary Material.
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Figure 4. Timeseries of the SPEI12 (shaded in light blue) and SPI12 (red line) (a) and their differences
(b) for the seven climate sub-regions of Vietnam during 1980-2017. The dashed blue (red) lines represent

the trend of each series. The wetting (drying) significant trends are shown with red +(-) signs at the

left bottom of each graphic.

Table 3. The difference between SPEI and SPI at 1-, 12-, 18-, 24-month timescales. All values are
statistically significant at a 95% confidence level. Values in the table are multiplied by 100.

Sub-Regions

SPEI01-SPI01

SPEI12-SPI12

SPEI18-SPI18

SPEI24-SPI124

S1
52
S3
54
S5
S6
S7

—-0.0365
-0.0192
—-0.0341
-0.0147
—-0.0395
—-0.0805
—-0.1266

-0.0744
—-0.0410
-0.0497
-0.0366
-0.0692
-0.1033
—-0.2483

-0.0885
—-0.0478
—-0.0590
-0.0416
-0.0837
-0.1218
-0.3121

-0.0971
—-0.0553
-0.0737
—-0.0438
—-0.0996
-0.1398
-0.3737
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3.3. Drought Episodes

To account for the effects of both the precipitation deficit and changes in temperature, the SPEI was
chosen for further analyses at timescales of 1 and 12 months for every climate sub-region, as well as
the main indicator to characterize duration and severity. Figure 5a shows the monthly onset frequency
of drought episodes for each of the seven climate sub-regions of Vietnam in the period 1980-2017 for
SPEI-1. In January, the greatest number of drought episodes began in the northern and central regions,
which also occurred for S2 and S3 in February. In March the frequency pattern changed and it was
for S5 and S6 that the larger number of drought episodes occurred during this month. A more
homogeneous frequency pattern was observed in April, when sub-regions S2 to S5 were affected by
a higher number of drought episodes. This condition was very similar for May, when the S6 and
S7 remained those regions where fewer drought episodes started. Nevertheless, this changed from
June onwards. In June most of the episodes started in the northern (S1, S2, and S3) and southern (S7)
regions of Vietnam. Also in July, most of the episodes occurred in the northern and southern regions.
In August the greatest number of drought episodes started in regions S4 and S5 and one month later
the frequency decreased except for region S6. In September, S6 represents the sub-region in which
most of the episodes occurred. However, it is striking that there was a large difference in the frequency
of onset of drought episodes between regions S5, S6, and S7, all located in the south of the country.
Differences in the annual precipitation cycle can also be seen in the climatology of the precipitation,
shown in Figure 2. Nguyen and colleagues [53] argued that S7 region is under the influence of an
atmospheric circulation regime that produces an increase in precipitation before the northern regions.
In October the onset frequency of drought episodes generally decreased for all sub-regions compared
to previous months; the average precipitation of this month preceeded the highest accumulated of the
rainiest months in the northern regions. However, it was one of the rainiest months in the southern
regions. In November the frequency was higher than in October in all regions, and more homogenous
from S1 to S4. Finally, in December the onset frequency of drought episodes was higher in S1 and
S2 compared to the rest of the sub-regions. In both S1 and S2 the average precipitation for this month
was less than the rest of the sub-regions, where it reached the maximum average in the southern 56 and
S7 sub-regions. This analysis points to different behaviors between the climate sub-regions in terms of
the onset frequency of droughts episodes, and suggests no direct relationship with the climatological
average precipitation. This may be due to including flash droughts (episodes with sudden onset and a
short duration, e.g., 1 or 2 months) [84], which may be random due to high climatic variability.

", Dec
<K

Figure 5. Monthly frequency of drought episode onset in each month for the seven sub-regions of
Vietnam, for the period 1980-2017, identified by SPEIO1 (a) and SPEI12 (b).
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In order to reflect the frequency of the onset for long-term drought episodes, SPEI12 was performed.
At this timescale the flash drought episodes were removed, giving more importance for hydrological
purposes. As expected, Figure 5b shows an outstanding decrease in frequencies. As with SPEIO1,
the SPEI12 frequency pattern was very heterogeneous, and no similarities between sub-regions
or months can be found. To summarize this information, Figure 6a shows the total number of
meteorological and Figure 6b long-term drought episodes that affected each climate sub-region during
the period of study. Obviously, due to the higher variability of the SPEIO1, it revealed larger numbers
of drought episodes. Regions S2, S3, and S5 were affected by more meteorological drought episodes,
and S6 the least. SPEI12 showed fewer drought episodes affecting each sub-region, but confirmed that
S2 was the most affected and the southern regions the least.

SPEI1 a) b) SPEI12

Frequency

Figure 6. Annual frequency of meteorological and long-term drought episodes for the seven sub-regions
of Vietnam during the period 1980-2017 through the SPEI01 (a) and SPEI12 (b), respectively.

The use of other parameters that modulated the impacts of drought episodes as the average
duration and severity completed the information of the events. Drought episodes’ average duration
identified by SPEIO1 was generally similar (~2.5 months) for all sub-regions of Vietnam (Figure 7a),
revealing the high frequency of flash drought episodes. However, for SPEI12 this did not occur, with
S1 and S6 the regions with the longest events (~19 months), while the minimum average duration was
in S7 (15 months). In consequence, the average severity of meteorological drought episodes (Figure 7b)
was less than that computed for long-term drought episodes.
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a) Average of drought duration b) Average of drought severity
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Figure 7. Average of drought duration (a) and drought severity (b) of drought episodes identified
through SPEIO1 (blue bars) and SPEI12 (orange bars).

3.3.1. Characteristics of the Most Severe Meteorological Drought Episodes

The most severe meteorological drought episodes (assessed by SPEIO1) for each sub-region of Vietham
in the period under study according to their severity are shown in Table 4. For S1 and S2 the most severe
drought episodes started in July and June (rainy months), respectively, and lasted for nine and seven
months, which indicates an impact over subsequent dry seasons. In S3, drought onset was just at the
beginning of the rainy season and affected all dry season. In S4 and S5, drought episodes started on the
same dates, extending for the following 8 and 10 months, respectively; and finally, in S6 and S7, both
episodes began at the same month (December) but in different years and affected several of the following
months to conclude with the climatological increase of the precipitation. This is an inherent characteristic
of the SPEI01, to reflect most appropriately the water balance conditions of the regions.

Table 4. The most severe meteorological episode for each of the seven sub-regions of Vietnam in the
period 1980-2017 and their characteristics.

SPEIO1

. Duration . . Peak
Region Onset Peak End (months) Severity  Intensity Value
S1 Jul-2009 Oct-2009 Mar-2010 9 9.02 1.00 -1.99
S2 Jun-2009 Oct-2009 Dec-2009 7 6.31 0.90 -1.36
S3 May-2010  May-2010  Nov-2010 7 6.53 0.93 -1.35
S4 Sep-2004 Oct-2004 Apr-2005 8 7.75 0.96 -1.84
S5 Sep-2004 Oct-2004 Jun-2005 10 9.53 0.95 -2.10
S6 Dec-1990  May-1991 Jul-1991 8 7.40 0.92 -1.68
S7 Dec-1982 Jan-1983 Apr-1983 5 7.83 1.56 -2.20

The development of droughts involves numerous interacting climate processes and various
land-atmosphere feedbacks [85]. In particular, the vertical velocity (also represented by omega) has
usually been used for drought assessment [86,87]. A vertical cross-section of the mean values and
anomalies of omega for the peak month of the most severe drought episodes that affected each climate
sub-region between 1980 and 2017 is shown in the top and bottom panels of Figure 8, respectively.
Figure 8 represents a vertical latitudinal cross section (from 5° N to 25° N) along the 107° E longitude
and from 1000 hPa to 100 hPa. The joint analysis of omega mean values and anomalies allowed a local
scale perception of the vertical air displacement (downward, low-level divergence/upward, low-level
convergence) over each sub-region associated with severe and extreme drought conditions.
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Figure 8. Monthly mean (top panels) and anomalies (bottom panels) of omega (Pa s~!) represented for 107° E and for the peak month of the most severe drought
episodes identified 460 (see Table 4) in the period 1980-2017. In the top panels the reddish (bluish) colors represent downward (upward) movements. The pink line
represents the approximate latitude of 461 each sub-region. Data from the NCEP-DOE AMIP-II Reanalysis (R-2) [80].
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In October 2009 the peaks of the most severe drought episodes in both the S1 and S2 sub-regions
occurred simultaneously (Table 4). In this month, negative values of omega were observed in the
layer 1000-700 hPa over S1 and S2 (21° N to 23° N, pink line in Figure 8a). On the contrary, above
700 hPa the positive values of omega indicate subsidence and thus forcing divergence at the surface.
Positive anomalies of omega on the same layer (Figure 8b) confirmed the enhancement of downward
motions that restricted the convergence at the lower troposphere over both S1 and S2. In May 2010,
the peak month of the most severe drought episode that affected S3 (Table 4), negative values of omega
were observed over S3 (Figure 8c) from 1000 hPa to 700 hPa, which indicate the presence of upward
air motions. However, above 700 hPa (4 km), positive values of omega prevail and consequently
subsidence and lower troposphere divergence. The vertical cross-section of omega anomalies for
this month (Figure 8d) shows that positive anomalies prevailed above 700 hPa, which means that a
weakening (strengthening) of upward (downward) motions occurred. For the 5S4 and S5 sub-regions in
Central Vietnam the peak of the most severe drought episode occurred in the same month (October 2004,
Table 4). The cross-section of mean values of omega for this month shows positive values under 2 km
of height over S5, but negative over 54 (Figure 8e). Above this level mostly positive omega values were
observed and therefore subsidence and divergence, as in previous cases. The cross-section of anomalies
only shows positive values of this variable, indicating a whole strengthening (weakness) of downward
(upward) motions over the region (Figure 8f), suggesting the inhibition of convective motions over the
region. For S6, the peak of the most severe episode occurred in May 1991 (Table 4). Omega values over
this sub-region in the lowest troposphere were slightly positive and even zero, but they were negative
above 850 hPa (Figure 8g). The cross-section of omega anomalies for the same month (Figure 8h) shows
that only positive anomalies occurred in the lowest troposphere over S6, which helps to understand
the presence of drought conditions. Finally, for the southernmost sub-region (S7), it was observed
that omega values were positive along the all vertical column, indicating an environment in which
the air mass divergence prevails, and therefore the rainfall inhibition, in agreement with the dry
conditions identified. The anomalies of omega for this month also showed mostly positive values
over S7. Positive and negative values of omega as well its anomalies in the cross-sections evidence
latitudinal climate differences among the sub-regions of Vietnam considered in this study.

These results were confirmed through the patterns shown on the cross-sections of composite
anomalies of relative humidity (RH) and air temperature (T) (Figure 9) for the extended period between
the drought onset and the peak month of the most severe drought episodes for each one of the seven
regions. These patterns exhibited negative RH departures (dryer) between —4% and —18% for the total
air column over the several sub-regions (Figure 9, upper panels). As previously suggested, there was a
strong latitudinal variability, which is particularly evident from the temperature cross-sections. On the
one hand, these results show that moisture anomalies are essential during the intensification of these
extreme events. On the other hand they suggest that the contribution of temperature positive anomalies
is more relevant for the most extreme droughts occurring on the northern regions (Figure 9, lower
panels). For the drought event of 2009-2010 affecting the northern regions of Vietnam these results
are in agreement with the mechanisms identified for the particularly severe drought in southwestern
China during the same period, as described in [88]. Our results also suggest that further research
should be performed to better understand the role of moisture and temperature for each of these
extreme events and for each sub-region.
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Figure 9. Composite anomalies of relative humidity (in %; top panels) and air temperature (in °C; bottom panels) represented for 107° E and for the period between

onset and peak month of the most severe drought episodes for each of the seven regions of Vietnam according to the SPEIO1 series for the period 1980-2017. The pink
line represents the approximate latitude of each sub-region. Data from the NCEP-DOE AMIP-II Reanalysis (R-2) [80].
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3.3.2. Long-term Drought Episodes

The occurrence and duration of long-term drought episodes assessed through the SPEI considering
the accumulation period of 12 months are shown in Figure 10. Drought timescales can be associated
with specific drought impacts; at this accumulation timescale the SPEI is usually related to hydrological
droughts (e.g., streamflow, reservoir levels). Therefore, agricultural and societal impacts could be
expected. As observed, the sequence of episodes shown in Figure 10 illustrates similarity in the onset
and length of drought episodes for the S1, S2, and S3 regions. This seemed to change in 54, where the
episodes were shorter and had more similar patterns to those that occurred in sub-region S5. In the
S6 region the drought episodes also coincided with the onset and duration of most episodes identified
in the northern regions. Finally, the greatest temporal difference in the onset and duration of the
episodes were for S7, in correspondence with the characteristics of the evolution of drought conditions
described in Section 3.2. Despite the hydrological cycle latitudinally varying among the sub-regions,
it is well-recognized from this analysis that frequency and duration of long-term dry spells should be
largely driven by the climatology of the region.

Episodes SPEI12

S1 —

S3 — - - —_————

sS4

S5

Figure 10. SPEI12 drought episodes which occurred over the seven climate sub-regions of Vietnam
during 1980-2017. The episodes were identified following the criteria of Agnew [76].

4. Drought Propagation

Soil moisture represents a key aspect of land-atmosphere interaction and it has an affinity to
accumulate atmospheric forcing anomalies, playing an important role in determining the probability
of droughts that may affect some regions. For instance, at short timescales (days, weeks) a deficit
in precipitation combined with higher evaporation rates leads to a meteorological drought that may
propagate into the soil up to the crops. Consequently, it may lead to an agricultural drought and a
hydrological drought when both the groundwater and streamflow are affected [12,85,89]. The process
can take months and the soil can recall dryness long after the event has occurred. This behavior of
memorizing past anomalies is termed soil moisture memory [89,90]. Soil moisture acts as a memory of
anomalies in the land surface water budget and, in return, it has a postponed and long-lasting effect on
the overlying atmosphere through the land-surface fluxes of heat and moisture [91-93]. Soil moisture
contents is linked to plant biomass accumulation in many environments (such as dry, semi-arid, arid)
where water availability is the principal regulating factor [94]. It is generally seen as one of the most
appropriate variables for monitoring and quantifying the impact of water shortage on vegetated lands
due to its influence on the terrestrial biosphere and the feedbacks into the atmospheric system [95,96].
Soil moisture anomaly represents a deviation of current conditions from the usual status of water
availability. Therefore, negative anomalies are usually associated with drought conditions. The fact
that the soil can remember a wet or dry anomaly is a key aspect of land-atmosphere interactions and
has major implications for forecasting [97]. Figure 11 represents the SPEIO1 (orange bars) for the most
severe drought episode that occurred in S1 and the Soil Moisture root (SMroot) anomaly (blue line).
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Knowledge about root-soil moisture memory can enhance climate prediction accuracy, and support
agriculture and forest management plans. It can be noted that after the end of the episode (March
2010) the SMroot anomaly continued to be negative during the following six months, meaning that soil
reminisces the dry conditions six months after the event has occurred. On the right side of Figure 11
the soil drought memory (SDM) is represented for each of the seven sub-regions of Vietnam after their
most severe (MS) drought episode ended. All of them were between two and eight months, with the
exception of 56, where SMroot continued to be negative for 28 months.

E) Drought episode (MSS1) . Soil drought memory (SDM) , b) SDM
0 (months)
N MS-S1 6
_____ _______} | = I A L7 8
o —|ms-s3| 3
MS-S4 4
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Figure 11. (a) SPEIO1 for the most severe drought episode for S1 climate sub-region of Vietnam (MSS1)
in the period 1980-2017 (orange bars) and Soil Moisture root (SMroot; mm day_l) anomalies (blue line).
(b) Doil drought memory (SDM; months), number of months before the SMroot anomalies became
positive after the end of the most severe episode that occurred in each of the seven sub-regions of Vietnam.
The discontinuous green line represents the threshold for the identification of a drought episode.

Monthly correlations between the SMroot and the SPEI from 1- to 24-month timescales are shown
in Figure 12. In this assessment the maxima r values provided information about the best time scale in
which SMroot changes were best associated with dry/wet conditions in each sub-region of Vietnam.
For S1, from January to mid-August, the positive correlations indicate that maximum relationships
happened with a lag between 2 and 10 months, approximately. After July and August (the rainiest
months) the correlation decreased for September and October, but it was still statistically significant
until SPEI04. In November and December, the r values increased again for all 24 timescales. As expected,
due to its location near S1, the correlation pattern for S2 was very similar to S1. However, according
to r values from January to July, the SMroot anomalies were more associated with dry and wet
conditions computed considering the last six months. In November and December, the driest months,
the correlations were positive for all the SPEI timescales, but major r values were found for the
SPEIO2 to SPEIO6. For the rest of the sub-regions (S4 to S7) the correlations generally decreased.
In 54, the values of the correlation highlight that SMroot change during the driest months of the
year were strongly related to dry and wet conditions even from last previous months. For S5 and
S6 the temporal correlation pattern was very similar but slightly different from the above-described
for the northern regions. It is worth noting that in these regions the rainiest months were September,
October, and November and maxima correlations between SMroot anomalies and the SPEI occurred
from February to July, approximately. This confirms the importance of precipitation amount in
the rainiest months on the modulation of dry/wet conditions during climatological driest months.
Finally, in the southern sub-region (57), results show that SMroot in April (the beginning of the
rainy season) could be modulated by dry/wet conditions computed in particular from previous dry
months (December to March). In the rest of the year, it seems there was a low and no significant
relationship. The above-described results indicate that water availability changes in the root zone are
largely associated with dry and wet conditions not only from season to season, but also by longer
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accumulation periods, and more strongly in the northern regions of Vietnam. These relationships are
crucial given that the greatest positive (negative) correlation between SPEI and SMroot also reflects the
time scale in which water availability to plants leads to positive (negative) forest response and could
be used to perform agricultural plans.

Correlation b SMroot ar lies & SPEI 1-24

SPEI 1-24

SPEI 1-24

SPEI 1-24

SPEI 1-24

SPEI 1-24

SPEI 1-24

SPEI 1-24

Jan Feb Mar A

-1-0.8-0.6-0.4-0.2 0 0.20.40.60.8 1

Figure 12. Monthly correlations between Soil Moisture root anomalies (SMroot) and SPEI-01 to SPEI-24 for
the seven sub-regions of Vietnam. The dotted lines represent significant correlations at p < 0.05.
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5. Drought and Teleconnection Patterns Relationship

To investigate the influence of large scale atmospheric and oceanic teleconnection patterns on
drought occurrence in the seven climate sub-regions of Vietnam, the Pearson correlation between
several indices as BEST, DMI, WHWP, SOI, PDO, and ENSO 3.4 with the SPEI in all the 24 timescales
for the period of 1980-2017 were calculated and are shown in Figure 13. For S1, S2, and S3, the best
association was found for longer SPEI timescales, and negative correlations during all temporal scales
were just found with the SOI (orange line). These results suggest that positive (negative) values of
SOI are associated with the occurrence of dry (wet) conditions. The opposite happened with the
correlations between the SPEI and the BEST and ENSO 3.4 (principally for S2 and S3), which confirmed
that the La Nifia phase could be associated with dry conditions in these subregions. No significant
correlation was found between PDO, WHWP, and SPEI in S1, but they existed for longer SPEI temporal
scales in S2 and S3. The correlations for S4 and southern sub-regions showed some changes compared
with the above-described. For 54 a positive relationship (although not statistically significant) between
SOI and SPEI (computed for 10 months backward in time) was found. This relationship increased in
the southern sub-regions (S5, S6, and S7) for all SPEI temporal scales. Indeed, the positive (negative)
correlations of SPEI series with the SOI (BEST, ENSO 3.4) in S6 and S7 were opposite, with the same
correlations obtained for S1, 52, and S3, which indicates that the El Nifio phase is best associated with
dry conditions in southern regions of Vietnam. The EI Nifio phase is characterized by below-normal air
pressure in Tahiti and above-normal air pressure in Darwin, besides abnormally warm ocean waters
across the eastern tropical Pacific.
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Figure 13. Pearson correlation between the bivariate El Nifio Southern Oscillation time series (BEST),
Dipole Mode Index (DMI), Western Hemisphere Warm Pool (WHWP), Southern Oscillation Index (SOI),
Pacific Decadal Oscillation (PDO), East Central Tropical Pacific SST (ENSO 3.4), and Standardized
Precipitation Evapotranspiration Index (SPEI) at the 24-month timescale for the period of 1980-2017.
Statistically significant correlation at p = 0.05 is indicated by dashed red lines.
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Previous findings of Nguyen and co-authors [53] showed that temperature and rainfall variability
are shown to be linked to El Nifio on both national and sub-regional scales and a most recent study
by Le and colleagues [35], using the PDSI and ENSO indices (e.g., MEI (Multivariate ENSO Index),
and ONI (Oceanic Nifio Index)), confirmed that a positive phase of ENSO (EI Nifio) is better related to
the appearance of dry conditions in southern sub-regions S5, S6, and S7 than the rest in the middle and
north of the country. Also, investigating the spatial and temporal variability of SPI over the Indochina
Peninsula, Vu and Mishra [98] found a negative correlation between ENSO 3.4 and SPI for the coastal
region of Vietnam, indicating that an increase in the Central Pacific SST (El Nifio phase) is associated
with minor SPI values, and therefore an increase in the probability of droughts. As expected from
the increase in correlation for longer timescales of the SPEI with the climate indices, the hydrological
droughts would be the best associated with climatic teleconnections. In this sense, Rasdnen [99]
also found that the hydrological dynamics of the Mekong River have been strongly influenced by El
Nifio events.

Regarding the correlations obtained with the WHWP and DMI, these results show that a better
relationship with the SPEl in all sub-regions exists with the WHWP, being the greatest (and negative) for
S7. This indicates that the occurrence of dry/wet conditions in Vietnam, particularly in the south, is best
related to the tropical North Atlantic SST increase and extension of the pool rather than anomalous SST
gradient between the western equatorial Indian Ocean and the southeastern equatorial Indian Ocean.

The ENSO Influence during Drought Episodes

In this subsection we aim to clarify the different impacts of ENSO on the modulation of dry
conditions at each climate sub-region. Figure 14a shows the monthly climatological percentage of
Neutral, El Nifio, and La Nifia conditions during drought episodes identified by the SPEIO1 for each of
the seven sub-regions of Vietnam. From the northern to the southern sub-regions the percentage of
months under El Nifio conditions increased latitudinally, reaching 32% of months of drought episodes
affected by El Nifio in S7. These results were expected from the correlations shown in Figure 12 and
from previous studies already referenced. Nevertheless, more than 12% of the months that made up
the drought episodes coincided with La Nifia conditions. Neutral conditions accounted for more than
50% of the major number of months, which confirms that ENSO is not the only driver of drought
in Vietnam.
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Figure 14. (a) Monthly climatological percentages of Neutral, El Nifio, and La Nifia conditions during
drought episodes identified in SPEI01 for each of the seven sub-regions of Vietnam. (b) The anomalies
in the percentage of Neutral, El Nifio, and La Nifia conditions during all drought months identified in
SPEIO1 regarding all months in the period of 1980-2017.
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Figure 14b shows the monthly climatological percentage departures of Neutral, El Nifio, and La
Nifia conditions presented in Figure 14a from the long-term climatological percentages obtained for
all months. Figure 14b confirms that in the S1, 52, S3, and S4 sub-regions the drought episodes were
formed by a positive anomaly of the percentage of months during El Nifio and La Nifia conditions.
On the contrary, drought episodes in S5, S6, and S7 were characterized by positive (negative) anomalies
on the percentage of months under El Nifio (La Nifia).

6. Conclusions

In this study, the SPEI and the SPI at timescales from 1 to 24 months were used to investigate
the temporal incidence of extreme dry conditions in the seven climate sub-regions of Vietnam during
the 19802017 period. Results showed that the main periods of drought occurred simultaneously
throughout the country in 1992-1993 and 2003-2004, with the exception of 2015-2016, which was
not identified for the southern part of the country. In addition, a slight temporary lag could be seen
latitudinally (north-south) at the beginning of dry conditions, revealing the difference between the
northern and southern sub-regions. A trend analysis revealed the prevalence of a positive trend of both
the SPEI and SPI time series corresponding to a tendency to wetter conditions; however, their difference
(SPEI-SPI) was always negative, suggesting the importance of temperature and evapotranspiration
processes on the intensity of dryer conditions. The absolute value of the trend gradually increased
when SPEI and SPI were calculated with more lagged months (longer timescales), showing that the
memory of moisture conditions in previous months is accumulated to latter months. To account for the
effects of both the precipitation deficit and changes in temperature at different timescales, the SPEI at
1 and 12 timescales was chosen for the detailed identification of the most extreme drought episodes and
their respective indicators, such as duration and severity for each climate sub-region. Results revealed
that the number of drought episodes did not vary much between regions. However, the average
duration and severity of episodes calculated on an annual scale of the SPEI showed differences between
regions. In order to see the best timescale with which soil moisture changes were best associated
with dry/wet conditions in each climate sub-region, monthly correlation between the soil moisture
root anomalies and the SPEI from 1- to 24-month timescales was also provided. Results indicated
that the changes in the soil root zone were largely associated with dry and wet conditions not only
from season to season, but also by longer accumulation periods and more strongly in the northern
sub-regions of Vietnam. Moreover, a study of the most severe meteorological drought episodes also
revealed the occurrence of negative anomalies of the root-soil moisture in the subsequent four or more
months. Dynamic atmospheric conditions associated with the peak of the most severe drought episodes
for every sub-region showed the crucial role of subsidence (and associated inhibition of convective
motions) in the middle and high atmosphere. Finally, the linkages between drought conditions in
Vietnam and large-scale atmospheric and oceanic teleconnection patterns were different between
sub-regions. The obtained results revealed the influence of SOI on wetter and BEST, ENSO 3.4, WHWP,
and PDO on drier conditions in southern regions of the country, while the opposite patterns could be
observed for some of the northern regions in some timescales. Also, the assessment of the different
impacts of ENSO on the modulation of dry conditions in each climate sub-region revealed that from
the northern to the southern sub-regions the percentage of months under El Nifio conditions increased
latitudinally, reaching 32% of months of drought episodes affected by El Nifio in S7. These results are
in agreement with the findings of Nguyen [49], who found that the effects of El Nifio in the southern
part are often stronger than in the northern part of Vietnam. Results also showed that more than 12%
of the months that made up the drought episodes coincided with La Nifia conditions, while neutral
conditions accounted for more than 50% of the number of months.

Finally, it is worth stressing that this study allows a better understanding of the relationships
between SPI and SPEI in different timescales (1 to 24 months) for each of the seven sub-regions of
Vietnam, identifying their trends and variability among regions, as well as the large-scale dynamic
atmospheric conditions associated with the characterization of the most severe drought episodes.
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Therefore, since today there are freely available large, high resolution datasets and forecasts, better and
more efficient monitoring and forecasting of meteorological and hydrological droughts may be now
performed. These may contribute to providing early warnings and developing risk management tools
tailored to each of these areas where water resources and agricultural production are vital for local
economy and populations.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/3/813/s1,
Figure S1: Time series of the SPEI01 (shaded in light blue) and SPI01 (red line) (a) and their difference (b) for the
seven climate sub-regions of Vietnam during 1980-2017. The discontinued blue (red) lines represent the trend of
each series. The wetting (drying) significant trends are shown in red +(—) signs at the left bottom of each graphic;
Figure S2: The same but for SPEI18; Figure S3: The same but for SPEI24.
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