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Abstract: The Mekong delta is Vietnam’s premier rice growing region, forming the livelihood basis for
millions of farmers. At the same time, the region is facing various challenges, ranging from extreme
weather events, saline water intrusion, and other anthropogenic pressures. This study examines
how saline water intrusion and drought have affected rice yield in the Vietnamese Mekong Delta
(VMD). Applying the Standardized Precipitation Index (SPI) and the maximum and minimum values
of annual average salinity, we spatially examine the effects of drought and saline water intrusion
on rice yields over a 40-year period (1980–2019). Our results highlight that 42% of the natural land
area of the VMD has experienced increased drought occurrence during the winter-spring (WS) rice
cropping season, while certain inland regions have additionally experienced increased drought
occurrence during the summer-autumn (SA) rice cropping season. The Tri Ton Station, which has a
significant Sen’s slope of−0.025 and a p-value of 0.05, represents an upstream semi-mountainous part
of the delta, indicative of a rising severity of reoccurring drought. It should be noted that the yield
decreases during the summer-autumn season as the positive SPI_SA increases. Salinity, on the other
hand, is associated with SPI_WS during the winter-spring season. Our results highlight the need for
improved evidence-based planning and investments in priority adaptation for both sustainable water
infrastructure and to improve system resilience.

Keywords: drought; saline water intrusion; Standardized Precipitation Index; rice yield; Mekong
Delta; adaptation

1. Introduction

Drought is a recurring climatic feature [1,2] that poses a serious threat to society [3].
It is frequently regarded as the most complex, yet least understood, of all climatic haz-
ards [4–6]. Droughts differ from other natural hazards, such as floods, tropical cyclones,
and earthquakes, as they are typically slow onset hazards [2,7–9]. Drought is defined as
a shortfall in precipitation relative to what is considered to be expected normally over a
season or a longer period of time, as well as the inability to sustain natural environmental
flows and meet societal needs due to water scarcity and declining quality [2,5]. More-
over, despite improvements in forecasting, drought is still considered unpredictable [10].
Precipitation deficit is the most important driving factor for drought; however, it is still
challenging to exactly pinpoint when a drought begins and ends [2,5]. As such, drought
is usually related to a long and sustained period in which water availability becomes
scarce [11], and as such, is also referred to as a creeping phenomenon [1,9]. In the context of
climate change, a better understanding of drought mechanisms, improved monitoring and
early warning systems are urgently needed to deal with both devastating and cascading
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effects in the future [8]. At a regional scale, drought indices are commonly used to monitor
hydrological conditions [12]. Several alternative indicators and indices have been proposed
to quantify meteorological drought, but the Standardized Precipitation Index (SPI), created
by McKee et al. (1993, 1995) [13,14], is one of the most often used [15]. The SPI was chosen
by the World Meteorological Organization [16] as a drought indicator in 2009, and it was
subsequently recommended to researchers and policymakers for estimating the effects and
repercussions of meteorological drought on agricultural output and livelihoods to different
geographical regions [17–23], including Vietnam [24–26].

The agricultural sector is the world’s largest water user, accounting for roughly 70%
of total global freshwater consumption. This is expected to increase to 90% by 2050, far
beyond the predicted level of water availability [27,28]. Water demand for agricultural
production in the Vietnamese Mekong Delta (VMD), one of the largest rice producing
regions in the world, is sourced from rainfall, as well as 60% from the Mekong River. Here,
agricultural water demand in 2100 is expected to be two to three times greater than that of
2000 [29]. Moreover, due to the low and flat terrain, its geography, and tropical monsoon
climate, the VMD is extremely vulnerable to the impacts of climate change and saline water
intrusion, which results in soil degradation and freshwater scarcity. The extent of affected
land is expected to increase over the coming decades [30].

The current literature provides only a small number of studies addressing the spatio-
temporal assessment of drought and saline water intrusion. Yin et al. (2021) [31] mapped
global-scale maize drought risk in the context of climate change and undertook a drought
risk assessment of China’s mid-season paddy rice. Besides this, other studies have investi-
gated drought adaptation and coping strategies, for example, in the Turkana Pastoralists of
Northern Kenya [32]; in the USA [33]; and coastal Bangladesh [34]. This is in addition to
studies of saline intrusion into the aquifers of the North American coastal region [35], or
lessons learnt in water management from California [36].

The Mekong Delta in Vietnam is the world’s third largest delta, home to nearly 18
million people, whose main source of income is agriculture and aquaculture production.
Moreover, the substantial contamination of surface water prevents much of its use for do-
mestic and agricultural tasks [37–39]. The freshwater resources are also strongly influenced
by hydroelectric dam development in the upstream Mekong River system, which often
causes a serious shortage of flow during the dry season to the downstream areas [40–42].
Moreover, the VMD recently suffered the most severe droughts and saline intrusion in
the past 100 years, in both the 2015–2016 and 2019–2020 seasons. It should be noted that
drought and saltwater intrusion not only affects the availability of fresh water for domestic
use, but also disrupts production and cause crop losses. Here, water acts as a crucial driver
for the vulnerability of local people in terms of water availability and future interactions be-
tween both the anthropogenic and hydrological systems. As a result, a comprehensive and
effective hydro-meteorological management plan for the Mekong Delta region is required.
Despite its great importance, very little robust scientific information is available to address
the issues of climate change, saline intrusion, and drought and their impacts on rice yield in
the VMD using an integrated approach [43,44]. With the aforementioned knowledge gap,
this study applies an integrated approach to address the complex interactions of hydro-
meteorological hazards, salt water intrusion and agricultural productivity. This approach
is highly novel as it addresses the complex nexus interaction between food-water-climate
change. This study has adopted equations and tools commonly used, which are not data
intensive, yet provide robust scientific outcomes. Since the majority of countries in the
Global South suffer from issues of data scarcity, this study highlights how to utilizes the
minimum available data for meaningful scientific works and policy relevant information for
the sustainable and resilient development of an agricultural area located in a deltaic plain.
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2. Methods
2.1. Study Area

The VMD is located in the monsoon region of Southeast Asia, with two distinct seasons;
the rainy season roughly coincides with the summer, lasting from April to November. The
activity and irregularity of the sea air masses, together with the activity of the monsoon and
the equatorial-tropical disturbances therein, dominate and determine the weather changes
in this region, whose consequences often result in extraordinary natural disasters, including
drought [45].

The locations of 14 meteorological stations and four salinity stations are shown in
Figure 1. Total daily rainfall was collected for the years 1978 to 2019, and daily salinity
maximum and minimum data were collected from 2000 to 2019. The monthly salinity
was collected from three stations along the eastern coast (Vam Kenh Station is located at
the Mekong River estuary, Ben Trai Station is located along Co Chien River-a branch of
Mekong’s estuary, and Tran De Station located at Bassac River estuary). Salinity data were
collected from one station on the western coast (Xeo Ro Station, located along the Cai Lon
River about 8 kilometers from the river’s mouth) and four stations on the eastern coast (Vam
Kenh, Ben Trai, Tran De, and Xeo Ro). Between 2000 and 2019, the mean salinity maximum
was 15.6 g/L, 16 g/L, 12.7 g/L, and 11.8 g/L, whereas the mean salinity minimum at those
locations was 11.9 g/L, 5.1 g/L, 5.8 g/L, and 7.2 g/L, respectively.
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Figure 1. The location of the 14 meteorological stations and salinity stations (Vam Kenh, Ben Trai,
Tran De, and Xeo Ro) utilized in the Vietnamese Mekong Delta.

In comparison to the normal distribution, SPI displays rainfall deficit. A meteorological
drought condition is determined using the SPI at a 1-month temporal scale and is defined
as the shortage of rain over a period of around 1 month. It is suggested to use the SPI
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indicator on a scale of 3 to 9 months for agro-arid situations. The SPI may also depict
hydrological arid conditions on a longer time range, from 12 to 48 months. Therefore,
monthly precipitation values were used to calculate the SPI at multiple timescales. The
drought criteria used in this study area were as follows:

(i) Drought levels were calculated for 1-month and 12-month periods, and seasonal rice
cropping (summer–autumn and winter–spring) over the 40-year dataset;

(ii) Trend of droughts, and the maximum number of sequential arid years using trends in
the SPI 12-month from the Mann–Kendall test and Sen’s slope [46];

(iii) Cluster analysis and Thiessen were conducted for spatial analysis using SPI 12-month
and SPI 1-month;

(iv) Drought characteristics, such as drought frequency, length, and severity, were exam-
ined, as well as probability analysis;

(v) The Pearson correlation technique were conducted the relationship between SPI
seasons indices with saline water intrusion and rice yields.

2.2. SPI Calculation and Classification

Monthly rainfall data were collected from the aforementioned 14 stations for the
40-year period 1980–2019. The SPI values were calculated using McKee et al. (1993),
for various time scales: 1-monthly, 12-month, time series seasons (summer–autumn and
winter–spring). A positive or negative SPI value indicates an excess or deficit compared
with the mean precipitation, respectively. Originally, McKee et al. (1993, 1995) [13,14]
proposed drought begins when SPI = 0, although two later assessments by Agnew (2000)
and Łabedzki (2007) [47,48] suggest that drought conditions start at SPI = −1. In this study,
we used the SPI-based drought classification for Vietnam, in which SPI = −0.25 signifies
the onset of drought conditions [24]. Drought indicators were classified into 10 hazard
classes of moisture and drought: very slight, slight, moderate, severe, and extreme drought.
SPI was calculated for each period with the SPI thresholds, as shown in Equation (1), and
SPI values for different drought conditions, as shown in Table 1.

SPIi =

(
Ri − Ri

)
σi

(1)

where, Ri is the total precipitation within the period, Ri is the average precipitation in the
period and, σi is the standard deviation.

Table 1. Vietnam’s SPI-based classification of the drought includes the category and value.

Drought Level SPI Values Drought Level SPI Values

Normal 0–0.24 Normal (−0.24)–0
Very slightly wet condition −0.49 Very slight drought (−0.49)–(−0.25)

Slightly wet condition 0.5–0.99 Slight drought (−0.99)–(−0.5)
Moderately wet condition 1–1.44 Moderate drought (−1.44)–(−1)

Severely wet condition 1.5–1.99 Severe drought (−1.99)–(−1.5)
Extremely wet condition >2 Extreme drought <(−2)

2.3. SPI Trend Estimation Using the Mann–Kendall Test and Sen’s Slope Estimation

The application of the seasonal Mann–Kendall test was used for the piezometric time
series data to enable further data interpretation for drought conditions. The magnitude of
the slope was computed using the Sen’s slope test, as shown in Equation (2) [49].

Sk =
n

∑
i=1

Si (2)

Kendall’s S statistic Si for each season is summed to form the overall statistic, Sk.
Mann–Kendall statistics provide an indication of whether a trend exists and, if so, whether
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the trend is positive or negative based on range between −1 and 1 for each pair of data
points, depending on the sign of the difference between the values. The Mann–Kendall
equation, which is based on the value of S statistic, calculated using the equations shown
as Equation (3).

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
(3)

where xi and xj are sequential data values, n is the length of time series, and:

sgn
(
xj − xi

)
=


1 i f

(
xj − xi

)
> 0

0 i f
(
xj − xi

)
= 0

−1 i f
(
xj − xi

)
< 0

(4)

Mann (1945) and Kendall (1975) [46,50] stated that when n ≥ 8, S is almost normally
distributed with the following mean and variance:

E(Sk) = 0 (5)

The value of S near zero, positive and negative implies no significant, upward, and
downward trends, respectively. The magnitude of S measures the strength of the trend.
Note that if the absolute value of S is greater than the critical value of S indicates that trends
are statistically significant.

Var(Sk) =
1

18

 n(n− 1)(2n + 5)−
n
∑

i=1
ti(ti − 1)(2ti + 5)

 (6)

where ti is the number of ties of the extent i, and n is the number of observations in the set.
The standard Zsk statistic is calculated as follows:

Zsk =


Sk−1√
Var(Sk)

Sk > 0

0 Sk = 0
Sk+1√
Var(Sk)

Sk < 0
(7)

where Zsk pursues the standard normal distribution with µ = 0 and δ = 1. The Sen’s slope
was used to determine magnitude of the trend. Z statistic is formed and compared with a
critical point from the standard normal distribution. Besides this, the magnitude of a time
series trend was evaluated by a simple non-parametric procedure developed by Sen, Ti is
between any two values of a time series, which gives a total of n(n − 1)/2 pairs of data
could be calculated by:

Ti =
xj − xi

j− i
(8)

where xj and xi are values at time j and i (1 < i < j < n), n is the number of data. The median
of these n values of Ti is represented as Sen’s estimator of slope. The positive and negative
values of Ti indicate the upward and downward trends in the time series, respectively.

2.4. SPI Spatial Pattern Analysis

For evaluating the spatial pattern of SPI 12-month and hence the drought, first Agglom-
erative Hierarchical Clustering (AHC) was applied to the data from the 14 meteorological
stations during 1980–2019 using the time series data of SPI 12-month. The mean SPI
12-month and SPI 1-month drought values were displayed using Thiessen analysis, which
has been applied in many previous studies [51–53]. The influenced zone of each station was
specified by the Thiessen method [54,55]. Data analysis was performed through statistical
software using an add-on for Excel (XLSTAT) version 2021 [56]. Spatial analysis between
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the 14 meteorological stations was carried out using the time series of SPI values, which
were classified by the AHC method using the following steps. Firstly, each point of data
developed its own cluster on its own, as shown by the equation (Gi = {xi}, (i = 1, 2, . . . , n)).
Development of the distance matrix D = (Dij)cc, where c denotes the number of clusters;
second, estimate the distances between each pair of objects in each cluster. Third, combine
the clusters that are closest to one another (by setting c = c − 1, assume they are Gp and Gq
into a new cluster Gr with their elements as Gp ∪ Gq). Fourth, consider the cluster number.
If the class number c exceeds the desired number of clusters, return back to Step 2. Finally,
as output, extract the clustering results [57].

The area weighted rainfall method with the Thiessen polygon method was used
for spatial interpolation. This is based on the assumption that the values of unsampled
locations are equal to the value of the nearest sampled point. This method is commonly
used in the analysis of climatic data; when data are unavailable, the nearest meteorological
stations are used [58–61]. The principle of the Thiessen polygon is quite simple [62]. Let
P be a finite set of points in the Euclidean plane; Thiessen polygons are derived from
a topological relationship between a set of points (x, y) in two-dimensional space (Mu,
2009) [62]. Mathematically, assume P is a finite set of points in the Euclidean plane,
P = {p1, . . . , pn}, where 2 ≤ n ≤ ∞. If x is any location in the planar space, then the
Euclidean distance between x and pi is de (x, pi). Let T(pi) denote the Thiessen polygon of
the point pi, then:

T(Pi) =
{

x|de(x, pi) ≤ de
(
x, pj

)
f or all j, j 6= i and i, j ≤ n

}
(9)

3. Results and Discussion
3.1. SPI 12-Month Spatiotemporal Drought Analysis for the VMD

The SPI 12-month drought was determined for the 14 meteorological stations over the
40-year period, in order to divide them into 5 clusters based on the SPI 12-month drought
characteristics (Figure 2). As a result, for each cluster, a time series of SPI 12-month drought
value trends from 1980 to 2019 is also shown (Figure 3).
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Figure 2. The 14 meteorological stations in the VMD were divided into five clusters based on the SPI
12-month drought over a period of 40 years: (a) Cluster No.1 (Ca Mau, Rach Gia), (b) Cluster No.2
(Vi Thanh, Bac Lieu, Soc Trang), (c) Cluster No.1 (Cao Lanh, Chau Doc, Ba Tri, My Tho, Vinh Long),
(d) Cluster No.4 (Moc Hoa, Cang Long), and (e) Cluster No.3 (Tri Ton).
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Figure 3. The SPI 12-month drought time series at 5 clusters, 1980–2019: (a) Cluster No.1, (b) Cluster
No.2, (c) Cluster No.3, (d) Cluster No.4, (e) Cluster No.5 (only Tri Ton Station in cluster No.5 tends to
increase the drought level at a p-value of 0.05 using Mann–Kendall test).

Figure 2 shows the AHC analysis results, which group the 14 meteorological stations
into five clusters, in which two clusters consist of meteorological stations located in the
coastal zones (clusters No.1 and 2), two clusters consist of meteorological stations located in
the VMD’s interior regions (clusters No.3 and 4), and one meteorological station represents
a single station located in semi-mountainous terrain (cluster No.5).

Based on the SPI 12-month mean values of drought over a 40-year period, clusters No.1
and 2 were discovered to have positive SPI 12-month values (greater than 0). Cluster No.1
was categorized as moderately wet since its mean SPI 12-month drought value was high
(1.35). When compared with the other cluster stations, Ca Mau and Kien Giang in cluster
No.1 have higher mean SPI 12-month values, such as 1.4 and 1.3. Similar to cluster No.1,
cluster No.2 was categorized as slightly wet, with a mean SPI 12-month drought value of
0.4. At each station in cluster No.2, the mean SPI 12-month drought values were determined
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to be 0.28, 0.64, and 0.47 for Vi Thanh, Bac Lieu, and Soc, respectively. Because these two
stations are near the coast, the SPI 12-month values of Bac Lieu and Soc Trang were slightly
higher than those of Vi Thanh. Moreover, Figure 3b also highlights the extreme drought
in Vi Thanh in 1988. Clusters No. 3, 4 and 5 have SPI 12 mean values that were negative
(less than 0), which indicates that they have a tendency to be dry. The mean SPI 12-month
drought value across Cluster No.3 stations was −0.37, with individual values at the Cao
Lanh, Chau Doc, Ba Tri, My Tho, and Vinh Long stations of −0.47, −0.86, −0.47, −0.58,
and −0.54, respectively. It was also noticed that the Chau Doc Station in Cluster No. 3
displayed the highest average level of drought compared to the others (Figure 3c). Besides
that, Chau Doc and My Tho experienced an extreme drought in the year 2002. Although the
characteristics of cluster No.4 was comprised stations with a negative mean SPI 12-month
drought value, they were classified as normal condition (with mean SPI 12-month drought
values of −0.17). It should be noted that cluster No.5 includes only a single station with
an annual SPI 12-month drought value of −0.75. At the stations in Tri Ton in cluster 5 and
Chau Doc in cluster No.3, the SPI 12-month drought average values were comparable. The
SPI 12-month value at the Tri Ton Station, in contrast to the Chau Doc Station, highlights
a decreasing trend over time and with significantly higher variation for 40-year period
1980–2019.

Tri Ton Station in Cluster No.5 shows an increasing level of drought, with a significant
Sen’s slope of −0.025 and a p-value of 0.05 (Figure 3e). Moreover, despite the fact that
the SPI 12-month drought detected increasing dryness at Moc Hoa, Can Tho, Cang Long,
Chau Doc, and Soc Trang stations for the past 40 years, these trends were not statistically
significant. Similar, the stations of Ca Mau, Rach Gia, Bac Lieu, Vi Thanh, Ba Tri, My Tho,
Vinh Long, and Cao Lanh, the SPI 12-month drought tended to be more humid, but these
trends were also not statistically significant.

Moreover, the results for the three meteorological stations, Cang Long, Can Tho,
and Moc Hoa, all exhibited normal characteristics according to the drought catalogue of
Vietnam. These findings have a high correlation with the AHC analysis results. Amongst
different meteorological stations in the VMD, Rach Gia and Ca Mau showed the highest
mean levels of rainfall in comparison to other regions. This is not surprising, given their
coastal locations. This is in line with the AHC classification of cluster No.1 for Rach Gia
and Ca Mau with wet conditions. The features of cluster No.2 (Bac Lieu, Soc Trang, and Vi
Thanh) range from very slightly wet to moderately wet conditions. Although clusters No.3
and 5 both are part of the VMD’s two clusters of droughts, cluster No.5 only contains Tri
Ton Station, which has a unique drought characteristic relative to other stations. Cluster
No.5’s mean annual SPI tends to decline over time, indicating a tendency of intensifying
drought conditions. In contrast to cluster No.5, the mean annual SPI of cluster No.3 varied
from year to year (wet years alternating with dry years).

The Thiessen polygon interpolation method was used to spatially represent the mean
SPI 12-month drought values (Figure 4).

As can be seen in Figure 4, interior areas tend to experience very slight to slight
drought, while the coastal areas tend to display moderate to extremely wet conditions.
To have a more in-depth understanding of the level of drought in the study area, it was
required to take into account the monthly and seasonal distribution of rainfall deficiency.
The Mann–Kendall test of 14 meteorological stations over a 40-year period using SPI
1-month is shown in Figure 5.
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Figure 5. The mean SPI 1-month drought for the VMD using Thiessen polygon interpolation, during
1980 and 2019.

3.2. SPI 1-Month Spatiotemporal Drought Analysis for the VMD

The drought index enables drought monitoring at multiple timescales. The monthly
distribution of rainfall was assessed, which is useful for agricultural water management.
Figure 5 depicts the monthly distribution of rainfall deficit in the VMD.

Drought affects nearly the entire VMD every year from December to April in the
dry season, with severity ranging from light to moderate. The VMD experienced the
worst droughts on record, with moderate drought affecting 78% of the region and slight
drought affecting 22% in the month of February. The light and moderate drought levels
were observed for 62% and 34% of the total VMD area, respectively. A previous study
also revealed that the VMD faced moderate drought in the years 2016 and 2020 [63,64].
Climate change and decreasing upstream flow volumes are determined to be the main
factors affecting the VMD’s drought conditions [64]. Although the wet season officially
begins in May, the VMD typically experiences a very slight drought in both the months of
May and June.

The area of the VMD affected by slight and very slight drought conditions in the
month of May was 57% and 12%, respectively, and for June it was 60% and 19% for slight
and very slight drought. The drought zone was seen in the semi-mountainous area of the
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VMD as highlighted by Tri Ton meteorological station. Here, severe and slight drought
conditions based on SPI 1-month values are shown in Figure 5. Similar to Tri Ton, Chau
Doc Station showed similar results, despite the fact that the intensity of drought decreased
compared to Tri Ton.

Nearly the entire VMD experienced humidity ranging from light to moderately wet
(approximately 85%–89% of the land in the VMD) from July to October, with no signs of
drought. For example, the calculated SPI 1-month values were 0.63. 0.68, 0.77, and 0.83
for July, August, September, and October, respectively. For the Ba Tri area (6% of the total
natural land of the VMD region), the drought begins early in November, while the rest of
the region experienced very slight wet conditions. Slight droughts are seen to occur over
the entire VMD region from December onwards, and the cycle of drought is resumed.

3.3. Seasonal Drought Assessment in the VMD and Its Relationship with Rice Yield

Since wet years alternate with dry years in the VMD, the Mann–Kendall test found
no evidence of increasing precipitation levels while only the Tri Ton Station displayed
a decreasing trend of SPI 12-month during the 1980 and 2019 period with Kendall’s tau
values of −0.265. Therefore, we expect to see a significant trend in the SPI season. The SPI
seasonal trends show that for some meteorological stations, SPI values increased in the WS
and decreased in the SA rice crop at a significance level of 0.05. In the SA rice cropping
season, only Tri Ton Station exhibited a substantial decrease at the 0.05 level, However,
a number of stations were found to have a significant increased precipitation trend and
Figure 6 shows some stations with high Kendall’s tau, such as station Ca Mau (0.301), Kien
Giang (0.283), My Tho (0.349), Ba Tri (0.294) (Table A1).

In the WS rice cropping season, under a 5-year return period, the VMD would likely
endure a slight drought (SPI ≤ −0.5) over approximately 78% of its area. Whereas, a
moderate drought (SPI ≤ −1) affects approximately 86% of the VMD area once every
20–30 years. For wet conditions in the WS rice cropping season, for a 40-year return period,
57% of the VMD’s land area, respectively, would experience moderate wet conditions
(SPI ≥ 1). Yet, only 4% of the VMD’s land area is under a moderately wet condition, with a
return period of 60 to 70 years.

It should also be noted that, the very slight drought and slight wet conditions tend
to occur more frequently in the VMD during the WS rice cropping season. For example,
about 52% and 39%, respectively, of the VMD’s land area experiences very slight drought
over a 3-year and a 4–5-year return period. In contrast, 73% and 19% of the VMD area are
estimated to experience very slight wet conditions over a 4-year and a 9–10-year return
period, respectively.

Approximately 43% and 33% of the land area are affected by slight drought and slight
wet conditions once every 10–15 years. The moderate drought in the summer-autumn rice
cropping season is a very rare occurrence. Only 16% and 66% of the VMD’s land area are
likely to experience a moderate drought with an average recurrence of a 30–50-year and a
100-year return period, respectively. In particular, Bac Lieu Station is likely to experience a
repeated moderate drought situation at an average 1000-year return period, which would
cover 5% of the region. In contrast, the moderate wet conditions would appear more often
than moderate drought in the SA rice cropping season, with 37%, 24%, and 35% of the VMD
area likely to face moderate wet conditions within a 40–50-year, 70–80-year, and 100-year
return period, respectively.
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Figure 6. Trend analysis of seasonal drought events at selected meteorological stations over a 40-year
period using the Mann–Kendall test and Sen’s slope: (a) Tri Ton Station, (b) Ca Mau Station, (c) Kien
Giang Station, (d) My Tho Station, and (e) Ba Tri Station.The results of the probability analysis and
return periods are shown in Figure A1 (Ca Mau and Bac Lieu stations only) and Table 2. The return
period is defined by (T = 1/P) or (T = 1/(1 − P) depending on P values, in which, P denotes the
probability of occurrence or exceedance of an event and T denotes the return period. The value of the
return period was used, based on how frequently droughts or wet periods occur. Table 2 shows a
comprehensive summary for the occurrence of drought conditions for different cropping seasons and
for different return periods. It was found that the VMD experiences very light droughts (SPI ≤ −0.25)
or very slight wet periods (SPI≥ 0.25) more frequently during the winter and spring months. Overall,
on average, 97% of the entire study area will experience a very slight drought in a 3-year return
period, and 96% of the area will experience a very slight wet period (SPI ≥ 0.25) for the winter-spring
rice cropping over a 4-year return period.
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Table 2. Return period (N, year) at various drought levels for SA and WS rice cropping seasons.

The Summer-Autumn Rice Cropping Season

Name of Station
Return Period

(Year)
SPI ≤ −1

Return Period
(Year)

SPI ≤ −0.5

Return Period
(Year)

SPI ≤ −0.25

Return Period
(Year)

SPI ≥ 0.25

Return Period
(Year)

SPI ≥ 0.5

Return Period
(Year)

SPI ≥ 1

Bac Lieu 1000 12 4 4 9 54
Ba Tri 104 6 4 3 5 110

Ca Mau 118 8 3 4 8 44
Cang Long 123 11 4 4 11 120

Can Tho 122 20 5 1 20 121
Cao Lanh 34 7 3 4 8 38
Chau Doc 78 7 3 4 8 78
Moc Hoa 121 8 3 4 8 60
My Tho 100 10 3 10 5 139

Rach Gia 123 11 3 4 9 64
Soc Trang 101 10 4 4 12 105
Vinh Long 109 14 5 4 11 106
Vi Thanh 75 10 4 4 10 65
Tri Ton 53 2 2 9 16 50

The Winter-Spring Rice Cropping Season
Bac Lieu 43 7 3 5 11 73

Ba Tri 25 5 3 4 9 41
Ca Mau 26 6 3 4 9 39

Cang Long 28 6 3 4 9 37
Can Tho 33 7 3 4 9 44
Cao Lanh 22 5 3 4 7 28
Chau Doc 24 5 3 4 9 38
Moc Hoa 44 8 4 4 10 60
My Tho 34 6 3 3 5 33

Rach Gia 20 5 3 4 7 27
Soc Trang 30 6 3 4 8 40
Vinh Long 30 7 3 4 9 40
Vi Thanh 25 6 3 4 8 32
Tri Ton 24 5 3 4 8 33

The very slight drought, as well as very slight wet conditions, are seen to be a common
occurrence in the VMD. However, very slight drought occurs more often, and the affected
area in both seasons is also spatially larger than that in the very slight wet conditions. In
general, the SA rice cropping season showed wet conditions more frequently than the WS
rice cropping season, whereas the WS rice cropping season experienced drought conditions
more frequently than the SA season. It should be noted that the higher positive SPI indicates
more rain in the SA rice cropping season, which could affect rice yield. Therefore, the
Pearson correlation was used to identify the relationship between SPI indices and saline
water intrusion with rice yield, as is shown in Figure 7.

For the SA rice cropping season, we found that the correlation between the average rice
yield and the average SPI_SA in the VMD was 0.65 at a significance level of alpha = 0.05.
Moreover, the salinity (Smin and Smax) at Vam Kenh Station (Co Chien River) and the an-
nual winter-spring rice yield in the VMD was also found to be correlated with a correlation
value of 0.82 for Smax and 0.8 for Smin, respectively; at a significance level of alpha = 0.05.
It should be noted that during the summer-autumn season, the yield decreases as the
positive SPI increases. Salinity, on the other hand, is associated with SPI_WS during the WS
season. However, air temperature, hydraulic irrigation works, and rice farming practices
have the potential to be confounding variables that can affect rice yield. It was reported
that the rice production decreased by 70% during the 2016 drought, when compared with
the previous year [64]. Previous research has also revealed livelihood vulnerability under
the impact of drought in Asian countries [22,65]. Going forward, further research is needed
to find innovative solutions to adapt as the extent and severity of the drought worsens.

The sustainability of water resources is dependent on interconnected physical, chem-
ical, biological, and human processes, all of which have an impact on the quantity and
quality of available water supplies [37]. To manage saltwater intrusion, one must first
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understand the extent of the issue, as well as the physical mechanisms (or modes) by which
saltwater intrusion occurs as a result of natural and human activities [36]. In order to
effectively raise awareness of natural disasters and how to respond, and in order to make ef-
fective use of water resources, public outreach must be expanded. Furthermore, equipment
must support drought and salinity monitoring and warning systems. To ensure long-term
resource sustainability, the scientific and political communities must combine their mutual
interests and forge a coordinated plan that the public understands and embraces.
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Figure 7. The Pearson correlation between mean rice yield in the summer-autumn rice cropping
season and winter-spring rice cropping season with annual SPI season (SA and WS) and salinity at
coastal stations (Vam Kenh, Tra Vinh, and Xeo Ro).

Considering the severity of the impacts of saltwater intrusion and hydro-meteorological
hazards like drought, in terms of both socio-economic losses and human welfare, this study
has used an integrated approach to address the complex interaction of both issues and
agricultural productivity. This approach is highly novel, as it used transdisciplinary ap-
proach to address this complex nexus issue of interaction between food-water-climate
change. This study adopted the equations and tools that are commonly used but are
not data-intensive, yet provides robust scientific outcomes. Since most of the developing
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countries in Asia or the Global South has a common issue of data scarcity, this study will
provide a guideline about how to use minimal available data for meaningful scientific
works and policy-relevant information for decision-makers.

4. Conclusions

Based on the SPI 1-month, SPI 12-month, and SPI seasonal drought patterns, it was
seen that wet periods and drought vary by region (coastal, interior, and semi-mountainous
areas). These were grouped into five clusters with comparable drought characteristics: two
clusters in the interior region, two clusters in the coastal zone, and one cluster in the semi-
mountainous region. According to the findings of the SPI season time series analysis for
the VMD, drought tended to worsen between 1980 and 2019 in both the summer-autumn
and winter-spring seasons. At a significance level of 0.05, there is a trend of increasing
drought severity, particularly in the semi-mountainous region (represented by the Tri
Ton meteorological Station). Similar to the interior and coastal regions of the VMD, the
representative stations (Can Tho and Cang Long) frequently face dry conditions during the
SA cropping season. It should be noted that 42% of the VMD’s land area is susceptible to
drought during the WS rice cropping season, which can be considered as a disadvantage,
because at this time saline intrusion propagates deep into the VMD’s rivers and canals,
coupled with low discharge volumes, as well as low rainfall.

Furthermore, a relationship between rice yield and SPI was discovered for the SA rice
cropping seasons. Our findings indicate that the yield of rice in the SA season will decline
with increased rainfall. Furthermore, we discovered a strong relationship between the
average rice yield in the VMD and the average yearly salinity (Smin and Smax) at the Vam
Kenh Station during the WS rice cropping season. Overall, the risk of reduced rice yields in
the WS rice cropping season is greater than it is for the SA rice cropping season due to the
limited rainfall and increased saline intrusion. Considering the huge impacts of droughts
and salt water intrusion on rice yields, it is also imperative to undertake an analysis of loss
and damages from an economic viewpoint in future works. Moreover, as loss of rice yields
results in substantial impacts to human health, both mentally, as well as physically, future
works should incorporate a nexus analysis incorporating the all important health elements.
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Appendix A

Table A1. Mann-Kendall test trend for rice cropping SPI seasons.

Station

Summer-Autumn Winter-Spring

Kendall’s Tau S Var (S) p-Value
(Two-Tailed) Kendall’s Tau S Var (S) p-Value

(Two-Tailed)

Ca Mau 0.038 30 7366.667 0.735 0.301 235 7365.667 0.0064 **
Rach Gia −0.029 −24 7926.667 0.796 0.283 232 7926.667 0.009 **
Soc Trang −0.059 −51 8514.333 0.588 0.104 89 8509.667 0.340
Vi Thanh 0.134 115 8514.333 0.217 0.352 303 8512.333 0.001 **
Bac Lieu 0.077 63 7925.667 0.486 0.159 130 7926.667 0.147
Cao Lanh 0.108 84 7366.667 0.334 0.153 119 7365.667 0.169
Chau Doc 0.108 84 7366.667 0.334 −0.023 −21 9128.333 0.834

Ba Tri −0.087 −75 8514.333 0.423 0.294 253 8514.333 0.006 **
My Tho 0.085 70 7926.667 0.438 0.349 286 7926.667 0.001 **

Vinh Long 0.215 168 7366.667 0.052 0.236 184 7366.667 0.03 *
Moc Hoa −0.116 −100 8513.333 0.283 0.137 118 8513.333 0.205

Cang Long −0.087 −75 8514.333 0.423 0.294 253 8514.333 0.0063 **
Can Tho −0.052 −47 9130.333 0.630 0.238 215 9130.333 0.025 *
Tri Ton −0.265 −239 9130.333 0.013 * 0.205 185 9130.333 0.054

Note: * Signification codes: 0.001 < “**” < 0.01 < “*” < 0.05.
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