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Atribuição quantitativa da alteração sazonal da descarga no Delta do Mekong 
Vietnamita à regulação e ao ENSO

Hoang P. H. Yen2 , Dang T. An3,4  & Hoang T.V. Ha5*

ABSTRACT:  The Vietnamese Mekong Delta (VMD) is a region of immense socio-economic and ecological importance, 
that has experienced significant alterations to its hydrological regime. The objective of this study is to quantitatively 
disentangle and attribute these changes to their primary drivers: anthropogenic interventions from upstream civil works 
(UCWs) and climatic variability, particularly the El Niño-Southern Oscillation (ENSO). A 25-year (2000–2024) dataset 
of daily water discharge and local precipitation from key stations across the VMD was analyzed. The Oceanic Niño Index 
(ONI) was used as a proxy for ENSO events. A multi-method framework was employed, combining non-parametric 
trend analysis (Mann-Kendall test), Pearson’s correlation, and a multiple linear regression model. The VMD’s hydrology 
has been fundamentally reshaped and characterized by a significant increase in dry-season discharge (+45-48%) along 
with a decrease in rainy-season peak flows (-18-21%). The attribution analysis finds that UCWs are the dominant driver 
of these seasonal shifts, accounting for approximately 60–70% of the observed changes based on standardized regression 
coefficients. Climatic factors, primarily strong ENSO events, underlie the remaining 30–40% by modulating inter-annual 
variability. Local rainfall showed a minor but statistically significant contribution in the regression model, despite a weak 
direct correlation with discharge. By characterizing the VMD as a hybrid hydro-climatic system, the results underscore the 
need for adaptive transboundary water management in heavily modified and climate-sensitive deltas.
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RESUMO:  O Delta do Mekong Vietnamita (VMD), uma região de imensa importância socioeconômica e ecológica, que 
sofreu alterações significativas em seu regime hidrológico. O objetivo deste estudo é distinguir quantitativamente e atribuir 
essas mudanças aos seus principais fatores determinantes: intervenções antropogênicas de obras civis a montante (UCWs) e 
variabilidade climática, particularmente a Oscilação Sul-El Niño (ENSO). Um conjunto de dados de 25 anos (2000–2024) de 
descarga diária de água e precipitação local das principais estações do VMD foi analisado. O Índice Niño Oceânico (ONI) 
foi usado como proxy para eventos ENSO. Uma estrutura multi-método foi empregada, combinando análise de tendência 
não paramétrica (teste Mann-Kendall), correlação de Pearson e um modelo de regressão linear múltipla. A hidrologia do 
VMD foi fundamentalmente remodelada, caracterizada por um aumento significativo na descarga da estação seca (+45-
48%) e uma diminuição nos picos da estação chuvosa (-18-21%). A análise de atribuição revela que as UCWs são o motor 
dominante dessas mudanças sazonais, respondendo por aproximadamente 60–70% das mudanças observadas com base 
nos coeficientes de regressão padronizados. Fatores climáticos, principalmente eventos fortes de ENSO, contribuem com 
os 30–40% restantes modulando a variabilidade interanual. A precipitação local mostrou uma contribuição menor, mas 
estatisticamente significativa no modelo de regressão, apesar de uma correlação direta fraca com a descarga. Ao caracterizar 
o VMD como um sistema hidroclimático híbrido, os resultados ressaltam a necessidade de uma gestão transfronteiriça 
adaptativa da água em deltas fortemente modificados e sensíveis ao clima.

Palavras-chave: fluxo transfronteiriço, atenuação do pulso de inundação, índice oceânico Niño, descarga fluvial, 
redistribuição sazonal
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Upstream flow regulation drives 60-70% of seasonal flow changes, flattening the annual hydrograph.
El Niño-Southern Oscillation events contribute 30-40% of variability, modulating interannual discharge variability.
Local rainfall has a minor but significant effect on river discharge, highlighting reliance on transboundary flows.
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Introduction

Deltas support over half a billion people worldwide, and 
are global hotspots of vulnerability due to the compounding 
pressures of climate c  hange and anthropogenic development 
(Giosan et al., 2014; Nguyen et al., 2025). The Vietnamese 
Mekong Delta (VMD) is home to over 17 million people 
and is the agricultural heartland of Vietnam. It epitomizes 
the precarious situation of deltas (Tessler et al., 2015). The 
VMD’s hydrological regime, historically defined by a distinct 
seasonal flood pulse, is the lifeblood of its extraordinary 
agricultural productivity and ecosystem stability (Kondolf 
et al., 2022). However, this delicate hydro-ecological balance 
is under unprecedented threat from two primary sources: 
extensive development of upstream civil works (UCWs), 
specifically reservoir operations, and the escalating impacts 
of climate change (Hoang et al., 2019).

Since the early 2000s, the Upper Mekong Basin has 
witnessed a cascade of large-scale civil works, primarily a 
series of large dams on the Lancang River in China and its 
downstream tributaries. As of 2024, the upstream storage 
capacity has exceeded 60 billion cubic meters, fundamentally 
altering the river’s natural flow patterns (Hecht et al., 2019). 
These structures store vast quantities of water during the rainy 
season for hydropower generation and release it during the dry 
season, a process known as flow regulation (Hoang et al., 2019; 
Nguyen & Dang, 2025). While this regulation can augment 
low flows, it concurrently truncates the annual flood peak, 
which is critical for sediment deposition, nutrient cycling, and 
maintaining the ecological integrity of the VMD’s floodplains 
(Hung et al., 2011; Räsänen et al., 2017). The reduction in 
sediment supply further exacerbates delta subsidence and 
coastal erosion (Anthony et al., 2015; Tessler et al., 2015).

Superimposed on this regulated baseline is the increasing 
volatility of the regional climate system. The VMD is 
experiencing significant climatic shifts, including changes 
in precipitation patterns and an increased frequency of 
extreme weather events associated with the El Niño-Southern 
Oscillation (ENSO) (Chapman & Darby, 2016; Bui & Dang, 
2025). Recent severe droughts in the VMD, such as those in 
2015-2016 and 2019-2020, coincided with powerful El-Niño 
events (Lee & Dang, 2019; Nguyen et al., 2022; Hoang & Dang, 
2025) and led to devastating saltwater intrusion (Eslami et al., 
2021; Chau et al., 2026; Quang et al., 2026).

Previous studies have extensively documented the general 
trends of hydrological change in the Mekong, noting the shift 
towards higher dry-season flows and lower flood peaks (Li 
et al., 2017; Räsänen et al., 2017; Binh et al., 2021). Others 
have focused specifically on the impact of climate change and 
sea-level rise (Dang et al., 2018; Eslami et al., 2021). However, 
most existing literature tends to analyze these drivers in 
isolation or provides qualitative descriptions rather than 
quantitative attribution. A significant knowledge gap persists 
in rigorously disentangling the persistent, year-round effects 
of flow regulation from the intermittent, powerful shocks of 
climate variability.

The objective of this study is to quantitatively disentangle 
and attribute these changes to their primary drivers: 
anthropogenic interventions from UCWs and climatic 
variability, particularly the ENSO.  

Material and Methods

The VMD is the low-lying, terminal part of the Mekong 
River Basin (Figure 1). The Mekong River splits into two 
main distributaries upon entering Vietnam: the Tien River 
and the Bassac River (Nguyen et al., 2025). The study focuses 
on the primary inflow points to the delta at Tan Chau (on 
the Tien River) and Chau Doc (on the Hau River), selected 
because they capture the dominant transboundary inflow 
entering the Vietnamese Mekong Delta (Figure 1).

The analysis covered January 2000 to December 2024, a 
period that includes major phases of upstream hydropower 
expansion and recent ENSO-related hydro-climatic extremes. 
Hydrological data: Daily water discharge (m³ s⁻¹) and water 
level (m) data for the Tan Chau and Chau Doc stations were 
obtained from the Southern Regional Hydro-Meteorological 
Center of Vietnam. Daily precipitation data (mm) were 
acquired from eight meteorological stations (Table 1). Daily 
records were transformed into monthly, seasonal, and annual 
series. Monthly series were computed as the daily average for 
discharge and water level, and the daily sum for precipitation. 
Missing daily data (accounting for < 5% of the dataset) were 
filled using linear interpolation. Seasonal aggregations were 
defined based on the distinct Mekong hydrological cycles: 
the dry season spanning from January to May, and the rainy 
season spanning from June to November.

The ONI was used as the primary indicator for ENSO 
events. The ONI is based on a 3-month running mean of 

Figure 1.  Map of the study area showing the Vietnamese 
Mekong Delta, the location of the primary hydrological 
stations (Tan Chau, Chau Doc) used for inflow analysis, 
and the network of meteorological stations used for local 
rainfall data
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sea surface temperature anomalies in the Niño 3.4 region 
of the equatorial Pacific. An El-Niño (La-Niña) event is 
characterized by five consecutive overlapping 3-month 
periods at or above +0.5 °C (at or below -0.5 °C). Monthly 
ONI data were obtained from the U.S. National Oceanic and 
Atmospheric Administration (NOAA) Climate Prediction 
Center. Regarding the time scale, ONI is provided on a 
monthly basis. For the multiple linear regression (MLR) 
analysis, it appears as a monthly predictor to capture short-
term temporal variations, whereas for the correlation 
analysis, annual average ONI was calculated to correspond 
with annual discharge anomalies.

To detect long-term monotonic trends, the non-
parametric Mann-Kendall (MK) test was used (Mann, 1945; 
Kendall, 1975). The MK test statistic  S  is calculated as per 
Eq. 1:

	 S = ∑ ∑ sgn (Xj − Xi)
n

j = i + 1 

n−1

i = 1
 

  

	 (1)

Where:  
S - the test statistic;
n - the number of data points;  
Xj  and  Xi - data series of annual rainfall variables; and, 
sgn (Xj  - Xi) - the signum function, defined as based on 

Eq. 2 (Lee & Dang, 2020).

	 sgn (Xj − Xi) = {
+1       if  xj − x𝑖𝑖 > 0
0          if xj − xi = 0

−1         if  xj − xi < 0
 

  

	 (2)

When n ≥ 10, sgn (Xj-Xi) is considered as a standard 
distribution. 

When the statistics of the standard test, denoted as Zs and 
given by Eq. 3 (Lee & Dang, 2020).

	 ZS =

{
 
 

 
 
S − 1
√Var(S)

      if S > 0   

0                   if S = 0
S − 1
√Var(S)

    if S < 0
 

  

	 (3)

If ZS is a standard normal distribution. To assess the 
significance of the trend, a comparison can be made between 
the value of ZS and the critical value α associated with the 
specified significance level. This approach, founded on the 
premise of independence, is known as the original Mann-
Kendall trend test.

When tied ranks occur, the variance of the sum of ranks 
(S) in Eq. 3 is defined by Eq. 4 (Lee & Dang, 2020).

Var(S) = 1
18 [ n(n − 1)(2n +  5) − ∑ tj(tj − 1)(2tj + 5)

m

j=1
]  	 (4)

Where:
m - the number of groups of ties; 
tj - the number of tied observations of each group; and,
S - distribution of the sum of data ranks.

The Zs test is commonly employed to evaluate the 
significance of trends. If the Zs value is positive, the considered 
data series expresses an upward trend, while the Zs value is 
negative, the considered data series shows a downward trend 
(Lee & Dang, 2020).

To assess the relationship between different hydro-climatic 
variables, Pearson’s correlation coefficient (r) was used. This 
method measures the strength and direction of the linear 
relationship between two variables. Correlation analyses 
were conducted between: (a) annual and seasonal local 
rainfall (averaged across all meteorological stations) and the 
corresponding discharge at Tan Chau and Chau Doc; and (b) 
the annual average ONI and the annual discharge and rainfall 
anomalies to quantify the influence of ENSO. A relationship 
was considered statistically significant at a p-value < 0.05.

To disentangle the influence of multiple drivers on river 
discharge, it was developed a multiple linear regression 
(MLR) model. The monthly discharge (Qt) at both Tan Chau 
and Chau Doc stations were independently set as dependent 
variables. Water level was excluded from the attribution model 
because, in the tidal-dominated VMD, water levels are heavily 
influenced by downstream coastal backwater effects and sea-

Table 1. Basic features on hydro-meteorological observation stations across the Vietnamese Mekong Delta	
Station Latitude (N) Longitude (E) Altitude (m) Data Duration 

Meteorological and hydrological stations

Chau Doc 10° 42’ 19” 105° 08’ 01” 3.4 Water Level, Flow discharge Rainfall 2000-2024

Tan Chau 10° 48’ 02” 105° 14’ 52” 3.2 Water Level, Flow discharge 2000-2024

My Thuan 10° 16’ 30” 105° 55’ 35” 1.9 Water Level 2000-2024

Can Tho 10° 01’ 40” 105° 44’ 06” 0.8 Water Level, Rainfall 2000-2024

Vam Kenh 10° 16’ 28” 106° 44’ 14” 1.18 Water Level 2000-2024

Meteorological stations

Hong Ngu 10° 47’ 45” 105° 22’ 36” 1.64 Rainfall 2000-2024

Long Xuyen 10° 21’ 10” 105° 24’ 25” 1.11 Rainfall 2000-2024

Cao Lanh 10° 33’ 24” 105° 39’ 48” 1.02 Rainfall 2000-2024

Moc Hoa 10° 47’ 45” 105° 57’ 54” 1.08 Rainfall 2000-2024

Soc Trang 9° 36’ 03” 105° 58’ 22” 0.85 Rainfall 2000-2024

Ba Tri 10° 01’ 40” 106° 44’ 14” 0.95 Rainfall 2000-2024
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level rise, whereas discharge represents the actual freshwater 
volume and transboundary basin yield. Based on established 
physical processes, we selected the following predictors:

Antecedent Discharge (Qt-1): Upstream discharge from 
the previous month.

Local Precipitation (Pt): A basin-averaged local 
precipitation index for the current month, constructed 
using the arithmetic mean of daily rainfall from the six 
meteorological stations within the VMD.

The relative contribution of each driver was assessed 
based on the standardized regression coefficients (β). The 
model takes the form (Eq. 5):

Oceanic Niño Index (ONIt): The Oceanic Niño Index for 
the current month.

	 Qt = β₀ + β₁Qt-1 + β₂Pt + β₃ONIt + ε	 (5) 

Where: 
Qt – the monthly discharge (m³ s-1); 
Qt-1 – the antecedent discharge (m³ s-1); 
Pt – the local precipitation (mm); 
ONIt – the Oceanic Niño Index; and,
βo, β1, β2, β3 – the intercept term and partial regression 

coefficients. All statistical analyses, including trend tests, 
correlation, and MLR, were performed using R software 
(version 4.3.1) with the ‘trend’ and ‘stats’ packages.

Results and Discussion

The analysis of the 2000–2024 hydrological data reveals 
a profound alteration of the VMD’s flow regime. The MK 
test (Table 2) confirms a significant increasing trend in dry 

season discharge (β = + 4.11 m³ s⁻¹ per year at Tan Chau; β = 
+ 2.05 m³ s⁻¹ per year at Chau Doc) and a decreasing trend 
in rainy season discharge (β = - 9.84 m³ s⁻¹ per year at Tan 
Chau; β = - 4.67 m³ s⁻¹ per year at Chau Doc). Figure 2 shows 
that post-regulation dry-season hydrographs are consistently 
elevated across all dry-season months (January to May). Both 
Tan Chau and Chau Doc exhibit similar shape changes, with 
the most pronounced volumetric rise concentrated in the 
late dry season (March-April), reflecting the synchronized 
release of upstream reservoir storage to support downstream 
irrigation, comparing pre-regulation (2000-2009) and post-
regulation (2010-2024) periods (Figures 2A and B).

Furthermore, Figure 3 illustrates the changes in the flood 
season hydrographs for Tan Chau (Figure 3A) and Chau Doc 
(Figure 3B). Table 3 details the specific quantitative shifts. A 
clear “flattening” of the flood pulse is observed, with peak 
discharge decreasing by 18-21% in the post-regulation period. 
This supports the seasonal flow reallocation and peak-flow 
dampening effect of upstream dams described by Hecht et 
al. (2019), where reservoirs store floodwaters, mitigating 
downstream extreme flood risks but simultaneously 
depriving the delta of vital sediment and nutrients essential 
for ecosystem health.

While UCWs set the new baseline, climatic variability 
remains a potent force. The  correlation analysis (Table 4) 
indicated a weak correlation between local rainfall and discharge  
(r = 0.28, p = 0.185 at Tan Chau; r = 0.25, p = 0.230 at Chau 
Doc). These weak correlations  suggest that local rainfall alone 
does not explain the overall discharge variability at the delta 
entrance,  consistent with the dominant role of transboundary 
inflow. However, the impact of local  meteorological deficits 
becomes critically magnified during specific climatic phases. 
As demonstrated  by Kyu & An (2018), extreme drought 

Table 2. Mann-Kendall trend analysis of seasonal and annual discharge at Tan Chau and Chau Doc stations (2000-2024) 
Station Season τ p-value β (m3 s-1 per year) Interpretation

Tan Chau

Rainy - 0.55 < 0.01 -9.84 Strong, significant decrease

Dry +0.62 < 0.01 +4.11 Strong, significant increase

Annual -0.18 0.215 -1.52 Weak, not significant

Chau Doc

Rainy -0.51 < 0.01 -4.67 Strong, significant decrease

Dry +0.58 < 0.01 +2.05 Strong, significant increase

Annual -0.15 0.301 -0.89 Weak, not significant
τ – Mann-Kendall tau; p-value – Significance probability by t test; β – Sen slope (Sen, 1968) 

Figure 2. Comparison of average water discharge hydrographs in the dry season at Tan Chau station (A), and Chau Doc station 
(B) for the pre-regulation (2000-2009) and post-regulation (2010-2024) periods
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events in the Mekong Delta are strongly governed by the 
El Niño  phenomenon, which severely suppresses local 
precipitation. Therefore, while local rainfall may not dictate  
the annual flow volume, its deficit acts as a compound stressor, 
exacerbating water scarcity when  transboundary inflows are 
simultaneously reduced.

Thus, the correlation between the Oceanic Niño Index 
(ONI) and river discharge provides additional insight into 
the role of large-scale climate variability. The strong and 
statistically significant negative correlation observed at Tan 
Chau (r = -0.71, p ≤ 0.001) and the moderate but still significant 
relationship at Chau Doc (r = -0.65, p = 0.003) indicate that 
El Niño conditions are consistently associated with reduced 
discharge at the delta entrance, results that highlight that 
interannual variability in river flow is more strongly linked to 
large-scale climatic drivers than to local rainfall patterns alone. 

In contrast, ENSO exhibits a strong influence. Figure 4 
presents the time series of standardized annual discharge 
anomalies against the ONI. There is a strong inverse 

relationship (r = -0.71, p < 0.001 at Tan Chau; r = -0.65, 
p = 0.003 at Chau Doc). El Niño events (positive ONI) 
consistently correspond to negative discharge anomalies 
(droughts), while La Niña events (negative ONI) align with 
positive anomalies (floods).

In addition, as can be seen in Figure 4, there is a strong 
inverse relationship clearly visible,  with positive ONI (El-
Niño) corresponding to negative discharge anomalies 
(drought). To  systematically evaluate these dynamics, hydro-
climatic conditions were classified based on the  magnitude of 
anomalies. Adapting the globally recognized meteorological 
and hydrological classification criteria  (McKee et al., 1993), 
years were categorized as ‘wet’ or ‘dry’ if precipitation/
discharge anomalies exceeded ±0.5 standard deviations 
from the mean, and  ‘extreme/severe’ if they exceeded ±1.5 
standard deviations. Furthermore, we introduce the term  
‘Anomalous high-flow year’ to describe the anthropogenic 
decoupling of the rainfall-runoff  relationship. This describes 
instances where transboundary reservoir operations generate 

Table 3.  Comparison of seasonal discharge statistics at Tan Chau and Chau Doc stations for pre-and post-regulation periods

Period Mean dry season 
 discharge (million m³)

Mean rainy season  
discharge (million m³)

Mean peak (Aug-Oct)  
discharge (million m³)

Tan Chau station

Pre-regulation (2000-2009) 2,350 15,100 25,500

Post-regulation (2010-2024) 3,480 12,800 20,900

Change (%) +48.1% -15.2% -18.0%

Chau Doc station

Pre-regulation (2000-2009) 1,100 7,000 12,000

Post-regulation (2010-2024) 1,600 6,000 9,500

Change (%) +45.5% -14.3% -20.8%

Table 4. Pearson’s correlation (r) between local rainfall, climate indices, and river discharge at Tan Chau and Chau Doc 
(2000-2024)

Station Correlation pair Pearson’s r p-value Interpretation

Tan Chau

Annual rainfall vs. discharge 0.28 0.185 weak, not significant

Rainy season rainfall vs. discharge 0.31 0.141 weak, not significant

ONI vs. annual discharge -0.71 <0.001 strong, significant negative

Chau Doc

Annual rainfall vs. discharge 0.25 0.230 weak, not significant

Rainy season rainfall vs. discharge 0.29 0.174 weak, not significant

ONI vs. annual discharge -0.65 0.003 moderate, significant negative
p-value – Probability by t test

Figure 3. Comparison of average water discharge hydrographs in the flood season at Tan Chau station (A), and Chau Doc 
station (B) for the pre-regulation (2000-2009) and post-regulation (2011-2024) periods
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excessive downstream flows during periods of neutral local 
precipitation, a phenomenon recently  corroborated in the 
Mekong Basin by  Binh et al. (2020).  

As shown in Table 5, the 2015-2016 El Niño event 
resulted in a massive discharge deficit, triggering  a severe 
drought year. Conversely, strong La Niña years like 2008 
and 2022 were associated with high flows (wet years). 
Crucially, the stark contrast between rainfall and discharge 
anomalies in  specific years is highly revealing. For example, 
in 2011 at Tan Chau, the local rainfall anomaly was  near 
neutral (-5.8 mm), indicating normal meteorological 

conditions. However, the discharge  anomaly remained 
strongly positive (+38.1 billion m³). This decoupling 
provides powerful,  empirical evidence that local rainfall 
does not fully control the inflow response. The massive 
influx  of water during a period of normal local rainfall 
unequivocally reinforces the conclusion that the  VMD’s 
hydrology is overwhelmingly dictated by transboundary 
basin control, as also highlighted in previous studies on 
Mekong hydrology (Räsänen et al., 2012).

The MLR model (Table 6) explains 76% of the variance 
in discharge. The standardized coefficients reveal that 

Table 5.  Hydro-climatic  anomalies during key ENSO phases at Tan Chau and Chau Doc Stations (2000-2024)

Year ONI (annual avg.) ENSO Phase Rainfall Anomaly 
(mm)

Discharge Anomaly 
(billion m³) Hydro-climatic Condition

Tan Chau station

2008 -0.6 Moderate La Niña +296.2 +45.0 wet year

2009 +0.8 Moderate El Niño -345.1 -58.9 dry year

2011 -0.9 Strong La Niña -5.8 +38.1 anomalous high-flow year (neutral rainfall)

2015 +1.9 Strong El Niño -521.2 -130.4 severe drought year

2019 +0.5 Weak El Niño -424.1 -113.7 severe hydrological drought year

2022 -0.7 Moderate La Niña +281.1 +58.1 wet year

Chau Doc station

2008 -0.6 Moderate La Niña +571 +162 extremely wet year

2009 +0.8 Moderate El Niño -382 -50 dry year

2011 -0.9 Strong La Niña -77 +302 anomalous high-flow year (neutral rainfall)

2015 +1.9 Strong El Niño -637 -161 severe drought year

2019 +0.5 Weak El Niño -140 -192 severe hydrological drought year

2022 -0.7 Moderate La Niña +117 +6 normal year

Table 6.  Standardized coefficients from Multiple Linear Regression (MLR) model explaining Monthly discharge at Tan Chau 
and Chau Doc

Predictor Standardized coefficient (β) p-value (t test) Interpretation of influence

Tan Chau station

Antecedent flow (Qt-1) 0.68 < 0.001 Dominant positive influence (proxy for UCWs)

Oceanic Niño Index (ONI) -0.25 0.008 Significant negative influence (climate signal)

Local precipitation (Pt) 0.15 0.021 Minor positive influence

Chau Doc station

Antecedent flow (Qt-1) 0.65 < 0.001 Dominant positive influence (proxy for UCWs)

Oceanic Niño Index (ONI) -0.23 0.011 Significant negative influence (climate signal)

Local precipitation (Pt) 0.16 0.019 Minor positive influence
Note: Dependent variable is the monthly discharge (Qt). Overall model R² = 0.76

Figure 4.  Time series of annual discharge anomaly at Tan Chau (A), and Chau Doc (B) stations the annual average ONI from 
2000-2024
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antecedent flow (Qt-1), representing the regulated upstream 
signal, is the dominant statistical predictor (β = 0.68 for Tan 
Chau; β = 0.65 for Chau Doc). This quantitative evidence 
supports the hypothesis that upstream reservoir operations 
are the primary cause of the seasonal redistribution of water, 
as also reported by Räsänen et al. (2017). The ONI is the 
second most significant driver.

Interestingly, while the simple correlation for local 
rainfall was insignificant, the MLR model identifies it as a 
minor but statistically significant contributor (β = 0.15, p 
= 0.021 at Tan Chau). The contrast between weak bivariate 
rainfall correlations and significant multivariable rainfall 
coefficients indicates that local precipitation contributes 
a smaller conditional signal that becomes detectable after 
accounting for hydrological persistence and ENSO, which 
suppress confounding variance in the model.

The interaction between flow regulation and climate 
variability creates a new vulnerability: “rainy-season 
droughts.” This occurs when a strong El Niño coincides 
with the storage phase of upstream dams. The suppression 
of the natural flood pulse disrupts the breeding cycles of 
migratory fish and reduces sediment transport, threatening 
the productivity of the region’s aquaculture and rice farming 
systems (Kondolf et al., 2022). By characterizing the VMD as 
a hybrid hydro-climatic system, it is evident that management 
cannot rely on historical patterns alone.

Conclusions

1.	 The Vietnamese Mekong Delta (VMD) has transitioned 
into a seasonally restructured hydrological system with 
significantly higher dry-season flows (+45-48%) and lower 
rainy-season peaks (-18-21%);  annual discharge trends are 
non-significant.

2.	 Upstream flow regulation is the dominant driver 
(60-70% contribution), while ENSO drives inter-annual 
variability (30-40%).

3.	 Local rainfall showed a secondary but statistically 
significant effect in the multivariate model despite weak and 
non-significant bivariate correlation.

4.	 The interaction between upstream regulation and 
ENSO increases the risk of rainy-season hydrological 
droughts and reinforces the need for adaptive transboundary 
water management.
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