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Abstract The Mekong Delta has been affected by land subsidence for decades, increasing its vulnerability
to coastal erosion and floodings. Here we show, based on subsidence time series from SAR Interferometry, that
severe droughts can significantly intensify the subsidence. We measured a subsidence of up to 7 cm in few
months during a drought in 2020, which was compensated by uplift in the following rainy season in some but not
all regions. The magnitude of the drought‐induced subsidence was spatially correlated with specific surface
water management and land use zones, with the largest impact in rain‐fed, rice growing regions. We argue that
the uncompensated surface drop in two regions, reaching up to 3.5 cm, was caused by inelastic deformation.
Such irreversible subsidence has a major impact on the delta's future elevation, especially under the assumption
that the frequency of droughts will increase under climate change and an increasing water demand.

Plain Language Summary The sinking of land, known as land subsidence, increases the sea‐level
rise in coastal areas. The Mekong Delta has been affected by such subsidence for more than 2 decades, making it
increasingly vulnerable to floodings and land loss. Based on measurements from satellite radar remote sensing,
our research shows a so far unknown driver of subsidence in the delta. A severe drought in 2020 led to
significant short‐term sinking of the delta, which added to the long‐term subsidence trend. We found that its
magnitude was spatially correlated with surface water management zones and the land use. Furthermore, we
argue that the exceptional subsidence in two coastal regions was partly irreversible. Consequently, droughts
considerably intensify the problem of the relative sea level rise in the Mekong Delta, which is of increasing
concern since droughts become more frequent as a result of climate change.

1. Introduction
Land subsidence poses a great threat to river deltas, which host more than 500 Million people worldwide
(Anthony et al., 2024; Syvitski et al., 2009), increasing their vulnerability to salinization of water resources (Don
et al., 2006; Smajgl et al., 2015), flooding (Miller & Shirzaei, 2019; Tellman et al., 2021), coastal erosion (Zou
et al., 2016), and permanent inundation. The Mekong Delta, lying at an average elevation of 0.8 m above sea level
(Minderhoud et al., 2019), has been affected by subsidence for more than 15 years, with rates that reach 7 cm/yr
(Dörr et al., 2024a; Erban et al., 2014; Minderhoud, Hlavacova, et al., 2020). Investigating the causes of the
subsidence is crucial for the development of reasonable countermeasures and adaptations, which are needed to
prevent the projected future drowning of parts of the delta (Kondolf et al., 2022; Minderhoud, Middelkoop,
et al., 2020).

The subsidence in the Mekong Delta has mainly been attributed to groundwater over‐exploitation (Erban
et al., 2014; Karlsrud et al., 2020; Minderhoud et al., 2017), and natural compaction of Holocene clays (Baldan
et al., 2024; Zoccarato et al., 2018). The new availability of recent subsidence time series across the delta by Dörr
et al. (2024a) enables deeper insights into the origins of the subsidence, by enabling the analysis of inter‐annual
and short‐term deviations from linear subsidence. They showed the presence of significant temporal non‐
linearities and seasonal variations at various locations in the delta. The rapid subsidence at two locations dur-
ing a severe drought in 2020 was particularly striking. During the same drought, various news reports in Vietnam
described that water channels in the Mekong Delta completely dried up, and that bridges, roads, and dykes
collapsed into such channels.

In this work, we use openly available land subsidence measurements over the Mekong Delta, derived from
Sentinel‐1 Interferometric Synthetic Aperture Radar (InSAR), to study the relationship between seasonal vari-
ations in the subsidence, dryness conditions, land use and surface water management. A main focus is laid on the
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identification and analysis of the rapid subsidence event during the 2020 drought, which amounted up to several
centimeters in few months in parts of the delta, and added to the background subsidence trend.

2. Study Area
The Mekong Delta (Figure 1) was built up through a stratification of marine and alluvial deposits from the
Miocene and Holocene, which form seven confined aquifers and aquitards (Wagner et al., 2012). It has a tropical
monsoon climate which features a rainy season from May to October and a dry season in the rest of the year (Bui
et al., 2017; Kumiko et al., 2008). The frequency of droughts has increased in the last 30 years, with the most
extreme droughts recorded in 2016 and 2020 (Loc, Van Binh, et al., 2021; Trung et al., 2021). They can lead to
significant rice crop failures (Lavane et al., 2023) and a salinity intrusion into surface waters (Kaveney
et al., 2023; Loc, Van Binh, et al., 2021).

The complex land use system in the study area, mainly consisting of rice, aquaculture, and shrimp‐rice rotational
crops (Loc, Low Lixian, et al., 2021; Mills et al., 2023), is linked to a complex water management system. While
the dense channel and hydraulic control system was originally built to provide freshwater zones for rice pro-
duction across the delta (Käkönen, 2008), the various farming practices today require different surface water
salinity contents and management systems. In Figure 1b, we roughly distinguish between three surface water
management zones (SWMZs), whose classification is adapted from Wehrheim et al. (2023). SWMZ I is a
freshwater zone, which is always hydraulically connected to the Mekong river and protected from saltwater
intrusion during dry seasons by sluice gates. SWMZ II describes managed rain‐fed freshwater zones of the Lower
and Upper U Minh forests and surroundings, which are used for rice and cash crop cultivation. They are bordered

Figure 1. (a) Satellite image composite of the Mekong Delta from Google Earth, ⓒ Maxar Technologies. The study area
south‐west of the Hau River is indicated by full opacity. (b) Land use classification from Berchoux et al. (2023), overlaid by
the surface water management zones. (c) Subsidence rates between 2017 and 2022 from Dörr et al. (2024b), resampled with a
median filter to a 1×1 km grid. (d–f) Median time series and processing results of vertical displacements within three
exemplary grid cells. (g–i) Smoothed detrended vertical displacement time series, as well as Keetch‐Byram Drought Index and
precipitation rate time series, which were smoothed the same way as the subsidence time series.
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by sluice gates to the surrounding SWMZ III, which comprises the remaining brackish/saline regions that are
mainly used for aquaculture and shrimp‐rice rotational crops. Parts of this zone are fed by the river in rainy
seasons, whereas the whole zone is disconnected from SWMZ I during dry seasons. The location‐dependent water
management in SWMZ III probably relies on the season and specific land use. We assume that areas of pure rice
cultivation in SWMZ III are closed off with sluice gates from surrounding areas during dry seasons to prevent a
salinity intrusion.

3. Material and Methods
3.1. Land Subsidence Observations

We utilized Sentinel‐1 InSAR derived subsidence time series which were described in Dörr et al. (2024a) and
published in Dörr et al. (2024b). We used the results of the descending orbit stack, covering the period between
April 2017 and April 2022, and applied three processing steps to (a) remove isolated movements and resample the
subsidence data to a regular spatial grid, (b) filter out spatially correlated high‐frequency signals, and (c) remove
the background subsidence trend.

The first step was realized by calculating the median subsidence time series of measurement points within grid
cells of 1× 1 km size. The second stepwas achieved by applying aButterworth filterwith a cutoff frequency of 2/yr,
in order to robustly remove high‐frequency signals while retaining seasonal movements. For the last step, we
removed an adapted piecewise linear model from the smoothed time series, which was estimated in a two‐step
process. First, a piecewise linear model was estimated with an iterative change point detection approach that
separates linear segments with deviating slopes. Discontinuous steps between linear segments, which we attribute
to seasonal variations of interest instead of the background subsidence trend, were then removed to derive the
adapted piecewise linear model. Examples of the time series processing steps are shown in Figure 1. The displayed
grid cells are located in different land use zones andSWMZs, andwere selected in such away that the removal of the
background trend is illustrated for different land subsidence patterns.

3.2. Meteorological Information

We utilized the Keetch‐Byram Drought Index (KBDI) (Keetch & Byram, 1968) and precipitation time series from
the ERA‐5Land archive, both available at theGoogle Earth Engine database (Muñoz Sabater et al., 2024; Takeuchi
et al., 2015), to characterize temporal variations in dryness during the subsidence observation period. TheKBDI is a
meteorological drought index based on daily maximum temperatures and cumulative rainfall data, representing the
balance between water loss through evaporation and water gain from precipitation. Therefore, it is particularly
useful to describe regions where rainfall is the primary means of soil moisture replenishment. It is widely used in
fire management practices (Brown et al., 2021; Yoon et al., 2015) and drought monitoring in agriculture (Takeuchi
et al., 2015). The KBDI's scale from 0 to 800 indicates increasing levels of moisture deficiency.

We accumulated the precipitation that occurred between individual acquisitions of the subsidence data set, to
derive a time series with the same temporal sampling as the subsidence data. For the seasonal displacement
prediction (Section 3.3), we divided the precipitation data at each time instance by the time difference to the
previous instance, to derive an average precipitation rate per day. Examples of KBDI and precipitation rate time
series, which were smoothed the same way as the subsidence time series, are displayed in Figure 1.

3.3. Seasonal Displacement Prediction

We conducted a linear regression analysis to study the potential of predicting seasonal vertical displacements
using KBDI and/or precipitation rate as predictors. The regression estimated the linear relationship between the
predictors and the instantaneous seasonal displacement rate, which we then integrated to receive displacement
time series. We found that the parameter estimation for the regression worked best when predicting smoothed
seasonal vertical displacements with predictors which were smoothed in the same way. Negative values in the
smoothed predictor time series were set to 0.

A preliminary test showed a distinct multicollinearity for a regression with both KBDI and precipitation rate as
predictors, hence we only studied separate regressions in the following. As the prediction with precipitation
consistently delivered better results than the one with KBDI, we only show the results of the former here. The
regression model parameters were estimated based on the time prior to the drought in 2020, characterizing
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undisturbed seasonal conditions. With the set up regression model, four different time series segments were
predicted: before the 2020 drought (November 2017–November 2019), during the drought (May 2019–May
2021), after the drought (May 2020–April 2022), and the whole time series.

4. Results
4.1. Seasonal Vertical Displacements

The drought in 2020 was preceded by increasing peak KBDI values in the two previous dry seasons (Figure 2).
During the drought, the largest KBDI values of up to 780 were identified, inter alia, in SWMZ II and the Hau river

Figure 2. (a–d) Ninety‐five percent percentile of Keetch‐Byram Drought Index values in dry seasons, which last from
November of the previous year to May of the given year. (e–h) Accumulated vertical displacements in dry seasons, extracted
from the smoothed seasonal displacement time series. Positive and negative values represent uplift and subsidence,
respectively. (i–l) Precipitation sum in rainy seasons. (m–p) Same as (e–h) for rainy seasons.
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estuaries. In each rainy season, the precipitation sum exhibited the highest values in the western part of the study
area. The overall precipitation sum in the rainy season of 2020 was larger than in the previous years, leading to an
end of the drought and comparably low KBDI values in the following dry season.

The seasonal vertical displacement of two of the three example time series in Figure 1 showed seasonal un-
dulations, with subsidence and uplift during the dry and rainy seasons, respectively. Across the delta, the
magnitude of such seasonal subsidence and uplift varied in time and space (Figure 2). Particularly high seasonal
subsidence occurred in parts of the delta during the drought in 2020. This especially affected the southern part of
SWMZ II, where a seasonal subsidence of up to 70 mm was identified. The boundary of this affected area aligns
precisely with the boundary of the southern SWMZ II. Other areas with high seasonal subsidence during the
drought were in and around the northern part of SWMZ II as well as the areas around the Hau river estuary, where
the subsidence reached up to 36 and 40 mm, respectively. The uplift in the following rainy season was also partly
larger than the uplift in the other rainy seasons. In the areas around the northern part of SWMZ II, where the
maximum precipitation sum was identified, the uplift was comparable to the preceding subsidence. The excep-
tional subsidence in the southern part of SWMZ II and around the Hau river estuary was not compensated by the
ensuing uplift at most pixels.

Statistics of the seasonal subsidence during the 2020 drought, broken down by SWMZs and land use classes, are
displayed in Figure 3a.

The highest average seasonal subsidence occurred in SWMZ II with a median of 23 mm, while the medians in
SWMZs I and III were 7 and 8 mm, respectively. In relation to land use classes, we identified the largest values in
the double rice areas in SWMZ II, where the 50% and 95% percentiles of the seasonal subsidence were 26 and
47 mm, respectively. In SWMZ I, the median seasonal subsidence was below 10 mm in all land use classes,
whereas the double rice, fruits, and shrimp‐rice areas in SWMZ III were affected by a slightly larger median than
10 mm.

The seasonal subsidence, which occurred in SWMZs I and III during the drought in 2020, was compensated, on
average, by a rebound in the following rainy season (Figure 3b). This did not apply to SWMZ II, where the median
rebound deficit was 10 mm. The most significant deficits in that zone were found in the double rice and forest
areas, with median differences of 16 and 8 mm, respectively. The magnitude of these differences agrees with the
magnitude of the ground surface drops, which were identified by the adapted piecewise linear model during the
drought in 2020 (Figure 3c). They reached up to 35 mm in SWMZ II and 27 mm in the Hau river estuaries.

Figure 3. (a) Boxplots of the total seasonal subsidence during the drought in 2020, with respect to the surface water
management zones and land use. (b) Boxplots of the differences between the seasonal subsidence and uplift during the
drought and following rainy season in 2020, respectively. No outliers are displayed in any of the boxplots. (c) Detected
permanent ground surface drop during the drought.
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4.2. Seasonal Displacement Prediction

The R‐squared measure for the precipitation‐based prediction of the seasonal vertical displacements in the three
temporal sub‐segments is displayed in Figure 4.

It shows a large spatial heterogeneity for the first segment, with 5% and 95% percentiles of 0.08 and 0.83,
respectively. The largest values were found in the southern part of SWMZ I, but there were also high values in and
around SWMZ II, as well as in the southern part of SWMZ III. The values decreased significantly from the first to
the last segment at most locations. One of few exceptions is the lower SWMZ II, where the R‐squared measure
decreased considerably from the first to the second segment, while it increased again in the last segment, reaching
values of over 0.8. This is also visible in the exemplary time series in Figure 4g. The large ground surface drop in
the second segment could not be predicted reasonably, but the prediction showed reasonable performance in the
first and last segment.

By predicting the whole available time series, we could study the potential to predict the observed ground drops
during the 2020 drought. The drop was computed by means of the piecewise linear model, as for the measured

Figure 4. (a–c) R‐squared measure for the prediction of the seasonal displacement in three time segments with precipitation.
Only pixels which passed the Overall‐F‐Test for the prediction of the first segment are displayed. (d, e) Detected and
predicted ground drop during the drought in 2020. (f) Difference between (d) and (e). (g) Example time series with
prediction. The location is indicated by the arrow in panel (a).
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data. The results are displayed in Figures 4e and 4f for pixels with a detected drop in the measured displacement
time series. The regression model was not capable of predicting the whole observed surface drop at most loca-
tions. The mean of the predicted and unpredicted drops was 5.4 and 18.1 mm, respectively, in the southern part of
SWMZ II. The ground surface drop at strongly affected grid cells in the Hau river estuaries could also not be
predicted reasonably.

5. Discussion and Conclusions
We here analyzed InSAR‐derived subsidence time series at measurement points, which were mainly located on
man‐made structures that might have foundations in different depths. Consequently, their measured movements
reflect various shares of the total land subsidence and might additionally contain loading‐induced subsidence, as
discussed in de Wit et al. (2021), Dörr et al. (2021), and Minderhoud et al. (2025). We aggregated point mea-
surements within 1×1 km grid cells, which might cause different cells to reflect subsidence in various depth
ranges, depending on the sampled structures inside the cells. However, we assume that foundations are mostly
shallow in rural, agricultural areas like SWMZ II, so most measurement points reflect the largest part of the total
subsidence. We attempted to suppress isolated movements of individual buildings, due to large loads, largely
deviating foundation depths from grid cell averages and construction‐related tilting, by using the median for
aggregation.

We found that various locations across the Mekong Delta are affected by a subsidence which is the sum of a
background trend overlaid by seasonal vertical displacements in phase with the dry and rainy seasons. The
observed background trend is assumed to be the result of groundwater over‐exploitation and natural compaction
of Holocene clay sediments (Baldan et al., 2024; Minderhoud et al., 2017). The overlaying seasonal displace-
ments reflect a system component, in which subsidence due to water scarcity in the dry seasons is decelerated, or
partially or completely compensated by a rebound in the rainy seasons. The seasonal signals might be related to a
seasonality in the groundwater extraction rates, resulting in a seasonally varying compaction of the aquifer‐
aquitard system (Bell et al., 2008; Haghighi & Motagh, 2024), as well as to drying and wetting related
shrinkage and swelling of shallow clayey soils (Stewart et al., 2016). In general, our remote sensing based
approach is not able to clarify to what extent the mechanisms behind the background and seasonal signals are
coupled, hence to which extend the observed seasonal variations are elastic or inelastic.

Parts of the study area were affected by extraordinary subsidence of up to 7 cm in few months during the severe
drought in 2020. The magnitude was clearly spatially correlated with specific surface water management and land
use zones. Strongly affected areas were also characterized by particularly large KBDI values during the drought,
probably induced by large land surface temperatures. The largest subsidence was found in rain‐fed double‐rice
agricultural areas in SWMZ II around the Lower U Minh forest. At this location, the median of the seasonal
subsidence during the drought, neglecting the background subsidence, was 23 mm. Other strongly affected areas
were double‐rice and shrimp‐rice areas around the northern part of SWMZ II, which are probably also not hy-
draulically connected to the Hau river during dry seasons, as well as aquaculture and double‐rice areas around the
Hau river estuary. Those areas were also characterized by very large peak KBDI values. Most other areas in
SWMZ III and SWMZ I were not affected by unusual subsidence.

There are two possible reasons for the observed drought‐induced subsidence. First, the groundwater extraction
rates might have been significantly increased during the drought, to meet the needs of the land use and domestic
water usage (Van Loon et al., 2016). Freshwater in the double‐rice areas in SWMZs II and III is only supplied by
rain or groundwater. The increased salinity and evaporation in the brackish/saline zones during the drought could
also have been a reason for increased groundwater extraction rates in aquaculture areas in SWMZ III. Fresh
groundwater might be mixed with saline surface waters to keep the salinity for shrimp growth at a reasonable
level. Land subsidence, originating from aquifer‐aquitard compaction due to groundwater over‐extraction which
intensified during droughts, has been reported for the Central Valley in California by Ojha et al. (2018),
Chaussard et al. (2017), and Miller et al. (2020), where the latter measured a peak cumulative subsidence of
roughly 90 cm during a severe drought between 2014 and 2017. The second reason could be an exceptional drying
of the surface sediments, leading to soil shrinkage in clayey soils. This effect would probably be mostly relevant
to the rain‐fed only zones in SWMZs II and III. SWMZ I has an all‐year hydraulic connection to the Mekong river,
leading to a less pronounced freshwater scarcity during droughts, hence probably to a smaller deviation of the
groundwater extraction rates and soil moisture from normal dry seasons compared to SWMZs II and III. Overall,
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our remote sensing observations do not allow us to determine how much each mechanism contributed to the
drought‐induced subsidence.

The seasonal subsidence during the drought in 2020 was not compensated by uplift in the following rainy season
in the southern part of SWMZ II and around the Hau river estuary. In the southern SWMZ II, the detected ground
surface drop reached up to 35 mm and its median value was 17.5 mm. This drop could either be caused by a
permanently lowered water table, or by inelastic subsidence. While the precipitation sums in the two rainy seasons
after the drought were higher than in the 2 years before, the ground surface level was not characterized by an
uplifting trend. This indicates that the first mentioned reason appears unable to explain the sudden inability to
compensate the subsidence. Inelastic subsidence could have been originating in the aquifer‐aquitard system, or
been caused by inelastic shallow soil subsidence in response to a significant moisture loss, which also could have
led to reported collapses of roads and dykes into nearby channels. Welch et al. (2024) reported such inelastic
subsidence in clayey soils of up to 8 mm during recent droughts at the coast of Texas, USA, amounting to roughly
10% of the total subsidence. Regardless of the cause, the observed drop indicates a deviation of the hydro-
geological system from its normal state in the other studied years.

These findings were supported by our seasonal displacement prediction analysis. The subsidence prediction by
means of precipitation data is not capable of deciphering the underlying mechanisms, but we assume low‐pass
filtered precipitation to act as a proxy in the rain‐fed zones, primarily for changes in groundwater extraction
rates and soil moisture. The prediction showed good performance in the southern SWMZ II for temporal
segments without drought conditions, while the model was unable to predict the subsidence during the drought.
This contrasting performance underlines the hypothesis that the hydrogeological system deviated from its
normal state during the drought. The good prediction capabilities in other seasons, using precipitation as the
predictor variable, aligns with the fact that the surface water input in this area is neither impacted by the river
nor the sea. The overall prediction performance was not adequate in other regions which were affected by
seasonal displacements. In general, hydrogeological models which incorporate groundwater extraction rates and
pressure heads in different aquifers, the water table depth and soil moisture are required for reasonable sub-
sidence predictions, which allow an explanation of the underlying mechanisms. Longer subsidence time series
which span several years without and with severe drought conditions would also help to set up more robust
displacement models.

This study showed that droughts can significantly intensify land subsidence in the Mekong Delta, and drought‐
induced subsidence in 2020 was spatially correlated with specific surface water management and land use zones.
The potential irreversible subsidence during droughts has a major impact on the low‐lying delta, especially under
the assumption that the frequency of droughts will increase due to climate change and an increasing water de-
mand. Studying the underlying mechanisms of the observed drought‐induced subsidence is subject to future
research, which preferably considers the actual hydrogeology and bases on longer subsidence time series in
combination with measurements from monitoring stations which measure depth‐dependent subsidence, aquifer
pressure heads, water table depth, and soil moisture.
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