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Abstract. Natural fluctuations in river flow are central to the
ecosystem productivity of basins, yet significant alterations
in daily flows pose threats to the integrity of the hydrolog-
ical, ecological, and agricultural systems. In the dammed
Lancang–Mekong River (hereafter LMR), the attribution of
these large daily flow changes to upstream regions remains
mechanistically unexamined, a factor blamed on challenges
in estimating the time required for large daily shifts in up-
stream river flow to impact the downstream stations. Here,
we address this with a newly developed subbasin modeling
framework that integrates 3D hydrodynamic and response
time models, together with a hydrological model with an em-
bedded reservoir module. This integration allows us to esti-
mate the time required between two hydrological stations and
to distinguish between the contributions of subbasins and up-
stream regions to large daily river flow alterations. The find-
ings revealed a power correlation between upstream river dis-
charge and the time required to reach downstream stations.
Significant fluctuations (greater than 1 m) in the river’s daily
flow were evident before the advent of the era of human ac-
tivities, i.e., before 1992, with around 92 % of these fluctu-
ations occurring during the wet season, particularly in June,
July, and August. This pattern persisted throughout subse-
quent periods, including the growth period (1992–2009) and
the mega-dam period (2010 to 2020), with minimal variation
in the frequency of events. The Lancang basin contributed

approximately 33 %–42 % of these large river fluctuations
at the Chiang Saen station. We found that daily-scale water
level and runoff might not fully capture dynamic river flow
changes, as significant differences were observed between
daily and subdaily river flow profiles. Subbasins significantly
contributed to mainstream discharge, leading to substantial
shifts in mainstream daily river flows. The outcomes and
model derived from the subbasin approach have significant
potential for managing river fluctuations and broader appli-
cability beyond the specific basin studied.

1 Introduction

Natural flow regimes provide temporal and spatial fluctu-
ations in river water level and flow, which are central to
supporting productive environmental and ecological systems
(Van Binh et al., 2020). However, large changes in river flow
– mainly due to human intervention and climate change –
pose a threat to ecosystem productivity and sustainable de-
velopment, disrupting the integrity of rivers, causing bank
erosion (Darby et al., 2013), leading to successive satura-
tion and draining, and altering natural hydrological rhythms
(Yoshida et al., 2020; Soukhaphon et al., 2021).

Two primary drivers of these hydrological alterations in
the Lancang–Mekong River (LMR) basin are human activi-
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ties (e.g., uncoordinated dam operations) and significant spa-
tiotemporal variability in precipitation (Zhang et al., 2023;
Yun et al., 2020; J. Wang et al., 2021). Dam water stor-
age and operations can alter peak flows, increase base flows,
and modify the frequency and variability range of discharge
(Hecht et al., 2019). For instance, since 2010, the Chiang
Saen station in Thailand, near the border with China, has
recorded a 98 % increase in monthly discharge during the
dry season, while the wet season water level has dropped by
1.55 m (Lu and Chua, 2021). Intense downpours lasting sev-
eral hours or days further exacerbate downstream flow alter-
ations (Wang et al., 2017a). Undammed regions can deliver
large discharges into the downstream areas, compounding the
impact of these stressors and causing daily water level fluc-
tuations of 1–4 m (MRC, 2011). These fluctuations can in-
fluence critical phenomena like the flood pulse, which drives
productivity in downstream regions such as the Tonlé Sap
lake (Morovati et al., 2021a; Morovati et al., 2023), affect-
ing agriculture and fishery (Sabo et al., 2017; Chen et al.,
2021; J. Wang et al., 2021). Additionally, these changes trig-
ger fish mortality by confining fish to small water bodies,
altering spawning patterns and fish migration, and affecting
agricultural and livestock production (Burbano et al., 2020;
Li et al., 2022; Morovati et al., 2024) – a concern recently
raised by local communities. Despite the importance of these
issues, research on assessing such large daily river flow fluc-
tuations (1–4 m) remains limited.

Flow regime analysis has driven extensive research in re-
cent years. Han et al. (2019) used the CREST-snow hydro-
logical model with remote sensing data and found a 6 %
change in mean annual streamflow at the Lancang River
from 2008 to 2014. S. Wang et al. (2021) applied the SWAT
hydrological model to project daily runoff until 2050, re-
vealing increased flood risks in the lower Mekong River.
Shin et al. (2020) utilized the CaMa-Flood hydrodynamic
model, accounting for 86 dams, and found that surface wa-
ter storage was mainly governed by climate variation be-
fore 2010. Galelli et al. (2022) employed the VIC and VIC-
Res models to simulate dam re-operations, demonstrating a
39 % increase in the median daily flow in January and a
10 % decrease in August in the lower Mekong River. Yun
et al. (2020), using the VIC-Res model, reported a 5 % re-
duction in annual streamflow at Chiang Saen due to the Lan-
cang cascade dams from 2008 to 2016. J. Wang et al. (2021)
employed the VIC and CaMa-Flood models to analyze daily
floods in the LMR basin from 1976 to 2015. Most recently,
Yun et al. (2024) used this model to investigate reservoir
impacts on natural runoff, finding that, by 2023, reservoirs
could store up to 62 % of the annual runoff under extreme
conditions.

There are many other studies resulting in successful analy-
ses of flow regime changes in the LMR basin, including his-
torical assessment using indicators of hydrologic alteration
(Cochrane et al., 2014; Lu et al., 2014; Li et al., 2017; Lu
and Chua, 2021) and monthly assessments of Chinese dams’

impacts on the downstream flow regime using VMod, a dis-
tributed hydrological model (Räsänen et al., 2017). Addition-
ally, studies have examined the impacts of constructed trib-
utary dams on the lower Mekong River (Piman et al., 2016)
using the SWAT and HEC-ResSim models. Furthermore, the
rainfall-runoff-inundation (RRI) model has been applied to
address climate change and reservoir operation impacts on
inundation patterns based on daily and monthly simulations
of river runoff across the lower Mekong River (Try et al.,
2018, 2020, 2022; Ly et al., 2023).

However, none of these models or the other tools devel-
oped to assess hydrodynamics, hydrology, and sediment dy-
namics in the LMR basin discussed in the review by John-
ston and Kummu (2012) provide an assessment of the degree
to which the downstream large daily water level and flow
changes are attributed to upstream subbasins and the time re-
quired for shifts in upstream river flow to impact downstream
stations.

Here, we first identify the large daily river flow changes
by analyzing observed historical data over the last 4 decades.
We then address the gaps mentioned above by developing
an integrated modeling framework consisting of a highly ac-
curate 3D hydrodynamic model (Delft3D-Flow) to simulate
the daily water level, flow, and velocity; a response time
model to explicitly attribute the daily river flow changes at
the mainstream stations to their respective subbasin and up-
stream station(s); and a hydrological model to provide daily
discharge for tributaries lacking measured data. Our analy-
sis based on the developed models expands on previous re-
search in at least three aspects: (i) our approach allows us to
quantitatively assess the regional contribution to downstream
abnormal water level and flow shifts. Indeed, this analysis
shifts the current conversations from how much water level
or flow has historically altered – including small river flow
changes existing even in undammed river basins – to how
much upstream subbasins have contributed to large daily wa-
ter level or flow changes, which is significant for regional and
transboundary development; (ii) the results offer essential in-
sights into the time required for upstream river flow changes
to propagate to the downstream station. This facilitates im-
proved management strategies for subbasins, which is cru-
cial for mitigating abnormal flow regime changes that pose
threats to communities residing near the mainstream; and
(iii) these models and analyses provide insights into the con-
cerns raised by locals regarding the roles of climate change
and human activities in the large daily river flow fluctuations
in the LMR. Furthermore, the findings and the developed
model can serve as a reference for understanding similar is-
sues in other basins.
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2 Material and methods

2.1 Study area

With a length of ∼ 4800 km, the pan-shaped LMR consti-
tutes the second most diverse aquatic ecosystem globally
(MRC, 2011; Intralawan et al., 2019) and ranks as the eighth
largest in terms of annual runoff (Sabo et al., 2017). Its ex-
tensive length encompasses diverse geographical regions, in-
cluding deep valleys and lowland areas, which has facili-
tated both dam construction and agricultural development
(Yoshida et al., 2020; Tian et al., 2023). The LMR is di-
vided into two reaches: the upper course is known as the Lan-
cang River within China, where it originates from the Tibetan
Plateau and is home to 11 large mainstream hydropower
dams and many tributary dams (Fig. 1), and the lower reach
is known as the lower Mekong River, where its surrounding
subbasins have been heavily impacted by agricultural activ-
ities and tributary dams (Zhang et al., 2023). Until the end
of 2020, two mainstream hydropower dams operated in the
lower Mekong River (i.e., Don Sahong and Xayaburi); how-
ever, their total storage capacity was much smaller than that
of some tributary dams, including Nam Ngum (4700 MCM)
and Xe Kaman (4800 MCM) (Fig. 1). Although each trib-
utary reservoir typically has a small storage capacity (e.g.,
< 5 km3; Fig. S1 in the Supplement), the reservoirs’ cumula-
tive storage and independent operation, due to varying prior-
ities among riparian countries, could intensify hydrological
changes (Zhang et al., 2023): 10 % of the total hydropower
potential across the LMR basin is attributed to these main-
stream hydropower reservoirs (MRC, 2019; Morovati et al.,
2023).

The hydrology of the basin is mainly influenced by an
uneven distribution of precipitation, both spatially and tem-
porally (Pokhrel et al., 2018). The wet season, occurring
from June to November (LMC and MRC, 2023), sees sub-
stantial precipitation, resulting in approximately 345 km3 of
runoff. In contrast, the dry season, spanning from December
to May, witnesses a significant decrease in basin-wide pre-
cipitation, leading to a notable drop, approximately 67 %, in
runoff delivered to the delta region compared to the wet sea-
son. The mainstream runoff primarily stems from recharge
by upstream subbasins, tributaries, and precipitation.

2.2 Methodology and data collection

The daily fluctuations in river flow are analyzed at seven
mainstream gauging stations, a process pivotal in the for-
mulation of our subbasin modeling framework. Each sub-
basin’s delineated area precisely reflects the geographical ex-
tent influencing its respective downstream station. Our de-
veloped hydrological model, as detailed in Sects. 2.2.2 and
3.1.1, demonstrates the capability to generate time series
discharge data for both mainstream stations and tributaries.
These datasets serve as crucial input discharge data for defin-

Figure 1. Map of the Lancang and lower Mekong basins, highlight-
ing the extensive river network that dominates the region along with
the locations of tributary and mainstream dams. The bar chart shows
the total storage capacity of mainstream dams constructed within
the Lancang River and lower Mekong River.

ing the inlet boundary, complemented by outlet boundary
specifications derived from water level data sourced from the
Mekong River Commission (MRC). This facilitates the inte-
gration of our hydrodynamic and response time models, as
depicted in Fig. 2.

2.2.1 Data

For eight gauging stations extending from the Chiang Saen
(CS) to Kratie (KR) stations, continuous daily water level
and discharge data were obtained from the MRC website
for the period 1980 to 2020. For tributaries, low-resolution
discharge data were accessible for six stations: Chantan-
goy, Siempang, Pak Mun, Phonesy, Tha Ngon, and Ban Pak
Kanhoung. The locations of these stations are indicated in
Fig. 2. Additionally, low-temporal-resolution velocity data
were measured at the Stung Treng (ST) station; however, ve-
locity data were not available for stations located upstream
of Stung Treng.

Meteorological data sourced from the MRC and CMA,
i.e., the China Meteorological Administration, served as pri-

https://doi.org/10.5194/hess-28-5133-2024 Hydrol. Earth Syst. Sci., 28, 5133–5147, 2024



5136 K. Morovati et al.: On the cause of large daily river flow fluctuations in the Mekong River

Figure 2. Illustration of the developed integrated modeling framework: (a) the THREW model applied to the LMR basin and (b) the defined
computational domain (white splines, i.e., land boundary) in the developed hydrodynamic model for analyzing daily river flow fluctuations.
Each tributary is represented by a single cell located between the land boundary and the riverbank (red cells in panel (b)). Note: the cells in
panel (b) do not represent the actual number of cells used in the simulations (see Sect. S4 in the Supplement for more details). The name of
each defined subbasin in this study is based on its upstream and downstream stations (panel (a)). The background map in Fig. 2b is adapted
from Google Earth Maps (e.g., © Google Maps).

mary inputs for the THREW (Tsinghua Hydrological model
based on the Representative Elemental Watershed – REW)
hydrological model. Daily precipitation records were gath-
ered from 89 meteorological stations for the lower Mekong
River subregion and 11 stations for the Lancang River subre-
gion (Fig. S6). Additionally, other meteorological data, in-
cluding near-surface air pressure, air temperature, specific
humidity, wind speed and direction, sunshine duration, and
solar radiation, were collected from 44 stations in both sub-
regions. These datasets were utilized to calculate poten-
tial evapotranspiration using the Penman–Monteith equation,
which is a crucial parameter for the THREW model.

Soil data were obtained using the global soil database
provided by the Food and Agriculture Organization of the
United Nations (FAO), with a spatial resolution of 10×
10 km. DEM data used for the THREW model were obtained
from the SRTM (Shuttle Radar Topography Mission), with a
spatial resolution of 250 m. Data for the normalized differ-
ence vegetation index (NDVI), leaf area index (LAI), and
snow cover were sourced from MODIS, featuring a spatial
resolution of 500× 500 m and a temporal resolution of 16 d
(Zhang et al., 2023).

For the developed hydrodynamic model, SRTM data with
an original resolution of 90 m were utilized for areas out-
side the mainstream of the LMR (https://srtm.csi.cgiar.org/
srtmdata/, last access: 12 January 2024). For the mainstream
of the LMR, measured cross-sectional shapes were available
at various stations from the MRC website. An anisotropy
approach was adopted during depth interpolation due to its
superior performance in a flow-oriented coordinate system
(see Merwade et al., 2006). The bathymetry data were then
interpolated using the triangular technique embedded in the
Delft3D model. Additionally, the internal diffusion method
was applied to non-interpolated parts to assign depths to
these areas (see Deltares, 2014, for detailed information).
More details can be found in Sect. S3.

2.2.2 Hydrological model

The THREW model serves as a physically and spatially
distributed model that utilizes the REW method. This ap-
proach’s spatial feature allows each REW to be divided
into various hydrological zones, capturing the basin’s het-
erogeneous nature. The model incorporates various hydro-
logical processes, such as glacier and permafrost dynamics,
snowmelt, and precipitation, making it applicable to various
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regions within the LMR basin. It demonstrates high perfor-
mance in producing tributary flows in each REW (Cui et
al., 2023). Based on the REW method, we divided the LMR
basin into subbasins based on selected hydrological stations
for this study (Fig. 2).

The LMR basin is covered by 651 REWs (Fig. S7). For
site-based data, the Thiessen polygon method was employed
to calculate the inputs for each REW. For raster data, such as
the LAI and NDVI, we conducted spatial intersection analy-
sis to determine the raster cells within each REW and their
respective weights. These weighted values were then aver-
aged to obtain the inputs for the respective REW. Calibration
of the model was achieved using an automatic parallel com-
putation program to adjust the hydrological parameters (Nan
et al., 2021). The THREW model was successfully applied to
large river basins such as the LMR basin (Tian et al., 2020;
Morovati et al., 2023), the Urumqi River basin (Mou et al.,
2009), the Han River basin (Sun et al., 2014), and the Yarlung
Tsangpo–Brahmaputra River basin (Xu et al., 2019; Nan et
al., 2021; Cui et al., 2023). Additionally, inundation is calcu-
lated using a hydrodynamic model, with the THREW model
providing tributary streamflow as an input rather than simply
spreading the runoff across the basin.

Reservoir module

The THREW model schedules reservoirs according to the
REW format. Due to the unavailability of detailed dam at-
tributes, the model considers 85 dams within the basin, a
number similar to that reported by Shin et al. (2020) and
Dang et al. (2022). The basin contains 651 REWs (Fig. S7),
and each dam is assigned to its corresponding REW based
on location information. For each REW, the annual cumula-
tive reservoir storage is calculated and input as a parameter
into the THREW model. The reservoir module consists of
two parts: (1) the initial storage phase and (2) the normal op-
eration phase. In phase 1, each REW experiences a change
in cumulative storage annually, signifying the operation of
new reservoirs within that REW during that year. The rules
governing the initial storage phase are detailed in Eqs. (1) to
(6). During this phase, if the inlet flow is below the minimum
reservoir discharge constraint, the outlet flow equals the inlet
flow. Conversely, when the incoming flow meets or exceeds
the minimum reservoir discharge constraint, the outlet flow
is set to this minimum value. Additionally, once the reservoir
storage surpasses the minimum reservoir storage constraint,
the initial storage phase concludes, changing the reservoir
scheduling into the normal operation phase.

Qout =

{
Qin,Qin <Qmin
Qmin,Qin ≥Qmin

(1)

St = St−1+Qin−Qout (2)
S0 = 0 (3)
If St ≥ Smin,break. (4)

Smin = 0.2× Stotal (5)
Qmin = 0.6 ×Qave (6)

Qout represents the outlet flow, Qin denotes the inlet flow,
Qmin is the minimum reservoir discharge constraint, St
stands for the reservoir storage at time t , Smin is the minimum
reservoir storage constraint, Stotal denotes the total reservoir
storage, and Qave denotes the average multiyear runoff for
each REW during the calibration period (i.e., 2000–2009).

The scheduling rule for the normal operation phase of
the reservoir follows the improved standard operating pol-
icy hedging model (SOP rule) (Morris and Fan, 1998; Wang
et al., 2017b). During this phase, the reservoir operates ac-
cording to the following rules, prioritized in decreasing order
from (a) to (e):

a. The water balance is St = St−1+Qin−Qout.

b. The reservoir storage constraint is Smin ≤ St ≤ Smax.

c. The reservoir discharge constraint is Qmin ≤Qout ≤

Qmax.

d. The reservoir storage is maintained at Sc in the wet sea-
son.

e. The reservoir storage is maintained at Sn in the dry sea-
son.

Sc represents the reservoir storage corresponding to the flood
control level, and Sn denotes the reservoir storage corre-
sponding to the normal storage level.

During the normal phase, the reservoir scheduling rules
account for two scenarios: the general case and the emer-
gency case, each with distinct constraints. If, after schedul-
ing based on the general case constraints, the outlet flow fails
to meet the maximum or minimum reservoir flow constraints,
the situation is deemed a contingency case. In such instances,
the reservoir is re-scheduled according to the emergency case
constraints, which involve appropriately relaxing the con-
straints on maximum reservoir storage and minimum reser-
voir flow. This adjustment aims to mitigate excessively high
or low outlet flows, thereby reducing flow variability. While
ensuring that reservoir storage remains safe, the emergency
case maximizes the reservoir’s regulation capabilities to pro-
mote more favorable downstream ecological conditions and
support downstream production and livelihoods. The reser-
voir scheduling rules for the emergency case are denoted by
rules (f) and (g):

f. After scheduling, verify whether the outlet flow Q′out
is maintained between Qmin and Qmax: Qmin ≤Q

′
out ≤

Qmax.

g. If condition (f) is false, repeat steps (a) to (e).

According to Tennant (1976), 30 % of the average multi-
year flow sustains good survival conditions for most aquatic
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life forms and basic recreation, 10 % supports the short-term
survival of aquatic life forms, and 60 % provides an ex-
cellent habitat during their primary growth period and for
recreational uses. The maximum flow released from the dam
should not exceed twice the average flow (Tennant, 1976).
Therefore, in the general case,Qmax = 2×Qave andQmin =

0.6×Qave. In the emergency case,Qmin = 0.3×Qave ·Qave.
Referring to Yun et al. (2020) for Sc and Sn, we set Sc =

Smin× 1.2 and Sn = Smax× 0.8. Here, Smin = 0.2× Stotal. In
the general case, Smax varies seasonally as follows:

Smax =

{
0.8× Stotal,month= 6,7,8,9,10,
1× Stotal,month= 11,12,1,2,3,4,5.

In the emergency case, Smax = 0.8× Stotal.

2.2.3 Hydrodynamic model

Water level or flow modeling requires a hydrodynamic model
to accurately capture the daily fluctuations in river flow. Flow
velocity is equally essential in this study, as any daily change
in upstream flow necessitates time for its downstream impact
to manifest. The Delft3D model was selected to implement
3D simulations of the basin (Deltares, 2014). The simulation
domain encompasses the river reach between the JingHong
and Kratie stations (∼ 2200 km) (Fig. 2).

In the study area, the horizontal scale of the river signif-
icantly exceeds its depth, validating the shallow water as-
sumption. The Navier–Stokes equations are solved for the
river’s incompressible flow. Given the curved computational
boundaries typical of rivers like the LMR, a spherical co-
ordinate was utilized to prevent discretization errors result-
ing from undefined rectangular cells. The cyclic method was
chosen for advection, and the k−ε turbulence model, known
for its superior performance, was implemented for simula-
tions (Shi et al., 2022; Morovati et al., 2021b; Wu et al.,
2024). Both models have been validated to produce more ac-
curate results than their counterparts for the LMR (Morovati
et al., 2023).

Land boundaries were defined as wider than the river’s
main channel to accurately model large increases in dis-
charge without being impacted by land boundaries. The
JingHong (JH) and KR stations were designated the inlet and
outlet boundaries, respectively, with the measured daily dis-
charge and water level defined at these points. All the tribu-
taries were also designated additional inlet boundaries, with
their daily discharge simulated by the THREW model. A ver-
tical uniform profile was applied for the defined inlet dis-
charge. Further details on the model settings, computational
meshing domain, and mesh sensitivity analysis can be found
in Sects. S1 and S4.

2.2.4 Response time model

This model is developed to determine the time required for
upstream daily river flow to impact the downstream section,

thereby allowing us to identify which upstream daily river
flow shifts correspond to specific downstream daily fluctu-
ations. The concept of a response time reflects the degree
of water exchange by depicting the residence times of wa-
ter bodies while taking into account spatial heterogeneity.
Therefore, to determine the response times of water and tem-
poral dynamics within river systems, a sophisticated 3D re-
sponse time (age) is developed, leveraging the hydrodynamic
model within an Eulerian framework (Shi et al., 2023; Wu et
al., 2024). Within this model, the trajectory of water entering
the river is meticulously traced through the utilization of a
virtual passive substance commonly referred to as a tracer.
Note that the defined tracer does not change the water den-
sity. The response time is how long it has been since the
tracer left a specific place like the inlet boundary. We start
counting the response time from zero when the water first
leaves the inlet boundary. In this context, the term “age” sig-
nifies the average time of the tracer. This means that the re-
sponse time is calculated by considering the ages of all in-
dividual tracers and weighting them based on their mass. To
simplify this, the introduction of the water age concentra-
tion helps with averaging by combining the average response
times of water tracers with their concentrations. This cre-
ates a single variable that represents both the response time
and the abundance of the tracers. Both tracer concentration
and age concentration follow advection–diffusion equations,
which are based on the principle of mass conservation. This
means that they account for the movement and spread of
tracers in the system while ensuring that mass is conserved
throughout the process. The evolution of the response time
is governed by a set of equations (Eqs. 7–9), where a repre-
sents the response time, C is the tracer concentration, and α
denotes the age concentration.

∂C

∂t
+ (∇ ·u)C+

∂wC

∂z
=∇ (Dh∇)C+

∂

∂z

(
Dv
∂C

∂z

)
(7)

∂α

∂t
+ (∇ ·u)α+

∂wα

∂z
=∇ (Dh∇)α+

∂

∂z

(
Dv
∂α

∂z

)
+C (8)

a =
α

C
(9)

In these equations, the components of horizontal and vertical
velocity (diffusivity) are represented by u= (uv) (Dh) and
w (Dv), respectively. ∇ is the Hamiltonian operator (∇ =
(∂/∂x∂/∂y)).

At the upstream and downstream boundaries of the LMR,
designated JH and KR, the boundary conditions for the tracer
and age concentrations are defined as 1 and 0 (0 and 0), re-
spectively. These defined boundary conditions facilitate the
accurate simulation of the response time along the primary
flow path within the LMR. Furthermore, a cold start is im-
plemented, initializing the entire domain with zero values for
both the tracer and age concentrations.
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2.3 Scenario setting

Our regional assessment of the basin is based on observed
and simulated data spanning 4 decades from 1980 to 2020.
We divided this period into three distinct phases. The first
phase, from 1980 to 1991, is designated the pre-dam period
due to the absence of large tributary and mainstream dams
as well as limited land cover changes aimed at improving
farming practices (Chua et al., 2022; Zhang et al., 2023).
The second phase, from 1992 to 2009, is categorized as the
growth period, marked by the commencement of dam con-
struction, including projects like the Manwan and JingHong
dams, alongside observable changes in land cover (Morovati
et al., 2024). The third phase, from 2010 onwards, is termed
the mega-dam period, characterized by the construction of
mainstream dams with a total capacity of 45 km3 and many
irrigation projects (Morovati et al., 2024). Additionally, a
resurgence in tributary dam construction was observed in
downstream subbasins of the Lancang River, contributing a
total capacity of around 30 km3.

In line with recommendations from the MRC regarding
allowable hourly water level changes downstream of cascade
dams (5 cm h−1 or 1.2 m d−1) (MRC, 2020), our study fo-
cuses on water level changes exceeding 1 m, referred to as
“events”. The aim is to quantitatively assess the regional im-
pacts contributing to these events.

3 Results

3.1 Model validation

3.1.1 THREW

The model calibration utilized data spanning from 2000 to
2009 across all the selected stations, ensuring its accuracy
and reliability. The model validation was conducted for the
pre-dam period (Fig. S8) and the mega-dam period (Fig. 3)
to further assess its performance. The model exhibited good
performance across all the stations, consistently achieving
average Nash–Sutcliffe efficiency (NSE) values of greater
than 0.92 for the pre-dam period and 0.78 for the mega-dam
period.

Comparable performance was attained for available tribu-
tary discharges during the pre-dam, growth, and mega-dam
periods, with the NSE values exceeding 0.88 and indicating
high accuracy. Additional details can be found in Fig. S9.

3.1.2 Hydrodynamic model

Accurately capturing the daily large fluctuations is a primary
objective of this study, given its significant impact on re-
gional contribution analysis. While a comprehensive com-
parison of the time series discharge and water level data
yielded by the hydrodynamic model is conducted for all the
stations throughout the study period (Fig. S5), Fig. 4a and

b illustrate water level and discharge profiles for a single
month, showcasing notable river flow shifts at the Chiang
Khan (CK) and Pakse (PA) stations, respectively.

In Fig. 4a, observations over the span of a month reveal
two substantial daily water level increases (1.5 and 2.18 m)
and a 1 m decrease in the water level. Meanwhile, Fig. 4b de-
picts the PA station as experiencing three consecutive large
daily water level or flow increases. Notably, the developed
model adeptly captures the river flow profiles at both stations,
with a mean relative error (MRE) of less than 5 % underscor-
ing its accuracy in modeling daily water level or flow shifts
in the LMR.

Regarding flow velocity, data are solely available for the
ST station at low temporal resolution. The daily flow ve-
locity is compared with the model-derived velocity for the
year 2020. A detailed point-by-point comparison indicates
the model’s relatively accurate simulation of flow velocity
at this station, with an MRE of less than 6.2 %. Comparable
levels of accuracy are achieved for the years 2018 and 2019
(Fig. S4).

3.2 Large daily water level or flow changes

Figure 5 illustrates significant fluctuations in water levels and
discharges over a 24 h cycle (daily) across all the main hy-
drological stations during the pre-dam period (1980–1991).
For comprehensive data covering the growth and mega-dam
periods, please refer to Fig. S10. Such large river flow fluc-
tuations occurred in the basin even before the construc-
tion of any dams. During this period, a total of 143 events
were recorded at these stations, with a notable concentra-
tion within the initial 3 months of the wet season spanning
from June to August. The number of daily fluctuations varies
among the stations along the LMR. For instance, while the
PA station encountered 28 events, the downstream ST station
experienced only 7 events. This discrepancy underscores the
significant influence of regional contributions on exacerbat-
ing or mitigating downstream discharge and subsequent wa-
ter level changes (Fig. 7). Furthermore, the majority of these
events were characterized by substantial increases in water
level or discharge, aligning with observations typically asso-
ciated with the wet season spanning from June to November.

3.3 Response time

Response time denotes the duration required for a daily flow
change upstream to propagate and be recorded at a down-
stream gauging station. This allows us to determine the ef-
fects of upstream daily river flow changes on downstream
shifts. Figure 6 illustrates the resultant graphs and their cor-
responding equations for each mainstream station, enabling
the calculation of response times for daily river flow changes
to their respective downstream stations. Generally, a higher
discharge at a given station corresponds to a shorter response
time of its downstream station. This graph facilitates the de-
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Figure 3. Comparison using the THREW model of the simulated time series discharge and the measured data over the mega-dam period
(2010–2020).

Figure 4. Comparison of water level and discharge profiles at two stations: (a) Chiang Khan station and (b) Pakse station. Panel (c) depicts
a point-by-point comparison of measured velocity with the hydrodynamic model for the year 2020 at the Stung Treng (ST) station.

termination of the minimum and maximum response time
ranges for each daily river flow to reach its downstream sta-
tion. For instance, at the PA station situated approximately
200 km upstream from the ST station, the response times
range from 1 to 10 d, depending on the discharge at the Pakse
station.

3.4 Contributions of subbasins to mainstream flow

Figure 7 provides data on the cumulative average dis-
charge at each hydrological station along the mainstream,
reflecting contributions from both the respective subbasin
and its upstream station. Upon analysis, it becomes evi-
dent that most subbasins in the LMR contribute signifi-
cantly to the total downstream runoff, with the exception
of the Nakhon Phanom–Mukdahan and Chiang Khan–Nong
Khai subbasins. In these cases, the contribution from each

subbasin to its downstream station is less than 5 % of the
total discharge passing through each station. On average,
around 35 %, 46 %, and 45 % of the total discharges during
the wet season passing through the CS, CK, and Nakhon
Phanom (NP) stations originate from their respective sub-
basins (Fig. 7), indicating the significant role of these sub-
basins in the daily river flow changes at their downstream
stations.

Throughout the examined periods, there is no notable vari-
ance in the contributions of subbasins and upstream stations
to the downstream stations, except for the NP station. At NP,
a discernible increase of 10 % in the total runoff is observed
in the last decade compared to the pre-dam period (Fig. S10,
amounting to ∼ 2500 m3 s−1).
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Figure 5. The daily river flow alterations greater than 1 m for the
mainstream stations (pre-dam period). Negative and positive val-
ues denote decreases and increases in water levels (a) and dis-
charges (b), respectively. Note: in this study, the wet season starts
on 1 June and ends on 30 November (LMC and MRC, 2023).

Figure 6. Response time equations and their corresponding graphs
for all the mainstream stations. Please note that the results presented
in this figure are derived from the developed hydrodynamic model.
These equations only calculate the response times based on the up-
stream station and do not consider the tributaries flowing into the
mainstream.

Figure 7. The cumulative average discharge data at each hydrologi-
cal station along the river’s mainstream during the wet and dry sea-
sons of the pre-dam period, incorporating contributions from both
the corresponding subbasin and its upstream station. Note: for ex-
ample, in this figure, “JH–CS” refers to the area or subbasin influ-
encing the discharge at the Chiang Saen station from the JingHong
station (JH).

3.5 Contribution of upstream subbasins to large daily
water level or flow increases

Figure 8 illustrates cumulative average daily discharge in-
creases corresponding to the daily water level shifts exceed-
ing 1 m at each station along the LMR’s mainstream, consid-
ering contributions from both the subbasin and its upstream
station(s). The CS station is closest to the Lancang River’s
course, where Chinese mega-dams were constructed recently
(2010–2020). Results reveal that, during the pre-dam period,
67 % of the Chiang Saen discharge that resulted in water level
shifts exceeding 1 m can be attributed to its subbasin. How-
ever, this contribution decreased to 62 % during the growth
period and further to 58 % during to mega-dam period, indi-
cating an impact that surpasses human activities in the Lan-
cang basin.

This trend persists across other stations, such as CK, NP,
and PA, where their respective subbasins’ contributions re-
mained above 54 % of daily discharge increases, resulting
in water level shifts exceeding 1 m. The Mukdahan (MD)
subbasin exhibited the lowest contribution during the pre-
dam period, at 9 %. However, during the growth and mega-
dam periods, the average contributions to daily discharge in-
creases surged by 28 % and 55 %, respectively. Conversely,
at the Nong Khai (NK) station, the contribution of its sub-
basin to discharge increases saw notable declines, from 33 %
in the pre-dam period to 17 % and 4 % during the growth and
mega-dam periods, respectively. Notably, the NP subbasin
stands out for its substantial contribution, producing 66 %
(pre-dam), 82 % (growth period), and 86 % (mega-dam) of
its downstream station’s large daily discharge increases.
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Figure 8. Average daily discharge increases corresponding to the
daily water level shifts exceeding 1 m at each station, considering
contributions from both the respective subbasin (colored parts) and
its upstream station(s) (grey parts) for the three defined periods. The
percentage (%) shows the average contribution of each subbasin in
the three examined periods.

4 Discussion

While minor alterations in the flow patterns of large rivers
are expected, particularly in regions characterized by domi-
nant tropical monsoonal climates and a high number of dam
constructions, substantial shifts in river flow and water lev-
els resulting from heavy downpours and human activities can
pose significant threats to the overall integrity of river net-
works and subsequent aquatic productivity. This study inves-
tigated the significant changes in river flow within the re-
cently dammed LMR basin. The analysis revealed that, un-
der the naturally wet conditions of the tropical lower Mekong
River basin, the basin experienced noteworthy large daily
river flow and water level fluctuations (> 1 m) even before
the proliferation of anthropogenic activities such as large
mainstream dams, tributary dams, and agricultural projects.

The basin’s significant river flow changes stemmed pri-
marily from increases rather than reductions in river flow,
with the majority of these events occurring during the wet
season over the past 4 decades. An approximate estimation
of the precipitation received during the respective travel pe-
riods for each event reveals a consistency between the re-
ceived precipitation and the contribution of the subbasin to
its downstream station during the pre-dam period, as illus-
trated in Fig. 9. Conversely, the cumulative precipitation ob-
served during the growth and mega-dam periods highlights a
discrepancy when comparing some events: despite the larger
precipitation received by the subbasin during certain event
response times, its contribution to downstream river flow
changes was less than that of events with lower precipitation
(events marked by green arrows). This phenomenon could
be attributed to factors such as human activities and precipi-
tation, as indicated by the marked events in Fig. 9.

Upon daily analysis of the large river flow changes along
the LMR, this study finds that regional assessment in a large-
scale modeling framework can be observed as an effective

approach rather than solely focusing on subbasin study, as
the impacts of upstream subbasins are experienced by down-
stream subbasin(s). This would also provide the possibility
of exacerbating the impacts from upstream regions through
coordinated management.

The basin experiences a notably heightened frequency of
events, resulting in a 1 m increase in the water level com-
pared to reduction events, as illustrated by Figs. 9 and 10.
For example, at the CS station, there are 79 increased events,
with only 18 reduction events in the last 4 decades for all
the mainstream stations. This trend could possibly be due to
a prevailing pattern of increased precipitation over multiple
successive days, a phenomenon recurrent during the wet sea-
son (Fig. S13) and previously under the wet conditions of the
region. Particularly noteworthy is the Lancang River’s sig-
nificant influence on daily discharge reduction at the CS sta-
tion, accounting for eight events. This influence is especially
pronounced during the growth and mega-dam periods, with
more than 66 % of the CS station’s large river flow change at-
tributed to the Lancang region. This trend may be attributed
to the compounded effects of heavy precipitation and human
activities, such as the construction of large dams and agricul-
tural projects after 1991.

An approximate estimation of precipitation drop – one of
the indicators of climate change – before and after the re-
sponse time of the JH–CS subbasin indicates that, the greater
the reduction in precipitation, the higher the contribution of
the subbasin to the downstream river flow decrease.

For stations like NP, where significant tributaries converge
with the mainstream in their subbasins, the contribution of
the subbasins to the large discharge reduction outweighs that
of the upstream station (59 %). This can primarily be at-
tributed to the presence of numerous tributary dams, agricul-
tural activities (Zhang et al., 2023), and the effects of climate
change. These findings underscore the pivotal role of sub-
basins in influencing downstream discharge and subsequent
water level variations.

Any changes in the upstream regions require time to be
experienced by downstream areas, as river flow characteris-
tics, including water level, discharge, and velocity, are influ-
enced. Based on the highly accurately developed hydrody-
namic model, this study provided equations based on the dis-
charge and velocity for the mainstream hydrological station
(Fig. 11). This basin lacks these data, which has important
implications for future studies in terms of developing alarm
systems for better management of the basin in case of signifi-
cant upstream changes in river flow, as any upstream changes
would impact the flow velocity and thus the response times
of the impacts. These findings also bring new insights into
fishery studies based on the integrated modeling frameworks
and, based on our research direction, further studies will be
conducted in the near future.
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Figure 9. Daily large river flow discharge changes at the CS station for the three defined periods. The right y axis shows the accumu-
lated received precipitation in the JH–CS subbasin. Note: the total precipitation received does not correlate precisely with the discharge
corresponding to the subbasin contribution.

Figure 10. The daily discharge reduction at each mainstream station, leading to water level decreases exceeding 1 m, is shown based on
upstream station(s) and their corresponding subbasin(s). Each bar represents one event. Percentages indicate the contribution of the upstream
station to the downstream hydrological station’s large daily discharge change. The right y axis indicates the rough estimation of precipitation
reduction before and after the response time of each event.

4.1 Limitations and ways forward

i. This study was conducted based on the daily data as
the basin lacks subdaily data for the discharge and wa-
ter level. While this study provided new additional in-
sights into the regional assessment of precipitation and
human activities in a large-scale basin study, subdaily
river flow data may be central to accurately capturing
the river flow regimes of the dammed LMR. For exam-
ple, at the Ban Pakhoung (BP) station situated between
the CS and CK stations (Fig. 2), the reported hourly wa-
ter level data reveal that fluctuations exceeding 1 m are
experienced by the mainstream even within a few hours.
A relatively similar pattern is observed for a few days
(Fig. 12). This pattern can trigger fish mortality by con-
fining fish to small water bodies and thereby reducing
the biomass (Li et al., 2022). This might be a result of
the hourly operations of tributary dams and the precipi-
tation received by the subbasin, as any change in its up-

stream station, i.e., CS, requires more than a few days
to be experienced by this station (Fig. 6).

In contrast, the water level profile does not experience
fluctuations larger than 1 m when using daily data for
the same period. Therefore, for the dammed basins,
higher-resolution temporal data are recommended (Mo-
rovati et al., 2024), as this may help to capture sudden
water release by dams. Downscaling of the data (e.g.,
water level and discharge) in the LMR basin may also
bring new insights into how river flow changed on an
hourly scale during the pre-dam period.

ii. This study was unable to explicitly address the drivers
behind large flow fluctuations, a factor attributed to
the lack of detailed information on the dams within
the basin, including their operation rules, commission-
ing dates, and water abstraction for agricultural pur-
poses. Sufficient data on dam operations would enable
the development of integrated hydrological, hydrody-
namic, and response time models to better isolate the ef-
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Figure 11. Velocity equations for all the mainstream stations based
on the data yielded by the developed hydrodynamic model. Note:
the R2 for all the equations is > 0.99. Please refer to Sect. S10 for
more details.

fects and gain a deeper understanding of the underlying
mechanisms affecting water level patterns, as presented
in Fig. 12. The uncertainties in the data and assumptions
used in the dam module may contribute to the relatively
lower accuracy of the THREW model during the mega-
dam period compared to the pre-dam and growth peri-
ods. Therefore, obtaining more data in these areas could
potentially improve the results presented in this work.

iii. The groundwater infiltration process was not incor-
porated into the developed hydrodynamic model. Al-
though its impacts seem insignificant compared to the
large discharge passing through the mainstream (Mo-
rovati et al., 2023), conducting groundwater measure-
ments for each subbasin can further improve the accu-
racy of the model and thus reduce its uncertainty in at-
tributing the upstream impact on the downstream sub-
basins.

iv. Although a large amount of sediment is trans-
ported from upstream reaches to downstream reaches
(160 Mt yr−1) (Tian et al., 2023; Morovati et al., 2024),
the basin lacks reliable sediment data to be incorporated
into the model. These data are central to updating the
river bed configuration while the river is simulated by
the model, which can negatively influence the results.

v. Low-temporal-resolution velocity data were only avail-
able for the ST station within the modeled area. The de-
veloped model accurately simulates flow velocity, water
level, and discharge at this station, with the same accu-
racy in the modeling water level and discharge for the
upstream mainstream station. Based on this, this study
developed equations based on the river discharge and
flow velocity for all the mainstream stations to produce
a continuous time series of velocity data. Although the

Figure 12. Subdaily large water level fluctuations at the Ban
Pakhoung (BP) station: daily and hourly water level profiles (see
Fig. 2 for the location of the station).

accuracy of the modeling flow characteristics was rela-
tively high at the mainstream stations, the accuracy of
the model in reaches between two consecutive stations
remains unknown, as (1) the distance between two con-
secutive stations is large (e.g., around 700 km from CS
to CK) and (2) a more turbulent flow dominates the up-
stream reach of the LMR compared to its downstream
reach. Providing more velocity data, even with low tem-
poral resolution, would be important in producing de-
tailed river flow regimes for the LMR.

5 Conclusion

This study provided an analysis of large river flow changes
across the LMR over the past 4 decades. These were divided
into three periods, i.e., pre-dam (1980–1991), growth (1992–
2009), and mega-dam (2010–2020). In doing so, a subbasin
approach was developed by incorporating physically based
hydrological, reservoir module, 3D hydrodynamic, and re-
sponse time models. This approach enabled us to address
the contribution of subbasins to daily significant river flow
changes. The results of the response times revealed a power
correlation between the upstream daily river flow changes
and the time required to reach the downstream station. Daily
large river flow shifts exceeding 1 m were observed at vari-
ous mainstream stations even before the construction of large
hydropower dams in the basin, albeit differing in the num-
ber of events, emphasizing the natural variability of the river
system. Approximately 92 % of these significant daily water
level changes occurred during the wet season, particularly in
June, July, and August. These large daily river flow changes
were also observed after human modifications in the basin;
however, the frequency of such events did not change sig-
nificantly. This study revealed that water level profiles de-
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rived from daily data (1 value per day) can differ significantly
from those based on hourly data (e.g., 24 values per day), po-
tentially failing to fully capture the dynamic flow regime of
the mainstream influenced by heavy downpours and the op-
eration of numerous dams in both tributaries and the main-
stream.

Moreover, we have demonstrated the substantial contribu-
tion of LMR subbasins to mainstream discharge, with cer-
tain subbasins contributing up to 46 % to downstream main-
stream stations. The JingHong–Chiang Saen subbasin, for
instance, contributed an average of 57 % to significant river
flow changes at the Chiang Saen station during the mega-dam
period, surpassing that of the Lancang basin. This highlights
the need for their consideration of basin-scale management
strategies using a basin-wide approach.
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