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In recent years, increased salt intrusion in surface waters has threatened
freshwater availability in coastal regions worldwide. Yet, current future pro-
jections of salt intrusion are limited to local regions or changes to single for-
cing agents. Here, we quantify compounding contributions from changes in
river discharge and relative sea level to changing future salt intrusion under a
high-emission scenario (Shared Socioeconomic Pathway, SSP3-7.0) for 18
estuaries around the world. We find that the annual 90th percentile future salt
intrusion is projected to increase between 1.3% and 18.2% (median 9.1%) in 89%
of the studied estuaries worldwide. Our analysis also indicates that, on aver-
age, sea-level rise contributes approximately two times more to increasing
future salt intrusion than reduced river discharge. We further show that the

return levels of present-day 100-year salt intrusion events are projected to
increase between 3.2% and 25.2% (median 10.2%) in 83% of the studied

estuaries.

Estuaries are semi-enclosed bodies of water, where saline ocean and
fresh river water meet and mix. Estuaries are considered as highly
important socioeconomic areas due to their geological and ecological
benefit. Approximately 69% of large cities in the world (22 out of the 32
largest cities) are situated on estuaries. In recent years, there have
been reports about severe salt intrusion events around the world. The
US Army Corps of Engineers (USACE) constructed an emergency sill to
impede salt intrusion invading the Mississippi River, when New
Orleans’” municipal drinking water sources were predicted to be con-
taminated during the city’s 132-year historical record drought over the
summer and fall of 2023% Similarly, two severe drought events
occurred in the Rhine-Meuse Estuary (the Netherlands) in 2018 and
2022, which caused prolonged salt intrusion impacting the freshwater
intakes. In 2018, chloride concentration exceeded twice the drinking
water norm for 75 consecutive days at the river mouth of the Hol-
landsche IJssel (the Netherlands) - a strategic river branch for fresh
water intake. Except for the year 2018, such severe salt intrusion events
only occured 52 days in the decade (2011-2020)°.

Many climate studies have demonstrated that, by the end of the
21* century, droughts are projected to increase in frequency, and their
intensity is expected to be enhanced in many regions*. In addition,
sea-level rise (SLR) in future climates is also projected to deepen
estuaries’. Reduced river discharge decreases export of salt, while SLR
enhances salt import by strengthening estuarine circulation and
reducing river flow velocity®’. Increasing water depth due to SLR can
alter tidal amplitudes in coastal regions', with varying effects on
salinity depending on estuarine regimes”. In stratified estuaries
(exchange flow dominant regime), larger tidal amplitudes weaken
estuarine circulation, reducing salt intrusion. Conversely, in well-
mixed estuaries (tidal dispersion dominant regime), higher tidal
amplitudes enhance tidal dispersion, increasing salt intrusion.
Increased ocean salinity imposes stronger baroclinic pressure and
allow saline water to intrude further inland. Enhanced ocean surface
stress, driven by wind blowing from the sea toward land, can also
amplify estuarine circulation and salt intrusion”. Among these mod-
ulations in estuarine dynamics, reduced river discharge and rising
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water depth due to SLR have been considered as two dominant pro-
cesses responsible for increasing salt intrusion length in the future'.
Here, salt intrusion length is defined as the distance from the mouth to
a location where bottom salinity equals to 2 psu. The salt intrusion
length is of great interest for multiple stakeholders since it limits water
supplies®, and affects biodiversity' and crop yields".

The potential risk of enhanced salt intrusion under climate change
has been quantified using numerical modeling studies”*'*%*, However,
most previous works mainly focused on changes in only one forcing
agent: either river discharge' or SLR™***. This poses challenges in
providing a comprehensive understanding of climate change effects
on future salt intrusion and quantifying the contribution from each
driver. Although studies exist that account for both future river dis-
charge and SLR, these investigate only individual estuaries, and there is
a lack of quantification on how climate change affects the statistical
properties of future salt intrusion events'*?2*,

Here, we determine relative changes in future salt intrusion
length statistics, as compared to the present day, in 18 estuaries
worldwide. The estuaries are selected based on the availability of data
that is crucial for the current analysis: estuary geometries, salinity
field data at different longitudinal positions, observed multi-year
daily river discharge data, and reliable river discharge from a climate
model. The estuaries included in this study are from the continents as
follows: five (North America), one (South America), six (Europe), three
(Africa), two (Asia), and one (Oceania). These sites are representative
mid-latitude estuaries, where freshwater availability is expected to
become critical issues in the coming decades due to increased salt
intrusion driven by more frequent droughts and rising sea-level. All
ranges of vertical salinity structures from stratified to partially mixed
and well-mixed conditions, are observed in the chosen estuaries. The
first aim of our study is to quantify the changes in the statistics of two
forcing agents: river discharge and SLR. In this study, SLR consists of
absolute and relative contributions. The absolute SLR (ASRL) is
caused by steric expansion and the increased ocean volume from ice
melt. The regional variability of ASRL was computed by considering
gravitational, rotational, and deformational (GRD) effects and chan-
ges in the dynamic sea level. The relative SLR (RSLR) considers ver-
tical land motion (VLM), which enables to quantify effective changes
of water depth in estuaries. The second goal is to analyze changes in
the salt intrusion length statistics due to changes in both forcing
agents and how these responses depend on the properties of the
considered estuaries. To this end, we obtained daily river discharge
for the selected estuaries up to the year 2100 under the high emission
scenario (SSP3-7.0) using Community Earth System Model 2 large
ensemble simulation results (CESM-LE2, Methods and Supplementary
Table S1). We applied a bias correction for the modeled daily river
discharge from CESM-LE2 using observed river discharge data using
the Quantile Delta Mapping (QDM)*, see Supplementary Fig. S1 and
Fig. S2. Next, we estimated projected regional ASLR due to increasing
temperature by post-processing CESM-LE2 results following®
(Methods). The VLM was also quantified for the selected estuaries to
compute the RSLR, using data presented in ref. 27 (Methods).
Thereafter, a tidally and width averaged, single channel surface water
salt intrusion model was calibrated using salinity field measurements
at different longitudinal locations (Methods, Supplementary Note S1).
Three consecutive 35-year time windows are defined over the 21st
century: present (1996-2030), intermediate future (2031-2065), and
long-term future (2066-2100). Smooth transitions in river discharge
and RSLR are observed between the intermediate and long-term
future in the preliminary analysis. To save computational time, the
calibrated salt intrusion model simulations were carried out only for
the present (1996-2030) and long-term future (2066-2100) periods
under four different combinations among dominant forcing agents:
river discharge, ASLR, and VLM (Methods). Hereafter, the future
period refers to the long-term future.

Results

River discharge projection

We first investigate the spatial variability of projected river discharge at
the end of the 21st century. Figure la illustrates the relative changes in
the 35-year mean of low discharge projected for the future period
(2066-2100) compared to the present period (1996-2030). Here, low
discharge is defined as the annual 10th percentile of the daily river
discharge Q,o, which is a widely used drought index in hydrology®’.
The relative changes in low discharge correspond to
AQyy = (@, — @)/ @, where @, and Q) are the time-averaged Qo
over the present and future periods, respectively. As seen, CESM-LE2
projects decreasing low discharge magnitude (red in Fig. 1a) in the
southern part of North America, northern and southern parts of South
America, western and southern Europe, West and South Africa, and
some coastal regions of South East Asia, and the western and eastern
parts of Australia. Conversely, the magnitude of low discharge is pro-
jected to increase (blue in Fig. 1a) along the east and west coasts of a
northern part of North America, the middle east of South America,
northern Europe, central and eastern Africa, some coastal regions of
South East Asia, and central Australia. The projected river discharge by
CESM-LE2 is mostly aligned with previous multi-model ensemble mean
streamflow projections under the high emission scenario (Repre-
sentative Concentration Pathway, RCP 8.5)*%. However, the river
discharge projections by CESM-LE2 for the west coast of the USA show
the opposite direction of changes (increase) as compared to the multi-
model ensemble mean in earlier studies (decrease). This difference is
attributed to the fact that CESM branches (CESM1-BGC and CCSM4)
show positive biases in future trends of river discharge under RCP 8.5
for these regions™.

For the selected estuaries, quantification of relative changes in
river discharge statistics (the 10th, 50th, and 90th percentiles,
expressed by the different subscripts in AQ’) are given in Fig. 1b. The
considered river discharge indices are projected to increase con-
sistently for most of the selected estuaries in North and South America.
In addition, the estuaries in southern Europe and Africa show
decreasing future river discharge indices. Some estuaries in western
Europe and southern Africa also show opposite sign changes in
extreme river discharge indices (AQj,<0 and AQ,,>0), implying
enhanced seasonality in a warming climate. The seasonally averaged
35-year mean river discharge are presented for the future and present
periods in Supplementary Fig. S2, which supports the enhanced
seasonality.

Relative sea-level rise (RSLR)
RSLR is determined from ASLR and VLM. The parameters 6H, and
6Hy; s are defined as changes in water depth due to ASLR and VLM,
respectively, and §Hi = 6H, — 6Hy; . We first quantify future projec-
tions of regional 6H,, including volume expansion of water column
due to steric effects (Steric), ice melt (Glaciers, Greenland, and Ant-
arctica), and changes in dynamic sea level (DSL) (Methods). A uniform
increase of water level is assumed for the steric effect contribution.
The GRD effects are considered for land ice melt (Supplementary
Fig. S3). The GRD effects arise from the fact that ASLR is larger away
from ice melting sources due to the reduced gravitational force that
pulls the water surface. The contribution due to changes in DSL was
also quantified, which was imposed by changes in regional wind stress
and large-scale ocean circulation (Supplementary Fig. S4). Figure 2a
shows the 35-year mean water surface elevation difference (6H,)
between the future and present-day periods. A dipole pattern of 6H, is
found in the North Atlantic Ocean, which is associated with increased
heat and fresh water fluxes, resulting in the weakening of the Atlantic
Meridional Overturning Circulation (AMOC)*"*,

To estimate increases in effective water depth in estuaries, we also
considered regional VLM. We employed projected global coastal
region VLM data from ref. 27, which utilizes GPS, satellite altimetry,
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Fig. 1| Future projections of river discharge under the Shared Socioeconomic
Pathway (SSP) 3-7.0 in the Community Earth System Model 2 large ensemble
simulations (CESM-LE2). a The relative changes in the 35-year mean low discharge
(Qyo) for the future period (2066-2100) compared to present period (1996-2030),
where the low discharge is defined as the annual 10th percentile of river discharge.
The relative changes in Qo correspond to AQ), = (Q{0 — Q4)/ @y, where @}, and
@), are the time-averaged Qo over present (1996-2030) and future (2066-2100)
periods. Blue and red areas show projected increase and decrease of Qy in future,

(i) Elbe A

(j) Loire 4
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(1) Guadalquivir A
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respectively. Grid cells containing Qf, <1m?3s~! are masked. The basemap is from
Natural Earth. b The relative changes in the 10th (orange), 50th (blue), and 90th
(purple) percentile of the 35-year mean river discharge between future and present
periods, expressed by different subscripts in Q. Here the vertical solid black lines
show the ensemble standard deviation of the projected river discharge in CESM-
LE2. In both panels, positive and negative AQ’ are associated with projected
decrease and increase of salt intrusion length in the future period.

and tide gauges (Methods). The projected VLM accounts for Glacial
Isostatic Adjustment (GIA), subsidence due to acquifer withdrawal, and
tectonic movements, among many others. Fig. 2b presents changes in
water depth due to VLM, where positive values (blue) indicate land
uplift (which decreases RSLR), while negative values (red) represent
land sinking (which increases RSLR). The land uplift in Canada and
northern Europe is attributed to GIA rebound, while the land sub-
sidence in East coast of US and western Europe is mainly associated
with the GIA forebulge collapse”*. Fig. 2c shows the contributions of
ASLR and VLM to changes in the 35-year mean of water surface ele-
vation for the selected estuaries. The temporal evolution of RSLR
processes to changing water depth for each estuary is provided in
Supplementary Fig. S5 and Sé. For all the studied estuaries, steric
expansion is the dominant contributor to increasing water surface
elevation. For most estuaries, contributions from Glaciers and Ant-
arctica are the second and third largest, while contributions from
Greenland is less significant. We find that VLM contributions to 6Hg are
less than 15% except for the US coast and Thailand.

Salt intrusion length projections

With the quantified changes in future river discharge and RSLR, we
computed salt intrusion length for the selected estuaries using a 2DV
salt intrusion model (Methods)**. The salt intrusion model accounts for
along-estuary varying width, and assumes a flat channel bed (Supple-
mentary Fig. S7). Measured along-estuary salinity profiles were used to
calibrate the salt intrusion model. The root mean square error of the
calibrated model ranges from 0.56 to 3.63 psu (median = 1.22 psu, see

Supplementary Fig. S8). The relative changes in the 35-year mean of
annual salt intrusion length statistics are presented in Fig. 3a (the 90th
percentile, AX5,) and Fig. 3b (the 50th percentile, AX5,) under four
different combinations among dominant forcing agents. The relative
changes in salt intrusion length are defined as
AX = (X{,C, — Xpe)/ XD, Where the superscript p and f represent the
present (1996-2030) and future (2066-2100) periods, and the sub-
script pct denotes the percentile. The four sets of simulations consider
(1) only river discharge changes (6Q), (2) only ASLR (6H,), (3) only RSLR
(6Hp), and (4) both river discharge changes and RSLR (6Q & 6Hp). Fig. 3
shows that salt intrusion decreases (AXy, and AXs,<O0) due to
increased river discharge in the selected estuaries in the North and
South America, and East Africa. For the rest of the studied estuaries,
salt intrusion increases (AX, and AX;,>0) because of the reduced
river discharge. Ranges of the effects of future river discharge on the
relative salt intrusion length are —0.41 <AX3,<0.10 (median =
-0.002) and —0.36 < AXy, < 0.28 (median = 0.01). We find that the
magnitude of relative increases in salt intrusion length due to changes
in river discharge in this study are smaller as compared to values
reported in an earlier study'® for western and southern Europe. The
differences originate from the fact that, here, we use a more advanced
salt intrusion model that is capable of accounting for converging
estuary width. The salt intrusion model is less sensitive to changes in
river discharge when using converging estuary width in the along-
estuary direction.

The salt intrusion length consistently increases due to ASLR, as an
increase in water depth enhances salt intrusion, ranging from
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Fig. 2 | Future projections of total sea-level rise under the Shared Socio-
economic Pathway (SSP) 3-7.0. a Absolute changes of the 35-year mean of water
surface elevation between future (2066-2100) and present (1996-2030), 6H,.

b Changes in water depth due to vertical land motion along global coastlines §Hy; .

In a and b, the basemap is from Natural Earth. ¢ Contributions of 6H4 and 6Hy; s to
the changes in water depth due to relative sea-level rise for each estuary 6Hg. The
horizontal gray solid and dashed lines show the global mean sea-level rise averaged
in the future (2066-2100) and zero, respectively.

0.017 < AX, < 0.25 (median = 0.069) and 0.019 <AXj,<0.28 (med-
ian = 0.076). By including the VLM, future salt intrusion increases
range from 0.021<AX5,<0.26 (median = 0.071) and
0.024 < AX5, <0.30 (median = 0.076). The result indicates that the
contribution of VLM to changes in future salt intrusion length is
insignificant. We find that the effect of RSLR on future salt intrusion
length exceeds that due to changes in river discharge. This holds when
we consider only estuaries with increasing AX*90 due to the reduced
magnitude of low discharge (estuaries: g-k, m, n, g, r). For those
estuaries, changes in salt intrusion lengths are 0.018 < AX;, <0.096
(median = 0.035) and 0.049 < AX;, <0.098 (median = 0.066) when
isolated 6Q and 6Hy, are considered, respectively. Our analysis of the
decomposed contributions of future forcing highlights the impor-
tance of RSLR on increasing salt intrusion length at the end of the 21*
century. Compound changes in river discharge and RSLR (6Q & SHg

case) lead to —023<AX,,<0.18 (median = 0.079) and
—0.15< AX}, <0.35 (median = 0.072).

We further computed changes in the return periods and levels of
extreme salt intrusion events. We first calculated return periods and
levels using the 35-year annual maximum timeseries X%, for the
present and future periods (the triangle and circle markers in Fig. 4a).
Next, Generalized Extreme Value (GEV) distribution functions were
fitted to the return period curves for each period (gray dashed and
orange solid lines for present and future). Here, 100-year events were
considered as typical extreme events (blue vertical line). The extreme
return levels were defined as extrapolated X4, that corresponds to
the 100-year return periods based on the fitted GEV distribution
functions (i.e., Xj'mx where gray dashed and orange solid curves
intersect with the vertical blue line). The extreme return levels for the

present and future are denoted as X} and X%, respectively (red
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Fig. 3 | Future projections of surface water salt intrusion length under the
Shared Socioeconomic Pathway (SSP) 3-7.0. a Relative changes of the 35-year
mean of annual 90" percentile salt intrusion length between the future
(2066-2100) and present (1996-2030) periods. Four combinations among the
considered forcing agents are investigated: (1) only river discharge changes (6Q),
(2) only absolute sea-level rise is imposed (6H,), (3) only relative sea-level rise is
imposed (6Hg), and (4) both river discharge changes and relative sea-level rise are

considered (6Q & 6Hp). The vertical black solid lines represent one ensemble
standard deviation from different realizations of climate conditions in the Com-
munity Earth System Model 2 large ensemble simulations (CESM-LE2). b The same
as a, but for relative changes of 35-year mean of annual 50th percentile salt intru-
sion length. In both panels, positive and negative AX show projected increase and
decrease of salt intrusion length in the future period.
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Fig. 4 | Projected changes in 100-year return levels when all the future forcings
are considered, including changes in river discharge and relative sea-level rise,
6Q & 6HR case. a An example of return periods and levels computed from the 35-
year annual maximum timeseries anax for Pangani (Tanzania) for present
(1996-2030) and future (2066-2100). Here, gray triangles and orange circles show
estimated return periods. The corresponding gray dashed and orange solid lines
are the fitted curves using the generalized extreme value distribution function. The
shaded areas present 95% confidence interval computed by the bootstrapping

method. The blue vertical line demarks the 100-year return period, defined as an
extreme event. The horizontal red dashed and solid lines represent return levels
corresponding to the extreme events for the present (X%’wo) and future (X}"loo),
respectively. The same plots for all the studied estuaries are presented in Supple-
mentary Fig. S9. b The relative changes of the future extreme return levels,
AX100" = (X;’w0 — X190 /X371 The vertical black solid lines show uncertainties
associated with 95% confidence interval using the bootstrapping method.

horizontal dashed and solid lines, respectively). Pangani was taken as
an example to visualize the changes in return period curves where we
observed the largest relative increases in the future 100-year return
level (Fig. 4a). The same plots for all the remaining estuaries are pre-
sented in Supplementary Fig. S9. The relative changes of the 100-year

return levels are defined as AX?"100" = (X}’w0 - X319%)/x57%°. The fol-
lowing results focus only on the future simulations in which all the
changes in forcings are considered, including the river discharge and
RSLR (6Q & 6Hg case). We find - 0.28 < AX"%°" < 0.25 (median 0.095)
for all the studied estuaries and 0.032 < A X¥"°% < 0.25 (median 0.10)
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for the 83% of the estuaries (15 out of 18) showing increasing future
100-year return levels. The changed future return periods for the
extreme events were computed by finding points where X} inter-
sect with future return curves (i.e., the red horizontal dashed lines
meet with the orange solid lines in Fig. 4a). It is found that such future
return periods are projected to decrease to 3.2 years for 6 estuaries on
average (ab,d,n,p,r in Supplementary Fig. S9). For 9 estuaries
(c,g-k,m,0,q in Supplementary Fig. S9), the salt intrusion length
belonging to a future 2-year return level is larger than ones corre-
sponding to the extreme event under present-day conditions, as is
seen from the orange circles always being above the red horizontal
dashed lines. For 3 estuaries (e,f,l in Supplementary Fig. S9), return
levels in future are projected to be reduced because of increasing
magnitude of low discharge. Our results show that events that are
considered as extreme in the present-day would occur much more
frequent under changes in river discharge and increasing water depth
in the future climate.

Discussion

Our analysis provides future projections of the global-scale salt intru-
sion length under the high emission scenario (SSP3-7.0) using CESM-
LE2 with two dominant future forcing agents: river discharge and
RSLR. We show that the 35-year mean annual 90th percentile salt
intrusion length is projected to range from 1.3% to 18.2% (median 9.1%)
in 89% of the studied estuaries (16 out of 18). We also quantify that
return levels of 100-year events are intensified in the future by
3.2-25.2% (median 10.2%) in 83% of the studied estuaries (15 out of 18).
A systematic decomposition of the effects of changes in river dis-
charge and water depth on future salt intrusion length allows to
investigate the relative importance of the two forcings. We find that
increasing water depth due to RSLR and decreasing river discharge are
responsible for increasing salt intrusion length from 4.9% to 9.6%
(median 6.6%) and from 1.7% to 9.6% (median 3.5%), respectively. This
indicates that increasing water depth due to RSLR contributes to
increasing future salt intrusion length approximately twice as much
than decreasing river discharge. We stress that the factor two greater
contribution by RSLR is from averaged salt intrusion length simulation
results among the studied estuaries, and the relative importance of
each forcing can vary significantly.

To better understand why our simulation results show greater
contributions from elevating water depth to increasing salt intrusion
length, we examined this based on the reduced-complexity steady
state tidally-averaged salt budget equation (Eq. S14)***. As shown in
Supplementary Note S2, salt intrusion length scales as X - H"Q". Here,
m = 2 and n = -1/3 for stratified estuaries (exchange flow dominant
regime, Eq. S17), while m =1 and n = -1 for well-mixed estuaries (tidal
dispersion dominant regime, Eq. S19), respectively. These scaling
relations highlight that X is six times more sensitive to changes in H as
compared to changes in Q (J/m/n| = 6) for stratified estuaries. For well-
mixed estuaries, X similarly responds to changes in Hand Q (j/m/n| =1).
This implies that X is expected to respond 1-6 times more sensitively to
changes in H as compared to changes in Q for partially-mixed estu-
aries. As seen in Fig. S10, most of the studied estuaries are classified as
partially-mixed estuaries (Supplementary Note 3 and Fig. S10).

The increased mean and extreme surface water salt intrusion
length are expected to pose significant socio-economic challenges in
coastal regions in the coming decades. For instance, when saline ocean
water intrudes more frequently farther upstream, freshwater intakes
are more likely to be contaminated. Increases in salinity and an
extended salt intrusion length can affect agricultural landscape,
reducing crop yields or forcing farmers to grow salt-tolerant species”.
In addition, a higher drinking water salinity has been shown to elevate
the risks of cardiovascular and kidney health problems®. Failure to
adapt to these new agricultural conditions in a timely manner can lead
to substantial economic loss and food shortage”. Our findings imply

that these surface water salinization problems are projected to worsen
in many estuaries worldwide.

Although our study provided a global-scale view on how changing
water depth and river discharge affect salt intrusion, further
improvements can be made for future projections. Incorporating
realistic bottom topography will be an important step forward in
capturing local estuarine dynamics and salt intrusion processes. When
the water depth is increased, inhomogeneous residual circulation
patterns emerge depending on the bathymetric characteristics*’. This
modulated residual circulation can influence local salt transport and
salt intrusion length. Furthermore, the rate of local sedimentation
build-up and erosion due to future coastal and fluvial morphody-
namics can be characterized*. With this additional contribution, we
can better quantify the effective change of water depth in estuaries. In
addition, anthropogenic water regulation (e.g., reservoir operation
and water withdrawal) is a significant source of uncertainties for pro-
jections of river discharge and salt intrusion. Changing dynamics of
tides'®, winds', and ocean salinity" in estuaries can play a role in future
salt intrusion by influencing mixing and stratification.

The proposed framework in this study can be applied to any other
estuaries if essential observations for the analysis are available: estuary
geometries, longitudinal salinity measurements, multi-year daily river
discharge data from observation, and reliable modeled river discharge
from a climate model. We acknowledge that our analysis focuses on
relatively large mid-latitude estuaries, where all the necessary data are
publicly accessible. To provide a more comprehensive view of future
salt intrusion processes in other estuaries, collective efforts to make
necessary salinity and hydrological data publicly available will be cru-
cial. Such data-sharing efforts with additional modeling work can help
better understand future salt intrusion processes that are not
addressed in this study, such as those occurring in fjords.

Methods

CESM

CESM s a fully coupled global climate model simulating ocean, land,
atmospheric, and sea-ice processes, and their feedbacks. In this study,
we projected future river discharge and sea-level rise under the SSP3-
7.0 based on the CESM2 large ensemble simulation results, CESM-LE2
(n=69). Here n is the total number of ensemble members considered,
where consistent data are publicly available for daily river discharge,
monthly air surface temperature, and monthly precipitation. The SSP3-
7.0 represents the medium to high end of emission scenario, proposed
in the Coupled Model Intercomparison Project Phase 6 (CMIP6). Fol-
lowing priority protocols in CMIP6, CESM-LE2 focused on the SSP3-7.0
due to large computational costs. A nominal horizontal spatial reso-
lution of 1° was used for periods 1850-2100 in all the simulations. The
SSP3-7.0 forcing scenario was applied from the year 2015. More
detailed descriptions of CESM-LE2 are documented at https://www.
cesm.ucar.edu/community-projects/lens2*,

River discharge

The modeled daily river discharge consists of contributions from
surface and groundwater, and ice melt runoff computed in the land
surface model in CESM-LE2. The accumulated total runoff on the land
surfaces is routed to river networks with spatially varying river flow
velocities using Manning’s equation, based on heterogeneous rough-
ness, hydraulic radius, and water surface slopes in land grid cells***,
The modeled river discharge is abstracted depending on irrigation
demands in land grid cells, but flow regulations by reservoirs are not
considered®. We adjusted systematic biases observed in the modeled
river discharge using the Quantile Delta Mapping (QDM) method®.
The QDM method that was used to correct the modeled river dis-
charge is elaborated in detail in ref. 18 (Supplementary Note S1
therein). Comparisons between seasonally averaged river discharge
from CESM-LE2 and observations (before and after the bias correction)
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are provided in Supplementary Fig. S1. Changes of the seasonally
averaged river discharge in CESM-LE2 between present (1996-2030)
and future (2066-2100) are also given in Supplementary Fig. S2.
Locations and measurement periods of the observed river discharge
are summarized in Supplementary Table S1.

Absolute sea-level rise (ASLR)

Future sea-level rise (2066-2100) was projected by post-processing
the modeled air surface and oceanic temperature, and snowfall results
in CESM-LE2, following the methods outlined in ref. 26. In these
methods, the global mean sea-level rise (GMSLR) consists of four major
contributions: (1) steric expansion, and ice melt from the (2) Antarctica
and (3) Greenland ice sheets as well as (4) glaciers. Here, the steric
expansion was quantified by vertically integrating specific volume
anomalies over the full depth of the water column*¢, which is asso-
ciated with volume expansion of the water column due to changes in
density by varying temperature, pressure, and salinity. The SLR due to
the melting Antarctica ice sheet was calculated based on surface mass
balance* and basal melt*), using snowfall over the continent and
oceanic temperatures adjacent to the continental shelves. The con-
tribution by the Greenland ice sheet was computed based on a mass
balance between snowfall and surface melt*. The contribution by the
glaciers was calculated using power law relations between sea-level rise
and global mean surface temperature anomalies*’. Nineteen glacier
regions in the Randolph Glacier Inventory were considered, excluding
glaciers in the Antarctica and sub-Antarctica regions.

Because we projected future salt intrusion length for estuaries at
the global scale, it was crucial to consider spatial variability in the sea-
level rise projection. Two sources of spatial variability were quantified in
our analysis. First, we computed Gravitational, Rotational, and Defor-
mation (GRD) effects induced by decreasing ice mass*’. The GRD effects
are induced by reduced gravitational force due to decreased ice mass
that pulls water surface, resulting in greater SLR away from ice melting
sources (Supplementary Fig. S3). Second, we also characterized spatial
patterns in changes of dynamic sea-level changes (DSL) that are asso-
ciated with varying regional wind stresses and large-scale ocean circu-
lations over the 21* century (Supplementary Fig. S4). Decadal changes of
DSL are calculated based on a climate model output (variable name SSH)
in CESM-LE2. Temporal evolution of different contributors to ASLR for
each estuary is provided in Supplementary Fig. S5.

We assumed that SLR processes are relatively slow as compared to
changes in daily river discharge. To create consistent temporal reso-
lution of SLR as daily river discharge, we linearly interpolated annual
ASLR due to steric expansion and ice melt with GRD as well as monthly
DSL into daily changes.

Vertical land motion (VLM)

To quantify relative sea-level changes, we employed projected VLM along
global coastlines that is presented in ref. 27. Therein, VLM was recon-
structed from 1995 to 2020 by combining direct VLM observation from
Global Navigation Satellite Systems (GNSS)™ and an indirect VLM pre-
dictions that are based on tide gauges™ and altimetry data. Potential
nonlinear VLM processes (e.g. glacial isostatic adjustment, tectonic
activity, surface mass loading changes, and local natural or anthro-
pogenic effects) were considered in space and time in the reconstruc-
tion. The quantified statistical properties of VLM trends and uncertainties
in the reconstruction were used to project VLM up to the year 2150”.
Changes in water depth due to VLM are presented along global coast-
lines in Fig. 2b. The temporal evolution of VLM up to the year 2100 is
shown for each investigated estuary in Supplementary Fig. S6. Similar to
ASLR, we linearly extrapolated the VLM trends into daily-scale changes.

Estuary geometries
In this study, we assumed uniform water depth, allowing along-estuary
varying width from the mouth to inland. To construct the converging

estuary width, we fitted an exponential function to directly measured
data in field campaigns™ and Google Earth*. For estuaries, in which width
data was unavailable from the literature, we employed remotely sensed
data from satellite images (Global River Widths from Landsat, GRWL)*.
We divided estuaries into segments, where the index i is an integer,
numbering the segments. The index i = 0 is the estuary segment adjacent
to the mouth and increasing i indicates segments away from the mouth
to inland. The equation for the estuary width of each segment reads
B(x)=B; ;exp(x/L. ;) for i=0, .
B(x)=B, ;exp((x+Ls;_y)/L.;) forizl @

Here, x is the along-estuary coordinate with the origin x = O at the
estuary mouth and negative upstream. The constant coefficients B,
Ls;, and L.; represent the largest estuary width facing seaward,
streamwise estuary length, and convergence length at each segment,
respectively. The characteristics of estuary geometries used in our
analysis are summarized in Supplementary Table S2. Comparisons
between the observed estuary width and Eq. (1) are provided in Sup-
plementary Fig. S7.

Salt intrusion model
We computed two-dimensional salinity structures in the along-estuary
and vertical coordinates (2DV) using a time-dependent, width and
tidally averaged single channel salt intrusion model. The 2DV salt
intrusion model solves the mass, momentum, and salt balances with
parameterized horizontal and vertical eddy viscosity and
diffusivity***. The salt balance describes the temporal changes in
salinity due to seaward salt flux caused by advection by river flow and
landward salt flux by density driven exchange flow and horizontal
mixing induced by tidal disperson. The solution methods for the 2DV
salt intrusion model are given in ref. 34 and Supplementary Note SI.
We ran spin-up simulations for 1 year for the present (the year
1995) and future (the year 2065). Next, we conducted simulations for
35 years in the periods 1996-2030 (present) and 2066-2100 (future)
using time series of river discharge, SLR, and VLM. The effects of
changes inriver discharge and RSLR on salt intrusion length at the end
of the 21st century were systematically investigated by switching on/
off future forcings. When considering changes in river discharge alone
(blue vertical bar, 6Q in Fig. 3), we used river discharge time series from
1996-2030 and 2066-2100 for the present and future periods, while
imposing ASLR time series from 1996-2030 for both periods. When
examining the impact of ASLR only (red vertical bar, 6H, in Fig. 3), we
employed the ASLR time series from 1996-2030 and 2066-2100 for
the present and future periods, while using river discharge time series
from 1996-2030 for both periods. For VLM contributions, we added
VLM to ASLR timeseries (yellow vertical bar, §H in Fig. 3). To analyze
the combined contributions of river discharge and RSLR to future salt
intrusion length (cyan vertical bar, 6Q & 6Hy, in Fig. 3), we used river
discharge and RSLR timeseries from 1996-2030 and 2066-2100 for
the present and future periods, respectively.

Model calibration

Salinity measurements were available in different time scales, which
were needed for the model calibration. First, we utilized one-day
snapshots of salinity field s(x) collected during dry seasons. Second, we
used salinity timeseries measured at multiple spatial locations s(x, ¢)
with daily (or monthly) temporal resolutions (Supplementary
Table S4). For consistent model calibration, if applicable, we used
time-averaged longitudinal salinity profiles over the month when the
seasonally averaged river discharge is the lowest, denoted as
Sary(X)={S(x, 1)) 4y- Here, (- ) is a time-averaging operator, and sub-
script dry indicates a period of interest, which was the driest month.
The period of interest (dry seasons) was aligned with the purpose of
our analysis to project changes in the potentially largest salt intrusion
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length for the future. When the vertical locations of salinity measure-
ments were inconsistent among the data sources, we assumed the data
to represent the depth-averaged salinity fields. If salinity data were
collected at one vertical location and the measurement depth was
reported, we extracted salinity profiles from the 2DV salt intrusion
model at the corresponding vertical locations for the calibration. If the
information about the vertical measurement locations was inacces-
sible from the data sources, we assumed the salinity profiles were from
surface measurements (Im below the water surface).

Two constants for horizontal eddy diffusivity ¢, and vertical eddy
viscosity ¢, were used as primary calibrating parameters in the 2DV salt
intrusion model. We generated 200 - 400 combinations of ¢, and ¢,
using the stochastic gradient descent method*. These combinations
of ¢, and ¢, allowed to obtain the minimum root mean square errors of
longitudinal salinity profiles between observation and model results,
while keeping the absolute difference between modeled and observed
X minimal. It was ensured that values of the ensemble-averaged c, and
¢, were independent of the number of combinations. If the ocean
boundary salinity s,.,, Which is a forcing parameter of the model, is not
directly measured in observations, s,., was also determined together
with ¢, and ¢, following the same procedure. The ensemble averaged c,
and ¢, from the combinations were defined as the calibrated eddy
viscosity and diffusivity parameters. The corresponding ensemble
standard deviations were defined as uncertainties associated with 2DV
salt intrusion model calibrations (Supplementary Table S3).

Data availability
All the data sources are given in Supplementary Table S4. The raw and
processed data used and generated in this study have been deposited
in Zenodo (https://doi.org/10.5281/zenodo.14837324). The basemap
used in all figures in this paper is available at https://www.
naturalearthdata.com/.

Code availability

All the scripts and raw and processed data that reproduce the figures in
this paper have been deposited in Zenodo (https://doi.org/10.5281/
zenodo.14837324).
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