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Note S1 Bias correction for the modeled river discharge in CESM-LE2

In global climate model results, systematic over- or under-estimation are often
shown as compared to observations due to complex earth system processes that
could not be fully resolved or properly parameterized. Quantile Delta Mapping
(QDM) is one of the bias adjustment methods to avoid such systematic errors
in future projections of climate variables. The main idea of QDM is mapping
each quantile of climate variables in simulations to that of observational data
during the historical period while preserving its trends (or difference) in the
future. Initially developed for precipitation, QDM has been widely used for
many other climate variables, since projected future simulations using QDM
are shown to preserve their quantile characteristics (e.g. the 95th percentile)
and return periods [1]. We use QDM [1] to adjust systematic biases in the
modeled river discharge in CESM-LE2. In [2], comprehensive descriptions of
QDM and its recent advancements are provided.

Supplementary Fig. S2 illustrates how QDM for the modeled river discharge
is implemented in this study. As shown in Fig. S2a, two time periods are deter-
mined in the modeled river discharge timeseries: historical Qm:h (observation
time in Supplementary Table S1) and projection Qm:p (1996-2100). Here, the
first letter in the subscript m and o indicate model and observation results.
The second letter h and p denote historical and projection time periods, respec-
tively. For the modeled river discharge at certain time t in the projection period
Qm:p(t) (red circle in Fig. S2a), time-dependent CDFs are created with a time
window of W bc=35 yrs, that is Gm:p(t) (orange solid line in Fig. S2c). Next,
we obtain the quantile τ that corresponds to Qm:p(t) in Gm:p(t) and the rep-
resentative modeled river discharge that is associated with τ in the historical
period G−1

m:h(τ) using the ensemble averaged CDF (gray dashed line in Fig.
S2c). The relative statistical difference between the historical and projection
periods is calculated in the modeled river discharge at the quantile τ :

δ =
Qm:p(t)

G−1
m:h(τ)

=
G−1

m:p(τ)

G−1
m:h(τ)

. (S1)

Thereafter, the relative statistical difference δ is mapped on the CDF of the
observed river discharge at the quantile τ , that is G−1

o:h(τ) in Fig. S2d. The
bias corrected river discharge at the time t in the projection period is now
expressed as:

Qbc
m:p(t) = δG−1

o:h(τ). (S2)

The bias correction is implemented for every t in the projection period
of the modeled river discharge. At the beginning and the end of the period,

t ≤ W bc−1
2 or t ≥ 2100 − W bc−1

2 , the first and the last 35 yrs are used to
generate the time-dependent CDF in the projection period Gm:p(t). Note that
we use individual ensemble timeseries in the projection period, but ensemble
averaged CDF is employed for the historical period. That is because ensem-
ble variability in the climate models is significantly suppressed if individual
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ensemble timeseries are used for both historical and projection periods. It is
ensured that the CDF of the observed river discharge is statistically converged
for each river basin. We performed tests with different lengths of the time
window (varied from 30 yrs to 40 yrs), but they had negligible effects on the
bias-corrected river discharge.

Note S2 Mixing parameterization for the salt intrusion length model

The mixing processes in Eq. 1 (main text) are parameterized by the following
constants under the partial slip condition [3] (note that the no-slip condition
is used in [4]):

C0 = Kh [m2/s], (S3a)

C1 = 0.00305
H2

Kv
[s], (S3b)

C2 = (0.0275)2
c2H4

AvKv
[m2], (S3c)

C3 = (0.0365)3
c4H6

A2
vKv

[m4/s]. (S3d)

In Eqs. S3, Kh [m2/s] is the horizontal eddy diffusivity; Kv [m2/s] and
Av [m2/s] are the vertical eddy diffusivity and viscosity; H [m] is the water
depth at the mouth of an estuary; β = 7.6 × 10−4 [−] is the saline contrac-
tion coefficient; socn = 35 [psu] is the prescribed salinity at the open ocean;
g = 9.81 [m/s2] is the gravitational acceleration and c =

√
gβsocnH. The eddy

mixing are parameterized as:

Kh = ϵ
LtUT

π
(1−

√
2B

πLt
), (S4a)

Av = cvUTH, (S4b)

Kv = Av/Sc. (S4c)

Here, UT is the tidal current amplitude, Lt =
UTTT

π is the tidal excursion length
induced by the M2 constitute and TT = 12.42 hrs is the M2 tide frequency.
Furthermore, ϵ = 0.1 is an empirical constant [5], cv = 0.86×10−4−1.56×10−4

is a tuning coefficient, B is the estuary width, and Sc = 2.2 is the Schmidt
number [6]. The geometries of estuaries, the tidal current amplitudes, and the
corresponding mixing parameters are summarized in supplementary Table
S2. The model calculates the time-averaged salt intrusion length during
the observation time period with a 100 m margin of error compared to the
reported values in the literature, that is | X2,mod −X2,obs |≤ 100 m.
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Table S1 River discharge observation data used in this study. The rows are in the order
of ascending latitude.

Estuary Station Country Observation time Location (lon, lat)

Guadalquivir Alcalá del Rio dam Spain 1931/07/01 - 2011/04/28 (-5.98, 37.52)

Douro Carrascal Spain 1967/01/01 - 1989/12/31 (-5.81, 41.49)

Maritsa Svilengrad Bulgaria 1978/01/01 - 1986/12/30 (26.2, 41.77)

Ebro Zaragoza Spain 1944/01/01 - 2016/12/31 (-0.88, 41.66)

Rhone Beaucaire France 1969/01/01 - 1979/12/30 (4.67, 43.92)

Gironde
Lamonzie-Saint-Martin

France 2009/01/01 - 2020/12/31
(0.35, 44.85)

Tonneins (0.30, 44.39)

Danube Ceatal Izmail Romania 1931/01/01 - 2010/12/30 (28.72, 45.22)

Loire Montjean France 1971/01/01 - 1979/12/30 (-0.83, 47.38)

Dnieper Dnepr Power Plant Ukraine 1955/01/01 - 1984/12/30 (35.15, 47.92)

Don Razdorskaya Russia 1952/01/01 - 2010/12/30 (40.65, 47.54)

Tamar Gunnislake UK 1957/01/01 - 2020/12/31 (-4.22, 50.53)

Scheldt Schelle calc Belgium 1971/01/03 - 2022/11/02 (4.32, 51.13)

Thames Kingston UK 1931/01/01 - 2019/12/31 (-0.31, 51.42)

Rhine-Meuse
Lobith

Netherlands 1997/01/01 - 2019/12/30
(6.11, 51.84)

Venlo (6.16, 51.37)

Oder Hohensaaten-Finow Germany 1931/01/01 - 2019/12/30 (14.14, 52.87)

Elbe Neu Darchau Germany 1931/01/01 - 2019/12/31 (10.89, 53.23)

Humber

Colwick

UK 1974/01/01 - 2009/12/31

(-1.08, 52.95)
Skelton (-1.13, 53.99)

Buttercrambe (-0.89, 54.02)
Kildwick Bridge (-1.98, 53.91)

Nemunas Kauno Hps Lithuania 1980/01/01 - 2003/12/30 (23.98, 54.88)

Gota Vargoens Krv Sweden 1940/01/01 - 2020/12/30 (12.37, 58.36)

Glomma Langnes Norway 1931/01/01 - 2018/12/30 (11.12, 59.61)

Angermanalven Solleftea Krv Sweden 1931/01/01 - 2020/12/30 (17.27, 63.17)

Onega Porog Russia 1945/01/01 - 2003/12/31 (38.47, 63.82)
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Table S2 Geometries of estuaries and tidal current amplitude used for the mixing
parameterization in the time-dependent salt intrusion model. Here, B is the estuary width;
H is the water depth; UT is the tidal velocity; Av is the vertical viscosity; Kv and Kh are
the vertical and horizontal eddy diffusivity. The saltwater intrusion length ranges are the
reported values in the corresponding references.

Estuary
Saltwater intrusion
length range [km] B [m] H [m] UT [m/s]

Av [m2/s]

×10−4

Kv [m2/s]

×10−4 Kh [m2/s] References

Guadalquivir 54.9 - 59.1 500 7.1 1.15 7.48 ± 2.68 3.40 ± 1.22 521 ± 37 [7]

Gironde 32 - 80 5000 10 1 8.74 ± 1.11 3.97 ± 0.51 245 ± 21 [8]

Tamar 17 - 27 500 3 0.7 1.93 ± 0.22 0.88 ± 0.10 165 ± 1 [9, 10]

Scheldt 58 - 120 4200 10 0.85 10.70 ± 1.44 4.85 ± 0.66 169 ± 13 [11]

Thames 38 - 76 2070 7 0.9 6.69 ± 1.36 3.04 ± 0.62 234 ± 11 [12]

Rhine-Meuse 35 600 15 0.85 12.5 ± 1.39 5.68 ± 0.63 271 ± 23 [13]

Elbe 49 - 94 3500 10 1 5.49 ± 0.58 2.50 ± 0.26 265 ± 24 [14]

Humber 30 - 95 6000 8 1 9.71 ± 1.30 4.41 ± 0.59 201 ± 7 [15, 16]
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Fig. S1 Seasonal averaged freshwater discharge at the outlet of the selected river basins.
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Fig. S2 An example of bias correction for the Tamar river basin. (a) Timeseries of the
modeled river discharge in CESM-LE2. Here, the solid lines in the historical and projection
periods indicate ensemble-averaged and individual ensemble timeseries, respectively. The
shaded areas show the ensemble maximum and minimum. The red dot, Qm:p(t), is the
modeled river discharge at certain time t in the projection period. The horizontal orange
arrow, W bc, shows a length of the bias correction window to create time-dependent CDF,
Gm:p(t), in the projection period that corresponds to Qm:p(t). (b) Timeseries of the observed
river discharge. CDFs (c) before and (d) after QDM. In the panels, the first letter in the
subscript m and o are associated with model and observation. The second letter in the
subscript h and p denote historical and projection periods. The superscript bc indicates the
bias correction.
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Fig. S3 Convergence of cumulative distribution functions in the river discharge observation
under varying time windows. Here, the time window is the varying length of periods from
the starting date of the observation. The red dashed lines are the resulting CDFs when the
entire observation time periods are considered, which is summarized in Table S1.
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Fig. S4 Probability density comparing the bias-corrected river discharge and the observed
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Fig. S5 Changes in the seasonal average of the bias-corrected river discharge between
present (1996-2030) and future (2066-2100) periods under the SSP 3-7.0 scenario in CESM-
LE2. Here, the vertical red-shaded areas show the summer months.
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