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1 Description of the studied rivers

1.1 The Ganges River

The Ganges River drains a basin of 950,754km2 mainly located in India, but also including Nepal as well as parts of China and

Bangladesh (Figure 1). The river originates at the Gangotri glacier (7,010m altitude) in the Uttaranchal Himalaya close to the

Tibet-India border (Coleman, 1969; Singh, 1988), descends along the Great and Lesser Himalaya and flows southeast across

India. In Bangladesh, it confluences with the Brahmaputra River to form the river Padma, which discharges into the Bay of

Bengal (Figure 1). Prior to the 16th century, the majority of water from the Ganges discharged directly into the Bay of Bengal

in the western part of the river delta. Over time, the channel migrated northeast to its present position (Coleman, 1969). The

total length of the main Ganges River branch from its origin to the sea is about 2,507km (Akhtar et al., 2009). The river profile

shows an initial steep decline along the mountains, followed by about 2,000km of little slope through the Indo-Gangetic plain

(Figure S6). The basin is bounded in the north by the Himalayas and in the south by the Vindhya Range (Singh, 1988).

1.2 The Brahmaputra River

The Brahmaputra River drains a basin of 539,989km2 within the countries China, India, Bhutan, and Bangladesh (Figure 1).

It originates in Tibet on the north slope of the Himalayas and initially flows eastward to the eastern end of India, where it turns

south and then west until it reaches Bangladesh, and confluences with the the Ganges River (Figure 1, Coleman, 1969). The

Brahmaputra is a braided river that carries similar amounts of water to the Ganges River but slightly more sediment (Coleman,

1969). Generally flood peaks in the Brahmaputra will occur before the peaks in the Ganges (Coleman, 1969). The total length

of the main Brahmaputra river branch is about 3,969km. In contrast to the Ganges river, its profile shows a slower decline

along the mountain branch for about 2,000km before the steeper decline when leaving the mountain regions and it only flows

through floodplain regions for about 1,200km before discharging into the ocean (Figure S6).

1.3 The Meghna River

The Meghna River is often considered in combination with the Ganges and Brahmaputra rivers. These three rivers confluence

in Bangladesh (Figure 1) to form the Ganges-Brahmaputhra-Meghna Delta, the Earth’s largest and most populous delta system

(Paszkowski et al., 2021). However, in contrast to the Ganges and Brahmaputra rivers, which are rich in sediment, the Meghna

river originates in the Indian Naga Hills at less than 2,000m elevation and carries comparatively little sediment of (6− 12) ·
109 kg yr−1 (Rahman et al., 2018).

1.4 The Indus River

The Indus River originates in the northern slope of the Mount Kailash, close to the Brahmaputra River origin (Figure 1). It

initially flows westwards and after partially circumventing the northern flanks of the Nanga Parbat-Haramosh Massif continues

flowing to the southwest before discharging into the Arabian Sea (Figure 1, Inam et al., 2007). It is one of the Word’s largest
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rivers and its sediment is mainly eroded from the western Tibetan plateau and Karakorum (Inam et al., 2007). Sediment

discharge from the Indus River is smaller than from the Ganges and Brahmaputra rivers (Table 3). It has been estimated that

before human intervention in the years 1950-1960, the Indus annually carried 300 to 675 · 109 kg of sediment of which about

250 · 109 kg reached the Indus Delta (Milliman et al., 1984). However, the installment of dams along the river reduced the

annual sediment discharge by more than 80% (Milliman and Meade, 1983; Giosan et al., 2006).

2 Challenges in data comparability and necessary assumptions

2.1 Scarcity in sediment measurements from the Indian subcontinent

Measurements of river sediment in the investigated rivers are scarce. We collected data from a variety of studies. However, most

of those studies are based on data from sampling stations at the Hardinge Bridge (Ganges River, Table S1) and in Bahadurabad

(Brahmaputra River, Table S2). Both of these stations are located after the rivers enter Bangladesh. Generally, sediment data

are from river locations close to the delta region and no data from the upper rivers are available (Figure S1). Accordingly, the

sediment discharge estimated for these stations yields an average mass loss for the catchments above those locations but no

spatial resolution.

Figure S1. Map of Ganges-Brahmaputra-Meghna river system with locations of sediment study locations as stated in Table S1 and Table S2.

River locations are from GRDC (2020) and river catchments are from Lehner and Grill (2013).

The river catchments are defined such that they exclude the river delta where a lot of sediment is deposited. This allows

a good estimate of net sediment mass loss from the full river system as well as the individual catchments. When studying

the mountain regions and floodplains individually, we are dependent on studies of the sediment origin (Faisal and Hayakawa,

2022; Garzanti et al., 2011; Galy et al., 2007; Wasson, 2003). However, those studies find the region where sediment initially

originates from and do not provide information on potential deposition and re-distribution of sediment in the floodplains.
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Thus, the estimated origin fraction of net sediment mass loss does not necessarily translate to that amount of local mass loss.

It is possible that sediment from the mountains is deposited in the floodplains resulting in underestimation of mass loss in

the mountains and overestimation of mass loss in the floodplains. The other way around, it is possible that large amounts of

previously deposited mountain sediment is transported from the floodplains, resulting in overestimation of mountain sediment

mass loss and an underestimation of floodplain sediment mass. Over long time periods, what we derive is likely a minimum

estimate of sediment mass loss in the mountains and a maximum estimate of mass loss in the floodplains.

2.2 Potential impact of GRACE data filtering and leakage

To suppress GRACE data errors arising from instrument noise, modeling deficiencies and directional model sensitivity, the

COST-G data we use are filtered spatially (Mu et al., 2017; Tripathi et al., 2022). This limits the resolution and causes data

leakage between the individual grids (Figure S2). Thus, measured EWH loss from one catchment could falsely be attributed

to the neighboring one. For the total study area of the combined Ganges, Brahmaputra, Meghna and Indus catchments, this

impact is likely negligible. However, considering the main location of EWH loss in north-west India being located at the

intersection between the Ganges and Indus catchments, this could yield an error in the attribution of this mass loss between the

two catchments.

Additionally, the data leakage softens the impact of small scale local mass loss in individual grids which makes it impossible

to observe and validate the potential sediment mass loss in the Indus-Tsangpo suture within the GRACE EWH data. For proper

data comparison between sediment mass loss and GRACE EWH, the GRACE filter would need to be applied to the sediment

data. However, this would require gridded sediment loss data which are not available.

Figure S2. Map of the local equivalent water height (EWH) trends within the study are. (a) Including the leakage caused by filtering and (b)

without the impact of leakage due to filtering. Data are from the COST-G Level 3 data product (Boergens et al., 2020).
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3 Discussion of data seasonality

The seasonality of both EWH and river sediment depends on the South Asian monsoon. As such, both parameters follow

the seasonality of regional precipitation with the sediment discharge peaking approximately one month after the precipitation

maximum and the EWH peaking one month after that (Figure S3). Since the monsoon moves from south-east over the in-

dian subcontinent, precipitation in the Brahmaputra catchment starts to increase earlier in the year and more gradually, while

precipitation in the Ganges catchment starts later and increases more rapidly.

Figure S3. Average seasonality of the precipitation (dark blue), the equivalent water height (EWH, light blue), and the sediment discharge

(brown) within the Ganges catchment (left) and Brahmaputra catchment (right). Precipitation data are averaged from the ERA5 reanalysis

product for 2000-2022 (C3S, 2017). Seasonal EWH data are averaged for the COST-G data product for 2002-2021 Boergens et al. (2020).

Seasonality of sediment discharge is based on river water discharge according to data in Islam (2016).

This difference in precipitation patterns is also visible in the sediment discharge and EWH data. For the Brahmaputra River,

sediment discharge and EWH in the river catchment yield minima in February and show a gradual increase until the monsoon

peak in July (Figure S3). After that, sediment discharge decreases with the precipitation decrease, while EWH stays high until

October, when precipitation rates drop below 5mmday−1. For the Ganges River, sediment discharge increases from June to

August and decrease from September to November. The EWH in the Ganges catchment rapidly increases between June and

August and shows a steady decline from September to June, while the precipitation rate is below 6mmday−1 (Figure S3).

4 Interpretation of Indus data gap

In the Indus EWH time series, on first glance there appears to be an offset between data from the initial GRACE mission

(before 07-2017) and the follow on mission GRACE-FO (after 05-2018, Figure S10). It appears that there is a weaker decline

in the data than the linear optimization yields due to a jump to lower EWH during the data gap. However, both the GRACE

and GRACE-FO data are calibrated to the same reference fields and should not contain an offset. We decided to look into the

Indus catchment in more detail to investigate whether the generated trend is physically reasonable.
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Investigation of individual catchment parts yield fairly constant EWH levels in the south-western and northern parts of the

Indus catchment. In the northern mountains, there is a strong seasonality with only small inter-annual fluctuation. In the south-

western catchment, the seasonality is much weaker, highlighting inter-annual events like the extreme flood in 2010. Neither of

these regions show a significant trend or offset between data before and after the data gap (Figure S4). Thus, as shown in the

EWH trend map (Figure 2), the main EWH decrease is located in the south-western part of the Indus catchment, where EWH

steadily decreases. This decrease speeds up in 2016 and based on this data, a further EWH decrease during the measurement

gap in 07-2017 to 05-2018 seems reasonable. The GRACE-FO data yields a fairly stagnant EWH levels until the end of 2020.

We conclude that the observed trend, while in reality not being linear, seems physically reasonable and continue to use it in our

study.

Figure S4. Equivalent water height (EWH) trends for different segments of the Indus catchment. (a) EWH trends for the northern (green),

south-western (red), and south-eastern (blue) part of the Indus catchment. Data for the northern and south-eastern parts are adapted by an

offset of 30cm and −40cm, respectively. (b) Map of the segment separation. A similar visualization for the Ganges catchment can be found

in Figure S12.
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5 Additional figures and tables

Figure S5. Map of study area with location and type of groundwater aquifers from EHYMAP RGWB (2010), river locations from GRDC

(2020) and river catchments from Lehner and Grill (2013).

Figure S6. Profiles for the main branches of the Ganges and Brahmaputra rivers. Elevation is derived from data of Jarvis et al. (2008). River

paths are as defined in GRDC (2020).

6



Figure S7. Time series of EWH derived from GRACE data and EWH corrected for sediment mass loss. Data show average over the whole

Ganges-Brahmaputra-Meghna catchments.

Figure S8. Time series of EWH derived from GRACE data and EWH corrected for sediment mass loss. Data show average over the whole

Ganges catchment.
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Figure S9. Time series of EWH derived from GRACE data and EWH corrected for sediment mass loss. Data show average over the whole

Meghna catchment.

Figure S10. Time series of EWH derived from GRACE data and EWH corrected for sediment mass loss. Data show average over the whole

Indus catchment.
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Figure S11. Time series of EWH derived from GRACE data and EWH after the correction for sediment mass loss. EWH data is derived as the

average over the mountain fraction within the Ganges catchment (left) and the Brahmaputra catchment (right). For the Ganges catchment, the

sediment correction is derived locally for the High Himalayas (HL, ≈ 57,976km2) and the Lesser Himalayas (LH, ≈ 93,416km2). These

regions were defined analogous to Faisal and Hayakawa (2022). For the Brahmaputra catchment, the sediment correction is derived locally

for the Indus-Tsangpo suture (ITS, ≈ 21,600km2) and the remaining mountain fraction (mount., ≈ 339,900km2). The σ environment and

min-max estimates refer to the sediment discharge as stated in Table 3.

Figure S12. Equivalent water height (EWH) trends for different segments of the Ganges catchment. a) EWH trends for the north-western

(blue), and south-eastern (red) part of the Ganges catchment. Data are adapted by an offset of −42cm and 2cm, respectively. b) Map of the

segment separation.
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Table S1. Estimates of sediment load in the Ganges River from different literature studies.

susp. sediment (109 kg yr−1) time period location source

210 unknown Hardinge Bridge MPO (1987) in Rahman et al. (2018)

340 unknown Hardinge Bridge FEC (1989) in Rahman et al. (2018)

430-729 unknown unknown Thakkar (2006)

550 unknown unknown CEGIS (2010) in Rahman et al. (2018)

1600 1874-1879 Hardinge Bridge Holeman (1968)

478.9 (257-736) 1958-1962 Hardinge Bridge Coleman (1969)

375 1960 unknown NEDECO (1967) in Islam et al. (1999)

680(a) 1966-1967 Hardinge Bridge Milliman and Meade (1983)

520 1966-1969 Hardinge Bridge BWDB (1972) in Islam et al. (1999)

548 1966-1970 Hardinge Bridge WARPO (1996) in Rahman et al. (2018)

548 1966-1970 Hardinge Bridge DH and DHI (1991) in Lupker et al. (2011)

200 1965-1988 Hardinge Bridge CBJE (1991) in Rahman et al. (2018)

487 1976-1989 Hardinge Bridge Tarekul Islam and Jaman (2006)

328 1981 Calcutta Abbas and Subramanian (1984)

729 1981 Farakka Abbas and Subramanian (1984)

403 1983-1984 Farakka Singh (1988)

480 (350-600) 1980-1986 Hardinge Bridge Hossain (1992) in Rahman et al. (2018)

502 1989-1991 Bengal Delta Barua et al. (1994)

316 (155-863) 1979–1995 Hardinge Bridge Islam et al. (1999)

216-1038 1981-2001 Hardinge Bridge Akter et al. (2021)

150-590 1960-2008 Hardinge Bridge Rahman et al. (2018)

262 2006 Hardringe Bridge Rice (2007)

390 (360-420) 2004-2010 Hardinge Bridge Lupker et al. (2011)

This set of estimates was build upon collections in Islam et al. (1999), Rahman et al. (2018) and Faisal and Hayakawa (2022). (a)Value for Ganges

River taken from Islam et al. (1999). Original study states 1670 ·109 kg yr−1 after Ganges-Brahmaputra confluence.
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Table S2. Estimates of sediment load in the Brahmaputra River from different literature studies.

Suspended sediment time period location source

(109 kg yr−1)

390 unknown unknown MPO (1987) in Rahman et al. (2018)

800 unknown unknown Holeman (1968)

710 unknown unknown Subramanian (1987) in Islam et al. (1999)

430 unknown Bahadurabad FEC (1989) in FEC (1989)

590 unkown unknown CEGIS (2010) in Rahman et al. (2018)

402 1955-1979 Pandu Goswami (1985)

607.7 (531-697) 1958-1962 Bahadurabad Coleman (1969)

750 1960 unknown NEDECO (1967) in Islam et al. (1999)

1157(a) 1966-1967 Bahadurabad Milliman and Meade (1983)

541 1966-1969 Bahadurabad BWDB (1972) in Islam et al. (1999)

80-228 1981-2001 Bahadurabas Akter et al. (2021)

500 1965-1988 Bahadurabad CBJE (1991) in Rahman et al. (2018)

650 (400-850) 1980-1986 Bahadurabad Hossain (1992) in Rahman et al. (2018)

1028 1989-1991 Bahadurabad Barua et al. (1994)

721 (455-992) 1989–1994 Bahadurabad Islam et al. (1999)

541 1993 Bahadurabad Kabir and Ahmed (1996) in Rahman et al. (2018)

135-615 1960-2008 Bahadurabad Rahman et al. (2018)

387 2006 Sirajganj Rice (2007)

The set of estimates was build upon collections in Islam et al. (1999), Rahman et al. (2018) and Faisal and Hayakawa (2022)). (a)Value for

Brahmaputra River taken from Islam et al. (1999). Original study states 1670 ·109 kg yr−1 after Ganges-Brahmaputra confluence.
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