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[1] The Ganga-Brahmaputra accounts for ~25% of the total amount of freshwater
received by the Bay of Bengal. Using daily in situ river discharge data along with
altimetry-derived river heights, the present study aims to produce a monthly data set of
altimetry-derived Ganga-Brahmaputra River discharge at the river mouths for 1993-2008.
First, we estimate the standard error of ENVISAT-derived water levels over the Ganga
to be 0.26 m, much smaller than the range of variability of ~7 m, and consistent with
the accuracy of altimeter measurements over large rivers. We then establish rating
curves between altimetry-derived water levels and in situ river discharges and show
that TOPEX-Poseidon, ERS-2, and ENVISAT data can successfully be used to infer
Ganga and Brahmaputra discharge. The mean error on the estimated daily discharge
derived from altimetry ranges from ~15% (~4700 m>/s) using TOPEX-Poseidon over
the Brahmaputra to ~36% (~9000 m®/s) using ERS-2 over the Ganga. Combined
Ganga-Brahmaputra monthly discharges for 1993-2008 are presented, showing a mean
error of ~17% (~2700 m>/s), within the range (15%-20%) of acceptable accuracy for
discharge measurements. During 2004-2008, we assess the variability of the estimate
against precipitation and river heights records. Finally, we present a basic approach to infer
Ganga-Brahmaputra monthly discharge at the river mouths. The upscaled discharge exhibits
a marked interannual variability with a standard deviation in excess of ~12,500 m’/s,
much larger than the data set uncertainty. This new data set represents an unprecedented
source of information to quantify continental freshwater forcing flux into Indian Ocean

circulation models.

Citation: Papa, F., F. Durand, W. B. Rossow, A. Rahman, and S. K. Bala (2010), Satellite altimeter-derived monthly discharge
of the Ganga-Brahmaputra River and its seasonal to interannual variations from 1993 to 2008, J. Geophys. Res., 115, C12013,

doi:10.1029/2009JC006075.

1. Introduction

[2] The Bay of Bengal (BoB, Figure 1a) in the northern
Indian Ocean plays a key role in the tropical climate system.
It is hypothesized that the intensity of air-sea coupling in
this area has a strong impact on the Asian monsoon as well
as on the cyclonic activity in the region [Sengupta et al.,
2008; McPhaden et al., 2009]. Compared to the rest of the
Indo-Pacific warm pool, the Bay of Bengal is characterized
by a strong ocean salinity stratification resulting from an
excess of freshwater supply over evaporation [ Vinayachandran
et al., 2002]. The Bay of Bengal is indeed subject to strong
precipitation [Hoyos and Webster, 2007] and receives a large
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amount of freshwater from the surrounding continents via
river discharge [Shetye, 1993; Sengupta et al., 2006]. Because
of the smaller density of freshwater compared to salty water,
the sharp salinity stratification stabilizes the water column
which prevents mixing with the underlying cooler thermo-
cline waters and enhances the heating of the surface waters
[Schott et al., 2009]. This results in very high sea surface
temperatures (SSTs; typically above 28°C) throughout the
Bay of Bengal in all seasons, favoring monsoonal convective
activity primarily locked to the bay and the surrounding
continent, which in turn generates intense continental and
atmospheric freshwater supply to the ocean. This positive
feedback cycle characterizes the climate of the area [Shenoi
et al., 2002].

[3] If the spatiotemporal distribution of precipitation over
the BoB are nowadays well documented [Xie and Arkin, 1997;
Adler et al., 2003; Hoyos and Webster, 2007; Rahman et al.,
2009], much less is known about the contribution of conti-
nental runoff from surrounding rivers and its impact on ocean
salinity and temperature variability and oceanic circulation.
It is suggested that continental discharge accounts for about
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Figure 1. The Ganga and Brahmaputra systems, which flow into the Bay of Bengal. (a) The region of
interest with the catchments areas of the Ganga (yellow) and the Brahmaputra (green) rivers. The red lines
show the political borders. (b) Detailed map with the locations of the two gauging stations in Bangladesh,
Hardinge (G) and Bahadurabad (B). “F” denotes the Farakka barrage in India. The red line shows the

border between India and Bangladesh.

60% of the total freshwater received by the BoB, of which
40% is supplied by the Ganga (hereafter (G))-Brahmaputra
(hereafter (B)) river system alone [Sengupta et al., 2006]. The
Ganga-Brahmaputra River system (Figure 1a) is indeed the
third largest freshwater outlet to the world ocean, with only
the Amazon and the Congo surpassing the combined dis-
charge of these two rivers [Dai et al., 2009]. The Ganga
extends across the great plains of northern India (Figure 1a).
Once it enters Bangladesh, its name is Padma (Figure 1b). The
Brahmaputra flows across the Himalayas (Figure 1a) and is
called Jamuna in Bangladesh (Figure 1b). The Jamuna River
joins the Padma River in Central Bangladesh and finally
combines with the Meghna River to spread out onto a flat
and wide floodplain, the largest river delta in the world
[Chowdhury and Sato, 1996], before flowing into the Bay of
Bengal (Figure 1b). In the following, we will use the better-
known names Ganga for the Ganga-Padma and Brahmaputra
for the Brahmaputra-Jamuna. After their confluence, we will
call the river Ganga-Brahmaputra.

[4] In general, public access to the latest river discharge
observations in the area is restricted and, up to now, only
coarse estimates of river runoff into the BoB based on sea-
sonal climatologies of hydrological models were available
[e.g. Dai and Trenberth, 2002, and references therein]. This
severely limits our ability to fully understand the climatic
impacts of BoB runoff variations in the region, particularly at
interannual time scales [Vinayachandran and Nanjundiah,
2009]. As a consequence, there is a need for access to com-
prehensive continental discharge estimates into the Bay of
Bengal that can quantify the whole spectrum of variability
from intraseasonal to interannual time scales.

[5] The primary archive for global in situ river discharge
data is the Global Runoff Data Center [GRDC, 2009].
However, the most recent data available from this Center for
the Ganga-Brahmaputra River is for 1992. Recently, effort
has been made to characterize the variations of continental
discharge to the World Oceans for more recent years. Using a
combination of observations from in situ gauges and simu-

lations from a land surface model, Dai et al. [2009] released
for community use a new data set for 1948-2004 of historical
monthly streamflow for the world’s 925 largest ocean-
reaching rivers. The data set includes estimates of river dis-
charge of the Ganga-Brahmaputra River system into the Bay
of Bengal until 2004.

[6] Hydrological observations in the Ganga-Brahmaputra
River across Bangladesh have also been carried out by the
Bangladesh Water Development Board since the early 1940s
(http://www.bwdb.gov.bd/) and a new daily data set of
Ganga and Brahmaputra river discharge observations from
the 1950s to the beginning of the 2000s was recently released.
Availability of such a long record is unprecedented for this
part of the world and thus of extremely high value. Jian et al.
[2009] for instance used the long-term, daily Ganga (1950—
2003) and Brahmaputra (1956-2003) discharge time series to
study the link between SST variability over the Indo-Pacific
region and freshwater flux at intraseasonal and seasonal time
scales.

[7] Using a subset of the same data over the 1992—1999
period (Durand, Impact of Ganga-Brahmaputra interannual
discharge variations on Bay of Bengal salinity and tempera-
ture during 1992—1999 period, submitted to Journal of Earth
System Science, 2010, revised; hereafter D10) forced an
ocean general circulation model to assess the impact of G-B
River discharge on the variability of Bay of Bengal Sea sur-
face salinity and temperature. The study clearly showed that
this impact is strong compared to other forcing factors in the
northern part of the BoB and that extreme discharge anoma-
lies are exported to the southern boundary of the Bay and can
penetrate into the south-eastern Arabian Sea. In addition, this
study pointed out two other results.

[8] 1. A direct comparison between the in situ discharge
observations from the Bangladesh Water Development
Board and the estimates from Dai et al. [2009] for 1992—
1999 showed that, whereas both data sets are almost identical
for 1992-1995, the agreement is poorer after 1996. Indeed
after 1996, the Ganga river discharge estimates from Dai et al.
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[2009] are not based on observations, but consist of synthetic
discharge data constructed from numerical model outputs,
which might have difficulties reproducing the interannual
variability and large anomalous events.

[9] 2. There is a need of recent records of the Ganga-
Brahmaputra River discharge, especially in the period after
2002, when the Argo project started providing routine
salinity observations. Such a data set will help to calibrate
and evaluate ocean numerical models. The study of Ganga-
Brahmaputra impact on Bay of Bengal salinity is also timely
given the recent launch in November 2009 of the satellite
SMOS (Soil Moisture and Ocean Salinity) dedicated to
monitor sea surface salinity over the Ocean [Kerr et al.,
2001].

[10] As already mentioned, the bulk of the available river
discharge data for G-B covers the period up to 2004. It is
hard to say whether updates to more recent years will be
available in the near future, given that ground-based observa-
tions are difficult to obtain in the region.

[11] Over the last 20 years, satellite remote sensing tech-
niques have been very useful for hydrologic investigations
[Cazenave et al., 2004; Alsdorf and Lettenmaier, 2003;
Alsdorf et al., 2007; Bjerklie et al., 2003; Calmant et al.,
2008; Crétaux et al., 2005; Papa et al, 2006, 2008a,
2008b, 2010], and recent advances have demonstrated that
some hydraulic variables can be measured reliably from
satellites. In particular, satellite altimetry (TOPEX-Poseidon
(T-P), ERS-2, and ENVISAT missions) has been used for
systematic monitoring of water levels in large rivers, lakes,
and floodplains, now providing a time series more than
15 years long [Birkett, 1998; Birkett et al., 2002; Crétaux
and Birkett, 2006; Calmant et al., 2008; Frappart et al.,
2006, 2008]. In parallel, several studies have demonstrated
the capability of using TOPEX-Poseidon satellite altimetry
locally for estimating river discharge in large rivers (limited
to rivers with a width of few kilometers), including the Ob
River [Kouraev et al., 2004], several sites along the Amazon
River [Zakharova et al., 2006; Leon et al., 2006] or in Chari/
Ouham confluence near the Lake Chad [Coe and Birkett,
2004]. Indeed, the advent of radar altimetry permits river
water heights in large river basins to be correlated with in situ
measurements of river discharge. For instance, the construc-
tion of empirical regression curves between altimetry-derived
river water height and observed river discharge (called rating
curves, details are given in section 3) can provide altimetry-
based discharge estimates for times when in situ dis-
charge observations are missing, or even, to extend forwards/
backwards time series of river discharge. This technique has
however several limitations [Alsdorf et al., 2007]. First, the
methodology strongly depends on the quality of the altimetry
data themselves over continental water bodies (discussed in
sections 2.2 and 2.3). Second, the methodology relies on the
availability of some ground-based discharge measurements
to determine the rating curves between altimetry-derived
river water height and river discharge. As already seen, these
in situ observations are not always available to the scientific
community and when they are available, stream gauges are
rarely located within the altimeter footprint (but usually
within ~100 km), thus the relation between altimeter-derived
river height and in situ discharge can suffer from differences
in stream geomorphology between the in situ and satellite
overpass locations. Another limitation is that, in order to
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extend forwards/backwards time series of river discharge
using altimeter measurements, the original relation of river
height and discharge has to be assumed to be static over time
(discussed in section 3); this assumption might not be valid
over a long period of time. Finally, depending on the appli-
cation, a major drawback in the use of altimetric measure-
ments to monitor river stage and discharge is the temporal
sampling rate. With a 10 day repeat cycle (T-P) or a 35 day
repeat cycle (ERS-2/ENVISAT), satellite altimeters cannot
compete with observations made daily or twice daily by in
situ gauges, a frequency required to study local hydrological
processes, to evaluate flood risk or for the management of
water resources. Nevertheless, for studies related to climate,
the use of radar altimetry can be extremely valuable as a
complement to ground-based observations and can be advan-
tageous because data are received continuously and are
potentially available within a few days of measurement and
therefore can provide valuable information where traditional
gauge data can be irregular and difficult to obtain.

[12] Ideally, the goal for discharge data accuracy is within
+5% of the true value, but the community agrees that a
15%—-20% accuracy is in general acceptable. Kouraev et al.
[2004] over the Ob River and Zakharova et al. [2006] over
the Amazon River showed that the errors of the estimated
discharge using T-P data (at daily, monthly, or annual time
scales) are well within the range of acceptable errors.

[13] The aim of the present study is twofold: first, to
demonstrate the capability of using radar altimeters over the
Ganga and the Brahmaputra Rivers; second, to produce a
data set of monthly mean altimetry-derived comprehensive
G-B River discharge at the river mouths during 1993-2008
with acceptable accuracy. This data set will be used in future
studies to prescribe freshwater forcing flux into Indian Ocean
circulation models. Hence, it is important to accurately
monitor low flow and high flow seasons over a long period
of time, as the ocean acts as an integrator of freshwater
forcing flux, and thus, is likely to be influenced constantly
by the fresh water forcing history during the few past sea-
sons. Moreover, as for the monthly interval sampling, it
corresponds both to the common time resolution of state-
of-the-art discharge products [see, e.g., Dai et al., 2009],
and to the typical time scales satisfactorily resolved by
ocean circulation models. Note that this data set will be also
very useful as a source of evaluation for climate and hydro-
logical models.

[14] Section 2 presents and discusses the data sets used in
this study. They consist of in situ river height and discharge
measurements, along with satellite altimetric river height
time series. For the Ganga, we are able to present a direct
comparison between in situ and altimetry-derived river
height measurements. In section 3, we establish empirical
relationships (rating curves) between satellite-derived water
levels and in situ river discharge from gauging stations. In
section 4, we use the rating curves for computing Ganga and
Brahmaputra discharges and present monthly discharge esti-
mates over the 16 year time span of T-P/ERS-2/ENVISAT
altimetry data (1993-2008). The methodology is evaluated in
various ways and discussed. We also evaluate our estimate
over 2003—-2008 (when in situ data are no longer available) by
comparison with GPCP precipitation estimates and altimetry-
derived river heights at other locations. Finally, in section 5, we
present a basic approach to infer the total Ganga-Brahmaputra
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Figure 2. (a) Daily time series of in situ discharge of the
Ganga River at Hardinge Bridge station. (b) Daily time
series of in situ discharge of the Brahmaputra River at
Bahadurabad station.

monthly discharge data set at the river mouths from the
upstream estimate we produce and discuss its seasonal to
interannual variability.

2. Data Sets and Evaluation

2.1.

[15] We use hydrological observations in the Ganga and
Brahmaputra Rivers in Bangladesh made by the Bangladesh
Water Development Board (http:/www.bwdb.gov.bd/). In
particular, we have access for the present study to daily
streamflow data collected at the two basin outlet stations
before their confluence (Figures la and 1b): the Hardinge
Bridge station (hereafter G, 24.07°N; 89.03°E) for the
Ganga and the Bahadurabad station (hereafter B, 25.15°N;
89.70°E) for the Brahmaputra. Both stations lie close to the
Bangladesh-India border.

[16] The discharge data are derived from water levels
measured at staging stations and converted into discharge
using stage-discharge relationships (rating curves, presented
in section 3). In the following we call these data “in situ
discharge,” although we point out that these are not direct
discharge measurements. For the bulk of our data set, we do
not have access to the original water level data used to infer
the discharge (for 2007, we have 152 direct measurements of
both water level and discharge, see section 2.3). The accuracy
ofthese discharge measurements is not known; however even
if it remains difficult to measure the depth and velocities, and
consequently the true discharge of large and strong-flowing
rivers like the Ganga and Brahmaputra [Chowdhury and Ward,
2004], typical accuracy of river discharge measurements is
assumed to be in the range of 10%—-20% [Fekete et al., 2000].

[17] Daily Ganga and Brahmaputra discharge data avail-
able for the study extend from 1993 to mid-2002 and 1993
to 2004, respectively, as shown in Figure 2. The Ganga river

Ganga and Brahmaputra In Situ River Discharges
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discharge record has a significant gap from early 2000
through early 2001, as well as at the beginning of 2002. For
the Brahmaputra data set, a few days in October 2003, the
month of November 2003 and a few days in September
2004 are also not available. A detailed description of the
50 year daily discharge record for both rivers and the var-
iations at intraseasonal and seasonal time scales is given by
Jian et al. [2009], with a special emphasis on the 1990s.

[18] Both river discharge records displayed in Figure 2
show a large seasonal cycle and strong interannual vari-
ability with especially large year-to-year variations in their
individual peak flows. The Ganga discharge at Hardinge is
characterized by a low flow season from October/November
to June, an increasing flow period starting in July and a
maximum flow that occurs generally in August or September.
The mean value for the 1993-2003 period is ~11,000 m’/s.
During the high flow season the river discharge typically
exceeds 30,000 m’/s, with the August monthly average
amounting to 39,400 m>/s. The Brahmaputra discharge at
Bahadurabad shows a low flow season from December to
April, followed by an increasing flow period starting in May,
reaching a peak flow generally in July. The 1993-2004
average value is ~20,800 m*/s. During the high flow season
the river discharge generally shows values above 50,000 m*/s
(except 1994 and 2001). The July monthly average value over
the record is ~54,600 m’/s.

[19] In the following, the letter G will refer either to the
Ganga River or the Hardinge station and the letter B will
refer to the Brahmaputra River or the Bahadurabad station.
We will call the discharge at Hardinge on the Ganga Qg and
the discharge at Bahadurabad on the Brahmaputra Og.

2.2. Satellite Altimetry Observations

[20] Satellite radar altimeters are initially designed to
measure the ocean surface topography by providing along-
track nadir measurements of water surface elevation. Radar
altimetry entails vertical range measurements between the
satellite and the Earth surface and the water level is given by
the difference between the satellite orbit information and the
range (or altimetric height) [Fu and Cazenave, 2001]. In
parallel, they also became important tools to monitor ice sheet
topography and mass balance [Rémy and Parouty, 2010], sea
ice thickness, and land topography [Berry, 2000]. Moreover,
radar altimeter water level data have long been shown to be
precise enough for continental water studies and have been
used for systematic monitoring of water levels of large rivers,
lakes, and floodplains [Birkett, 1998; Birkett et al., 2002;
Crétaux and Birkett, 2006; Calmant et al., 2008]. Altimetric
observations over large rivers have been intensively evalu-
ated in several regions against in situ gauge stations providing
water level heights [Leon et al., 2006].

[21] There are various databases that provide time series
of water stages in the great basins of the world [Calmant
etal.,2008]. We use water levels coming from three altimeter
satellites.

[22] 1. T-P-derived river and lake level heights from the
HYDROWERB database [Crétaux et al., 2010], available at
http://www.legos.obs-mip.fr/en/soa/hydrologie/hydroweb/.
For T-P, this database provides consistent and accurate river
level heights from 1993 to 2001, before the orbit of T-P was
changed. The T-P orbit has a 10 day repeat cycle, meaning a
measurement at the same location is available every 10 days
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Figure 3. MODIS (Moderate Resolution Imaging Spectro-
radiometer) image of the region (for October 2001) with the
location of the intersections between the altimeter ground
tracks and each river (called virtual stations, red square for
T-P, blue square for ERS-2/ENVISAT). The locations of
the in situ discharge stations are displayed with red circles.
F denotes the Indian Farakka barrage. The blue cross shows
the location of the ENVISAT virtual station used in our
analysis to evaluate the results (section 4.2.3).

(in fact 9.91 days). Radar altimetry is a profiling and not an
imaging technique and for T-P the intertrack spacing at the
equator is ~350 km. The follow-up mission of T-P, Jason-1,
launched in 2001, has a different on-board processing and
the additional filtering removed much of the altimeter data
over continental surfaces and inland water bodies. Thus, it
cannot be used for studies over the Ganga-Brahmaputra
River.

[23] 2. ERS-2 derived river level height time series come
from the ESA’s River&Lake initiative, available at http://
tethys.eaprs.cse.dmu.ac.uk/RiverLake/shared/main [Berry
et al., 1997, 2004]. ERS-2 covers the period 1995-2002
with a 35 day orbit repeat cycle providing an intertrack
spacing at the equator of ~80 km.
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[24] 3. ENVISAT-derived river level height time series is
available from the HYDROWEB database. ENVISAT has
the same orbital configuration as ERS-2. We use the mea-
surements from 2003 to 2008.

[25] We refer to Crétaux et al. [2010], Berry et al. [1997,
2004, 2005], and Calmant et al. [2008] for a complete
description of the satellites and the methodologies used to
construct water level time series over large rivers, including
the atmospheric corrections and the different algorithms,
called trackers, used to process altimeter radar echoes over
continental water bodies.

[26] Given the radar altimeters orbit configurations, there
are several intersections between the satellites ground tracks
and the Ganga and Brahmaputra rivers. These intersections
are termed “virtual stations.” For our study, we selected for
each satellite the nearest virtual stations to the Hardinge and
Bahadurabad gauging stations. They are shown in Figure 3.
Their position information, the satellite track number, their
distance to the gauging station and the river width for high/
water stage at these locations are given in Table 1. As seen
in Figure 3, all individual intersections between the satellite
tracks and the rivers are located before the confluence of the
two rivers. Also important, the Farakka barrage (F) in India
(Figures 1b and 3), located about 80 km upstream of the
station Hardinge, has no impact on our study as the altimeter
virtual stations on the Ganga are also located downstream of
the barrage.

[27] Note that when we use T-P data, the intersection
between the satellite track and both rivers happens to be on
the same track (231). This means that the T-P-derived water
level observations over the Ganga and the Brahmaputra are
made on the same day within a few seconds. For ERS-2/
ENVISAT, the intersections between the satellite track and
the two rivers are on different tracks. As a consequence,
when a water level height is measured with ERS-2 over the
Ganga, the water level height over the Brahmaputra is
obtained 16 days later. Finally, note that, at the intersections
between the satellites tracks and the river, the width of the
channel (estimated from the GeoCover Landsat Thematic
Mapper orthorectified mosaics available from the MrSID
Image Server at https://zulu.ssc.nasa.gov/mrsid/mrsid.pl) is
always larger for the Brahmaputra than for the Ganga
(Table 1). This is also visible on the MODIS snapshot of the
area for October 2001 shown in Figure 3. Given that the
accuracy of altimeter-derived river level height is dependent,
among other factors (see below and section 2.3), on the river
width, we expect more accurate measurements over the
Brahmaputra than over the Ganga.

[28] Figure 4 shows the times series of water level height
for the Brahmaputra River using T-P (Figure 4a) and ERS-2/

Table 1. Description of the Virtual Stations (Intersections Between the Satellites Ground Tracks and the Rivers) for Each Satellite®

Virtual Station Coordinates

Altimeter Track

River Width for

Distance to the Low/High

(Latitude/Longitude) Number Gauging Station Water Stage (km)
Ganga, T-P 23.92°N; 89.33°E 231 ~25 km downstream of G 2/5
Ganga, ERS-2/ENVISAT 23.82°N; 89.52°E 337 ~50 km downstream of G 2/6
Brahmaputra, T-P 24.74°N; 89.70°E 231 ~40 km downstream of B 4/8
Brahmaputra, ERS-2/ENVISAT 25.72°N; 89.76°E 795 ~60 km upstream of B 4/10

“The in situ gauging station for the Ganga is Hardinge (called G and located 24.07°N/89.03°E). The in situ gauging station for the Brahmaputra is

Bahadurabad (called B and located 25.15°N/89.70°E).

50f 19



C12013
20—~ T
a) Brehmoputra (24,74°N;89.70°F)
- TOPEX-—Poseidon
£ 15
]
o
L2110
1993 1995 1997 1999 2001
o[ T
b) Brahmoputra (25.75°N;89.52°)
€
]
o
[T]
I
+—+—+ ERS-2
LR Y ENV'SAT
1995 1997 1999 2001 2003 2005 2007 2009
¢) Brahmaputra wux ERS—2
6 ees T=P
E st
£
g or
I
_3-
-6 . .
1995 1997 1999 2001

Figure 4. Time series of altimeter-derived river level height
for the virtual stations of the Brahmaputra River (see Figure 3
and Table 1 for their locations). (a) The river level height
every 10 days from T-P (plus signs with solid line) for 1993—
2001. (b) The river level height every 35 days from ERS-2
(1995-2003, plus signs with solid line) and from ENVISAT
(20032008, plus signs with dashed line). (c) The comparison
for 1995-2001 of river level height every 10 days from T-P
(plus signs with dashed line) and river level height every 35
days from ERS-2 (crosses with solid line). To make both
variables comparable, their mean has been removed.

ENVISAT (Figure 4b) altimeters. Consistent with Figure 2, a
large seasonal cycle with marked interannual variability is
exhibited over the record. The peak-to-peak height variations
can exceed 7 m. From December 2002 to May 2003, there are
four dates where measurements are simultaneously available
from ERS-2 and ENVISAT (Figure 4b). For those four
observations, the mean difference between the water level
height measured by each satellite is ~0.23 m (for instance, for
the 6 January 2003, the difference is 0.43 m and, for 26 June
2003, the difference is 0.1 m). Figure 4c shows that, despite
the fact that T-P and ERS-2 virtual stations are located
~100 km apart (Figure 3 and Table 1), both time series (their
mean has been removed to make them comparable) are in
good agreement and have a similar behavior in the peak-to-
peak height variations (except during 1998 where ERS-2
shows a large discrepancy during the summer). For 1995—
2001, the T-P-derived water level has a mean value of
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10.83 m and a standard deviation (STD) of 2.03 m. For
ERS-2, the mean value for 1995-2001 is 22.99 m and
the STD is 1.92 m. The two satellites data sets thus show
similar variability range. Note that, the difference in the
mean height and in the absolute value of the water level
is due to the fact that the water level data measured from
space by radar altimeter refer first to an ellipsoid of refer-
ence and are then expressed with respect to a geoid model.
In our case, both T-P and ERS-2 time series are constructed
with reference to the EGM96 geoid model, and thus, the
difference in the mean height is due to different values of
the local geoid height at the locations of the two virtual
stations. It is also important to point out that, in terms of
single river level height measurements, there are several
factors, beside the distance between the two virtual stations
or the river width, that could introduce small differences
between T-P and ERS-2 measurements [Crétaux et al.,
2010; Calmant et al., 2008]: the use of a different tracker
to retrieve the altimetric range (OCEAN tracker for T-P
and ICE for ERS-2), a different precision of the satellite
orbit or the use of different data sets to correct the height
estimates from atmospheric contributions (water vapor cor-
rections, ionospheric corrections).

[29] In the following, we use the following nomenclature
to refer to the altimetry-derived river height from T-P,
ERS-2, and ENVISAT over the Ganga and the Brahmaputra:

Hrpig, Hrps, Hers-2/6, Hers-28, Henvie, and Henvs,
respectively.

2.3. Evaluation

[30] The estimated accuracy of the satellite altimetry
measurements is estimated to be ~0.03 m over oceans and
large, wind-roughened, unfrozen lakes [ Crétaux et al., 2010].
Over rivers, the accuracy depends on the width of the river, on
the morpholology of the banks and on the surface roughness
of the target. The accuracy also varies depending on the
altimeter specifics and data processing (for instance, ice mode
range bin for ERS-2 is four times wider than for ocean mode
range bin for T-P). Overall, the typical accuracy is 10-20 cm
over large rivers such as the Amazon [Birkett et al., 2002;
Frappart et al., 2006]. The accuracy may be further
reduced over narrower rivers and/or in presence of vege-
tation [Calmant et al., 2008]. These estimates are accepted by
the community but the actual accuracy might vary a lot with
the target.

[31] In addition to the data presented in section 2.1, we
also have access to 152 direct in situ water level measure-
ments at Hardinge made infrequently during 2007. Figure 5
compares these with Hgny g for nine different points. Henvyig
are obtained within £3 days of the date at which the in situ
river levels were measured. These nine points represent a
fair sample of the seasonal variability through a year with
the water level varying by ~8 m between the low and high
water stages. Figure 5 clearly shows good agreement between
the two data sets with a correlation of 0.96 (p < 0.01). The
standard error is 0.26 m and is in the typical range of accuracy
over large rivers. This comparison, even if made with a
small data sample, covers the entire set of possible hydraulic
regimes (low and high flow seasons). It thus provides confi-
dence in using altimeter-derived water level over the Ganga-
Brahmaputra region.
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Figure 5. Scatterplot of the altimeter-derived river heights
(from ENVISAT) versus the in situ river height over the
Ganga in 2007. To make both variables comparable, their
mean has been removed. The linear correlation coefficient

(R) and the number of points () are indicated. The solid
line shows the linear regression between both variables.

2.4. Precipitation Data Set

[32] In order to further evaluate our various estimates
(sections 4 and 5) when in situ discharge observations are no
longer available or when we upscale the discharge at the
river mouths, we will compare them with precipitation over
the Ganga and Brahmaputra watersheds estimated by the
Global Precipitation Climatology Project (GPCP). GPCP,
established in 1986 by the World Climate Research Program,
provides data that quantify the distribution of precipitation
over the globe [Adler et al., 2003]. We use the Satellite-
Gauge Combined Precipitation Data product of GPCP
Version 2.1 data (monthly means from 1993 to 2008) with
a spatial resolution of 2.5° in latitude and longitude. Over
land surfaces, the uncertainty in the rate estimates from GPCP
is generally lower than over the oceans due to the in situ
gauge input (in addition to satellite) from the GPCC (Global
Precipitation Climatology Center). Over land, validation
experiments have been conducted in a variety of locations
worldwide and the results suggest that, while there are known
problems in regions of persistent convective precipitation,
non-precipitating cirrus or regions of complex terrain, the
estimated uncertainties range between 10% and 30% [Adler
et al., 2003].

3. Rating Curves

[33] In hydrology, the river discharge is routinely deter-
mined from river height measurements through a functional
relation between the two quantities [Rantz et al., 1982].
Such a relation is called the stage-discharge rating or rating
curve. This relationship is specific to each gauging station
and its development is regulated by different national and
international standards. In practice, for one gauging station,
there could be several relationships corresponding to dif-
ferent hydrological regimes such as low and high water
stages or to rising and falling flooding periods [Kouraev et al.,
2004]. For instance, if the level-discharge relation shows
highly scattered values, a detailed analysis of the relation is
required and the data are split into subseries for different
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seasons and/or different level ranges, and then are subjected
to separate processing. However, over large rivers, such as
the Amazon, where the complex stage-discharge relation-
ships at Obidos were evaluated, it was demonstrated that
the uncertainties resulting from the use of a single rating
curve are small compared with the other sources of error
[Calléde et al., 2001].

[34] Figure 6 shows an example of a rating curve (relating
river height (H) and river discharge (Q), hereafter called H-Q
diagrams) for the Hardinge gauging station over the Ganga.
This diagram is constructed using the simultaneous direct
daily measurements of river height and river discharge during
2007. Once the relationship between the two variables is
established, the river discharge can be estimated solely by
measurements of the river height. Our approach uses this
technique, but with river levels measured by altimetry in
order to filling missing ground-based measurements and to
extend forwards discharge time series. It is important to note
here that several factors can influence differently over time
the relation of stage to discharge and thus can alter gradually
or abruptly the rating curve equation. These factors include
the dynamics of the river bed itself, but also anthropic factors
such as land use change, withdrawal for water use, or new
contributions from artificial water storage reservoirs. In
practice, the reinstallation of gauges and related bathymetric
surveys can frequently be required and the rating curve
has to be recalibrated with appropriate frequency. This is
particularly important for rivers such as the Ganga and the
Brahmaputra rivers, which carry huge volumes of flood water
and sediments and may experience morphological changes.
However, Mirza [2003] studied the evolution of the rating
curves at Hardinge and Bahadurabad from 1966 to 1992 and
showed that the Ganga and Brahmaputra rivers were in
dynamic equilibrium during this period and that the rating
curves previously developed in 1966 were still valid to at least
1992.

[35] Two different approaches can be considered to
retrieve the river discharge using the satellite-derived water
level data. One approach would use the official rating curve
for a given point. For instance, it should be possible to
establish the relationship between in situ and altimetry-
derived water level measurements and then apply the rating

..{ 8x10*

€ R?=0.89
o 6x10%F 55
o

.f:’ 4x10*

O

0

(=]

P 2x10*F

B

e 0

0 5 10 15 20
In situ river height (m)

Figure 6. Scatterplot for 152 measurements during 2007
showing the relationship (rating curve) between in situ river
height and in situ river discharge for the Ganga at Hardinge.
The solid line is the power law regression between the two
variables.
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tions versus altimeter-based river height measurements
showing the relationship (rating curve) between the two
variables (see text for details): (a) for Hardinge, Ganga using
T-P; (b) for Bahadurabad, Brahmaputra using T-P; (c) for
Hardinge, using ERS-2; and (d) for Bahadurabad using
ERS-2. The number of points (N) is indicated. The solid
lines show the regression relation.

curves [Coe and Birkett, 2004]. However since we have
access neither to the official rating curves for Hardinge and
Bahadurabad nor to long time series of in situ water level
measurements overlapping the satellite altimeters measure-
ments, we use the alternative approach of establishing direct
relationships between the altimeter-derived water levels at
the satellite-river intersection and the in situ observed dis-
charges at G and B. This approach was successfully used in
several other studies using T-P data [Kouraev et al., 2004;
Zakharova et al., 2006].

[36] The H-Q diagrams, using simultaneous (same day)
measurements between altimetry-derived water level height
and in situ river discharge, are presented in Figure 7. Figure 7
shows the rating curves between (1) Hr.p,g and Qg for
1993-2001 (Figure 7a, hereafter Ht p,g-Og), (2) Htpm
and Qg (Figure 7b, hereafter Hy_p/g-Op) for 1993-2001,
(3) Hgrs-2/6 and Qg for 1995-2002 (Figure 7c, hereafter
HERS—Z/G_QG)a and (4) HERS—Z/B and QB for 1995-2002
(Figure 7d, hereafter Hrrs.o/g-Og). Each H-Q relationship
in Figure 7 shows the typical pattern of rating curves as in
Figure 6. We note that, irrespective of satellite, the coeffi-
cient of determination R* is always less for Hardinge than
for Bahadurabad. This might be explained by the fact that
the width of river is less for the Ganga than the Brahmaputra
(Table 1), which might result in less accurate altimetry
height measurements of contamination of the radar signal
by the presence of dry land in the satellite field of view.
The Hgrs-2/G-Og plot for the Hardinge station is the most
scattered (Figure 7c). For this particular case, we tried to
separate the data into different regimes, i.e., a rising period
and a falling period [Kouraev et al., 2004], as the shape of
the scatterplot suggests a phenomenon of hysteresis. In this
case, discharge values at the same level could be higher
during the period of falling flood than rising flood. However
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this attempt was not successful and we argue that this larger
dispersion is mainly caused by less accurate Hgrs oG mea-
surements at this particular point. This could be due to
several factors, such as the contamination of the radar signal
by the presence of dry land in the satellite field of view even
during the high water season (the ice mode range bin for
ERS-2 is 4 times wider than the ocean mode range bin for
T-P). Moreover, both virtual stations for ERS-2 are located
farther from the gauging stations than the T-P virtual sta-
tions, which might result in larger differences in local
hydrological regimes and introduce different variations of
water level.

[37] For each H-Q diagram, a single relationship is con-
sidered and a regression analysis is performed in order to
obtain the best fitting rating curves. Hy_pg-Op and Hr_p/g-Og
are approximated by polynomial functions. Hggrs-2/,g-Og and
Hgrs-2/p-0Og are approximated by power law functions.

4. Ganga and Brahmaputra River Discharge
From Altimetry

4.1.

[38] T-P-derived discharge time series with a 10 day
temporal sampling interval for Hardinge (Ot.p/g) and for
Bahadurabad (Qr_p,g) are presented in Figures 8a and 8b
and compared with daily in situ discharge measurements
for both stations. Figures 8c and 8d show the ERS-2-
derived 35 day discharge time series for the period 1995-2002
for Hardinge (Qgrs-2/G) and for Bahadurabad (Qgrs-2/8), as
well as the ENVISAT-derived 35 day discharge time series
for the period 2003-2008 for both stations (Qgnv/g and
Ognvp)- Daily in situ discharge measurements are also
shown. Opnvig and Qgnyys are estimated using the rating
curves Hgrs-2/g-Oc and Hgrsop-Op and the river level
helghts from ENVISAT HENV—Z/G and HENV—Z/B' We assume
here that the rating curve equations Hgrs.og-Ocg and
Hgrso/p-Op remain valid for 2003-2008 (see section 3).
Moreover, before using Henv-o/g and Henv-a/s, We adjusted
these time series to the ERS-2 ones by removing the dif-
ference of their means. Figure 9 shows the residuals for
T-P and ERS-2-derived discharges for G and B (differences
between altimetry-derived discharge and simultaneous in situ
discharges, expressed as percent of the in situ discharge
value) as a function of in situ discharge values.

[39] The best results are obtained for the Bahadurabad
station using T-P (Figures 8b and 9b). Figure 8b clearly
shows excellent agreement between the satellite-derived
discharge and the in situ discharge in the seasonal timing of
the various stages of the hydrological regime (seasonal low/
high water flow) as well as in the interannual variability of
the peak flow. For this station, Or_p/;g compared to Op gives
a correlation of 0.97 (n = 195, Figure 8b). For each year, the
low flow season and the high flow season are well depicted.
The year-to-year variations are also in good agreement with
the in situ observations, with for instance, larger discharge
values obtained during the high flow seasons of 1996, 1998
and 2000. For this station, Figure 9b shows that the residual
error for individual 10 day discharge is generally less than
+25% of the in situ discharge. More that 60% of the Or_p/s
are within 15% of in situ Qg and the mean error (defined as
the mean of absolute value of the residuals) of daily Ot p/
is ~15%. The errors on the estimated daily discharge

Instantaneous Discharge Estimates
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Figure 8. Time series of satellite altimeter-derived dis-
charges and in situ observed discharges. (a) River discharges
from T-P (red plus signs) and from in situ observations (solid
black line) for Hardinge, Ganga. (b) River discharges from
T-P (red plus signs) and from in situ observations (solid black
line) for Bahadurabad, Brahmaputra. (c) River discharges
from ERS-2 (red plus signs) and from ENVISAT (green plus
signs) and from in situ observations (solid black line) for
Hardinge, Ganga. The green line connecting ENVISAT-
derived discharge estimates is used for visual purposes.
(d) River discharges from ERS-2 (red plus signs) and from
ENVISAT (green plus signs and green line) and from in situ
observations (solid black line) for Bahadurabad, Brahmaputra.

derived from T-P for Bahadurabad are well within the range
(10%—-20%) of errors acceptable for discharge measurements
The standard deviation of the residuals is 4714 m®/s and the
standard error of the estimates for the 195 daily discharge
calculated is about 340 m>/s, which amounts to 1.6% of the
mean of Qg over the record. Over the long term, the average
value of Qr_pp for 1993-2001 is ~21,700 m>/s, which is a
difference of 600 m*/s or 2.8% with the 1993-2001 average
value of O using all in situ data (21,100 m/s).

[40] Good agreement in the seasonal and interannual
variations between satellite-derived discharge and in situ
discharge (Figure 8a), with low residuals (Figure 9a), is also
obtained when estimating Or.p/g at Hardinge station. Or_p/g
compared to Qg gives a correlation of 0.94 (n = 149) and the
standard deviation of the residual is about 6000 m®/s. The
large events during the high flow season in 1998 and in 1999
are particularly well depicted (Figure 8a). Figure 9a shows
that the residual error for individual daily discharge is gen-
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erally less than 25% of the absolute value of the in situ dis-
charge for discharge rates of greater than about 10,000 m*/s.
Note that during the winter season, the Ganga discharge can
have values lower than 1000 m*/s and Flgure 9a shows that
for dlscharge rates below about 5000 m*/s the residual error
can increase to greater than 40% in relative values. The mean
error of daily Ot_p/g is ~31%, but is reduced to 19%, in the
range of acceptable accuracy for dlscharge measurements,
when only discharges over 5000 m’/s are considered. The
increased error at low discharge values illustrates the diffi-
culties of the altimeter to accurately determine low discharge
during the dry season when the river is narrower (~2 km for
the Ganga during low water season), as has been observed
in other areas [Zakharova et al., 2006].

[41] InFigures 8c and 8d, ERS-2-based discharges Orrso/G
and QOgrs.o/p every 35 days for 1995-2003, also show overall
good agreement in the timing of the various stages of the
hydrological regime, with low and high discharges seasons
well depicted. For Hardinge, Ogrs.2/Gg compared to Og gives
a correlation of 0.85 (n = 59). For Bahadurabad, the corre-
lation is 0.89 (n = 74). As expected from Figure 7, Ogrs-2/G
and QOgrs.o/p have the largest errors (Figures 9¢ and 9d) the
standard deviation of the residuals reaching 9050 m?/s for
Hardinge and 8300 m*/s for Bahadurabad. The mean error of
daily Qgrs-2/G is ~36% and 29% for Qgrs_2/B, Which are a
little above the range of acceptable accuracy. However, we
will see in the next section that these errors are generally
uncorrelated in time and therefore greatly reduced in monthly
means or when only the high discharge season is considered.

[42] To assess the robustness of the altimetry-derived
discharge using the rating curves, we tested the sensitivity of
the rating curve estimates themselves. For instance, using
T-P river heights and the in situ river discharge for
Bahadurabad, we removed the year 1993 from the in situ
observational record. We then constructed the diagram
Hrt_p/g-Op using the data for the remaining years (1994—
2001) and estimated the T-P-based river discharge for 1993
using the 1994-2001 rating curve and Hy_p/g for 1993. This
estimate is then compared with the in situ discharge for 1993.
The same computations were performed for each year of the
record, for both stations and using T-P and ERS-2 river
heights (not shown). The standard deviation of the residuals
(when compared to in situ Qg and QB) was found to be
~5500 m®/s (Hardinge) and ~4800 m?/s (Bahadurabad)
when using T-P and 9900 m>/s (Hardinge) and ~8500 m>/s
(Bahadurabad) when using ERS-2. These values are the
same order of magnitude as the standard deviation of the
residuals calculated above when the entire record is used,
and smaller than the year-to-year variability of the summer
peak discharge. This confirms that the altimetry-based rating
curves can be used with confidence to retrieve river dis-
charge variations for periods when in situ data are not
available to construct the rating curves. In particular, this
supports our extension of the time series over 2003—2008 for
both stations using ERS-2 and ENVISAT and the rating curves
Hgrs-2/6-Oc and Hgrs2/8-Us.

[43] Using Hgrso-Oc and Hgprsop-Op and  the
ENVISAT river level heights, ENVISAT-derived 35 day
discharge time series for both stations (Qgnv/g and Ognv/g)
are displayed in Figures 8a and 8b for the period 2003-2008.
OgenvsG and Ogny/s have seasonal cycles similar to Ogrs 2/
and Qgrs.o/g With values the same order of magnitude. Note
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Figure 9. Percent residual as function of in situ discharge: scatter diagrams of error residuals of the
altimeter-derived daily discharge (for T-P and ERS-2, shown as a percent of the in situ discharge) versus
the in situ discharge at Hardinge, Ganga and Bahadurabad, Brahmaputra.

that Hgny/s were not used to compute the rating curve
diagrams Hggrs.op-Op (only Hprsop were used) even
though in situ river discharge for Bahadurabad are available
for some portion of 2003 and 2004. This enables an inde-
pendent evaluation of daily QOgnvy/s against Og. The same
analysis as in Figure 9 using Ognv,s and O for 2003 and
2004 (not shown) gives a standard deviation of the residuals
about 4400 m>/s. The mean error of daily Qgnvs for 2003—
2004 is ~22%, which shows that daily discharge derived
from ENVISAT for Bahadurabad are within the range of
acceptable errors for discharge measurements.

[44] Figure 10 shows the discharge histograms using bins
of 5000 m®/s. The histograms for the in situ data are con-
structed using all the daily discharge observations over the
common period with altimetry-based discharge. For instance,
considereing T-P at Bahadurabad (Figure 10b), the in situ
discharge histogram is constructed using all the daily discharge
available for 1993-2001. For altimetry-based discharge, the
histograms are for Qr_p,g and Ot_pg With a 10 day interval
sampling interval and for Qgrs._»/g and Ogrs.o/g With a 35 day
sampling interval. For the in situ discharge measurements
at each station, we also constructed the histograms for the
subsets of observations sampled at the same date as the
altimetry-based estimates. Overall, in each panel of Figure 10,
the histograms show similar patterns, the distribution of
satellite-derived discharges generally fitting the distribution
of in situ discharges. This is particularly true for both satel-
lites at Bahadurabad (Figures 10b and 10d). All satellite
estimates capture the large fraction of the river discharge
values during the low flow season (positive skew). Although
relative errors are important in low flow season, as previously
discussed, absolute errors are small and are integrated here in
the 5000 m*/s bin. All data set agree well for discharge values
between 10,000 and 50,000 m>/s. For Hardinge using T-P,
the discharge values between 10,000 and 40,000 m>/s show a
ratio larger than the in situ measurements because of the
number of missing satellite data during the low flow season.

The histograms also show that events with extreme dis-
charges (>50,000 m*/s for Hardinge and >65,000 m®/s for
Bahadurabad) represent small fractions of the total number
of observations. Using all daily in situ data, 50,000 m*/s for
Hardinge and 65,000 m*/s for Bahadurabad are at the 97th
percentile. Using T-P discharge estimates, 50,000 m>/s
for Hardinge is at the 96th percentile and 65,000 m>/s
for Bahadurabad is at the 98th percentile. Using ERS-2
discharge estimates, 50,000 m’/s for Hardinge is at the
99th percentile and 65,000 m®/s for Bahadurabad is at
the 97th percentile.

4.2. Ganga-Brahmaputra Monthly Discharge
Estimates

[45] Analysis of the river discharge data set show that there
is a phase locking of the interannual variability on the seasonal
cycle, with discharge anomalies occurring mainly during the
summer period, i.e., during the high flow season. Hence,
before computing the monthly mean time series, we investi-
gate two further points dedicated to this season: (1) evaluate
the altimetry-based discharge data during the high water flow
season for each river and (2) quantify the effects of the 10 day
and 35 day temporal sampling when estimating a mean dis-
charge around the yearly peak discharge.

4.2.1. Altimetry-Based Discharge Data During
the High Water Flow Season

[46] As seen in the previous section, all our river dis-
charge time series reconstructed using altimetry generally
show excellent agreement in the timing of the various stages
of the hydrological regime. The satellite-derived discharges
clearly indicate the low discharge season (even though the
relative errors are important when the flow is really low,
absolute errors are small) and the high flow season. However,
it is obvious that increased daily relative errors are obtained
during the low discharge periods. During these periods, the
river is narrower, the spatial length of the altimeter-river
crossing is thus smaller than during the period of high water
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river discharges from in situ measurements and as estimated by radar altimetry with a temporal sampling
interval of 10 days for T-P and 35 days for ERS-2. To construct the in situ discharge histograms, all daily
observations available during the overlapping period with each satellite are used. The histograms using a
subset of the in situ discharge measurements sampled at the same date as the altimetry-based estimates
(10 day and 35 day) are also displayed. (a) Histograms for T-P-derived (black line) and in situ discharges

(daily in dotted line and 10 day samples in dashed

line) for Hardinge. (b) Histograms for T-P-derived

(black line) and in situ discharges (daily in dotted line and 10 day samples in dashed line) for Bahadurabad.

(c) Histograms for ERS-2-derived (black line) and

in situ discharges (daily in dotted line and 35 day

samples in dashed line) for Hardinge. (d) Histograms for ERS-2-derived (black line) and in situ dis-
charges (daily in dotted line and 35 day samples in dashed line) for Bahadurabad.

flow. The radar signal also can be contaminated by the
presence of dry land resulting in noisier and less accurate
estimates of the river height (or even missing data because
they did not meet the quality criteria).

[47] To assess the accuracy of the altimetry data for
determination of discharge values during the high water
flows, we have computed a mean high water flow discharge
for each river from the altimetry-based discharge data. On
the basis of in situ data analysis, the high water flow is from
July to October for Hardinge and from May to November
for Bahadurabad. The comparisons with the in situ mean
discharge for the same periods are reported in Tables 2 and 3
for both stations.

[48] The mean differences between the T-P-derived and
in situ discharges are low, about 8% for Hardinge (Table 2)
and 5.5% for Bahadurabad (Table 3). Using ERS-2, the mean
differences are 21.6% for Hardinge (Table 2) and 15.1% for
Bahadurabad (Table 3). Using ENVISAT for 2003 and 2004
for Bahadurabad (not reported in a table), the mean difference
between altimeter-derived and in situ discharges for high
water flow averages is 11.5%. This evaluation shows that the

altimeter-derived discharges during the high water flows are
well within the range of uncertainties acceptable for river
discharge estimations.

[49] The largest error for Hardinge using T-P occurs in
1993 (24.5%). In 1993, we carefully checked the in situ
discharge data and found that the beginning of high water
flow season is delayed by about 3 weeks compared to other
years. Knowing that the altimeter does not perform well
during low flow episodes, we end up with an excess error
for this year as compared to the rest of the record. Indeed,
Qg increases above 10,000 m*/s in the last days of July
1993, whereas for all the other years, Qg is generally above
10,000 m?/s in early July. For 1993, reducing the high water
flow season from the end of July to October decreases the
error between QOt_p,g and Qg to less than 12%. The largest
error for Hardinge using ERS-2 is found in 1996 (44.8%)
and can be explained by the fact that during this year half of
ERS-2 data are missing with only two Qgrs.o/g €stimates
that can be computed.

[s0] The largest error for Bahadurabad using T-P is found
in 1999 (Table 3, 13.9%), which is also a year where T-P
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Table 2. Mean Values During the High Flow Season (July to October) of River Discharges at Hardinge Station From Altimetry (Or-p/g

and Qgprs.o/g) and In Situ Data and Errors (%) of Estimation®

Discharge
(m*/s) and
Error 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

0Og 22,070 24,430 28,330 28,800 25,270 38,800 37,630 - 27,480 -

Or-ric 27,470 (9) 23,340 (12) 29,200 (10) 32,040 (12) 25,550 (10) 39,680 (9) 34,200 (8) - 30,140 (11) -

Error (%) 245 —4.4 3.1 11.2 1.1 2.3 -9.1 - 9.7 -
Orrs-2/G - 22,130 (4) 41,700 (2) 22,120 (4) 34,990 (3) 34,720 (4) - 18,320 (4) 24,980 (3)
Error (%)  — - -21.9 44.8 -12.5 -9.8 =1.7 - -333 -

2All in situ Qg over the high flood period are used. The number in bracket following the altimetry-derived discharge value gives the number of

observations available to calculate the mean value.

has the largest number of missing data, with only 14 Or_p/p
computed, i.e., three measurements less than the average
number of Or_pg computed during the high water season.
Using ERS-2, Ogrs-2/ compared to Og (Table 3) shows
large errors in 1998 (30.7%) and in 2001 (—50.7%). In August
1998, as seen in Figure 8b, Ogrs.op does not accurately
capture the high discharge event and underestimates Og. In
2001, Figure 8b shows that Ogrs op greatly overestimates
Op in August and September, which results in a large error
in the high water discharge estimates.

4.2.2. Effects of Temporal Sampling Around the Yearly
Peak Discharge

[51] Before computing the monthly mean time series, we
also investigate the effects of the 10 day and 35 day tem-
poral sampling around the yearly peak discharge. With a
coarse 35 day sampling interval, ERS-2 and ENVISAT may
provide estimates of the discharge too far or too close to the
peak time. For a more quantitative examination of this issue,
we performed the following analysis for both rivers G and B
using the in situ discharge data sets. The date of the peak flow
is identified for each year in the in situ record. A sliding
window of 35 days is applied to the record, starting 35 days
before the peak flow and going to the peak flow date in each
year. The window moves with 1 day steps; at each step, the
average discharge is calculated using all 35 days in the win-
dow (the true mean) and using only the two end-points. The
same calculation is done for all the years when in situ dis-
charge is available. The difference (in percent of true mean)
between the two means at each step is averaged over the
years. The analysis is done for both stations and also with
the 10 day window. The results are plotted in Figure 11 for the
two stations.

[52] With the 10 day window, small differences are gen-
erally observed for Hardinge (Figure 11a). When one of the
end-points is on the date of the peak flow (day = 0 for
instance), the mean discharge using the two end-points

overestimates the true 10 day mean river discharge by only
few percent. Moving the window forward shows that the
differences (underestimates) are less than 10% reaching a
maximum when the two samples bracket the peak flow date.
The differences are larger for Bahadurabad with almost per-
manent underestimations of the 10 day mean discharge as
soon as the peak flow is missed by one day. However, the
differences are generally less than 10% with a maximum
underestimation of 15%. For both stations, as expected, the
differences are a little larger with the 35 day window. When
one of the end-points is within +5 days of the date of the peak
flow, the overestimation is in the order of 5%-20%. The
maximum differences, when the two samples bracket the
peak flow date, show an underestimation between 10% and
20%, the largest differences being for Bahadurabad. These
results show that, for the Ganga and the Brahmaputra, even
with a coarse 35 day interval sampling interval, the under-
estimation or overestimation of the true mean discharge never
exceeds 20%, which is within the range of uncertainties
acceptable for river discharge estimations. The uncertainties
related to the effects of altimeter temporal sampling around
the yearly peak discharge might vary greatly from river to
river and we suggest that an analysis similar to the one we
used here should be performed in future studies that will
investigate the possibility of retrieving river discharge using
radar altimeters over other river basins.
4.2.3. Monthly Discharge Estimates for the Ganga,
the Brahmaputra, and Their Total

[53] Monthly discharges for G and B for 1993-2008 are
determined from multiple radar altimeters. Since T-P per-
forms significantly better than ERS-2 (section 4.1), we use
the Or.p,g and Qr.p;g for 1993-2001. For 2002, we use
QERS*Z/G and QERS*Z/B and for 2003—2008, W€ usc QENV/G
and QOgny/s- No adjustment between the time series is
made. The altimetry-derived discharge for 1993-2008 is
called Qa1 1 for the Ganga and Q1 /g for the Brahmaputra.

Table 3. Mean Values During the High Flow Season (May to November) of River Discharges at Bahadurabad Station From Altimetry
(Ot.p/s and Qgrs.o/p) and In Situ Data and Errors (%) of Estimation®

Discharge
(m>/s) and

Error 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002
O 33,930 24,330 35,300 34,580 27,990 39,660 33,620 32,420 24,420 22,960
Orrm 35,760 (16) 25,140 (19) 35,960 (16) 34,390 (18) 26,960 (16) 37,780 (15) 28,930 (14) 33,200 (17) 27,650 21) -
Error (%) 5.4 33 1.9 -0.6 -3.7 —4.8 -13.9 2.42 132 -
Oprs2B  — - 34,840 (5) 30,600 (6) 27,370 (5) 27,480 (4) 27,350 (6) 30,700 (6) 36,800 (6) 22,850 (6)
Error (%) — - -1.3 -11.5 2.2 -30.7 —-18.6 -5.6 50.7 -0.5

2All in situ Qg over the high flood period are used. The number in bracket following the altimetry-derived discharge value gives the number of

observations available to calculate the mean value.
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Figure 11. Quantitative evaluation of the (a) 10 day and

(b) 35 day sampling intervals in the estimation of mean river
discharge around the yearly peak flow (see text for details
and the method). In situ data at Hardinge, Ganga (dotted
line) and at Bahadurabad, Brahmaputra (solid line) are used.
The x axis values represent the lower endpoint of a 10 day
or 35 day sliding window. For 0, the lower end-point of
the window is 35 days (10 days) before the peak flow
and the upper end-point is on the day of the peak dis-
charge. The y axis represents for each step the average dif-
ference over the years between the average discharge
calculated using only the two end-points and the true mean
discharge calculated using all 35 days (10 days) in the
window. The y axis values are expressed in percent of true
mean.

For the discharges derived from T-P (10 day temporal sam-
pling interval, 1993-2001), the monthly mean discharge is
obtained by averaging all available daily discharges from T-P
within a month. For ERS-2 and ENVISAT, we assume that
the retrieved discharge for a particular month is given by the
sample within this month regardless of the day of the month.
Missing months are filled by linear interpolation. When
two or more consecutive months are missing (a few cases
in winter during the low discharge period), we assume the
climatological mean (or zero anomaly) for these months. For
Hardinge station, we also excluded from the analysis three
consecutive months in 2008 (January, February, and March)
and replaced them by the monthly climatology. As seen in
Figure 8a, ENVISAT-based estimates for Hardinge in the
beginning of 2008 provide river discharges above 20,000 m*/s
(Hgnv/g are more than 5 m above normal for these months),
which can plausibly be assumed to be unreal. We carefully
checked GPCP rainfall estimates over the Ganga watershed
and found no anomaly during the fall of 2007 and the winter
of 2008.
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[54] The derived times series of monthly river discharge
for the Ganga at Hardinge (Qay 1/G) and for the Brahmaputra
at Bahadurabad (Qar1m) for the period 1993-2008 are
displayed in Figure 12, along with the monthly mean time
series of in situ river discharge. Figure 12c¢ shows an esti-
mate of the total discharge of the combined rivers G+B
(hereafter Qa1 1/G+B) Obtained by summing the two indi-
vidual discharges and compared to the total discharge of the
combined rivers G+B from in situ data (Qg+p, obtained by
summing the two individual discharges Qg and QOg). The
residuals (the difference between Qar1/g+s and Qg+n) 1S
also shown. The mean annual discharges Qa1 1/G, OaLT/B
and Qar1/g+p for each year between 1993 and 2008 are
given in Table 4 along with a comparison with the in situ
mean annual water flow (Qg, Og, and Og.+g).

[s5] Figure 12 shows that the monthly satellite and in situ
river discharges agree well in the timing of the various
stages of the hydrological regime and in the interannual
variability. In particular, from Figure 12c, we find that more
than 70% of the Qa1 1/g+s Vvalues are within 15% of in situ
QOg+p values; the standard deviation of the residuals (green
curve) is ~2700 m>/s and the mean error (defined as the mean
of absolute value of the residuals) of monthly Oa; 1/G+ 1S
~17%. This result shows that the altimeter-derived monthly
discharge meets the requirements of acceptable accuracy

10
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Figure 12. Time series of monthly river discharges derived
from radar altimetry 1993-2008 (black line) and from in situ
streamflow (red line). (a) For the Ganga at Hardinge (in situ
data available from 1993 to mid-2002). (b) For the Brahma-
putra at Bahadurabad (in situ data available from 1993 to
mid-2004). (c) For the combined discharge of the two rivers
G+B (in situ data available from 1993 to mid-2002). The
green curve shows the residuals (the difference between
the combined G+B discharge from altimetry and the in situ
discharge).
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g g g E § % of 15%-20%. In terms of annual averages (Table 4), as
-2 SR &2 expected, the mean difference between altimetry-based and
g T: in situ discharge is low, with values reduced to less than 8%
< - e S S g for the Ganga, (liess };[han 6("?; tl";)r the Brahmaputra and ~3% for
= 2| = = < |2 the combined discharge G+B.
k) Slogy g e é [s6] For both statiois, the year-to-year variations of peak
) S flow are generally well captured, with low peak flows and
% 2 - 3 § g high peak flows well depicted: The p.eak.in QALTf,_g can be
A S, 8, .2, 9, f lower than the one observed in the in situ data (in 1995,
) = 1996 and 1998 for instance), with nevertheless a maximum
£ i difference that never exceeds 15%. Note also that in 1998,
E = = g 2 g 2007, and 2008, large peak discharges in the same order of
3 & =~ 'i magnitude are observed for the Brahmaputra River. Chowdhury
£ 5 [2003] and Mirza et al. [2003] reported that during dthe (siu;n—
) o oo = o0 mer of 1998 over 60% of Bangladesh was inundated for
S S < QSE = § nearly three months. Twice during 2007 the Brahmaputra
g SR RET e | E flooded large areas of Bangladesh for periods between 1 and
a 2 2 weeks and in September 2008 more than half million people
5 @ 2 2 S g were affected by large floods in Northern Bangladesh.
S § 8 ﬁ;g o |2 [57] The total river discharge of the Ganga-Brahmaputra
§ Tas e 8 River system (Figure 12c), as expected, also shows a promi-
g B nent seasonality with a maximum occurring usually in August,
'§ S a2 % § & § 2 but with large year-to-year variations in the magnitude and,
G Sl €57, &, 3 to some extent, in the timing of the peak. For 1993-2008
i o the annual maximum monthly discharge has a mean Vague
QO) _ S 22 = % of ~86,000 m’/s and a stapdard fiewatlo.n ~14,400 m’/s.
2 gl Z 225 = g For 1993-2001, the comparison with in situ measurements
% P tm == bl 2 (Qg-p) shows an excellent agreement with underestimation of
| ol sgz. g |P imdesdenebere fo nume v oflos o
o - NS o. 1 nC largesty ALT/G+B>
? gl & 222 = ; and September 1998 with ~115,000 m*/s (~120,000 m>/s
E SR - from in situ data) is associated with the simultaneous occur-
g z rence of discharge maxima in both rivers in late August and
E (== (== (== Z,
= QER-=22382a | early September.
a R rETdSTEay “E [s8] To further evaluate the extended Qar1/G+p (derived
8 g from ENVISAT only) for 2003-2008, when in situ dis-
2 ©»|29 838 =32 E charge obsewatlons are no longer available, we compare thp
‘f__’ gl 22n,27222% |3 combined discharge QOar1/G+B Wlth GPCP precipitation esti-
= I Eahaiaka A mates in the region that we spatially averaged over the Ganga
8 2 and Brahmaputra catchments, upstream of the two gauging
z SloF BRR_SR . stations. Along with precipitation, we also considered another
é & S % 2 E g $ % § * TE ENVISAT-derived river height estimated after the confluence
= £ of the two rivers (Figure 3). The ENVISAT .v1rtl.1a1 station is
g, co oo oo E s located at (23.42°N; 90.34°E). Note that.thls Vll'tlla]. station
s £ S28<28n&S |28 would have represented an excellent candidate to retrieve the
9 g T|EELaRTE -S| B3 G+B river discharge from altimetry. However, no in situ
E’ E ES discharge measurements are available close to this point to
2 ™ w|S2 22 eg z g construct the rating curve and no T-P data are available in
E% =) Sﬁg%%:aﬁi g8 this area. .
2k I Ealakala R NI g S [s9] Figure 13 compares Qarri+s With the two variables
= &5 9% (normalized anomalies). In order to smooth out the. hl.gh
2 2 Yoo 2% 28 |BE frequency variations (we are interested here in a qualitative
5 = 2189-32nCeEx |28 assessment of the seasonal and interannual variations of our
§ E TeTTTTNNT 2 T;; estimate), a moving average of +1 month is applied to all
E S co oo 2 E the curves. There is an excellent agreement in. the seasonal
g2 lgg-a8 &9 = :j and interannual Variatloqs of the three time series for 2003—
i P | 22EdAcRE S| S 2 2008. The linear correlations between Qa; 1/g+p and the two
g o &z other variables are highly significant: 0.96 with the precip-
= E - — = &= g E itation at one month lag and 0.89 with the.ENVISAT—bas.ed
MEIEER oS =S S —q'é river height (p < 0.01 above a correlation of 0.30 with
= m fn’m@ 5 o E é n E é § E § :ZJ 4 72 points). Moreover, all variables show a good agreement
SR I ISEEISEEISEEY during the smaller peak flows observed in 2006 as well as
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Figure 13. Time series of satellite-derived Ganga-
Brahamaputra (G+B) river discharge (black solid line),
precipitation estimates from GPCP (dashed line) and
ENVISAT-derived river height (dotted line; the virtual sta-
tion located at 23.42°N, 90.34°E is shown in Figure 3)
during 2003-2008. All variables are normalized (the mean is
subtracted and the resulting values are divided by the standard
deviation over the period).

the larger peaks in 2007 and 2008. Especially, for 2006, the
lowest peak discharge of 2003-2008, is associated with
lowest summer precipitation over the same period and the
2008 large peak in the river discharge is associated with the
largest positive anomaly observed in the 2008 precipitation.
These comparisons give confidence in the altimetry-based
total river discharge estimated for the Ganga and the
Brahmaputra during 2003-2008.

5. Ganga-Brahmaputra Monthly Discharge
Estimates at River Mouth for Oceanographic
Applications

[60] For numerous studies related to the nearby ocean,
the key factor is the continental discharge into the oceans.
Hardinge and Bahadurabad, even if they represent a fair
estimate of the total discharge of the two rivers, are still
located tens of kilometers upstream of the river mouth.

[61] Usually, when time-varying river discharge infor-
mation is not available, continent-to-ocean freshwater flux
is estimated from climatologies. For the discharge of the
Ganga-Brahmaputra into the Bay of Bengal, past studies have
overcome this issue [Durand et al., 2007; Vinayachandran
and Kurian, 2007] by using the runoff climatology from
Vorésmarty et al. [1996] or Fekete et al. [2000]. These river
discharge estimates at the river mouth, integrated over the
entire Ganga and Brahmaputra watersheds, come from a
combination of a climate-driven water balance model and,
when available, observed river discharge information. In their
simulations for the Ganga and Brahmaputra, Fekete et al.
[2000] use in situ discharge at Bahadurabad (for 1969—
1992) and at Farakka (1949—-1974), also located on the Ganga
River, ~80 km upstream of Hardinge (Figure 1b). Despite
the different periods of observation and location, the mean
monthly climatologies of the in situ discharge data sets used
by Fekete et al. [2000] were found to be similar to the mean
monthly climatologies of Og and O estimated for 1993-2001.

[62] We propose a pragmatic way to adjust the altimetry-
derived G+B flow to represent the river mouth outflow. The
climatology from Fekete et al. [2000] (red curve) is shown
in Figure 14a along with our climatology of Qar1/g+s for
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1993-2008 (black curve). The latter presents a climatological
discharge slightly lower than the estimate of Fekete et al.
[2000], especially from May to August. The difference
between Qa1 1/Gg+p and Fekete et al. [2000] is due to the fact
that the latter integrates over the entire watersheds (Figure 1)
and accounts for the contribution of local tributaries and
precipitation downstream of Hardinge and Bahadurabad and
after the Ganga and Brahmaputra confluence. In particular,
their estimates include the discharge of the Meghna River
(merging with the Ganga and Brahmaputra at 23.25°N).
Some (limited) in situ observations of the Meghna discharge
suggest that it yields about 10% of Qg+p at maximum.

[63] As a way of adjusting our data set to represent the
flow at the river mouth, we scale it by a constant coefficient
to constraint the long-term mean discharge to be identical to
that of Fekete et al. [2000]. The ratio between the two estimates
gives a coefficient of 118%, which we apply to Qa1 1/G+s t0
get the so-called “Oa; 1/G+p scaled.” Figure 14a (green curve)
shows the results. Though our result has the same long-term
average as of Fekete et al. [2000] estimate, it exhibits slight
differences in the seasonal evolution, with in particular a
timing of the monsoonal increase different by about one
month. In order to evaluate this scaling coefficient of 118%, we
also estimated (1) the mean GPCP precipitation for 1993-2008
over the entire Ganga and Brahmaputra watersheds up to the
river mouths and (2) the mean GPCP precipitation for 1993—
2008 over the Ganga and Brahmaputra watersheds upstream
of Hardinge and Bahadurabad, respectively. The ratio between

20 [a) = (G)+(B] alti.
—(G)+(B) in situ
I —Fekete et al., 2000 -
(G)+(B) alti. scaled

—_

o o o u

Discharge
(10* m*/s)
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— (G)+(B) alti. scaled
— Fekete et al.,, 2000
Dai et al., 2009
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Figure 14. (a) The black line is the monthly climatology of
the sum of the two discharges (G) and (B) derived from
radar altimetry (1993-2008); the vertical bars show the
monthly evolution of its interannual variability, defined by
plus or minus one standard deviation; the blue line is the
monthly climatology of the sum of the two discharges (G)
and (B) derived from in situ measurements (1993-2001);
the red line is the monthly climatology of the Ganga and
Brahmaputra rivers discharge at the river mouth estimated
by Fekete et al. [2000]; the green line is the same as the
black line, after scaling by 118% (see the text for details).
(b) 1993-2008 evolution of the satellite-derived Ganga-
Brahmaputra River discharge (black line) at the river mouth
(i.e., scaled), superimposed on the repeated climatology of
Fekete et al. [2000] (red). The Ganga-Brahmaputra monthly
river discharge at the river mouth from Dai et al. [2009] is
shown in green for 1993-2004.
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Figure 15. Descasonalized anomalies (obtained by sub-
tracting the 16 year mean monthly value from individual
months) of the Ganga-Brahmaputra monthly river discharge
at the river mouth for 1993-2008.

the two quantities is found to be 121%, a value on the same
order of magnitude as the ratio between the mean discharge of
Fekete et al. [2000] and the mean value of Qa1 1/G+s- Despite
this good agreement, the scaling method we propose here has
some limitations. For instance, such an approach does not take
into account the influence of floodplains or irrigation networks
downstream of Hardinge and Bahadurabad and their year-to-
year variations that may exert on the discharge into the ocean.
This should be investigated in futures studies in a more com-
prehensive approach using evapotranspiration, floodplains
extent, and water storage observations along with hydrological
simulation [Decharme et al., 2008].

[64] The coefficient of 118% is applied to Qart/G+B
interannual monthly time series and the result is displayed in
Figure 14b. In order to highlight the interannual variability
of “Oar1/g+B scaled,” the repeated climatology from Fekete
et al. [2000] is also shown. The standard deviation of their
difference is ~12,500 m>/s, showing that the upscaled dis-
charge presents a marked interannual variability much larger
than the data set uncertainty. This value is really close to the
one (12,340 m*/s) found in D10 when the same up-scaling
adjustment in order was performed using in situ Gt+B dis-
charges (QOg-p) during 1992—-1999 to force an ocean circu-
lation model. Figure 14b also shows a comparison between
“Oart/g+n scaled” and the Ganga-Brahmaputra River dis-
charge estimate from Dai et al. [2009]. Over 1993-2004, the
standard deviation of their difference is ~10,300 m>/s and
the mean of their difference is about 13%. Over the period
1993-1995, both data sets agree well and the discharge
values for the annual peak are almost identical. In contrast,
for the period 1996-2004 the agreement between the two
data sets is poorer. In particular, there is a large discrepancy
during summer 1998, when the peak value in “QOar1/G+B
scaled” is about 35% larger than the one from Dai et al.
[2009]. Large differences are also observed in 2000 and
2002. As already seen in D10, these differences can be
explained by the fact that, after 1996, Ganga river discharge
estimates from Dai et al. [2009] are not based on observations
but are constructed discharges based on CLM3 simulations.
The moderate correlation of 0.7 for the Ganga between the
CLM3 simulations and observed data during 1948-2004
[Dai et al., 2009, see their Table 1] illustrates the difficulties
of CLM3 to reproduce large anomalous events such as the
one occurring in 1998.
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[65s] To reveal the nonseasonal variability of the Ganga-
Brahmaputra monthly river discharge at the river mouth
more clearly, we removed the 1993-2008 mean annual cycle
to produce the deseasonalized anomalies shown in Figure 15.
Pronounced oscillations about the mean with large interan-
nual variations are clear. The peak-to-peak variability of
interannual anomalies during one given year can be as large
as 50,000 m>/s. The two smallest anomalies in the record,
~—35,000 m?/s are observed in September 2002 and August
2006. The largest anomaly occurs in August 1998 with a
discharge anomaly of ~45,000 m*/s. Other years with positive
anomalies are 1999, 2000, and 2008. In 1999, though, large
positive anomalies are seen only during August-December.
Interestingly, one can see in Figure 15, that there are two
periods during 1993-2008 where interannual anomalies of
the same sign occur for a few consecutive years. For 1998—
2000, the river discharge shows three consecutive years of
relative strong positive anomaly whereas for 2005-2006, the
river discharge shows two consecutive years of negative
anomaly. These periods will be of particular interest for fur-
ther studies regarding the impact of the Ganga-Brahmaputra
River discharge on the Bay of Bengal, as they might favor
the buildup of negative and positive anomalies in the sea
surface salinity, possibly impacting the ocean temperature
and thus the climate of the area.

6. Conclusion

[66] The aim of the present study was to produce a compre-
hensive monthly mean altimetry-derived Ganga-Brahmaputra
River discharge data set for 1993-2008 for community use.
We have examined more than a decade of daily in situ river
discharge data for the Ganga and the Brahmaputra Rivers
estimated at the points where they enter Bangladesh along with
altimetry-derived river heights from multiple satellite mis-
sions, including TOPEX-Poseidon, ERS-2, and ENVISAT.

[67] We first compare nine direct measurements of Ganga
in situ river heights made infrequently at Hardinge station
during 2007 with altimeter-derived water levels from
ENVISAT. The comparison for these nine points, represent-
ing a fair sample of the variability through a year with the
water level varying ~8 m between the low and high water
stages, shows good agreement between the two data sets with
a correlation of 0.96 and a standard error of 0.26 m, which is
in the typical range of accuracy of altimeter measurements
over large rivers.

[68] Using in situ discharges and altimeter-derived water
levels, we establish rating curves for both rivers using T-P
and ERS-2 satellites. These rating curves are used to retrieve
G and B discharges at 10 day (for 1993-2001) and 35 day
(for 1995-2008) temporal sampling over the 16 year time
span of T-P/ERS-2/ENVISAT altimetry. For the period 2003—
2008, ENVISAT-derived discharges are estimated using the
rating curves constructed with ERS-2 during 1995-2002,
assuming that these rating curve equations remain valid for
2003-2008.

[69] The comparison of in situ and satellite-derived dis-
charge estimates shows that the satellites reproduce the sea-
sonal timing of the various stages of the hydrological regime
(seasonal low/high water flow) as well as the interannual
variations. For both rivers, T-P shows good results with low
residuals (mean error on daily measurements about ~15% for
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the Brahmaputra and ~30% for the Ganga). ERS-2-derived
daily discharges are less accurate (mean error on daily mea-
surements about ~29% for the Brahmaputra and ~36% for the
Ganga) and a little above the acceptable accuracy (15%—20%)
for discharge measurements. We evaluated the methodolo-
gies in various ways to confirm that the altimetry-based rating
curves can be used with confidence to retrieve river discharge
for periods when in situ data are not available or to extend the
time series forwards. For instance, over the Brahmaputra, we
showed that using ERS-2-based rating curve and ENVISAT
measurements, the mean error on daily discharge estimates
for 2003-2004 is ~22%. For most of the cases, the largest
relative errors in the retrieved discharge are for the low flow
period, and we showed that overall, for all the satellites, the
errors are generally greatly reduced (below 20%, with for
instance a mean error of 5.5% for T-P over the Brahmaputra)
when only the high discharge season is considered. Around
the yearly peak flow, we confirmed that the largest absolute
errors are expected to occur when the sampling dates (10 or
35 days) bracket the peak flow date, with nevertheless, an
underestimation or overestimation of the true mean discharge
never exceeding 20%, still within the range of uncertainties
acceptable for river discharge estimations. Regarding the
error budget on daily discharge estimates over these two
rivers, it will be interesting for future studies to investigate
the separation of the individual contributing errors due to
the instrument, the width of the river, the distance to the
gauge or the temporal resolution.

[70] We then computed the Ganga, Brahmaputra and their
aggregated discharges for 1993-2008 on a monthly basis.
For each estimate, the seasonal and the year-to-year varia-
tions are captured and the low peak flows and high peak
flows over the years are well depicted. The maximum dif-
ference with in situ data never exceeds 15%, showing that
the errors of the estimated discharge using altimeter data are
well within the range of acceptable errors (the standard
deviation of the residuals is ~2700 m?/s). In terms of annual
averages, the mean difference between altimetry-based and
in situ discharge is less than 8% for the Ganga, less than 6%
for the Brahmaputra and ~3% for the combined discharge
G+B. For 2004-2008, when in situ data are no longer
available, we assess the variability of the estimates against
precipitation and river height after the confluence of the
two rivers, showing good correspondence of interannual
variations.

[71] Finally, because for studies related to the nearby
ocean, the key factor is the continental discharge into the
oceans, we presented a basic approach to infer Ganga-
Brahmaputra altimetry-derived monthly discharge at the
river mouths using an up-scaling approach against the
climatology from Fekete et al. [2000]. The upscaled dis-
charge exhibits a marked interannual variability with standard
deviation in excess of ~12,500 m®/s, much larger than the
data set uncertainty. Potential users of our product could
easily do a similar analysis in order to scale our total Ganga-
Brahmaputra discharge with respect to the climatology used
in their own investigations.

[72] This new altimetry-derived discharge data set rep-
resents an unprecedented source of information to quantify
freshwater flux in Indian Ocean circulation models. Indeed,
together with the Argo project and SMOS satellite, which
both provide routine salinity observations, our new estimates
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will help to understand the impact of river discharge on the
Bay of Bengal salinity and ultimately the climate variability
of the region. Our estimates of Ganga-Brahmaputra River
discharge will soon be extended to 2009 as ENVISAT is still
delivering quality observations. Moreover, we will also use
the new measurements from Jason-2, which was launched
on June 2008, and provides observations over continental
water bodies with the same 10 day sampling as T-P.

[73] As for the limitations of the approach discussed in
this study, it is important to note here that it is still limited to
rivers that are several kilometers wide because of the current
satellite altimeters spatial resolution. Moreover, because
of their orbit track separation at the equator (few tens to
hundreds of kilometers), the spatial coverage of current
satellite altimetry missions is not adequate for global scale
investigations. These problems will be overcome in the
future with a new generation of radar altimeters dedicated to
continental hydrology, such as SWOT (Surface Water and
Ocean Topography), as rivers with width on the order of
100 m and at global scale will be monitored with an aver-
aging repeat cycle of 11 days. Improvements in altimeter
spatial resolution will be also possible with the future
altimetry mission such as SARAL/AltiKa (Ka band), which
is planned to be launched in 2011 on the same orbit as
ERS-2/ENVISAT.

[74] As already said, the monthly interval sampling we
adopted in this study for our discharge data set corresponds
both to the common time resolution of state-of-the-art dis-
charge products [Dai et al., 2009], and to the typical time
scales satisfactorily resolved by actual ocean circulation
models. With the progress of sensors and methods, it will be
timely to extend our approach towards higher temporal fre-
quencies. From the in situ river discharge data set, one can see
indeed that there is significant energy in the discharge spec-
trum at intramonthly time scales. However, it will also take
some time for ocean models to improve their skills at sub-
monthly time scales in order to make the most of high-
frequency (weekly or daily) discharge forcing fluxes.

[75] Finally, the methodology used in this study relies on
the availability of some discharge ground-based measure-
ments to determine the rating curves between altimetry-
derived river water height and river discharge. As in situ
observations are not always available to the scientific com-
munity, this prevents the use of this technique over other river
basins where in situ measurements are not available. In
preparation for SWOT, other promising approaches to derive
river discharge from space, and which are not dependent on
the availability of ground-base observations [LeFavour and
Alsdorf, 2005] should be tested over the Ganga-Brahmaputra
River system.
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