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Abstract 

Godavari River is considered as the second longest river after Ganga- Brahmaputra River system in 

India. The present work discusses the application of ENVISAT, Jason-2 and SARAL/AltiKa altimeters 

to estimate the Godavari river discharge draining into the Bay of Bengal for the period 2002 – 2014. 

ICE-1 and ICE-3 algorithms are used to estimate the river heights, followed by several range corrections 

for ENVISAT, AltiKa and Jason-2. We have taken full advantage of in-situ radar gauge data at Yanam 

station and in-situ discharge data from Dowlaiswaram dam to construct rating curves. This simple 

technique is applied to ENVISAT (2002 – 2010), AltiKa (2013 – 2014) derived river heights at Yanam 

(estuary) and ENVISAT (2002 – 2010), Jason-2 (2008 – 2014) at Bhadrachalam (river). A 

hydrodynamic model has been used to validate the ENVISAT and AltiKa derived heights at Yanam; the 

modeled data are highly correlated with in-situ river heights (R=0.9). We estimate the standard errors of 

river height for different satellites. The value ranges from ~0.15-0.4 m, quite within the acceptable 

accuracy of altimetry for hydrology/ river applications. Using the rating curves technique, we estimate 

root mean square errors between ENVISAT and in-situ discharge as 366 m3s-1 at Yanam and 253 m3s-1 

at Bhadrachalam. With Jason-2, it is around 620 m3s-1 at Bhadrachalam. The residual error in individual 

altimetry data estimates is of the order ±15-25% of the in-situ river discharge. The standard errors from 

ENVISAT at Yanam (Bhadrachalam) for the years 2007, 2008, 2009, and 2010 are 0.1% (14.7%), 

10.3% (2.8%), 8.2% (26.5%), and 25.3% (10.2%) respectively; which are within the range of acceptable 

errors for discharge measurements (10 – 25%). Finally, Godavari river discharge data estimated from 

these three-altimetry missions would provide great insight for climatic change studies and will be 

valuable input for ocean circulation models. 
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1. Introduction 

The Bay of Bengal (BoB) in the north-eastern Indian Ocean receives immense fresh water runoff from 

major rivers such as the Ganges, Brahmaputra, Godavari, Mahanadi, Cauvery, Irrawaddy, and Krishna 

of approximately 1.6 × 1012 m3per annum (UNESCO 1979; Shetye, 1993; Sengupta et al., 2006). It is  

subjected to strong precipitation every year (Hoyos and Webster, 2007) and this fresh water inflow into 

the BoB impacts the temperature-salinity (T-S) structure and thereby influences the ocean circulation 

pattern. Various processes like stratification, barrier layer formation, meso-scale eddies etc. are therefore 

very common in the bay. As more fresh water is available in the topmost layers throughout the year, the 

surface waters are warmer (SST > 28oC), due to which cyclonic systems are quite active. The spatio-

temporal distribution of precipitation is now-a-days available (Rahman et al. 2009) from various 

sources, including satellite remote sensing, much less is available about the contribution of continental 

runoff from the surrounding rivers. The river discharge data is so precious that it can be used to force the 

coupled ocean-atmospheric circulation models to study all the physical processes and to predict the 

climate variability. Durand et al. (2011) showed the inter-annual variability of Ganga-Brahmaputra river 

discharge induces a significant variability of the upper ocean thermal structure. Although in-situ salinity 

data is available from various sources like Argo project, oceanographic cruises, etc., continuous data of 

river flux (fresh water) is still lacking.  

In the recent decades, satellite remote sensing techniques have become a complimentary tool for several 

in-situ measurements and modeling simulations for hydrology investigations (Cretaux et al. 2005; Papa 

et al. 2006; Alsdorf et al. 2007). Radar altimeters from space (TOPEX-Poseidon (T-P), ERS-1/2, GFO, 

ENVISAT, Jason-2 and SARAL/AltiKa) are now capable of monitoring stage variations of medium to 

large rivers, lakes, wetland and reservoirs (Birkett, 1998; Birkett et al., 2002; Crétaux et al., 2005). 

Altimetry observations over large rivers have been intensively evaluated in several regions against in-

situ gauge stations providing water level heights (Leon et al. 2006; Dubey et al. 2014). There are various 

databases that provide time series of water stages in the various basins of the world, Hydro web 

databases by LEGOS (Laboratoired'Etudes en GeodésieetOcéanographieSpatiales, 

(http://www.legos.obs-mip.fr/soa/hydrologie/hydroweb), U.S. Department of Agriculture's Foreign 

Agricultural Service (http://www.pecad.fas.usda.gov/cropexplorer/global_reservoir), and European 

Space Agency and De Montfort University River and Lake Project 

(http://tethys.eaprs.cse.dmu.ac.uk/RiverLake/shared/main) (Calmant et al., 2006). In parallel, several 
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investigations have demonstrated the capability of using satellite altimeters locally for estimating 

freshwater discharge in large rivers, including the Ob River (Kouraev et al., 2004), several sites along 

the Amazon River (Zakharova et al., 2006; Leon et al., 2006). Recently Papa et al. (2010a, 2012) had 

provided monthly river discharge data from Ganga-Brahmaputra Rivers using T-P, ERS-2, ENVISAT, 

and Jason-2 altimeters. The combined error on the estimated instantaneous discharge derived from 

altimetry was ~16 – 17% (~2700 m3s-1), that meets the 15-20% range of acceptable accuracy for 

discharge measurements.   

Radar altimeters onboard satellites are primarily designed to measure the ocean surface topography by 

providing along-track nadir measurements of water surface elevation.  ENVISAT was launched on 1 

March 2002 as a follow up mission of ERS and TOPEX/Poseidon. It covers total ~611 lakes and 165 

reservoirs and its repetitive period is 35 days. It is having Ku and S bands with an inclination angle of 

98o. Jason-2 was launched on 8 June 2008, is acquiring data sets to greatly expand the number of inland 

water bodies in the system and to enhance the number of smaller targets and reservoirs with waveform 

averaging frequency of 20 Hz. Jason-2 is a high-precision radar altimeter operating in Ku band (13.6 

GHz) and C band (5.3 GHz) with a ground footprint of approximately 2–4 km depending on surface 

roughness and with a ~10 day repetition cycle with an inclination of 66o. As part of the Jason-2 project, 

the French Space Agency (CNES) has funded a project to improve altimeter products in coastal areas 

and inland water bodies, called PISTACH product. An operational version of the algorithm has been 

proposed and implemented in the PISTACH prototype for coastal and inland water bodies (Mercier et al. 

2008). The follow up satellite SARAL (Satellite with Argos and AltiKa) was jointly launched by the 

Indian Space Research Organisation (ISRO) and the Centre National d'Etudes Spatiales (CNES) on 25 

February 2013. It operates at Ka-band (35.75 GHz). The main advantage of this high frequency is the 

reduced altimeter footprint that leads to a better spatial resolution. The added advantage of AltiKa is due 

to its enhanced bandwidth (500 MHz), which leads to a higher vertical resolution. However, Ka-band 

also has drawbacks, mainly linked to its higher sensitivity to rainy and cloudy conditions. Also, there is 

a chance to miss extreme water levels (like peak flood or short-term flooding) due to low temporal (35 

days) coverage of SARAL mission (SARAL/AltiKa handbook 2013).   

Although Godavari River is considered as the second longest river in India and contributing fresh water 

flux next to Ganges, the usefulness of altimetry techniques to retrieve water levels or discharges are not 
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attempted so far along this river. In the present study, we aimed to retrieve river water levels and 

computed river discharges using ENVISAT, Jason-2 and SARAL/AltiKa altimeters.  

 

Fig. 1: The Godavari River System flows towards Bay of Bengal. (a) Catchment area (in grey color) and the 

rivulets/ tributaries (in blue color) connecting the river, black lines are the political borders of the states, (b) 

Detailed study area with the locations of Dowlaiswaram dam (black cross line), Bhadrachalam (upstream in the 

Godavari River) and Yanam (downstream in the Godavari Estuary (Gautami)) with respect to the dam. (c) Green 

dot in the inset box shows the NIO radar gauge (tide station). The red (black) boxes denote ENVISAT/ SARAL 

AltiKa (Jason-2) cross over points in the estuary and in the river.  

2. Data and Methodology  

2.1. Study Area 

Godavari is the second longest river (after the river Ganges) in India and the largest river in south India 

with a drainage basin of about 3 x 105 Km2 (Rao 1975). The river originates at about 1600 m above the 

mean sea level near Nasik in the Western Ghats and traverses about 1480 km before draining into the 

Bay of Bengal. It ranks 34th and 32nd in terms of catchment area and water discharge respectively, 
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amongst the 60 largest rivers of the world (Ludwig et al., 1996; Gaillardet et al. 1999).  It is branched 

into two estuaries (1) Gautami and (2) Vashishta; the former being considered a major branch through 

which higher fresh water flux is contributed to the BoB. Gautami estuary covers an area of ~330,000 

km2 heading with Dowlaiswaram barrage/dam (Lat. 16o56.197’N, Long. 81o45.522’E). The freshwater 

discharge from the river is mainly controlled by this dam and it accounts for almost ~5% of the total 

reverine inputs into the BoB (Rao 1975; Sarma et al., 2009).  

Table 1: Description of the Virtual Stations (altimeter overpass along a section of river/estuary) for each satellite 

Station (Altimeter) Virtual Station 

coordinates 

(Latitude/Longitude) 

Altimeter 

Track 
Distance to 

the dam (km) 
River width 

(km) 

Yanam (ENVISAT/AltiKa) 16.722oN/ 82.221oE #324 61 ~2.0

Bhadrachalam (ENVISAT/AltiKa) 17.651oN/ 81.00oE #410 138 ~1.5

Bhadrachalam (Jason-2) 17.652oN/ 80.977oE #079 140 ~1.2

 

2.2. Data sets and Methodology  

Very limited and partial in-situ river discharge data are available along Godavari River; the latest data 

available on internet is 1979 from the SAGE website (http://www.sage.wisc.edu/riverdata). Mean daily 

discharge data have been obtained from the Dowlaiswaram dam authorities for the period 2007 – 2012. 

As reliable satellite data are available for only recent years, the data collected from dam authorities are 

only considered in the present study. The dam is located at a distance of 60 km from the mouth 

(downstream) and around ~138 km (upstream) from Bhadrachalam (Fig. 1). The former is on the 

estuarine side, where tidal influence is observed and the latter is on the riverside of Godavari. We 

focused on Gautami estuary (northern branch), as it contributes larger fresh water volume as compared 

to Vashishta estuary. Hourly water levels (tides) for the period 2008-2010 have been obtained from 

National Institute of Oceanography (NIO) Radar gauge (Desai et al. 2010) installed at Yanam.    

ENVISAT and SARAL/AltiKa altimeters share a common pass at Yanam (denoted by YE/A) and at 

Bhadrachalam (BE/A), Jason-2 pass is only available at Bhadrachalam (BJ2) (Fig. 1). The details of 

latitude/ longitude and their track numbers are given in Table 1. Some other passes of ENVISAT are 

also available in between these two virtual stations; not considered in the study due to narrow river 
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widths at those places, because the width of the river plays a major role in the accuracy of altimetry 

retrievals. ENVISAT track data for whole mission period i.e. 2002 to 2010 (before track change) were 

obtained from http://earth.esa.int/ website, Jason-2 PISTACH data products (for the period 2008 - 2014) 

and SARAL/AltiKa (for the period 2013 - 2014) track data were obtained from AVISO website 

(http://www.aviso.altimetry.fr/). The altimetry measurements were corrected for the geoid height above 

the ellipsoid of reference (Fu and Cazenave 2001). The given range was corrected for path delay in the 

atmosphere through which the radar pulse passes and the nature of the reflecting sea surface. All range 

corrections are added to the range. The observed river height with respect to geoid is given by 

   (1)

Where  is represents the satellite altitude with respect to reference ellipsoid, R represents the satellite 

range, (w for wet tropospheric) and  (d for dry tropospheric) are corrections for delayed 

propagation in the atmosphere,  is the correction delayed propagation through the ionosphere,  and 

 represents the correction for solid and polar tides respectively. The range (R) used in Eq. (1) is the 

ICE-1 derived range for ENVISAT and SARAL/AltiKa and ICE-3 for Jason-2 PISTACH products. The 

range derived from the use of the ICE-1 re-tracking algorithm (among other re-trackers, such as ICE-2, 

Ocean, and Sea-Ice) are more appropriate for inland, rivers and lake water level time series (Frappart et 

al. 2006, Santos da Silva et al. 2010, Chander et al. 2014). The reader is further suggested to refer Papa 

et al. (2010,2012),  Crétaux et al. (2010), Berry et al. (1997, 2004, 2005), and Calmant et al. (2008) for 

complete description of the altimeter methodologies used to construct a water level time series over 

rivers, including the atmospheric corrections over continental water bodies. 

The main aim of this paper is to derive river discharge data for the combined altimeter (ENVISAT, 

Jason-2 and SARAL/AltiKa) period i.e., 2002 – 2014. ENVISAT data is available from 2002 – 2010 (35 

day interval), Jason-2 data are available from mid 2008 (10 day interval) and AltiKa data (35 day 

interval) is available from 2013 onwards. In-situ river discharge data is available from 2007 – 2012 and 

the tide gauge data is available from 2008 – 2010. Tide gauge data are used to validate the altimetry 

derived river heights at Yanam. However, due to unavailability of in-situ water level data during the 

period of SARAL, we have used MIKE 21 Hydrodynamic model with Jason-2 derived river discharge 

(see section 3.4) on upstream and predicted tidal elevations at the mouth and validated the AltiKa data 

with modeled water level data. Detailed description of MIKE 21 HD model and its parameterization 

schemes can be found on http://www.dhimike.com. 
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Fig. 2: Time series of daily in-situ river discharge recorded at Dowlaiswaram dam along Godavari river during 

2007 – 2012. 

 

Fig. 3: Time series of daily in-situ river heights (water level) from NIO Radar (tide) gauge during 2008 - 2010 

3. Results and Discussion 

3.1. In-situ discharge and river height (water level) 

Godavari river discharge data available for the study is extended from 2007 to 2012, as shown in Fig. 2.  

The river flow is usually low/ negligible during off monsoon season (November to May); it gradually 

increases from June and reaches to a maximum in August. During the study period, highest monsoonal 

discharge was recorded in 2012 (~22,000 m3s-1) and least was in 2009 (~2500 m3s-1).The mean value for 

2007 – 2009 period (low discharge) is ~5000 m3s-1 and during 2010 – 2012 (high discharge) period is 
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~10,000 m3s-1, quite comparable with the Ganga-Brahmaputra river flow (Papa et al. 2010). River 

discharge is often related to the rainfall activity along the river and in the catchment area. Similarly, in-

situ river heights (with reference to Chart Datum i.e., mean lowest low water level) also follow the same 

trend. The daily river heights (water level) measured by NIO radar tide gauge from 2008 – 2010 is 

shown in Fig. 3. Usually water level is either referenced to Chart datum (CD) or to a mean sea level 

(MSL). As it is difficult to get MSL in inland water bodies or in estuaries, the CD is generally 

considered as a reference benchmark. River heights, although modulate diurnally due to tides in 

estuaries, they highly dependent on the flow rate (discharge), river width and other local conditions. 

During the data period, water level (river height) varied from 45 cm to 250 cm.  The higher river heights 

are associated with higher discharge from the upstream. However, during 2009, very low discharges 

were recorded, but the river heights are normal and were in the range 80 – 110 cm (Fig. 3). It is because, 

as the station is in the estuarine environment, the tidal influence (ebb and flood effects) is expected to be 

high during weak discharge conditions, and therefore river heights are modulated with the tides.  

3.2. Altimetry derived river heights 

Theoretically, the working principles of a radar gauge (tide gauge) and an altimeter are similar. In the 

former case, the instrument is fixed to the land and the water level measurements are carried out by 

sending short-span pulses and by knowing the accurate two-way travel time, distance of the river surface 

from the radar sensor level is measured. The heights are later on corrected with respect to any standard 

benchmark (either CD or MSL or in some cases with respect to a reference ellipsoid if the instrument is 

attached to a GPS antenna). In the latter case, the instrument (altimeter) is on-board a satellite revolves 

around the earth at a known and highly précised orbit, the range is calculated from the two way travel 

time (with picosecond accuracy) and the known radar altitude (orbit height) (Fu and Cazenave, 2001). 

However, the signal gets corrupted due to the intervening atmosphere (troposphere and ionosphere), 

where the information has to be corrected for in-addition to other factors like the earth tide, pole tide etc. 

as mentioned in Eq. (1).  

In the present work, we have used ICE-1 and ICE-3 algorithms to retrieve river heights from 

ENVISAT/AltiKa and Jason-2 altimeters respectively. The intersections of satellite ground tracks along 

the river are termed as “virtual stations”. For our study, we have selected three such virtual stations 

nearest to Yanam and Bhadrachalam representing estuary and river systems respectively. The 

intersections of ENVISAT, Jason-2 and SARAL/AltiKa are of different dates, however, due to higher 
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repetivity of Jason-2 altimeter, the data derived from ENVISAT and Jason-2 are comparable. However, 

we have no Jason-2 pass over Yanam station to cross verify the data retrieved from both satellites 

(ENVISAT or AltiKa). At Yanam, ENVISAT (track #324) and SARAL/AltiKa (track #324) tracks are 

available where as at Bhadrachalam, the ENVISAT (track #410), SARAL/AltiKa (track #410) and 

Jason-2 (track #079) tracks are available. The distance between ENVISAT and Jason-2 tracks is ~3.5 km 

at Bhadrachalam.  

It is observed that the river heights derived from ENVISAT (Fig. 4a) almost match the in-situ river 

heights; the heights have been adjusted to overlap each other. Although there is an offset between the 

altimeter and tide gauge, both follow the same trend. The mean error between in-situ data and 

ENVISAT data (2008 – 2010) is around 0.4 m, which is quite acceptable for altimetry estimates over 

river basins. This suggests that the ENVISAT derived river heights are valid in the Godavari estuary for 

the whole period (2002 onwards) of its mission. Due to data gap in the ENVISAT following change of 

orbit, the data is not available at Yanam after 2010. However, with the launch of SARAL/ AltiKa, the 

scientific data has started coming from 2013 onwards.  The river heights at Yanam are in the range of 

0.5 m to 4.5 m following low and peak discharge events respectively. The river heights are quite 

unsteady and seem to not following any trend. But, in case of Bhadrachalam the altimetry derived river 

heights are following a specific trend (Fig. 4b) with mean heights of around 35 m above the ellipsoid. It 

is generally expected that, the river heights at Bhadrachalam are approximately ten times more than at 

Yanam due to the change in topography. Higher river heights correspond to high discharge conditions 

often occur during heavy rains (monsoons). As Jason-2 repeats every 10 days, the data frequency is 

more than ENVISAT or AltiKa. The river heights measured by ENVISAT, Jason-2 and SARAL/ AltiKa 

are given in Fig. 4b. It is observed that the trend in the river heights correspond to each altimeter almost 

coincides at Bhadrachalam, but the magnitudes show offsets (Fig. 4b). It could be due to the over pass 

times of both ENVISAT and Jason-2, which are different. In addition, as the flow cross-sectional area 

typically varies on short spatial scales, the river heights measured by different altimeters or even with in-

situ data are not expected to reach a perfect fit, particularly if the virtual stations are separated by large 

distances (Papa et al. 2012). 
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Fig. 4: Time series of Altimeter derived river heights (above the reference ellipsoid), in-situ (above CD) river 
heights and modeled heights during 2002-2014 at (a) Yanam and (b) Bhadrachalam 

 

 

Fig. 5: Model domain used for simulating river heights along the Godavari estuary 
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3.3. Numerical modeling of river heights  

There is a data gap in the altimeter period (between ENVISAT and SARAL/AltiKa) from 2011 to 2013 

at Yanam (Fig. 4a). Therefore, the MIKE 21 Hydrodynamic numerical model with domain as shown in 

Fig. 5 was executed from 2008 to 2014 in order to fill the data gap and to use the data to compare 

against ENVISAT and SARAL/ AltiKa periods. The in-situ tide gauge data is available from 2008 – 

2010 at the Yanam station for validation. Predicted tide is given as an open boundary condition at the 

mouth (east boundary) and in-situ river discharge is given on the upstream (west boundary). The 

influence of salinity, temperature, and local winds are neglected during the model run, as the river 

heights are primarily dependent on tides and river discharge. The model derived river heights are 

compared against in-situ data for two periods (1) dry season and (2) wet season during 2008 (Fig. 6). It 

shows that both are correlated well with correlation coefficient R = ~0.9 at 99% confidence level. As the 

modeled river heights are highly correlated with the in-situ heights, it is assumed that they are valid for 

other periods also i.e., 2009 – 2014. Hence, we had used model derived river heights for validating/ 

comparing ENVISAT and SARAL/ AltiKa river heights at their respective crossover points.  

 

Fig. 6: Scatter plot of modeled river heights and in-situ river heights at Yanam (a) during dry season and (b) wet 

season of 2008. 

A comparison has been made between ENVISAT and SARAL/AltiKa against in-situ and modeled data 

at Yanam in Fig. 7. ENVISAT derived heights are correlating well (R-value= 0.92) with in-situ data, 

however, due to its low repetivity, the total number of observations were limited to 24 only. When 

compared with the model derived heights, the correlation coefficient has increased to 0.94. Similarly, 

AltiKa derived heights are also correlating well with the modeled data (R=0.98). Relatively lower 
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correlation with ENVISAT data could be due to its position of the crossover point, which is at a distance 

of ~5.6 Km upstream from radar gauge. All the above correlations were obtained at 99% confidence (p-

value <0.0001) level.The standard error obtained with in-situ data and modeled data is 0.42 m and 0.15 

m respectively. Typically the accuracy of the range of altimeter river heights over large rivers (10–20 

cm for instance, over the Amazon (Birkett et al.2002; Frappart et al. 2006). The accuracy of the river 

heights strongly depends upon the width of the river and the morphology of the river banks (Papa et al., 

2012). Here we have used the numerical model to estimate the river heights when there are no in-situ 

data and altimetry data.  

 

Fig. 7: Scatter plot between (a) river heights derived from ENVISAT and in-situ river height at Yanam during 

2008-2010, (b) river heights derived from ENVISAT and modeled river heights at Yanam during 2008-2010, (c) 

river heights derived from SARAL/AltiKa and modeled river heights during 2013-2014. 

3.4. Rating curves  

The river discharge is routinely determined from river height measurements through a functional 

relation between the two quantities (Rantz et al. 1982), which is called as the stage-discharge 

relationship or rating curve. This relationship is site specific, i.e., for each gauging station and its 

development is regulated by national and international standards. As the Yanam station is located 

downstream the dam, and there are no other gauging stations available along the river, it is considered as 

gauging station. The rating curves using same day measurements between altimetry-derived river 

heights and in-situ river discharge are presented in Fig. 8. Fig. 8a shows the rating-curve relating in-situ 

river heights and river discharge at Yanam station. Although river discharge is not measured at Yanam, 

it is assumed that it does not vary much as there are no other major tributaries connected to the estuary 

after the Dowlaiswaram dam. The correlation coefficient between these two variables is high (R2 = 0.89) 
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for 410 observations. As the relationship has been established between river heights and in-situ 

discharge with high correlation and from Fig. 7, it was already observed a good correlation between the 

altimetry river heights and in-situ heights, the comparison could therefore be extended to altimetry river 

heights (Papa et al. 2010, 2012) with in-situ discharge. Once the relationship is established, the river 

discharge can be estimated solely by altimeter heights and one can extend forward for other years. 

However, stage-discharge curves need to be updated from time to time, if there are any major 

interventions take place along the transect. The stage-discharge curve has been obtained between 

ENVISAT river heights and in-situ discharge (HENV/Y-QG) at Yanam as shown in Fig. 8b. This approach 

was successfully used in several studies using Topex-Poseidon (T-P) data (Kouraev et al. 2004), 

ENVISAT and ERS-2 (Papa et al. 2010) and Jason-2 (Papa et al. 2012). Fig. 8c and d show the rating 

curve for ENVISAT (HENV/B-QG) and Jason-2 river heights (HJ2/B-QG) respectively at Bhadrachalam. 

Even though, the in-situ data were not available at Bhadrachalam station, the correlation coefficient is 

very high for ENVISAT (R2 = 0.944) data. The rating curve between Jason-2 and in-situ discharge data 

shows most scatter (Fig. 8d) as compared to the other curves. The reason could be due to the Jason-2 

satellite passes over a narrow river width, which might result in less accurate altimetry (Table 1). 

However, we have no in-situ river discharge data or gauge data at the Bhadrachalam station to prove the 

observation.  
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Fig. 8: Scatter plot of (a) in-situ river height and in-situ discharge at Yanam, (b) ENVISAT river height and in-

situ discharge at Yanam,(c)ENVISAT river height and in-situ discharge at Bhadrachalam and (d) ) Jason-2 river 

height and in-situ discharge at Bhadrachalam 

3.5. Altimeter derived river discharge estimates 

River discharge has been estimated using the rating curves derived from ENVISAT, Jason-2 and 

SARAL/AltiKa at Yanam and Bhadrachalam stations. Fig. 9a shows the ENVISAT (QENV) derived 35 

day discharge time series for the period 2002 – 2010 and SARAL/AltiKa (QALT) derived 35 day 

discharges time series for the period 2013 – 2014 at Yanam. In-situ measurements that coincide with the 

satellite observations are also shown (in red). QENV/Y and QALT/Y are estimated using the rating curves 

HENV/Y-QG and HALT/Y-QG at Yanam. We assume that the rating curve equations HENV/Y-QG and HALT/Y-QG 

remain valid for 2002 - 2014. As there is no satellite data available during 2011 – 2012, altimetry-

derived discharges were not retrieved. However, it was filled with in-situ river discharge data. Finally, 

continuous river discharge data have been obtained from 2002 to 2014 from various sources. As Yanam 
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is very close to the mouth (Fig. 1), this discharge could be treated as the river discharge flowing out to 

the BoB. The errors have been estimated for the data period 2007 – 2010 (Table 2) when the in-situ river 

discharge data were available. The standard errors of QENV/Y for the years 2007, 2008, 2009, and 2010 

are 0.1%, 10.3%, 8.2%, and 25.3%, respectively; are within the range of acceptable errors for discharge 

measurements (10 – 25%).  

 

Table 2: Mean values of river discharge during the high flow season (July - October) from ENVISAT (QENV) and 

SARAL/AltiKa (QALT) along with instantaneous in-situ river discharge (QG) and error estimation at Yanam (Y) 

and Bhadrachalam (B) virtual stations. Value in brackets gives the number of observations available to calculate 

the mean value. 

Discha
rge 
(m3/s) 
and 
Error 

2002 200
3 

200
4 

200
5 

200
6 

200
7 

2008 2009 2010 2011 2012 2013 2014 

QG  - - - - - 199
7 

788 1867 1249 2104.3 3896.7 - - 

QENV/Y 300 
(3) 

142 
(2) 

640 
(4) 

291 
(3) 

223
8 (4) 

199
5 (3) 

869 (3) 2020 
(2) 

933 
(2) 

- - - - 

Error 
(%) 

- - - - - 0.1 10.3 8.2 25.3 - - - - 
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Fig. 9: Time series of satellite altimeter-derived discharge and in-situ discharge. (a) River discharge estimated 
form ENVISAT (black line), SARAL (gray line), and in-situ discharge (red dotted) at Yanam. (b) Percentage 
residual as a function of in-situ discharge: scatter diagram of error residuals of the ENVISAT altimeter-derived 
instantaneous discharge (shown as a percentage of the in-situ discharge) versus the in-situ discharge. (c) is same 
as figure (a) discharges estimated from ENVISAT, Jason-2 (blue line) and SARAL at Bhadrachalam. (d) is same 
as figure (b) % of residual from ENVISAT and Jason-2 at Bhadrachalam. 

As noticed from the Fig. 2, the river discharge, although has a strong seasonal behavior, there are many 

undulations in the data for any particular year. Hence, it is expected that the flow is unsteady at Yanam 

and the same has been observed in the satellite-derived discharge (Fig. 9a). In general, the peak 

discharges of the river may or may not coincide with the satellite pass time. Hence, peaks from the 

altimetry-derived discharge (QENV or QALT) generally does not represent the exact peak discharge period. 

A similar approach has been adapted at Bhadrachalam station where ENVISAT and Jason-2 crossover 

points exist. As it is generally expected that the flow from upstream could influence the flow in the 

downstream, the discharge at Bhadrachalam influence the measurements taken at dam downstream. The 

rating curve has been obtained between ENVISAT and in-situ river discharge (HENV/B-QG) and between 

Jason-2 and in-situ discharge (HJ2/B-QG) at Bhadrachalam. It has been observed that the seasonal 

behavior of river discharge is quite fascinating at Bhadrachalam as compared to Yanam irrespective of 

the satellites used. The Godavari discharge at Bhadrachalam shows a dominant seasonal cycle, which 

was not observed at Yanam. The magnitudes of ENVISAT (QENV/B) and Jason-2 (QJ2/B) derived 
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discharges are comparable. For e.g. peak discharge during 2009 as estimated from ENVISAT is around 

1998 m3s-1 and as estimated by Jason-2, it is around 2000 m3s-1. Fig. 9 b and d, show an excellent 

agreement between altimetry derived discharges and the in-situ discharges, (limited to the in-situ data 

period i.e. 6 years). For Bhadrachalam, QJ2/B and QENV/B gives a correlation with QG of R=0.92 and 0.97 

respectively. For Yanam, QENV/Y and QALT/Y also estimated reasonably well with QG. The RMSE (root 

mean square error) between QENV/Y and QG is 366 m3s-1 at Yanam while at Bhadrachalam it is 253 m3s-1. 

The standard errors at Bhadrachalam for the years 2007, 2008, 2009, and 2010 are 14.7%, 2.8%, 26.5%, 

and 10.2% respectively. Similarly, the RMSE between QJ2/B and QG is 620 m3s-1 at Bhadrachalam. Fig. 

9b at Yanam shows the residual error for individual 35-day ENVISAT data estimates are generally less 

than ±25% of the in-situ river discharge. Fig. 9d show the residual errors for ENVISAT and Jason-2 

estimated at Bhadrachalam, are much lesser than ±15%.  

4. Conclusion 

The present study highlights the application of ENVISAT, Jason-2 and SARAL/ AltiKa altimeters over 

Godavari River to retrieve freshwater discharge draining into the Bay of Bengal for the period 2002 – 

2014 (13 years). This long-term accurate estimate of discharge of second longest river (Godavari) in 

India after Ganges would ideally help for a better understanding of Bay of Bengal ocean and climate 

dynamics. The in-situ river discharge data is the enormous source of input for state-of-art numerical 

models. The availability of radar gauge data along with in-situ river discharge data for a short period has 

helped us to establish rating curves at two stations (Bhadrachalam and Yanam separated by 

Dowlaiswaram dam) with altimetry data. Eventually, the influence of the dam has been observed in the 

discharge estimates upstream and downstream the river. The river heights at Yanam are highly 

modulated by the tides as it is very close to the river mouth. The river flow shows a seasonal peak 

during monsoon with a mean value for 2007 – 2009 period is ~5000 m3s-1 and during 2010 – 2012 

period is ~10,000 m3s-1, quite comparable with the Ganga-Brahmaputra river flow. ICE-1 and ICE-3 

algorithms are used to estimate the river heights from ENVISAT/AltiKa and Jason-2 respectively. The 

ENVISAT derived river heights are almost matched with the in-situ river heights with a mean error 

estimated to around 0.4 m during 2008 – 2010. MIKE 21 Hydrodynamic model has been used to 

validate the altimetry river heights at Yanam. The results reveal a high correlations R = ~0.9 (99% 

confidence level) during dry and wet seasons. From altimetry derived rating curves, a discharge – river 

heights have been established to estimate the discharge. The standard errors from ENVISAT at Yanam 
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are 0.1% (2007), 10.3% (2008), 8.2%, (2009) and 25.3% (2010); are within the range of acceptable 

errors for discharge measurements (10 – 25%). For Bhadrachalam, Jason-2 and ENVISAT derived 

discharge estimates have excellent correlation of 0.92 and 0.97 respectively. The residual error in 

individual altimetry data estimates was around ±15-25% of the in-situ river discharge.  

 This new long-term discharge data along with Ganga-Brahmaputra discharge data (Papa et al 

2010, 2012) will offer new pathways to examine several hydrological dynamics over Bay of Bengal. 

Indeed, with the present highly precise SARAL/AltiKa mission, the data would be updated in the near 

future along the Godavari river system and several other major rivers along east and west coasts of 

India. Finally, if the data are available in near-real time basis with high repetivity, the technique 

described here will be very helpful to mitigate from floods, inundation,  etc. In addition, if a greater 

number of nano-altimeters (like SARAL/AltiKa) are placed along the same orbit at different view 

timings, we could examine the tidal variations along estuaries/rivers, tsunami propagation and even the 

movement of storm surge more precisely, which is still lacking in the present days.  
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