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Abstract: Radar altimetry is now commonly used for the monitoring of water levels in large river
basins. In this study, an altimetry-based network of virtual stations was defined in the quasi
ungauged Ogooué river basin, located in Gabon, Central Africa, using data from seven altimetry
missions (Jason-2 and 3, ERS-2, ENVISAT, Cryosat-2, SARAL, Sentinel-3A) from 1995 to 2017. The
performance of the five latter altimetry missions to retrieve water stages and discharges was
assessed through comparisons against gauge station records. All missions exhibited a good
agreement with gauge records, but the most recent missions showed an increase of data availability
(only 6 virtual stations (VS) with ERS-2 compared to 16 VS for ENVISAT and SARAL) and accuracy
(RMSE lower than 1.05, 0.48 and 0.33 and R? higher than 0.55, 0.83 and 0.91 for ERS-2, ENVISAT
and SARAL respectively). The concept of VS is extended to the case of drifting orbits using the data
from Cryosat-2 in several close locations. Good agreement was also found with the gauge station in
Lambaréné (RMSE = 0.25 m and R?=0.96). Very good results were obtained using only one year and
a half of Sentinel-3 data (RMSE < 0.41 m and R2? > 0.89). The combination of data from all the radar
altimetry missions near Lamabréné resulted in a long-term (May 1995 to August 2017) and
significantly improved water-level time series (R? = 0.96 and RMSE = 0.38 m). The increase in data
sampling in the river basin leads to a better water level peak to peak characterization and hence to
a more accurate annual discharge over the common observation period with only a 1.4 m3s™
difference (i.e., 0.03%) between the altimetry-based and the in situ mean annual discharge.
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1. Introduction

Inland waters have a crucial role in the Earth's water cycle through complex processes at
interfaces with the atmosphere and oceans. They also strongly influence socio-economic practices
through their impacts on primary needs, agricultural and industrial activities [1]. Recent and future
global changes and increase of population will intensify the stress on water resources [2,3]. However,
in many parts of the world, reliable field measurements of water level and water discharge are either
completely unavailable or difficult to access for addressing integrated water resource management,
use in operational flood forecasting or disaster mitigation [4,5]. In the large rainforest of Central
Africa, hosting the Congo river basin and associated small neighboring river basins, the number of
hydrological stations has dramatically dropped off because of the irregular maintenance of stations;
furthermore, the spatial distribution of the stations often hinder the effectiveness of the network [6].

Spaceborne radar altimetry, although originally designed for the study of ocean topography by
continuously measuring the distance between the Earth’s surface and the sensor onboard the satellite
[7], has proved to be very useful for continental hydrology [8]. In spite of limitations over land, radar
altimetry has demonstrated a strong capability to accurately retrieve water levels of large lakes and
enclosed seas where the observed surfaces are sufficiently homogeneous [9,10] but also in large river
basins where the cross-sections between river and altimetry ground-tracks can reach several
kilometers [11,12]. These early results were obtained using Geosat and Topex/Poseidon data
processed with the Ocean retracking algorithm. With the launch of ENVISAT in 2002, other
retracking algorithms started to be commonly used for processing radar altimetry data. Among them,
the Offset Center Of Gravity (OCOG, also known as Ice-1) was found to provide, most of the times,
the best results for the determination of river water stages [13]. Combined with availability of land
dedicated corrections of the ionosphere and the wet troposphere delays and improvements in the
data processing, this allowed the generalization of the use of radar altimetry for the monitoring of
inland waters. Currently, all these improvements allow detection of water bodies of a few or below
one hundred meters of width (e.g., [14-16]).

With the decrease in number and availability of river discharges around the world, altimetry-
based water stages are used to estimate river discharges among several other techniques based on
remote sensing [17]. Among them, some commonly used are (i) the application of either power law
or a polynomial relationship between stage and discharge (rating curve) to altimetry-based water
stages [18-21], (ii) the use of flood routing and hydrodynamics models to derive rating curves under
altimetry ground-tracks [22-24], (iii) the calibration of hydrodynamics and hydrological models
using altimetry-based water stages [25-29].

This study presents the multi-mission altimetry-based hydrological network setup in the
Ogooué River Basin (ORB) to provide a continuous water stage and discharge monitoring in this
almost ungauged basin. It aims at answering the following questions:

° what are the performances of the different altimetry missions, from ERS-2 to Sentinel-34, to
retrieve water levels?

e  how does the combination of data from several altimetry virtual stations improve the retrieval
of the annual discharge in the ORB?

2. Study Area

The Ogooué River is the largest Gabonese river. Its length is about 900 km from its source in the
Mounts Ntalé, in Congo, at an altitude close to 840 m.a.s.l. to its mouth in the southern part of the
Atlantic coast of Gabon. The Ogooué river flows northwestward in upstream until the confluence
with the Ivindo and southwestward from the confluence with the Ivindo river to a 100 km long and
100 km width delta it forms in the south of Port Gentil where it discharges into the Atlantic ocean
[30]. The Ogooué river basin (ORB) is located between 9° and 15°E, and 3°S and 2.5°N (Figure 1)
stretching on about 80% of the total area of Gabon and It is bounded on the east by the Congo basin,
on the south by the Niari and Nyanga basins, on the west and north-west by the coastal river basins
[31].
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Figure 1. (a) Location of the Ogooué River Basin in Gabon in Equatorial Africa. (b) In this basin,
delineated with a white line, the Ogooué and its major tributaries appear in light blue. Altimetry
tracks are represented in red for the missions on a 10-day repeat cycle on their nominal track (Jason-
1/2/3), in black for Sentinel-3A on its nominal track (27-day repeat cycle), in yellow for the missions
on a 35-day repeat cycle on their nominal track (ERS-2/ENVISAT/SARAL), (c¢) zoom of the
downstream of the Ogooué River Basin with altimetric tracks of Cryosat-2 on its nominal track (369-
day repeat cycle) in cyan lines.

Due to its location crossing the Equator, the ORB receives the largest annual precipitation in
Africa (1600-2200 mm yr'), making the annual discharge of the river of 4750 m3-s7, the third along
the African West Coast after the Congo River (40,000 m3-s) and the Niger River (5590 m?-s1) [30,32].
The annual variation of the discharge of the Ogooué river passes by two maximum : in spring and
autumn corresponding to the rainy seasons [31]. On the ORB at Lambaréné, before the 1970’s, river
discharge of spring floods were equivalent to those of the autumn floods. After the 1970’s, spring
floods differ significantly from autumn floods with differences between 2000 and 3000 m3-s~ [33].

3. Datasets

3.1. Radar Altimetry Data

Radar altimetry data used in this study comes from the measurements on the nominal orbit of
the following missions: Jason-2 (06/2008-10/2016), Jason-3 (since 01/2016), ERS-2 (06/1995-07/2003),
ENVISAT (06/2002-10/2010), SARAL (02/2013-07/2016), Sentinel-3A (since 02/2016) and Cryosat-2
(since 04/2010—operating in low resolution mode —LRM), but also from the second (drifting) orbit
of ENVISAT (10/2010-06/2012). The Jason missions have a 10-day, ERS-2, ENVISAT and SARAL a
35-day, Cryosat-2 and 369-day and Sentinel-3A a 27-day repeat-periods. Jason-2 and Jason-3 data
come from Geophysical Data Records (GDRs) D, GDR v2.1 for ENVISAT, GDR T for SARL, GDR C
for Cryosat-2 and GDR ESA IPF 06.07 land products for Sentinel-3A delivered by CNES/ESA/NASA
processing centers. These data were made available by Centre de Topographie des Océans et de
I'Hydrosphere (CTOH) [34]. ERS-2 data were reprocessed by CTOH to ensure the continuity with
ENVISAT for land studies [35].
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3.2. In Situ Water Levels and Discharges

Long-term datasets of field measured water level and discharge are not available in the ORB
since it is was completely ungauged between the 1980s and 2001 [31]. Only the Lambaréné gauge
station gathered data from July 2001 to September 2017, sometimes with non operating periods up to
a month. These in situ data of water level (collected at Lambaréné by the Société de I'Energie et de
I'Eau du Gabon, SEEG) were used to calculate the river discharge, using a historical calibration
formula provided by the HydroSciences Montpellier (HSM) laboratory of the University of
Montpellier (France). Both are used for validating altimetry-based water level and discharge.

4. Methods

4.1. Altimetry-Based Water Levels

Initially developed to provide accurate measurements of the sea surface topography, radar
altimetry is now commonly used for the monitoring of inland water levels (see [8] for a recent review).
The variations of the altimeter height from one cycle to the other can be associated to changes in water
level.

In this study, we used the Multi-mission altimetry Processing Software (MAPS), frequently used
for processing altimetry data over land and ocean (e.g., [36—40]), that allows a refined selection of the
valid altimeter data to build time-series of water levels at a so-called virtual station. Data processing
is composed of four main steps:

(i) the rough delineation of the cross-section between the altimeter tracks and the rivers using
Google Earth,

(ii) the loading of the altimetry over the study area and the computation of the altimeter heights
from the raw data contained in the GDRs,

(iii) a refined selection of the valid altimetry data through visual inspection,

(iv) the computation of the water level time-series as the median of the selected water levels every
cycle.

A detailed description of the processing of altimetry data using MAPS can be found in [41].
MAPS is made available by CTOH. Previous studies showed that Ice-1-derived altimetry heights are
the more suitable for hydrological studies in terms of accuracy of water levels and availability of the
data (e.g., [13,37]) among the commonly available retracked data present in the GDRs. In this study,
the data used were processed using the Offset Center of Gravity (OCOG) [42] also named Ice-1 or Ice
retracking algorithm depending on the mission for all the missions.

Time series of water levels are generally obtained processing data from altimetry missions with
a repeat period between 10 and 35 days [8]. It is what was done in this study to build the network of
altimetry virtual stations under Jason-1/2/3, ERS-2/ENVISAT/SARAL and Sentinel-3A groundtracks.
Considering the life cycles of these different missions and excluding the Jason missions whose
crosstrack is too coarse (315 km at the Equator) to allow the definition of a dense network of virtual
stations in, most of the river basins, there is a lack of data between the end of the ENVISAT mission
in October 2010 on the nominal orbit, or in April 2012 considering its extended orbit, and the launch
of the SARAL mission in February 2013. The only option to fill this gap is to consider the data
acquired by the Cryosat-2 mission. Due to its long revisit time (369 days), its data are used to retrieve
time series of water levels over large lakes [43], but are generally considered useless to define virtual
stations over rivers [44,45]. The long repeat cycle of Cryosat-2 is compensated by a small crosstrack
of 7.5 km at the Equator leading to a large number of cross-sections between the river and the
altimetry tracks in a close vicinity. Under the assumption that the temporality of water stages is not
changing on a few tenths of kilometers of distance, it is possible to build VS gathering Cryosat-2 from
tracks in a short distance thanks to the high spatial coverage and the sub-cycle period of 30 days of
this mission. Changes in river characteristics (width, depth) over distances of a few kilometers are
likely to impact the amplitude of the water stage but not its dynamics, a linear regression between
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altimetry-based water levels and in-situ data was applied to altimetry data to retrieve time series of
water levels (see (2) in sub-section 4.2 Conversion into river discharges).

4.2. Discharge Estimates

River discharge is classically estimated from water level measurements through a functional
relationship between the two quantities known as stage-discharge rating or rating curve (Rantz et al.,
1982). It has the following form:

Q(®) = a(h(®) — hp)* )

where Q is the river discharge, /i the water level, o the null-discharge elevation, and a and g are
related to the geometry of the channel cross-section and to the friction coefficient modulating the
discharge.

This technique have been successfully applied to estimate river discharge using altimetry-based
water levels when it was possible to derive the rating curve a common period of observation. It
permits to derive river discharge with accuracy better than 20% (e.g., [18-20,22,46—-48]).

As the altimetry crossing over the river does not generally occur at the location of the in-situ
station but several tenths of kilometers upstream or downstream, the flow cross-sectional area is
likely to vary over these short distances. To avoid errors caused by these changes, previous studies
used a linear regression between altimetry and in situ water levels (ha: and hinsie respectively) when
the dynamic of the flow is quite similar (e.g., [20,46]):

Rinsitu = @hgiei + b )

where a and b are the coefficients of the linear regression that allows the radar altimetry data to
exactly fit the variations from the in situ gauge used to estimate the river discharge.

5. Results

5.1. Altimetry-Based Network of Gauging Stations

An altimetry-based network of 34 virtual stations (VS) was defined across the Ogooué river and
its major tributaries (Ivindo and Ngounie rivers in northeast and southwest of the ORB respectively).
Water level time series were mostly derived from Envisat, Saral and Sentinel-3A observations. As
ENVISAT and SARAL missions were orbiting on the same nominal orbit, 15 of them provide a pluri-
annual record from June 2002 to October 2010 and from February 2013 to June 2016, one of them from
June 2002 to October 2010 and one of them from February 2013 to June 2016. As this orbit was
formerly used by ERS-2, this record was extended from May 1995 to July 2003 for the 6 VS located
closer to the mouth. Due to the small width of the rivers in the upstream part of the ORB and the
presence of topography, VS could not be defined 125 km upstream Lambaréné because of the narrow
width of the Ogooué river and its surrounding rugged topography. This network is completed with
2 VS created using observations from Jason-2 (from July 2008 to August 2016) and Jason-3 (since
January 2016). Due to the large cross-track of these missions (315 km at the Equator), very few cross-
sections between the rivers and the altimeter ground tracks occur. The network was also completed
by 11 VS defined under Sentinel-3A ground tracks, which was launched in February 2016. The
locations of the VS from the different altimetry missions are presented in Figure 2 and Table 1.
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Figure 2. Locations of the altimetry virtual stations in the Ogooué River Basin. VS from ERS-2,
ENVISAT, ENVISAT 2nd orbit, SARAL, Sentinel-3A, Cryosat-2, Jason-1, Jason-2, Jason-3 are
represented using orange stars, white stars, brown dots, red dots, blue squares, cyan triangles, green
squares and orange diamonds respectively. For readability purpose, virtual stations from missions
with repeat period shorter than 35 days are presented in (a) and virtual stations from Cryosat-2 are
presented in (b).

Table 1. List of VS where water stages are derived from altimetry measurements.

. . .. Longitude Latitude River Width Distance to the River Mouth
Virtual Stations Missions
©) ©) (km) (km)
SV_229_Ogooué ENVISAT, SARAL 13.3533 -1.3082 0.22 693.09
SV_272_lvindo ENVISAT, SARAL 12.4228 0.2542 0.20 52491
SV_272_Ogooué ENVISAT, SARAL 12.3051 -0.2816 0.36 477.59
SV_315_Ogooué ENVISAT, SARAL 11.6422 -0.0618 0.37 386.57
SV_358_Ngounié ENVISAT, SARAL 10.6490 -1.2761 0.20 274.948
SV_401_Ngounié ENVISAT, SARAL 10.3227 -0.5958 0.62 193.531
. ERS-2, ENVISAT,
SV_401_Ogooué SARAL 10.3045 -0.5129 1.30 198.222
. ERS-2, ENVISAT,
SV_444_Ogooué SARAL 9.2569 -1.0722 0.59 42.582
SV_730_Ogooué SARAL 12.9154 -0.8316 0.19 607.233
SV_773_Ogooué ENVISAT, SARAL 12.4700 -0.5595 0.23 494.696
[ ERS-2, ENVISAT,
SV_902_lake_Onangué SARAL 9.9912 -1.0001 160.97
. ERS-2, ENVISAT,
SV_902_Ogooué SARAL 10.0280 -0.8323 1.25 141.66
SV_902_Ogooué_2 ENVISAT, SARAL 10.0551 -0.7091 0.32 152.215
SV_945_lake_Louandé ENVISAT 9.6497 -0.8047 107.174
SV_945_lake_Ogognié ENVISAT, SARAL 9.6844 -0.9624 101.671
. ERS-2, ENVISAT,
SV_945_Ogooué SARAL 9.6755 -0.9220 1.19 97.413
) ERS-2, ENVISAT,

SV_945_Ogooué_2 SARAL 9.6571 -0.8382 0.47 103.125
Station 1 ENVISAT 2 orbit 10.6414 -0.1864 0.49 127.826
Station 2 ENVISAT 27 orbit 10.0208 -0.8328 0.88 138.166
Station 3 ENVISAT 2 orbit 9.9445 -0.8082 117 252.246

SV_128_Ogooué SENTINEL-3A 9.2788 -1.0638 1.23 45.271
SV_378_Ogooué SENTINEL-3A 9.8069 -0.8454 1.24 112.654
SV_185_lake_Onangué SENTINEL-3A 10.1962 -1.0009 169.463
SV_050_Ogooué SENTINEL-3A 10.9045 -0.1177 0.30 298.329
SV_107_Ogooué SENTINEL-3A 11.8457 -0.0803 0.37 412.048
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SV_164_Ogooué SENTINEL-3A 12.6126 -0.8438 0.31 564.01
SV_356_Ogooué SENTINEL-3A 12.9676 -0.8423 0.30 617.561
SV_164_lvindo SENTINEL-3A 13.0280 1.0330 0.19 677.105
SV_050_Ngounié SENTINEL-3A 10.6477 -1.2728 0.35 301.24
SV_378_lake_Avanga SENTINEL-3A 9.7878 -0.9345 112.299
SV_050_Ngounié SENTINEL-3A 9.8386 -0.7021 0.23 301.24
Lambaréné CRYOSAT-2 10.2220 -0.7139

SV_185_Ogooué JASON-2, JASON-3 12.0035 -0.1148 0.36 430.318
SV_096_Ivindo JASON-2, JASON-3 13.0790 1.0758 0.18 687.576

5.2. Altimetry-Based Water Levels Validation Using the Lambaréné Gauge Record

The network of gauge stations was not maintained after the 1980s in the ORB. Only the gauge
station from Lambaréné provided measurements of water stages and discharge estimates during the
period of acquisition of altimetry data. Four ERS-2/ENVISAT/SARAL tracks (401, 444, 902 and 945)
are crossing the Ogooué River close to Lambaréné, at 22 and 135.5 km upstream and at 38 and 89
downstream respectively. Sentinel-3 tracks 050, 128 and 378 are crossing the Ogooué River at 121 km
upstream and 66 and 133 downstream of Lambaréné respectively, as well as 32 Cryosat-2 tracks.
Comparisons between altimetry-based and in situ water stages were performed for measurements
acquired the same day. The results are presented in Figures 3-7 for ERS-2/ENVISAT/SARAL,
Sentinel-3A and ENVISAT 2nd orbit and Cryosat-2 respectively. For the different missions except
Cryosat-2, the water levels are presented from upstream (a) to downstream (c or d), (b) corresponding
to the closest distance between the VS and the in situ station of Lambaréné.

ERS-2 ENVISAT SARAL
RMSE = 0.538 m RMSE = 0.274 RMSE = 0.364 m,

R? = 0.945

RMSE = 0.277 m RMSE = 0.205 m RMSE = 0.219

R? = 0.976

RMSE = 0.555 m RMSE = 0.412 m RMSE = 0.276 m

R? = 0.943

RMSE = 0.483 RMSE = 0.332 m

Altimetric water level (m)
N

= 0.827 R? = 0.907

00 25 50 0.0 25 5.0 0.0 25 50
In situ water level (m)

Figure 3. Results of the comparison between the altimetry-based water stages from
ERS-2/ENVISAT/SARAL for tracks 401 (a), 902 (b), 945 (c), 444 (d) and the in situ ones from
Lambaréné gauge station.

Overall very good results are obtained for all these stations. As expected, the quality of the water
stage retrieval decreases as the distance to the in situ station increases. Better results were generally
obtained using SARAL data, the first mission to operate in Ka-band, than using ERS-2 and ENVISAT
ones (Ku-band, Figures 3 and 4). Results obtained using Sentinel-3A data, the first mission to operate
in SAR mode on a frequent repetitive orbit, are very encouraging (Figure 5). In spite of the few cycles
available (15), altimetry-based water levels obtained using data from this mission already exhibit a
similar quality as the ones obtained using data from SARAL when considering the closer distance to
the Lambaréné in situ station (Figure 5b). A very good agreement is also found with Cryosat-2 at the
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Lambaréné (R?=0.96 and RMSE = 0.25 m) demonstrating the potential of this mission for the retrieval

of water stages (Figure 6).

[e)}
1

Altimetric water level (m)

(a)

RMSE = 0.442 m
([ ]

(b)

RMSE = 0.296 m

R? = 0.943

(c)

RMSE = 0.304 m

0.0 2.5 5.0

0.0 2.5 5.0

In situ water level (m)

Figure 4. Results of the comparison between the altimetry-based water stages from ENVISAT on its

second orbit for (a) Station 1, (b) Station 2 and (c) Station 3 and the in-situ ones from Lambaréné gauge

station.

[}
1

Altimetric water level (m)

a)
RMSE = 0.387 m
{

R? = 0.908

(b)
RMSE = 0.198 m

R? = 0.976

(c)
RMSE = 0.412 m

2.5 5.0

2.5 5.0

2.5 5.0

In situ water level (m)

Figure 5. Results of the comparison between the altimetry-based water stages from Sentinel-3A for

tracks (a) 050, (b) 378 and (c) 128 and the in-situ ones from Lambaréné gauge station.
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Figure 6. Results of the comparison between the altimetry-based water stages from Cryosat-2 and the
in-situ ones from Lambaréné gauge station.

SV_401_Ogooue Envisat correlations SV_444_Ogooue
4°N 4°N

2°N 2°N 1.0

o
©

o
o]

®
F
Correlation Coefficient

&
%]
&

o
%]
T

o

~

10°E 12°E 14°E 16°E 10°E 12°E 14°E 16°E
SV_902_Ogooue SV_945_Ogooue

T
o
]

2°N

o
%]

o
N

0.3

8°E 10°E 12°E 14°E 16°E

Figure 7. Maps of maximum of cross-correlation between time series from ENVISAT data in the ORB
for the four VS around Lambaréné.

5.3. Consistency of the Altimetry-Based Water Levels in the Ogooué River Basin

Only one in-situ gauge station record had water stage measurements during the altimetry period
in the ORB. Even if this record can be used to validate 4 SV from ERS-2/ENVISAT/SARAL, 3 from
Sentinel-3A, and one combining Cryosat-2 water level estimates at different cross-sections, a
consistency check was performed for the other stations in the ORB. It consists in estimating the cross-
correlation between the different time-series of water levels from the same mission. Maxima of
correlation were reported on Figures 6 and 7 for ENVISAT and SARAL respectively. As the repeat
period of these mission is 35 days on their nominal orbit, only time-lags of plus or minus 53 days (one
repeat period and a half) were considered due to the relatively small scale of the ORB. Due to the
changes of the river features (slope, depth, width, ...), bias and RMSE were not computed between
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the time-series of altimetry-based water levels. This consistency-check was applied neither to the
ERS-2 VS that are not sufficiently numerous (only 6 located on the downstream part of the river) nor
to the ENVISAT VS from the second orbit because of the short period of operation of ENVISAT
(17 cycles available).

It can be seen that maximum values of cross-correlation between the time series are greater
downstream than upstream of the ORB whatever the VS considered to make the comparisons
(Figures 7 and 8). Larger maxima of cross-correlation are obtained with the ENVISAT mission than
with the SARAL mission. They are above 0.7 between ENVISAT VS in the downstream part of the
basin up to the confluence between its two major tributaries, the Ivindo and the Ngounié Rivers. On
these two tributaries, the maximum of cross-correlations generally range from 0.6 to 0.8 (Figure 7).
Much lower agreement was found between the SARAL VS. If maxima of cross-correlation are
generally above 0.6 on the downstream part of the ORB but they rapidly decrease down to 0.4
upstream. Higher consistency is found using ENVISAT VS on a larger part of the ORB.

No time-lag is present in most of the cases. Nevertheless, a few maxima cross-correlation
coefficients between time series occurred with a time-lag of one month, for both ENVISAT and
SARAL missions. This situation happened in the case of two stations located upstream of the Ogooué
River (ENVISAT SV_229_Ogooué using SV_401_Ogooué, SV_902_Ogooué and SV_945_Ogooué
validated against records from Lambaréné in situ gauge as reference and SARAL SV_ 773_Ogooué
using SV_401_Ogooué and SV_945_Ogooué as reference) and in the case of the station
SV_945_Lake_Ogognié located on the Lake Ogognié downstream of the ORB in cross-correlation
with the validated time series from SV_401_Ogooué.

SV_401_Ogooue Saral correlations
ol 4N

SV_444 Ogooue

g
o

o
©

o
©

e
N

°S| °S)
8°E 10°E 12°E 14°E 16°E 8°E 10°E 12°E 14°E 16°E
SV_902_Ogooue SV_945_0Ogooue

o g
w o
Correlation Coefficient

S
N

o
w

4°
%"E 10°E 12°E 14°E

Figure 8. Maps of maximum of cross-correlation between time series from SARAL data in the ORB
for the four VS around Lambaréné.

Due to the lack of in situ gauge station in the ORB with the exception of the one from Lambaréné,
no validation was performed for the water stages derived from Jason-2 and Jason-3 data. As the two
cross-sections between Jason-2 and 3 ground-tracks (185 on the Ogooué and 096 on the Ivindo) are
close from cross-sections between Sentinel-3A ground-tracks (107 on the Ogooué and 164 on the
Ivindo) (see Table 1 and Figure 2), cross-comparisons between the water levels derived from Jason-
2, Jason-3 and Sentinel-3A were performed during the common period of availability of the different
datasets. For this purpose, data from the 10-day repeat orbit missions (Jason-2 and Jason-3 that were
orbiting 2 minutes appart) were interpolated at the date of acquisition of Sentinel-3A. In both cases,
Jason-2 time-series of water levels exhibit a clear seasonal cycle, especially for track 096 on the Ivindo,
with high stages observed during the primary peak from October to December and the secondary
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peak in April-May and low stages observed in January-February (small dry season) and from June to
August for the large dry season, which is consistent our knowledge of the hydrological cycle in the
ORB (Figure 9). This also the case for Jason-3 time-series that agree well with the ones from Jason-2
(R=10.88 and 0.87 and RMSE = 0.51 and 0.68 m for tracks 185 on the Ogooué and 096 on the Ivindo
respectively). If similar but smoother water levels variations were observed in the Ivindo at the SV
built under Sentinel-3A track 164 (R = 0.92 and 0.95, RMSE = 0.71 and 0.56 m, Figure 9a), no realistic
water level variations were observed at the SV built under Sentinel-3A track 107 (Figure 9b). This SV
was discarded.
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Figure 9. Time series of water level from Jason-2 (blue), Jason-3 (dashed green) and Sentinel-3A
(dashed red) on the Ivindo (a) and upstream Ogooué (b) rivers.

5.4. Multi-Mission Discharge Estimates

The time-series of water level from the VS, that were validated against the stage record from the
Lambaréné in situ gauge, were combined using Equation (2) to form a unique time series over May
1995-July 2017 time period. It is presented in Figure 10 along with the time-series of water levels from
Lambaréné gauge station. The combined altimetry-based time series of water levels is in good
agreement with the in-situ one (R? = 0.96 and RMSE = 0.38 m). Contrary to the individual altimetry-
based time-series of water levels used in this study that are constrained by the revisit time of the
satellite (27 days for ENVISAT on its second orbit, 35 days for ERS-2/ENVISAT and SARAL on their
nominal orbit, 369 days for Cryosat-2), the combined time-series present the advantage to have
between 3 to 4 (during the ERS-2 and the ENVISAT periods between 1995 and 2010) and 9 (during
the SARAL and the Sentinel-3A periods since 2013 when combining with the Cryosat-2
measurements available since 2010) measurements each month.
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Figure 10. Time series of water level at Lambaréné from the in-situ gauge record (black continuous
line), the multi-mission altimetry-based record (ERS-2 data are represented with diamonds, ENVISAT
with blue crosses on its nominal orbit and with green triangles on its second orbit, Cryosat-2 with
green-blue stars, SARAL with red circles, Sentinel-3 with purple dots).

Applying the rating curve relating water stages and discharge, established for the Lambaréné
gauge using in situ measurements of water levels and discharge, an altimetry-based time series of
discharge was obtained. Figure 11 shows discharges estimated from altimetry-based and in situ water
levels at Lambaréné. A very good agreement between both sources (R = 0.94 and RMSE = 701.6 m3-s
for a mean annual discharge of 4253.4 m®s™ or 16.5% of the mean annual discharge over the
observation period). Considering the total annual discharge over the common observation period,
altimetry-based and in situ estimates only differs by 1.4 m3-s™! (or 0.03% of the mean annual discharge)

in average (Table 2).

Discharge (103 m3/s)

= In situ Envisat 2nd orbit -®- Saral
-4- ERS-2 —e- Sentinel-3A
—+=- Envisat

2000

2008

Figure 11. Time series of river discharge at Lambaréné from the in-situ gauge record (black
continuous line), the multi-mission altimetry-based record (ERS-2 data are represented with
diamonds, ENVISAT with blue crosses on its nominal orbit and with green triangles on its second
orbit, Cryosat-2 with green-blue stars, SARAL with red circles, Sentinel-3 with purple dots).
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Table 2. Average annual flow derived for the different VS of every altimetry mission and also
combining their different records.

L. . Estimated Discharge Relative RMSE
Missions Stations (ms1) Error (%) R(-) (ms1)
In situ Lambaréné 4253.427 0 1 0

SV_401_Ogooué 4951.475 16.41 0.850 1107.647
SV_444 0gooué 5465.756 21.45 0.141 2466.262

ERS-2 SV_902_Ogooué 4498.633 5.76 0.987 332.152
SV_945_Ogooué 5104.026 19.99 0.886 920.226
Combined 4848.378 13.99 0.755 1440.860

SV_401_Ogooué 4311.470 1.36 0.969 431.757

SV_444 Ogooué 4281.369 0.66 0.884 804.946

ENVISAT SV_902_Ogooué 4316.212 147 0.981 352.028
SV_945_Ogooué 4342.597 2.09 0.922 722.334

Combined 4340.594 2.049 0.942 604.321

SV_401_Ogooué 3927.343 -7.67 0.975 470.446

SV_444 Ogooué 3103.856 -27.023 0.947 409.759

SARAL SV_902_Ogooué 3851.170 -9.46 0.986 346.980
SV_945_Ogooué 2898.672 -31.85 0.973 335.693

Combined 4060.427 —4.537 0.978 396.820

Station 1 3850.274 -9.47 0.816 868.273

. Station 2 3740.297 -12.06 0.963 450.838

ENVISAT 20 Orbit Station 3 3841.379 9.69 0.895 654.027
Combined 3839.296 -9.736 0.898 679496

SV_050_Ogooué 4454.109 4.72 0.915 757.845

SV_378_Ogooué 4210.519 -1.01 0.983 316.740

SENTINEL-3A SV_128_Ogooué 4373.213 2.82 0.931 629.888
Combined 4262.683 0.22 0.942 597.610

CRYOSAT-2 Lambaréné 4188.220 -1.53 0.971 408.739
iEg{Plgggkii Combined 4118.9275 -3.162 0.967 462.141
CR;iIS{i{-Z " Combined 4136.3508 -2.752 0.977 405.978
EN(\j/Ii;I(\)? ?Icfo:bit Combined 4243.2487 -0.239 0.956 515.057
All missions Combined 4252.052 -0.03 0.936 701.645

6. Discussion

Despite the relatively small size of the ORB and the small length of the Ogooué River (~900 km),
the distance between Equatorial cross-tracks of the missions (80 km for ERS-2/ENVISAT/SARAL, and
315 km for Topex-Poseidon/Jason-1/Jason-2/Jason-3 on their nominal orbits), make possible the
construction of a dense network of altimetric VS. It is composed of 16 SV using ENVISAT and SARAL,
6 SV using ERS-2 data, 10 SV using Sentinel-3A data, and only 2 SV using Jason-2 and Jason-3 data.
In spite of the improvements made in the processing of data from early high precision missions, too
few valid data were found in the GDR E data for Jason-1 to provide a continuous monitoring of water
stages at two locations where the SV were constructed. These two cross-sections are located in the
upstream parts of the basin where the river widths are between 180 and 360 m. Similarly, even if a
very good agreement was found between ERS-2 based water levels in the downstream part of the
basin, up to several tenths of kilometers upstream Lambaréné in situ station, no SV was defined either
on the upstream Ogooué River or on its tributaries. Due to the small width of the river and the
presence of higher topography, ERS-2 was affected more by tracking loss than ENVISAT.
Furthermore, the accuracy of the data was degraded due to more frequent changes of acquisition
modes than ENVISAT (Table 3). ENVISAT was, most of the time, operating in the 320 MHz Ku chirp
bandwidth acquisition mode than in the 80 MHz or the 20 MHz modes, that is to say with the better
range resolution as the size of the range detection window is 64, 256 and 1024 m respectively. For
ERS-2, different cases were observed. When no valid water level time series were obtained from ERS-
2 acquisitions, it can be attributed to either rapid changes in the topography along the track causing
changes in Ku chirp bandwidth acquisition modes (with a large number of acquisitions at 82.5 MHz
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causing a loss of accuracy of the data) or altimeter lock on the hills on top of the river (with
acquisitions mostly at 330 MHz but a few tenths of meters above the river, see the example presented
in [37] for ENVISAT). When time-series of water levels were derived, the percentage of acquisition
at high frequency is high but lower than the one for ENVISAT causing a loss of accuracy compared
with ENVISAT (Table 1).

Compared to earlier missions on the same nominal orbit operating at Ku-band (ERS-2 and
ENVISAT), SARAL, the first mission to operate at Ka-band, agrees better with gauge records. Higher
R and lower RMSE were found between the time-series of water stages from in-situ and from
altimetry-based measurements for the four SV close to Lambaréné (Figure 3). In spite of the short
period of observation of SARAL on its nominal orbit (35 cycles from February 2013 to June 2016 and
even shorter considering that SARAL started to drift since July 2016), the benefits of the Ka-band
smaller footprint compared to the Ku-one can be clearly observed as it was reported in other locations
[49]. The use of other cycles would have lead to large errors in the water stage retrievals because of
(i) slope effects causing large changes of water base levels, (ii) changes in the characteristics of the
river (width, depth) responsible changes in amplitude of the water levels, (iii) detection of other water
bodies (e.g., lakes) than the Ogooué River.

Only considering ERS-2, ENVISAT and SARAL on their nominal orbit would have resulted in
gaps in the monitoring of water levels in the ORB between October 2010 and February 2013 and after
July 2016, and especially in Lambaréné where the river discharge is estimated. To complete the time-
series, data from the ENVISAT 24 orbit were considered from October 2010 to April 2012. Three SV
were build giving water estimates of equivalent quality as the ones obtained on the nominal orbit
(Figure 4). Applying an innovative processing, time-series of water levels were derived from Cryosat-
2 measurements, the first altimetry mission to operate in SAR mode. The results show, that the data
from this mission, that are of very good quality (R? and RMSE of very similar quality as ENVISAT or
SARAL, see Figure 6). The monitoring of the water levels in the Ogooué can continue using
acquisitions from the Sentinel-3A mission and soon, from the Sentinel-3B. Comparisons performed
against the in-situ gauge records from Lambaréné of one year and a half of Sentinel-3A-based water
levels show the high quality of the data acquired in SAR mode (R? = 0.98 and RMSE < 20 c¢m for the
SV located at the closer distance to Lambaréné station, see Figure 5).

Table 3. Acquisition modes of the ERS-2 and ENVISAT measurements for the VS in the ORB.

. . Rivers or o ENVISAT Data Modes ERS-2 Data Modes
Virtual Stations Lakes Missions 32(00/:4)Iz 82)21)1 20Hz (%)  330Hz (%) 82(.;01;11
SV_229_Ogooué Ogooué ENVISAT, SARAL 99.786 0.213 0 100 0

SV_272_lvindo Ivindo ENVISAT, SARAL 96.893 1.804 1.302 58.0 42.0
SV_272_Ogooué Ogooué ENVISAT, SARAL 98.267 0.533 1.2 6.25 93.75
SV_315_Ogooué Ogooué ENVISAT, SARAL 91.896 6.212 1.890 100 0
SV_358_Ngounié Ngounié ENVISAT, SARAL 88.76 10.3 0.939 70.270 29.729
SV_401_Ngounié Ngounié ENVISAT, SARAL 98.776 1.146 0.077 81.132 18.867
SV_401_Ogooué Ogooué ERS-2, ENVISAT, SARAL 98.776 1.146 0.077 81.132 18.867
SV_444_Ogooué Ogooué ERS-2, ENVISAT, SARAL 99.887 0.113 0 85.0 15.0
SV_730_Ogooué Ogooué SARAL 92.347 6.152 1.5005 34.426 65.573
SV_773_Ogooué Ogooué ENVISAT, SARAL 99.178 0.821 0 70.588 29411

SV_902_lake_Onangué lake Onangué ERS-2, ENVISAT, SARAL 99.669 0.259 0.070 87.804 12.195

SV_902_Ogooué Ogooué ERS-2, ENVISAT, SARAL 99.669 0.259 0.070 87.804 12.195

SV_902_Ogooué_2 Ogooué ENVISAT, SARAL 99.669 0.259 0.070 87.804 12.195
SV_945_lake_Louandé lake Louandé ENVISAT 99.513 0.487 0 100 0
SV_945_lac_Ogognié lake Ogognié ENVISAT, SARAL 99.513 0.487 0 100 0
SV_945_Ogooué Ogooué ERS-2, ENVISAT, SARAL 99.513 0.487 0 100 0
SV_945_Ogooué_2 Ogooué ENVISAT 99.513 0.487 0 100 0

Due to the presence of only one in-situ station with records during the altimetry acquisition
period, the consistency of the altimetry-based time-series of water levels was checked for ENVISAT
and SARAL through cross-correlation estimates. They were performed choosing as reference the SV
close to Lambaréné station whose records were validated. The difference observed for the cross-
correlations between ENVISAT and SARAL occur in the upstream parts of the basin (Figures 7 and
8 respectively). The lower scores for SARAL can be attributed to the shorter observation period of
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SARAL compared with ENVISAT (35 cycles for SARAL against 85 for ENVISAT, that is to say, more
or less a ratio of one third). This difference in number of observations has a smaller impact on the
downstream part of the ORB as the water stages are mostly driven by the flow from the upstream
parts. On the upstream part, changes in rainfall conditions between two VS are likely to strongly
modify the water stage at these two locations. Even a few of this kind of changes can reduce the
correlation between the two time-series of river levels between these two stations, especially for
shorter records. Due to the relatively small length of the basin and the quite long repeat period of
ENVISAT and SARAL (35 days), maxima of correlation are generally observed with no time-lag,
except for a limited number of stations in the upstream parts of the ORB where differences lower
than one month were obtained.

Based on the good agreement found between in situ and altimetry-based water stages for the VS
located around Lambaréné gauge station, the stage discharge rating curve was applied to any
individual VS but also for the combination of VS for the same mission. The results are presented in
Table 2. This combination represents a good compromise between quality of the resulting time series
of discharge and number of observations. For all the missions, the results of the combination are very
close to the best result obtained with a single one. It also decreases the risk to miss a rapid flood event
that will modify the annual discharge. The combination of data from several missions (ENVISAT 2nd
orbit + Cryosat-2, SARAL + Cryosat-2, Sentinel-3A + Cryosat-2) also increase the quality of the
discharge estimate. When combining the data from the missions (Cryosat-2 period of availability of
the data is overlapping the ones from ENVISAT, ENVISAT 2nd orbit, SARAL and Sentinel-3A), very
good performances are obtained (see Table 2).

7. Conclusions

This study provides one of the first assessments of the performances of multiple satellite
altimetry-based water levels in a river basin, from ERS-2 to Sentinel-3A. Comparisons between
altimetry water stages and in situ gauge records from Lambaréné, the unique station still in operation
in the ORB showed the improvement in performances of the missions in operation since ERS-2. In
spite of good performances in the downstream part of the ORB (R2? > 0.82 and RMSE < 0.6 m for 3 of
the four comparisons), no VS using ERS-2 data were created in the upstream part of the basin due to
the small width of the rivers and the presence of topography. On the contrary, the whole basin was
sampled using ENVISAT (R? > 0.82 and RMSE < 0.5 m) and SARAL (R?>0.90 and RMSE < 0.4 m) on
the same orbit. A very good consistency was also found for these two missions when computing
cross-correlations between altimetry-based water stages all over the basin. As SARAL orbit control
was not as strict as is generally is for high precision altimetry missions, the drifts of several kilometers
from the nominal paths lead to lower agreement in the upstream parts of the basin than using
ENVISAT. Missions operating in SAR mode also exhibit very good accuracy (R? > 0.88 and RMSE <
0.4 m for only one year and a half of Sentinel-3A data and R? =0.96 and RMSE = 0.25 m for Cryosat-
2). For Cryosat-2, the concept of VS was extended: data acquired on close cross-sections were
combined to build the time series of water level. The use of Cryosat-2 (and ENVISAT 2nd orbit) data
allowed a continuous monitoring of the ORB for all the altimetry period, showing the potential of the
data acquired during geodetic (drifting) orbit of the altimetry missions for land hydrology.

The altimetry-based time-series of water levels from the different altimetry missions close to the
Lambaréné in situ stations were converted to discharges using the rating curves from the in situ
station. Very good agreement was also found, the quality of which is directly linked to the accuracy
of the water levels at the VS for the different missions. This study also shows the interest to combine
the data from different missions to improve quality of the monitoring of level and discharge in terms
of sampling frequency and annual discharge estimates.

The network of altimetry VS built in this study and associated discharge estimates has a strong
interest for the scientific community. It will allow (i) the continuous monitoring of water stages in an
almost ungauged basin, (ii) the analysis of possible effects of climate variability and anthropogenic
effects (i.e., deforestation) on the hydrological cycle of the ORB. It will be very useful for the
calibration and validation of the NASA/CNES Surface Water and Ocean Topography (SWOT)
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mission, that will use the SAR interferometry technique to map surface water elevation at a spatial
resolution of 100 m as its one day calibration orbit encompass the downstream part of the Ogooué
Basin.
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