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Abstract: Satellite radar altimetry has been widely utilized in hydrological research, particularly
with the advent of Sentinel-3, a Synthetic Aperture Radar (SAR) altimeter operating globally and
equipped with an innovative onboard tracking system referred to as the open-loop tracking command
(OLTC). Utilizing a pseudo-DEM (Digital Elevation Model), controlled through the OLTC, holds
significant promise for the reliable observation of inland water bodies. Nevertheless, the complex
geographical conditions in high mountain and reservoir river basins pose challenges in defining an
appropriate pseudo-DEM for hydrological targets, potentially leading to reduced performance of
Sentinel-3. This study aims to comprehensively evaluate the performance of Sentinel-3 by selecting
the Lancang and Nu River basins in southwest China as a case study. These two rivers have a similar
natural environment, but cascade reservoirs distinguish the Lancang River basin. By analyzing
waveform energy from echoes of virtual stations (VSs) in both river basins (27 VSs in the Lancang
River basin and 39 VSs in the Nu River basin), the performance of Sentinel-3 in different tracking
modes and OLTC versions were compared. The results indicated that the detection rate of Sentinel-
3A increased when transitioning from the closed-loop mode to the open-loop mode and with the
implementation of newer OLTC versions (36.8% increased to 47.4%, 60.5%, and 63.2% in OLTC V5.0,
V6.0, and V6.1, respectively). Similarly, the detection rate of Sentinel-3B rose from 64.3% (OLTC
V2.0) to 71.4% and 75.0% in OLTC V3.0 and V3.1, respectively. Additionally, the cascade reservoir
causing river channel expansion results in a better performance of Sentinel-3A in the Lancang River
compared to the Nu River in the closed-loop mode (13.0% and 35.7%, respectively). Nevertheless,
the considerable fluctuations in water surface caused by reservoir impoundment led to a wrong
pseudo-DEM, resulting in poor performance of Sentinel-3 in reservoir regions before OLTC V6.0 was
updated. The detection rate of low altitude, broad water surfaces (>500 m) decreased from 100%
in a closed-loop mode to 0% in an open-loop mode, but increased to 100% in OLTC V6.0 and V6.1,
respectively. The detection rate of high altitude, narrow water surfaces (<500 m) increased from 0% in
a closed-loop mode to 40.9% in OLTC V6.1. Although the detection ability of Sentinel-3 is improving
with the implementation of newer OLTC versions, the seasonal variations (usually more than 60 m)
of water levels in reservoirs exceeded the size of the range window (60 m), rendering a complete

measurement impossible.

Keywords: Sentinel-3A /B; water surface elevation; complex terrain; Lancang River; Nu River

1. Introduction

Water surface elevation (WSE) is a fundamental hydrological parameter that underpins
a wide range of studies [1-5], including hydrodynamics characterization [6-8], flood
monitoring and prediction [3,9,10], and river discharge estimation [11-14]. The impacts of
climate change and human activities affect river regimes and flows [15-18], underscoring
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the need for accurate WSE monitoring. However, traditional ground-based hydrological
monitoring stations have limited spatial coverage, and institutional barriers can restrict
data sharing [19-21]. Moreover, high mountain rivers and lakes often lack sufficient WSE
data [22-24]. Thus, adopting alternative and efficient methods for collecting comprehensive
regional-scale WSE data sets and making them publicly available is essential to enable
better understanding and management of hydrological processes [12,25,26].

Satellite radar altimetry has emerged as a complementary tool for monitoring changes
in rivers, lakes, and reservoirs [27-30], providing an accurate measurement of WSE. Al-
though initially designed to study the ocean [31-33], satellite altimetry data have grad-
ually been used to monitor WSE processes in large lakes and rivers with the launch of
TOPEX/Poseidon and ERS-1/-2 satellites in the 1990s [30,34]. Over the past decade, satellite
radar altimetry has increasingly been used to monitor terrestrial water bodies [35,36], re-
sulting in the emergence of satellites such as CryoSat-2 and Sentinel-3. CryoSat-2, launched
by the European Space Agency in 2010, is equipped with a new generation of the Syn-
thetic Aperture Radar (SAR) altimeter [37-39]. It has an altimeter footprint of about 300 m
along the orbital direction and an orbital ground separation of about 7.5 km, enabling
it to detect more water bodies [33,38]. Its extended re-entry period of 369 days allows
for higher measurement accuracy but makes it challenging to detect seasonal changes in
water bodies, which are essential for inland water monitoring [40-42]. The SAR altimeter
onboard the Sentinel-3 program, along with its binary constellation and 29-day re-entry
period, has significantly improved the detection of surface water bodies [43,44], allow-
ing for the detection of changes in land surface water levels throughout the hydrological
year [45-47]. With its enhanced spatial and temporal resolution, Sentinel-3 is a valuable
tool for inland water monitoring [12,25]. These advancements in satellite radar altimetry
have significantly expanded our ability to collect comprehensive regional-scale data sets
on WSE [48,49]. Nevertheless, satellite radar altimetry still faces challenges in areas with
complex geographical conditions, such as high mountains and reservoir basins [25,26,45].

Inland water bodies are usually surrounded by rugged terrain, which can pose sig-
nificant challenges to satellite signal detection [25,50,51]. To address this issue, various
methods have been employed to obtain more accurate data, including the Envisat Model
Free Tracker, the Jason-1 Split-gate tracker [52], the Jason-2 Diode/Median tracker [53],
and the Diode/DEM tracker [51,54]. Among these, the Diode/DEM mode, also known as
the open-loop tracking command (OLTC), was first tested on Jason-2 and SARAL/AltiKa
missions [55,56], and demonstrated a performance improvement in sea level and wave
height estimates in coastal regions compared to the closed-loop mode [51]. The open-loop
mode has later been used as the operational mode for Sentinel-3 since March 2019. In
a study over Chinese rivers, OLTC allowed a better tracking of water surfaces than the
closed-loop mode, particularly in mountainous areas [25]. It was also pointed out that
in the open-loop mode, the OLTC did not always contain the adequate elevation prior to
tracking water surfaces over recently built reservoirs [26]. Moreover, the OLTC onboard
Sentinel-3A (S3A for short) from V4.2 to V5.0 yielded a 30% increase in the number of water
bodies over which valid water surface height could be estimated [46]. However, the OLTC
table has been updated twice after OLTC V5.0, and the OLTC update can theoretically
increase the detection rate of about 45% in previous study [12] to nearly 100%. However,
the performance of the two updated data in mountainous, plain, and reservoir areas has
not been evaluated. Therefore, studies that evaluate each change in Sentinel-3 in different
topographic regions are urgently needed.

This research aims to address two questions regarding Sentinel-3. Firstly, how effective
is Sentinel-3 in monitoring alpine and reservoir basins? Secondly, how do different OLTC
versions and the closed-loop mode affect the quality of the data collected? Our study
area is focused on the Nu and Lancang Rivers, located in southwest China. These two
rivers share a similar natural environment, but the Lancang River basin features cascade
reservoirs, which set it apart from the Nu River basin [14,30,57,58]. This presents a valuable
opportunity for comparative analysis in this paper.
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2. Materials
2.1. Study Area

Situated on the southeastern margin of the Tibetan Plateau (Figure 1), the Three Rivers
region is divided into three river catchments by high mountain ridges of the Hengduan
Mountains, which were formed due to the collision of India and Eurasia [59-61]. The region
is characterized by the parallel watersheds of the Jinsha (upper Yangtze), Lancang (upper
Mekong), and Nu (upper Salween) Rivers.

. TI/
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——

Figure 1. Base map of the study area, including DEM information of the watershed and the locations
of virtual stations on major rivers. The left map shows the location and number of sentient-3A (S3A)
virtual stations. The right map shows the location and number of the sentient-3B (S3B) virtual stations.

Originating from the Tibetan Plateau, the Lancang and Nu Rivers flow through three
provinces in China: Qinghai, Tibet, and Yunnan, and they flow out of the country from
Yunnan Province. The Lancang River basin (21.15°-33.82°N, 93.88°-101.85°E) and the Nu
River basin (23.10°-32.76°N, 91.15°-100.23°E) are both strip-shaped, with a northwest—
southeast trend and a watershed area of 167,400 km?2 [58,60] and 137,800 km? [57,59],
respectively. The length and area of the Lancang River account for 44.28% and 20.67% of its
international river (Mekong River) [58,60], while those in Nu River account for 62.13% and
42.40% of its international river (Salween River) [57,59], respectively. The average elevation
drops between the Lancang and Nu River are 2.12%. and 2.04 %o, respectively, with an
average annual runoff volume of 76 and 70.3 billion km?3, respectively.

The main channels of both rivers run nearby and share nearly identical geographic
conditions, flowing at an altitude of over 5000 m in their origins to their respective estuar-
ies [62]. However, while the Nu River remains pristine without human-made reservoirs or
hydropower stations, the Lancang River basin contains 11 reservoirs [63]. The construction
of water facilities significantly impacts the seasonal variation of WSE. So, the VSs in the
two river basins allow us to evaluate the performance of Sentinel-3 over different terrains
with different human impacts.
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2.2. Data
2.2.1. Sentinel-3 Level-2 Data

The Copernicus Open Access Hub (https://scihub.copernicus.eu/, accessed on
11 October 2022) offers free registration and access to various types of Sentinel-3 data,
including Level-1B, Level-2 land, and Level-2 water data. For this study, we used Level-2
land data that were processed as standard 20 Hz parameters data using OCOG retracking.
These data provide the 20 Hz altimetric height above the reference ellipsoid and have
undergone rigorous correction for different types of errors, including instrumental errors,
range correction, and geophysical corrections such as dry and wet troposphere, ionosphere,
solid earth tide, and polar tide [12,64,65].

2.2.2. Closed-Loop Tracking Command (CLTC) and Open-Loop Tracking
Command (OLTC)

Sentinel-3A (S3A) started operating in closed-loop tracking command on 18 April
2016 (Figure 2 and Table A1). This mode comprises two operational steps: first, detection
of useful signals and initialization of the tracker’s range window, and second, tracking the
echo’s leading point to ensure it falls within the range window, typically in the middle
third of the window [12,31]. However, this command faces difficulties in measuring the
water surface elevation of rivers surrounded by or adjacent to steep slopes. In other words,
for closed-loop detection of small and medium-sized rivers in mountainous areas, errors in
the range window placement position may cause the echo not to be captured, resulting in
erroneous or even invalid measurement data [11,65].

Figure 2. OLTC versions of Sentinel-3A (S3A) and Sentinel-3B (S3B) over time. The version number
is indicated by the number in the arrow, while the time of the version change is provided at the top
or bottom of the arrow (courtesy of https:/ /www.altimetry-hydro.eu/, accessed on 6 August 2022).

Remote sensing technology has enabled the development of a satellite operation mode
called OLTC (https://www.altimetry-hydro.eu/, accessed on 6 August 2022), which can
enhance the efficiency and accuracy of the satellite [66]. OLTC works by focusing on virtual
stations (VSs), which are surface points in the rivers of interest to researchers, instead of all
water surface that the satellite can detect to improve its effectiveness [26,65]. The number
of VSs and coverage of OLTC vary across different versions, as shown in Figure 2.

In March 2019, Sentinel-3 adopted OLTC from 60°S to 60°N, which allowed for the
accurate location of the altimeter range window using OLTC tables without requiring
shipboard sensors to capture signals (Figure 2). To generate OLTC tables, a pseudo-DEM
was initially created using a global surface mask with a 300 m resolution provided by
ACE2DEM and the given VSs. Due to the shipboard memory limitation, S3A and Sentinel-
3B (S3B) can only accommodate up to 130,000 VSs each in OLTC tables.

During the tandem phase, both S3A and S3B used the same OLTC table (OLTC V4.2),
but the S3B operated alternately between open-loop mode and closed-loop mode during
the phase (the specific mode variation in S3B refers to [46]). After S3B reached its final orbit
on 27 November 2018, an updated version 2.0 of the OLTC table was activated, increasing


https://scihub.copernicus.eu/
https://www.altimetry-hydro.eu/
https://www.altimetry-hydro.eu/

Remote Sens. 2023, 15, 1769

50f22

the number of VSs to 32,515. This version was built specifically for S3B using an extended
hydrological database. On 9 March 2019, the OLTC table for S3A was updated to version
5.0, increasing the number of VSs to 33,261.

New versions of the OLTC tables for S3B and S3A were released on 18 June and
27 July 2020, denoted as OLTC 3.0 and 6.0, respectively. These updates included more than
twice the number of targets identified, particularly for rivers and lakes located above 60°N
latitude, and corrected some incorrect values that were present in OLTC V5.0.

Further updates were made on 19 and 26 August 2021, resulting in versions 3.1 and
6.1 for S3B and S3A, respectively. The main focus of these updates was to improve the
reference elevations of hydrographic targets 1262 (S3A) and 1153 (S3B) and to correct some
incorrect values that were present in the OLTC tables. The placement of the VSs and the
accuracy of the pseudo-DEM are critical factors that determine data quality, particularly
when the number of VSs is limited in the future.

2.2.3. Other Data

In our study, we employed the water occurrence map developed by Pekel et al. [67] to
ensure that the sampling areas contained water. These maps were created by analyzing
over 3 million Landsat satellite images taken between 1984 and 2015, which enabled the
identification of seasonal and annual changes in global surface water occurrence at a high
resolution of 30 m, including the probability of water presence. To identify rivers, we
selected a conservative threshold of 10% of water occurrences [12]. A low threshold is
chosen on purpose to ensure all valuable data, including seasonal water, is extracted at the
cost of a higher outlier frequency. This ensures that data points are not masked out because
of low water occurrence probability, which could be partly due to cloud cover.

The ALOS (Advanced Land Observing Satellite), also known as Daichi, is an earth
observation satellite program launched by Japan in 2006. The main purpose of this pro-
gram is to collect global high-resolution land observation data for scientific research and
commercial use. The free 12.5 m resolution DEM image used in this paper is from the
PALSAR instrument of ALOS satellite. The altitude elevation of some VSs could not be
determined for they did not receive effective echoes. ALOS data were chosen as a reference
in this study to evaluate the performance of VSs at different altitudes.

3. Methodology
3.1. Methods Overview

As depicted in Figure 3, the methodology employed in this study can be summarized
as follows: Initially, we obtained the location information of VSs by intersecting the Sentinel-
3 Level-2 data with the water occurrence map at a 10% occurrence. Next, we generated
a new waveform by computing the median values for multiple sampling points at each
VS, and applied a range integrated power (RIP) threshold test (RIP > 2000) to identify
the presence of water surface information [12]. Furthermore, we assessed the placement
of the range window by analyzing the different gate positions of the waveform peaks.
Subsequently, we compared the data quality of different VSs in closed-loop mode, open-
loop mode, and various OLTC versions, and created a WSE time series for each VS. Finally,
we compared the performance of the Sentinel-3 data for the Nu and Lancang Rivers and
demonstrated the relationship between seasonal water level fluctuations and data quality
using the example of cascade reservoirs.

3.2. Virtual Stations Extracting

A VS is defined as the intersection between a river line and a satellite ground track.
To establish the location of virtual stations (VSs), we obtained the location information of
VSs by intersecting the Sentinel-3 Level-2 data with the water occurrence map at a 10%
occurrence. All VSs located on the main streams and assigned with OLTC are selected.
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Figure 3. Research methodology flowchart.

3.3. Water Surface Elevation Detecting

Microwave pulses emitted by the altimeter are reflected by the water surface and
recorded as partial echoes, as illustrated in Figure 4. To effectively detect echoes from the
water surface, the receiving window must be accurately positioned, usually with a width
of 60 m [68]. When the range window is centered on the water surface, as in Figure 4b,
the maximum water surface fluctuation can be detected. However, if the range window
is placed too high (Figure 4e) or too low (Figure 4d), the water surface will not be in the
window, and the received echo peaks will be much lower than 2000, leading to noise or no
echo at all, respectively [26]. Consequently, the information carried by the echoes of the VSs
will not contribute to the monitoring of WSE, and these cases are defined as Undetected.

Conversely, if the range window is placed on the upper (Figure 4a) or lower (Figure 4c)
side of the water surface, the water surface can still be detected, but the received echo
peaks will be at the edge of the range bin window. This results in the inability to detect
WSE accurately when the water level fluctuates at the sampling point. However, when
only extreme river levels are of interest, the data from these cases can still provide reference
values of WSE [69], and therefore, WSE data obtained from the above three range bin
placements are considered as detected.
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In the closed-loop period, the detection capability of the satellite is primarily influenced
by the geographic influence rather than the satellite hardware facilities [46,51]. Once the
satellite detects the water surface at a specific elevation, it retains the ability to detect the
water surface at that elevation again in the closed-loop mode [12,25,46]. Therefore, if the
satellite detects RIP > 2000 echoes at the VSs at least once during the closed-loop period,
we deem the satellite’s data to be reliable and define them as detected. This definition
facilitates a more accurate comparison with the open-loop data.

Detected Undetected

Figure 4. Satellite detection of water surface schematic. The first three (a—c) waveform graphs refer to
the range window placed on the upper (a), in the middle (b) and on the lower (c) side of the water
surface, respectively, and the water surface can be detected. The last two (d,e) waveform graphs refer
to the range window placed too high (e) and too low (d), and the water surface cannot be detected.
The black rectangles connected to the waveform graphs represent the range window, where the
upper part of the water surface is represented by solid line while the lower part is represented by
dashed line.

3.4. Elevation and Track Length Partitioning

In order to assess the performance of Sentinel-3 in various scenarios, the VSs were
classified into four categories based on their elevation and track length: high elevation
and wide river (HW), low elevation and wide river (LW), high elevation and narrow river
(HN), and low elevation and narrow river (LN), using an elevation threshold of 2400 m
and a track length of 500 m. The track length was determined by the intersection of the
Sentinel-3 ground track and Google map [25,70]. Since the length of the intersection line in
the study area is less than 3 km and the accuracy of the water occurrence picture is 30 m,
the effect of Earth’s gravity on the water surface can be neglected, and the water surface can
be approximated as a smooth plane. Therefore, the length of the intersection line represents
the distance that the satellite sweeps over the water body.
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3.5. Time Series of WSE Constructing

To obtain the WSE from the Sentinel-3 Level-2b data, we need to calculate it by the
following equation:

H= Hsat - Swzave

where Hgg; is the satellite elevation, and S.ave is the distance the wave travels back and
forth. H is the water surface height.

However, the wave propagation speed varies greatly in different media, temperatures,
and densities, so the wave travel distance should be corrected for geophysical and propa-
gation effects (i.e., pole tides, solid Earth tides, ionosphere, and dry and wet troposphere).
The formula is modified to the following:

Swave = Ut — Sgeo

where v is the wave speed, ¢ is the time it takes for the wave to travel from emission to
reception, and Sge, is the distance that needs to be increased or decreased by geographic
condition correction.

The obtained water surface altitude is established based on the vehicle altitude, while
WESE is the elevation of the water surface, so compared to WSE, H also needs to be corrected
about the geodetic level:

WSE = H — Hgeiod

Based on the above principles, we established the time series of WSE. For multiple
observations at the same time, we first remove outliers based on water occurrence and
backscatter coefficients, and then select the median value as the detection value. The
specific data processing steps are referred to [11,25,70].

4. Results
4.1. Performance of S3A and S3B in Closed-Loop Mode and Different OLTC Versions

The performance of Sentinel-3 data for WSE is determined not only by the altimeter’s
tracking capability and resolution, but also by the accuracy of the OLTC table (Figure 2).
This study gathered statistical comparisons to assess the quality of WSE detection during
various periods, ranging from the closed-loop to open-loop mode. To this end, the study
compared the echo results of S3A and S3B against a total of 66 VSs (38 for S3A and 28 for
S3B, which are listed in Tables A2 and A3). The findings revealed that only three VSs in
S3A could detect the water surface in any complete hydrological year from closed-loop to
OLTC V6.1, with a probability of 7.9% (see Tables 1 and A4), whereas the probability of
valid monitoring data in the closed-loop mode was 36.8% (see Table 1).

The detection rate of WSE improved considerably after entering the open-loop mode:
it increased to 47.4% in OLTC V5.0 (launched in March 2019), 60.5% in OLTC V6.0 (launched
in July 2020), and 63.2% in OLTC V6.1 (launched in August 2021) for S3A (see Table 1). For
S3B, the probability of a stable detection rate was 46.4%, while the detection rate was 64.3%
in OLTC V2.0 (launched in November 2018), 71.4% in OLTC V3.0 (launched in November
2018), and 75.0% in OLTC V3.1 (launched in August 2021) (see Table 1).

In total, only 25 out of 38 VSs in S3A, while 23 out of 28 VSs in S3B had valid data. As
a result, the data validity probability of S3A was 65.8% in the entire Lancang-Nu River
basin, while that of S3B was 82.1% (see Table 1).
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Table 1. Detection rate of Sentinel-3 in different scenarios. The numerator indicates the number of
valid virtual stations (VSs), and the denominator indicates the total number of VSs for all assessments.
The detection result rate is shown in parentheses. The HW, LW, NH, and LN represent VSs in high
elevation and wide river, low elevation and wide river, high elevation and narrow river, and low
elevation and narrow river, respectively.

S3A S3B
Total 25/38 (65.8%) 23/28 (82.1%)
Stable Unstable Stable Unstable
Total 3/38 (7.9%) 22/38 (57.9%) 13/28 (46.4%) 10/28 (41.7%)
closed-loop V5.0 V6.0 V6.1 V1.0 V2.0 V3.0 V3.1
14/38 18/38 23/38 24/38 18/28 . .
Total (36.8%) (47.4%) (60.5%) (63.2%) (64.3%) 20/28 (714%)  21/28 (75.0%)
HW  3/3(100.0%) 3/3(100.0%) 3/3(100.0%)  3/3(100.0%) ; 1/1(100.0%)  1/1(100.0%)  1/1(100.0%)
HN 0/22(0%)  7/22(31.8%) 8/22(364%)  9/22 (40.9%) ; (;2/610/9) 11/19 (57.9%)  13/19 (68.4%)
LW 4/4(100.0%)  0/4(0.0%)  4/4(100.0%)  4/4 (100.0%) - 3/3(1000%)  3/3(100.0%)  3/3 (100.0%)
LN 7/9(77.8%)  8/9(88.8%)  8/9 (88.8%)  8/9 (88.8%) ; 4/5(80.0%)  5/5(100.0%)  4/5(80.0%)

Note. Stable: the WSE is detected in any hydrological year. Unstable: the WSE is detected in at least one
hydrological year.

4.2. Performance of S3A and S3B under Different Track Length and Elevation Conditions

As detailed in Section 3.3, this study divides all VSs into four regions based on a
2400 m elevation and 500 m track length (see Tables A2 and A3). Within the HW region, all
the four VSs are situated near the source of the Nu River (as shown in Figure 5a). These VSs
are located near to a large lake with a diameter much greater than 500 m in the interior of
the Tibetan Plateau, where the terrain is relatively flat. Therefore, a valid WSE was detected
in both the closed-loop mode and various versions of the open-loop mode (as shown in
Figure 5b—f). Additionally, Sentinel-3 collects a good sequence of seasonal changes in WSE
in these VSs. In the HN region, there are a total of 41 VSs, with 22 belonging to S3A and
19 to S3B. However, due to the complex geography and high altitude in this region, waves
from satellites can hardly touch the water surface, resulting in only 23 VSs receiving valid
data, with 10 belonging to S3A and 13 to S3B. Among the 13 detected S3B VSs, only three
VSs (NO. 47.2, NO. 218.4, and NO. 218.5) obtained a complete time series of WSE, as listed
in Table A4. Moreover, none of the VSs detected valid WSE data during the closed-loop
mode (Figure 5h). To illustrate the situation, a representative VS is shown in Figure 5g-1.

The LW area contained seven VSs, with four belonging to S3A and three to S3B. Among
the three S3B VSs, the WSE could be detected in every version of the OLTC. For the four
S3A VSs, the typical waveform changes were observed as shown in Figure 6b—f. During the
closed-loop mode, these VSs exhibited a good performance and they were able to collect
the complete WSE data. However, no valid echoes were received after the transition from
the closed-loop mode to the open-loop mode (OLTC V5.0). The situation had changed
completely in the OLTC V6.0 when all four VSs detected WSE perfectly again. The LN
region contains 14 VSs, 9 of which belonging to S3A and 5 to S3B. Among the 14 stations,
only NO. 4.2 of S3A was undetected, the other 13 VSs were detected with a good seasonal
variation of WSE. The typical waveform changes are shown in Figure 6g-1.

Overall, the HN region had the lowest detection rate among the four study regions.
Moreover, the open-loop mode outperformed the closed-loop mode at high altitudes
(Figure 7), but the closed-loop mode performed better at low altitudes. This contrast is
due to the water storage in the cascade reservoirs, which will be discussed in detail in
Section 5.3.
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Figure 5. Two typical cases of virtual stations (VSs) in (a—f) high elevation and wide river (HW) and
(g-1) high elevation and narrow river (HN). The satellite image shows the locations of the VSs, with
the orbit of Sentinel-3A (S3A) indicated by the blue line. The orbit numbers are shown in red next to
the orbit, and the red dots on the orbit indicate the location of the satellite emitting detection waves
at the corresponding VSs. The VSs number is displayed in red font in the upper right corner of the
image. The red dots in the scatter chart (d,j) represent the elevation of OLTC while the pink dots
represent the size of the range window. The four waveforms refer to the closed-loop (b,h) and OLTC
V5.0 (¢,i), OLTC V6.0 (e k), and OLTC V6.1 (£,1). (d,j) show the time series of the WSE for the specific
VS, where azure, green, blue, and black refer to closed-loop, OLTC V5.0, OLTC V6.0, and OLTC V6.1.
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Figure 6. Two typical cases of virtual stations (VSs) in (a—f) low elevation and wide river (LW) and
(g-1) low elevation and narrow river (LN). The satellite image shows the locations of the VSs, with
the orbit of Sentinel-3A (S3A) indicated by the blue line. The orbit numbers are shown in red next to
the orbit, and the red dots on the orbit indicate the location of the satellite emitting detection waves
at the corresponding VSs. The VSs number is displayed in red font in the upper right corner of the
image. The red dots in the scatter chart (d,j) represent the elevation of OLTC while the pink dots
represent the size of the range window. The four waveforms refer to the closed-loop (b,h) and OLTC
V5.0 (c,i), OLTC V6.0 (e k), and OLTC V6.1 (£,1). (d,j) Show the time series of the WSE for the specific
VS, where azure, green, blue, and black refer to closed-loop, OLTC V5.0, OLTC V6.0, and OLTC V6.1.
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4.3. Performance of S3A and S3B in Lancang and Nu River Basins

As shown in Figure 8, the detection rate of S3A was much lower in the Nu River
basin compared to the Lancang River basin, with 13.0% and 35.7% in the closed-loop mode,
respectively. At the beginning of the open-loop mode (OLTC V5.0), the detection rate of
S3A increased to 60.9% in the Nu River basin, while it decreased to 28.5% in the Lancang
River basin. However, with the update of OLTC, the detection rates of S3A in both the Nu
and Lancang River basins improved to 65.2% and 50.0%, and 65.2% and 57.1% in OLTC
V6.0, and V6.1, respectively. The situation was different in S3B, for the detection rate in
the Nu River basin was basically unchanged, while there was a small fluctuation in the
Lancang River basin. The detection rates in both the Nu and Lancang River basins were
73.3% and 53.8%, 73.3% and 69.2%, and 86.7% and 61.5% in the OLTC V2.0, V3.0, and V3.1,
respectively.
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Figure 8. Comparison of the detection rates in the Lancang and Nu Rivers at different stages. The left
panel of the figure displays the performance of Sentinel-3A (S3A), while the right panel shows that of
Sentinel-3B (S3B). The bars and trend lines represent the satellite’s detection rate in the region and
the trend line of the detection rate, respectively. The Nu River is denoted by the blue color, while the
Lancang River is represented by the greenish-gray color.
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5. Discussion
5.1. The Data Quality of S3A and S3B under Various Conditions

HW performed best in the WSE detection among the four regions, where all the stable
VSs in S3A were situated. Due to its flat terrain, stable water recharge, little impact of
human activities, and proximity to lakes within the Qinghai-Tibetan Plateau, the WSE was
easily detected in the closed-loop mode. Moreover, as the birthplace of international rivers,
the region has a strong hydrological research foundation, leading to the accurate placement
of the range window in every period of the open-loop mode (unlike the misplacement of
the range window in the reservoirs), allowing for the establishment of a complete time
series of the WSE in both of the open-loop and closed-loop modes.

In the closed-loop mode, none of the VSs in the HN region could detect the WSE due
to the high altitude, narrow water surface, and significant topographic relief surrounding
the water bodies. However, one-third of them could do so at the beginning of the open-loop
mode (OLTC V5.0), and the detection rate improved with the change in the OLTC versions
(Figure 7). This indicated that the use of the open-loop mode and the proper placement of
the range window significantly improved the detection rate of the WSE in high mountain
rivers. Still, some VSs (e.g., NO. 61.7) were found to detect the WSE in the previous OLTC
version, but failed to do so after the change in the OLTC table.

Clear seasonal patterns were captured in the Sentinel-3 WSE detection in the Zambezi
basin by Kittel et al. [12], and the LW region shares the same geography. However, contrary
to our expectation, after transition to the open-loop mode (Figure 9), the data quality
of the VSs that performed well in the closed-loop mode decreased significantly. This
situation occurred in four VSs located in the Lancang River basin reservoir areas, where the
construction of reservoirs in recent years led to the expansion and rise of the water surface,
resulting in the incorrect placement of the range window in OLTC V5.0 [26]. However,
after OLTC was updated to V6.0, the situation improved as the range windows were
repositioned to the correct positions and all four VSs could detect WSE again. However,
changes in water volume, rather than WSE reference values, are of greater concern in the
reservoir area, which requires a complete time series of WSE. However, according to echoes
from the VSs in reservoir areas (Figure 10), the extreme values of WSE cannot be detected
in the open-loop mode for the seasonal variations of water level exceeding the limit of
the range window (usually 60 m). This renders the creation of a complete time series of
WSE impossible.

The smooth water flow and flat terrain in the LN region provide favorable conditions
for the WSE detection of Sentinel-3 to achieve a good performance in both of the closed-loop
and open-loop modes. However, a similar situation occurred as in the HN region (e.g.,
NO. 61.7), where some VSs that could detect the WSE in previous OLTC versions (e.g.,
NO. 61.3) could not do so with the update of the OLTC table. Combining the information
from the two regions, the incorrect OLTC update was the key for the situation. Moreover,
for the narrow river surface and the fluctuating terrain in the two regions, the majority of
the range window was not placed on the water surface all the time. Thus, the significant
fluctuation of WSE in mountainous areas makes it possible for the WSE to exceed the range
window for the entire time of the new OLTC (e.g., NO. 61.7).
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Figure 9. Four VSs in the reservoir areas. The satellite image shows the locations of the VSs, with
the orbit of Sentinel-3A (S3A) indicated by the blue line. The orbit numbers are shown in red next to
the orbit, and the red dots on the orbit indicate the location of the satellite emitting detection waves

at the corresponding VSs. The VSs number is displayed in red font in the upper right corner of the

image. The figure in the middle is the variation of WSE variation at the same time for different years.

Figure in the right is show the time series of the WSE for the specific VS, where azure, green, blue,

and black refer to closed-loop, OLTC V5.0, OLTC V6.0, and OLTC V6.1.
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5.2. Comparison of S3A and S3B in the Study Region

The detection rates from the research by Kittel et al. in the Zambezi River basin
were 36.6%, 44.0%, and 48.8% in the closed-loop mode, OLTC V5.0, and OLTC V2.0,
respectively [12], while the numbers in this study are 36.8%, 47.4%, and 64.3%, respectively
(Table 1). The situation displays a significant improvement in the capability of the Sentinel-3
to detect water surface information as the transition from the closed-loop mode to the open-
loop mode occurs. Moreover, the detection rate of S3A increased with the implementation
of newer OLTC versions to 60.5% and 63.2% in OLTC V6.0 and V6.1, respectively, while the
detection rate of S3B rose to 71.4% and 75.0% in OLTC V3.0 and V3.1, respectively, which is
the same as the prediction by Jiang et al. [70]. However, the probability of stable was low
for both S3A and S3B, particularly for S3A, which highlights the challenges of establishing
a complete time series of WSE.

According to Taburet et al. [46], the difference in data availability between S3A and S3B
during the tandem phase when they operated in different tracking modes was attributed
to the closed-loop mode. This indicates that the two satellites have the same detection
capability for WSE. However, it is clear that S3B outperforms S3A in WSE detection from
Figure 8 and Table A4, and with their hardware differences excluded, the comparison of
detection rates at reservoirs between OLTC V5.0 and V2.0 indicates that the OLTC settings
for S3B are more precise than those for S3A. Additionally, observations of the VSs location
in high mountainous areas suggests that several VSs in S3A were not appropriately placed
on the water surface; some were even placed on the river bank adjacent to the water surface,
whereas this was not the case for S3B. Moreover, the different tracks of S3A and S3B result
in the different locations of their VSs, making the better geographical conditions in S3B
possible for its better performance.

5.3. Impacts of Reservoirs Impoundment on S3A and S3B

The study by Zhang et al. [14] noted that the establishment of the cascade reservoirs
widened the water surface of the Lancang River, which significantly improved the detection
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rate of WSE during the closed-loop mode, helping it to have a better performance than
that in the Nu River. However, due to the establishment of the cascade reservoirs, the
WEE in the Lancang River basin changes rapidly while the OLTC table is not able to record
this information in OLTC V5.0. The result was that the performance of Sentinel-3 in the
Lancang River basin was lower than that in the Nu River basin in the OLTC V5.0, and not
as good as itself in the closed-loop mode; these results are the same as those found by of
Zhang et al. [26].

It is evident from Figure 8 that with the change in the OLTC versions, the detection
rate of WSE in the Lancang River basin had a clear upward trend, while it was basically
unchanged in the Nu River basin. After the comparison with different OLTC tables, it
was found that the OLTC tables of most VSs were not detected with the change in the
OLTC versions. So, the situation could be explained with the fact that multiple updates
of OLTC coincidentally missed the correct values of the WSE in the Nu River basin. How-
ever, it is more likely due to the fact that improving the accuracy of the OLTC table is
currently insignificant in comparison to increasing the detection rate of Sentinel-3 in the
Nu River basin.

5.4. Advantages and Limitations in the Approach and Prospects for Future Research

Satellite radar altimetry has been widely used over the past few decades to bridge the
gap between data requirements in hydrologic/hydrodynamic simulations and in situ data
availability. The dual-satellite mission Sentinel-3 joins a new generation of satellites carrying
high-resolution SAR altimeters, which outperforms previous radar altimetry missions in
terms of time coverage and resolution. We explored the performance of Sentinel-3 altimetry
over high mountain and cascade reservoirs basins by dividing it into four regions with
different river widths and elevations. The study shows that the detection rate of Sentinel-3A
and Sentinel-3B improves when transitioning from a closed-loop mode to an open-loop
mode and with the implementation of newer OLTC versions. Additionally, Sentinel-3A
performs better when detecting water surfaces in the Lancang River than the Nu River, due
to the cascade reservoir causing river channel expansion.

Although the data covered the periods of abundance and depletion in V6.1 and V3.1,
a complete hydrological year was not covered in these two OLTC versions. However,
since the OLTC table has been updated to V6.2 and V3.2 on 8 and 15 September 2022,
respectively, whether the update of the OLTC table has a significant improvement on the
detection rate of Sentinel-3 needs to be studied in the future. Kittel et al. [12] believed that
the success is entirely dependent on the accuracy of the OLTC tables, as data are missing
from the S3A records, which is in large part due to the latency between the mission start
and OLTC update. Now, Sentinel-3 allows all to propose amendments to the OLTC table at
https:/ /www.altimetry-hydro.eu/, which effectively avoids incomplete revisions to the
OLTC table and reduces the delay in OLTC updates. Additionally, this study treats VSs
with echo energies greater than 2000 as identified to the water surface, but nearby bright
targets such as small lakes and ponds could be a source of errors for Sentinel-3 [12,25].
Although it had been confirmed through satellite images that there were no bright targets
nearby, the state of a certain moment cannot exclude the disturbance.

The detection ability of Sentinel-3 is improving with the implementation of newer
OLTC versions, but seasonal variations of water levels in reservoirs exceeding the size
of the range window may render a complete measurement impossible. As the seasonal
variation of the WSE in reservoirs (more than 100 m [13]) usually exceeds the range window
(usually 60 m), the WSE in reservoirs cannot be detected completely over a hydrological
year in the open-loop mode. Here, two solutions are proposed to address hardware issues
and enable the Sentinel-3 to capture the complete annual variation of WSE in reservoirs.
The first solution involves setting up multiple VSs within a reservoir and adjusting the
OLTC of each VS according to the fluctuations in WSE. By adding more groups of VSs, the
range window could be extended to cover the maximum WSE fluctuations. For example,
by setting a reservoir with two groups of VSs, we can theoretically identify up to 120 m of
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water level fluctuations in the reservoirs. The second solution involves dividing the VSs
into several sets of OLTCs based on the expected water level fluctuations in the reservoirs.
During the period of abundant water, the OLTC table with a higher value would be used,
and in the dry period, a lower range window would be placed. This real-time OLTC update
would enable more accurate monitoring of the WSE in the study area.

6. Conclusions

This study aimed to evaluate the effectiveness of S3A and S3B in detecting the WSE in
high mountain areas, plains, and reservoir areas using the Lancang and Nu River basins as
examples. The main findings are as follows:

1.  Transitioning from the closed-loop mode to the open-loop mode and upgrading to
newer OLTC versions improved the detection rates for both S3A (from 36.8% in closed-
loop to 47.4%, 60.5%, and 63.2% in OLTC V5.0, V6.0, and V6.1, respectively) and S3B
(from 64.3% in OLTC V2.0 to 71.4% and 75.0% in OLTC V3.0 and V3.1, respectively) in
both the Lancang and Nu River basins.

2. The updated OLTC version significantly improved the data quality of VSs in high
mountain and narrow rivers, except for a few VSs. Compared to the initial satellite
launch, the detection rate improved by 40.9% for S3A and 15.8% for S3B.

3. The closed-loop model of S3A performed better when detecting the WSE in the
Lancang River than in the Nu River at lower elevations due to the impoundment of
cascade reservoirs, which extended the water surface width of the Lancang River.
However, in OLTC V5.0, S3A had difficulty detecting the effective data in the lower
reaches of the Lancang River because the elevation of the reservoir water surface
resulted in a range window that was too low. This problem has since been addressed
by OLTC V6.0 due to the correct placement of the range window.

4. Inthe Lancang River basin, the seasonal variations of the WSE in reservoirs that exceed
60 m may exceed the range window size (60 m), making a complete measurement
impossible despite improvements in the OLTC versions.

This study provides valuable insights into the performance of S3A and S3B in detecting
WSE in different types of landscapes and under various conditions, and a reference value
on the performance of Sentinel-3 for mountainous areas, plains, and reservoir areas of water
surface elevation detection after OLTC V5.0. The study also identifies some limitations of
the current OLTC technology. The prospect of this study lies in the potential application
of Sentinel-3 in monitoring water resources in mountainous regions, which are crucial for
many downstream communities and ecosystems. This study provides a useful reference
for future research concerning the improvement of remote sensing technology and the
monitoring of water resources in challenging environments.
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Appendix A

Table Al. Description of successive open-loop tracking command (OLTC) versions on Sentinel-3A
and Sentinel-3B.

VSs’ Type:

Mission OLTC Version Date of Activation Number of VSs Rivers/Lakes/Reservoirs/Glaciers Update Changes
\Z¥ 18 April 2016 2253 2007/246/-/- -
4 areas of interest between
V4.2 24 May 2016 2253 2007/246/-/- 25°N and 60°N in the
open-loop
Sentinel-3A 31,008 VSs were added
V5.0 9 March 2019 33,261 17,409/ 14,427 /1,386/39 e e Qe
40,798 VSs were added in
V6.0 27 July 2020 74,050 20,100/47,637/4,262/51 T
V6.1 26 August 2021 74,050 20,100/47,637/4,262/51 EliEnER Cleaio T ol DI
VSs were improved
V1.0
6 June 2018 2253 2007/246/-/- -
(tandem)
V2.0 27 November 2018 32,515 17,016/14,245/1,231/23 B2o1 Vséso?gr_e()gfged in the
Sentinel-3B n
V3.0 18 June 2020 73,629 21,719/47,738/4,149/23 Al LSS v ekl
the world
V3.1 19 August 2021 73,629 21,719/47,738/4,149/23 SR A S

were improved

Table A2. Information on virtual stations in S3A for this study, including station number, track length
(estimated from Google Earth), elevation (estimated from ALOS), and coordinates.

Station Detected or Track Length Elevation Location Lon ) Lat ©)
Not (m) (m)
43 Detected 110 1398 Nu 98.76 27.62
47.1 Detected 80 3769 Nu 94.20 31.48
61.2 Detected 510 1304 Lancang 99.22 25.79
613 Detected 270 652 Nu 98.95 24.75
61.5 Detected 280 453 Nu 98.61 23.40
61.6 Detected 340 434 Nu 98.57 23.23
61.7 Detected 370 410 Nu 98.54 23.11
61.8 Detected 230 408 Nu 98.52 23.05
61.9 Detected 230 397 Nu 98.51 22.98
104.5 Detected 120 3452 Nu 95.04 31.16
118.1 Detected 80 1239 Lancang 99.98 25.11
118.2 Detected 120 1272 Lancang 99.88 24.76
175.1 Detected 1080 812 Lancang 100.34 22.84
175.2 Detected 880 769 Lancang 100.35 22.86
175.3 Detected 840 795 Lancang 100.30 22.66
261.1 Detected 1880 4596 Nu 91.58 32.15
261.2 Detected 1620 4597 Nu 91.55 32.05
261.3 Detected 1540 4591 Nu 91.51 31.92
275.2 Detected 100 3022 Lancang 97.65 30.44
2754 Detected 190 2587 Nu 97.44 29.69
318.1 Detected 380 4405 Nu 92.31 31.44
318.2 Detected 200 4400 Nu 92.28 31.33
332.5 Detected 150 2605 Lancang 98.35 29.58
332.7 Detected 120 2093 Nu 98.15 28.86
3752 Detected 190 4049 Nu 93.27 31.53
4.2 Undetected 80 1914 Lancang 98.89 28.13
614 Undetected 110 559 Nu 98.80 24.13
104.2 Undetected 110 3991 Lancang 95.51 32.86
104.3 Undetected 150 4126 Lancang 95.41 32.46
104.4 Undetected 40 3575 Nu 95.08 31.31
104.6 Undetected 70 4117 Nu 94.93 30.77
161.3 Undetected 110 3707 Lancang 96.33 3244
161.4 Undetected 120 3713 Lancang 96.18 31.90
161.5 Undetected 80 3226 Nu 95.92 30.95
218.4 Undetected 80 3443 Lancang 97.07 31.72
218.5 Undetected 120 3357 Lancang 96.95 31.31
218.6 Undetected 120 3021 Nu 96.69 30.37

375.1 Undetected 40 4191 Nu 93.45 32.17
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Table A3. Information on virtual stations in S3B for this study, including station number, track length

(estimated from Google Earth), elevation (estimated from ALOS), and coordinates.

Detected or

Track Length

Elevation

Station Not (m) (m) Location Lon (°) Lat (°)
43 Detected 80 2230 Lancang 98.64 28.94
44 Detected 290 1723 Nu 98.47 28.31

47.1 Detected 40 3914 Nu 93.80 31.73
47.2 Detected 120 3893 Nu 93.73 31.48
61.3 Detected 60 1631 Lancang 99.11 27.19
614 Detected 340 950 Nu 98.88 26.28
615 Detected 150 924 Nu 98.87 26.27
104.1 Detected 40 4160 Lancang 95.09 33.00
104.2 Detected 80 3591 Nu 94.60 31.24
118.2 Detected 1200 1228 Lancang 99.51 25.12
118.3 Detected 350 495 Nu 99.13 23.62
161.3 Detected 40 3835 Lancang 95.90 32.56
161.4 Detected 80 3913 Lancang 95.78 32.13
161.5 Detected 110 3363 Nu 95.47 31.04
175.1 Detected 1280 989 Lancang 100.35 24.75
175.2 Detected 1350 807 Lancang 99.97 23.23
218.3 Detected 80 3580 Lancang 96.71 32.11
218.4 Detected 80 3541 Lancang 96.59 31.67
218.5 Detected 190 3125 Nu 96.35 30.81
275.3 Detected 120 3316 Lancang 97.29 30.83
2754 Detected 110 2734 Nu 97.11 30.17
332.2 Detected 110 2834 Lancang 98.01 30.06
375.1 Detected 80 4173 Nu 92.84 31.64
375.2 Detected 40 4189 Nu 92.81 31.53
275.2 Undetected 110 3165 Lancang 97.33 30.99
318.1 Undetected 120 4498 Nu 91.83 31.39
332.3 Undetected 50 3765 Nu 97.89 29.62
3324 Undetected 50 2392 Nu 97.83 29.40

Table A4. Detection rate of each component, including stable, unstable, HW, HN, LW, LN, and
different versions of OLTC.

S3A S3B
Cﬁ“‘*d' V5.0 V6.0 V6.1 V2.0 V3.0 V3.1
oop

43 v v v 43 v v v
47.1 i i v 44 v v i
612 v i i 471 v v
61.3 i v v 472 v v i
615 v v v 613 v

61.6 v v Vi 61.4 i Vi v
61.7 v v 61.5 i v v
61.8 v v v 104.1 Vi v
61.9 Vi N N 104.2 v i v
104.5 v i i 1182 v v v
118.1 v v v 118.3 i i v
1182 v i i 1613 v
175.1 v v Vi 161.4 i i v
175.2 v v v 1615 v v v
175.3 v v Vi 175.1 v v v
261.1 v v v v 175.2 Vi Vi v
261.2 v v i i 2183 v Vi v
261.3 J v Vi v 218.4 v V J
275.2 i Vi i 2185 v v v
275.4 v v Vi 2753 v
318.1 v v 275.4 v v
3182 v v 3322 v
332.5 v v v 375.1 v
332.7 v i v 3752 v v v
3752 v v Vi

Note. / indicates that a valid water body information is detected.
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