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Abstract: This study investigates the potential of satellite altimetry for water level time series
estimation of smaller inland waters where only very few measurements above the water surface are
available. A new method was developed using off-nadir measurements to estimate the parabola
generated by the hooking effect. For this purpose, a new waveform retracker was used as well as an
adopted version of the RANdom SAmple Consensus (RANSAC) algorithm. The method is applied to
compute time series of the water levels height of the Mekong River and some of its tributaries from
Envisat high-frequency data. Reliable time series can be obtained from river crossings with widths
of less than 500 m and without direct nadir measurements over the water. The expected annual
variations are clearly depicted and the time series well agree with available in situ gauging data. The
mean RMS value is 1.22 m between the resulting time series and in situ data, the best result is 0.34 m,
the worst 2.26 m, and 80% of the time series have an RMS below 1.5 m.
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1. Introduction

A prerequesite for an accurate description of the global water cycle, is the assessment of water
storage of inland water bodies. In particular, long-term changes in water storage are important for the
risk assessment of floods and drought and for water availability. However, the number of in situ gauges
along inland waters has been declining worldwide since the 1980s. The number of available gauges at
the Global Runoff Data Center (GRDC) decreased from 7300 in 1978 to 1000 today [1]. Especially in
Asia and Africa, almost no in situ data are available.

More recently, satellite altimetry has begun to close this data gap for inland waters. Altimetry
data are especially advantageous for inland waters because they are obtainable even in remote regions.
Satellite altimetry was originally designed for sea surface observations, but with the development of
new data processing strategies, altimetry measurements may now be used over inland water bodies
such as lakes, reservoirs, rivers, and wetlands. For example, using Geosat data, Morris and Gill [2]
obtained time series of the levels of the Great Lakes in North America. With the launch of the ERS-1
mission in 1991 and the Topex/Poseidon mission in 1992, more inland waters became observable
(e.g., [3–6]). The ERS-1 mission was succeeded by ERS-2, Envisat, and SARAL/AltiKa in the same
orbit; similarly, the Topex/Poseidon mission was succeeded by Jason-1 and Jason-2. Currently, we can
access more than 20 years of continuous altimetry time series.

However, altimetry data collected over inland water bodies are more difficult to process than
open ocean data. The over-land footprint size of Envisat’s Ku-band radar echo is between 2 and
16 km [7], which limits the use of standard Geophysical Data Record (GDR) products for inland
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water applications. The waveforms returned from complex surfaces differ from the Brown-like ocean
waveforms on which the standard processing algorithms are based [8]. For reliable results over smaller
water bodies, we require specific retracking algorithms, such as β-5 Retracker, Threshold Retracker, or
Improved Threshold Retracker [8].

Reflecting the importance of inland water altimetry, four inland water altimetry databases
have now been established: Hydroweb, developed by Laboratoire d’Etudes en Géophysique et
Océanographie Spatiales (LEGOS) [9]; the River and Lake database provided by the European Space
Agency (ESA) [10]; the Global Reservoir and Lake Monitor (GRLM), maintained by the Foreign
Agricultural Service of the United States Department of Agriculture (USDA) [11]; and the Database
for Hydrological Time Series over Inland Water (DAHITI), developed by the Deutsches Geodätisches
Forschungsinstitut der Technischen Universität München (DGFI-TUM) [12].

To date, most of the small-river studies have focused on the Amazon basin (e.g., [13–15]) or on
other rivers surrounded by flat topography (e.g., [16,17]). Flat topography is desirable, as it does not
shadow the water body in the altimetric footprint, reducing the risk of the altimeter losing lock.

Off-nadir measurements are also problematic over inland water bodies. Because water reflects
more strongly than the surrounding land, the altimeter instrument measures the slant distance to the
water surface even when not in nadir. Such off-nadir measurements lead to a parabolic shape of the
track-height profile, called the hooking effect (Figure 1). Frappart et al. [13] were the first ones who
described this effect for inland waters. They corrected the effect using a migration method which
integrated the energy over such a parabolic feature. Calmant et al. [18] addressed the hooking effect
as one major issue which affects the altimetry of inland water bodies. In Santos da Silva et al. [15]
the geometry behind the hooking effect is explained in more detail and the effect is corrected for
some of the presented time series over the Amazon basin. Later works, such as Santos da Silva et al.
[19] or Frappart et al. [20], corrected the hooking effect as well. Maillard et al. [17] developed a new
method to correct the hooking effect by comparing the theoretical shape of the hooking parabola with
the measured data profile. All of these studies, including the study presented in this paper, were
conducted with conventional radar altimetry. SAR altimetry data, like Crysosat-2 data, is less prone to
the hooking effect and does not require its correction.

In this study, we introduce a new method that derives reliable water-level time series over smaller
rivers using measurements affected by the hooking effect. This method can even be used when no
nadir data over the river is available at all but only parts of the hooking parabola. In contrast to the
above mentioned studies by Frappart et al. [13], Santos da Silva et al. [15], or Maillard et al. [17], the
presented method is almost fully automatic and enables a fast and reliable processing of almost all
river crossings, even for very small rivers. We developed a special retracker in order to ensure that all
off-nadir measurements can be used and the parabola is well represented in the data set. To identify
off-nadir measurements and thus estimate the parabola, we employ the RANSAC algorithm [21].
RANSAC is commonly used in computer vision, for example, in image registration (e.g., [22–24]) and
feature extractions from LiDAR data (e.g., [25,26]).

The method is trialed in a case study, namely the derivation of water-level time series along
the Mekong River in South-East Asia and some of its tributaries. In terms of discharge and
length, the Mekong River ranks among the 10 largest rivers in the world. Using satellite altimetry,
Frappart et al. [27] have already investigated the lowest part of the Mekong basin south of Krong Stung
Treng, where the river width exceeds 2 km. Birkinshaw et al. [28] studied the entire lower Mekong basin
(the same region is investigated in the present study) using Envisat and ERS-2 data. They focused on
the area south of Vientiane and one station further in the North, where the river is less than 500 m wide.
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Figure 1. Off-nadir measurement of the slant distance to the water body (ρi) generates a parabolic
profile of the heights above the geoid. The vertex of this parabola is the height H0 at the nadir position.
On the right side the situation of non-perpendicular intersection is shown.

2. Study Area

The Mekong River is one of the longest rivers in the world (approximately 4500 km). From the
Tibetan Plateau, it flows through six countries in South East Asia: China, Myanmar, Laos, Thailand,
Cambodia, and Vietnam. The present paper focuses on the lower Mekong basin, downstream of
the South of the mountainous regions in China, and the triangle of Myanmar, Laos, and Thailand.
From there, it flows 2600 km south and outflows into the South China Sea in Vietnam. This area is
inhabited by roughly 60 million people who are provided with water from the Mekong River. At the
beginning of the lower basin, the Mekong River is less than 500 m wide, but widens to more than
2 km at the beginning of the delta. Most of the tributaries and the main stream north of Vientiane are
less than 1 km wide. North of Vientiane, the Mekong River not only narrows to below 500 m but is
also surrounded by mountainous and hilly topography. Figure 2 displays the lower Mekong region.
During the summer months (mid-May to early September), the climate in the lower Mekong basin is
dominated by the yearly south-eastern monsoon [29], which can raise the water level of the Mekong to
more than 10 m [28].

3. Data

3.1. Altimetry Data

This study uses the high-frequency altimetry data of the Envisat/RA-2, ERS-2 and SARAL/AltiKa
satellite missions, focusing on Envisat data. Envisat had a 35 day-repeat orbit with an inclination of
98.55◦ and height of approximately 770 km. Envisat’s orbit is a continuation of the ERS-1 and ERS-2
orbits. The mission started in March 2002 and was shifted to a new orbit in October 2010. Only data
prior to October 2010 is used in this study, cycle 006 to 094. The altimeter instrument measures ranges
between the satellite and the surface. The heights H are obtained by subtracting the observed ranges ρ

from the satellite height Hsat , and are corrected for the atmospheric delay caused by the ionosphere
(iono) and the dry and wet troposphere (dry and wet, respectively), the crustal motions caused by pole
tides (pt) and solid earth tides (et), a geoid correction (geoid) and the radial bias between different
altimeter missions (oerr). Thus, the physical heights are calculated as

H = Hsat − ρ− (iono + dry + wet + pt + et + geoid + oerr) . (1)
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Table 1 summarizes the corrections applied to the data. For a proper comparison among altimeter
missions, we adopted correction models that were available over the entire time period of the altimetry
data. In addition to these corrections, the ranges ρ were retracked over the inland water bodies to
obtain more reliable heights. The retracking process will be detailed in Section 5.1.

Table 1. Corrections applied to the altimeter measurements.

Correction Model/Source Reference

ionosphere NOAA Ionosphere Climatology 2009 (NIC09) Scharroo and Smith [30]
dry troposphere ECMWF (2.5°× 2.0°) for Vienna Mapping Functions 1 Boehm et al. [31]
wet troposphere ECMWF (2.5°× 2.0°) for Vienna Mapping Functions 1 Boehm et al. [31]
polar tides IERS Conventions 2003 McCarthy and Petit [32]
earth tides IERS Conventions 2003 McCarthy and Petit [32]
geoid EIGEN-6C3stat Förste et al. [33]
oerr MMXO14 Bosch et al. [34]

Envisat’s RA-2 instrument measures high-resolution data in the Ku- and S-bands with a frequency
of 18 Hz, corresponding to a distance of approximately 365 m between two consecutive measurements.
This study employs the Sensor Geophysical Data Record (SGDR) v2.1 data. In the study region, the
bandwidth of the RA-2 instrument switches among 320 MHz, 80 MHz, and 20 MHz depending on the
roughness of the topography [35]. Over rougher terrain the bandwidth is lowered which increases
the tracking window of the altimeter. This prevents the altimeter to lose lock over rapidly changing
heights. According to the smaller bandwidth the size of each bin is increasing and thereby the height
resolution is decreasing. The different bandwidth are also called measuring modes.

The Envisat satellite mission was preceded by ERS-2 (1995–2011) and succeeded by SARAL/AltiKa
(2013 onward) in the same orbit. ERS-2 was measuring in two different bandwidth like Envisat.
SARAL/AltiKa does not change measuring bandwidth. For ERS-2 we used the cycles 000 till 085
(REAPER) and for SARAL/AltiKa the cycles 001 till 020 (GDR-T patch 2).

3.2. In-Situ Gauging Data

The time series derived from the altimetry data is validated by comparisons with in situ gauging
data. The Mekong River Commission (http://ffw.mrcmekong.org/) maintains several gauging stations
along the lower Mekong River and its tributaries. Among the 27 available time series of gauging-station
data, we selected those satisfying the following criteria: First, because this study focuses on smaller
rivers, we selected only the gauging stations upstream of Vientiane and along the tributaries, where
the river width is about 1 km or less. The only exception is the Mukdahan station, where specific
topographic influences can be studied. Second, we excluded gauging stations with large data gaps
or unexplained jumps in their time series. Third, we filtered out all gauging stations with no
usable close-by altimetry data. The nine remaining stations were located 15–80 km distant from
the investigated virtual stations, i.e., the crossing points of the altimeter tracks and the rivers. The
locations of the gauging and virtual stations are shown in Figure 2.
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Figure 2. Study area of the lower Mekong River, indicating the gauging stations used in the validation
(name of the nearest settlement and ID issued by the Mekong River Commission), the virtual stations,
and the Envisat altimetry tracks.

The temporal resolution of the time series of the gauging stations is one day. Gauging data along
the main stream cover the entire time frame of the Envisat measurements (until 2010), while those
along the tributaries terminate between 2005 and 2007.

4. Hooking Effect

The hooking effect is an off-nadir distortion of altimetry measurements that occurs at the
water-land transition. Because the water surface reflects usually more strongly than the surrounding
land surface, the altimeter measures the distance to the water surface even when not vertically
positioned over the water. The measured off-nadir distances form a parabolic shape in the along-track
altimetric height profiles [15]. This can be explained from the relationship between the off-nadir
measurements and the heights (Figure 1). The measured range ρi at a distance dsi from the nadir over
the water body is given by

ρi =
√

ds2
i + (ρ0 − dai)2. (2)

Here, dai =
∂a
∂s dsi is the height difference of the satellite between the nadir point and the actual

measurement points, ∂a
∂s is the change in satellite altitude along the track, and ρ0 is the measured nadir

range over the water body. Given that the water-level height is Hi = ai − ρi, Hi can be expressed as a
function of dsi with

Hi = a0 − dai︸ ︷︷ ︸
ai

−ρ0

√(
1− dai

ρ0

)2
+

ds2
i

ρ2
0

. (3)
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Neglecting the higher-order polynomials, Equation (3) can be rewritten as

Hi = H0 − ds2
i

(
1

2ρ0

)(
1 +

(
∂a
∂s

)2
)

. (4)

Equation (4) shows that Hi follows a parabolic profile with a vertex at H0, i.e., the water height.

The parabola is distorted by the term
(

∂a
∂s

)2
, which changes over the water body region. The changes

of height over short distances are small (approximately 0.005 m
m ). For example, over 5 km from

a water body away, the height would be distorted by approximately 8 cm, below the accuracy of
the altimetry-derived inland water heights (a few decimeters). Therefore, the height distortion can
be neglected.

Equation (4) assumes that the along-track distance equals the horizontal distance between the
satellite and the water body, i.e., the altimetry track is perpendicular to the water body. In practice,
however, the track intersects the river at an angle α. The strongest water return then originates not
from the intersection of the altimetry track and the river, but from a closer upstream or downstream
position. Assuming a straight river in proximity, the distance between the footprint center and the
nearest water body is ds

′
i = dsi · sin(α) (see Figure 1 right side). Therefore, the hooking parabola is

dilated but not distorted.
However, depending on the intersection angle, the altimeter can measure river sections of length

10 km or more. Over a stretch of 10 km, the slope of the river cannot usually be neglected, and the
measurements must be corrected accordingly.

Figure 3 shows an altimetry profile over the upper Mekong River, near Luang Prabang (Figure 2).
The parabolic shape of the measurements is clearly visible. In this example the hooking effect extends
to 10 km from the water body and the error in the parabolic heights is up to 100 m. Not all of the
measurements are influenced by the off-nadir returns. The topography of the river and its surroundings
can influence the measurements such that no hooking parabola appears in the data. Winding rivers and
regions surrounded by mountains that shadow the river are especially prone to this effect. As the exact
crossing point of the altimeter track and the river slightly changes (up to 1 km), the hooking parabola
may be apparent in some measurements, while others show a completely different characteristic.

Figure 3. Profile of measured Envisat data over the Mekong River near Luang Prabang (see Figure 2).
The figure shows all available passes at this location. The data were retracked beforehand using the
Multi-Subwaveform Retracker (MSR) (see Section 5.1). The blue region indicates the actual location of
the river.

Most land-water transitions generate a hooking effect in the altimetry data. However, the hooking
effect can usually be ignored in water-level estimates of larger water bodies where enough nadir
measurements allow for a reliable estimate of the water level. For smaller rivers or lakes, (<1 km)
where fewer altimetric measurements over the water body are available, the altimeter instrument can
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lose lock due to the rapidly changing topography. In these cases, the hooking parabola can yield more
reliable water levels than those obtained solely from measurements over the water body. Especially in
the Envisat data, no measurements may exist where the river width is less than 350 m which is the
distance between two consecutive measurements of Envisat. If the altimeter loses lock and misses
some water surface data, information can be retrieved from distant parts of the hooking parabola.
When analyzing the parabola, the water body does not need to be precisely located; indeed, its position
might change over time.

The whole hooking effect and its treatment is based on the assumption that water causes the
strongest return of all objects in the footprint. However, other objects may cause a strong reflection as
well, such as river banks, surrounding rice fields, or urban buildings. If these objects are the strongest
reflector over the whole pass they might even form a parabola on their own.

In the Mekong region investigated in this work rice fields have the highest importance of these
reflecting objects. However, only a few time series examined in this work are surrounded by rice fields
as we focus on the more northern part of the river in hilly and mountainous areas. For some crossings
of the altimeter over the river no parabolic shape is visible in the heights which can be caused by water
bodies surrounding the river such as rice fields. In these cases, correction the hooking parabola is
not applicable.

5. Method

In our approach, the hooking parabola is derived from all measurements during a single pass
around the river crossing. Our method can be divided into three main steps. First, we process the data
using a newly developed retracker, the Multi-Subwaveform Retracker (MSR), which improves the data
along the hooking parabola. The second (and most important) step detects the useful measurements
that are influenced by the hooking effect. For this purpose, we adopt the RANSAC algorithm. The final
step combines the measurements extracted by the RANSAC algorithm into a model of the hooking
parabola, from which the water-level is obtained.

5.1. Multi-Subwaveform Retracker MSR

Our novel retracking method, MSR, was developed to improve the data quality of water-level
time series, with special focus on the hooking effect. The method determines the sub-waveforms
in Improved Threshold Retracker (ITR) data [8]. As an initial step, we consider here all ITR
sub-waveforms, although only the first one is used for determining the water height. Figure 4
shows a typical waveform of a land-water transition, with the identified sub-waveforms marked by
different colors. Over the water body itself, the first return and (and therefor the first sub-waveform) is
caused by the reflection of the water. As the satellite retreats from the water, the first return signal most
likely originates from land reflectance, and later sub-waveforms can be attributed to water returns.
Thus, the first sub-waveform in the ITR waveform delivers good results over the water body, but yields
no information on the hooking parabola. We assume that in each waveform, one of the sub-waveforms
originates from water reflectance, but we cannot know which one. We can only assume that the water
return yields the most intense sub-waveform. To find this sub-waveform, we define a weight for
each subwaveform.

wj = ∑
i

Pi i = 1 . . . length(subwaveform) (5)

where wj is the weighting factor of the jth sub-waveform and Pi denotes the return power at gate i of the
jth sub-waveform. The number of sub-waveforms j and the number of gates i for each sub-waveform
are determined in the MSR. The sub-waveform with the largest weight is assumed as the water-return
sub-waveform and is therefor used in the height determination. This factor wj defines the dominant
sub-waveform as the one with the most power and highest amplitude. The weighting factor also
defines the accuracy of the heights estimated in further calculations.
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Figure 5 shows the MSR results for one crossing. The hooking parabola is clearly visible in the
bundle of heights derived from all sub-waveforms (black dots), and the best sub-waveform (red stars)
is usually caused by water reflection. The ITR results (green squares) turn out to be less suitable for
extracting the hooking parabola.
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Figure 4. Typical waveform near the water-land transition. The identified sub-waveforms are marked
with different colors. The most intense sub-waveform (red stars) is assumed to come from the water
surface. The vertical lines indicate the leading edge of each sub-waveform.
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Figure 5. Altimeter profiles obtained by two retrackers during one pass over the Mekong River. The
heights obtained from all subwaveforms of the MSR are marked in black dots, the heights of the best
waveforms in the MSR and Improved Threshold Retracker (ITR) data are marked as red stars and
green squares, respectively.

The analysis of the heights retrieved from all subwaveforms affirms the assumption that the most
prominent return is caused by the river. Other objects in the footprint might cause a strong reflection
as well (river banks, surrounding rice fields, or urban buildings). However, heights caused by these
targets would probably not lie on the hooking parabola, save they are such strong reflectors that they
form a parabola on their own. Figure 5 shows clearly that most of the heights derived from the most
prominent sub-waveform from a parabolic shape.

Nonetheless, it is possible to use all heights by sub-waveforms in the following algorithm and not
only the best. By this, one can be certain that the water return is included. The effects of including all
heights and not only the best in the algorithm will be examined in Section 6.
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The retracking process is not impaired by the changing mode of the altimeter mentioned in
Section 3.1. The nominal tracking gate and bin size are changing with each mode, but both are
known for all bandwidths. Therefore, the retracking method can be used regardless of the actual
measuring mode.

5.2. RANSAC Algorithm for Hooking Effect Estimation

The off-nadir altimetry returns from the water surface along the hooking parabola are identified
by the RANSAC algorithm. This non-deterministic algorithm estimates the model parameters from
data with outliers [21]. By virtue of its iterative approach, RANSAC more robustly handles data with
outliers than conventional estimation algorithms. The iterative process begins with the best-fitting
model within a given uncertainty range. The success of the algorithm depends on the accuracies of the
input data. Moreover, it is helpful, but not necessary, to know the approximate number of outliers in
the data.

The RANSAC algorithm proceeds through three steps (an example is illustrated in Figure 6):
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5 10

along track distance [km]

(a) Step 1.  Select initial points (red dots)
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(b) Step 2.  Calculate the model (inner gray line

represents the calculated model, outer gray

lines denote the limits used in step 3)
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(c) Step 3.  Find the consenus (green points are

the points fitting the model of step 2)

Figure 6. The main steps of the RANdom SAmple Consensus (RANSAC) algorithm.

1. Select the initial values: A sufficient number of points to unambiguously define the model are
randomly picked from all data points (e.g., 3 for a parabola and 2 for a line; see Figure 6a).

2. Calculate the a-priori model: This step uses the randomly chosen points from step 1
(See Figure 6b).

3. Find the consensus set:

(a) The consensus set contains all data points that fit the model within a specified limit, which
is determined by the accuracy of the points. Given the uncertainty in the data, if many
data points fit the model the randomly picked starting points have probably homed-in on
the correct model (See Figure 6c).

(b) Recalculate the model using all points in the consensus set, and determine and save the
new consensus set.

These three steps are repeated N times. The number of repetitions depends on the proportion of
outliers and the targeted level of confidence. N can be estimated by

N =
log (1− prob)

log (1− (1− ε)s)
. (6)

Here ε is the relative number of outliers (as a percentage), prob denotes the confidence level (e.g.,
99%), and s is the number of points required in the model determination. The confidence level defines
the probability of finding the correct model. Although the number of outliers needs not be exactly
known, an overlyoptimistic assessment reduces the number of repetitions, impeding the estimation of
the correct model. If the number of outliers exceeds 60% (as in the present study), N can be 1000 or
even larger.

Finally, the algorithm selects the “best” model. In the original RANSAC algorithm, the best model
acquires the largest consensus set. We modified the RANSAC algorithm to account for the goodness of
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fit of the points to the model. Instead of maximizing the number of points in the consensus set, we
seek the model that minimizes the following error function

C = ∑
i

v(dist(pi, model)) (7)

with

v(dist(pi, model)) =

{
dist(pi, model) : dist(pi, model) < limit

constant : dist(pi, model) > limit.
(8)

In these expressions, dist(pi, model) denotes the difference between the model and the ith data
point, and limit defines the threshold below which points are considered to fit the model (cf., Step 3a).
The constant can be freely chosen but must be larger than the limit. In this study, we set constant =
2 ∗ limit. Different values for the constant were tested on their performance in the algorithm, but
constant = 2 ∗ limit yielded overall the best results. The proportion of outliers determines whether
a model is accepted. If the best model has a smaller consensus set than expected from the outliers,
the model is discarded, and no model is returned. Again, it is preferable to overestimate rather than
underestimate the outlier proportion.

In our study, the RANSAC algorithm finds the points belonging to the hooking parabola, not the
final parameters of the parabola. Two parabola fittings are required, one each for the northern and
southern banks of the water. The two half-parabolas are estimated separately because their shapes
are influenced by the topography in the footprint (among other factors), which might differ on both
sides of the river. Moreover, two half-parabolas might not share a common vertex. To estimate these
parabolas, the algorithm requires only points from the northern or southern half of the data (with an
additional 10% margin). For wider rivers with more than 500 m width, the algorithm also identifies
points along a horizontal line over the river.

Sometimes, parabolic height profiles can result from the topography around the water body.
To avoid such profiles, we impose three restrictions on Step 2 of the RANSAC algorithm. First, the
hooking parabola is known to open toward the downside. Second, the parabola opening can be roughly
estimated from Equation (4) . Third, the water height is roughly known (±25 m) from a topography
model. Therefore, models that predict water heights outside of this window are discarded. Under
these restrictions, the RANSAC algorithm may not find any model and the height determination may
fail in that epoch.

We also found that, in general, models with vertexes close to the middle of the water body yielded
superior results.

5.3. Final Parameter Estimation

The RANSAC algorithm outputs up to three sets of points, one set for each of the two parabolas
and one set for the line (optional). These models are not necessarily consistent, as they define different
water levels. Therefore, to determine which of the models fit together, we use restricted parameter
estimation with hypothesis testing [36] (Chapters 3.2 and 4.2). The three models were pairwise-tested
if they predicted the same height with a level of confidence of 95% .

In the first step, the points of the two test models are used in a parameter estimation of the
water-level height. The second step forces the parameters of both models to predict the same height
of the water body. The subsequent hypothesis test evaluates whether the same-height restriction
appreciably distorts the models. To this end, it compares the standard deviations of the unrestricted
and restricted parameters.

Provided that the models fit together, their points are used in a parameter estimation to determine
the water-level height. If none of the models fit together, the model with the smallest standard
deviation is selected. The height of the vertex of the estimated hooking parabola is adopted as the final
height when composing the time series.
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5.4. Post-Processing of the Time Series

5.4.1. Slope Correction

The slope of the river influences the data processing in two ways. First, it influences the altimeter
measurements at non-perpendicular intersections as described in Section 4. This influence is corrected
in the retracked altimeter heights prior to the main algorithm. The correction is minor and exerts no
significant influence on the results.

The second influence is caused by the orbital variation. The crossing location might change as
much as 1 km, leading to variable biases in the time series. If the slope is known, the water levels
can be corrected to the mean point of the river crossing. The slopes of the main Mekong River are
reported in Gupta and Liew [37], but those of the tributaries are unknown. However, this correction
improves the root mean square (RMS) (relative to data from a neighboring gauging station) by only a
few centimeters, and is therefore a secondary correction. Hence, it is applied only to measurements
along the main river.

5.4.2. Outlier Detection

The time series resulting from the final parameter estimation might contain some outliers.
Residual outliers are detected with prior information; namely, we expect that an annual signal
dominates the time series. To this end, we fit an annual sinusoidal signal to the time series, and
detect all points whose residual is outside the 95% quantile of all residuals. However, points outside
of this quantile are not necessarily outliers. For instance, the peak of a flood, drought, or some other
unusual event would be detected as an outlier. If the neighboring measurements show a similarly
large residual, we attribute these points to extreme events in the time series, rather than discarding
them as artefacts.

For the absolut standard deviation σhi
it is neccessary to know the variance factor σ0:

σ2
hi
= σ2

0 ·
1

whi

. (9)

We assume, that σ0 is constant for all heights in one time series and for all time series. To derive
σ0 we compare altimeter time series with close by in situ gauging data. The RMS is considered to be
identical with the standard deviation of the whole time series, which is

(RMS)2 = σ2
T =

∑N
i σ2

hi

N
=

σ2
0 ·∑

N
i

1
whi

N
with N number of points in time series. (10)

In a strict sense the accuracies of the corrections and orbit have to be included here on the left
hand side. However, as they are assumed constant over both time and the Mekong River region and
small compared to the RMS (≈5 cm) their contribution will be absorbed in the variance factor σ0.

6. Results, Validation and Discussion

This section presents the water-level time series of the Mekong River and its tributaries, and
validates them in comparisons with gauging data. For this purpose, we ensured that all virtual
stations are close to an existing gauging station. The validation stations have different topographic
surroundings and river widths, and thus, represent the diversity of real inland waters.

For the following results we had to set parameters in the RANSAC methods (see Section 5.2).
Where Envisat data were measured at the highest resolution with a bandwidth of 320 MHz, we set
limit = 1 and the outlier proportion to 70%. All virtual stations south of Chiang Khan (latitude
18◦ N) were measured in this bandwidth. At more northern stations, the bandwidth altered during a
single pass and also among passes, increasing the proportion of outliers to 80%. In these cases, we set
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limit = 1 if most of the measurements remained within the 320 MHz bandwidth; otherwise, we set
limit = 1.5.

6.1. Results and Validation of the Water-Level Time Series Derived by the Hooking Approach

In this section, we derive the water-level time series from altimetry data using our proposed
method, hereafter referred to as the hooking approach. Table 2 compares the results of the virtual
stations with those of their nearest gauging stations. To compare the time series derived from our
method with that of the gauging station data, we compute the RMS, the coefficient of determination
(R2), and the number of points in the time series and all available Envisat cycles. For both the RMS
and R2 coefficient we remove the long term mean from both the altimetry and gauge time series as the
gauge data is not height referenced. The long term mean is only calculated with time points which are
in both time series. An interpolation is not needed because of the daily resolution of the gauge data.
The hooking approach outputs two values: the first from the time series without outlier detection and
the second with outlier detection (see Section 5.4.2).

The hooking approach yields water-level time series for over three-quarters of the available cycles.
The exception is the Ban Mixai Station, where the topography is atypical (see Section 6.2). We also
identified three sources of missing cycles. First, even when Envisat collects measurements over a
complete cycle, data might be missing over a specific region. Accordingly, data from this cycle is
missing in all altimetric time series. Second, our algorithm might be unable to fit a parabola or a line
to the available data; in this case, it would return no height measurements. Finally, even when the
height data are well-fitted to a parabola or line, they might be discarded because they fall outside the
specified height window.

The RMS of the time series derived by the hooking approach ranges from 0.34 m to 2.26 m, with a
mean of 1.22 m. The RMS is below 1.5 m in 80% of the cases. The R2 lies between 0.55 and 0.97 with a
mean of 0.83 (improving to 0.91 for the main river only). The RMS exceeds 2 m in only one time series
(Luang Prabang 1), where the river topography is especially prone to seasonal effects (see Section 6.2).
Excluding outliers (at the expense of reducing the number of data points) improves the derived time
series in 8 out of 14 cases. In three cases, outlier detection does not change the results; in two cases, it
slightly deteriorates the results; and in one case, the RMS decreases but also the correlation.

The quality (R2) of the gauging-station data is generally poorer along the tributaries of the Mekong
River than along the main river. At only one station (Voeun Sai 1), R2 exceeds 0.8 and the RMS is very
low (0.34 m). However, the low R2 at other stations does not necessarily imply defects in the hooking
approach; rather, it depends largely on the quality of the gauging data. Despite our choice of gauging
data (see Section 3.2), both the quality and length of the in situ data are inferior. As the time series
shortens, the determination of R2 becomes more unstable and more strongly influenced by single
outliers. In addition, the amplitudes of the annual variations are smaller along the tributaries (6–11 m)
than along the main river (10–18 m). Assuming the same uncertainty in all water levels, smaller
signal amplitudes will yield smaller R2, although the magnitude of the absolute RMS difference
is independent of amplitude. Along the tributaries, where the RMS is less sensitive to the signal
amplitude, the RMS values are comparable (within the same order of magnitude) to those of the
main river.

We also conducted this examinations with using the heights derived by all sub-waveforms and
not only the best one (see Section 5.1). With all heights we can be certain to always include the height
of the water return which should improve the results. However, we found that in general the results
are neither improving nor deteriorating but the computational time is increasing. With an increasing
number of points used in the RANSAC algorithm the portion of outliers is increasing as well. With this
the number of neccessary iterations of the RANSAC algorithm increases accordingly (see Equation (6)).
This lead us to the conclusion that it is not worth using all heights instead of the best. However, it is
possible that at other locations at other rivers using all heights prove to be useful.
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Table 2. Comparison of results obtained by the hooking approach and the median approach. The MCR code is the code of the gauging station assigned by the Mekong
River Commission and the station name is the nearest settlement. The stations above the double lines reside along the main Mekong River; those below the double
lines reside along the tributaries. Listed are the pass numbers of the intersecting Envisat track, the location of the intersection, the distance between the gauge and the
intersection in kilometer, the intersection length of the water body measured by the altimeter in meter, and the approximate amplitude measured at the gauge in
meters. The quality of the results is indicated by three measures: the root mean square error (RMS) in meter between the altimetry time series and the gauging data,
the squared correlation coefficient (R2), and the number of epochs in the time series (compared to the number of all available altimeter epochs).

Hooking Approach Median Approach
without Outlier Detetction with Outlier Detetction

MCR Code Station Name Dist. River Name Pass Lon Lat Intersect. Length max. Amplitude RMS R2 # Epochs RMS R2 # Epochs RMS R2 # Epochs # Avail. Epochs
010501 Chiang Saen 30 Mekong River 294 100.339 20.390 350 10 2.25 0.61 59 1.83 0.84 55 6.04 0.29 50 80
011201 Luang Prabang 1 24 Mekong River 651 101.949 20.027 250 15 2.51 0.94 81 2.26 0.97 77 3.64 0.71 77 81

Luang Prabang 2 16 Mekong River 651 102.000 19.814 500 15 1.23 0.88 76 1.20 0.91 73 6.96 0.26 76 79
011903 Chiang Khan 1 60 Mekong River 193 101.612 18.424 240 13 0.87 0.94 72 0.86 0.94 72 3.58 0.48 71 80

Chiang Khan 2 5 Mekong River 193 101.730 17.919 2860 13 1.28 0.86 65 1.08 0.89 62 10.23 0.00 52 80
Chiang Khan 3 35 Mekong River 666 101.943 18.084 340 13 1.46 0.91 70 1.48 0.90 67 1.96 0.75 73 80

011901 Vientiane 19 Mekong River 651 102.436 17.980 1800 11 1.63 0.76 71 1.22 0.86 69 6.30 0.03 82 82
013402 Mukdahan 1 39 Mekong River 21 104.984 16.283 3220 12 1.35 0.78 71 0.97 0.89 67 4.61 0.25 79 83

Mukdahan 2 60 Mekong River 952 105.068 16.109 1000 12 0.51 0.97 79 0.50 0.97 77 5.47 0.16 84 86
120101 Ban Mixai 18 Nam Khan 666 102.3240 19.6856 90 4.50 1.79 0.58 46 1.68 0.70 43 3.90 0.32 67 81
350101 Ban Keng Done 42 Xe Bangfai River 479 105.6986 16.3180 180 14 1.44 0.78 74 1.40 0.55 68 6.32 0.25 80 85
440102 Voeun Sai 1 18 Tonle San River 322 106.7130 13.8421 460 7 0.97 0.79 73 0.34 0.88 69 3.44 0.39 82 84

Voeun Sai 2 16 Tonle San River 937 106.9437 14.0426 320 7 0.98 0.61 63 0.89 0.59 61 3.11 0.30 81 85
430102 Siempang 31 Tonle Kong River 479 106.2653 13.8467 430 10 1.49 0.72 69 1.49 0.72 69 2.29 0.44 84 85
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6.2. Effects Influencing the Accuracy of the Water-Level Time Series

The topography of the Mekong River strongly influences the consistency of the altimetry time
series and the gauging data. The gauging data are always maintained at settlement sites, where the
river valley is usually widened. In contrast, altimetry measurements can be collected upstream or
downstream of settlements, where the river is narrower. Consequently, the amplitudes are higher in
the altimetry water-level time series than in the gauge time series. The amplitude difference is revealed
in the RMS values but not in the determination coefficients (R2). This effect becomes obvious at the
virtual stations of Chiang Saen and Luang Prabang 1.

The time series of the two virtual Luang Prabang stations are compared with that of the gauge
station in Figure 7 (for visual clarity, the means of all time series are removed). The virtual station Luang
Prabang 1 lies ca. 20 km upstream of the gauging station and Luang Prabang 2 ca. 5 km downstream.
The amplitude of the time series at Luang Prabang 1 is clearly exaggerated during periods of low
water, possibly because of the changing river width. The river width at different water levels can be
measured from Landsat 7 panchromatic images (data available from http://earthexplorer.usgs.gov/),
with a pixel size of 15 m [38]. For this purpose, we used two 2006 images: one from the dry season in
March and the other from the flood season in August. The Landsat images of the three locations at
both dates are shown in Figure 8. The measured river width is also shown. The Mekong River clearly
widens at Luang Prabang 2 and at the gauging station, from 400 m and 240 m during the dry season to
520 m and 450 m, respectively, during the flood season. The wet season covers many sand banks that
are visible during the dry season. On the other hand, the river at Luang Prabang 1 is little expanded
during the flood season (from 240 to 300 m); instead, the water rises in the valley. This effect is clearly
visible in the amplitudes of the three time series.

−10

−5

0

5

10

15

h
e
ig

h
t 
[m

]

2002 2004 2006 2008 2010

2002 2004 2006 2008 2010

Luang Prabang 1
Luang Prabang 2
Gauge 011201

Figure 7. Water-level time series at the stations near Luang Prabang.

The change of river width can be used to estimate the river discharge at the three sites. This
parameter should be similar for all three stations at a given time epoch. If assuming a trapezoidal shape
of the river intersection, which is clearly a strong simplification, one is able to estimate the discharge
variation from the change of intersection area. Furthermore, we assume an identical flow velocity at
all locations. For the altimetry height differences we took the measured values closest in time to the
Landsat images. Heights from the gauge are taken at the same epoch. For Luang Prabang 1 we obtain
a height difference of 9 m and a change of the intersection area of 2430 m2; for Luang Prabang 2 we
find a height difference of 5 m, and area change of 2300 m2; and for the gauge the height difference
is 7 m which leads to an area change of 2450 m2. Considering the assumption of the simplified river
shape and the accuracy of width measurement which of least one pixel on each side of the river and a
pixel size of 15 m, no significant difference can be determined.
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Figure 8. Landsat 7 images at the Luang Prabang sites during the dry season (top) and the wet
season (bottom).

The influence of different topography even between close by stations shows the importance
of co-location of the observations. Unfortunately, co-locating the gauge data and altimetry data
is not available in most cases which should be keep in mind when gauge data and altimetry data
are compared.

Besides the topography surrounding the station, the time series is affected by the angle of
intersection between the altimeter track and the river. The two virtual stations at Mukdahan are
closely spaced and surrounded by comparable landscape, but yield significantly different time series.
These two virtual stations differ only by the angle at which the altimetry track intersects the river.
Track 21 (Mukdahan 1 further upstream) intersects very obliquely and passes along the river for several
kilometers, whereas track 952 (Mukdahan 2 further downstream) intersects nearly perpendicular to
the river. Equivalently, the intersection length is three times longer at Mukdahan 1 than at Mukdahan 2.
Reflecting this difference, the time series of Mukdahan 2 has an RMS against the gauge only half the
size then the Mukdahan 1 series, and contains more data points. Because of the oblique intersecting
angle and long intersection length, the altimetry data at Mukdahan 1 are influenced by the slope in
the water surfaces, which can be compensated as described in Section 5.4.1. However, to properly
correct this influence one has to know the exact slope, which points are influenced by the slope, and
which points are cross track off-nadir measurements from the river. Gupta and Liew [37] provide
river slopes for the Mekong. However, Mukdahan is located at the transition of two river units. For
the upstream unit a slope of 0.06 m

km is given, and for the downstream unit a slope of 0.2 m
km . Using

the altimetry data set, we calculate slopes between 0.09 m
km and 0.11 m

km , which seems to be realistic
and in accordance to Gupta and Liew [37]. The time series of Mukdahan 1 and 2 are compared with
that derived from the gauge data in Figure 9. Although neither of the virtual time series properly
reproduces the maxima, Mukdahan 2 generates better data overall and a more accurate time series at
the minima than Mukdahan 1.

The results are influenced not only by acute intersection angle between the altimetry track and the
water body but also by the shape of the river at the intersection. This is exemplified at Chiang Khan 2,
where the intersection length seems to not fit the expectations. At Chiang Khan 2, the river makes an
s-bend which expands its apparent width under the altimetric track, although the river is only around
300 m wide at this point. The meandering of the river under the track also degrades the quality of the
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results, as the measured water-level height can no longer be regarded as constant. Consequently, the
time series deteriorates and displays more data gaps.
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Figure 9. Water-level time series at the stations near Mukdahan.

As discussed above, the differences in the time series derived from the virtual stations and the
gauging data depend on the valley width. However, at Ban Mixai station, the valley introduces
an additional problem. In this stretch, the river flows through a narrow valley with high and very
steep banks (indeed, the Ban Mixai site has the steepest banks among the sites investigated in this
study). These steep banks reflect the radar signal multiple times, causing offsets in some of the height
measurements. The water levels acquired through one cycle at Ban Mixai are plotted in Figure 10.
We show both the results of all sub-waveforms from the MSR and the best one. Clearly, there are
two shifted parabolas and partially also a third one. Two similar peaks are visible in the waveforms:
the first from the original water reflection and the second from the multiway reflection. The applied
retracker detects the dominant peak in either of these parabolas. Because the algorithm cannot
distinguish between water returns and multiple reflections, it indiscriminately extracts measurements
from either the upper or lower parabola. The two parabolas can be offset by up to 15 m, three times
higher than the amplitude of the seasonal signal at Ban Mixai (5 m). Thus, the multireflections preclude
a reliable time series at this location as many cycles cannot be used.

In Section 4 we discussed about possible reflections from objects other than the river. In the
Mekong region the biggest concern are neighboring paddy fields which might show a strong reflectance
as well. However, only a few virtual stations south of Vientiane are surrounded by rice field. In order
to investigate these stations for possible non-river influences we can also use the hooking approach.
Since it is not only possible to extract the height of the vertex of the hooking parabola but also its
along-track position we are able to check whether the vertexes are in a close proximity to the river or
not. A vertex further away of the river is probably caused by a reflection not originating from the river.
In Figure 11 we show as an example all tracks and the position of the vertex for the two stations near
Mukdahan which are surrounded by paddy fields. For both virtual stations all vertexes are in close
vicinity to the river. Moreover, the water leverage of rice fields is season-dependent since they are only
flooded during the wet season. Therefore, the reflection from the paddy fields would only degrade
the measurements during these months, but we do not see any season dependency of the time series
quality. Additionally, the consistency of the two parabolas we estimate for each target (see Section 5.3)
can be used as indicator, that only desired reflections are included: if both parabolas fit together in
height they originate most probably from the same reflector, i.e., the river.
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Figure 10. Along-track heights at Ban Mixai, Envisat cycle 16, retracked with MSR, showing all heights
of all sub-waveforms in black and the best one in red.
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Figure 11. The position of the vertexes along the track for the two virtual stations near Mukdahan.

6.3. Comparison with Other Altimetry Products

This subsection compares the results of the hooking approach with those of an established
median approach (e.g., [17]). The median approach uses the median of all MSR retracked altimeter
measurements within a 3 km radius around the river center. Similar to our hooking approach, it
also discards all heights outside a specified height window. The median approach is the easiest
one for deriving the water-level time series of inland waters, requiring only the river location as
additional information.
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The hooking approach always yields superior results to the median approach for all vritual
stations. The results of the median approach should improve with increasing intersection length;
on the contrary, both RMS and R2 values reduce with increasing intersection length, whereas the
results of the hooking approach are independent of intersection length. The median approach yields
a meaningful time series only at the Chiang Khan 3 station. At all other stations, the resulting time
series are of insufficient quality for further analysis.

Birkinshaw et al. [28] published altimetry time series at Luang Prabang 2 and Vientiane and at
downstream stations not considered in this study. In their study they use ERS-2 and Envisat data
between 1995 and 2003 and 2002 and 2008 respectively. The altimetry data is retracked according to
the shape of each waveform (ocean-like, flat patch and two quasi-specular). They adopted two outlier
detection methods in their time series determination. Comparing the altimetric and gauging-station
time series at Luang Prabang 2, they reported RMS values of 1.99 m and 1.24 m with 22 points and
16 points in the time series, respectively. The hooking approach yieldes an RMS value of 1.23 m
and 1.20 m without and with outlier detection and the time series contains 76 and 73 data points of
79 available epochs respectively (see Table 2). Over the same period, the Vientiane station yielded RMS
values of 0.41 m and 0.44 m with 29 points and 33 points in the time series, respectively. For the Envisat
data between 2002 and 2008 there should be approximately 60 repeats, but due to the retracking
scheme and the measurement quality only 25 repeats for Luang Prabang and 37 for Vientiane are
available after retracking. Our results for the same station show RMS values of 1.63 m and 1.22 m
with 70 and 67 data points of 82 available epochs in the time series. Although the time series obtained
by Birkinshaw et al. [28] and our hooking approach are comparable in quality measured with the RMS,
the former is constructed from fewer data points.

We could not compare our results with data from the GLRM [11] or Hydroweb [9] databases,
because no common virtual stations are available. In the ESA River and Lake database [5] two virtual
stations near Mukdahan are included. For Mukdahan 1 the ESA time series has an RMS value of 2.42 m
and R2 of 0.76 compared to 0.97 m and 0.89 in our results; the Mukdahan 2 ESA time series has an RMS
value of 0.43 m and R2 of 0.99 compared to 0.50 m and 0.97 in our results.

6.4. Application of the Hooking Approach to Other Missions

The Envisat satellite mission was preceded by ERS-2 and succeeded by SARAL/AltiKa. Therefore,
we should consider whether the hooking approach is applicable to data from these satellites, and
consequently, whether the time series can be expanded. To this end, we tested the hooking approach on
a previously used virtual station, Chiang Khan 1. Although the hooking approach yielded reasonable
time series from ERS-2 and SARAL/AltiKa data, the results were limited by inherent defects in the
datasets. The ERS-2 data were discontinuous due to lost lock of the altimeter and changing bandwidth
of the measurements, which were not properly documented. However, compared with the gauging
data, the 1995–2003 time series derived by the hooking approach exhibited an RMS and R2 of 1.33 m
and 0.85, respectively. Given the aforementioned limitations, the quality of these results is comparable
to that of the Envisat analysis.

Data gaps also limited the processing of the SARAL/AltiKa data, but in this case, the gaps
were caused by weather influence. SARAL/AltiKa measurements are more sensitive to atmospheric
water content [39] than the other two missions, and are more degraded during the monsoon season.
Nonetheless, the time series of SARAL/AltiKa derived by the hooking approach yielded good statistics
(RMS = 0.76 m; R2 = 0.93 versus the gauging station data). The SARAL/AltiKa measurements
should yield better results than Envisat, especially over smaller inland waters, because of the higher
repetion rate (40 MHz) and smaller footprint. In fact, the time series derived from SARAL/AltiKa and
Envisat were comparable in quality because the SARAL/AltiKa data are degraded by atmospheric
water content.

According to these results, the hooking approach is applicable to ERS-2 and SARAL/AltiKa data,
as well as to Envisat data. To collate the time series derived from the three altimetry missions, we must
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tackle the range biases between the missions. One part of these biases is the radial range error oerr
between the altimetry mission. This is determinded over the open ocean and interpolated over the
continents [34]. The correction of this bias is already included in the generel corrections mentioned
in Section 3.1. The other part mostly depends on the retracking algorithm and is not constant for
even one retracker. Solutions to the later one are currently being debated. At Chiang Khan, the
between-mission bias can be reduced by establishing the long-term mean. This approach enables us to
merge the three time series into a single time series of nearly 20 years (see Figure 12). However, if the
observed water body has no constant long-term mean, correcting the range biases becomes a complex
problem, and is not attempted here.
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Figure 12. Twenty years multi-mission time series at the station Chiang Khan 1.

7. Conclusions

In this study, we demonstrated a method that derives reliable time series from off-nadir
measurements acquired in satellite altimetry over rivers narrower than 500 m. These off-nadir
measurements form a parabola in their height profiles whose vertex is the water level. Without
further a-priori information, our method identifies the measurements affected by the hooking effect.
From these measurements, it derives one water level per epoch. The method of deriving water levels
is even applicable if no nadir measurement over the river is available as long as parts of the hooking
parabola can be identified in the data.

The off-nadir measurements are detected by the RANSAC algorithm. Because the only additional
information is the estimated location of the river, the operation of the algorithm is almost fully
automatic. To validate our method, we derived water-level time series along the Mekong River and
some of its tributaries, and compared them to the time series acquired by in situ gauging stations.
The RMS of our time series ranged between 0.34 m and 2.26 m, with a mean of 1.22 m, and the R2

value ranged between 0.97 and 0.55, with a mean of 0.83 (improving to 0.91 when the tributaries
were excluded).

The topography exerted a major influence on the altimetry data in the Mekong region. For
example, the amplitude of the time series is increased in narrow valleys. Another influence was the
intersection angle between the altimetry track and the river; as the intersection became more oblique,
the data quality declined.

Comparing the results of our hooking approach with those of the median approach, we find that
the hooking approach clearly outperforms the median approach in the study area. Using the hooking
approach, we can measure water-level time series of rivers in the Mekong region even when no nadir
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altimetry data are available. The approach is also well-suited to very small rivers (width below 500 m).
Over wider rivers, there are usually sufficient altimetric measurements for conventional approaches
such as used in DAHITI or other altimetry databases. Due to the automatization of the algorithm we
are able to extract a larger number of water level time series in a short time. The hooking approach
seems equally applicable to smaller river systems around the globe.

Here, we demonstrated the presence and correction of the hooking effect in data from three satellites:
Envisat, ERS-2, and SARAL/AltiKa. After removing the range biases between consecutive missions,
we derived a water-level time series over the Mekong River that spans 20 years.

In the next stage of our research, we will combine our hooking approach with the DAHITI
database operated by the DGFI-TUM [12] in order to be able to process altimetry data for large and
small rivers within one common software. Toward this goal, we are planing to correct the measured
altimetric heights of the hooking parabola, providing more data points at the height of the water
surface. This correction should yield reliable water-level time series for all kinds of inland water bodies,
lakes, reservoirs, and rivers, including very small bodies (width <500 m).
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