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1 INTRODUCTION

SUMMARY

Satellite radar altimetry observations are used to derive short wavelength gravity anomaly fields
over the Persian Gulf and the Caspian Sea, where in situ and ship-borne gravity measurements
have limited spatial coverage. In this study the retracking algorithm ‘Extrema Retracking’
(ExtR) was employed to improve sea surface height (SSH) measurements that are highly
biased in the study regions due to land contaminations in the footprints of the satellite altimetry
observations. ExtR was applied to the waveforms sampled by the five satellite radar altimetry
missions: TOPEX/POSEIDON, JASON-1, JASON-2, GFO and ERS-1. Along-track slopes
have been estimated from the improved SSH measurements and used in an iterative process to
estimate deflections of the vertical, and subsequently, the desired gravity anomalies. The main
steps of the gravity anomaly computations involve estimating improved SSH using the ExtR
technique, computing deflections of the vertical from interpolated SSHs on a regular grid using
a biharmonic spline interpolation and finally estimating gridded gravity anomalies. A remove—
compute—restore algorithm, based on the fast Fourier transform, has been applied to convert
deflections of the vertical into gravity anomalies. Finally, spline interpolation has been used to
estimate regular gravity anomaly grids over the two study regions. Results were evaluated by
comparing the estimated altimetry-derived gravity anomalies (with and without implementing
the ExtR algorithm) with ship-borne free air gravity anomaly observations, and free air gravity
anomalies from the Earth Gravitational Model 2008 (EGM2008). The comparison indicates a
range of 3—5 mGal in the residuals, which were computed by taking the differences between
the retracked altimetry-derived gravity anomaly and the ship-borne data. The comparison of
retracked data with ship-borne data indicates a range in the root-mean-square-error (RMSE)
between approximately 1.8 and 4.4 mGal and a bias between 0.4062 and 2.1413 mGal over
different areas. Also a maximum RMSE of 4.4069 mGal, with a mean value of 0.7615 mGal
was obtained in the residuals. An average improvement of 5.2746 mGal in the RMSE of the
altimetry-derived gravity anomalies corresponding to 89.9 per cent was obtained after applying
the ExtR post-processing.

Key words: Satellite geodesy; Sea level change; Gravity anomalies and Earth structure.

well as to estimate the marine gravity field in Haxby et al. (1983),
Cazenave & Royer (2001) and Hwang et al. (1998). Altimeter ob-

Satellite radar altimetry has wide applications in oceanography, the
estimation of variations in sea level and large inland water bod-
ies and climate change (e.g. Fu et al. 1994; Shum et al. 1995), as
well as in geodynamics and physical geodesy, where it provides
dense and precise sea surface height (SSH) measurements all over
the world (Hwang & Hsu 2003). Satellite radar altimetry data has
been used to study ocean tectonics in Lawver ef al. (1992), Cande
et al. (2000), Fernandes et al. (2001) and Sandwell et al. (2014), as

servations of SSH also offer a fundamentally different way to mea-
sure more localized gravity anomalies than those provided by space
satellite gravity missions, such as CHAMP!, GRACE? or GOCE?

! Challenging Minisatellite Payload (CHAMP).
*The Gravity Recovery And Climate Experiment (GRACE).
} Gravity field and steady-state Ocean Circulation Explorer (GOCE).

1522 © The Authors 2015. Published by Oxford University Press on behalf of The Royal Astronomical Society.
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(Andersen et al. 2008; Sandwell & Smith 2009), while these space
satellite gravity missions provide rather precise gravity field ob-
servations at longer wavelength (e.g. a resolution of ~100 km or
longer for GRACE static field) based on a long-term average (e.g.
ITG2010S; Mayer-Giirr 2006), they cannot provide more local-
ized information. Therefore, satellite radar altimetry can be used
to improve the knowledge about gravity anomalies primarily at
wavelengths of ~100 km and shorter by measuring sea surface to-
pography. In fact, the higher resolution of the gravity field inferred
from satellite altimetry is due to the nature of measurements that
reflect gravity anomalies close to the earth’s crust, which is pri-
marily responsible for gravity field variations of the wavelength of
5-100 km (Andersen et al. 2008, 2010; Sandwell et al. 2014).

Numerous studies exist that demonstrated the application of satel-
lite radar altimetry at both global (e.g. Sandwell & Smith 1997,
2009; Hwang et al. 1998) and local scales (e.g. Noreus et al. 1997;
Andersen & Kundsen 2000). In this study, altimetry measurements
are applied to investigate short wavelength gravity anomalies over
the Persian Gulfand the Caspian Sea. The main aim of our study is to
improve the static gravity field over both study areas using improved
SSH measurements from retracked satellite altimetry waveforms.
The motivation for selecting these study areas originates from the
fact that both regions are characterized by complex geophysical
processes. The Persian Gulf, with a surface area of ~251 000 km?,
is an east-west stretch of shallow water body (average depth of
~50 m), located where the Arabian Plate (from south) meets the
Eurasian Plate (in north). As a result, temporally gravity changes
can be detected over the southern part of Iran and the Persian Gulf
(Perotti ef al. 2011; Forootan et al. 2014). More geophysical phe-
nomena, such as a sea level rise caused by post-glacial rebound,
have also been reported, e.g. in Lambeck et al. (2002). A large
geoid height change of ~20 m in north—south direction is present
over the Caspian Sea, the world’s largest lake (~371 000 km?),
where two tectonic plates meet at the south Caspian Basin (Jackson
et al. 2002). To the best of our knowledge, very few attempts have
been undertaken to monitor gravity anomalies over these regions
using satellite altimetry observations (e.g. Sandwell & Smith 1997;
Ozyavas et al. 2010; Safari et al. 2014). This contribution adds to the
previous literature by providing high-resolution gravity field maps
over the Persian Gulf and the Caspian Sea using improved altimetry-
derived SSH based on the retracking algorithm ExtR (Khaki et al.
2014).

The altimetry data used in this study consists of waveform obser-
vations of the Topex/Poseidon, Jason-1, Jason-2, Geosat Follow-On
(GFO) and ERS-1 missions. Our motivation to select these altime-
try missions is due to their high density coverage over both the
Persian Gulf and the Caspian Sea. Using various missions with
different satellite footprints is necessary for precise estimation of
gravity anomalies (Sandwell & Smith 1997). To estimate grav-
ity anomaly from altimetry measurements, various important steps
must be undertaken (Sandwell & Smith 2009) of which measuring
SSH accurately is the most important consideration.

Radar altimeters measure heights of the surface of water bodies,
which in first approximation, is related to the gravitational potential
(e.g. Garcia et al. 2014). Knowing that gravity anomalies are the
vertical derivative of the Earth’s potential field, a precise estimation
of sea surface slope is essential. Sandwell & Smith (1997) state that
1 mGal of change in gravity anomaly approximately corresponds to
1 prad (micro-radian) of ocean surface slope.

In fact, many factors affect the absolute height accuracy of
altimetry-derived SSH, and subsequently sea surface slopes. These
include, for example, errors in orbital positions, atmospheric er-
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rors, that is, the wet tropospheric propagation errors, as well as
other corrections, such as imperfect reduction of tidal effects (see
e.g. Kouraev et al. 2011; Sharifi et al. 2013; Fernandes et al. 2014).
In addition, a crucial component in the error budget for altimetry-
derived gravity estimations originates from the imperfect estimation
of the ‘range’ (the distance between satellite and water surface) us-
ing radar measurements (Garcia et al. 2014). This issue is even
more critical over regions, such as inland water bodies and coast-
lines, where radar altimetry-derived range measurements may be
affected by large errors due to land contamination in the radar sig-
nal footprint (Birkett et al. 2002; Berry et al. 2005). This issue is
also critical for both study areas considered in this paper.

In order to use altimetry observations over inland water bodies
and coastal areas, it is necessary to apply a post-processing algo-
rithm (based on ‘waveform retracking’) to improve the accuracy of
range (or SSH) estimations (Brown 1977). The ‘retracking’ process
here refers to the re-analysis of the waveforms, a time-series of re-
turned power in the satellite antenna, in order to improve altimetry
parameters, such as range, significant wave height and wind speed
(Davis 1995; Gomez-Enri et al. 2009). There are several studies
that address the waveform retracking over inland water bodies, for
example, Lee et al. (2008), Zhang et al. (2009), Troitskaya et al.
(2012) and Uebbing et al. (2015). Andersen et al. (2010) used dou-
ble retracking technique to improve the global marine gravity field.
In general, no particular retracking algorithm exists that always
represents optimum SSH estimations over all water bodies with dif-
ferent characteristics. Therefore, retracking algorithms have to be
specifically designed for each particular region/application.

In this study, possible improvements in estimation of altimetry-
derived gravity field due to the application of waveform retracking
are assessed. Particularly, in order to retrack satellite radar altimetry
data, and consequently improve SSH estimations, over the Persian
Gulf and the Caspian Sea, an in-house developed algorithm, known
as the Extrema Retracking (ExtR) technique proposed by Khaki
et al. (2014) was used. The estimated altimetry-derived gravity
anomalies (with or without implementing ExtR algorithm) are eval-
uated using ship-borne free air gravity anomaly observations, as well
as free air gravity anomalies from the Earth Gravitational Model
2008 (EGM2008). Our motivation to select ExtR is due to its pro-
cessing speed and its promising results over the Caspian Sea, when
compared to the Off Center of Gravity (OCOG, Wingham et al.
1986), the NASA B-Parameter Retracking (Martin ef al. 1983) and
Threshold Retracking (Davis 1997). Khaki et al. (2014) indicated
that estimation of geoid height profiles using the ExtR algorithm
yielded improved root-mean-square-errors (RMSE) with respect to
the geoid close to the coastal area of the Caspian Sea.

Various techniques exist to estimate gravity anomaly grids from
altimetry-derived SSH estimates, where most are based on a
remove—compute—restore procedure together with the fast Fourier
transform (FFT) applied to either geoid heights or deflections of
the vertical. For example, Hwang ef al. (1998) used an inverse
Vening Meinesz formulation to compute gravity anomaly in 12 dif-
ferent case studies including inland water bodies. The least-squares
collocation technique was applied in Hwang & Hsu (2008) to es-
timate gravity anomalies over the China Sea and Taiwan Strait. A
combination of terrestrial gravity data and satellite altimetry gravity
anomalies were implemented in Kingdon et al. (2007) over the Great
Lakes (see also Marchenko ef al. 2003; Sandwell & Smith 2009).

In this study, the method proposed in Sandwell & Smith (2009)
was used to recover gravity anomalies from ExtR-improved altime-
try data over the Persian Gulf and the Caspian Sea. The applied
method is based on the formulation of a boundary value problem

9102 ‘2g AenigeH uo Ariqi] AsiAIUN uLnD e /Bio'seulnolploxo:1ib//:dny wouy papeojumoq


http://gji.oxfordjournals.org/

1524 M. Khaki et al.

of the Laplace equation, which allows the extraction of gravity
anomalies from deflections of the vertical using the FFT technique.
Even though each of the other methods proposed in the literature
has some unique advantages, the following reasons informed the
choice of Sandwell & Smith’s (2009) algorithm, that is, (i) many
error sources that affect the accuracy of altimetry-derived absolute
surface heights represent negligible influences on sea surface slope,
which will be used here to estimate gravity anomalies, (ii) the al-
gorithm is faster than other methods especially compared to that of
least-square collocation and (iii) by applying this method, crossover
adjustment can be avoided, which effectively allows the use of ob-
servations from different satellite altimetry missions. These factors
made the implemented algorithm quite efficient in estimating grav-
ity anomalies over localized areas, such as inland water bodies.

The remainder of this contribution is organized as follows: in
Section 2, the data used in this study is explained. In Section 3,
the data pre-processing, including the ExtR method, is discussed.
The methodology of gravity anomaly extraction from satellite radar
altimetry profiles is provided in Section 4. In Section 5, the results
of deflections of the vertical and gravity anomalies over the Persian
Gulf and the Caspian Sea are presented and discussed and finally in
Section 6, the study is concluded.

2 DATA

2.1 Satellite radar altimetry data

The fundamental measurement type of satellite altimetry is the range
between the satellite and the earth’s surface, which is obtained by the
traveltime of a short radar pulse. Satellite ranges should be corrected
for the atmospheric influences resulting from the ionospheric and
tropospheric impacts (Zhang et al. 2009). The reflectivity property
of the sea surface also needs to be considered to correct ranges due
to their influence on the shape of waveforms (Benada 1997). Since
extracting short-wavelength gravity anomalies was the main goal of
this study, the electromagnetic bias corrections were not considered
in order to avoid introducing more noise to the altimetry-derived
range products (Gille 1994). Once the corrected ranges have been
computed, they were used to derive SSHs by subtracting them from
precise satellite altitudes (Benada 1997).

High-density (in spatial resolution) altimetry measurements be-
longing to 360 cycles of T/P covering the period of 1992-2002,
260 cycles of Jason-1 covering the period of 2002—-2009 and 120
cycles of Jason-2 covering the period from 2008 to 2012 were used.
The temporal resolution of these observations is ~9.915 d and their
ground cross-track resolution is ~280 km over the Persian Gulf
and ~245 km over the Caspian Sea (Benada 1997). In addition,
10 cycles of the 18-month ERS-1 mission (ESA; European Space
Agency) from 1995 to 1996 with 35-d repeat orbit were used. The
spatial resolution of ERS-1 satellite tracks is almost four times
denser than the other satellite altimeter missions. 160 cycles of the
GFO mission (U.S. Navy) covering the period of 1998-2008 with
17-d repeat orbit were also used.

Post-processing of all altimetry data sources was done in order
to improve the quality of range measurements. This included using
more accurate tidal and atmospheric corrections from the coastal in
situ observations (mentioned in Section 1). Range corrections that
are required to be applied to the measurements of all five satellite
missions (T/P, Jason, ERS-1 and GFO) were applied following the
description in Lee et al. (2008). These included corrections due to
the atmospheric propagation, as well as geophysical surface varia-

tions (Lee et al. 2008). To reduce the mismatch of high frequency
variations between observations of the satellite altimetry missions
and in situ measurements, tidal frequencies were removed based on
long-term high-resolution in sifu measurements. A moving average
filter with different size of window on different satellite (e.g. 10
tracking gates for the ‘T/P satellite’) was also applied to all surface
height measurements. This is done to retain a spectral structure and
to remove the short-term fluctuations while the longer term variabil-
ity was left for marine gravity anomaly computation. The ground
tracks of the five satellites are shown in Fig. 1, where those of (a)
belong to the Persian Gulf and (b) represent the ground tracks over
the Caspian Sea. In addition, Tables 1 and 2 provide details of the
satellite radar altimetry data used in each study region.

2.2 Ship-borne data and gravity anomaly grids

To assess the performance of altimetry-derived gravity anomalies
over the Persian Gulf, comparison was done with ship-borne de-
rived free air gravity anomalies provided by the Iranian National
Cartographic Center (NCC*). This data set provides a direct mea-
surement of marine gravity anomalies which also includes short
wavelength gravity variations (see the tracks of ship-borne profiles
in Fig. 2). Due to the lack of ship-borne data, the gravity results be-
longing to the Caspian Sea were compared to the gravity anomaly
grids derived from EGM2008 (Kingdon et al. 2007), from the In-
ternational Centre for Global Earth Models (ICGEM?). This model
includes dense gravity information derived from the combination
of altimetry, satellite gravimetry and in situ gravity observations
(GFZ; German Research Center for Geosciences, 2009). The grid
over the Caspian Sea includes 3 523 801 gridpoints. This compar-
ison was, however, only performed to assess possible biases in our
gravity estimation, and cannot be used as an independent quality
assessment against ground-based measurements (see e.g. Kingdon
et al. 2007), and this is due to the fact that EGM2008 is mostly
based on satellite data with rather low resolution.

3 SATELLITE ALTIMETRY
RETRACKING

In order to further improve the range measurements, the ExtR
post-processing technique (Khaki et al. 2014) was applied to
the altimetry-derived waveforms. This is essential since over the
Caspian Sea, complex waveform patterns are usually observed along
the coastlines (specifically where water and land meets), and the
northern part of the Caspian Sea that is frozen during the cold sea-
sons (Kouraev et al. 2011; Khaki et al. 2014). Over the Persian Gulf,
complex waveforms can also be found over a wide range close to
the coast due to the relatively shallow water of the Gulf. It is impor-
tant to mention that the retracking procedure has been applied to
the data of all satellite radar altimeter missions except for the GFO
mission, for which waveform data were not available.

The ExtR procedure, used in this study to retrack altimetry wave-
forms, is based on three main steps. First, it applies a moving average
filter to reduce the random noise of the waveforms. Secondly, ex-
tremum points of the filtered waveforms are identified, and thirdly
the main leading edge is found among all detected extremum points.
Once the position of the leading edge in the waveforms has been
defined, the offset between this position and its on-board value

4http://www‘ncc.org.ir/
: http://icgem.gfz-potsdam.de/ICGEM
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Table 1. Altimeter data used over the Persian Gulf.

46° 48° 50° 52° 54°
Figure 1. Ground track coverage of different satellite altimetry missions: T/P, Jason-1, Jason-2 (red), GFO (brown) and ERS-1 (yellow) over (a) the Persian
Gulf and (b) the Caspian Sea. (The maps pf water bodies are generated by Google Earth, 2014.)

Satellite  Number of cycles  Pass numbers

T/P 360 (1992-2002) 5,16, 81,92,107, 118, 157, 183, 194, 233

Jason-1 260 (2002-2009) 5,16, 81,92, 107, 118, 157, 183, 194, 233

Jason-2 120 (2008-2012) 5,16, 81,92, 107, 118, 157, 183, 194, 233

GFO 160 (1998-2008) 12, 53,70,98, 111, 156, 184, 197, 242, 270, 283, 328, 369,

ERS-1 10 (1995-1996)

414, 455

12, 25,40, 111, 126, 139, 197, 212, 225, 298, 311, 326, 384,
397,412, 470, 483, 498, 556, 569, 584, 655, 670, 683, 756,
769, 842, 855, 870, 928, 941, 956

Table 2. Altimeter data used over the Caspian Sea.

Pass numbers

Satellite  Number of cycles
T/P 360 (1992-2002)
Jason-1 260 (2002-2009)
Jason-2 120 (2008-2012)
GFO 160 (1998-2008)

ERS-1 10 (1995-1996)

16,31, 57,92, 133, 168, 209, 244

16,31, 57,92, 133, 168, 209, 244

16,31, 57,92, 133, 168, 209, 244

42,53, 70,128, 139, 214, 255, 300, 311, 386, 397, 444, 455,
472,483

12,25, 98, 139, 184, 225, 270, 311, 356, 384, 397, 470, 483,
556, 597, 642, 683, 728, 769, 814, 842, 855, 900, 928, 941

is estimated and considered as the required range correction. A
schematic of the ExtR algorithm is shown in Fig. 3, while its details
are reported in Khaki ez al. (2014).

To better understand the efficiency of the ExtR algorithm, a sum-
mary of statistics corresponding to the SSH errors over the Persian
Gulfand the Caspian Sea is presented in Table 3. The SSH values are
derived from observations of the Topex/Poseidon (T/P) mission be-
fore and after implementing the ExtR post-processing procedure. In
this table, the results of retracking are compared with those of in situ
measurements over the Persian Gulf and the Caspian Sea. Please
note that all the outcomes of retracking procedure are compared

with in situ measurements before the gravity anomaly computation
process as are stated, for example, in Table 3. Over the Persian Gulf,
this was applied by incorporating three tide gauges including Bandar
Abbas (27.1352°E, 56.0598°N), Bushehr (28.9576°E, 50.8371°N)
and Kangan (27.8353°E, 52.0594°N) located at the northern coast
of the gulf. Three tide gauges, located at the southern coast of the
Caspian Sea were also included to assess the computations. They in-
clude the Anzali, Noshahr and Neka ports (49.4655°E, 37.4723°N;
51.5022°E, 36.6528°N and 53.2700°E, 36.8447°N).

Considering the values in Table 3, it can be seen that the uncer-
tainty of range estimations before and after retracking were found
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30°

28"

26"

24

22

48° 51° 54° 57° 60°

Figure 2. Ship tracks over the Persian Gulf (black lines). Sample tracks
(tracks a—i) are chosen for statistical comparison of the ship-borne gravity
measurements with those derived from altimetry measurements that are
reported in Table 5.

to be of considerable magnitude. The results show that, for instance,
after using ExtR, the RMSE over the Caspian Sea was decreased
from 0.6933 to 0.4686 m when compared to tide gauge observa-
tions (29.71 per cent improvement). More quantitative details of the
results over the Caspian Sea are reported in Khaki ez al. (2014). A
significant improvement of 12.98 per cent of the RMSE value was
found over the Persian Gulf.

To illustrate the improvement after applying the ExtR technique,
Fig. 4 presents the waveforms that are observed by Jason-2 over the
Persian Gulf. The waveforms were selected from pass 16 of cycle
26, that covers a complex region which is one of the shallowest
regions of the Persian Gulf and also partly covering the coastal area
(see the top left graph in Fig. 4). In Fig. 4, the green and blue ellipses
refer to shallower parts of the Gulf, whose complex waveforms are
represented by the same coloured ellipses. Two sample waveforms
were chosen from the coastal region to be processed using the
ExtR retracking method. As a result of the retracking, biases of the
magnitude of 2.3 and 7.7 bins (respectively equivalent to 1.0774
and 3.6069 m in SSH) were found between the ExtR-derived range
measurements and those of original gates (Fig. 4, bottom).

In Table 4, the results of the post-processing algorithm (including
instrumental and atmospheric corrections, as well as the applica-
tion of ExtR) are summarized. These results are calculated from
the mean residual values, which are computed by subtracting the
tide gauge measurements from the final SSH values derived after
applying the post-processing algorithm to the multimission obser-
vations of (i) 360 cycles of T/P, (ii) 260 cycles of Jason-1, (iii) 120
cycles of Jason-2, (iv) 10 cycles of ERS-1 and (v) 160 cycles of
GFO over our study areas. Table 4 reports minimum, maximum
and mean SSH residuals derived from each satellite before and
after applying the post-processing corrections. Error values were
computed from the differences between altimeter-derived SSHs
and tide gauge measurements (magnitude of residuals). Consid-
ering the results of Table 4, it can be seen that the post-processing
algorithm significantly improves SSH estimations over these
regions.

Start

T/P Jason-1

Jason-2 i GFO ERS-1

2-step preprocessing

Correct data

Reject outliers

Waveform extraction

EXtR retracking

o

Range correction

Figure 3. Flowchart of the ExtR retracking process (for details of the algorithm, we refer to Khaki ez al. 2014).
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Table 3. Sample statistics of the altimetry-derived range differences over the Persian Gulf and the Caspian Sea before
and after the application of the ExtR technique (units in metre).

Area Altimetry grid data ~ Maximum  Mean  RMSE STD Range improvement (per cent)
Persian Gulf ~ Before retracking 0.5660 0.3256  0.5701  0.0362 —

After retracking 0.2849 0.1320  0.3714  0.0315 12.98
Caspian Sea Before retracking 0.7158 0.4096 0.6933  0.0414 -

After retracking 0.3734 0.2248  0.4686  0.0291 29.71

Returned power

Distance from northern coast line (km) 0

=245

Retracking Gate = 32.2125

Retumed power
On-board Gate

200 (i)

=245

Retracking Gate = 32.2125

On-board Gate

o 70 20 30 40 50 60
Bins
——

Figure 4. Sample waveforms belonging to pass 16 of cycle 26, observed by Jason-2 over the Persian Gulf; (top-left) represents the location of the pass, where
the two green and blue ellipses indicate two selected coastal areas. (Bottom-left) indicates the observed waveforms by Jason-2, where those of coastal areas
on the top are shown by the same coloured ellipses. (Top-right) indicates the position of two waveforms [(i) and (ii)] that are sampled over the shallow depth
coastal area. (Bottom-right) represents the two waveforms in the top-right graph, where the ExtR estimated gates are compared to the original tracking gates.

4 GRAVITY ANOMALY

After applying the ExtR retracking procedure to all available
altimetry-derived waveforms, the improved SSH estimates were
converted to gravity anomaly maps. The implemented algorithm
here is based on the remove-restore techniques used by many other
methods for gravity field recovery from altimetry observation (e.g.
Sandwell & Smith 1997, 2009; Hwang et al. 1998). Here a refer-
ence geoid model, the global geopotential model of EGM2008 up to

spherical harmonic degree and order 2160, was removed from sea
surface height profiles (Nerem 1994). This was done since extract-
ing the shorter wavelength (~5-10 km) of the gravity field, where
satellite altimetry measurements are more sensitive, was of interest.
The removed geoid values (using EGM2008) were restored later
to derive full spectrum gravity anomalies. Therafter, derivatives of
the ascending and descending part of each along-track altimetry
profile were computed. Consequently, two grids of slope profiles
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Table 4. A summary of statistics derived from comparisons between SSH values before and after applying corrections

(units are in millimetre).

Persian Gulf

Caspian Sea

Satellite Min Max  Mean  Error (per cent) Min Max  Mean  Error (per cent)
Before T/P 2348 6139  30.89 9.71 2294  56.60 33.62 13.89
Jason-1 21.37 5634  28.17 9.06 1998 4992  28.39 11.73
Jason-2 18.10  55.06 23.84 7.23 17.63  40.65 24.40 10.30
GFO 18.95 5842 2793 7.70 18.01  63.65 2695 10.85
ERS-1 21.67 6148 31.64 10.34 22.15 5721 3543 15.43
After T/P 723 3279  14.66 5.25 9.41 3811 1793 5.02
Jason-1 6.97  37.55 1390 4.88 8.71 52.34  15.04 6.43
Jason-2 3.81 2441 1001 3.24 4.18  28.19 12.61 3.23
GFO 530  30.57 1231 3.17 5.04 3348 1446 4.59
ERS-1 9.17  43.63 1843 5.79 1136 59.02 21.85 7.56

48° 51° 54° 57 60°

48’ 51° 54° 57 60°

Sec

48° 51° 54° 57 60°

Figure 5. Deflections of the vertical over the Persian Gulf where (a) represents the east-west components and (b) represents the north—south components of
deflections of the vertical. The maps are computed following the approach in Sandwell & Smith (1997), while considering the ExtR post-processed altimetry

observations as its inputs.

(data along-track), including the ascending and descending parts
were formed. Sandwell & Smith (1997) noted that using along-
track derivatives from the altimeter profiles suppresses the long-
wavelength radial orbit-errors, and this advantage was considered
in our computations (see also Nerem 1994).

Gridding of the gravity anomaly data was motivated by two ma-
jor facts, (i) to cover the study area completely, since the satel-
lite tracks only cover the footprint locations (see Fig. 2) and (ii)
to extract gravity anomalies from the observations of five satel-
lite altimetry missions (including T/P, Jason-1, Jason-2, GFO and
ERS-1) with different footprints, which necessitates the colloca-
tion of measurements. Therefore, the computed along-track slope
values were interpolated on a regular grid. In this study, we used
the moving surface spline interpolation technique (as in, Deng &
Tang 2011), which combines a biharmonic spline interpolation al-
gorithm with an application of the Green’s function (e.g. Sandwell
1987). The technique is widely accepted for its high precision, sim-
plicity and flexibility since it considerably reduces the number of
extraneous inflection points (Wessel & Bercovici 1998), and also
reduces the computational time (by choosing the nearest data points
to the interpolation-grid position at each time, Deng & Tang 2011).
Considering the applied methodology for gravity computation from
gridded altimetric-derived surface slope data, which uses iterative
least-squares adjustment, more satellite observations, and subse-
quently, more accurate gravity anomaly grids can be obtained.

For both study areas, grids with 0.05 degree grid-step were
formed, which approximately correspond to 5.5 km spatial reso-
lution. Hence, in each particular location, a total of 10 gridded sea
surface slope values (two types of ascending and descending grid

values corresponding to the five satellite missions) were derived
by interpolating between the slope profiles. It should be mentioned
here that various smoothing and noise elimination techniques have
already been applied to the SSH estimations before computing the
surface slopes. Two of these were applied before the retracking pro-
cess: outliers detection and elimination of unwanted waveforms.
The mentioned two-step preprocessing, especially helped us to
smooth along-track SSH profiles. Afterwards, to deal with those
SSH estimations that are not in the range of other track lines, a lin-
ear trend was fitted to the time-series. Then those points that fell out
of the five to eight times of the standard deviations were eliminated.
This method of noise reduction was applied in an iterative man-
ner until the estimated RMSE were less than an arbitrary threshold
value. After implementing both smoothing algorithms and noise
eliminating processes, an iterative process was then applied to esti-
mate deflections of the vertical at each grid location (see, Sandwell
& Smith 2009, for more details). This procedure was repeated for
both study areas of the Persian Gulf and the Caspian Sea, where
the ExtR-derived sea surface slopes were converted into two grids
of deflections of the vertical, representing the north—south (§) and
east—west component (1) of deflections of the vertical.

5 RESULTS

5.1 Gravity anomaly within the Persian Gulf

In this section, first the altimeter-derived gravity anomalies are com-
pared to ship-borne free air gravity anomaly profiles. This is then
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followed by discussing the results of deflections of the vertical and
gravity anomaly estimates. Over the Persian Gulf, the high-density
waveform observations of the T/P, Jason-1 and Jason-2, GFO and
ERS-1 altimetry missions were used (see Fig. 1). Table 1 summa-
rizes the applied data sets with their cycles and passes numbers.

For completeness, in Fig. 5, deflections of the vertical are shown,
where Fig. 5(a) represents the east—west components, and Fig. 5(b)
represents the corresponding north—south components. The range
of east—west and north—south profiles of the deflections of the ver-
tical are found to be —33.84” to 45.12” and —31.06” to 34.54",
respectively. Fig. 5 indicates more complex deflections of the verti-
cal variability close to the coastlines, especially in the northern part
of the Persian Gulf.

Satellite altimetry-derived gravity anomalies over the Persian
Gulf were estimated following Sandwell & Smith (2009), with the
ExtR-derived altimetry observations used as input (see Fig. 6a).
The results indicate a significant improvement in estimation of
gravity anomalies with a mean improvement of 7.5 mGal over the
coastal area of the Persian Gulf after application of ExtR. Gravity
anomaly residuals, derived as the difference between ship-borne
gravity anomalies and original altimetry-derived gravity anomalies
as well as gravity anomalies after application of ExtR, are shown
in Figs 6(b) and (c), respectively. It is evident that using ExtR de-
creased the errors especially over northern coastlines, where the
amplitude of noise is higher than the other parts. Furthermore, one
can find significant differences in Figs 6(b) and (c) especially over
the south—west and east parts of the Persian Gulf. These differences
are the result of the ExtR retracking algorithm, whose influence
was found significant over these complex geographic regions. This
complexity includes: land contamination in the footprint of altime-
ters and the shallow water depth (~20 m for this case), for example,
over south—west of the Persian Gulf, as well as considerable tidal
effect (and strong currents) in the east part of the Oman Gulf (where
the Gulf meets the Indian Ocean). Fig. 6 also indicates that the dif-
ferences of gravity anomaly after application of ExtR was of an
acceptable range.

A visual comparison of the altimetry-derived and ship-borne free
air gravity anomalies is presented in Fig. 7. Sample profiles in Fig. 7
were chosen out of the total of 61 profiles, whose tracks are shown in
Fig. 2. Graphs on top of Figs 7(a)—(i) represent sample profiles of the
computed gravity anomalies in blue and ship-borne measurements
in red. The locations of sampled profiles are illustrated with the
white tracks in Fig. 2. The bottom graphs of Figs 7(a)—(i) represent
residuals of the altimetry-derived and ship-borne profiles (blue and
red curves on top). It can be seen that the altimeter-derived gravity
anomalies match fairly well the free-air gravity anomalies derived
from ship-borne measurements. In Table 5, the numerical values
of maximum, mean, rms and relative improvement of the residuals
in Fig. 7 before and after implementing the ExtR processing algo-
rithm are summarized. These values were computed by subtracting
altimetry-derived gravity from the ship-borne data.

Considering the statistics in Table 5, it can be seen that the
rms differences between altimetry- and ship-borne-gravity anoma-
lies improved (by up to 96 per cent) after application of the ExtR
post-processing. A maximum rms of 4.4069 mGal for the track g
(see Table 5) was obtained, a magnitude acceptable for many grav-
ity applications (e.g. Sandwell & Smith 1997). The magnitude of
this rms difference before implementing ExtR was 11.3505 mGal.
The improvements listed in this table represent relative reductions
of the rms differences. Besides, the selected profiles residuals for
61 profiles (where ship-borne data were available) were calcu-
lated, resulting into a maximum difference of 14.9347 mGal and a
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Figure 6. (a) Represents the marine (altimetry derived) gravity anomaly
over the Persian Gulf using the ExtR-derived SSH observations. The differ-
ences between ship-borne gravity anomalies and altimetry-derived gravity
anomalies are shown in (b) and (c), where for (b) marine altimetry gravity
are derived from original data and in (c) after application of ExtR.

corresponding mean value of 0.7615 mGal. Since the acceptable
accuracy of the altimetry-derived gravity estimations was achieved,
estimations of deflections of the vertical and gravity anomalies cov-
ering the whole area of the Caspian Sea are discussed next.

5.2 Gravity anomaly within the Caspian Sea

Altimetry-derived gravity computations for the Caspian Sea are re-
peated using different passes of the five satellite altimetry missions.
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Figure 7. Comparison between ship-borne gravity anomaly (red) and satellite-derived gravity anomaly (blue) over the Persian Gulf along the selected ship-
tracks indicated in Fig. 2. For each figure (a)—(h), the top graph represents the comparison between altimetry-derived and ship-borne gravity anomalies, and
the bottom graphs show their residuals including the mean and rms values. Please note that all the numbers in green boxes also are represented in Table 5.

Table 2 contains details about the number of cycles and passes used This comparison provided an assessment of the possible bias of the
in this study. altimetry-derived gravity anomalies. To emphasize the importance
To validate the altimetry-derived results over the Caspian Sea, of the application of the ExtR processing, both altimeter-derived

they were compared with the global geopotential model EGM2008. gravity anomalies before and after application of ExtR were also
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Table 5. A summary of the statistics derived from Fig. 5. The table represents the maximum, mean value and rms of the residual derived by
subtracting the altimetry-derived gravity anomalies from those of ship-borne free air observations over the Persian Gulf.

Without using ExtR Using ExtR
Index profile* Max (mGal) Mean (mGal) rms (mGal) Max (mGal) Mean (mGal) rms (mGal) Improvements (per cent)
a 9.0427 6.1022 9.0305 5.7038 0.4062 2.2053 94.03
b 7.9123 2.3805 5.0892 5.1320 1.2489 2.3509 78.66
c 7.1598 6.3861 9.6285 4.1901 0.9815 1.8399 96.34
d 12.7188 8.7918 10.1473 9.2515 1.6154 3.8079 85.91
e 8.2275 3.8582 6.0720 3.9601 1.5692 1.9095 90.11
f 7.0230 4.8745 7.2167 4.4026 0.4078 1.9984 92.33
g 17.5492 5.9816 11.3505 14.9347 0.7615 4.4069 84.92
h 11.3001 7.3775 8.9828 4.6604 2.1413 2.4245 92.71
i 8.9326 6.9604 9.2164 5.0771 1.5955 2.2648 93.96
*Please note that the indices (a)—(i) in this table refer to the subfigures in Fig. 7.
(3)46' 48° 50° 52° 54° (b) 46° 48 50 52° 54°

46° 48° 50 52° 54°

46° 48° 50° 52° 54°

Figure 8. Deflections of the vertical over the Caspian Sea where (a) represents the east-west components, and (b) represents the north—south components of

deflections of the vertical.

compared. Similar to Fig. 6, Fig. 8 includes deflections of the verti-
cal, but over the Caspian Sea, where the east—west components are
shown in Fig. 8(a), and the north—south components in Fig. 8(b).
Both results show a short wavelength signal in deflections of the
vertical mainly concentrated over the southern part of the Caspian
Sea, which likely reflect the short wavelength variation in geoid due
to the marginal shape of the two plates meeting around this region
(see e.g. Jackson et al. 2002).

The altimetry-derived gravity anomaly without and with applica-
tion of the ExtR retracking are shown respectively in Figs 9(a) and
(b). Fig. 9 also contains the differences between original altime-
try gravity anomalies and global geopotential model EGM2008
(Fig. 9¢), as well as the difference between altimetry-derived grav-
ity anomalies using ExtR algorithm and global geopotential model
EGM2008 (Fig. 9d). Comparing Fig. 9(a) with Fig. 9(b), it can be
seen that after the application of the ExtR post-processing, smoother
gravity fields are derived over the entire Caspian Sea, particularly
over the northern part that is predominately frozen during the cold
seasons. As an example, between latitude 45°N—-47°N, the ExtR-
derived SSH improved altimetry-derived gravity anomaly estima-
tions approximately by 8 mGal. On the other hand, over the central
part of the Caspian Sea, where the situation is more stable with
deeper water, maximum impact of ExtR was found to be 2.8450

m@Gal. The gravity anomaly differences in Figs 9(c) and (d) serve
as a numerical control on the correctness of the performed com-
putations, and the residuals cannot be interpreted as the validation
performed in Figs 7(b) and (c).

In Table 6, the statistics (minimum, maximum, mean and standard
deviation) of the gravity estimation differences before and after
application of the ExtR technique are reported. The values were
computed from differences between the altimetry-derived gravity
anomaly and global geopotential model EGM2008. The results of
Table 6 indicate an improvement in the differences of extracted
gravity anomalies after application of ExtR. From the numerical
results, particularly along the coastlines with complex topography
as well as shallow waters, it seems that an application of retracking
before estimating gravity anomalies is highly beneficial.

6 SUMMARY AND CONCLUSION

Due to the vast coverage, fairly high accuracy and its ease of access,
satellite radar altimetry observations may be used for many geo-
physical applications especially to estimate gravity fields over water
bodies. In this study, a variety of altimetry observations from the T/P,
Jason-1, Jason-2, GFO and ERS-1 missions over the Persian Gulf
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Figure 9. Marine gravity anomaly over the Caspian Sea before (a) and after (b) implementing the ExtR process. The difference between original altimetry-
derived gravity anomalies and global geopotential model is shown in (c); the difference between altimetry-derived gravity anomalies using ExtR algorithm
and global geopotential model is shown in (d). The graphs in (c) and (d) serve as numerical check for the estimated altimetry-derived gravity anomalies of (a)

and (b).

and the Caspian Sea were used to extract gravity anomalies. Such
estimation was realized by applying a remove—compute—restore al-
gorithm based on the FFT conversion (Sandwell & Smith 2009)
to estimate deflections of the vertical and subsequently to derive
gravity anomalies. Using the altimeter data, first the geoid slope

then east-west and north—south components of the deflections of
the vertical were computed following Sandwell & Smith (1997).
Considering the unique properties of the study areas, that is,
overall shallow depth of the Persian Gulf and an often frozen region
over the northern part of the Caspian Sea, altimetry-derived SSH
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Table 6. Descriptive statistics of the altimeter-derived gravity anomaly
before and after application of the ExtR retracking over Caspian Sea
(units in mGal).

Altimetry grid data ~ Minimum  Maximum  Mean STD
Before retracking —143.4863 67.6124 9.2842  26.1091
After retracking —152.0776 61.5562 6.0758 253785

measurements, based on the default waveform-gate assumption and
the on-board retracking algorithm, display limited precision. There-
fore, a recently developed waveform retracking technique (ExtR,
Khaki et al. 2014) was applied to improve the accuracy of range
estimates, and subsequently SSH estimates. The errors computed
after applying our post-processing algorithm (while applying all
range corrections) over the study areas varied for each satellite,
and we found the highest value belongs to the ERS-1 data set over
the Caspian Sea (15.43 per cent). The results showed that total im-
provement caused by applying the ExtR retracking algorithm over
the Persian Gulf and the Caspian Sea respectively are 12.98 and
29.71 per cent. Also the numerical results indicated that using ExtR
post-processing significantly impacts on the estimation of gravity
anomalies. This improvement over the Persian Gulf was found to
reach up to 84.92percent with a maximum of absolute rms of
4.4069 mGal, and over the northern part of the Caspian Sea, this
value was found to be 8.5186 mGal. In summary, the proposed al-
gorithm in this paper, improved the accuracy of altimetry-derived
gravity anomaly computation up to 89 per cent in our case studies
and this is mostly because of the post-processing algorithm applied
on satellite radar altimetry observations. During the estimation of
gravity anomalies using altimetry observation over both the Per-
sian Gulf and the Caspian Sea, retracking provided considerable
improvements but there are still considerable differences that re-
quire the use of additional data sources. We therefore suggest using
additional data sources in future studies for dealing with the men-
tioned differences. These further data may include land and marine
gravimetry data within the coastal area, or geoid height measure-
ments derived by GPS stations.
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