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Abstract Internal solitary waves (ISWs) are observed 2 times within 30min in synthetic aperture radar
(SAR) image pairs from the Envisat and ERS-2 tandem satellites. Three pairs of SAR images were acquired
in the South China Sea (SCS) in April 2007, August 2008, and March 2009, and 13 ISWs were tracked between
the image pair in an ArcGIS environment. The phase speeds of these ISWs are calculated from their spatial
displacement and time interval. The resultant ISW speeds agree well with the theoretical values estimated
from the Sturm-Louisville equation using local bathymetric and monthly climatology ocean stratification
data. This technique reveals the spatial variation in the ISWs speed in the water depth between 100 and
4000m in the SCS. The study shows that ISWs speed is mainly affected by bottom topography and generally
decreases from deep to shallow water from east to west and from south to north.

1. Introduction

Internal solitary waves (ISWs) occur ubiquitously in the stratified water of marginal seas and continental shelves
[e.g., Jackson, 2004; Alpers et al., 2005; Li et al., 2008; Li et al., 2013; Liu et al., 2008; Zhao et al., 2008; da Silva et al.,
2012]. ISWs cause large isopycnal displacements and strong local currents in the ocean interior, and their
eventual breaking causes intense turbulent mixing [Liu et al., 2004; Lien et al., 2005; St. Laurent et al., 2011]. ISWs
play an important role in nutrient distribution, primary productivity, acoustic propagation, coral reef growth, and
submarine navigation [e.g., Wang et al., 2007; Lynch et al., 2010; Lien et al., 2012]. It is well known that the ISW-
induced currents modulate the sea surface roughness, and therefore, ISWs can be imaged by satellite synthetic
aperture radar (SAR) through Bragg backscattering [Valenzuela, 1978; Alpers, 1985; Chang et al., 2008]. Satellite
SAR has long been a principal sensor in the observation of ISWs, because of its all-day, all-weather imaging
capability [Fu and Holt, 1984; Liu et al., 2008]. In satellite SAR images, one ISW usually appears as a pair of bright
and dark stripes, corresponding to the rougher (convergence) and smoother (divergence) surface zones,
respectively [Alpers, 1985; Liu et al., 1998; Zheng et al., 2001]. ISW parameters, such as geographic location, crest
length, and propagation direction, can be directly obtained from SAR images [Apel et al., 1985; Porter and
Thompson, 1999; Zheng et al., 2001; Zhao et al., 2004].

ISWs may travel over a distance of hundreds of kilometers, due to a balance between nonlinear and dispersive
effects [Apel et al., 1985; Liu et al., 1998]. The propagation speed of ISWs is an important dynamic parameter in
the study of their generation, evolution, and prediction [Apel et al., 1985; Jackson, 2009; Park and Farmer, 2013].
The ISW phase speed cannot be accurately determined from one single-satellite SAR image, which only
represents a static view of the two-dimensional internal wave field. Assuming the time interval between two
neighboring ISW packets is one semidiurnal tidal period (12.42h), the ISW phase speed can be roughly calculated
from the propagation distance between these ISWs [Porter and Thompson, 1999; Li et al., 2000; Liu et al., 2004].
Thus, this ISW phase speed is spatially averaged over a distance of a few tens of kilometers.

The ISW phase speed can also be derived from shipboard measurements [e.g., Orr and Mignerey, 2003; Klymak
et al., 2006] and moored measurements [e.g., Liu et al., 2004; Xue et al., 2013]. For example, Orr and Mignerey
[2003] reported that their research vessel repeatedly traversed two groups of westward propagating ISWs during
ASIAEX 2001, and they obtained the ISW phase speeds by converting the measurements from the ship to Earth
coordinates. The method using shipboard measurements is severely limited in space and time by ship time in
field experiments. In addition, the uncertainties in the propagation direction of ISWs may lead to considerable
errors in estimating their phase speeds.Orr andMignerey [2003] used shipboard radar images to ensure that their
research vessel was on a track normal to the ISW crests. The advantage ofmooredmeasurements is that moored
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long-term measurements can be used to study the temporal variation in the ISW phase speed [Xue et al., 2013].
But their limitations include that (i) the spatial resolution in the resultant ISW phase speed is limited by the spatial
distribution of the mooring array and (ii) errors are caused by uncertainties in the propagation direction of ISWs,
which also vary with time [Ramp et al., 2010].

Here we report a method for measuring the ISW phase speed using satellite SAR images. In their tandem
mission, the European Space Agency (ESA) ERS-2 and Envisat satellites orbited around the Earth
approximately along the same orbit, with the Envisat leading the ERS-2 by about 30min. Thus, one ISW may
be observed 2 times by the SAR instruments onboard ERS-2 and Envisat, respectively. In this study, we
demonstrate that the propagation speeds of ISWs are obtained for 13 ISWs in three pairs of SAR images. This
method is confirmed by comparing with the theoretical phase speeds. One advantage of this method is that
it may provide the spatial variation in the ISW phase speed, due to the large coverage of satellite images.

This paper is organized as follows. In section 2, we present the ERS-2 and Envisat SAR images and describe the
method for estimating ISW phase speeds from the SAR image pairs. In section 3, the estimation of the ISW
phase speed by solving the dynamics equation is presented with climatological ocean stratification and
bathymetry. In section 4, the ISW phase speeds derived from SAR image pairs are compared with the
theoretical values. Section 5 contains summary and discussions.

2. Data and Method
2.1. Satellite SAR Images

The ERS-2 and Envisat satellites were launched by ESA on 21 April 1995 and 1 March 2002, respectively. These
two satellites have a common payload including a SAR and altimeter, and they have similar orbital
characteristics. Both satellites orbited around the Earth approximately along the same orbit, with the Envisat
leading the ERS-2 by approximately 30min. We call them tandem satellites. Readers should note that ESA also
had two designated ERS-2 and Envisat tandem missions for precise SAR interferometry or interferometric
synthetic aperture radar applications. In these tandem missions, the phase information is needed. In this
study, only amplitude SAR images are used; therefore, the “tandem” is in a broader sense. Thus, ISWs can be
observed 2 times in the ERS-2 and Envisat SAR images approximately 30min apart.

Three pairs of ERS-2 and Envisat SAR images are analyzed in this study. These SAR images are selected
because they cover three different regions in the northeastern South China Sea (SCS). In the SCS, ISWs of
amplitude >100m may travel over 500 km in 2 days from Luzon Strait to Dongsha Atoll [Zhao et al., 2004;
Simmons et al., 2011; Farmer et al., 2011]. Information about the SAR instruments and images is listed in
Table 1. The SAR and advanced SAR (ASAR) instruments are onboard ERS-2 and Envisat, respectively. The
ASAR has a swath of approximately 400 km, compared to 100 km of the standard SAR onboard ERS-2. The
Envisat and ERS-2 SAR have the pixel spacing of 75m and 12.5m, or nominal spatial resolution of 150m and
25m, respectively.

All SAR images have been calibrated and georeferenced. Thirteen pairs of ISWs can be detected in these
three pairs of SAR images. Their geographic locations are obtained from the SAR images in an ArcGIS
environment. The navigational error is about half of a pixel, i.e., 75m. For a typical ISW wave phase speed of
2m/s, the ISW propagation distance is about 3.6 km between the 30 min intervals that tandem satellites,
ERS-2 and Envisat, images were taken. So, the 75m navigational error will only affect the ISW phase speed
estimation by about 2%.These ISWs are shown in Figure 1, with the ERS-2 and Envisat observations being
red and green, respectively. Note that the red curves (ERS-2) always appear to the west of the green

Table 1. ERS-2 and Envisat Satellite SAR Image Pairs

Pair Satellite Time (UTC) Center Spatial Resolution (m) Swath (km) Interval (min) Number of ISWs

C Envisat 19 Apr 2007 02:02 20°52′N 150 450 29 3
ERS-2 19 Apr 2007 02:31 115°31′E 30 100

B Envisat 16 Aug 2008 14:04 20°43′N 150 450 31 3
ERS-2 16 Aug 2008 14:35 117°54′E 30 100

A Envisat 28 Mar 2009 02:19 20°27′N 150 450 31 7
ERS-2 28 Mar 2009 02:50 120°06′E 30 100
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curves (Envisat), consistent with previous observations that ISWs propagate westward from Luzon Strait to
the SCS continental shelf [Liu et al., 1998; Zhao et al., 2004].

For easy identification, we label the ISWs in these three SAR image pairs alphabetically from east to west: A, B,
and C, respectively (Figure 1 and Table 1). ISW packets in each image pair are labeled numerically from east to
west, respectively (Figure 1). By this notation, A1 is the easternmost ISW in the SAR image pair acquired on 16
June 2008 (Table 1 and Figure 1). For comparison, 116 ISWs from multiple satellite images collected by Zhao
et al. [2004] are shown in Figure 1 (black curves). Our new ISW observations generally follow the same pattern
in this region observed by Zhao et al. [2004].

In each pair of SAR images, one wave packet consists of a leading wave of the largest wavelength followed by
trailing wave trains with decreasing wavelength. The leading crest is the longest and brightest. In the deep
water, the ISWs are usually in the form of a single wave. The number of waves in a packet increases when the
ISW packet propagates onto the shallow shelf. These features are consistent with previous observations of
ISWs in the same region [Zhao et al., 2004].

The SAR image pair acquired on 28 March 2009 is shown in Figure 2. The bright and dark stripes in the SAR
images are interpreted as surface signatures of ISWs. The ISWs generally occur in packets, each of which
comprises of a number of ISWs [Liu et al., 1998; Zhao et al., 2004; Apel, 2009]. Two subimages containing ISWs
are overlaid in Figure 2c, which reveals the westward propagation of the same ISW packet in a 30min time
span. For a typical wave phase speed of 2m/s, the propagation distance in 30min is 3.6 km.

2.2. ISW Phase Speeds Estimated From Tandem Satellite Images

To calculate the propagation speed of ISWs at any position along the wave crests, we draw a bar that is
normal to both ISWs, and then measure the distance between the two points where this line interacts with
the centers of the two bright stripes (Figure 2c). The measurement errors can be reduced when we average
the three measurements with the neighboring points. The distance measurements are executed in ArcGIS
software. Typical ISW phase speeds are labeled in Figure 3.

Figure 1. The study area. The black curves are 116 ISWs observed in satellite images (reproduced from Zhao et al. [2004]).
The Envisat and ERS-2 observed ISWs are shown in green and red, respectively. The red curves (ERS-2) always appear to the
west of the green curves (Envisat). The gray contours are bathymetric isobaths. Each curve represents an ISW packet
observed in a satellite image.

Geophysical Research Letters 10.1002/2014GL059281

LIU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2079



Figure 2. A pair of satellite SAR images acquired within 31min time interval. (a) An Envisat advanced SAR image
acquired at 02:19 UTC 28 March 2009. (b) An ERS-2 SAR image acquired at 02:50 UTC 28 March 2009. (c) The ISW
packet was imaged twice by the Envisat and ERS-2 satellites. Their spatial displacements can be measured (labeled as
white arrows).

Figure 3. A map showing locations of ISWs observed in three pairs of satellite images. The orange segments are the
measured distance that the ISW traveled during the two satellite passes. Blue/red/green color stars represent
locations of GDEM climatological ocean stratification data in March/April/August, which corresponds to the three SAR
imaging months.
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3. Theoretical Phase Speeds From the T-G Equation

The propagation speed of ISWs can be determined theoretically by solving the Taylor-Goldstein (T-G)
equation using water depth (H), ocean stratification, and background current information. Under the
hydrostatic approximation, the vertical displacement of linear wavesW(z) with a background velocity profile
U(z) is governed by the T-G equation [Phillips, 1977]

d2

dz2
� Uzz

U � Ce
þ N2 zð Þ

U � Ceð Þ2
" #

W zð Þ ¼ 0 (1)

subjects to the boundary condition

W 0ð Þ ¼ W �Hð Þ ¼ 0; (2)

where N2(z) is the buoyancy frequency squared, z is the vertical coordinates, Uzz is the second-order
derivative of U(z), and Ce is the eigenspeed. Note that ISWs are barely affected by the Earth’s rotation, because
ISWs have frequencies much greater than the local inertial frequency.

Therefore Ce is determined, ordered in importance, by bottom bathymetry, ocean stratification, and
background current. Since the time-varying instantaneous background currents are usually small compared
to the ISW phase speed, the T-G equation is simplified to the Sturm-Louisville (S-L) equation [Gill, 1982]

d2

dz2
þ N2 zð Þ

C2
e

� �
W zð Þ ¼ 0: (3)

The effect of background current is not taken into consideration for the resultant speed Ce from the
S-L equation.

Both the water depth and ocean stratification profile are needed to solve equation (3). We obtain local water
depth from the 1 min ETOPO1 database [Amante and Eakins, 2009] and ocean stratification data from the
generalized digital environmental model (GDEM) database [Teague et al., 1990]. The GDEM database provides
monthly 15′ × 15′ climatological ocean stratification profiles. The SCS has strong seasonal variation in ocean
stratification [Zhao and Alford, 2006]. The theoretical ISW phase speed now represents a climatological speed
with seasonal variations. In Figure 3, the locations of GDEM ocean stratification data points corresponding to
the time (March, April, and August), and the locations of ISWs derived from three SAR image pairs are
indicated in blue, red and green stars, respectively.

Long linear internal waves are nondispersive and the eigenspeed is the phase speed of linear internal waves
[Apel et al., 2009]. Assuming the internal solitary waves are of the Korteweg-deVries type of wave, their
nonlinear phase speeds have to be considered. The actual nonlinear ISW phase speed C depends upon its
amplitude C ¼ Ce þ 1

3 αη, where α is the nonlinear coefficient and η is the wave amplitude. Since the ISW

amplitude is unknown, we assume it is 100m in the deep (depths greater than1000 m) and 20m in shallow
(depths less than1000 m) water [Orr and Mignerey, 2003; Farmer et al., 2009]. Meanwhile, α is taken as
�0.02 s�1 [Apel et al., 1985; Zhao and Alford, 2006]. In Figure 4, the obtained theoretical nonlinear ISW phase
speeds are shown as blue, red, and green curves for March, April, and August, respectively. As mentioned
above, they are the temporally averaged phase speed, with the effects of the temporally varying parameters
undetermined.

4. ISW Phase Speeds From SAR and Model
4.1. Spatial Variation of the ISW Phase Speed

The average phase speed of crest line A3 is 2.97m/s, which is 0.29m/s faster than the average phase speed of
A2 (2.68m/s). Since the water depth changes very little in this area, this slight discrepancy could be caused by
the background currents, in particular, the strong mesoscale eddies [Ma et al., 2013; Park and Farmer, 2013].

All ISWs in image pair “B” are located between 117°E and 119°E, where the water depth changes abruptly. B1
and B2 are in water depths of 1000–2400m and B3 is in the 300–450m range. The average phase speeds of
B1, B2, and B3 are 2.16, 2.27, and 1.13m/s, respectively. The water depth decreases approximately1200 m
from south to north along B2, and the corresponding ISW phase speed decreases by about 1.00m/s.
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C1 and C2 lie west of the Dongsha Atoll (20°43′N, 116°42′E), which is 330–550m depth of water. The average
phase speed along C2 is 1.61m/s. The phase speed increases 0.30m/s with the water depth increasing 100m.
From the C3 to C6 location, the water depth spans from 130 to 400m. Along C3 to C6, the average phase
speed increases 0.16m/s from east to west with the relevant water depth increasing by about 150m. All ISWs
from C3 to C6 show a distinct signature that the phase speed undergoes an increase from south to north, and
the phase speed is about 1.29m/s at the deepest location compared to the average phase speed of 1.10m/s.
The packets still continue to propagate westward to shallow water, and the average phase speed of C7 is
0.66m/s in 100–200m of water depth.

Figure 3 shows 13 ISWs from satellite SAR images overlaid with bathymetric contours. It shows that the phase
speed of ISWs decrease gradually with water depth. Stratification also affects the propagation of ISW. Later in
a model simulation, we shall show that this parameter has less effect on the ISW propagation than
the bathymetry.

4.2. Comparisons With Theoretical Values

The ISW phase speeds derived from SAR and the S-L equation using the corresponding monthly ocean
stratification data are plotted versus water depth in Figure 4. Symbols in different colors represent the ISW
phase speeds extracted from three SAR image pairs acquired in three different months. The colors are
consistent with the ocean stratification profile location symbols in Figure 3. The theoretical phase speeds
from the S-L equation are shown as the blue/red/green curve for March/April/August, respectively. The
curves are smoothed with a three-point moving average. One can see that the theoretical speeds calculated
from climatological stratification and bathymetry generally agree well with the results from the SAR image
pairs. The ISW phase speeds are closely related to water depth. At the deep water location of 3725m, the ISW
phase speed is 2.72m/s, compared to 0.09m/s at the shallowest water.

The average phase speed extracted from SAR pairs at 100–240, 240–350, and 350–550m water depth
are about 0.66, 1.00, and 1.60m/s, respectively. It increases to 2.10m/s at 1000–2000m depth and
2.70m/s at 2500–3500m depth. The averaged theoretical phase speed of ISWs in 100–240, 240–350,
and 350–550m water depth are 0.70, 1.17, and 1.49m/s, respectively. The phase speed of ISW in the
SCS decreases with the shoaling bottom from east to west. Both are proved by tandem satellite SAR
pairs and T-G simulation. Taking the westernmost packets as an example, we find that the ISW phase
decreases from 1.71m/s in C2 to 0.54m/s in C7.

Figure 4. Comparison of phase speed of ISWs from satellite images and theoretical values. The blue/red/green color curves
represent the theoretical phase speed derived using GDEM climatological ocean stratification data in March/April/August,
respectively. The SAR observed phase speeds in March/April/August are shown as the same color scattered points.

Geophysical Research Letters 10.1002/2014GL059281

LIU ET AL. ©2014. American Geophysical Union. All Rights Reserved. 2082



We also show that using interpacket distance to estimate ISW phase speed may have a large error. Taking the
westernmost packets as an example, the separation distance between two neighboring ISW packets C6 and
C7 is 29.4 km, which is smaller than the 46.5 km between the neighboring C2 and C6. This shows that
assuming the ISW packets are separated by semidiurnal tide of 12.42 h is not an accurate enough assumption
to study the variation of ISW propagation. However, the decreasing of packet-to-packet distance indicates
that the propagation speed of ISWs decreases as they propagate westward. All wave crests in C3–C6 show a
distinct signature that the phase speed undergoes a decrease from south to north; the phase speed is about
1.29m/s at the deepest location and the averaged phase speed is 1.10m/s. The phase speeds of each packet
decrease gradually from south to north and from east to west in the northeast SCS.

The SAR-derived phase speeds are directly measured from the spatial displacements. It measures effects of
background current, although small compared to the ISW phase speed, and instantaneous ocean
stratification. However, the S-L solution is the only climatological solution. Due to the lack of simultaneous
field measurements, the phase speed variation caused by background currents is not taken into
consideration. This does not affect our comparison with SAR observations, as the background current was an
order of a magnitude smaller than the ISW phase speed.

In Figure 4, in the range of 250–750m depth, one can observe the difference of ISW phase speeds using SAR
estimation and model simulation in different seasons, March is represented as blue and August as green. The
ISW propagates faster in March than that in August due to the deeper mixed layer. However, this difference is
not very significant; it is on the order of 10% at the depth of 500m. In the deep water between 2200 and
3200m, the ISW phase speed theoretical curves for August (green) and April (red) have no apparent
difference, indicating that the ocean stratification is not as important as water depth for determining the ISW
phase speed.

5. Summary and Discussions

SAR image pairs are acquired from the tandem satellites ERS-2 and Envisat. The ERS-2 and Envisat orbited
around the Earth along approximately the same orbit, with the Envisat leading the ERS-2 by 30min.
Therefore, ISWs can be observed 2 times within 30min in the SAR image pairs which provides more
information on the propagation of ISWs. We have demonstrated that the ISW speed can be accurately
determined from SAR image pairs, using 13 ISWs observed in three pairs of SAR images in the SCS. After
applying image geolocation information, we can extract the locations of the ISWs in an ArcGIS environment.
The spatial displacements are measured, and thus, the ISW phase speeds are calculated. In particular, the ISW
phase speed can be obtained at different locations along the wave crest of an ISW, thus yielding the spatial
variation of the ISW phase speed.

The ISW phase speeds estimated by this technique agree very well with the theoretical values from the S-L
equation plus the nonlinear phase speed. Despite uncertainties and limitations, the comparison of ISW phase
speeds from SAR images and from the S-L equation provides sufficient evidence that the ISW phase speeds
retrieved from satellite SAR image pairs are accurate.

The ISW phase speed is mainly dependent on water depth. In the northeastern SCS, the ISW phase speed
generally decreases from east to west and from south to north. It explains the ISW refraction while they
propagate onto the SCS continental shelf. The ISW phase speed in the northeastern SCS is complex and
exhibits strong spatial variability, determined by many factors. There is strong seasonal variation in the ISW
phase speed. In the future, more satellite images are necessary to investigate this phenomenon. Additionally,
the background current is a contributing factor, as shown in the T-G equation. Recent studies using field
measurements have observed the effects of the Kuroshio and eddy on the ISW phase speed [Ma et al., 2013;
Park and Farmer, 2013]. The ISW phase speed from SAR image pairs contains instantaneous information.
Therefore, the results can be used to investigate the Kuroshio’s effects.

We have focused on the northeastern SCS, where ISWs have received much attention due to their impressive
scales and regular occurrence. This method might be applied to study ISW propagation in other hot spot
regions such as the New Jersey coast [Xue et al., 2012], the Portugal coast [da Silva et al., 2007], Mozambique
Channel [da Silva et al., 2009], the Red Sea [da Silva et al., 2012], and the Iberian shelf [da Silva et al., 2007;
Magalhães and da Silva, 2012].
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This technique can be expanded to remote sensing images from other satellite sensors, such as MODIS
(Moderate Resolution Imaging Spectroradiometer) images from Terra and Aqua, and VIIRS (Visible Infrared
Imaging Radiometer Suite) images from NPOESS Preparatory Project (NPP) (National Polar-orbiting
Operational Environmental Satellite System Preparatory Project). The SAR, MODIS, and VIIRS images can be
combined to estimate the phase speed of ISWs. An advantage of this method is that these satellites have
large swath of over 2000 km, and thus, the spatial variation of ISW phase speed can be evaluated, while other
field measurements using ship and moorings do not have such simultaneous large coverage. The
disadvantage is that the optical images are severely contaminated by clouds. Synergy of SAR and optical
images is ideal for tracking ISW in the SCS in the near future when ESA’s Sentinel-1 SAR images become freely
and openly available.
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