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ABSTRACT _

LI, X.; MORRISON, J .; PIETRAFESA, L., and OCHADLICK, A., 1999. Analysis of Oceanic Internal Waves from
Airborne SAR Images. Journal of Coastal Research, 15(4), 884-891. Royal Palm Beach (Florida), ISSN 0749-0208.

Two airborne Synthetic Aperture Radar (SAR) images, which were taken during Office of Naval Research High Res
olution Ocean Experiment , were used to study internal wave characteristics along the continent shelf off Cape Hat
teras, North Carolina on September 16, 1991. These images showed a mixed signal of oceanic interna l waves and
bottom sand waves. We interpreted the internal wave packet with wavelengths of about 270 m, which was comparable
to the sand wave wavelength. Repeat images, taken together with in situ observations, indicated that the wave packet
was propagating with the mean flow at a depth of about 9 meters . Coincident oceanographic measurement s were used
to determine the oceanic interior structure. In the study region, CTD profiles showed a stratified two-layer system.
Using a two-layer finite depth model, we predicted the phase velocity of this internal wave was 0.25 mls. The Doppler
shifted phase velocity associated with the mean flow was about 0.33 to 0.35 mls . Therefore, the total velocity of this
internal wave packet was about 0.58 to 0.60 mls . By navigating the two SARimages to the same origin, we were able
to measure the wave parameters directly from the SAR image. Intercomparison of successive SARimages suggested
the intern al wave packet propagated at the speed of about 0.7 ml s. Thus, the agreement between the model predicted
and SAR image observed internal wave parameters was reasonable. Analysis suggested that the localized bottom
topographic feature was the generating source for this internal wave packet.

ADDITIONAL INDEX WO RDS: Synthetic aperture radar, interna l wave.

INTRODUCTION

Ocea nic internal waves are one of the most ubiqu itous fea
tures on continental shelves (Ftr and HOLT, 1982). They occur
in the regions of strong vertica l stratification , such as the
thermocline, and produced unant icipa ted variability in mea
surements mad e by early observers (LAFOND, 1962). J ust as
surface gravity waves occur at the sharp density interface
between the two fluids of ai r and water, internal waves occur
whe re there is a sharp den sity change within the interior of
the ocea n.

It is very difficult to measure the internal wave field be
cause it has a comp lex three dimensional structure an d its
motion is affec te d both by t he structure of vertical stratifi
cation and by horizontal mean currents. In ad dition, gene r
ating sources for internal waves are not uniform. Tida l cur
rents flowing over ir regular bottom topography, atmospheric
pressure fluctuations over shelf waters, surface wave inter
action , ba rotropic t ides impinging on the shelfbreak, etc., are
examples of processes which can generate internal waves.

Internal wave studies can help better understand the up
per ocea n dyn amics and ocean interior structure (J ONES,
1995). Breaking internal waves is an im portant mechanism
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for oceanic mixing (ROBERTS, 1976 ). Since internal waves are
associated wit h the temperature and sa linity structures in
the upper layers of the ocea n, remote sensi ng of inte rnal
wave pat terns on the ocean surface provides additional mea
surements to monitor the depth of thermocline. In the coastal
regio ns , better und erstanding thermocline dep th is helpful
for sub marines and ships operations. Those facts have made
internal wave study one of the most in terest ing topics in
coastal oceanography.

In the vicinity of Cape Hatteras , North Ca rolina, a thin,
well defined mixed surface layer exists above the seasonal
thermocl ine on the continental she lf in the fall . This mixed
layer is establishe d by an increase in win ds an d a drop in air
te mpe rature, caus ing sea surface cooling an d vertical mixi ng
(P IETRAFESA et al ., 1980). This creates an interface between
the ligh ter surface water and denser dee p water. Such mean
vertical stratification can sup port the exis tence of internal
waves which , if realized, would propagate along the density
interface between the upper mixed layer and the lower layer
over the adjacent continental she lf. Th e up per mixe d layer at
this time of year is usu ally shallow, of order a few meters in
thickn ess. Th erefore, when internal wave amplitudes are
la rge, the local sea surface roughness will be modul ated . As
a re sult, the internal waves will have a surface expression
whic h can be detected in a va riety of remote sensing images,
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Figure 1. The locations of SAR images and RIV Bartlett's CTD sta tions
(A and B) on U.S. Naval Oceanogra phic Office Bottom Contour Chart off
Cape Hatteras (Map N.O. B0806). The GS91258 and GS91260 lines are
the Gulf St ream north wall posit ions on September 15 and 17.
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Airborne SAR Images and Interpretation

The images shown in Figure 2a and 2b were taken by the
airborne NAWC SAR remote sensing system. The system has
a bandwidth selectivity option for each band of either narrow
bandwidth or wide bandwidth corresponding to 60 MHz or
120 MHz, respectively , and an antenna polarization selectiv
ity option for all three bands of horizontal and/or vertical po
larization on both transmit and receive. The SAR system re
corded four channels of data including L-VV(L-band at a cen
ter frequency of 1.25 GHz with vertical polarization on both
transmit and receive), L-HH, C-band (at a center frequency
of 5.3 GHz) and X-band (at a center frequency of 9.35 GHz).
The system also has a spotlight capability with th e L-band.
In this mode , the antenna continually repositions itself and
rem ain s trained on a particular target of interest, providing
data at aspect angles ±45° from boresight. The azimuth and
range resolution were 1.62 meters (m). The images presented
here have been subsampled to 8 X 1.62 m. In addition, the
imagery has been geometrically corrected and the back scat
ter intensity normalized to 45° angle of incidence. The SAR
digital images were processed at Environmental Research In
stitute of Michigan (ERIM). LYZENGA (1998) and LYZENGA
and MARMORINO (1998) gave information about SAR digital
processing and comparison betw een some SAR images im
aged at different bands. In this study we focused on a group
of wave patterns seen in two L-VV SAR images.

The major advantages of using airborne SAR images to an
alyze oceanic internal waves were very high resolution and
repeatability. The SAR images us ed in thi s study have a res
olution of 1.62 m in both azimuth and range direction. In
addition, it was quite easy to rep eat observations of features
of interest. In this case, the scene of interest was reoccupied

such as aerial and spacecraft photographs (GOWER and
HUGHES, 1979; OSBORNE and BRUCH, 1980; ZHENG et al.,
1993), Landsat MSS (APEL et al., 1975a, 1975b), and Side
Looking Real Aperture Radar imagery (SLAR) (ZHENG et al.,
1989).

Internal waves have also been detected in Synthetic Ap
erture Radar (SAR) image s through the same mechanism
(ALPERS, 1983; HUGHES, 1983; KASISCHKE, 1983; GASPA
ROVIC, 1986; ETKIN, 1992). The remote sensing of ocean fea
tures with SAR depends on the interaction of microwaves and
short ocean waves . As described in a revi ew by VALENZUELA
(1978), experimental studies have established resonant or
Bragg scattering as the most important mechanism in th e
interaction of an electromagnetic wave , such as a radar pulse,
and the ocean surface over an incidence angle range of about
20° to 70°. The SAR imagery intensity contrasts are the result
of electromagnetic field backscattered by the dynamical ocean
surface, following image processing, including geometrical
corrections. High resolution SAR is capable of imaging of sea
surface patterns cau sed by, among other things, gravity
waves , internal waves, ocean currents , and frontal boundar
ies. In th e Georgia Strait experiment, HUGHES and GOWER
(1983) used airborne SAR to obtain quantitative measure
ment of surface wave modulations induced by natural and
ship-generated internal waves including th e determination of
the phase relationship between SAR image roughness vari
ations and internal wave amplitude. In the SAR Internal
Wave Signature experiment by GASPAROVICet al . (1984), th e
repeat aircraft passes wer e used to observe the propagation
of internal waves in the New York Bight. The waves were
registered to the known position of a research vessel in the
image , and th e offsets were used to calcul ate prop agating ve
locity of the intern al waves. Both studies verified that sea
surface manifestations of internal waves fields can be ob
served by SAR technology.

The study region is given in Figure 1. In this case study,
two SAR images (Figure 2a and 2b), taken by the Naval Air
Warfare Center (NAWC) SAR Aircraft during the Office of
Naval Research High Resolution Ocean Experiment on Sep
tember 16, 1991, were processed and interpreted. They were
then used to infer internal wave propagation along the con
tin ental shelf off Cape Hatteras. The airborne SAR provides
the unique opportunity to image th e waves repeatedly in such
a short period of time. This experiment coincidentally gath
ered oceanographic in situ measurements from research ves
sels in th e region of the continental shelf in the vicinity of
Cape Hatteras, specifically at 35°14'42"N, 75°9'29 "W.

A packet of waves pattern was clearly seen in both images
(Figure 2a and 2b) which wer e taken approximately 22 min
ute s apart . Comparis on of these successive images allows di
rect determination of a number of basic properties of the
wave packet . In addition, in situ measurement data are used
to determine th e oceanic interior structure and to der ive
char act eristic parameters scaled for the th eoretical study. By
using a two layer finit e depth th eoretical model , th e phase
velocity , group velocity, were calculated and analyzed.
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Figure 2a and 2b. Two original High-Resolution SAR images .
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approximate ly 22 minutes afte r th e initial imaging. Becau se
of the precise na vigation of th e ai rcraft , it was relatively easy
to geometrically correct the two SAR images and navigate
th em to th e sa me origin. The br ight-dark features on Figure
2a and 2b were th e sea surface manifestation s of internal
wave and sa nd wave fields. In this cas e, it was impossibl e to
discern th e internal wave pattern from sa nd wave pattern,
becau se the internal wave wave length was comparable to
th at of the sa nd waves . However , since we navig ated th e two
SAR images (Figu re 2a and 2b) to cover th e sa me area in the
sa me orie ntat ion, we could compare th ese successive SAR im
ages to find th e moving fea tures in th e two images. From
Figure 2a, we can see that th at the first wave peak has a
sha pe of bifur cation indicated by the yellow line. The bifur
cation featur e remains at the sa me position when one overlay
the Figure 2a on Figure 2b. Therefore, th e bifurcation marks
one of th e steady sa nd wave features. We use th e bifurcation
feature as our refer ence position (RP). There was a distinct
internal wave signature to the north east of RP on Figu re 2b
(gree n lines). The inte rnal wave packet conta ins th ree wave
crests and propagates to th e northeast ind icated by the num
ber next to them. In Figure 2a, the re were two wave crests
orientating in th e sa me direction. Since these wave crest s
moved between the two images, we conclud e th at th ey are
internal wave crest s. The other non-moving wavelik e crests
are cause d by sa nd waves. By comparing Figure 2a and 2b,
we measu re the int ernal wave posit ion cha nge between the
lead ing wave cres t position of the inte rnal wave packet in
dicated by th e lead ing green lines in Figure 2a and 2b. Since
the time difference between the two airborne SAR images is
known, we can then calcula te th e inte rnal wave propagation
velocity. The calculated internal wave phase velocity from th e
two SAR images is about 0.7 mls.

In Figure 3, we produce two su bimages with th e image cen
ter locat ed near the wave packets in Figure 2a and 2b. In
formation derived from the two SAR images is summa rized
in Figure 3.

The SAR image intensity varies according to cha nges in the
roughness of th e surface of th e ocean. In this case these
changes in roughness were due to the surface expression of
intern al wave and sa nd wave features. The image intensity
cont rast taken along th e line PI- P2 in Figure 3 (the image
pixel valu e along PI-P2 divided by the average image pixel
value ) vs. distan ce between PI-P2 is plotted in Figure 4.
Since th e two SAR images have been navigated to th e sa me
origin, Points PI and P2 are at the sa me location on both
images. The solid and dash lines both showed that the SAR
ima gery readily reso lved distinct waves in the packet in both
images. Line PI-P2 was drawn to be approximately perp en
dicular to the wave cres ts . The image pixel size is 8 X 1.62
m by 8 X 1.62 m. Therefore, th e distan ce between PI and P2
can be calculated once th e positi ons of PI and P2 were fixed .

The aver age peak-to-peak wavelength (A) of the middle
eleven waves was approximate ly 270 m. The first and second
images were taken at 16:28:00 UTC and 16:49:50 UTC, re
spective ly. Most of the wave crests in th e lower image of Fig
ure 3 matched th e wave pattern shown in upp er image of
Figure 3. Therefore, the re is no wave propagation during th e
time interval between the SAR images of 22 minutes for

these waves . Th is can also be seen in Figure 4, where the
positions of wave peak along PI-P2 line in upp er image
match exactly those of lower image in Figure 3. DONATO et
al. (1997) showed th e sa nd waves existed in the sa me area,
an d the major ity of the wave cres ts can be interpre ted as
sta nding sa nd wave pattern. The reason th at we can not dis
tinguish th is internal wave cres ts from the sa nd wave crests
in Figure 4 are th at they are almost overlai d.

In summary, from these two SAR images we estima te d
the inte rn al wave phase velocity to be about 0.70 mls. In
addition we measured th e internal wave wave length to be
about 270 m.

In situ Measurements

During the ti me of the aircraft over flight , the US Navy
Vesse l RJV Bartlett was collecting sea truth observa tions .
The ship surveyed th e north wall of the Gulf Stream ma king
detail ed measurements of sur face param et er s and vertical
profiles of th e te mperature, sa linity and density fields using
a conducti vity-tem perature-depth (CTD) profiler. The ship
position, heading, wind speed, and air and sea temperatures
wer e sa mpled every 10 minutes. Figure 5 shows the CTD
profiles at locations A an d B in Figure 1. Th e vertical axis
pressu re unit in Figu re 5 was a decibar (104 Pal, which is
approximate ly the hydrost atic pressu re at one met er depth
in sea water . These vert ical profiles were taken between
three and four hours after th e firs t SAR image was recorded.
Since the wind speed is low and ocean is calm during th e
exper iment, it was reasonable to assume th at th e ocean in
terior st ruct ure did not cha nge mu ch over less than four
hours of time. CTD profiles in Figure 5 should st ill be rep
resen tative of the subs ur face density field at the t ime of th e
overflights . The CTD profiles show a well defined two layer
syste m in th e st udy area with a sha rp pycnocline at approx
imately 9 m depth . The well mixed upper layer had a thick
ness h, of 9 m and density P, of 1022 kg/m" (densi ty =
ITe+1000 kg/m", and ITe is the potential density). The uni form
lower layer had a thickn ess h2 of H-h " density P2 of 1023 kg/
m''. The density differ ence between th e two layer s was P2 
P, or ~p. The mean density is (PI + P2)/2 or p. Th e depth of
the water column, H, was about 35 m at this locati on. In
addition, th e obse rvations from th e ship at 16:30:00 UTC
showed an air temperature of 29.94°C, a sea surface temper
ature about 27°C and wind speed of 1.62 mls (at 10 meter s).

TWO LAYER FINITE DEPTH MODEL

It was assume d that the flow was in the Boussinesq ap
proximation, and the effects of the earth's rotation were ne
glecte d, i.e., th e Rossby number was taken as large. The ver
tical momentum equa tion used to describe th e vertical motion
in a stratified ocean of arbitrary Brunt-Vaisala frequency
Ntz) can be wri t te n (PHILLIPS, 1977) as

(1)

Th e wave solut ions which are peri odic in x and t can be
sought in form W = W(z)expi(KX - wt). X axis is chose n to
be perpendicular to wave crest. Thus, if U is th e mean veloc-
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Synthetic Aperture Radar Image

EXPERIMENT NAME:
ARI HIGH RESOLUTION

Flight Date: 16-Sep-1991
Flight Time: 16:28:00 UTC (Image 1)
Flight Time: 16:49:50 UTC (Image 2)
Plot Origin: (0,0) meters

Latitude: 35.301 N°
Longitude : 75.158 WO

Image Parameters
Geometrically Corrected
Intensity Normalized to 45° Incidence
LEE filter Applied

Aircraft Parameters
Altitude: 3548 m
Heading: 89.6°

Radar Parameters
Look: Left
Frequency: L Band
Polorization: VV

Resolution:
Range: 8*1.62 m
Azimuth: 8*1.62 m

Om 1000 2000 3000m

Figur e 3. Airborn e SAR images of oceanic internal wave and sa nd wave patterns.

ity in the direction of X-axis , then X = X, ± Ut, and W =
W(z)expi[KX - (co ± UK)t]. Substi tuting W into govern ing
equat ion (1), we have

d
2W

(z) + (N(Z)2 _ 1) K2W(Z) = 0 (2)
dz" a 2

whe re N(z) is expressed as

N(z) = (_ ~ ilP)1/2
P ilz

(3)

a = w ± UK is th e internal wave frequency, K = 2Tr/'A. , is the
horizontal wave number , and W(z) is th e vertical velocity .

Equation (1) was solved analyt ically. From Figu re 5, we
can see that the water density changes ra pidly wit hin a small
range of ~d around the pycnocline. Th erefore, th e Brunt
Vaisala freq uency Nlz) had it s maximum value near th e ther
mocline and is small at other depths.

Equation (1) can be further simplified. P HIL LIPS (1977) in
tegrated equa tion (1) over the ra nge of depth ~d surrounding
the thermocline . The internal boundary condition across the

Journal of Coastal Research, Vol. 15, No.4, 1999
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Figure 5. CTD profile s at stations A and B in Figure 1.

(
1 K-h -sinhstk- h ) + K-h ·sinh 2(K ·h ) )::,::U + C _ + I 2 2 I

P 2 2sinh(K-hl) 'sinhK(h 1 + h2)'sinh(K- h2)

(6)

Cg is found to be 0.96C p •

DISCUSSION

only simultaneously observ ed northward movement of a sa 
linity front in the st udy area (DONATO et al., 1997) showed
that its velocity was about 0.3 mls . They also showed the
mean curre nt was in the direction of northeast an d its veloc
ity was less than 0.5 mls . The mean current direction was
the sa me direction as that of the orientation of wave packet,
which was about 25° and 30° to the east. If the sa lin ity front
movement was associated with the mean flow, then the mea n
current velocity was about (0.30 mls)/cos(25° - 30°) = (0.33
- 0.35) mls . This mean velocity was about the sa me as the
wave propagation velocity . Therefore, the total phase velocity
of the model output was about 0.58 to 0.60 mls . This explains
that the wave propagates in the speed of about 0.7 mls mea
sured by two SAR images.

From equation (3), after neglecting the Kd d te rm, the
group velocity C, is

C = a(J

g aK

(5)

-- 16:28'00 UTe
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8VJ
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>.-·iii
~
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.§
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Distance Between Pi and P2 (M)

thermocline was th at the vertical velocity of the lowest in
ternal wave mode was continuous. Because the measured in
ternal wave wavelength (about 270 m) was fairly large com
pared to th e water depth (30 m), the botto m boun dary con
dit ion is taken as W(- H) = 0, and at the sea surface, the
free surface boundary conditio n can be taken to be W (O) = 0
to sufficient accuracy . Equation (1 ), together with these
boundary conditio ns form a second order Sturm- Liouville
problem. The lowest eigenvalue satisfying the governing
equation an d boundary conditio ns leads to the dominant in
ternal wave mode dispersion relation

(J = ::,::UK + ( K 'g' )112 (4)
K 'dd + coth(K ' hI) + coth(K' h 2 )

where, g' is the reduced gravity associated with the density
cha nge across the thermocline interface, and g' = gdp/p
where g is ta ken as 9.8 m/s", From Figure 5 we can see that
dd (a few meters) is very small compared to internal wave
wavelength (270 m).

The wavelength X. of the internal waves , as determined
from the SAR observations , is much greater than d d, so that
Kd d «: 1. So, this term can be neglecte d in equation (3). h. ,
h2, PI' P2 and dd can be determined directly from the CTD
observations . Thus, all th e parameters in the dispersion re
lation (3) are known. The wave nu mber K (2'lT/X.) is then cal
culated.

The phase velocity C, can be obta ined from

Figure 4. BAR image int ensity contrast along P1 and P2 .

C, was found to be 0.25 mls ::':: U. Unfortunately, there were
no detailed currents measuremen t within wave field. The

From the above calculation, the group velocity of this in
ternal wave packet is less than the phase velocity (C, =

Journal of Coastal Resea rch , Vol. 15, No.4, 1999
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0.96Cp ) . Therefore, this group of internal waves was disper
sive . The wave energy dissipates with time. This observation
was consistent with the earlier observations of like phenom
ena by ALPERS (1983), ETKIN8 (1992) and ZHENG (1993). In
this case, Cg is very close to Cp , the dissipation is a long pro
cess. From two SAR images, we can not see the dramatic
wave dissipation within 22 minutes.

ALPERS et al. (1983) using SEASAT SAR images, showed
that internal waves were generated by the rev erse tidal flow
over the sill in the Strait of Messin a. They found the internal
wave packet propagated along the coast and parallel to the
tidal flow. KASISCHKE et al. (1983) examined 21 passes of
SEASAT SAR imagery collected over the eas tern North At
lantic Ocean and found th at the geographic locations of all
internal wave signatures were within 10 kilometers of an
ocean bottom feature, such as a sea mount , a submarine ridge,
a bottom obstruction, or a bank. In addition, no particular
inherent propagating direction was found . In th e study of in
ternal wave s on th e continental slope of Middle Atlantic
Bight, ZHENG et al. (1993 ) showed that the crest lines of the
internal waves are nearly parallel to th e bottom contours, as
th ey were generated by the tidal flow impinging against th e
continental slope. The se studies all confirm that the direction
of internal wave propagation is related to the mean current
and bottom topography.

In this study, the "Bottom Contour Chart" published by th e
U.S. Naval Oceanographic Office (Map N.O. B0806) is dr awn
in Figure 1. The depth contours unit is in fathoms (1 fm =

1.829 meter). The region that is shallower th an 10 fm off
Cap e Hatteras is Diamond Shoals. A topographic bump exists
to the north and eas t of the Diamond shoals, which presents
obstruction to an alongshore curre nt, but is located about D
= 12 km southwest of our SAR observation area. The group
velocity esti mated from the two layer model, Cg = 0.96 Cp ,

without mean current at the bump location, is about 0.24 mI
s. Therefore, if the wave is generated at the bump location,
then it would take DICg , about 13 to 14 hours to travel to th e
study area . It is less likely for this sma ll scale waves to travel
that long distance because of the ener gy dissipation for this
sma ll scale wave packet . As described in two layer finit e
depth model, th e model is established in a non -rotating frame
(Rossby number U/fL is much greater than 1, U~0.25 mis, f
- 1O- 4/s, L - 270 m ), Ther efore, this internal wave could
propagate in an y direction , but most likely is in the same
direction as th at of the mean current. From section 3, we
hav e showed that this group of internal wave s is parallel to
th e observed mean current.

In th is area , tidal current magnitudes are much smaller
than th at of mean currents . Th e velocity is much less than
th at of Gulf Stream (GS). In our study region mean current
is not within th e Gulf Stream during the experiment period ,
although th e GS path is spa tia lly variable and can move lat
era lly by tens of kilometers in a matter of a week (PIETRA
FESA, 1989). The GS front location can be determined from
NOAAlAVHRR data. Although th ese remapped AVHRR im
ages have a spat ial resolution of about 1.5 km, th ey still show
th e location of th e GS during the experiment. The GS9125 8
and GS91260 lin es on Figure 1 are the GS front positions
digitized from NOAA-ll AVHRR data collected at 19:50:46

UTC on Julian day 258 (September 15, 1991) and at 19:28:
04 UTC on Julian day 260 (September 17, 1991), respectively.
Th e AVHRR images in th e experiment area on September 16
are cloud covered . The Gulf Stream north wall locations show
that th e study region is north to Gulf Stream front. DONATO
et at. (1997 ) showed that there exists a group of sand waves
with magnitudes of about 2 m in the study region, and in the
same direction of th e wave crest, which suggests th at irreg
ular bottom topography could be th e generating source for
this internal wave pack et .

CONCLUSION

SAR imagery can provide significant information for th e
study of internal waves . Two airborn e SAR images collected
during the High Resolution Ocean Experiment (VALENZUE
LA, 1991) showed a well-defined oceanic internal wave pat
tern propagating on th e cont inental she lf off Cape Hatteras.
The dominant wavelength and propagation direct ion of th e
internal waves can be measured directly from the SAR im
ages. The phase velocity can also be measured through in
tercomparison of successive SAR ima ges . In thi s case study,
th e representative wavelength of the internal waves was ob
served to be about 270 m and th e waves were propagating
with phas e speeds of 0.7 mls and in a northeastward dir ec
tion, parallel to the Gulf Stream path.

Information deri ved from both th e SAR imagery and coin
cident in situ oceanographic measurements were used in a
dynamic al ocean model to derive the dominant wave param
eters for internal waves. The internal wave phase velocity
derived from th e two-layer , finit e depth-model is found to be
0.25 ml s. If we consid er th e Doppler shift ass ociated with th e
mean flow, the actua l internal wave velocity is about 0.58 to
0.60 ml s. Thus th e model agrees quite well with th at obtai ned
directly from SAR ima ges. In addition , th e locali zed bottom
sand wave pattern appea rs to be th e generating source for
th is wave packet . In th is case , the phase velocity bia s be
tween th e model output and th e SAR measurements is par
tially due to th e lack of the detailed current velocity data to
estimate th e accurate Doppler shift. The current measure
ment is needed in th e future study in order to determine th e
interaction bet ween th e internal wave field and local cur
rents.
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