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Abstract—The dual-beam interferometer consists of two inter-
ferometric synthetic aperture radars (InSARs), one squinted at
20° forward of broadside, and the other 20° aft, to allow measure-
ment of vector surface velocity with only a single aircraft pass.
Estimates of surface velocity vectors in the coastal region during
high tidal flow are presented. The data were gathered over the
barrier islands west of Fort Myers, FL, as part of a March 2004
deployment. Whereas no detailed bathymetry data were available,
high-quality aerial photography appears to be a useful tool in
inferring bottom topography and possible current obstructions.
The retrieved velocity field clearly follows the expected outflow
pattern. While comparisons with tidal current magnitudes pre-
dicted by the U.S. National Ocean Service do reveal discrepancies
of up to 0.5 m/s, these differences are most likely due to the
contribution of ocean surface waves to the overall InSAR velocity
measurement. Velocity retrievals for the same area based on the
data from different tracks show good consistency. The results
constitute the first demonstration of vector retrieval of the surface
velocity field with a single-pass InSAR system and confirm the
robustness of the dual-beam interferometry principle.

Index Terms—Along-track interferometry, ocean surface cur-
rents, synthetic aperture radar (SAR).

I. INTRODUCTION

INCE its inception [1], [2], along-track synthetic aperture
Sradar interferometry (InNSAR) has been a promising and
increasingly popular technique for remote sensing of ocean
surface phenomena. It can provide detailed maps of oceanic
currents and other dynamic surface features. However, in its
traditional configuration [1], along-track interferometric SAR
(AT-InSAR) measures only one line-of-sight component of
the surface velocity vector. Some suggested remedies to allow
measurement of full velocity vectors include combining obser-
vations from two or more intersecting tracks [3] or inferring
the current direction from the bottom topography [4]. Still,
these workarounds involve obvious tradeoffs and limitations;
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therefore, a single-pass vector velocity measurement capability
would be a very useful and desired development.

Following the idea by Rodriguez et al. [5], Frasier and Camps
[6] investigated augmenting AT-InSAR to enable such vector
velocity mapping. They developed the concept of the dual-beam
interferometer (DBI) that was eventually designed and built by
the University of Massachusetts (UMass) [7]. DBI combines
two AT-InSARs, one squinted 20° forward from broadside, and
the other 20° aft. Thus, every scene in the swath is observed
from two different directions, which allows reconstruction of
the velocity vector.

During 2002-2003, DBI has seen several deployments
that addressed mostly engineering and technical issues, with
flights in August 2003 producing the first interferograms. The
subsequent (and most recent) campaign in March 2004 had
science as its primary objective. While attention was focused
predominantly on the western Gulf Stream boundary off Cape
Canaveral, FL [8], a few overflights of the Florida barrier
islands west of Fort Myers were made as well. As before, the
instrument was installed on National Oceanic and Atmospheric
Administration’s (NOAA) WP-3D research aircraft operating
out of the NOAA Aircraft Operations Center (AOC) in Tampa,
FL. The data were collected and processed as part of a collab-
oration between UMass and the Naval Research Laboratory
(NRL).

The goal of this paper is to present the first examples of
single-pass vector velocity retrievals achieved with this new
system and to give their qualitative assessment. We concentrate
on the observations of currents around barrier islands during
high ebb flow, as these data provide a rather comprehensive test
of the instrument abilities. Indeed, the outflow patterns in the
inlets are sufficiently complex yet intuitively predictable, and
independent (though limited) estimates of current velocities
in the channels were also available. The high-quality aerial
imagery of the site facilitated evaluation of the detected velocity
patterns.

Overall, the retrievals produced very reasonable velocity
maps, well correlated with the bathymetric features visible
in the aerial photos. Vector maps obtained for the same area
but from different tracks also show good consistency. Some
observed discrepancies in velocity magnitudes are most likely
due to contributions from propagating surface waves that
are presently not removed by our retrieval algorithms. Other
possible sources of error are also identified and estimates are
provided.

0196-2892/$20.00 © 2005 IEEE



TOPORKOV et al.: SEA SURFACE VELOCITY VECTOR RETRIEVAL

TABLE 1
RADAR PARAMETERS

Parameter Specification
Center frequency 5.3 GHz
Transmitted signal type LFM (chirp)
Pulse duration 6.25 ps
Pulse bandwidth 25.0 MHz
Receiver A/D sampling rate 31.25 MHz
Polarization \'AY
PRF per channel 1250 Hz
Antenna baseline 123 m
Squint angle 20°
Boresight incident angle 70°
Azimuth beamwidth 7°
Elevation beamwidth 31°

TABLE 1II
TYPICAL OPERATING CONDITIONS
Parameter I Value
Altitude 600 m
Speed 100 m/s
Range within swath (squinted plane) |[[1.2 - 4.4 km
Incidence angle span 60° - 82°

II. SYSTEM DESIGN AND DATA PROCESSING

A. System Description

The DBI operates at C-band (5.3 GHz) and both transmits
and receives using vertical polarization (VV). It emits a 6.25-us
-long chirp signal with a 25-MHz bandwidth that provides a
6-m range resolution. The system has four separate squinted (at
+20° with respect to broadside) antennas that form fore- and
aft-looking interferometric pairs. The physical baseline in each
pair is 1.23 m, with the fore-looking antennas located under
their aft-looking counterparts. Only the fore-located antenna in
each pair transmits. The antennas are pointed in a 70° incident
angle in their squinted planes and have broad elevation (31°)
and narrow azimuth (7°) patterns. The received signal is down-
converted, sampled at a 31.25-MHz rate and recorded on the
hard drives that can store up to 3.5 hours of data. The detailed
system description can be found in [7] and [9]; Table I provides
a summary of the key parameters.

The instrument is designed to fit in a pod (approximately
2.5 m long and 0.7 m in diameter) that can be attached to various
types of aircraft. Currently, the WP-3D aircraft is the preferred
platform with the pod being installed on the pylon under its left
wing [7], [9]. To date, the instrument has operated at an altitude
of 600 m and a ground speed of 100 m/s (cf. Table II). The cov-
ered range in the squinted plane is approximately 1.2-4.4 km.
The incidence angles in the squinted plane vary from 60° to
82°, which approaches the low-grazing regime. A comprehen-
sive theoretical understanding of the scattering mechanisms in
this regime is yet to be developed [10]; hence, extra caution may
be warranted in interpreting the data at far ranges. Since for an
airborne InSAR the platform motions are usually an issue, DBI
has an integrated inertial navigation system/global positioning
system (INS/GPS) [11] attached to its frame. This system has
differential GPS (DGPS) capability and provides 10-Hz atti-
tude/position data that are used for motion compensation during
the processing stages.
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Fig. 1.

Instrument observation geometry.

B. SAR Processing

The system geometry is outlined in Fig. 1. During the flight,
DBI first observes a scene with the fore-looking AT-InSAR, and
then, about 15-20 s later, with its aft-looking counterpart. Com-
plex images for each of four channels (two fore-looking and two
aft-looking) are synthesized using the chirp scaling method [12].
No range scaling is used, so the processor places a stationary
target on the image at its broadside range 7o (cf. Fig. 1). The
processed data segments are usually about 100 s long.

The motion compensation algorithm uses a flat-Earth as-
sumption and adjusts the data in all four channels to a common
single track (the best straight fit to the horizontal trajectory of
the INS/GPS device coordinate center), which includes shifts
in azimuth to account for the time lag between the fore and rear
antennas. This procedure accomplishes several goals. Besides
improving the quality of the magnitude images, it removes
motion-induced errors from the interferograms and assures that
fore-looking and aft-looking images are coregistered (at least
for stationary targets).

In flight, the actual squint angles, defined with respect to
the track (Fig. 1), are likely to differ from their 20° design
values. The causes include variations in aircraft attitude, as
well as possible misalignment of the DBI and the airplane axes.
For processing purposes, constant squint angles are initially
inferred from the averaged navigation data and then refined by
estimating Doppler centroid frequencies f. at midrange, with
the relationship being (cf. Fig. 1)

_ 2
D)

fe sin f. (1)
In (1), V}, is the platform velocity, and A is the electromagnetic
wavelength; fore-looking and aft-looking squint angles 65 are,
respectively, assumed to be positive and negative. The effective
integration time is specified by applying a filter in the azimuth
spectral domain and currently is chosen to be around 1.5 s at
midrange—about half of what the 7° antenna pattern would
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allow. If the aircraft attitude (mainly heading) fluctuates signif-
icantly during the run, there may be times when there are no
spectral components near the selected Doppler centroid, which
would result in low signal-to-noise ratios (SNRs) in corre-
sponding parts of the image. So far this has not been a problem,
and remedies such as processing shorter data segments or using
larger integration times are available if this issue arises in the
future.

The interferograms @; for fore (j = 1) and aft (j = 2)
squints are calculated from the corresponding coregistered com-
plex image pairs as

Di(z,r) = arg (<'£Fj(x,r)ijj(x,r)>) ,

where the subscripts “F” and “A” refer to a fore- and aft-lo-
cated antennas constituting each interferometer. The average in
(2) is obtained by multilook processing (‘“‘coarse-graining”) in
azimuth to match the 6-m range resolution. With the estimated
azimuth resolution of 0.6 m at midrange, this procedure makes
use of approximately ten looks. With further reduction in res-
olution, more robust averages can be obtained if necessary. By
the DBI design [6], there should be no phase wrapping for the
expected surface velocities of up to approximately 3 m/s. Thus
far, we have not encountered a situation when this limit was ex-
ceeded and phase unwrapping was necessary.

J=1L2 (2

C. Retrieval of Surface Velocity Vectors

With the knowledge of phase maps @1 and @5 from forward
and aft looks, the velocity retrieval proceeds as described in [6].
First, the interferometric phases are related to radial velocities
u; (j = 1,2) observed at two given squints as

D; A
u; = ——V,.
T 4r B, "
Because only one antenna in each pair is transmitting, the ef-
fective baseline B, in (3) equals half the physical along-track
antenna separation.

Assuming that surface velocities are confined to horizontal
plane, their components are computed as (cf. Fig. 1)

3)

w1 coS Bg90 — ug cos 41
Uy = A
sm(&sl — 932)

u2 sin 051 — U7 sin 952
Uy =

sin(fs; — Os2)sin0; @)
As stated previously, the aft-looking squint angle is assumed to
be negative. The above two equations extend the result (11) in
[6] to the case of two arbitrary squints. Note also that [6] uses
different angle definitions.

In what follows, we present the retrieved velocity fields (4)
sometimes calling them “currents.” It should be noted, however,
that for sea surface observations, the measured interferometric
phases (2) and derived velocities (4) contain contributions from
both ambient currents and propagating surface waves [3], [13].
The latter component can be appreciable and, ideally, should be
taken out. Accurate removal is an interesting and challenging
task by itself (e.g., [14]) and requires, among other things, good
knowledge of the surface and wind conditions in the area (if
the DBI was calibrated, it could supply some of these data by
doubling as a dual-beam wind scatterometer). While no such
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correction is attempted here, we will provide an estimate of the
surface roughness contribution and its impact.

III. RESULTS AND DISCUSSION
A. Overview

The processing techniques described above were applied
to the DBI data gathered over the barrier islands west of Fort
Myers, FL. on March 13, 2004. The flight was scheduled around
the expected time of maximum ebb current, based on daily pre-
dictions by the NOAA’s National Ocean Service (NOS).! Flight
tracks consisted of several northbound and southbound passes
parallel to the island chain; a few perpendicular, east—west
passes over a couple of selected inlets were made as well.

Part of that study area is shown in Fig. 2. The land mass seen
on the right is Pine Island which encloses the sound from the
east. The two inlets in the island chain on the left, Captiva Pass
and Redfish Pass, will be the focus of our analysis. The body of
water to the left is the Gulf of Mexico. Fig. 2 also includes an
aerial photograph of the site.2 The image is dated February 1,
2003 and reveals some bathymetric information. Since no de-
tailed bathymetry maps are available to us at this time, we rely
on this aerial imagery when assessing the retrieved velocity
patterns.

As Fig. 2 illustrates, the scene was observed from two oppo-
site parallel tracks. The data segment corresponding to Track 1
began at 22:36:50 EST and lasted 100 s. The data from Track 2
last 104 s and were collected 12.5 min later, starting at 22:49:25
EST. We emphasize that only one track is necessary for DBI
measurement of vector velocity field. Unless stipulated other-
wise, the data discussed below are from Track 1, with Track 2
used for comparisons and confirmation of the findings.

B. Retrieved Velocities

Fig. 3 displays the coherence map (a) and the interferogram
(b) for the aft look at 6-m resolution [for SAR intensity image,
cf. Fig. 4(a)]. Changes in phase are clearly visible around
the channels. As expected, the coherence stays high over the
land with typical values of 0.95 and above. The coherence is
lower over the water due to temporal decorrelation and weaker
backscatter (lower SNR). The latter effect becomes particularly
noticeable at distant ranges. The coherence and phase might
also be affected by other factors such as instrumental and
processing artifacts, including range sidelobes from bright
land. As expected, in the regions with low coherence the phase
becomes increasingly noisy. Therefore, for velocity retrieval
we will use a boxcar window to get additional 20 x 20 pixel
averaging as described in Section II. However, in the vicinity of
the inlets, the SNR and coherence remain strong, which allows
mapping the currents there at higher (e.g., 6 X 6 m) resolution
if necessary.

The retrieved vector velocity field is shown in Fig. 4 superim-
posed on the SAR intensity image (a) and on a color-coded map
of the velocity magnitude (b). The velocities in both channels

Thttp://co-ops.nos.noaa.gov/currents04/

2Aerial Imagery by GlobeXplorer acquired through the U.S. National Geo-
graphic website http://mapmachine/nationalgeographic.com.
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Fig. 2.

clearly show the outflow patterns that one might expect from
the aerial imagery in Fig. 2. In particular, the green hue in the
sound likely indicates algae growth that would be characteristic
of shallower areas with stagnant water. On the contrary, the tan
or pink-colored areas around the inlets suggest appreciable cur-
rents and bear witness to their erosion effects. From this, we
expect that the current influx in the Captiva Pass inlet would be
predominantly from northeast and southeast directions, with the
approach from due east being obstructed by a protruding shoal.
This behavior is indeed observed in Fig. 4. Later in the paper we
will analyze the inlet areas (dashed boxes) in more detail.

Some minor anomalies in Fig. 4(b) can also be observed.
For example, large velocities detected for a spot east of Cap-
tiva Pass (around 2 km ground range and 9 km azimuth) are
most likely due to the presence of a moving object (appearing
only in fore-looking channels). The sources of relatively large
velocities near the shore at 2.8 km ground range and 5.5-6 km
azimuth are, as yet, undetermined, and increased velocity values
at far range should be treated with suspicion because of low SNR
as discussed above.

The only independent velocity estimates available to us for
comparison were the NOS predictions of tidal currents. The
NOS data indicate that ebb current in Captiva Pass on March 13,
2004 peaked at 22:10:00 EST (i.e., 27 min prior to Track 1 data
acquisition) with a value of 0.8 m/s. Our measurements across
the Captiva inlet yield absolute velocity values of 1.1-1.2 m/s,
and outside the channel the retrieved outflow pattern exhibits
varying structure with peak magnitude reaching 1.7 m/s. No
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(Left) Map of the study area and (right) the aerial photograph corresponding to the dashed red box on the map.

NOS data were available for the narrower Redfish Pass where
we detect a stronger, more uniform flow of 1.75 m/s. It is not
entirely clear to what precise geographical point the NOS pre-
diction refers to, or what spatial averaging is used in their model.
All those considerations are important because of the substantial
spatial variability of the current being observed. Perhaps high-fi-
delity hydrological models similar to KUSTWAD described in
[15] could provide better comparison if available. Still, a differ-
ence on the order of 0.5 m/s is acknowledged. As we show next,
a plausible source of this discrepancy is wind-generated surface
roughness.

C. Error Analysis

We now consider the factors most likely to affect the accu-
racy of InSAR current measurements: phase errors due to low
coherence and residual motion errors. The bias introduced by
the surface waves, while being more of a postprocessing rather
than a system problem, is also estimated.

For phase error variance, we use a Cramer—Rao bound [16],
(17]

1 1—+2
— =7, )
2]VL 72

o2 =

The coherence ~y (absolute value of the complex correlation co-
efficient) is determined from maps similar to one in Fig. 3(a)
using additional 20 x 20 pixel averaging to improve the esti-
mate. The number of looks Ny, in this case varies from about
2200 to 7500, depending on range.
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Fig. 3. (a) Coherence map and (b) interferometric phase for the aft look.
Numbers in (b) specify locations for which phase errors will be estimated.

Variances for the velocity component estimates can be de-
rived from (3) and (4) assuming that phase noise in the aft- and
fore-looking interferograms is uncorrelated (cf. also [6])

9 AV, ? 02, cos? o + 02y cos? 1
o <47rBe) sin?(fy1 — fs2)
s [ AV, 2 02, 50?049 + 02, 5in% Oy
Ty = <47rB5) sin2(0,1 — Oy0)sin26;

vy
The overall accuracy of the retrieved velocity vector due to
phase errors is

(6)

0% = ng + Ugy. 7

Error in the velocity magnitude v may also be of interest. For

oz/v < 1, it can be estimated as
2 2 2 2
9 UnOuy T 0,0, + 2V Vy Oy Oy P
o, = 5 5 (8)
vy + vy
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Fig. 4. Retrieved vector velocity field superimposed on (a) SAR intensity
image and (b) on color-coded map of velocity magnitudes. Yellow dashed
boxes indicate areas to be analyzed in detail.

TABLE 1II
ERRORS DUE TO INTERFEROMETRIC DECORRELATION
Location || Coherence g, rad Vys V), v, s, | o,
(Fig. 3b) Fore | AR | Fore | ARt m/s | m/s | m/s | e | ms
1 0.83 |0.67 |0.008 [0.014 |-0.01 | 1.15 |1.15 ]0.02 |0.01
2 041 [0.60 ]0.029 |0.018 |-0.15 [0.86 [0.87 |0.04 |0.01
3 0.08 |0.41 |0.182(0.03210.113]0.23 |0.26 [0.22 |0.14

where p is the correlation coefficient between the errors in the
z- and y- velocity components, shown in (9) at the bottom of
the page. Table III summarizes phase and velocity errors calcu-
lated according to (5)—(9) for three locations labeled in Fig. 3(b).
The accuracy of vector velocity estimate oz at locations 1 and 2
is better than 4 cm/s, and the impact on the velocity magnitude
(given by 0,)) is even smaller. The worst accuracy is achieved for
location 3, due to very low coherence in the fore-looking chan-
nels. It is obvious that the velocity estimate of 0.26 m/s there is

02, sin(2052) + 02, sin(26041)

p=—

©))

-2 -2
2\/(0351 cos? Oy0 + 03, cos? f,1) (02, sin” 0,5 + 02, sin” f,1)
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dominated by errors (o7 = 0.22 m/s), so strictly speaking (8) is
not applicable and apparently gives an underestimated value.

After SAR processing with motion compensation, slow phase
undulations in azimuth direction are still noticeable. They can be
spotted in Fig. 3(b) as tilted bands extending in a squinted range
direction. A similar effect was reported by Prats and Mallorqui
[18] and was linked to insufficient precision of INS/GPS sys-
tems. We estimate these residual phase undulations to be on av-
erage 0.1 rad in both the fore- and aft-looking channels. Their
period varies but generally stays under 5 s. As observations of a
particular scene through the fore- and aft-squinted beams are
separated in time by 10 s or more, unintended platform mo-
tion at a given instant in time affects regions in the two inter-
ferograms that are widely separated in space. Therefore, we
will assume that for a given image pixel the two sources of
phase noise are uncorrelated. Repeating calculations in (6) with
op1 = 0gz = 0.1 rad, we find that residual motion errors intro-
duce vector velocity inaccuracies oy of 0.17 m/s. As this error
does not depend on local image properties like the coherence
and varies only mildly with the observation geometry, it is char-
acteristic of the whole scene. We can verify this estimate by
looking at the land areas in Fig. 4(b). Ideally, the phase over land
should be zero, yet the retrieval yields some nonzero velocities,
and the residual motion errors are most likely the cause. These
observed spurious velocities are indeed mostly of the order of
0.1-0.2 m/s. The effect of motion errors on the magnitudes of
retrieved currents can be gauged using (8). For Captiva pass (lo-
cation 1, cf. Fig. 3) such an error corresponds to 0.06 m/s. This
is still well below the discrepancy with the NOS data discussed
earlier.

To assess the impact of surface waves on our measurements,
we need to estimate the mean frequency fp of the Doppler spec-
trum that such waves would produce without any current [13].
It is this frequency that introduces an additional phase shift of
—2nfp(Be/V,) to the interferogram and gets interpreted as a
radial velocity [cf. (3)]

_Afp
2.

up = (10)
As fp depends on the sea state, knowledge of surface conditions
is certainly required. During the hour that these data were col-
lected, the closest NOS station at Fort Myers (30 km inland from
the islands) reported the easterly wind (98° from true north) with
average speed of 3 m/s and gusts of up to 5 m/s. A 22:40 EST
report from the local meteorological station on Gasparilla Island
(40 km north) indicated a northeast wind (53° from true north)
with average speed of 5 m/s and 6-m/s gusts. We believe that
the Gasparilla Island station report is more representative of the
coastal conditions; also the wind streaks observed in some SAR
imagery appear to be in better agreement with the wind direc-
tion stated there.

Romeiser and Thompson [14] proposed an efficient method
that evaluates the roughness-induced fp based on a two-scale
scattering model using the ocean surface wave spectrum as an
input. Long gravity waves with wavelengths exceeding the res-
olution element may require separate, deterministic treatment;
however, no such waves or their phase signatures are visible in
the 6 X 6 m-resolution imagery [cf. Figs. 4(a) and 3(b)], and
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additional smoothing with the 20-by-20 pixel window used in
the retrievals further alleviates any such concerns. Although the
DBI incidence angles are outside the stated region of validity
of the Romeiser—Thompson model (30° to 60°), earlier two-di-
mensional (2-D) comparisons with direct numerical simulations
of the surface backscatter [19] indicate that reasonable predic-
tions still can be obtained for larger angles. For a rough esti-
mate, we will use the reduced 2-D model implementation (with
only one horizontal coordinate) from that study. While the 2-D
case corresponds to rather special circumstances in which the
radar looks either up- or downwind, we observe that such a sit-
uation is almost realized for the aft-looking antenna [cf. wind
direction in Fig. 4(b)]. With a 5-m/s Pierson—-Moskowitz sur-
face spectrum (e.g., see [20]), we estimate fp in the aft look
to be about —13 Hz for the whole range of our incidence an-
gles. Unfortunately, 2-D analyses cannot provide answers for
cases of considerable cross-wind looks that occur for the fore
beams. Yet we note that in the cross-wind case a radar observes
both receding and advancing waves, resulting in contributions at
both positive and negative Doppler frequencies [13], [14], [21].
The mean frequency fp therefore should be smaller than for the
up- or downwind look. To proceed with our estimate, we set fp
for the fore look to half the aft look value, i.e., —6.5 Hz. Cal-
culations using (10) and (4) show that wind-generated surface
roughness contributes —0.24 m/s in the x direction, and 0.33 m/s
in the . Removing these components would cause the velocity
magnitude at location 1 (in Captiva Pass) to drop from 1.15 to
0.85 m/s, a value that is much closer to the NOS predictions.
The adjusted velocity vector will be rotated clockwise (toward
north) by 16°. We can repeat these calculations for the region
about 200 m westward, just outside Captiva pass, where we ob-
served even higher currents. The velocity magnitude there drops
from 1.3 to 0.98 m/s, with the direction adjusted by 13.5° clock-
wise. This simple estimate shows that surface waves are indeed
an important factor and that accounting for their effects does
bring the retrieved velocities closer to the NOS current predic-
tions. We also note that our vector velocity maps, though biased
by surface waves, should still provide reasonable estimates of
the directions and patterns of the dominant currents. In com-
parison, phase noise and residual motion errors appear to have
fairly limited impact on the accuracy of our results.

D. Detailed Examination of Inlet Patterns and Comparison
With Track 2 Data

With better understanding of the accuracy of our retrievals,
we now take a closer look at velocity fields in the two inlets. As
before, we use the aerial imagery to confirm and explain various
features observed in the retrieved patterns.

We first turn to Redfish Pass for which our retrievals in
Fig. 5(a) and (b) show a very strong and narrow outflow
current. The photograph in Fig. 5(c) reveals an expanding
channel-like underwater feature that is well correlated with
the velocity pattern. The upper and lower edges are probably
sandbars that come very close to the surface, as evidenced by
breaking waves in the photo at location A as well as in other
places along those boundaries. Such bottom topography should
indeed confine and direct the outflow current, just as our data
show.
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Detailed look at Redfish Pass [bottom box in Fig. 4(a)]. (a) SAR intensity image and (b) color-coded map of velocity magnitudes with velocity vectors

superimposed. (c) Aerial photography image of the same area. Capital letters indicate features identifiable in more than one image.
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Fig. 6. Detailed look at Captiva Pass [top box in Fig. 4(a)]. (a) Color-coded velocity magnitudes and directional map from Track 1 (scene viewed from the right).
(b) Same plot with data from Track 2 (scene viewed from the left). (c) Aerial photography image of the area. Capital letters indicate some of the features identifiable

in all images.

Another observation that Fig. 5(b) offers is a curious
boundary B on the inner northern side of the inlet above
which the velocity sharply drops. This is in contrast with the
southern part of the inflow pattern that extends all the way to
the shoreline. The photo in Fig. 5(c) does show a bright curve
at this location. Moreover, the same curved line is visible in the
SAR intensity image [Fig. 5(a)] as well. We speculate that this
is another sandbar or a man-made structure, such as a jetty, that
obstructs the inflow current keeping it away from the shore.

Finally, we compare velocity patterns obtained from different
tracks using Captiva Pass as an example. Fig. 6(a) offers a closer
look at the flow pattern that we already saw as part of Fig. 4
(upper dashed box there). The velocity map for the same area
was also retrieved using data from Track 2 and is shown in

Fig. 6(b). Again, Fig. 6(c) offers an aerial photograph of the
scene.

The difference to notice in the two images is that the velocity
magnitudes in Fig. 6(b) have increased across the whole scene
by about 0.2 m/s. As it was already past the time of maximum
ebb current, and the data in Fig. 6(b) trail Fig. 6(a) by 11 min,
stronger current is an unlikely explanation. Based on our discus-
sion of error sources, it is reasonable to conclude that changes in
the surface roughness contribution are the most probable cause.
During the time between the tracks, the wind might have in-
creased and stronger waves developed; change in observation
direction coupled with upwind/downwind asymmetries in wave
shapes and scattering properties could have also played a role.
This yet again underscores the need for proper removal of wave
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contributions backed by good knowledge of local sea surface
conditions.

Another apparent difference is spotted in the lower left cor-
ners of the two velocity maps. While Fig. 6(b) shows a steady
southwest flow in that area, no similar persistent pattern is vis-
ible in Fig. 6(a). We suspect that this “missing current” in the
part of Track 1 data is due to contamination of phase by strong
range sidelobes cast by bright land. During Track 2 acquisition,
the scene was viewed from the opposite direction, which pre-
cluded the problem.

Aside from these discrepancies, the two patterns are rather
similar, and many common features can be identified. For ex-
ample, a green spot (labeled C) on the aerial image in Fig. 6(c)
is most likely a detached part of the larger Captiva Shoal that
lies further to the east (cf. also Fig. 2). This shoal obstructs the
westward current, as evident in both Fig. 6(a) and (b). A similar
effect is observed at location D where vigorous wave breaking
visible in the aerial image indicates another shoal. Finally, a
sandbar or a jetty F [traceable in the SAR intensity image in
Fig. 4(a)] prevents strong current from approaching the island’s
inner shore.

IV. CONCLUSION

Dual-beam along-track SAR interferometry offers the unique
capability of obtaining detailed maps of full surface velocity
vectors in a single aircraft pass. Such vector velocity informa-
tion is of value in many areas, oceanographic studies and coastal
engineering being the most obvious examples. DBI can rou-
tinely collect these data for extended regions and update them
as needed.

In this paper, we presented the first vector velocity mea-
surements produced with this unique newly developed UMass
instrument. The analysis focused on tidal currents in the coastal
area, and the DBI yielded reasonable and realistic outflow
signatures. The observed flow patterns correlate well with
bathymetric features inferred from aerial photography, and
measurements obtained from different flight tracks generally
show consistency.

Ebb current predictions published by the National Ocean Ser-
vice were used for quantitative comparisons and revealed a dis-
crepancy about 0.5 m/s with our data. The error analysis showed
that the likely cause is a Doppler contribution from the sur-
face waves, a known bias in AT-InSAR current estimates. The
residual motion errors are the next significant factor affecting
the accuracy. Phase noise due to decorrelation might present a
problem at far range where SNR becomes low, but can be sup-
pressed by averaging a large number of looks while still main-
taining an acceptable level of detail.

All these issues are recognized and will be addressed in the
future. Still, the results in this paper show that the DBI produces
reasonable and quite consistent single-pass estimates of full sur-
face velocity vectors, as it detects and maps complex current
patterns. These first results demonstrate the robustness of the
dual-beam interferometry concept and serve as sound testimony
to the new system’s capabilities and promise.
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