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My objective in this research work is to improve the quality of ocean surface current
measurements using synthetic aperture radars. | will do this by including an improved, physics-
based model in the algorithm that inverts the radar data to estimate ocean currents. Although the
ocean winds geophysical model functions used by scatterometers are mature, there is significant
deficiency in knowledge of the ocean surface current geophysical model function; my research
addresses this deficiency.

In the first chapter of this thesis, I discuss the importance of ocean surface currents, and various
techniques to measure them. Following that introduction, in chapter 2, I introduce the microwave
radar system, which | used to collect microwave data for this research work. The corresponding

flight experiments for microwave data collection are also described in this chapter.



In chapter 3, the surface current estimation method is discussed and few samples of retrieved
surface current components are presented. Chapter 4 introduces a physics-based Doppler model,
M4S, which is used to improve the surface current geophysical model function. First, I run the
model for different cases and compare the model’s outputs with radar measurements to evaluate
the existing model. In chapter 5, in order to improve surface current geophysical model function,
I incorporate model’s output to the geophysical retrieval algorithm and present the output of the
retrieval algorithm. Eventually, in chapter 6, | will implement improvement to the model, which
ultimately results in improvement of surface current geophysical model functions. Chapter 6

includes the results, discussions and suggestions for future work.
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Chapter 1. INTRODUCTION

Ocean surface currents play a significant role in global transport of heat and nutrients. Within the
Arctic Ocean, the near-surface current determines the distribution and pathways of fresh water.
In addition, knowledge of ocean surface currents helps us track marine debris and pollutants, in
marine search and rescue operations. Furthermore, because of ocean and atmosphere coupling,
the ability to measure ocean surface currents improves our understanding of weather and climate.

Ocean surface currents are important for life on earth. They transport heat, surface
momentum and gas fluxes, and therefore are critical in modulating weather and climate. They
also affect ocean productivity and marine biological communities, which in turn affects marine
life and fishing.

Over the past few decades, dominant surface current anomalies have generally resulted in
sea surface temperature anomalies. As depicted in Figure 1.1 surface current (SC) anomalies
tend to lead sea surface temperatures (SST) by 2.5-3 months [1]. Figure 1.1 also shows that a
rapid surface current anomaly reversal has coincided with the peak sea surface temperature of
warm events [1]. The green dotted line in Figure 1.1 shows one good example of these

anomalies, which happened in late 1997.
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Figure 1.1. Surface current and sea surface temperature anomalies [1]. In this figure, the x-

axis is time in years and y-axis represents relative standard deviation of surface current and sea

surface temperature.

For the reasons outlined above, it is crucial to make accurate measurements of ocean surface
currents. Although large-scale surface current measurements have been available for decades
with radar altimeters, there is no practical sensor technology that has yet been developed to make
small-scale surface current measurement available over a wide area. As the ability to model
weather and climate at higher resolutions becomes better through advances in computational
technology, the lack of highly spatially resolved measurements limits the ability to model these
processes accurately.

Therefore, the science community needs to constantly invest in improving observational
capability. Altimeters and drifters do a good job at measuring large-scale (> 10 km) ocean
surface currents by measuring sea level and wind stress fields. The large-scale ocean surface
currents transport warm water from the equator towards the poles and cold water from the poles
back to the tropics [2]. Among other things, the oceans have about 500 times the heat capacity of

the atmosphere.



3

There are two methods for estimating ocean surface currents: in-situ measurements and remote
sensing based measurements. Each method has its own strengths and weaknesses. It is very
challenging to deploy in-situ sensors in the oceans. In-situ sensors require constant maintenance
for recovery and redeployment for continuous operation. On the other hand, remote sensing
methods give us more freedom to measure ocean surface currents in a wide variety of
environmental conditions. It also makes it possible to measure ocean surface currents over larger
areas compared with in-situ measurements.

In order to model weather more accurately, it is crucial to measure small-scale surface
currents at resolutions as fine as 1 km [3]. Numerical weather models are now able to model
atmospheric-ocean process at these resolutions, but require instruments with capability of
measuring these small-scale ocean surface currents. For these reasons, remote sensing techniques
capable of measuring high-resolution (small-scale) ocean surface currents have become critically
important.

Different radar techniques to measure small-scale ocean currents have been tried, with the
most popular being Along Track Interferometry (ATI) and direct Doppler analysis measurements
[4]. Both techniques make a Doppler measurement, and rely on a Geophysical Model Function
(GMF) to estimate the ocean surface current from the measurement. A GMF is a function, which
relates the remotely observed variable (backscattered microwaves from a water surface with
waves in this case) to the variable of interest (ocean surface current in this case). However, there
is a significant deficiency in ocean surface current GMFs.

My main objective in this research is to improve radar geophysical model functions that
map ocean Doppler radar measurements into surface currents. In order to do that, | used a surface

scattering model developed by Dr. Roland Romeiser [5] [6]. | ran the model for different cases
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corresponding to the conditions in which radar data was collected during field experiments.
Then | used the outputs of the model to improve the surface current GMF. | also implemented a
modification to the model by inserting actual local ocean wave measurements into the model and

showed how the surface current retrieval improves after applying this modification.



Chapter 2. RADAR INSTRUMENT AND FIELD EXPERIMENTS

In this chapter, I introduce the Along Track Interferometry Synthetic Aperture Radar (ATI-SAR)
system. In SAR systems, very high spatial resolution is achieved by the radar antenna flying on a
platform and synthesizing large antenna aperture. In other words, the azimuth resolution
improves as antenna gets smaller and less directive [7].

The interferometry term comes from the idea of having two receiver antennas in order to
capture the surface at slightly different time and forming the interferometric phase between the
two measurements, which permits estimation of the target radial (Doppler) velocity. In along-
track interferometry systems, antennas are placed along the platform flight direction.

The data | present in this thesis is collected by an ATI-SAR system during several flight
experiments. This system was operated by the Applied Physics Lab (APL) at University of
Washington, and has been used in several projects to collect microwave data from land and water

surfaces.

2.1 INTRODUCTION TO ALONG-TRACK INTERFEROMETRY SYNTHETIC APERTURE

RADAR

The interferometric SAR technique is the combination of conventional SAR technique and
interferometry. Along-Track Interferometry SAR technique is based on the acquisition of two
SAR images taken under identical geometries separated by a short time interval. When the
surface is in motion, then a Doppler shift is observed according to the velocity of moving
surface. The ATI technique has proven valuable to sense the earth-surface motion such as ocean
surface current, where the speed accuracies are on the order of a few centimeters per second at

high spatial resolution [8].
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ATI-SAR comprises two receiving antennas that are physically separated by a baseline distance
B along the aircraft flight path direction. Figure 2.1 shows the schematic geometry of receiving
antennas in an ATI-SAR. Since these two antennas capture the backscatter field from the same
spot on the surface, there is a short time lag t between these two measurements. The
interferometric phase can be extracted from combining these two measurements by multiplying
one by the complex conjugate of the other. The measurements have complex value because they

represent both magnitude and phase of the back scattered filed.

A

aft antenna

=

Figure 2.1. Schematic geometry of receiving antennas with a baseline distance B in an ATI-
SAR [9].

In the ATI technique, the two receiving antennas measure the back scattered field from the

same spot on the surface. The receiving antennas capture the surface at slightly different times



7

with separation z, which is proportional to the antenna displacement B as is shown in equation
(2.1). Vac is the ATI-SAR platform (aircraft) velocity. Depending upon the ATI-SAR system
configuration, z can have different values. A typical value for z in an airborne ATI-SAR system

is few milliseconds.

T=— (2.1)

The phase difference between these two measurements is known as interferometric phase, which
is proportional to the radial velocity of the scatterer. Equation (2.2) expresses the relation
between the interferometric phase (4¢) measured by ATI-SAR and the radial velocity of the

scatterer (vr), where i is the wavelength of the radar incident wave.

Ap = wpr = (5 vr) ) (22)

In a C-band ATI-SAR system with a radar incident wavelength around 6 cm, a baseline of 40 cm
and a platform velocity around 50 m/s, the maximum variation range for A¢ is +z radians,
corresponding to a £4 m/s range for the radial velocity (vr), which is a reasonable range for ocean
surface currents velocity. These numbers are similar to the specifications of the ATI-SAR system

used in this research. The APL-UW ATI-SAR system is introduced in next section.

2.2 APL-UW C-BAND ATI-SAR INSTRUMENT

The APL-UW radar is a dual-beam Frequency Modulated Continuous Wave (FMCW) radar and
provides both forward-squinted and aft-squinted looks with the same squint angle forward and

backward. This capability permits the radar able to measure the full surface current vector in a
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single flight pass. The two look directions provide two radial components of the velocity from
which the velocity vector can be determined [10]. Figure 2.2 shows a conceptual diagram of a
dual-beam ATI-SAR with the squint angle of 6s, where u," and u, are the forward-looking and
aft-looking radial velocity of the scatterer, respectively and v represent the velocity vector of the

scatterer.

Figure 2.2. Conceptual diagram of the dual-beam ATI-SAR [10]. Two radar beams (forward-
and aft-looking) provide different radial Doppler measurements from which the vector surface

velocity can be deduced.

APL-UW in collaboration with Artemis Inc. has developed a miniaturized dual-receiver

ATI-SAR operates at C-band frequency [11]. Table 2.1 shows the technical specifications of this
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system. One can notice that there is a slight difference between the specifications of forward-
squinted and aft-squinted antennas. These antennas meant to design identical. However,
considering the fact that their operating frequencies are slightly different, there are small

differences between some of their specifications such as antenna gain and 3-dB beam width.

Table 2.1. Dual-beam ATI-SAR operating parameters [12].

Foreward-squinted Aft-squinted
SAR SAR

Signals and timing
Modulation type LFM-CW LFM-CW
Frequency range 5448.76 — 552876 3328.776 — 5408.76 MHz
Center frequency 5488.76 5368.76 MHz
Bandwidth 80 80 MHz
Transmitted power 1 1 W
Pulse repetition frequency 749.969 749,969 Hz
Antennas
Polarization VvV LAY
Antenna gain 18.9 18.7 dBi
3 dB beam width (E-plane) 28 30 deg.
10 dB beam width (E-plane) 31 55 deg.
3 dB beam width (H-plane) 1.2 7.3 deg.
10 dB beam width (H-plane) 12.6 12.7 deg.
Nominal squint angle +30 —30 deg.
Nominal incidence angle 60 60 deg.
Inertial Navigation System
Horizontal velocity accuracy 0.02 ms~ ' rms
Vertical velocity accuracy 0.01 m s~ rms
Pitch accuracy 0.013 deg. rms
Roll accuracy 0.010 deg. rms
Yaw accuracy 0.024 deg. rms
Resolution and Coverage
Operating altitude 762 762 m
Slant range resolution 1.875 1.875 m
Maximum slant range 3.8 3.8 km

Maximum cross-track range 3.1 3.1 km
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The radar antennas have vertical polarization (VV) while their incidence angle varies between 40
to 75 degrees. The transmitted signal has a bandwidth of 80 MHz for each radar, so the slant
range resolution is 1.875 m. Further details about this system can be found in [13][14]. These
SAR data are processed with a time-domain back-projection algorithm similar to the one
described in [15].

The previous generation of SAR systems had large physical size in order to provide high
transmitting power. Therefore, they had to be installed on large aircraft or spacecraft, which
resulted in costly systems to operate due to their large physical sizes. However, the APL ATI-
SAR system uses a low power transmitter that results in significant reduction in physical size,
and it can be installed on a small aircraft. This causes a significant reduction in operational cost
in order to fly over the nearshore environment to collect data. The low power transmitter requires
it to fly nearer the target to overcome path loss.

The APL ATI-SAR was operated from a Cessna 172/182 aircraft flying at an altitude of
~900 m. Figure 2.3 shows the platform and the antennas attached to the belly of the aircraft on
the left panel. The right panel also shows the electronics of the radar units, which sit inside the

aircraft.

Figure 2.3. APL ATI-SAR and its platform. Pictures Courtesy of Gordon Farquharson.
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The APL ATI-SAR system provides dual-beam capability. The dual-beam ATI-SAR includes

both forward-squinted radar and aft-squinted radars. The dual-beam property of the ATI-SAR
enables it to measure both x- and y-components of the scatterer velocity from forward-squinted
and aft-squinted radial velocities in a single flight pass of the radar platform over the moving
scatterer.

Each radar has three vertically-polarized broadside-beam flat-panel antennas: one as
transmitter antenna and the other two as receiving antennas. The forward-squinted antennas and
the aft-squinted antennas are installed on the starboard side of the aircraft and port side of the
aircraft respectively. In the forward-squinted antennas set, the one closest to the aircraft nose is
the transmitter antenna and the other two are the receiver antennas. In aft-squinted antennas’ set
the closest antenna to the aircraft tail is the transmitter antenna and the other two are the receiver
one. This configuration minimizes the interference from the transmitter antenna to the receiver
antennas. As presented in Figure 2.4 starboard and port side of the aircraft refer to the right and
left side of the aircraft respectively. The antennas are not covered by a radome to minimize cost,

weight and installation complexity.

”

e A—

-~ =
,-'./J/}. l
L_. A

Figure 2.4. Forward- and aft-squinted antennas on the starboard and port side of the aircraft
[16].
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There is also an inertial navigation system (INS) to measure aircraft position, velocity and
altitude. The INS also records roll, pitch and yaw of the flying aircraft, which will be used for

aircraft motion compensation in the SAR processing algorithm.

2.2.1 Interferometric phase

For the data used in this research, ATI-SAR data sets are processed in matrix format and each
cell consists of a complex (real and imaginary part) value. Each complex value is a backscattered
field from one specific pixel on the earth surface. Since the location of the scatterer inside each
pixel is random, so the distance from the scatterer point to the SAR antenna is also random.
Thus, the phase of these single look complex numbers is also random and looks noisy as

presented in Figure 2.5.

(wos.~) BuyrioN
[oarym :4+¢ yoelq -]

Easting (~750m)

Figure 2.5. Noisy phase of the backscattered field from a scattering point on the surface,

measured by one receiving antenna. Each pixel represents a region approximately 75 by 75 cm.
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To reduce the level of noise, the interferometric phase should be considered instead. Since the
second measurement by the second receiving antenna is performed at a slightly different time (¢
in equation (2.1)), then the equivalent scatterer point moves slightly and the distance between the
antenna and scatterer point differs by a small value, which causes different phases. The
difference between these two phases is the interferometric phase and is shown in Figure 2.6 for

the same case as presented in Figure 2.5.
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Figure 2.6. Interferometric phase: the result of multiplying one measurement form the first
receiving antenna by the complex conjugate of the other measurement from the second receiving

antenna.
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2.3  FIELD EXPERIMENTS AND DATA COLLECTIONS

In this section, | introduce the different flight experiments that have been performed to collect
the data used in this thesis. | was actively part of these flight experiments and | was able to fly

onboard the ATI-SAR platform during data collection.

2.3.1  Mouth of Columbia River, Oregon, USA: September 2016

This flight experiment was a joint experiment by Jet Propulsion Laboratory (JPL), NASA and
APL-UW. The joint JPL-APL experiment was performed in over a weeklong deployment in
September 2016 off the Oregon coast over Columbia River mouth and Newport, OR. Table 2.2
lists the dates and active flight hours for this field experiment. The first three rows correspond to
the Columbia River mouth experiment and the last row shows the information for the Newport
experiment. Only data collected over Columbia River mouth are presented in this thesis. The

average wind speed values during flights’ hours in the area are also presented in Table 2.2.

Table 2.2. Data collection periods.

Flight Number Date Measurement Period (PT) | Wind speed (m/s)
1 2016-09-13 07:00 —11:00 2.9
2 2016-09-14 14:00 - 17:30 7.1
3 2016-09-15 15:00 — 18:00 3.1
4 2016-09-16 13:00 — 15:00 -

The wind speed data were extracted from the SATURN-10 physical and biogeochemical
observation station in the Columbia River estuary. Figure 2.7 shows the location of this station.

This station is the closest station to the area under this study. SATURN-10 observation station’s
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wind speed values are available every ~20 minutes and they are accessible on Center for Coastal

Margin Observation and Prediction (CMOP) website for public access [17].

SATURN-10

(w> og~) BuryrioN

Imagery $2018 TerraMetrics | Terms of Use

Easting (~45 km)

Figure 2.7. SATURN-10 station location near the Columbia River mouth [17].

Two collocation sites were selected based on a combination of interesting small-scale
currents’ features and a variety of available in-situ measurements and operational model
products. The first site was at the Mouth of the Columbia River (MCR), where large (order m/s)

tidally-driven currents create a plume in the Pacific Ocean during ebb tides.



16

The second site was close to Newport, OR, where sub-mesoscale (in the order of few tens of
meters) structures are frequently visible in sea-surface temperature imagery.

Figure 2.8 depicts the flight paths for both APL-UW ATI-SAR platform and JPL’s
instrument during the experiment. The red lines are JPL’s airplane flight paths and squares by the
white and yellow lines present the flight paths for APL ATI-SAR. During the field experiment,
the two radar instruments were flown on two different platforms in coordinated flight patterns.

Both instruments measure the Doppler shift induced by the moving ocean surface currents.

Oysterville
Columbia Y‘rach 2 East
Columbia Mouth North 4

‘Ocean Park

®)
e
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Columbia Track 1 East
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Easting (~70 km)

Figure 2.8. Flight patterns by APL ATI-SAR’s platform at the Mouth of the Columbia River.
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The JPL system is an airborne Ka-band Doppler scatterometer (DopplerScatt), designed to
measure ocean surface currents and winds simultaneously. NASA Earth Science Technology
Office (ESTO) funded DopplerScatt project through Research Opportunities in Earth and Space
Science (ROSES) 2013 solicitations as an Instrument Incubator Program (11P) [18]. To validate
the DopplerScatt surface current measurements, surface velocity measurements are made with
the APL-UW C-band ATI-SAR measurements. DopplerScatt was deployed on a King Air B200,
at an altitude of around 10,000 m. The APL ATI-SAR was operated from a Cessna 172 at 3,000
ft altitude.

The JPL instrument is a spinning Ka-band pencil beam Doppler scatterometer
(DopplerScatt). The term pencil beam refers to a relatively narrow antenna beam, illuminating an
egg-shaped pattern on the surface. Based on the phase difference between pairs of pulses
Doppler shift can be measured which infers the relative radial velocity of platform and surface
motion. The average ground speed for the King Air was ~125 m/s during the field test, which
was removed from the Doppler estimates using motion compensation algorithms to estimate the
surface motion. The rotation of the antenna (~12.5 rpm) and nominal incidence angle (~56
degrees) enable wide swath coverage (~20 km) during the single pass of the aircraft [18].

Figure 2.9 shows the area covered by each instrument for a sample pass over the MCR. The
gray-shaded area is an image of the DopplerScatt backscattered power for a single north-south
pass, and the small tilted box over MCR depicts the area covered by APL-UW C-band ATI-SAR
instrument [19].

The APL ATI-SAR coverage area is limited by its platform safety constraints of flying no
more than ~15 km offshore. However, its measurement resolution is much finer than that of the

JPL DopplerScatt instrument.
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Figure 2.9. Covered area by APL ATI-SAR and JPL’s DopplerScatt near the Mouth of the
Columbia River [19].

2.3.2  Point Sal, California, USA: September and October 2017

Part of the airborne ATI-SAR data used in this research was collected during two campaigns in
September and October 2017 over Point Sal, California, USA. These campaigns were part of the
Innershelf Dynamics project supported by Office of Naval Research [20].

Table 2.3 and Table 2.4 list the flights of APL-UW airborne ATI-SAR onboard of the
Cessna 182 aircraft and the time periods that microwave data was collected during the September
and October 2017 campaigns, respectively.

The local average wind speed values during active flight hours are also displayed in Table

2.3 and Table 2.4. The wind speed values were measured by Scripps Institute of Oceanography’s
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mini met buoy, which was present at the scene at the time of the experiments [21]. The tables

show that these data were collected in variety of wind and wave conditions.

Table 2.3. Data collection periods in September 2017.

Flight Number Date Measurement Period (UTC) | Average wind speed (m/s)
1 2017-09-10 20:35-21:35 3.0
2 2017-09-12 21:35-22:35 1.2
3 2017-09-13 20:10 — 00:40 3.8
4 2017-09-14 21:45 —22:25 3.9
5 2017-09-15 18:40 — 00:00 8.0
6 2017-09-16 18:00 — 00:00 4.4
7 2017-09-17 19:30 — 21:15 3.8
8 2017-09-18 20:45-22:10 4.3

Table 2.4. Data collection periods in October 2017.

Flight Number Date Measurement Period (UTC) | Average wind speed (m/s)
1 2017-10-05 17:40 — 19:45 2.8
2 2017-10-06 16:20 - 17:20 14
3 2017-10-07 16:35 - 20:00 2.1
4 2017-10-11 20:35-23:00 2.5
5) 2017-10-13 15:40 - 17:35 2.8
6 2017-10-14 15:35 - 21:00 0.7

Figure 2.10 - Figure 2.12 show three different flight patterns over Point Sal, CA. Figure 2.10
corresponds to the flight paths north of Point Sal and Figure 2.11 represents flight paths over

Point Sal. Finally, Figure 2.12 shows flight pattern in the area south of Point Sal, CA.
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Figure 2.10. Flight pattern north of Point Sal, CA.

Easting (~15 km)
Figure 2.11. Flight pattern over Point Sal, CA.
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Figure 2.12. Flight pattern south of Point Sal, CA.

The data presented in this thesis was collected during the flight paths north of Point Sal, CA
as shown in in Figure 2.10.

Figure 2.13 and Figure 2.14 show the covered area on the ground by the ATI-SAR north of
Point Sal, CA during consecutive flight passes for northbound and southbound flights,
respectively. Each parallelogram corresponds to one flight pass of data collection. In order to
cover a larger area | have merged four different successive flight passes in each case. In Figure

2.13, the aircraft is flying from south to north and the radar antennas look at the starboard side of

the aircraft (eastward).
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Figure 2.13. Area covered by the APL ATI-SAR north of Point Sal, CA during northbound

flights [22]. The gray-shaded parallelograms represent relative signal to noise ratio captured by

the ATI-SAR. White color corresponds to higher values of signal to noise ratios and black color

corresponds to lower values of signal to noise ratio.

In Figure 2.14, the aircraft is flying from north to south and the ATI-SAR antennas still look
towards the starboard side of the aircraft (westward). The gray-shaded parallelograms represent
relative signal to noise ratio captured by the ATI-SAR. White represents higher values while

black shows smaller values for the relative signal to noise ratio [22].
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Figure 2.14. Covered area by APL ATI-SAR north of Point Sal, CA during southbound

flights [22]. The gray-shaded parallelograms represent relative signal to noise ratio captured by

the ATI-SAR. White color corresponds to higher values of signal to noise ratios and black color

corresponds to lower values of signal to noise ratio.

The data collected during the flight experiments introduced in this chapter is used to retrieve

nearshore surface current components using the algorithm, which will be explained in chapter 3.
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Chapter 3. SURFACE CURRENT ESTIMATION

To retrieve ocean surface current at C-band using the data collected by APL ATI-SAR
instrument, the technique presented in [14] is used. In the retrieval algorithm, first the Doppler
velocity (Voopprer) is calculated from the interferometric phase (equation (2.2)) measured by ATI-
SAR. Doppler velocity represents the mean Doppler shift induced on the incident
electromagnetic wave by ocean surface.

Since land is not moving, the interferometric phase over land should be zero. However,
because of calibration issues of the system, variation in interferometric phase over land is
observed. To remove the phase variation over land, mean phase offset over land is calculated and
subtracted from the measured Doppler velocity in order to calculate radial component of surface
velocity. More details about APL ATI-SAR phase calibration can be found in [23], [24] and [25].

As equation (3.3) shows there are other contributions to the measured Doppler velocity and
it is not simply related to the radial velocity of surface current (Vradia). Under conditions in
which composite surface scattering theory describes the microwave scattering (moderate
incidence angle and no breaking waves) the Doppler velocity will be the sum of the velocity

components presented in equation (3.3).

VDoppler = Viagiaa + Vo + Vg + 1, (3.3)

Vboppler 1S calculated on the surface after applying the required corrections for the radar platform
(aircraft) motion compensation, such as roll, pitch and yaw variation. All the velocity
contributions to the Doppler velocity in equation (3.3) have to be in the radial direction for each

radar look direction (forward- and aft-squinted radar look directions).
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The surface wind-drift current (Vq) and phase velocity of the Bragg-resonant scatterers (Vy) are
subtracted from the Doppler velocity in order to make measurement of the radial component of
surface current.

There is also another contribution (Vo) to the Doppler velocity, which is the orbital velocity
of the gravity waves. In former publications, it was assumed that the wave orbital velocities
average to zero over a number of wave periods [26]. However, recent publications [27][28] argue
that there are wave-dependent biases in the ATI-SAR retrieved radial velocities. The ATI-SAR
surface current retrieval algorithm in its present version does not attempt to remove V, from the
measured Doppler velocity [14] and all the surface current components which will be presented
at the end of this chapter are calculated without removing the contribution of orbital velocity of
the gravity waves (Vo) from the Doppler velocity. In chapter 5, I will introduce a modification to
the retrieval algorithm, which tries to include the contribution of the orbital velocity of the
gravity waves (Vo) in the ATI-SAR radial velocity calculations. After applying these
modifications to the retrieval algorithm, the x- and y-components of surface current are
computed from the forward- and aft-squinted radial velocity measurements.

In order to interpret the Doppler velocity, first 1 need to briefly describe the scattering

mechanism what, in fact, is causing the scatter of the radar waves.

3.1 BRAGG SCATTER FROM WATER WAVES.

The dominant scattering mechanism for airborne microwave radar is due to resonant interaction
of electromagnetic waves with the ocean surface, a process known as Bragg scattering. For
microwave frequencies, Bragg waves are gravity capillary waves with wavelength of a few
centimeters. They travel with a phase velocity that depends on their wavelength and induce a

Doppler shift on the reflected electromagnetic wave.
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In the surface current retrieval algorithm, the Bragg velocity (V) must be removed from the
Doppler velocity in order to calculate ocean surface radial velocity. Since a direct measure of the
Bragg resonant wave contribution is not available, I use a model and local wind measurements to
estimate the Bragg contribution to the Doppler shift [14]. To remove the Bragg component of the
velocity the magnitude of the Bragg velocity is calculated first. To calculate the phase speed of

the Bragg-resonant capillary-gravity waves equation (3.4) is used:

g surface tension
% = k 3.4
| Braggl kBragg T water density Bragg ( )

This is measured in the frame of reference in which the water is stationary. One can see that
these waves are intermediate between deep buoyancy waves and pure capillary waves. Surface
tension is the elastic tendency of a fluid surface, which tends to minimize the surface area.
Surface tension is a significant restoring force for Bragg waves (see Table 3.5 below). The sea
water surface tension value used in the surface current retrieval algorithm is 0.074 [N/m]. Sea
water has also a density of 1025 [kg/m®].

Keragg IS the wave number of the Bragg waves; it is calculated from equation (3.5).

Kiragg = i—” 2sinb; (3.5)
In equation (3.5), Zi is the incident wavelength at C-band, which is near 6 cm for the APL ATI-
SAR system, and 6 is the radar incidence angle. Figure 3.1 shows the geometry under which the

Bragg wavelength is calculated.
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Figure 3.1. Geometry of Bragg wavelength [29].

The APL-UW ATI-SAR incidence angle varies in the range of 40-75 degrees and has a
nominal value of 60 degrees during the experiments to collect data used in this research. Table
3.5 shows the calculated values for Bragg wavelength, Bragg wave number and contribution of
the Bragg-resonant capillary waves and gravity waves to the magnitude of the Bragg velocity
presented in equation (3.4) for different incidence angle. As presented for low incidence angles,
gravity waves have larger contribution. As incidence angle increases, the contribution of

capillary waves becomes comparable to that of the gravity waves, however.



Table 3.5. Bragg velocity calculations at different incidence angles.
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— Agragg Keragg | Capillary wave contribution | Gravity waves contribution | |Varagg|
§' [m] [m] (surf ace tension ) g
3 = water density ~ >'*99 Kgragg [mis]
L,
40 | 4.3x10% | 145 0.010 0.068 0.279
60 | 3.2x102 | 196 0.014 0.050 0.253
75 | 29x10°% | 218 0.016 0.045 0.246

There is an empirical model G({) = coszn(g) for the directional spreading of Bragg

resonant waves [26]; the exponent n is taken to be equal to 1 in the retrieval algorithm used in

this research [14]. In order to consider the direction of the Bragg velocity component, the

parameter w should be introduced, which is the angle between the radar boresight and the wind

direction with the convention of downwind being equal to zero degrees. Equation (3.6) gives the

value of y for each incidence angle 8 and azimuth angle ¢.

1 | ax*windyx+qyxwind,,

Y = cos”

/Wind,zﬁwindf,

(3.6)

Where qx, gy and g are three components of the unit vector q of the radar boresight direction and

are given by a set of equations (3.7).

qx =
qy =
q, = —cos@

cos ¢ * sinf
sing x sin@

(3.7)

Also in equation (3.6) windx and windy are the x- and y-components of sea surface wind and are

given by equation set (3.8).
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wind,=wind speedx*cos(wind direction)
windy,=wind speedxsin(wind direction)

(3.8)
Wind speed and wind direction are secondary geophysical parameters in the surface current
retrieval algorithm and they need to be inserted to the algorithm from other sources. In this
research, to run the retrieval algorithm with the data collected over MCR (introduced in section
2-2-1) wind speed and wind direction values are taken from the SATURN-10 station. In the case
of running the surface current retrieval algorithm using the data collected over Point Sal, CAL
(introduced in section 2-2-2) mini met buoy’s measurements operated by Scripps Institute of
Oceanography provide wind speed and wind direction values.

The relative spectral densities of approaching and receding waves are used to determine Vy

from equation (3.9) [26].

_ GWY)-G+m)
Vb - |VBragg| GW)+G(P+m) (3.9)

Having the magnitude of the Bragg velocity from equation (3.4), equation (3.10) gives the value
of radial component of the Bragg velocity, which should be removed from the Doppler radial

velocity measured by ATI-SAR.

cosz(i) - cosz(g)

Vy = |VBragg| Coszé) +C052($)

(3.10)

Using trigonometry, equation (3.10) can be simplified considerably. The simplified version of it

is shown in equation (3.11).

Vo = |Viragg| (1 — 2sin?%) (3.11)
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Another velocity contribution, which should be removed from the retrieved radial velocity, is the
radial component of the wind-drift velocity (Vq in equation (3.3)). This is the surface wind
contribution to the Doppler measurement and it should be removed in order to measure the radial
component of surface current. Because the surface is comprised of a fluid (water) that can move,
the surface is dragged along by the wind. The wind-drift current relationship with wind speed has
shown significant variability in the literature ranging between 2.6% and 5.5% of the ambient
wind speed [30]. In this research, the wind drift is included as 3.5% of the wind speed.

Therefore, the radial component of Vg is calculated from equation (3.12).

Va = 0.035( windy * qx + wind,, * q,) (3.12)

Eventually the radial velocity is retrieved after subtracting Vb and Vg from the Doppler velocity
as presented in equation (3.3). One must recall that the contribution from the orbital velocity of
gravity waves (Vo) either has been presumed zero mean [26] or is not removed from the

measured Doppler velocity [14] in the present version of the surface current retrieval algorithm.

3.2 ATI-SARRADIAL VELOCITY RETRIEVAL OVER MOUTH OF COLUMBIA RIVER

Since the ATI-SAR has both forward- and aft-squinted antennas, the algorithm is capable of
calculating two radial velocity components for each flight pass of the ATI-SAR platform. Figure
3.2 and Figure 3.3 show forward- and aft-looking radial velocity estimated by APL ATI-SAR

over the Columbia River mouth, respectively.
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Figure 3.2. Forward-looking radial velocity [m/s] estimates by ATI-SAR over Columbia
River Mouth. The solid arrow shows the aircraft heading direction and the dashed arrow shows
the radar look direction [19].

The color shows radial velocity, which varies over a range of £2 m/s. The times shown at
top of the images are in GMT. In order to show the velocity fields over larger area four flight
tracks were merged and the results are presented. As depicted in Figure 3.2 forward-looking
radial velocities have negative values (in blue color). Also, one can see in Figure 3.3 that aft-

looking radial velocities have positive values (red color) over MCR.
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Figure 3.3. Aft-looking radial velocity [m/s] estimates by ATI-SAR over Columbia River

Mouth. The solid arrow shows the aircraft heading direction and the dashed arrow shows the

radar look direction [19].

Using trigonometry presented in Figure 3.4 and from forward-looking radial velocity (vi*)
and aft-looking radial velocity (vi"), x- and y-components of surface current can be calculated (vx
and vy respectively).

Equations (3.13) represents how x- and y-components of surface current can be calculated

from forward- and aft-looking radial velocities.
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vard-squinted

Figure 3.4. Dual-beam ATI-SAR measurement geometry. v, is the platform velocity in y
direction. Two Doppler measurements are recorded from the same scattering point on the
surface: the first one at time t; with the forward-squinted antenna, and the second one at time t,
with the aft-squinted antenna [12].

v;'a'sinel-_sineg—v?sinB?’sinB}'

Vy= [ =
x sin@?’sinei sin(Og —9;")
—vﬁsinei_coseg+v;sin0£"cost9;'

sin®7 sin07 sin(05 -07)

(3.13)

vy—

Here 6 is the incidence angle and s is the squint angle. The superscript + and — refers to the

forward-squinted and aft-squinted radar looks, respectively.
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3.3 SURFACE CURRENT COMPONENTS RETRIEVAL OVER POINT SAL, CA

| used the algorithm introduced earlier this chapter to generate x-(east) and y-(north) components
of surface current over Point Sal, CA from ATI-SAR data collected during the flight experiment
introduced in section 2.3.2. In order to present surface current components over larger area data
collected during four flight tracks merged for each case. To show the consistency of the APL
ATI-SAR system operation, | present x- and y- components of surface current for different flight
passes over a 4-hr flight period performed in September 15 2017 in Figure 3.5 — Figure 3.12.
Amongst the different flight patterns presented in Figure 2.10 - Figure 2.12, during the
September 15 flight experiment the focus was on the flight pattern north of Point Sal, CA

presented in Figure 2.10.

Fri Sep 15 19:05:36 2017 Fri Sep 15 19:05:36 2017
IllHHllHHIIH‘IIIIIHIIIIHHIIH’HII\|HI|IIHIIIII‘III|||1|1|IHH|IH|\ IHHIIIHIHIHWIIIIH\|||H|\|I|||‘HIIIIHI}II!HHIIIHI!IHHlIIIHIHIIH
— - - ow 7 ¥ %, -
2 % Con 0 Wi, 2
3882.0 |— B 3882.0 — %, 0 i Bt B —
- — - -'/'// -
i 4 - o
3880.0 [— = 38800 — 7 7 % Y |
I . — L & %% -
L - % L i @
L 4 & L 4 £
T 3878.0 — = & F 3878.0 — = =
= r 1 g 2 B 1 s
) i | s o 3 B . 2
£ B y ° £ 2 1| [° s
£ 3876.0 — — z £ 38760|— 7 | =
z - A s 2 B N g
L A o L 4 8
L d £ i i £
o 8
3874.0 — — -1 3874.0 — —| i
L 4 i | -1 >
3872.0 — - 3872.0 — 7 _d
i - 7 8
_lIHHJIHHIIHIhIllHHI|HHIIII]!HIHJIUIIIHIIlIl]HIIIHH|II]HII11|1— —2 r » o F "‘:’ 0 -2
708.0709.0710.0711.0712.0713.0714.0715.0716.0 [IlIHIIIlIHllllllllIHHIIIIHIIIII IlI[ll[lIllIIIHHIIHIIIIHIIIIIHHIIII

708.0709.0710.0711.0712.0713.0714.0715.0716.0

Eastings [km] Eastinas [kml

Figure 3.5. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during northbound flights for September 15 2017 19:05:36 GMT.
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Figure 3.6. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during northbound flights for September 15 2017 20:20:16 GMT.
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Figure 3.7. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during northbound flights for September 15 2017 22:32:32 GMT.
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Figure 3.8. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during northbound flights for September 15 2017 23:28:00 GMT.
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Figure 3.9. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during southbound flights for September 15 2017 19:12:00 GMT.
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Figure 3.12. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during southbound flights for September 15 2017 23:32:16 GMT.

Figure 3.5 —Figure 3.8 corresponds to northbound flights and Figure 3.9 — Figure 3.12
corresponds to southbound flights. The time at the top of each velocity map shows the time of
flight experiment to collect the corresponding data by ATI-SAR. These times are in GMT.

In order to present retrieved surface current components at different weather conditions
(specifically different wind condition), Figure 3.13 — Figure 3.18 show the x- and y-components
of surface current measured by ATI-SAR from the data collected during the flight experiment on
September 16 2017 over Point Sal, CA. As presented in Table 2.3, average wind speed value
during active flight hours on September 16 (4.4 m/s) is almost half of the average wind speed
during September 15 (8 m/s) flight experiment. Figure 3.13 - Figure 3.15 corresponds to the

northbound flights and Figure 3.16 — Figure 3.18 corresponds to the southbound flights.
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ATI-SAR over Point Sal, CA during northbound flights for September 16 2017 18:31:28 GMT.
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Figure 3.14. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during northbound flights for September 16 2017 19:44:00 GMT.
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Figure 3.15. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during northbound flights for September 16 2017 22:45:20 GMT.
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Figure 3.16. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during southbound flights for September 16 2017 18:37:52 GMT.
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Figure 3.17. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during southbound flights for September 16 2017 19:52:32 GMT.
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Figure 3.18. x- (left panel) and y- (right panel) components of surface current measured by
ATI-SAR over Point Sal, CA during southbound flights for September 16 2017 22:51:44 GMT.
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One can see that in Figure 3.13 and Figure 3.16, there are some dissonances in the retrieved
surface current components. It could be because of low signal to noise ratio as a result of very
low wind speed during the first hour of flight experiment on September 16" flight. Another
possible reason for the mottling observed in Figure 3.13 and Figure 3.16 is accumulation of
surfactants. Visual imageries during the time period for ATI-SAR data collection corresponds to
Figure 3.13 and Figure 3.16 show a strong phytoplankton bloom that has large surface
expression.

During the flight experiment over Point Sal, CA consecutive northbound and southbound
flights occurred during one-hour time window. So it is expected to see almost the same retrieved
x- and y-components of surface current from the ATI-SAR data collected during consecutive
northbound and southbound flights. However, it can be observed that there are differences
between the surface current components retrieved during consecutive northbound and
southbound flights.

The x- and y-components of surface current are calculated form the Doppler measurements
by ATI-SAR using the algorithm presented earlier this chapter. The differences are observed in
the retrieved surface current components in consecutive flight tracks, which are less than an hour
apart.

As discussed at the beginning of this chapter, the ATI-SAR surface current retrieval
algorithm used to create surface current components’ maps (Figure 3.5 - Figure 3.18) does not
include removal of the contribution of the orbital velocity of the gravity waves (Vo) from the
Doppler velocity (Vpoppler) measurements by the ATI-SAR. These observed differences are due
to this deficiency in the retrieval algorithm. In order to resolve this issue, in chapter 5, | introduce

a modification to the ATI-SAR surface current retrieval algorithm. This modification suggests
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using a scattering model (M4S, which will be introduced in chapter 4) and incorporating its
outputs to the retrieval algorithm in order to remove V, as well as V, and Vg from the measured
Doppler velocity. This will result in improvement to the surface current geophysical model

function.
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Chapter 4. M4S MODEL AND ITS INTEGRATION TO THE

SURFACE CURRENT GMF

Remote sensing techniques rely on Geophysical Model Functions (GMF) to map radar Doppler
measurements to ocean surface current values. As mentioned earlier in Chapter 1, there is
deficiency in ocean surface current’s GMF and this research proposes a method to improve it.

To implement improvement to the surface current GMF, | use a physics-based surface
scattering model (named M4S) developed by Dr. Roland Romeiser [5][6][28]. M4S is used to
reproduce Doppler measurements of radar scatter from water surface, which |1 compared to the
ATI-SAR measurements in order to validate the existing model. Afterwards, in chapter 5 I run
the model and incorporate the model’s outputs to the surface current GMF in order to improve
the retrieval algorithm for ATI-SAR surface current measurements.

Eventually in chapter 6 modification to M4S model is proposed and M4S is run with the
modification. The model’s outputs after applying the modification are inserted to the surface

current geophysical retrieval algorithm and the results are presented.

4.1 INTRODUCTION TO M4S MODEL

M4S is a tool for numerical simulations of microwave radar imaging of surface current features
and of wind features near ocean surface. M4S has been developed for the purpose of testing and
validating existing and new theories of various aspects of radar imaging mechanism. The model
outputs are utilized to explain and interpret observed radar signatures and make predictions about
radar signatures of hypothesized current and wind phenomena or signatures of known

phenomena to be imaged by existing or hypothesized radar configurations [31].



45

The development of the model started in 1991, when a simple one-dimensional version of the
equations of weak hydrodynamic interaction theory [32] was implemented in combination with a
simple composite surface scattering model [33][34]. Then, in 1994 and 1995, the capability to
compute Doppler spectra and ATI-SAR phase differences was added to the model.

This Doppler model was developed based on an extension of the composite surface
scattering model concept, which derives all relevant parameters such as mean Doppler offset and
Doppler bandwidth from a given surface wave spectrum and given radar parameters [28]. The
version which used in this research is M4S 3.2.0 and it represents the state of the art as of Spring

2008.

4.1.1  MA4S inputs requirements and initialization

The M4S model is initialized with input current and wind speed data. These are the two
mandatory input fields to the model. There are other optional inputs such as bathymetry and
surface elevation. For all the simulations performed in this research, only the two mandatory
inputs of surface current and wind are used to run M4S model.

In order to run the model, the current and wind fields should be gridded first. The grids must
be rectangular with constant spacing in each direction but not necessarily the same spacing in
both directions. The grid spacing (4x or 4y) must be between 0.01 m and 1000 m and the ratio
between grid spacing in x and y direction must be between 0.1 and 10. The input fields should
also have x and y position of the grid points in meters with the convention of the lowest value
indicating the lower left corner of the rectangular grid. Figure 4.1 shows a simplified illustration
for M4S inputs gridding order convention. The rectangular grid has “r” rows and “c” columns.

The numbers in green represent the ordering and the numbers in black inside the brackets
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represent the location of the grids in meters in x and y direction. Both input current and wind

fields should be gridded with the exact same spacing.

r [0,r*Ay] | 2*r [AX,(r-1)*Ay] | 3*r [2*Ax, (r-1)*Ay] c*r
- . . :
gu 3 [0,2*¥Ay] | r+3 [Ax,2*Ay] 2r+3 [2*Ax,2*Ay] | .| (c-1)*r+3
b= 2 [0,Ay] r+2 [Ax,Ay] 2r+2  [2*Ax, Ay] (c-1)*r +2
1 [0,0] r+1 [Ax,0] 2r+1 [2*Ax,0] (c-1)*r +1
“c” columns

Figure 4.1. lllustration of grid spacing for input current and wind fields to M4S model.

M4S has a capability to be run in different modes such as ATI-SAR mode or Doppler mode.
Based on the mode, M4S can generate various types of outputs. When running the model to
compute radar signatures there are a few parameters should be specified. Radar frequency,
polarization, incidence angle, look direction, platform altitude, platform velocity, platform
heading and along-track or cross-track baseline are among required parameters to specify when
running M4S. Figure 4.2 illustrates the required input data to run M4S model and a few
examples of parameters that M4S can produce.

In this research, the input current and wind filed required to run M4S model over MCR is
provided by Center for Coastal Margin Observation and Prediction (CMOP). These data are
generated using a Semi-implicit Eulerian-Lagrangian Finite Element (SELFE) model for cross
scale ocean circulation [35]. Also the required current and wind fields to run the model over
Point Sal, CA is extracted from Regional Ocean Modeling System (ROMS) data. Georgia Tech
University and the Scripps Institute of Oceanography developed a nested numerical model,

which produces current and wind fields for the area including Point Sal, CA [36].
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Figure 4.2. Schematic M4S model with input and output parameters.

4.2 MAS MODEL RESULTS AT C-BAND OVER MCR

M4S can be run with the specific radar and geometry specifications for each scenario and the
model’s outputs are generated at each frequency exclusively. In order to run M4S over Columbia
River mouth the model was initiated with input current and wind fields provided by CMOP.
Figure 4.3 and Figure 4.4 show x- and y-components of CMOP current and wind fields over

Columbia River mouth, respectively.
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The grid spacing in the x and y directions are approximately 77 m and 111 m, respectively. The
radar geometry and flight specifications are set similar to the flight experiment performed to
collect the data to generate surface velocity maps retrieved by the APL ATI-SAR presented in
Figure 3.2 and Figure 3.3.

The model is run and Figure 4.5 shows M4S computed INSAR velocity at C-band over MCR
for forward-looking direction (top panel) and aft-looking direction (bottom panel). Black solid
lines show the aircraft heading direction and the dashed lines show the ATI-SAR look directions.
The color shows M4S computed radial INSAR velocity in m/s, which varies over a range of +2
m/s. As depicted in Figure 4.5 forward-looking radial velocities have negative values (blue
color) and aft-looking radial velocities have positive values (red color) over MCR similar to

radial velocities retrieved by ATI-SAR presented in Figure 3.2.

4.2.1  Comparison between measurements and M4S outputs over MCR

Radial velocity measurements by ATI-SAR at C-band over MCR were presented in Figure 3.2
and Figure 3.3. M4S model was also initiated with CMOP surface current and wind fields and
was run at corresponding frequencies and geometry specifications. To initiate M4S simulations |
set look directions the same as the ATI-SAR look directions in Figure 3.2 and Figure 3.3.
Platform and geometry specifications are also chosen based on the ATI-SAR flight experiments.
The model’s outputs are also presented in Figure 4.5. Radial velocity measurements at C-
band by the APL ATI-SAR and M4S output INSAR radial velocity show similar features over
MCR. To make a closer comparison between the measured radial velocity at C-band by the ATI-
SAR with M4S computed INSAR velocity, scatterplots of those velocities are presented in Figure

4.6.
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Figure 4.5. M4S computed INSAR velocity [m/s] over Columbia River Mouth for forward-
looking (top panel) and aft-looking (bottom panel) directions. They correspond to the
measurements presented in Figure 3.2 and Figure 3.3.
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It can be observed for forward-looking case (top panel) the points are more clustered around the
45-degree line. Also for radial velocity with higher magnitude (0.5 m/s) the scatter points are
more clustered to a 45-degree line compared to the scatter points at velocities close to zero. This
can be either M4S model’s error or the instrument’s error at very low surface velocity values.

There are several possible reasons to explain the differences observed between ATI-SAR
measurements and M4S model output. For instance, there is a requirement to run M4S
simulations, which dictates that the radar look direction and the radar platform heading should be
perpendicular. However, as described in chapter 2 the APL ATI-SAR system has two squinted
radar looks (forward- and aft-looking directions). Therefore, in order to be able to run M4S for
corresponding ATI-SAR experiment, | initiate M4S with the actual radar look directions and set
the radar platform headings normal to the look directions. This means there are differences
between the actual radar platform heading directions and the ones used to initiate M4S model to
create the radial INSAR velocities presented in Figure 4.5.

Another possible reason for the differences between the measured radial velocities by APL
ATI-SAR at C-band and the M4S results is the difference between the actual wave spectrum
present at the scene during the corresponding experiment and the estimated wave spectrum by

M4S from input wind field. This will be discussed in more details in subsequent chapters.

4.3 MA4S MODEL RESULTS AT C-BAND OVER POINT SAL, CA

In order to run M4S over Point Sal, CA, the model is initiated with input current and wind fields
from ROMS data. Figure 4.7 and Figure 4.8 show x- and y-components of ROMS current and
wind fields, respectively. The resolution of these ROMS products is 66 m and is for the day of

September 15, 2017 during Point Sal, CAL experiment.
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To run the model, the radar geometry and flight specifications are set similar to the flight
experiment performed to collect the data to generate surface current components retrieved by
APL ATI-SAR presented in Figure 3.5 — Figure 3.12.

Figure 4.9 shows M4S computed InSAR velocity over Point Sal, CA. | ran the M4S model
for four different configurations based on aircraft headings and the directions in which the radar
antennas look at the scene, and computed INSAR velocity output of M4S model for these four
different cases are presented in Figure 4.9.

The left column shows the computed velocity for the case in which the aircraft is flying
northward and the right column shows the computed INSAR velocity when aircraft is heading
southward. The top panels corresponds to the forward-looking cases and the bottom panels
correspond to the aft-looking cases. Black straight arrows on top of the velocity maps represent
the aircraft flight direction and dashed arrows show the direction in which the ATI-SAR
antennas look at the scene.

M4S computed INSAR velocities presented in Figure 4.9 are radial velocities. Therefore, for
each case presented in Figure 4.9, positive radial velocities (red colour) is in the same direction
as radar look direction (dashed-line arrows) corresponds to that specific case, and negative radial
velocities (blue colour) is in the opposite direction of the radar look direction.

In each row of Figure 4.9, the radar look directions for the northbound flight (left column)
and the southbound flight (right column) are in opposite directions. So one can conclude that the
negative and positive radial velocities presented at each row of Figure 4.9, do not have the same

actual physical meaning.
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Figure 4.8. x (east)- and y (north)-components of ROMS wind field input to M4S.
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Therefore, in order to overcome the ambiguity | reverse the colour bar for the southbound flight
and present the same M4S computed INSAR velocities in Figure 4.10 with the reversed colour
bar. It can be seen that regardless of flight heading and radar look direction M4S computed
INSAR velocities show similar features over Point Sal, CA.

Computed InSAR velocity presented in upper row of Figure 4.9 and Figure 4.10 (forward-
looking cases) has northeast direction in the northern part of the area and southwest direction in
the lower altitudes. On the other hand, computed INSAR velocity presented in lower row of
Figure 4.9 and Figure 4.10 (aft-looking cases) has southeast direction all over the area.

In the next chapters, | describe how I use M4S output (INSAR radial velocity) and insert it to
the ATI-SAR surface current retrieval algorithm in order to improve the surface current
geophysical model function. Improvement to M4S model will also be proposed and the ATI-
SAR retrieved surface current after applying the modification to M4S model will be presented in

chapter 6.
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Figure 4.10. M4S computed INSAR velocity [m/s] over Point Sal, CA with reversed colour
bar for the southbound flight.
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Chapter 5. WAVE-DEPENDENT DIRECTIONAL BIASES IN OCEAN

SURFACE CURRENT ESTIMATION

ATI-SAR is a remote sensing technique intended for measuring surface currents. The current
vector measurements are biased by the presence of surface winds and waves, so their effects
must be accommodated in order to yield accurate currents estimates using ATI-SAR [37]. As
presented in chapter 3, there are biases to the retrieved surface current components by APL ATI-
SAR and it was shown in [27] that these biases are due to the contribution of the orbital velocity
of the gravity waves (Vo) to the measured Doppler velocity (Vooppler) by the ATI-SAR (equation
(3.3)).

In this chapter, | present wave-dependent directional biases observed in ocean surface
currents estimated by APL ATI-SAR. Then, in order to modify the retrieval algorithm and
include Vo contribution to Doppler measurements as well as V, and Vg4 contribution, | run the
M4S model with zero-current input and wind field. I calculate the radial INSAR velocity for
different cases corresponds to the ATI-SAR platform heading directions and radar look
directions during the field experiment to collect ATI-SAR data.

Afterwards, | subtract the radial INSAR velocity (output of M4S model with zero-current
initiation) from the ATI-SAR Doppler velocity. The resulted radial velocity incudes the
contribution from surface current, exclusively. The x- and y-components of the surface current
are calculated from the forward- and aft-squinted radial velocities.

Biases are still observed in the components of the surface current retrieved by ATI-SAR
during successive northbound and southbound flights. | suggest that the error is due to the

difference between the wave spectrum of the actual waves present in the field during the
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experiment and those computed from the local wind fields by M4S [28]. | will apply wave

spectrum modification to M4S model and results will be presented in chapter 6.

5.1 M4S coMPUTED INSAR VELOCITY WITH ZERO-CURRENT INPUT

In order to accommodate wind and wave effects upon the surface current retrieval algorithm |
run M4S model and insert the model outputs to the retrieval algorithm. To present the wave-
dependent directional biases, | initiate M4S model with zero-current field (for the whole area
north of Point Sal, CA) and ROMS wind field in order to calculate radial INSAR velocity. The
grid spacing in the x and y directions are approximately 66 m and 80 m, respectively. | run the
M4S model for four different configurations based on aircraft headings and the directions in
which the radar antennas look at the scene. Figure 5.1 shows the computed INSAR velocity
output of M4S model for the four different cases of aircraft heading and radar look direction.

The left column shows the computed radial velocity for the case the aircraft is flying
towards north and the right column shows the computed INSAR velocity when aircraft is heading
towards south. The top panels correspond to forward-looking cases and the bottom panels
correspond to aft-looking cases. Black straight arrows on top of the velocity maps represent the
aircraft flight direction and dashed arrows show the direction in which the ATI-SAR antennas
look at the scene.

Similar to the nonzero-current M4S simulation results (presented in Figure 4.9 and Figure
4.10) in order to have easier visual comparison between the computed InSAR radial velocities
over Point Sal, CA during northbound and southbound flights the color bar should be reversed
for southbound flights. | regenerate M4S InSAR radial velocity maps (for zero-current input
case) with the reversed color bar for the southbound flight and the results are presented in Figure

5.2.
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Figure 5.1. M4S computed INSAR velocity [m/s] over Point Sal, CA with zero-current input
field.
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Next, the radial velocity calculated by the M4S model (with zero-current input) is subtracted
from the measured ATI-SAR Doppler velocity such that the resulting ATI-SAR radial velocity is
representative of the surface current, exclusively.

Now the resulting ATI-SAR radial velocity does not include any other contributions (Vb, Vd
and Vo) presented in equation (3.3) but the contribution from surface currents. After applying this
modification to the surface current retrieval algorithm, the x- (east) and y- (north) components of
surface current are computed from the forward- and aft-looking radial velocities and the results
are presented in Figure 5.3 and Figure 5.4, respectively. To be able to present the velocity
components over larger area | merge measurements for four successive flight tracks together.
The left panel corresponds to data collected when aircraft was flying northbound and looking
eastward and the right panel corresponds to the case aircraft was flying southbound and looking
westward.

All the ATI-SAR data used to create surface current components maps presented in Figure
5.3 and Figure 5.4 was collected within a period of one hour. Therefore, one expects the
calculated surface current components to be roughly equal. However, it can be seen in Figure 5.3
and Figure 5.4 that the velocity components calculated from data collected during southbound
flight (right panels) are biased towards positive values compared with the measured velocity
components during northbound flights (left panels).

Figure 5.5 and Figure 5.6 show the histograms of differences between the retrieved surface
current components from data collected during northbound flights and southbound flights for x-
and y- components, respectively. As presented for both surface components there are differences

between the ATI-SAR retrieved surface current with larger differences in the y-component.
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aircraft heading southbound and looking

Figure 5.3. x-components of surface current computed from ATI-SAR measurements after

subtracting M4S computed InSAR velocities (with zero-current input) from ATI-SAR radial
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| suggest this bias is due to the mismatch between the estimated wave spectra from M4S model
and the actual waves present at the experiment site during the time of data collection.

M4S uses a wave spectrum model, which does not capture the real wave spectrum present at
the area under the study (Point Sal, CA). Instead, in the first step of running M4S model the
input current and wind fields of a given scenario are converted into a wave spectrum. This wave
spectrum is then used in the scattering module of M4S. Therefore, there is a difference between
the estimated wave spectrum by M4S and the actual wave spectrum present at the scene during
the experiment.

In next section, | present one sample wave spectrum estimated by M4S model, and show
how it differs from the actual wave spectrum present at the scene during the experiment and

captured by an in-situ sensor.

5.2 DIFFERENCE BETWEEN ESTIMATED WAVE SPECTRUM BY M4S MODEL AND

ACTUAL WAVE SPECTRUM

The wave spectrum estimated by M4S does not represent the actual wave conditions during the
measurements. For instance, it does not have the ocean swell component and only has the wind
wave component. During the Point Sal, CA data collection campaigns, several other instruments
were present onsite and made simultaneous measurements over the same area of study. These
included a set of APL-UW moorings deployed in water and making in-situ wave measurements.
Figure 5.7 represent the location of five APL-UW moorings over Point Sal area.

As presented in Figure 5.7 the APL mooring #1 is the closest one to the location of APL

ATI-SAR data collection north of Point Sal during the September 15 flight experiment. | use the
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data collected by APL mooring #1 to calculate the actual wave spectrum present at the scene

during the experiment.

Figure 5.7. Locations of APL-UW mooring in Point Sal area.

Figure 5.8 shows M4S model estimated wave spectra in the direction of 300 degrees, which
is the direction in which the maximum wave energy comes from (northwest). As depicted, this
wave spectrum has only wind wave component at frequency of 0.15 Hz and it does not include

lower frequency (less than 0.1 Hz) components.
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Figure 5.9 shows an actual wave spectrum from an in-situ APL-UW mooring #1 measurements.
As depicted, it has both ocean swell and wind wave components at 0.07 Hz and 0.13 Hz,
respectively. It also has lower frequency components compared with the spectra estimated by
M4S model (presented in Figure 5.8). There are also differences between the actual wave spectra

measured by APL-UW mooring and the one estimated from M4S model at higher frequencies (>

0.2 Hz).
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Figure 5.8. Estimated wave spectrum by M4S model.

In order to further investigate the wave-dependant biases in surface current components

estimated by ATI-SAR, | propose to incorporate the actual local wave spectra from the in-situ
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mooring to M4S model. Then, | force M4S model to use the actual wave spectrum for all the
calculations in the radar scattering module of the model (for example in order to calculate radial

INSAR velocities).
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Figure 5.9. Measured wave spectrum by APL-UW mooring.

After applying this modification to the model, M4S model’s radial INSAR velocities (with
zero-current input) must be calculated. Then, the radial INSAR velocities should be subtracted
from the ATI-SAR measured Doppler velocity in order to calculate the redial velocities for both
forward- and aft-squinted radars. The resulting ATI-SAR radial velocities should only be

representative of surface current.
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The x- and y-components of surface current will be calculated afterwards to see how the biases
will change. Results will be presented in chapter 6 to show how this wave spectrum modification

to M4S model results in improvement in surface current geophysical model function.
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Chapter 6. RESULTS AND ANALYSIS

As mentioned in chapter 4, M4S model is initialized with input current and wind speed data. The
main advantage of M4S physics-based model is that it does not rely on the empirical data and
can be run for simulations at any frequency and polarization, yet it also has weaknesses. For
instance, M4S uses a wave spectrum model, which does not capture the actual wave spectrum
present. In the first step of running M4S model the input current and wind fields of a given
scenario are converted into a wave spectrum. This wave spectrum is then used in the scattering
module of M4S.

In order to investigate the biases in ATI-SAR surface current components, | proposed in
chapter 5 to update M4S to use a combination of the actual long wave spectrum from an
independent source such as in-situ moorings, and a modeled shortwave spectrum. | hypothesize
that with this update, the ATI-SAR retrieval algorithm should improve and the biases in the
surface current components will decrease.

To improve the M4S model | propose to force the model to use the actual wave spectrum
instead of having the model to estimate it from input surface current and wind fields. Then | will
run the model with the improvement and see how the outputs of the model change. This will help
improve the surface current geophysical model functions, which maps the Doppler

measurements to ocean surface current measurements.

6.1 ACTUAL WAVE SPECTRUM MEASURED BY IN-SITU APL MOORING INPUT TO
M4S

There are different sources for capturing the actual wave spectrum and insert it to M4S model.

The first way is to use in-situ moorings and measure the actual wave spectrum from them. Based
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on Figure 5.7 APL’s mooring #1 is the closest mooring to the area under this study north of Point
Sal, CA. Therefore, | used the wave spectrum measured by this mooring during the field
experiment on September 15 2017 over Point Sal, CA. The long wavelength (lower
wavenumber) part of the wave spectrum estimated by M4S from input current and wind fields
will be substituted by the actual wave spectrum measured by APL mooring.

Figure 6.1 shows the actual wave spectrum measured by APL mooring in red curve and the
estimated wave spectrum by M4S model at one specific direction in blue curve for lower
wavenumber part of the spectrum. One can see there are significant differences in wave
spectrums in the lower wavenumber part of the spectrum. | substitute the long wavelength (lower
wavenumber) part of the spectrum by the mooring measurements. The short wavelength part
(larger wavenumber) is kept from the M4S estimated wave spectrum. APL mooring is only

capable to measure wave spectrum for lower wavenumber part of the spectrum.
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Figure 6.1. M4S estimated wave spectrum and actual wave spectrum measured by APL

mooring.
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6.2 BIASES IN SURFACE CURRENT COMPONENTS AFTER APPLYING WAVE

SPECTRUM MODIFICATION TO M4S MODEL

Figure 6.2 and Figure 6.3 show x- and y-components of ATI-SAR retrieved surface current after
applying the wave spectrum modification to M4S model. Left panels present surface velocity
components retrieved using the data collected during northbound flights and right panels present
the surface velocity components using the data collected during southbound flights.

Although there is still a difference between the surface velocity components retrieved in
northbound and southbound flights, the visual comparison between Figure 6.2 and Figure 5.3 and
also Figure 6.3 and Figure 5.4 show reduction in biases in retrieved surface velocity components
after applying wave spectrum modification to M4S model. The reduction in biases for x-
component of surface velocity is more easily observed than the one in y-component. There are
still large biases in the y-component of surface velocity during northbound and southbound
flights. As it can be seen in Figure 6.3, the y-component of surface velocity retrieved during
southbound flights is biased towards positive values compare with the retrieved y-component
surface velocity during northbound flights.

Figure 6.4 and Figure 6.5 show the histograms of the difference between the surface
velocity components retrieved during northbound and southbound flights and after applying the
wave spectrum modification to M4S model for x- and y-component, respectively.

A comparison between Figure 6.4 and Figure 5.5 confirms that the mean value of the
difference between the northbound and southbound x-component of surface current is reduced

after applying the wave spectra modification to M4S model.
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Figure 6.2. x-components of surface current computed from ATI-SAR measurements after

subtracting M4S computed INSAR velocities from ATI-SAR radial velocities.
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Figure 6.4. Histogram of biases in x-component of retrieved surface current during

northbound and southbound flights.

A similar comparison between Figure 6.5 and Figure 5.6 for the differences in y-component
of the retrieved surface velocity during northbound and southbound flights show that the bias
remains even upon applying the wave spectra modification to M4S model. However, its mean
value in Figure 6.5 is reduced in comparison with that presented in Figure 5.6. The reduction in
bias is not as significant as the one for the x-component of the surface velocity, however.

In order to apply the wave spectrum modification to the M4S model, | used the actual wave
spectrum measured by APL mooring #1, which was present at the scene during the
corresponding ATI-SAR flight experiment. This mooring was the closest mooring to the area
under the study but it was not in the exact location of the ATI-SAR data collection. Therefore,
there might still be differences between the actual wave spectrum present at the experiment site
during ATI-SAR data collection and the one captured by the APL mooring #1 and inserted to

M4S model in order to improve it. This is one of the reasons of why differences still present
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between the surface velocity components retrieved during northbound and southbound flights

even applying wave spectrum modification to M4S model.
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Figure 6.5. Histogram of biases in y-component of retrieved surface current during

northbound and southbound flights after applying modification to M4S model.

Another deficiency in the actual wave spectrum inserted into the M4S model in order to
improve it, is that the moorings make the wave energy measurements only for lower
wavenumber (larger wavelength) part of the spectrum but not for the large wavenumber (lower
wavelength) part of the spectrum, which is where Bragg scatter occurs. | kept the wave spectrum
information for the larger wavenumber part of the spectrum from what M4S estimates from the
input wind fields. This is another possible source for the differences between the actual wave
spectrum present at the scene during the experiment and the one input to M4S model in order to

improve it. Therefore, it can be another reason to explain why the biases between the ATI-SAR



77

retrieved surface current components still exists even after applying the wave spectrum
modification to M4S model.

In order to compensate for these imperfections of the wave spectrum recorded by in-situ
APL moorings, | propose to estimate wave spectrum from the data ATI-SAR capture. The next
section describes how to estimate wave spectrum from the data collected by APL ATI-SAR. This
makes the ATI-SAR surface current retrieval algorithm independent of any secondary instrument

measurements such as in-situ moorings.

6.3 WAVE SPECTRUM CALCULATION USING ATI-SAR DATA

Besides using the data recorded by in-situ moorings in order to have actual wave spectrum
information (described in previous section), the second way of achieving the actual wave
spectrum is to estimate the wave spectrum from ATI-SAR measurements and then require the
M4S model to use this wave spectrum instead of the estimated wave spectrum. This makes the
whole process independent of any other sources (such as in-situ moorings) and relies only on
ATI-SAR measurements.

In this section, | present the method | use to calculate the wave spectrum using ATI-SAR
data over Columbia River mouth. Afterwards, this method can be utilized to calculate wave
spectrum and force M4S model to use this actual wave spectrum instead of estimated wave

spectrum in order to improve the model.

6.3.1 Ocean surface waves

Waves on the surface of the ocean have period of 3-25 seconds and are mainly caused by winds.
The restoring force for these waves is gravity and hence they are named gravity waves. In this

sub section, | describe ocean surface waves’ characteristics briefly.
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Ocean gravity waves are well-described by linear ocean wave theory. The wave period (T) is the
time interval between the passage of two successive wave crests or troughs at a given point, and
the wavelength (L) is the horizontal distance between two identical points on two successive
wave crests/troughs. Angular frequency (w = 2m/T) and wave number (k = 2m/L) are
computed from wave period and wavelength, respectively. The dispersion relationship relates

wave period and wave number through equation (6.14):

w? = gk tanh(kd) (6.14)

Where, g is gravitational acceleration, and d is the water depth.

The most elementary wave theory is the linear wave theory. This theory gives a reasonable
approximation of wave characteristics for a wide range of wave parameters. Based on the linear
wave theory, the wave phase velocity (C) is related to wavelength (L) and water depth (d) by

equation (6.15).

C= /% tanh(27%) (6.15)

The dispersion relation indicates that waves with different periods travel at different speeds.
Gravity waves are typically classified into three regimes, defined by the ratio of the water depth
to wavelength (Table 6.6). In deep and shallow water cases, the ratio of water depth to

wavelength allows the dispersion relationship to be replaced with an approximate equation.
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Table 6.6. Ocean waves classification.

Classification d/L Dispersion Relation
Deep Water 1/2 to oo w? =~ gk
Intermediate Water | 1/20to 1/2 w? = gk tanh(kd)
Shallow Water 0to 1/20 w? ~ gk*d

In shallow and intermediate depths (compare with deep water), waves refract (change direction),
shoal, and break, resulting in a loss of energy. Both of these processes cause a change in the

wave energy spectrum.

6.3.2  Wave spectrum retrieval algorithm

This section describes the algorithm I use to extract wave information from ATI-SAR data. The
algorithm was introduced in [9], and is based on linear approximation to the non-linear integral
transform relating ocean wave spectra to the ATI-SAR image spectra that was derived by Bao et

al [38]. The approximation is given by equation (6.16).

Pp(k) = [H(K)]* E(k) (6.16)

Here, k denotes the 2-D ocean wave number, and Py (k) and E(k) denote the 2-D ATI-SAR

phase image spectra and the ocean wave spectrum, respectively. H(k) represents the linear
approximation of the ocean wave ATI-SAR phase modulation transfer function.

As a first step, | calculate the interferometric phase from the two sets of single look complex
data (each related to one radar frequency channel of the ATI-SAR receivers). To calculate the 2-
D phase image spectrum P4(k), | take the squared absolute value of the 2-D Fourier transform of

the interferometric phase as given in equation (6.17).
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Py(k) = |FT,_p(Interferometric phase|? (6.17)

6.3.2.1 Ocean wave ATI-SAR phase modulation transfer function

Equation (6.16) relates ocean wave spectra to the ATI-SAR phase image spectra. In this

equation, H (k) is given by equation (6.18) [9].

HOO = (£2) w6 (6, 9) [1 _3 %R: fu(O)]2 (6.18)

Here, k; is the radar electromagnetic incident wave number, B is the interferometric baseline
between two antennas, and V. is the platform velocity, which are nominally 0.39 m and 45 m/s
for the APL-UW ATI-SAR system, respectively.

A geometric function G(6,¢), which depends on the incidence angle 6 and the wave

propagation direction with respect to the radar azimuth direction ¢, is given by equation (6.19).

G(8,d) = +/sin2(8) sin2(¢) + cos2(0) (6.19)

The term f* in equation (6.18) denotes the auto-covariance function of the radial orbital velocity
of the long ocean waves [38].

H(k) is an approximation, and represents a filter that transforms the ocean wave spectrum to
the measured interferometric phase spectrum. The filter accounts for the motion of the waves
during the time taken to acquire the SAR image. In this research, | invert the transformation

simply by using equation (6.20) in order to calculate the wave spectrum E(k).
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E(k) = % (6.20)
One should note that equation (6.20) works only when H(k) is not zero. Since H(k) is an
approximation, | substitute zero values of H(k) with a very small non-zero numbers in order to
prevent zeros in the denominator.

To be able to calculate E(k) from this algorithm, some ancillary data is also required.
Significant wave height and the direction from which the waves at the dominant period are
coming are two examples of secondary parameters. For the area of Columbia River mouth, these
parameters can be attained from the historical archived in-situ measurements provided by the
National Data Buoys Center website (NDBC) [39]. Figure 6.6 shows NDBC buoys location on

the map.
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Figure 6.6. NDBC'’s stations: yellow squares and orange squares show the stations with

recent data and stations with historical data, respectively [39].



6.3.2.2 NDBC data

Buoy station number 46243 is the closest one to the experiment site and is used to retrieve the

required ancillary data for this research over the mouth of Columbia River. The position of this

station is presented in Figure 6.7.

Historical data for this station is available since 2009 and it is possible to extract the

necessary information from the data recorded at this station in order to run the retrieval algorithm

for wave spectrum calculations.
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Figure 6.7. The closest NDBC station to the mouth of Columbia River [32].

Calculated wave spectrum from ATI-SAR data

| use the wave spectrum retrieval algorithm presented in section 6.3.2.1 and calculate wave

spectrum for different cases. First, | introduce the ATI-SAR data set, which | used for wave

spectrum calculation over MCR.
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6.3.3.1 Data set

DARLA (Data Assimilation and Remote Sensing for Littoral Application) was a collaborative
project funded by ONR (Office of Naval Research). APL-UW was one of the collaborators of
this project [40]. The Navy needs to know how fast the water is moving, for instance, to deploy
ships on a beach or to steer a ship to an inlet.

At the mouth of Columbia River between Washington and Oregon, strong river currents
meet Pacific Ocean swells and wind driven waves and makes in-situ measurements very
difficult. Therefore, remote sensing methods are valuable. | used ATI-SAR data captured by
APL-UW C-band ATI-SAR system over Columbia River inlet during the 3 days (4", 6™ and 8"
June 2013) of the flight experiments. Then | employed the wave spectrum calculation algorithm
described in section 6.3.2.1 to estimate wave spectrum from ATI-SAR data.

In order to validate this method, wave direction and wave period values at the mouth of
Columbia River are calculated from the wave spectrum and the results are validated against the

data from NDBC archive data.

6.3.3.2 Wave spectrum calculations

As described in chapter 2 the interferometric phase is calculated from ATI-SAR date. In order to
mitigate the noise level of the interferometric phase, one step of 4-cell averaging is applied and

one example of the resulting averaged-interferometric phase is shown in Figure 6.8.
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Figure 6.8. Interferometric phase after 4-cell averaging.

In order to be able to resolve the larger ocean waves (with large values of wave period T,
which results in smaller wavenumber k) I choose a number to flag the H function for the smaller
values of ocean wave number k. For this study, | simply flag the H function for ocean wave
numbers less than 0.03 [41]. This number is an empirical choice and can be modified when
running the algorithm for more cases and determine more reliable threshold value based on
investigating more cases. Also, in order to be able to resolve the waves from ocean wave spectra,
I have to apply a smoothing function to the calculated ocean wave spectra.

Figure 6.9 — Figure 6.14 show the interferometric phase in left panel and wave spectrum in
the right panel for 6 different cases. To create each image the data collected by one ATI-SAR

(either forward-looking or aft-looking radar) is used. It took couple of minutes to collect the



85

corresponding data. Each image spans 750 meters by 750 meters. This image size is chosen in
order to minimize the change in wave field due to the variation in bathymetry. However, the
images are limited to only a few wave periods, limiting the wavenumber resolution of the wave
spectra at long wavelengths.

In the first case presented in Figure 6.9, wave refraction is visible in the interferometric
phase image (left panel). This causes the energy in the derived wave spectrum to be spread out in
wavenumber space, resulting in a broader peak in the wave spectrum. Because | derive the wave
spectrum from a snapshot image, | cannot resolve the direction of the waves. However, | know
that the waves travel in the onshore direction, so the wave direction ambiguity can easily be
resolved.

Figure 6.10 shows interferometric phase over small area where the wave direction does not
vary too much. Thus, the resulted wave spectrum presented in the right panel shows narrower

peaks in the wave spectrum.
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Figure 6.9. Interferogram and wave spectra for June 08 2013, 10:42:52 [41].
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Figure 6.10. Interferogram and wave spectra for June 08 2013, 12:15:51 [41].

Figure 6.11 and Figure 6.12 present other cases with less wave energy as it can be seen in the left

panels. Therefore, in compare with Figure 6.10, waves are detected less clearly.
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Figure 6.11. Interferogram and wave spectra for June 08 2013, 14:59:16 [41].
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Figure 6.12. Interferogram and wave spectra for June 06 2013, 17:32:14 [41].

Figure 6.13 represents the interferometric phase and wave spectrum for a case with variable
wave direction. Thus, two vague bright areas are spotted in the wave spectrum.
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Figure 6.13. Interferogram and wave spectra for June 08 2013, 16:35:21 [41].
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Figure 6.14. Interferogram and wave spectra for June 06 2013, 15:06:04 [41].

Although Figure 6.14 shows a noisy interferometric phase case, it is still possible to detect the

wave energy from the wave spectrum. This is because this case contains much shorter waves and

consequently few more complete wave periods in one small box.

6.3.4 Validation

To validate the results, | use the wave information from the National Data Buoy Center historical

database as reference values and compare the ATI-SAR results with them. The Table 6.7 and

Table 6.8 shows these values for wave direction and wave period calculation, respectively.

Table 6.7. Wave direction values measured by ATI-SAR and from NDBC database.

Q Q Q Q Q @) @)
QD QD QD QD QD QD QD
@ @ @ @ @ @ @
H +H +H H*+ +H* *+ ++
[iAN () w EN (&3] o ~
wave direction by ATI-SAR [degrees] | 275 | 234 | 237 | 237 | 237 | 218 | 301
wave direction from NDBC [degrees] | 251 | 231 | 258 | 261 | 299 | 269 | 294
Difference [degrees] 24 3 21 | 24 | 62 | 51 7




Table 6.8. Wave period values measured by ATI-SAR and from NDBC database.

Q Q) O Q) Q) Q Q)

@ & @ & & % &

@D @D @D @D D D @D

+ H +: +H H + +

= N w & (6] (o] ~
wave period by ATI-SAR [sec] | 5.81 | 7.49 | 1452 | 1452 | 7.49 | 8.73 | 7.49
wave period from NDBC [sec] | 16.67 | 16.67 | 13.32 | 15.38 | 6.25 | 9.88 | 7.14
Difference [sec] 10.86 | 9.18 1.20 086 | 1.24 | 1.15 | 0.35

In order to have closer look and compare the ATI-SAR wave parameters (wave direction
and wave period) measurements with the reference values from NDBC records in a quantitative
base, | present scatterplots for wave direction and wave period in Figure 6.15 and Figure 6.16,

respectively.
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Figure 6.15. Comparison of ATI-SAR wave direction measurements with NDBC.
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As it can be seen from the scatterplots, for most cases there is a good agreement between the
wave information retrieved form the APL ATI-SAR data and NDBC data. However, there are
cases with poor agreement. There are several possible reasons for that. For instance, the chosen
NDBC station is not exactly in the same area where APL ATI-SAR platform flew during the
experiment. It is only the closest station to the area and so, this could cause some differences

between the ATI-SAR measurements and the data provided by the NDBC station.
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Figure 6.16. Comparison of ATI-SAR wave period measurements with NDBC.

Besides that, and more importantly the MCR is a very challenging environment since its
bathymetry is varying dramatically. Therefore, waves shoal and break in this area and their

direction change even over a small area.
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6.4 FUTURE WORKS

For future studies, | propose to use ATI-SAR data to calculate actual wave spectrum using the
algorithm presented in previous section. Then the calculated wave spectrum from ATI-SAR data
should be inserted to M4S model (similar to the procedure in sections 6.1) in order to improve
M4S model. Hence, the surface current geophysical retrieval algorithm improvement will be
independent of any other sources such as in-situ mooring data.

After applying modification to M4S model, the radial INSAR velocities calculated by M4S
(initiated with zero-current input) should be subtracted from the Doppler velocity measured by
ATI-SAR. Afterwards, surface current components are retrieved from the Doppler measurements
using the modified geophysical model function.

Yet the wave spectrum retrieval algorithm needs more studies and further investigation to be

tuned for using in such dramatic bathymetry similar to the one in the Mouth of Columbia River.

6.5 CONCLUSION

The data collected by the APL C-band dual-beam ATI-SAR were used to generate surface
current maps. In order to generate the surface current maps the algorithm described in chapter 3
was used and the results were presented. Differences were observed in the retrieved surface
current components during successive northbound and southbound flights and M4S model
(introduced in chapter 4) was used to investigate the biases.

In chapter 5, M4S model was initiated with the corresponding radar parameters similar to
the ones in the field experiment to collect ATI-SAR data and zero-current input to the model.

The radial InSAR velocity output of M4S model was inserted to the surface current retrieval
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algorithm and the retrieved surface current components were presented for consecutive
northbound and southbound flight tracks after applying this modification to the algorithm.

Biases in the surface current components retrieved during successive northbound and
southbound flights were observed even after using M4S InSAR radial velocities outputs in the
surface current retrieval algorithm. | suggested that the error is due to the significant differences
between the actual wave spectrum and the estimated wave spectrum by M4S from input winds.
MA4S estimates the wave spectrum from the input wind field to the model and does not use the
actual wave spectrum present at the scene.

In the beginning of chapter 6, in order to improve the geophysical model function for
surface current, wave spectrum modification was applied to M4S model. To attain the actual
wave spectrum, the measurements by APL in-situ mooring was used. The modified version of
M4S was run and the INSAR radial velocities outpour of M4S was inserted to the surface current
retrieval algorithm. The retrieved surface current components were presented and the biases were
explored.

After applying the wave spectrum modification to M4S model, reduction in the biases in
surface current components retrieved during successive northbound and southbound flights were
observed. The reduction in biases in the x-component of surface current was more significant
than the one observed in the y-component of surface current.

Suggestions were made for possible reasons for the remaining biases observed in the surface
current components. Furthermore, a method was introduced to calculate the wave spectrum form
ATI-SAR data and insert it to M4S model in order to apply the wave spectrum modification for

future studies.
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The idea of improving M4S model by forcing it to use the actual wave spectrum in order to
modify the surface current retrieval algorithm used for ATI-SAR data is new and was presented
for the first time in this thesis. Preliminary results were presented, which shows improvement to
the surface current geophysical model function. However, more work is needed to be done in
order to be able to run M4S with the actual fully-directional wave spectrum, which includes
wave energy information for the full range of wavelengths of the spectrum.

The method presented in section 6.3 can be used to calculate the actual wave spectrum form
the data collected by the APL ATI-SAR. Future work should be focused to use this method to
generate the actual wave spectrum from ATI-SAR data and force M4S model to use the
calculated wave spectrum from ATI-SAR data. The radial INSAR velocities output of M4S
should be inserted to the surface current retrieval algorithm and the surface current components
should be calculated, afterwards. More reduction to the differences between the retrieved surface

current components during northbound and southbound flights are expected.
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