
ERIC S. KASISCHKE 
ROBERT A. SHUCHMAN 

DAVID R. LYZENGA 
Radar Division 

Enuirontneiitul Research lnstitute of Michigun 
Anil Arbor, MI 48107 

GUY A. MEADOWS* 
Department of Atmospheric and Oceui~ic Science 

The University of Michigun 
Arln Arbor, MI 48109 

Detection of Bottom Features on 
Seasat Synthetic Aperture Radar 
Imagery 

Seasat SAR imagery was evaluated with respect to its potential to 
assist hydrographers in identifying submerged hazards. 

INTKODUC.I.ION 
P-TO-DATE HYDKOGKAPHIC INFORM~\.I.ION has al- 
ways been of litinost importance to naviga- 

tors and coastal engineers. The advent of sonar 
sou~lding techniques and the use of advanced sat- 
ellite location systems has greatly aided i n  the 
generation of more current bathymetric infi~rma- 
tion, but there are still shortconlings in a high per- 
centage of nautical charts. It has been estimated 
that 62 percent of the world's ocean areas have 

a minimum water depth which is deeper than 
many traditional routes provide. In acldition, in- 
creasing energy costs have forced many navigators 
to use shorter, but less well surveyed, routes. 

Accurate hydrographic information is also re- 
quired for coastal engineering. This need was dra- 
matically illustrated through the extensive dam- 
age to a two-kilometre breakwater (being con- 
structed for a deep water, bulk cargo port) at Sine, 
Portugal during a winter storin of nloderate 

ARS.I.RAC.I-: A distinct set of srsrfilce lxitterns detected i n  irnciger!j collectetl 1x4 
the Seasat snythetic aperture rutlmr J S A R )  1~~ice  been shorc;n to be the result ( fa11  
ititeruction betzoeen (1 physical ocetlrlic procc.y., on<l N l>otto~ri tol)ogropl~ic fen- 
ture. These patterns can be used to infer ( 1  bottonr feutrtre, (ind tlrlts (ire (I 

potentiul source of informution for itlentifying slrbincrgetl .feciture.s llclzclrdous 
to surface nuuigution. The Seusut SAH itnuget1 bottom-rclotetl stirficc p(lttertis in 
both deep and shallow water. Exunzples of tlzese srsrflce pcitterns (ire presented 
in this paper along with explunrrtiotls of how the!/ occur. 

insufficient hydrographic data to determine the 
sea-floor topography (Kapoor, 1976). 

Recent political developments and economic 
events have led navigators to seek out and use 
new shipping lanes, which are not as well sur- 
veyed as traditional routes. The construction of 
deep draft vessels (close to thirty metres) requires 

* Also a consultant at the Environmental Research In- 
stitute of Michigan. 

PHOTOCRAMMETRIC ENGINEERING AND REMOTE SENSING, 
Vol. 49, No. 9, September 1983, pp. 1341-1353. 

strength in February of 1978. A detailed wave re- 
fraction analysis after this storm revealed that the 
waves froin this storm were refacted by the bot- 
tom and concentrated into several areas along the 
breakwater, causing a concentration of wave ener- 
gy greater than the design specifications of the 
structure and resulting in extensive danlage at 
these points. Inadequate hydrographic charts 
were one of the reasons cited for this design flaw 
(Zwamborn, 1979). 

Although the demand for updated natitical 
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charts is high, the ability of the survey vessels of 
today's hydrographic services to fulfill these 
needs is deficient. For example, a recent study by 
the British Hydrography Study Group (Haslam, 
1975) indicated that it would require 284 ship- 
years of work to properly survey the waters around 
the British Isles and another 300 ship-years to sur- 
vey foreign areas for which they were responsible. 

During the 1970s, the U.S. Defense Mapping 
Agency's HydrographicITopographic Center 
(DMAHTC) began to explore the use of remote 
sensing techniques to aid in the updating of nauti- 
cal charts (see Hammack, 1977). The goals of 
using remote sensing are, in order of priority (J. C. 
Hammack, DMAHTC, personal communication, 
1982): 

To detect uncharted or mispositioned submerged 
features which are potentially hazardous to sur- 
face navigation; 
To define the boundary and location of these haz- 
ardous features in either an absolute or relative 
sense; and 
To extract accurate, detailed, and conlplete water 
depth information. 

Most remote sensing efforts in this area have 
utilized aerial photography, multispectral scan- 
ners, or lidars (e.g., Hammack, 1977; Lyzenga, 
1981). These optical techniques have been able to 
meet DMAHTC'S three goals in shallow-water areas 
which have clear water. However, these tech- 
niques break down when either the water depth or 
the turbidity exceed certain limits. Recently, 
DMAHTC has funded research to demonstrate the 
utility of synthetic aperture radar imagery for 
meeting its goals in areas where optical tech- 
niques are not applicable (Kasischke et al., 1980; 
1982). The purpose of this paper is to discuss the 
phenomena and mechanisms which are responsi- 
ble for the appearance of depth-related patterns on 
SAR imagery, and to present examples of patterns 
on Seasat SAR imagery collected over oceanic re- 
gions which can be used to infer the presence of a 
bottom feature. 

The data to be presented in this paper were col- 
lected by the Seasat satellite. Among the instru- 
mentation carried by Seasat, which was launched 
on June 28 1978, was an imaging synthetic ap- 
erture radar (SAR). This satellite collected over 500 
passes of SAR data before suffering a catastrophic 
power loss in October of 1978. The SAR on board 
Seasat was an L-band (23.5-cm wavelength) radar. 
It collected 25 by 25 m resolution imagery with a 
ground swath-width of 100 km and a length of up 
to 4000 km, and viewed the surface of the Earth 
with an average incidence angle of 20". For a de- 
tailed description of the Seasat SAH system and its 
mission, see Jordan (1980), Beal et (11. (1981), or Fu 
and Holt (1982). 

Even though the Seasat satellite failed just three 
months into its expected one-year mission, it pro- 
vided over one-hundred million square kilometres 
of SAR imagery. These data provided the ocean- 
ography community with an unparalleled opportu- 
nity to view the surface of most of the Atlantic 
Ocean and portions of the Pacific Ocean within 
the Northern Hemisphere. 

An imaging radar such as the Seasat SAR is an 
active device that senses the environment with 
short wavelength electromagnetic waves. As an 
active sensor, the Seasat SAR provided its own il- 
lumination in the microwave region of the elec- 
tromagnetic spectrum and thus was not affected by 
diurnal changes in emitted or reflected radiation 
from the Earth's surface. Additionally, the 23.5-cm 
wavelength utilized by the Seasat SAR allowed for 
imaging the Earth's surface through clouds and 
light rain. - 

The principle in imaging any ocean surface with 
a radar is that the backscatter of microwave energy 
(echo) received by the radar contains information 
on the roughness characteristics (shapes, dimen- 
sions, and orientations) of the reflecting area. Pa- 
rameters that influence the SAR image of the ocean 
surface include the motion of the scattering sur- 
faces, coherent speckle, system resolution, and 
noncoherent integration as well as the surface 
roughness. In addition, the orientation of ocean 
waves and of bottom topographic features with re- 
spect to the radar "look" direction are influencing 
parameters. 

Several scattering models exist that attempt to 
explain ocean surface image formation with syn- 
thetic aperture radars. These models are of two 
types: static models that depend on instantaneous 
surface features, and dynamic models that enlploy 
surface scatterer velocities. 

Three static models have been suggested to de- 
scribe the radar scattering of energy from large 
areas on the ocean surface. These three scattering 
models include (1) the specular point model 
which is most appropriate for small incidence an- 
gles, (2) the ~ ; a g g I ~ i c e  scattering model, de- 
scribed below, and (3) a Rayleigh scattering model 
which is often used in terrestrial Earth scattering 
calculations. There is general consensus within 
the radio-oceanography scientific conlmunity that 
a Bragg-Rice scattering theory best explains the 
SAR observed backscatter values obtained from the 
ocean surface for incidence angles between 20" 
and 60" (Shuchman et al., 1981). The Bragg-Rice 
scattering model is based on a well known phe- 
nomena in the study of crystals, grating, and peri- 
odic structures. If one considers the random ocean 
surface to be represented by a combination (i.e., 
spectrum) of periodic surfaces, then the spectrum 
region which satisfies the  backscatter phase 
matching condition will be the main contributor to 
the backscatter cross section. Sometimes in the lit- 
erature, this phase matching of the small ocean 
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Bragg waves with the radar electromagnetic ener- 
gy is termed a resonance phenomenon; more cor- 
rectly stated, it should be termed a constructive 
interference between the electromagnetic and 
ocean waves. 

Pioneering theoretical and experimental work 
by Wright (1966) at the Naval Research Laboratory 
(NRL) demonstrated the general validity of a Bragg 
scattering model for an ocean surface imaged by 
radar. In a series of wave tank measurements us- 
ing 3-cm and 25-cm wavelength continuous wave 
(CW) Doppler radars, Wright demonstrated that 
Bragg scattering, that is, transmitted radar energy 
with wave number K interacts in a resonant or 
interference fashion with ocean surface waves 
with wave number K, ,  such that 

K,  = 2K sin +, (1) 
where K,,  = 2dL, and K = 2dA (L and A are the 
wavelengths of the surface waves and the radar, 
respectively), and + is the  incidence angle. 
Shuchman et  al.  (1981) showed that a Bragg scat- 
tering equation satisfactorily explained the radar 
backscatter return from SAR using data collected 
during the Marineland experiment (for a discus- 
sion of the Marineland experiment, see Shemdin 
(1980)). It should be noted that radar data of large 
ocean areas (1 by 1 km) were averaged in that anal- 
ysis. Thus, based on the above, the principal radar 
reflectivity mechanism of imaging ocean ~urfaces 
is via the capillary and small gravity waves which 
produce  rag^ scattering (lXaney and Shuchman, 
1978). 

Synthetic aperture radars are also sensitive to 
the motion of scatterers present in the imaged 
scene (Raney, 1971). Effects of scatterer motion on 
SAR imagery may include (1) image displacement, 
smearing, and loss of focus in the azimuth direc- 
tion; and (2) loss of focus in the range direction. 
Some of these effects can be removed during pro- 
cessing of the SAR signal histories by making ap- 
propriate adjustments to the processor (Shuch- 
man, 1981). Effects which cannot be removed 
during processing may reduce the detectability of 
gravity waves, but are not expected to have a large 
influence on the depth-related image features. 

Loss of focus in the range direction is due to a 
rotation of the phase history of the target (i.e., xni- 
gration through range cells). This loss of focus is 
proportional to the range velocity and the integra- 
tion time, and can be corrected bv a rotation of the 
lenses in the optical processor, assuming the range 
velocitv is constant during the integration time. 

~ o s s ' o f  focus in the azimuth di;ection can be 
caused by the constant velocity in the azimuth di- 
rection or a changing velocity (i.e., an accelera- 
tion) in the range direction. These effects can be 
corrected by a change in the azimuth focus setting 
of the processor, assuming that the azimuth ve- 
locity and radial acceleration are constant. Be- 
cause they are both inversely proportional to the 

platform velocity, these effects are less important 
for the Seasat than for aircraft SAR systems. 

A variety of processes can alter the surface 
Bragg waves, resulting in a distinct pattern on SAR 
imagery. These include oceanic processes (cur- 
rents, gravity waves, internal waves, slicks, local 
water depth variations, water temperature, and sa- 
linity), climatic processes (wind, rain, and air tem- 
perature), and man-made phenomena (ships, 
buoys, and oil spills). It is the hydrodynamic inter- 
action between several of the oceanic processes 
and a distinct bottom feature which allows that 
feature to be detected on SAR imagery. Examples 
of these bottom-induced surface patterns will be 
presented in this paper. For examples of other sur- 
face patterns on Seasat SAR imagery, see Gower 
(1981), Beal et al. (1981), or Fu and Holt (1982). 

This study examined over 100 passes of Seasat 
SAH imagery for evidence of bottom-related sur- 
face signatures. In examining Seasat SAR imagery 
of oceanic areas, those signatures which could be 
attributed to other oceanic or climatic processes 
(e.g., gravity waves, wind patterns, rain patterns, 
etc.) were eliminated from consideration. The po- 
sitions of the unidentified patterns which were 
suspected to be bottom-induced were determined 
by identifying known land areas or through the 
use of satellite ephemeris records. Hydrographic 
charts from these areas were examined to deter- 
mine whether or not the patterns occurred over a 
distinct bottom feature. 

Furthermore, to determine the causes of the bot- 
tom-related surface patterns on the SAR imagery, a 
set of ancillary environmental data was compiled 
and analyzed for most test areas. These ancillary 
data included wind speed and direction, tide 
height, direction and tidal current velocity and 
gravity wave height, length, and dominant direc- 
tion of propagation. 

Finally, a third analysis was conducted which 
compared Seasat SAR imagery collected over the 
same test sites on different dates; i.e., a multitem- 
poral analysis. This analysis was intended to de- 
termine how frequently a bottom feature appeared 
on the SAR imagery in a given area for a set of 
environmental conditions. Also, when coupled 
with ancillary environmental data, this technique 
provides a particularly powerful means for defin- 
ing the limitations of detecting bottom features on 
SAH imagery. 

Of the 100 orbits of Seasat-SAR imagery exam- 
ined, approximately 50 percent was found to con- 
tain patterns on the imagery which could be 
correlated to a distinct bottom feature. Of these, 35 
orbits were rigorously examined and the surface 
patterns on the imagery compared with hydro- 
graphic charts and ancillary data (environmental 
conditions coincident with the satellite overpass). 
These orbits are presented in Table 1. Also in- 
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Seasat Time Bottoin SAR 

Study Site (Location) Revolution Date (czsrr) Feature(\)* Signat~ire(s)* 

Haiti-Rochelois Bank 
Berinuda 
Nantucket Shoals 
Cook Inlet, Alaska 
Noith Rona Rock 
Sula Sgier 
English Channel 

North East Atlantic 

Little Bahama Bank- 
Grand Bahama Island 407 

651 
Great Bahaina Bank-Bimini 407 

65 1 
Great Bahaina Bank- 407 

Southern Edge 65 1 
Tongue of the Ocean 450 

529 
694 

1024 
1110 
1153 
1196 
1239 
1282 
1325 
1368 
1411 
492 

1267 
880 
289 
762 
762 
762 
957 

1430 
1473 
547 
556 
599 
633 
642 
719 

25 July 1978 12:46 EB 
11 August 1978 1226 EB 
25 July 1978 12:46 EB 
11 August 1978 1226 EB 
25 July 1978 12:46 EB 
11 August 1978 12:26 EB 
28 July 1978 06:23 EB, SWS 
02 August 1978 18:37 EB, SWS 
14 August 1978 07:37 EB, SWS 
06 Septeinber 1978 08:18 EB, SWS 
12 Septeinber 1978 09:43 EB, SWS 
1,5 September 1978 09:56 EB, SWS 
18 September 1978 10:09 EB, SWS 
21 September 1978 1021 EB, SWS 
24 Septe~nber 1978 10:34 EB, SWS 
27 September 1978 10:47 EB, SWS 
30 September 1978 11:OO EB, SWS 
03 October 1978 11:12 EB, SWS 
31 July 1978 11:28 SI 
23 Septenlber 1978 14:20 SI 
27 August 1978 12:25 SWS 
17 July 1978 11:SO SWS, MB 
19 August 1978 06:41 SI 
19 August 1978 06:41 SI 
19 August 1978 06:41 SWS, MB 
01 September 1978 21:40 SWS 
04 October 1978 20:42 SWS 
08 October 1978 00:15 SWS 
04 August 1978 06:15 DWB, DWR, DWS, DWSM 
04 August 1978 21:35 DWB, DWR, DWS, DWSM 
07 August 1978 21:43 DWB, llWR, DWS, DWSM 
10 August 1978 06:2Y DWB, DWR, DWS 
10 August 1978 21:50 DWR, DWS, DWSM 
16 August 1978 06:43 DWB, DWR, DWS 
18 August 1978 22:40 DWB, DWR, DWS 
19 August 1978 06:41 DWB, DWR, DWS 
21 August 1978 0724 DWB, DWR, DWS, DWSM 
24 August 1978 07:30 DWB, DWR, DWS 
01 September 1978 23:54 DWB, DWR 
05 September 1978 08:15 DWB, DWR, DWS 
08 September 1978 00:18 DWB, DWR 
08 September 1978 08:27 DWB, DWR, DWS 
11 September 1978 00:30 DWB, DWR 

S B 
S B 
S B 
S B 
S B 
SB 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
SB, SP 
S B 
S P 
SP, OB 
OB 
OB 
SP, DB 
SP, DB 
S P 
S P 
FB, IW 
FB, IW 
FB, IW 
FB, IW 
FB, IW 
FB, IW 
FB, IW 
FB, IW 
FB, IW 
FB 
FB, IW 
FB, IW 
FB, IW 
FB, IW 
FB, IW 

*Bottom Feature Key 
DWB: Deep Water Bank 
DWR: Deep Water Ridge 
DWS: Deep Water Shelf 
DWSM: Deep Water Seamount 
EB : Edge of Great or Little Bahama Bank 
MB: Mud Bank 
SI: Shoal area surrounding an island 
SWS: Shallow Water Sand Bank 
**SAR Signature Key 
DB: Change in radar backscatter or tone (see Figure 2) 
FB: Frontal Boundary (see Figure 6) 
IW: Internal Wave (see Figure 5) 
SB: Stripe along Great or Little Bahama Bank (see Fi@ 
SP : Striated pattern (see Figure 3) 

Ire 3) 
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cluded in Table 1 are the study site and its loca- 
tion, the date and time of the Seasat orbits, the 
type of bottom feature at that site, and the type of 
SAR surface pattern observed. SAK imagery from 
four areas which demonstrate SAR'S ability to de- 
tect bottom features is presented in the following 
sections. 

Table 2 summarizes the types of bottom-related 
surface patterns observed on Seasat SAR images. 
This table also includes the hypothesized oceanic 
process which interacts with a bottom feature to 
perturb the short surface capillary and ultra-grav- 
ity waves, which are then detected by a SAR. The 
two major ocean processes that result in SAK obser- 

I vation of submerged features are (1) gravity waves 
propagating into shallow water, and (2) oceanic 
currents flowing over distinct bottom features. 
These processes can result in five distinct surface 
patterns on SAK images, as will be discussed in the 
following sections. 

The first type of commonly observed bottonl- 
related feature with a corresponding expression or 
surface pattern on SAK imagery is that associated 
with changes in wavelength and direction of 
ocean swell entering coastal regions. Utilizing lin- 
ear gravity wave theory and applying Snell's Law, 
relative changes in wave phase speed can be suc- 
cessively calculated relative to a bathymetric grid. 
Hence, topographically induced changes in both 
surface wavelength and direction can be calcu- 
lated at each grid location as a function of water 
depth. Because Seasat SAR imagery can be used to 
derive accurate estimates of wavelength and di- 
rection (see Kasischke, 1980; Gonzalez et  u l . ,  
1981; Vesecky et ul., 1982), the mathematical rela- 
tionship between wavelength and direction and 
water depth can be used to calculate water depth. 
The Seasat SAR'S ability to detect changes in wave- 
length and direction of an ocean swell propagating 

into shallow coastal waters was first demonstrated 
by Shuchman and Kasischke (1981). Figure 1 
shows a plot of water depths which were calcu- 
lated using estimates of wavelength obtained from 
Seasat SAK imageiy compared to water depths from 
a hydrographic survey. 

The second type of bottom-related surface pat- 
tern observed on Seasat SAR imagery is associated 
with an ocean swell propagating over a distinct 
topographic irregularity in the sea bottom. When a 
gravity wave field crosses an abrupt change in the 
water depth, the structure of the gravity wave is 
changed because the wave begins a transition 
from a deep water to shallow water wave. As this 
transformation proceeds, the mass transport and 
horizontal particle velocity at the surface in- 
creases, thus straining the small scale surface 
roughness field (i.e., the capillary and ultra-gravity 
waves) and producing a corresponding change in 
the received electromagnetic backscatter by the 
radar. An example of one such feature observed by 
the Seasat SAR is presented in Figure 2. The image 
in Figure 2 was collected during Revolution 762 
(19 August 1978) as Seasat passed over North Rona 
Rock, an island located approximately 75 km off 
the northwest tip of Scotland. Detected on this SAR 
image is a distinct change in radar backscatter in 
the shoal region (designated by the 50-m line) sur- 
rounding North Rona Rock. The gravity wave field 
present on this date is also clearly evident on the 
SAK imagery. Surface measurements made concur- 
rently with the Seasat overpass about 300 kilo- 
metres west of North Rona Rock indicate a swell 
with a dominant wavelength of 206 m, a signifi- 
cant wave height ( H I I S )  0f4.3 m, and a direction of 
propagation towards 60" (True) was present in the 
northeast Atlantic Ocean at this time. A wind from 
186" (True) with a surface velocity of 12 m/s was 
also present. The diffraction of the waves as they 
pass North Rona Rock can also be seen. 

The third class of SAR-sensed surface pattern is 

BottomlOcean 
Interaction 

-- 

Result on 
Ocean Snrfhce Result on SAR Image 

1. Gravity Wave Propagating into 1. Refraction of Gravity W'ives 
Shallow Water 

2. Non-linear Gravity wave 
interaction 

2. Current Flowing over a bottom 1. Change in C t u ~ e n t  velocity 
feature 

2. Upwelling 
3. Generation of Internal W'ives 

Detection of change in gravity 
wavelength and direction of 
propagation 
Distinct change in radar backscatter 
resulting in change in image tone 
over I~ottom featwe (see Figure 2)  
Distinct change in 1.ac1ar backscatter 
resulting in a banded pattern over 
the I~ottom feature (see Figure 3) 
Frontal Botmdary (see Figure 6) 
Internal Wave Pattern (see Figure 
5 )  
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60 o associated with a strong current flowing over a 
bottom feature in shallow (<50 m) water. These 

480 - are perhaps the most common and readily identi- 
fiable bottom-induced patterns on SAR imagery, 

- - - R g e n t a n  Lme 
and several examples are presented in Figure 3. 

sl., = Because its velocity and internal structure are reg- 
htaq = 72 ulated by the bottom topography, a tidal current 
R = 078 

will alter the amplitude of the ocean surface Bragg 
wave to which the SAR is sensitive. The  current's 
modulation of the ocean Bragg wave amplitude 
enables successful SAR imaging of many bottom 
features in shallow water. 

Several researchers have previously reported 
00 120 240 KO 480 600 surface signatures on radar imagery which are the 

M&l D q l b  (m) 

FIG. 1. Plot of water depths calculated using inverted 
airy wave theory with changes of wavelength extracted 
from Seasat SAR imagery versus depths obtained from 
U.S. National Ocean Surveys. 

FIG. 2. Seasat SAR imagery and hydrographic chart of FIG. 3. Seasat SAR imagery and hydrographic chart of 
North Rona Rock (collected during Revolution 762, 19 the Tongue of the Ocean: (1) Seasat Revolution 1239 (21 
August 1978) illustrating change in image tone (radar September 1978), (b) Seasat Revolution 1411 (8 October 
backscatter) associated with the shoal region around the 1978), and (c) hydrographic chart of area. (Seasat digitally 
island. (Seasat SAR data collected by the European Space processed imagery courtesy of the Jet Propulsion Labo- 
Agency and optically processed at E R I M .  Chart re- ratoly. Chart reproduced from DMA Chart Nos. 26300 and 
produced from DMA Chart No. 35200.) 27040, depths in fhthoms). 
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result of a current flowing over the bottom feature. 
DeLoor and Brunsveld Van Hulten (1978) first 
described this phenomenon using real aperture ra- 
dar imagery collected over the North Sea. Using 
Seasat SAR imagery, Kasischke et al. (1980) and 
Kenyon (1981) have reported detecting sand 
waves in the southeast corner of the North Sea. 
McLeish e t  al. (1981) reported sand waves de- 
tected on real aperture, side-looking airborne ra- 
dar (SLAR) imagery collected off the Dutch coast. 
Finally, Kasischke et al. (1980) reported detecting 
sand waves and ridges in the Nantucket Shoals off 
the Massachusetts coast. The appearance of these 
current-induced shallow-water signatures is de- 
pendent on several factors, including the strength 
and direction of the tidal current, the shape, orien- 
tation, and depth of the bottom feature, and the 
magnitude of the surface wind. Shuchman (1982) 
determined the effects of several of these factors 
through an extensive hydrodynamic and electro- 
magnetic modeling effort. The  conditions re- 
quired to observe these conditions include (1) a 
tidal current of at least 0.4 m/s (0.8 knots), and (2) a 
wind of at least 1 m/s (2 knots) but not greater than 
7.5 m/s (15 knots), with at least some component in 
a direction parallel to the radar line-of-sight. 

Figure 3 presents two examples of Seasat SAR 
images collected at the edge of the Great Bahama 
Bank, over a series of tidal bar belts in the south- 
ern end of the Tongue of the Ocean. The two im- 
ages presented in Figure 3 were collected during 
Revolution 1411 (3 October 1978) and Revolution 
1239 (21 September 1978). Comparison of the SAR 
images with the corresponding hydrographic chai-t 
(in Figure 3) reveals that the pattern located from 
B1 to E4 corresponds to the edge of the Great 
Bahama Bank, while the larger features (A2 to E5) 
correspond to the tidal bar belts in this area. 

It should be noted that the patterns located over 
the tidal bar belts are "banded" in appearance, the 
pattern consisting of one band darker than the ad- 
jacent background image and one band lighter 
than the adjacent background image, and the pat- 
terns are reversed in the two images shown in Fig- 
ure 3. Both of the images shown in Figure 3 were 
produced from Seasat SAR data which were digi- 
tally processed at the Jet Propulsion Laboratory. 
The differences in the patterns present over the 
tidal bar belts are not due to differences in the 
manner in which the images were processed, but 
are the result of different environmental condi- 
tions at the times the two data sets were collected. 

The Tongue of the Ocean (TOTO) is a large (30 
km by 120 km) steep-walled channel within the 
Great Bahama Banks. It has a depth of well over 
1300 metres, while the surrounding Great Bahama 
Bank is generally less than ten metres deep. The 
tidal bar belts at the southern edge of the TOTO are 
a series of shallow sand banks (one to two metres 

deep) with five to seven metre deep channels be- 
tween them. 

It is postulated that the patterns present on the 
Seasat imagery in Figure 3 were the result of an 
interaction between a tidal current flowing over 
the distinct bottom features in this area. Although 
the tidal range between high and low water is only 
about one metre in the Bahamas, tidal currents in 
the tidal bar belts region of the TOTO have been 
reported to be between 1 and 1.5 m/s (2 to 3 knots). 
During a study of tidal bar belts near Schooner 
Cay in the Bahamas, Ball (1967) noted the tide in 
this area was of the standing wave variety. Using 
tide gage and current meter recordings, he ob- 
served that maximum current over the tidal bar 
belts occurred midway between high and low 
water, with maximum velocities between 1 and 
1.5 m/s (2 to 3 knots). In a study of the tidal bar 
belts of the TOTO, Palmer (1979) also noted that 
the maximum tidal currents in this region (esti- 
mated to be in excess of 1.5 m/s) occurred midway 
between high and low water. 

The strong tidal-driven flow of water over the 
tidal bar belts and off the edge of Great Bahama 
Bank into the TOTO may sufficiently disturb the 
small scale surface roughness structure (i.e., the 
capillary and ultra-gravity waves) to cause a corre- 
sponding change in radar backscatter. It should be 
further noted that, although the surface patterns 
occur in the same locations in the two Seasat im- 
ages in Figure 3, their appearance is different. 
These differences can be explained through the 
use of the hydrodynamic/electromagnetic model 
developed by Shuchman (1982), a qualitative syn- 
opsis of which is given in the following para- 
graphs. 

Examination of tide tables for the Bahamas 
(Kline. 1978) indicates at the time of Revolution 
1411 that the tide stage was four hours before low 
tide, indicating the presence of an ebb flow of 
water off the Great Bahama Bank into the TOTO. 
During Revolution 1239, the tide stage was one 
hour before high water, indicating the presence of 
a flood tide onto the Great Bahama Bank from the 
TOTO. Weather records from the Bahama Mete- 
orological Office at Nassau showed a north wind 
with a velocity of 2.5 m/s was present during Revo- 
lution 141 1 while an east wind of 4.8 m/s was pres- 
ent during Revolution 1239. 

There are three environmental factors influenc- 
ing the ocean surface roughness sensed by the SAR 
over sand banks such as those located at the 
Tongue ofthe Ocean. These factors are the current 
speed, the depth of water, and the wind speed and 
direction. In regions where the depth (and there- 
fore the current speed) is changing rapidly, the 
roughness is influenced primarily by the rate of 
change of the current speed. A changing current 
tends to increase or decrease the amplitude of the 
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small capillary and ultra-gravity waves on the sur- 
face and make the surface rougher or smoother, 
depending on the direction of the current relative 
to the waves. 

In areas where the depth is decreasing in the 
direction of the current, the surface velocity of the 
water will increase, resulting in a decrease in the 
amplitude of the surface capillary waves. In areas 
where the depth is increasing, the surface velocity 
will decrease, resulting in an increase in the am- 
plitude of the surface capillary waves. This alter- 
nating increase and decrease of the water velocity 
results in the banded patterns imaged by the Sea- 
sat SAR over the sand banks. 

In areas where the depth and the current are 
nearly constant, the surface roughness is governed 
primarily by the wind. The wind can be thought of 
as a restoring force which tends to bring the wave 
height or surface roughness into an equilibrium 
value which depends on the wind speed. Thus, if 
current variations cause the wave height to be de- 
creased, the wind, given sufficient time, will re- 
turn the wave height to its original value. These 
general statements are applied to the two particu- 
lar cases illustrated in Figure 3 in the following 
paragraphs. 

It should be noted that, although the following 
discussion is qualitative in nature, the observa- 
tions made are based on a quantitative hydro- 
dynamic/electromagnetic model developed and 
tested by Shuchman (1982). Computer simulated 
SAR imagery generated using this model of a tidal 
driven current flowing over sand banks in the En- 
glish Channel and the Nantucket Shoals (almost 
identical to the situation occurring at the Tongue 
of the Ocean tidal bar belts) compared favorably to 
actual Seasat SAR images collected over these re- 
gions. 

The bottom topography for the southern edge of 
the TOTO may be modeled and divided into seven 
regions as illustrated in Figure 4. The pattern of 
surface roughness variations depends on the cur- 
rent direction. For simplicity, in both of these 
cases the waves are assumed to be propagating in 
the same direction as the current. Essentially the 
same qualitative descriptions hold if the waves are 
propagating in the opposite direction to the cur- 
rent except that the phenomenon of wave block- 
age can occur if the current velocity changes from 
less than the group velocity of the waves to larger 
than this velocity. For a falling tide (Figure 4a) the 
following interactions occur: 
Region 1: The depth is assumed to be uniform 
over a large enough area so that the wave height 
(surface roughness) has reached an equilibrium 
value for the existing wind speed and current con- 
ditions. 
Region 2: Decreasing depth causes an increasing 
water current which in turn causes a progressive 
smoothing out of the surface roughness pattern 

FIG. 4. Schematic diagram of interactions of current, 
bottom, and capillary waves and the resultant SAK im- 
age intensity variation. 

(i.e., a decrease in the amplitude of the capillary 
and ultra gravity waves). 
Region 3: The current remains constant while the 
wave height (surface roughness) is brought back 
into equilibrium by the action of the wind. 
Region 4: Increasing depth causes a decreasing 
current, thus a compression of the surface, and a 
progressive roughening of the surface. 
Region 5: Depth and current remain constant 
while the wave height readjusts into equilibrium 
with the wind. 
Region 6: Similar to region 4, i.e., a decreasing 
current causes an increasing surface roughness. 
Region 7: Similar to region 5, i.e., a gradual return 
to equilibrium with the given wind conditions. 

The above model appears to adequately describe 
the patterns in Figure 3 for Revolution 1411, when 
an ebb tidal flow was present. Note in the SAR image 
collected over the southern portion of the TOTO that 
there exists a series of ridges, each of which has a 
banded appearance as described in regions 1 
through 5 above. 
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For a rising (flood) tide (i.e., a current flowing 
onto the bank), the following interactions occur, as 
illustrated in Figure 4b: 
Region 7: The depth is assumed to be uniform 
over a large enough area so that the wave heights 
(i.e., surface roughness) have reached an equi- 
librium with the existing wind speed and current 
conditions, resulting in an area of uniform radar 
backscatter. 
Region 6: A decreasing water depth causes an in- 
creasing current which in turn causes a smoothing 
out (damping) of the surface capillary and ultra- 
gravity waves. 
Region 5: Gradual return to equilibrium. 
Region 4: Same as Region 6. 
Region 3: Gradual return to equilibrium. 
Region 2: An increasing water depth causes a de- 
creasing current which in turn causes a compres- 
sion of the  surface waves and a progressive 
roughening of the surface with respect to the inci- 
dent radar waves. 
Region 1: Gradual return to equilibrium. 

This model appears to adequately describe the 
patterns present on Revolution 1239 during a 
flood tide. 

Thus, the surface patterns present on the two 
Seasat SAR images in Figure 3 are consistent with 
the hydrodynamic/electromagnetic model devel- 
oped by Shuchman (1982) and illustrated in Fig- 
ure 4. All Seasat SAR images collected over TOTO 
during ebb flows had patterns similar to those on 

Revolution 1411 imagery, while all those col- 
lected during flood conditions were similar to 
Revolution 1239 imagery. 

Several types of surface patterns observed on 
Seasat SAR imagery are believed to be the result of 
an interaction between a tidal driven current and 
bottom features in deep water regions such as 
seamounts, submarine ridges, banks, and edges of 
continental shelfs. These surface patterns are of 
two types: internal wave signatures and frontal 
boundary signatures. Figures 5 and 6 show Seasat 
SAR imagery collected over the same general re- 
gion of the northeast Atlantic Ocean, which illus- 
trate the two types of deep water patterns, while 
Figure 7 illustrates the bathymetry of this area. 

Figure 5 presents examples of internal wave sig- 
natures. This imagery was collected during Revo- 
lution 599 on 7 August 1978 at approximately 2143 
(GMT). It  can be observed on this SAR image that 
the internal wave patterns occur over the Wyville- 
Thomson Ridge, which rises to within approx- 
imately 400 metres of the water surface from a 
surrounding deep water area of over 1000 metres 
in depth. 

Figure 6 presents an example of a frontal bound- 
arv observed on Seasat SAR imagery collected dur- 
ing Revolution 762 on 19-l iugust  1978 at 
approximately 0640 GMT. The curved dark line be- 
ginning at A4 and continuing to B9 is believed to 

FIG. 5. Seasat SAR imagery of internal waves collected over the Wyville-Thomson Ridge 
(Revolution 599, 7 August 1978. Optically processed image cotutesy of JPL). 
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FIG. 6. Seasat SAR imagery of a frontal boundary collected over the Faeroe Bank Chan- 
nel and Faeroe Ridge (Revolution 762, 19 August 1978. Opt~cnlly proce\\ed image cour- 
tesy of JPL). 

be a surface pattern caused by a frontal boundary. 
Its location appears to be in an area where the 
bottom is rising from the Faeroe Bank Channel to 
the Faeroe Shelf, over an area with a water depth 
between 600 and 1000 metres. 

It is believed that both of these deep water sig- 
natures are the result of an interaction between a 
tidal current and a deep water bottom topographic 
feature. A current flowing over a deep water bot- 
tom feature can cause both internal waves and 

FIG. 7. Hydrographic chart of Northeast Atlantic 
Ocean showing locations of Figures 5 and 6 (After Insti- 
tute of Oceanic Science (U.K.) Chart No. C6567, depths 
in metres). 

areas of upwelling, which result in frontal bound- 
aries. 

There is little doubt that internal wave signa- 
tures have been observed on both aircraft and 
spaceborne SAR imagery collected over coastal 
areas (Brown et  al . ,  1976; Shuchman and Ka- 
sischke, 1979; Gower and Hughes, 1979; Ape], 
1981; Fu and Holt, 1982; Vesecky and Stewart, 
1982). These patterns are visible because the en- 
ergy field associated with the internal wave is suf- 
ficient to alter the small scale surface roughness to 
which the SAR is sensitive. Based on the results of 
this study and other recent research (Shuchman 
and Kasischke, 1979; Fu and Holt, 1982), it now 
appears that internal wave patterns can also be 
detected in deep water regions. 

The  generation mechanisms and sources re- 
sponsible for internal waves have been exten- 
sively researched during recent years (Wunch, 
1976; Muller and Olbers, 1975; Bell, 1975; Baines, 
1979). Even so, the knowledge of the phvsical pro- 
cesses for internal wave generation is still very 
limited because a determination of the sources 
and sinks of internal waves requires a continuous 
record of the wave spectra (Garrett and Munk, 
1975 and 1979). 

Several sources for the generation of internal 
waves have been identified, including surface at- 
mospheric effects, internal (oceanic) effects, and 
topographic effects (Thorpe, 1975). Surface atmo- 
spheric effects include traveling atmospheric 
pressure and stress, buoyancy flux, surface wave 
interactions, and Ekman layer instability. Internal 
(oceanic) generation can be caused by decay of 
large scale circulations and breaking baroclinic in- 
stability (of which there is very little known). The 
generation of internal waves due to topographic 
features is similar to the generation of the Lee 
waves by air flow over irregular surfaces. In the 
ocean, internal waves can b e  generated when a 
current (tidal or otherwise) flows over a deep 
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water feature such as a seamount, guyot, sub- 
marine ridge, or the edge of a continental shelf 
(Wunch, 1975; Bell, 1975; Baines, 1973). 

It is suspected that tidal currents flowing over 
the bottom topographic features in the northeast 
Atlantic were forming internal waves along the 
thermocline present in this area. In many cases, 
the internal wave fields are felt to have sufficient 
energy to modulate the surf'ace capillary wave 
structure, and hence allow the internal waves to 
be detected on SAR imagery, as illustrated in Fig- 
ure 5. 

The image presented in Figure 5 is not an iso- 
lated example of an internal wave pattern in a 
deep water region. Seasat imagery collected dur- 
ing the Joint AirISea Interaction over the northeast 
Atlantic (see Allan and Guymer, 1980) was exain- 
ined during the present study. Within the total 
area covered by the 15 Seasat revolutions, 17 dis- 
tinct bottom features existed. The bottom features 
in this area had depths ranging from less than 100 
metres (Bill Bailey's Bank) to approximately 1000 
metres (Hebrides Terrace Seamount). Seasat im- 
aged the water surface over these features a total 
of 89 times. On 63 percent of these occasions, an 
internal wave pattern occurred. No internal wave 
patterns were present on the Seasat SAR imagery 
collected over the deep water basins (>2000 m) in 
the northeast Altantic. 

Data presented by Bainbridge (1978) suggest 
that severe deformation of the thermocline can 
also occur as the result of a current flowing over a 
deep water bottom feature. This deformation is 
sometimes so severe as to force the colder, less 
saline, deeper water to the surface, resulting in an 
area of upwelling. This deep water upwelling 
would result in a frontal boundary between the 
two water masses. I t  has been shown that Seasat 
can detect frontal boundaries (Shuchman et al., 
1979; Hayes, 1981; Cheney, 1981; Lichy et al., 
1981), and it is believed that patterns like those in 
Figure 6 are patterns caused by frontal bound- 
aries. On 38 percent of the occasions that Seasat 
imaged the water surface over a deep water bot- 
tom feature in the northeast Altantic, a pattern 
identified as a frontal boundary was present. 

This study has shown that certain patterns on 
SAR imagery can be used to infer the presence of a 
bottom topographic feature located in the vicinity 
of the pattern. These SAR observed patterns call 
occur in both shallow coastal regions as well as in 
deeper offshore water. It has been demonstrated 
that SAR imagery can be used to detect submerged 
bottonl features which are potentially hazardous to 
surface navigation. 

The frequency with which bottonl-induced sur- 
face patterns appear on spaceborne SAR imagery 

must also be determined in order to define the 
utility of this data source for providing information 
in updating nautical charts. Analysis of Seasat im- 
agery collected over the English Channel showed 
that the larger sand banks were detected 75 per- 
cent of the time while the smaller sand banks were 
detected only 50 percent of the time. Analysis of 
the Seasat imagery collected over the Tongue of 
the Ocean showed that distinct surface patterns 
occurred more than 90 percent of the time over the 
tidal bar belts and 70 percent of the time over the 
edge of the Great Bahama Bank. Finally, in the 
deep water study, an internal wave pattern was 
present on 63 percent of the Seasat imagery col- 
lected over deep water features such as a sea- 
mounts, ridges, or banks. 

Currently, all SAR imagery collected by the Sea- 
sat SAR and the Shuttle Imaging Radar (SIR-A) is 
being examined and the number of times a surface 
pattern occurs, or does not occur, over a bottom 
feature is being tabulated. 

Many spaceborne SAR systems will be deployed 
during the next decade. These SARS include Radar- 
sat (Canada), Earth Resources Satellite-1 (ESA), 
Earth Resources Satellite-1 (Japan), SIR-B (USA), 
and the Microwave Remote Sensing Experiment 
(West Germany), to name a few. It is therefore 
highly likely that SAR imagery will be collected 
over areas where insufficient hydrographic infor- 
mation exists. This SAR imagery will certainly rep- 
resent a data source for identifying and locating 
uncharted or altered bottom features for those or- 
ganizations with the responsibility in updating 
nautical charts. 
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