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The ocean wave conditions at the mouth of the Columbia River have

long proven a hazard to ship navigation. Over 62 major shipwrecks

have occurred at, or in the vicinity of the river entrance. The wave

pattern is extremely complex, varying seasonally with prevailing winds

and river discharge, as well as the tidal cycle. Analysis of the corn-

plex wave refraction process requires repetitive wave crest mapping at

critical periods such as peak ebb current, winter storms, and spring

ti des.

Oregon Army National Guard Mohawk aircraft equipped with the

AN/APQ-94 Side Looking Airborne Radar system have overcome most of the

monitoring limitations, providing scheduling flexibility, cloud pene-

tration, and a constant angle of illumination, although the scanning

nature of the system requires a correction for the progression of the

wave crest between scans. This correction was accomplished by adding

the resultant vectors of apparent wave refraction patterns obtained

from a given flight to those of a subsequent flight flown imediately

after, at a reciprocal azimuth.

SLAR imagery interpretation and analysis was aided by color

density slicing, which enables differences in wave steepness and

height to be detected. Wave crest patterns from the imagery were
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traced on an equivalent scale as previous wave pattern predictions,

enabling easy comparison. The use of photographic enlargements of the

SLAR imagery was used in conjunction with weather and sea data, in

aiding further exploitation of the imagery to aid the understanding

of wave action when storm produced swell encounters strong ebb current

velocities seaward of the river entrance.

Analysis of the SLAR imagery of the river entrance has Increased

the understanding of swell-ebb current interaction by detecting the

locations and intensities of interaction and its products, the steep-

ened/heightened swell over the navigation channel. The imagery may well

help in increasing the safety of the mouth of the Columbia River for

ship navigation.
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SIDE LOOKING AIRBORNE RADAR MAPPING OF

WAVE REFRACTION PATTERNS AT THE MOUTH

OF THE COLUMBIA RIVER

I. WAVE, EBB CURRENT AND CHANNEL HAZARDS

Statement of the Problem

The mouth of the Columbia River is the most dangerous river en-

trance in the United States. During periods of heavy swell and peak

ebb currents, waves are steepened and their heights are increased.

Numerous lives and vessels have been lost in the past from such condi-

tions. The understanding of this process is crude, owing to a need to

observe wave crest patterns and areas of swell-ebb current interaction.

Prior to the initiation of this study, no imagery of these processes
/

at work were available, due to cloud cover, poor visibility and darkness.

The acquisition of imagery was vital to more understanding of the wave

problems at the river entrance.

Goals of This Study

The goals of this study are to develop methods for the effective

utilization of jde ooking Airborne Radar (SLAR) in detecting ocean wave

patterns at the mouth Of the Columbia River. The methods should enable

the detection of wave crests at most conditions of weather and sea state.

A method of detecting varying wave heights and steepness should be con-

ceived, to aid in identifying areas of maximum swell-ebb current inter-

action. Methods for enabling comparison with previous research, concern-

ing swell prediction, should also be formulated. These comparisons be-

tween actual wave patterns and the predicted wave patterns, when corre-

lated to weather and sea state data, will increase the understanding of
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the roles of current and the local wave anomalies caused by the energy

transfer from ebb current to storm produced swell.

Physical Characteristics

The mouth of the Coluithia River is at least two miles wide be-

tween the North and South Jetties. Not all the mouth is navigable,

only the dredged channel is considered safe for vessels. Figure 1

shows the important physical features of the river entrance. The

channel is dredged annuallyto maintain a minimum project depth of 48

feet. It is approximately 3000 feet wide and can accomodate two-

way ship traffic. It is marked with an extensive system of nuithered

buoys that provide convenient and well known positional references

within this large area.

The jetty system, designed to prevent sand accumulation at the

entrance, has been in existence in one form or another for almost 90

years. The river entrance extends from Jetty "A" southwards to buoy

11 and then outwards to the ends of the North and South Jetties. A

system of lighthouses and range markers are also used for navigation

within the entrance.

There are numerous areas of sand accumulation within the area of
L'

the river entrance. These areas are of danger to ships by the possibil-

ity of beaching and of the high waves from shoaling. Along the north-

ern portion of the South Jetty inwards, to the area south of buoy 14,

there is an area of shallow water that often has breaking waves over it.

It is a very hazardous area especially due to it's close proximity to

the channel. Peacock Spit is the shallow area extending seaward from

the North Jetty and terminating north of and between buoys 1 and 3.

Figure Z shows the bathymetry of the river entrance area and the
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approaches to the channel from thi west (from U.S. National Ocean

Survey Chart No. 18521, dated March 1978).

The use of the term "Columbia River bar" is somewhat misleading

in that there is physically no bar at the seaward entrance Of the

Columbia River. The action of waves does, however, behave in some

respects as if there were still a bar, despite the dredged channel.

In the usage of the mariners who use the Columbia River entrance, the

portion near the jetties is coninonly referred to as the "inner bar"

and the area around buoys 1 and 2 is termed the "outer bar". The be-

havior of the waves at these areas is one of the reasons for needing

imagery that displays the wave actions, it is another area of hazard

(Enfield, 1973).

All major construction on the three main jetties was accomplished

by 1939, with some rehabilitation conducted until the early 1960's.

It is felt that the upper portions of the jetties may need occasional

repair, but that the lower portions are settled and stabilized.

Columbia River Hydrology

The large basin that drains via the Columbia River extends through

Oregon, Washington, Idaho and British Columbia. These areas include

mountain ranges with elevations over 14,000 feet and much orographic

precipitation. The Columbia River's peak discharge is reached during

the weeks following snow melt in the mountains. This is during May and

June. The discharge rate is approximately 600,000 cfs during this time

and the minimum discharge, usually in September, is 150,000 cfs

(Lockett, 1963). The extensive dam system upriver from the entrance, has

made the discharge more regular and less extreme.

When river discharge is high, it tends to increase the velocity and
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and duration of the ebb flow (Enfield, 1973). The stratification of

water at the mouth of the Coluntia is influenced by the river discharge

rates also. Most of the year, the sea water and fresh river water is

partially mixed. The peak river discharge increases the amount of fresh

water and tends to make the stratification more pronounced.

The currents that occur at the river entrance are strong. The ebb

current between the North and South Jetties is five to eight knots

(8 to 13 feet per second) as described by bar pilots and experiments

(Duxbury, 1967). Flood currents are less, about 60% of ebb current

values. The vertical shear of the currents are different, with the

ebb current predominating in the upper, fresh water and the flood

current predominating in the lower sea water. Current measurements

reveal that the current is strongest in the channel.

Measurements taken of ebb currents by Duxbury (1967) show a

velocity of approximately 15 feet per second along the north portion of

the channel between buoys 7 and 9. Along the southern portion of the

channel, the ebb current measured approximately 10 feet per second.

Little is known of the current velocity seaward of the jetties. As the

plume of river water discharges into the denser sea water, there is

mixing and dissipation off the river entrance.

Sediment Transport

River discharge, tidal actions, waves, and littoral drift are all

constantly acting to shift sediments at the mouth of the Coluntia. Dur-

ing the sunner months, southward littoral drift and high river discharge

occurs, and during the winter, a northward littoral drift, and low to

medium river discharge predominates. Longshore drift over the year is

predominately northwards. The existence of the Peacock Spit north of
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the channel is dependent upon this overall trend. South of the channel,

there is much less sediment accumulation outside the entrance (Enfield,

1973).

The constant tendency for Clatsop Spit to encroach into the

channel necessitates frequent dredging. Depths of only 40 feet are

found inmiediately south of the channel, and it is here that the ebb

current is strong. It is in this shallow area that large swell created

by winter storms, break relatively close to the channel. The area be-

tween buoys 6 and 8 demonstrate this tendency often during the winter

months.

Experiments with the model of the Columbia River entrance at the

Waterways Experiment Station (Corps of Engineers, Vicksburg, Mississippi)

have confirmed the saline wedge and its upstream flow that acts like a

sediment trap. When river discharge increases, the water becomes more

stratified and bottom flood currents bring into the channel not only

river sediments but also some littoral sediments.

History of Hazards and Shipwrecks

The mouth of the Columbia River has been called for many years

ItThe Graveyard of the Pacific'. Not less than 62 major shipwrecks have

occurred in or around the entrance of the river (McBean, 1936 and

Gibbs, 1950). Over one-hundred smaller vessels have also been lost over

the years. Figure 3 graphically demonstrates the hazards that are

present in river entrance transit.

One 0f the most important factors contributing to the hazardous

navigation conditions at the mouth of the Columbia River is the nature

of wave conditions. According to the pilots, one of the most frequent

sources of danger is the high swell the ship encounters when transiting
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the outer and inner bars. Depending upon the vessels draft, length and

freeboard; the ship may take water, lift its screw or hit bottom when

swell height is extremely high.

Swell usually approaches the entrance from the west, but preceding

a storm passage, the swell may approach from the southwest or south.

When this storm generated swell encounters the ebb current near the

inner bar, there is an increase in height and energy density (Harris, 1978).

On the ebb flow, the outgoing tide has a jet-like quality. The ebb

current is fastest in the center of this jet, with the speed decreasing

rapidly on the sides. Ocean water is entrained along the sides of the

jet. The mean ebb current encounters the swell and opposes the wave

propagation. This shear in the horizontal component of the ebb current

produces a convergence of wave energy along the axis of the ebb. The

direction of the swell as it encounters the ebb current will influence

the amount and direction of the interaction. Another factor in this

swell/ebb current interaction, is the tendency of the ebb current to

deflect northwards once past the jetties (Enfield, 1973).

Observation by Isaacs (1948) of these interactions and their effects

point to a decrease in swell wavelength as the swell encounters the ebb

current. He observed waves off the river entrance of 5 seconds breaking

in 20 fathoms when meeting an ebb current of about 2 knots. The shoal-

ing of waves would shorten the wavelengths less than one part in ten

thousand but the ebb current would reduce the wavelength by one part in

thirteen. Thus, a wave at or near critical steepness would break when

its wavelength was reduced to that extent. These would make impassable

conditions.

Past observation and theory suggest that these wave interactions are
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occurring quite often in the channel and imediately adjacent to it,

south of buoys 6 and 8. During a winter storm in early November 1969,

30 foot breakers were observed in this area of the channel (Burdwell,

1969). Breaking waves of this height are an extreme hazard to any

vessel, no matter what its size. By focusing the ebb current into a

jet, the jetties increase ebb current velocities and scour rate,

reducing sediment deposition in the channel.

Since waves travel faster over the channel than nearby shoals,

the wave crests during slack water and flood are directed away from

the channel and towards the shoals. This refraction process tends to

decrease wave energy in channel, displacing it to the shoal areas.

This situation is well known. The ebb current interaction with swell

may place the maximum wave heights in the channel, the opposite of

slack water or flood condition, so that wave energy would vary accord-

ing to tidal variables in addition to water depth, direction, etc.

It then becomes apparent that the major navigational problem at the mouth

of the Columbia River is a result of the interaction between waves and

the ebb current. It can be concluded that during this interaction,

wave energy will be concentrated in the navigational channel as a result

of refraction by the horizontal gradient of the ebb current and that

energy will be transferred from the tide to the waves in the plume

region outside of the estuary Harris, 1978).

Possible Channel Changes

As the Port of Portland and other ports along the Columbia River

have grown, so has ship traffic. Possible changes to the existing

channel reflect a need for deeper draft vessels, especially oil tankers,

to call at the inland ports. As the region grows in population, there
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there will be increased demand for marine transportation. A concept

has been around for several years to increase the depth of the channel

to 58 feet and maintain a channel 2000 feet wide, rather than the

present 3000 feet.

The harrower wideth would necessitate one way ship traffic instead

of the current two way traffic. The consequences of these changes in

channel design are not known.

The coritination of increasing the depth and narrowing the channel

will probably increase the ebb current velocity. It appears that any

changes in the geometry of the channel which intensifies the jet-like

nature of the ebb current will very likely increase the navigational

difficulties. Changes that make the tidal flow more diffuse should

improve navigation conditions (Harris, 1978).

It is difficult to obtain the information that is needed for under-

standing through mathematical models, the wave/ebb current interactions.

Images are needed of the wave patterns near the peak of an ebb flow

that might show the convergence of wave energy in the channel and

suggest wave growth by energy transformation from the tides.

S uma ry

The mouth of the Columbia River has many processes at work in

regards to wave energy, swell direction and the interaction of waves

cesses are understood, but many are

are extremely hazardous.
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II. REMOTE SENSING APPLICATIONS TO COASTAL OCEANOGRAPHY

Use of Aerial Photography

Aerial photography has been used for over thirty years in deter-

mining wave patterns and direction. Aerial photos can provide a

great deal of information on wave geometry (McClenan .]., 1975).

The use of aerial photography and weather/wave data greatly reduces the

uncertainties involved in the interpretation of data from a single

source.

The most common waves in the coastal zone are products of wind

over the open sea and then modified by shoaling, refraction, scatter-

ing, and reflection. Aerial photos can be used to measure wave direc-

tion, wavelength, wave height, and alterations in wave geometry.

Figure 4, an aerial photo, was taken July 20, 1978, revealing wave

patterns at the mouth of the Coluntia. At the time of overflight,

an ebb current of approximately 3.0 knots was occurring.

The need for imagery of storm produced swell and ebb current

interactions dramatically limits the potential use of aerial photo-

graphy. The limitations of daylight also are imposed on the use of

aerial photography. Most aerial photos used for coastal oceano-

graphy need to be taken at altitudes that during storms, are laden

with thick stratus cloud. Clearly a different form of sensor is

needed to overcome these limitations (Oudshoorn, 1958).

One sensor that overcomes the limitations of cloud cover and

daylight hours is radar. Side looking airborne radar is a form of

radar that possesses good resolution, a constant angle of illumina-

tion and virtual all-weather capabilities.
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Side Looking Airborne Radar

Side looking airborne radar is an active sensing system that uses

microwaves to illuminate terrain features it is aimed at. SLAR is air-

borne, carried by either aircraft or spacecraft. The microwave energy

reflected from objects or surfaces is received by the system and con-

verted into light energy by a cathode ray tube and recorded on film.

The ability of radar to penetrate all but the densest clouds, all haze

and darkness makes it valuable to the need to image waves during storms.

Although microwaves are much longer than visible light, they still pro-

vide good resolution (Dellwigetal., 1972).

Side looking airborne radar generates images that are recorded on

photographic negative strips. Figure 5 shows the generalized mechanism

of this recording of reflected microwave energy. Unlike an aerial photo-

graph illuminated by sunlight, the side looking airborne radar (referred

to as SLAR) antenna is the source of illumination. The images that are

constructed by the microwave return rely solely upon this illumination

of the antenna. As radar travels only in a straight line, areas obscurred

by hills and other objects, will be in radar shadow. On the radar image,

the detail (resolution) displayed is determined by the wavelength and

polarization of the incident angle.

The strength of the radar return depends a lot upon the reflective

properties of the objects and surfaces being illuminated by the SLAR.

Metallic objects, such as bridges or ships, produce very strong returns

on SLAR imagery. Surface roughness of terrain strongly influences the

strength of radar returns. Surface roughness is different than topo-

graphic relief, which features hills, valleys, and mountains. Surface

roughness is determined by surface textural features such as sand, gravel,



Operational schematic, typical side looking radar
system. Scan rate on imagery (Vr) is proportional
to aircraft velocity (Va). Radar return from terrain
features, (a,b,c,d) is imaged on film (F) by scan

Figure 5.
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lines (E). Antenna (A) scans perpendicular to air-
craft track. (MacDonald, 1971)
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and cobble partFcles.

The average surface roughness within a ground resolution cell

(lOm by lOm for typical SLAR systems) determines the intensity of the

radar return for that cell. Average surface roughness is a combina-

tion of vertical and horizontal dimensions and the spacing of smaller

features in and around that area.

SLAR Wavelength and Surface Roughness

The relationship of radar wavelength and depression angle to

surface roughness may be described by the Rayleigh criterion that

considers a surface to be smooth if

h<
8 sin7

where

h= the height of surface roughness

A the radar wavelength

7= the grazing angle between the terrain and the incident

radar angle (Sabins, 1978)

Both h and hare given in the same units, usually centimeters. From

this relationship it is known that smooth surface specularly reflects

all the microwave energy and there is no energy returned to the antenna

at that depresston angle. Surfaces that are of intermediate roughness

reflect part of the energy back and surfaces that are very rough reflect

most of the energy back.

Figure 5 demonstrates some of the geometry of SLAR systems. The

geometry of SLAR is different than the geometry of an aerial photo-

graph. One coordinate system of the image is formed by the ranging of

the radar pulses as thsy go across the platform track. The second coordi-

16
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nate is from the motion of the platform itself, as it moves parallel

to the track

In the ranging process, a very brief pulse of microwave energy is

directed from the antenna at right angles to the flight path. The radar

pulse travels at the speed of light. The time required for it to reach

an object and be reflected back is proportional to the range of the

object.

The two basic types of SLAR systems are real-aperature radar and

synthetic-aperature radar, which differ primarily in the method used

for achieving resolution in the azimuth direction. The real-aperature

system uses an antenna of the maximum practical length to produce a

narrow angular beam width in the azimuth direction (Sabins, 1978). The

synthetic-aperature system employs a relatively small antenna that

transmits a moderately broad beam. The Doppler principle and data

processing techniques are used to correlate the azimuth resolution to

a very narrow beam.

The need for imagery of wave and ebb current interactions

during storms eliminates the use of aerial photography, the potential

for SLAR to acquire this data is clearly appreciated. SLAR can pene-

trate the frequent cloud cover of the area and provide scheduling flex-

ibility so that overflights could occur during peak ebb current and

winter storms. The ability of SLAR, to reveal varying wave heights

also increases the uttlity of it to aid in the understanding of

coastal processes.



III. RADAR DETECTION O OCEAN WAVES

Radar developed during the Second World War, was not used specifi-

cally for the detection of ocean waves until 1958. H.M. Oudshoorn (1958)

of the Hydraulic Division of the Delta Works of Holland was the first

to investigate the potential uses of radar for hydrodynaniic surveying.

Using a newly developed short-wave radar, wave crests were clearly vis-

ible on the radar screen. The tests were carried out at the mouth of

the entrance channel to Rotterdam harbor. The radar was terrestrially

based.

During these tests it became evident that radar could solve several

problems and that valuable information concerning wave patterns could

be gathered with this instrument. The radar was able to determine flow

patterns, wave patterns, and the behavior of ships in the channel. A

remote control camera was mounted over the radar scope to get permanent

imagery. This imagery permitted systematic study of the coastal condi-

tions.

Another use of radar in detecting ocean waves was in 1962 by

Takeshi Ijima, a coastal engineer in Japan. This group tested several

different radar sets with each of a different frequency and wavelength.

A 8.6 mm wavelength ground-based radar was finally selected and used to

detect wave patterns at the port of Kashima. Wave direction and current

conditi'ons were the primary concerns of their study (Ijima, 1964).

During the late 1950's and the 1960's, the military was developing

side looking airborne radar. The feature that attracted them to SLAR

was it's ability to map terrain without overflying it. This use of the

slant range and angle to prevent overflights was handy in areas that

did not appreciate curious enemies. SLAR is the product of high tech-

18
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nology and it has advanced in sophistication and ability since it's

inception.

The use of more advanced electronics was made by W.E. Brown, Jr.,

C. Elachi, and T.W. Thompson of the Jet Propulsion Lab of Pasadena,

California. Using a Synthetic Aperature Radar of polarized L-band 25cm

wavelength, they tested the ability of Synthetic Aperature Radar (SAR)

to detect deep ocean swells, coastal wave conditions, wave refraction

patterns, internal waves, ship wakes and currents (Brown .i., 1976).

Figure 6 demonstrates the resolution and clarity of the SAR imagery they

obtained of these ocean conditions. The swell pattern is easily dis-

tinguishable, as is the refraction as the waves are affected by bathy-

metry. The applications of this SAR imagery to coastal oceanography

are very evident.

Additional research into the applications of radar in detecting

ocean wave patterns and the detection of surface oil slicks was con-

ducted by the U.S. Coast Guard. In May, 1976 the Coast Guard conducted

tests for its AIREYE all weather, day/night airborne surveillance sys-

tem. The tests were to compare overwater performance capabilities of

real- and synthetic-aperature radars against a range of man-made and

natural surface targets. The systems involved were an X-band horizon-

tally polarized AN/APQ-94D real-aperature radar and an X-band vertically

polarized coherent-on-receive (CaR') synthetic aperature system (Kraus

et al,, 1977).

As part of the test program, a series of tests were conducted off

the coast of southern California with targets that included natural oil

seepage, simulated oil spills, oil production platforms, mooring buoys,

and coastal kelp beds. The test program was unique because it compared
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real-and synthetic-aperature SLAR systems. The results of the tests

revealed that the AN/APQ-94D achieved the highest detection rate for

man-made objects on the ocean surface. The AN/APQ-940 was not as re-

liable in detecting the oil slicks, for it was found that the 94D

system was extremely dependent on the direction it was flown. The best

results were when the 940 system was flown somewhat across the direction

of the surface wind, into the swell (approximately a right angle). In

overall performance for interpretability, the AN/APQ-94D mounted in an

Army OV-l0 Mohawk aircraft was superior.

One experiment that graphically demonstrates the ability of SLAR/

SAR sensors to penetrate adverse weather was conducted by the Jet Pro-

pulsion Lab in the surruner of 1976. Using the L-band SAR system,

mounted in a CV-990 jet aircraft, ocean wave patterns under Hurricane

Gloria were acquired (Elachi 1977). Observations were obtained

over most of the area within a radius of 150 kilometers around the

center of the eye. These direct observations made it possible to derive

the wave patterns in the region around a hurricane eye.

Summary

Oil slicks have been successfully detected and mapped with imaging

radars. Ocean swells have been imaged by airborne radar-imaging sys-

tems. The immediate capability of these systems is to map wave patterns

and wave buildup during storms (Krishen, 1975). Wave data are especially

significant to coastal areas, for here the wind and wave interaction is

heavily influenced by coastal configuration and bathymetry.
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IV. SIDE LOOKING AIRBORNE RADAR MONITORING OF

OCEAN WAVE REFRACTION AT THE MOUTH OF THE

COLUIA RIVER

SLAR Monitoring of Columbia River Entrance

The Motorola AN/APQ-94 SLAR system was the sensor used in this

study of ocean wave patterns at the mouth of the Columbia River.

With the cooperation of the Oregon Army National Guard, OV-1 Mohawk

aircraft were used to obtain the SLAR imagery. The mission parameters

were arrived at by tests, as there had been little work of this type

done before. The optimal altitude for the detection of ocean wave

crests was found to be 1,500 feet above sea level. At this altitude,

the depression/grazing angles to wave creasts 5 kilometers off aircraft

track were approximately 6 degrees, so that the Range Resolution was

30.2 meters, as in the formula below,

whereT= pulse length

C = speed of light

8 -1 -6
Rr= (3.OX1O msec )(O.2X10 sec) = depression angle

2 cos 6'

Rr= 30.165 meters

This means that at a depression angle of 6°and a range of 5 kms..,

objects must be further apart than 30.2 rn in the range direction, to

be detected separately (Sabins, 1978). This angle gave the best radar

reflectivity off wave crests due to the slope of the waves acting as a

rough surface. At this low grazing angle, the backscattered radar wave

may be received by the antenna and produce a strong return, even if the

waves are not very high. Figure 7 graphically portrays the geometry of

radar reflection off wave crests. Since the coastal conditions in most
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areas almost never produce smooth ocean surfaces, this low grazing angle

will work well in most conditions of surface roughness.

For the acquisition of imagery, the aircraft would fly 10 kilo-

meters offshore on an approximate heading of 0. With the range setting

on the SLAR set at 25 km., this orientation ensures that the radar strikes
rt ii

the swell at an approximate raiige angle, as the predominant swell direc-

tion for the river entrance area is from the west. This right angle

orientation to the swell was found to be the optimum angle in the Coast

Guard tests (Kraus et al., 1977). The north heading of the aircraft also

ensures that the radar "no-show" area directly beneath the aircraft,

would not interfere with continuous imaging of the river entrance. The

aircraft was held to as level an attitude as possible, to reduce air-

craft roll and yaw during passage through storms that could produce dis-

tortions in the SLAR imagery.

As the scanning of the SLAR system is time dependent, it must be

recognizei that the imagery is not instantaneous but time continuous.

The line by line scanning of the CRT onto the negative is dependent upon

aircraft velocity (and thus time). As the aircraft moves forward,

another scan line is added to the previous, with the sideways direction

imaging range and the length direction reflecting aircraft velocity and

azimuth.

If the aircraft is moving over surfaces that are also in motion,

then the direction of the surface will be distorted slightly on the SLAR

imagery unless that surface is moving exactly perpendicular to the air-

craft vector. Since the ocean wave crests in this study would not be

perpendicular to the aircraft vector, except for isolated points on

their curved pattern, there is distortion. The wave angle, if measured
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Figure 7. Radar reflection geometry off sinusoid waves. Radar
grazing angle (1). Example A shows low height waves,
contrast that to Example B, which has high arnpli-
tude and steepness. Approximate section of wave

imaged by radar is top one-third.
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from the imagery, will have a variable amount of distortion in its

position on each successive scan line. The greater the difference

between aircraft velocity and the wave velocity, the greater will be

the distortion due to the time dependent scan lines.

This distortion can be overcome if the aircraft overflys the

area on a reciprocal heading at the same velocity as the initial run.

The reciprocal runs imagery will be distorted in the reciprocal direc-

tion of the first runs. By averaging the two wave directions from the

imagery, the correct wave direction (1) can be derived (Rosenfeld,

1979). In Figure 8, the reciprocal heading correction is presented.

The ability to obtain a correct wave crest azimuth is essential to

the investigation of wave patterns at the mouth of the Columbia River.

Only with accurate imagery can the differences between predicted wave

patterns and actual wave patterns be quantitatively studied.

Methods of Analysis

The single most important method of studying wave patterns at the

river entrance is the use of tracings of wave crests taken from the

imagery. These traces are made at a uniform scale to facilitate ease of

comparison. By placing the imagery onto a Bausch & Lomb Zoom Transfer

Scope®, imagery was enlarged to the same scale used by Enfield (1973)

in wave refraction diagrams. The scale is approximately 1:125,000

Traces of the wave crests are made, as is the outline of the

shoreline. The process is repeated for the imagery from the reciprocal

run and a trace is made. By super-imposing the two traces, a drawing

of the corrected wave pattern is made. This drawing is at the same

scale as Enfields. Figure 9 presents a sample of Enfields predicted

wave pattern and actual wave pattern taken from imagery.



FIGURE 8

RECIPROCAL HEADING CORRECTION PROCEDURE
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Figure 9. The top figure is a mission trace of the
Feb 28, 1979 wave crest pattern. Areas
annotated "A" were areas of intense surface
roughness and wave steepening. Bottom fig-

ure is swell prediction from Enfield (1973)

that resembles the imagery trace, except
for plume and refraction.
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The second most important method of study was a photographic en-

largenent of the SLAR imagery negative. This can dramatically increase

scale and interpretability of the imagery. Figure 10 is an example of

an enlargment of SLAR imagery. Although the enlargement is only from

one heading, it is still useful in depicting areas of maximum wave

height and the overall pattern of swell.

A third method employed in the analysis of SLAR imagery in this

study was the use of a Digicol Color Density Slicer. Density slic-

ing is a process that converts the continuous gray tone of an image

into a series of density intervals, or slices, each corresponding to

a specified digital range. Each digital slice may be displayed in a

separate color. This technique emphasizes subtle gray-scale differ-

ences that may be imperceptible to the viewer.

By placing the SLAR imagery into the density slicer, the bright-

ness of radar return can be assigned a digital slice and color. It

then can be analyzed using the colors as indicators of surface rough-

ness and wave height. By adjusting the slice widths, only areas of

high SLAR reflectivity can be imaged off the shoreline, indicating

areas of greatest wave interaction with ebb current when imagery is

acquired at peak ebb flow.

Figure 11 is a photograph of imagery of 14 December 1978, taken

during a winter storm and during peak ebb current, that has been color

density sliced. The area of greatest surface roughness (steepened

waves) is yellow-green off the coastline between the two jetties.

Areas of medium sized wave height is displayed in violet. A more

detailed discussion of mission results will be presented in the next

section.
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V. RESULTS OF SLAR MONITORING OF COLUIA

RIVER ENTRANCE

The results of three SLAR missions will be reviewed and then the

results will be compared with observations by Enfield (1973), Isaacs

(1948), and Harris (1978).

Mission 1

This mission over the mouth of the Columbia River was flown

December 14, 1978 at 1545 hours local time. At the time of over-

flight, wind was at 15 knots from the west. The Coast Guard Station

at Cape Disappointment was recording swell at 10 feet of height and a

period of 5-6 seconds. This wave height and period data was obtained

from a Oregon State University microseismometer that detects swell

height and period in the center of the channel. It's output is

recorded at the Coast Guard Station. The wind data was obtained from

the National Weather Service in Seattle (Enfield, 1973).

At the time of overflight, there was an ebb current of 3.8 knots.

The weather was cloudy, with a cyclonic disturbance from the Gulf of

Alaska spreading rain and high wind over the coast of Oregon and Wash-

ington. The conditions were ideal for observing the interaction of

storm produced swell with a high ebb current flow. Figure 12 is a

photographic enlargement of one run from this mission. Figure 13 is

the mission trace that reveals the swell/wave crest pattern at the

river entrance.

Based upon the intensity of radar return (surface roughness),

some areas of high, breaking waves are noted at the entrance of the

mouth, from about buoy 8 and out to the channel, in what is called the
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Figure 13. Mission trace of wave crest pattern,
Decenber 14, 1978. Acquired at 1600
hours local time. Ebb current at 3.8
knots. Wind 200at 15 knots. Swell 10
feet high.
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"inner bar". This area of marked wave steepening and breaking is

annotated "A" on Figure 13. The wave breaking in this area is most

likely due to wave touching bottom and in the channel, a result of

ebb current steepening the waves. The general wave pattern of the

SLAR imagery is very similar to the predicted wave pattern of Enfield

(1973), for swell with a direction of 292.5'. There is a signifi-

cant difference in the pattern of wave crests just seaward of the

North and South Jetties. The wave crests are apparently defining the

outline of a small plume off the river entrance.

The seaward wave refraction is more pronounced in the northern

half of the plume area, a result probably of the increased ebb current

velocity noted in winter of that area. This deflection of the ebb

northwards in winter, is the result of Coriolis and longshore currents

(Enfield, 1973). The wave crests are refracted as predicted once they

are inside the entrance, as a result of bathymetry. Breaking waves

are noted on the imagery at expected locations, such as Peacock Spit

arid near Clatsop Spit. This mission is detecting the wave and ebb

current interaction over the inner bar. The geometry of the wave crests

can be used to aid development of a mathematical model for use by the

Coastal Engineering Research Center, U.S. Army Corps of Engineers, to

understand the energy transfer between the waves and the ebb current.

Mission 2

Mission 2 was flown on December 16, 1978 at 1230 hours local time.

At the time of overflight, the wind was from the Southwest between 15

to 25 knots with gusts occasionally to 35 knots. Seas were rough with

18 foot swells measured in the river entrance. The bar was closed to

ship traffic. At the time of overflight, it was slack water at the
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mouth of the Columbia. 'Only one run was of acceptable quality, due to

excessive aircraft yaw and roll from turbulence distorting the imagery.

A major winter storm was immediately off the coast of Oregon and

Washington at the time of the imagery acquisition. The lack of swell

interaction was immediately apparent from the imagery. As this imagery

was taken at slack water, it permitted a comparison with the results of

December l4ths imagery taken during a storm and ebb current. Figure 14

is a photo enlargement of the successful run of this mission.

From the intensity of radar return, the highest waves occurred

just north of the channel in the shallow area between Jetty A and

the North Jetty. The usual wave refraction pattern in the river entrance

is not present in this imagery. This pattern present on the imagery

reveals a tendency for the waves to be bent in the area around buoys

8, 10 and 12.

No evidence of any river plume is revealed by the orientation of

the wave crests. Other areas of breaking waves are over Peacock Spit

and in the usual shoal area northwest of Clatsop Spit. Figure 15 is

the uncorrected trace of wave crests. It is not accurate in regards to

wave azimuth, but the areas of high wave height and the general orien-

tation of the wave crests are valid.

Mission 3

Mission 3 was flown on February 28, 1979 at 1815 hours local time.

At the time of imagery acquisition, the wind was from the east (11O) at

10 knots and the swells were at 3 to 6 feet high from 2100. There was

a peak ebb current occurring at the time, with a velocity of 3.9 knots.

Figure 16 is a photo enlargement of one of the runs.





Figure 15. Mission trace of wave crest pattern, Dec.
16, 1978. Acquired at 1230 hours local.

Slack water. Wind from southwest at 15
to 25 knots, swell 18 feet high.
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Imagery from this mission maps the effects of ebb current upon

a calm sea. A large river discharge plume is presented on the imagery

extending outwards from the mouth of the Coluntia River. The outer

circumference of this plume is possibly a foam line. The inner por-

tions of the river plume reveal breaking waves and very rough surface

patterns. The plume extends out from the end of the jetties for over

14,000 yards. The north-south component of the plume is approximately

13,000 yards wide. The area of maximum surface roughness (wave and

ebb current interaction) is between 7,000 and 12,000 yards west of the

river entrance. The mean heading of the plume was approximately 270°.

The outer line surrounding the plume is probably a foam line marking

the outer limits of the plume. It is probably a result of the less

dense plume water encountering the denser ocean water. There also may

be some wave steepness but not of as much intensity and significance as

the inner portions of the plume that are exhibiting a sharp increase in

reflectivitiy and wave steepening.

As the seas at the time of imagery acquisition were relatively calm,

with swell heights of only 3 to 6 feet, the amount of energy contained

in these swells were much lower than storm produced swell. This differ-

ence in wave energy partially accounts for the large amount of plume

area when compared with the plume of the Decenter 14th mission. Also

significant was the tendency for the plume to not spread out from the

original width of the river entrance for over 5,000 yards. The entire

orientation of the plume is different than that of the channel orienta-

tion. Where the channel heads towards the southwest after clearing the

jetties, the plume continues seaward at a westerly heading. This could

be due to the observed tendency of the ebb to be deflected northwards
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once clear of the jetties.

The ebb currents energy may also have been increased by the east

winds that would have added some minor surface waves to the seawards

flow the current. This plus the low energy of the swell approaching

the river entrance accounts for the large size of the plume.

In addition to the plume characteristics, the wave crests patterns

and their radar return intensity revealed high waves/breaking waves

in the river entrance on the sides of the channel and in the channel.

No direct connection to bathymetry could be the cause of such wave

behavior. The ebb current interaction with the swell could account

for this wave behavior. There are also breaking waves over Peacock

Spit and the area northwest of Clatsop Spit.

Two vessels are visible on the imagery, approaching the river

entrance from the southern half of the channel between buoys 2 and 6.

Their wakes are also visible.

Conclusion

The results of the study prove that SLAR is a useful tool in under-

standing coastal oceanographic processes. The AN/APQ-94 SLAR was able

to detect and map the ocean wave patterns at the mouth of the Coluntia

River. The clarity and resolution of the imagery enabled interpre-

tation of wave crests and surface roughness to be accomplished. The

ocean wave patterns differed from patterns predicted by Enfield (1973)

but agreed with predictions by Harris (1978).

The wave patterns mapped on the SLAR imagery are the first acquired

of storm produced swell interacting with the ebb current at the mouth of

the Columbia River. It is this interaction that is of greatest concern

to coastal engineers who are attempting to use mathematical and
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hydraulic models of the river entrance to understand the wave steep-

ening and ebb current energy transfer (Harris, 1978). The existence

of a river plume with transference of energy from the ebb current to

the storm produced swell was confirmed by imagery from December 14,

1978 and Februrary 28, 1979. The imagery and the wave pattern traces

will add insight into this phenomenon. The hazards posed by steepened

swell at the two "bars and in the channel can be better understood.

The imagery has also confirmed the trend of the ebb current to

deflect northwards in the winter months. The behavior of the plume on

the December 14th and February 28th imagery reveals that the ebb

current does not follow the channel once seaward of the jetties. The

implications of the ebb current heading (west, and then north), trans-

ferring energy to the ocean swell that are moving east towards the

channel cannot be explained at this time due to the availability of

imagery from only one year of study.

It would seem that based upon the available imagery and data,

the energy transference from ebb current to swell occurs in the general

area around buoys 1 and 3. The steepened and/or breaking swell then

travel on thei r general eastward heading over the channel, north of

buoy 6, and break here. It is this area that is called the iinner

bar". This process is seen on the December 14th and the February 28th

imagery which were acquired at peak ebb flow. The swell then continues

into the channel and break at and south of, buoys 8 and 10, where they

encounter increased ebb current velocities and shoals. This pattern of

wave breaking was observed on all imagery acquired.

The ability of the SLAR to penetrate the weather, provide day/

night imagery, and image a large area, make it an extremely valuable
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method of data collection. The interpretation of the imagery with

weather and sea data provides even more infirmation about coastal

waves. The mobility of SLAR, with its ability to go anywhere to detect

and map ocean wave patterns, enhances the number of applications it

can serve. The data provided by this study has increased the under-

standing of the swell-ebb current interaction and its effects on

wave height, and the hazards at the mouth of the Columbia River.

Reconnendati ons

Continued utilization of SLAR to monitor the processes at the

mouth of the Columbia River is highly recomended. Additional imagery

acquired at varying times of weather/current conditions would in-

crease the understanding of the coastal wave processes. Combination

of SLAR imagery data with terrestrial based radar, wave riders, and

computer digitization/analysis of the SLAR imagery could provide the

capability to predict, for certain conditions of weather and sea, the

areas and extent of swell-ebb current interaction. Infrared imagery,

acquired during weather permitting conditions, could provide much

data about the composition and thermal dynamics of the river plume.
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Parameters of Missions 1,2, and 3

Mission 1. An OV-1 aircraft overfiew the river entrance at an

altitude of 1,500 feet above sea level. The SLAR system was an AN/APQ-

94 Motorola system, with a range setting of 25 kilometers and 0 delay.

The aircraft aircraft track was approximately 10 km offshore, with an

orientation that produced an image of the seaward portion of the

waves. Weather data was obtained from the National Weather Service.

The wind speed and direction were taken at the Cape Disappointment

Coast Guard Station, within one-half hour of the overflight. Sea data

was from the same location, with the wave data weighted so as to give

the wave conditions in the channel portion of the river entrance. The

ebb current velocity and time were obtained from tide tables of the

area. The velocities vary considerably according to location and time

within the river entrance.

Mission 2. An OV-1 aircraft overfiew the mouth of the Columbia

River at 1,500 feet above sea level (ASL). The sensor was again the

AN/APQ-94 SLAR system, with the same range and delay settings as mis-

sion 1. The aircraft track was over land on this mission, passing

Over the Warrenton area. The SLAR was therefore imaging the portion

of the wave facing the shore. Weather and sea data were from the

same sources as mission 1. Ebb current was not occurring at time of

overflight, it was slack water. This data was obtained from the tide

tables of the area.

4ission 3. An OV-1 aircraft overflew the entrance at 1,500 ASL.

The sensor used was the AN/APQ-94 SLAR system, with the same range and

delay settings as the previous missions. The sircraft track was appro-

ximately 10 km offshore, with the SLAR imaging the seaward portion of

the waves. Weather and sea data were taken at Cape Disappointment

Coast Guard Station within one-half hour of overflight. The ebb

current velocity was obtained from tidal tables of the area.

45


