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ptical influence of ship wakes

iaodong Zhang, Marlon Lewis, W. Paul Bissett, Bruce Johnson, and Dave Kohler

The optical variations observed within ship wakes are largely due to the generation of copious amounts
of air bubbles in the upper ocean, a fraction of which accumulate as foam at the surface, where they
release scavenged surfactants. Field experiments were conducted to test previous theoretical predic-
tions of the variations in optical properties that result from bubble injection in the surface ocean.
Variations in remote-sensing reflectance and size distribution of bubbles within the ship-wake zone were
determined in three different optical water types: the clear equatorial Pacific Ocean, moderately turbid
coastal waters, and very turbid coastal waters, the latter two of which were offshore of New Jersey.
Bubbles introduced by moving vessels increased the backscattering in all cases, which in turn enhanced
the reflectance over the entire visible and infrared wave bands. The elevated reflectance had different
spectral characteristics in the three locations. The color of ship wakes appears greener in the open
ocean, whereas little change in color was observed in near-coastal turbid waters, consistent with pre-
dictions. Colorless themselves, bubbles increase the reflected radiance and change the color of the ocean
in a way that depends on the spectral backscattering and absorption of the undisturbed background
waters. For remote observation from aircraft or satellite, the foam and added surfactants further
enhance the reflectance to a degree dependent on the illumination and the viewing geometry. © 2004
Optical Society of America

OCIS codes: 010.4450, 290.1350, 280.0280.
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. Introduction

aves and turbulence generated by a vessel moving
n water result in a ship wake, which appears as a
treak of foamy, turbulent water followed by a region
f visually smooth water characterized by the ab-
ence of small-scale surface roughness. Moving
hips create surface waves, also called Kelvin wakes,1
nd sometimes internal waves in the presence of a
hallow pycnocline.2 These wave patterns are also
ccompanied by copious quantities of bubbles created
elow the surface. Because of the nature of their
urfaces, bubbles adsorb other particles and organic
atter, which contribute to the accumulation of sur-

actant material that has been observed in the cen-
erline wake.3

Ship wakes and their associated features have
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een extensively studied. Both Kelvin wake waves
nd the centerline wake can effectively modify the
ragg scale waves, enabling ship wakes to be easily
etected by microwave synthetic aperture radar ob-
ervations.4 Ship wakes have also been found to
isplay a radiant intensity contrast in the thermal
nfrared.5 Munk et al.6 studied in detail how ship
akes produce a sun glitter pattern in optical images

aken from the space shuttle. The acoustic effects of
ake bubbles have been of great interest for a long

ime. There have been, however, few studies on the
pectral variability of ship wakes in the visible and
he near-infrared wavelengths.

There is emerging evidence that points to the sig-
ificance of bubble populations to light scattering in
he upper ocean.7,8 From optical theory and limited
eld data on bubble populations, Zhang et al.7 sug-
ested that bubbles injected either by breaking waves
r ship wakes increase the reflectance and change the
olor toward the green in the open ocean. Recently
tramski and Tegowski9 analyzed the acoustic mea-
urements of bubbles by breaking waves off the coast
f Spitsbergen, Norway, and found that there could
e significant bubble-induced changes in both the un-
erwater light field of the surface layer and in the
cean reflectance and that the effect could vary dras-
ically because of the intermittent nature of breaking
aves. However, none of these studies have ad-
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ressed how the bubbles will modify light propaga-
ion in coastal, optically complex �case 2� waters,10

nd none involved direct measurement of the surface-
eflectance variations that were due to bubble injec-
ion.

Our primary intention is to investigate how bubble
opulations in the upper surface layer will affect the
olor of the ocean of different water types. Here we
ocus on the optical influences of bubbles injected by

oving vessels into the upper ocean. Bubbles pro-
uced in this way are in a more spatially confined
tate, the result of which, however, can be applied to
he natural bubble population as well. We carried
ut direct hyperspectral-reflectance measurements
ithin and outside of ship wakes in three different

ptical water regimes, one in the equatorial Pacific
cean and the other two off the New Jersey coast.

n addition, the bubble size distributions were also
easured by photographic methods during the New

ersey experiments. The influence of bubbles in the
urface layer on the hyperspectral reflectance of the
cean is discussed, along with a consideration of re-
ated changes that are due to turbulence, foam, or
urfactant microlayers.

. Background and Theoretical Bases

. Ship-Generated Bubbles

reaking of bow waves and stern waves, both of
hich belong to the Kelvin wake system, produce
ubbles.3 Bubbles are also generated along the
hip’s hull as a result of air entrainment that is due
o the frictional drag forces at the surface of the
ull.11 It has been postulated that the most copious
ource of bubbles in wakes, however, is propeller cav-
tation at high speed,11 a hypothesis that to date, to
ur knowledge, has not been confirmed by field ob-
ervations.12

Whereas Kelvin wakes radiate away from the ship
ith a half angle of 19.5° relative to the ship’s bear-

ng,1 the newly generated bubbles are relatively con-
ned within the centerline wake because of the
orizontal converging wake flow behind the ship.1,3,4

he centerline wake far behind a ship is accompanied
y numerous persistent vortices, the center of which
eanders along the direction of the ship track.13

ow these turbulent structures affect or regulate the
istribution of wake bubbles has yet to be studied;
owever, field experiments have shown that bubbles
ill display a roughly homogeneous vertical distribu-

ion within the first several minutes12 as a result of
he strong turbulence created by the motion of the
hip’s hull and the action of its propellers and can
each down to several meters below the depth of the
hip’s bottom.14 It has also been found12 that the
ake bubbles last as strong acoustic scatterers for
pproximately 7.5 min ��2 km astern for ship speed
f 5 m s�1 or 10 kn� with a maximum width of 60 m,
lthough the surface-active film wakes have been ob-
erved to persist for tens of kilometers downstream of
surface ship.2,3

The gas-void fraction generated as bubbles by ship
akes has been found to vary with ship size, propel-
er size, and rotation speed. The acoustic measure-

ent of wake bubbles by a destroyer at 15 kn ��7.5 m
�1�11 derived a concentration of approximately 6 �
06 m�3 for bubbles between 80 and 1000 �m in
adius. Based on analyses in Zhang et al.,7 the min-
mum optical backscattering coefficient at 550 nm for
his bubble population, assuming all with a radius of
0 �m, is between 0.0027 and 0.0097 m�1, depending
n the thickness of their coatings. As a comparison,
he typical particulate backscattering coefficient at
he same wavelength as that in case 1 water10 with a
hlorophyll concentration of 0.1 mg m�3 is only
0.0007 m�1.15 With the smaller bubbles taken

nto account, the contribution to the scattering by
hip wakes will be even higher; it is clear that ship
akes can potentially significantly alter the back-

cattering of light in the upper ocean.

. Spectral Effects of Bubbles on the Reflectance

or an above-water observation, such as that from
ircraft or satellite, the color of the ocean is often
escribed by the spectral water-leaving reflectance,
r the remote-sensing reflectance Rrs��� � 	
Lw�����
Ed

�����
, where Lw is the water-leaving radiance at
enith and Ed

� is the downwelling irradiance just
bove the water. The variation of the spectral
emote-sensing reflectance is linked to the inherent
ptical properties of the ocean, the total backscatter-
ng coefficient bb���, and the total absorption coeffi-
ient a���, through10,16,17

R��� �
Eu���

Ed���
� f ���

bb���

a���
, (1a)

Eu��� � Q��� Lu���, (1b)

Rrs��� � G
f ���

Q���

bb���

a���
, (1c)

here Q is the ratio of upwelling irradiance Eu to the
pwelling radiance at zenith Lu defined just below
he surface and f is a dimensionless model parameter
hat numerically links the value of bb�a to the diffuse
eflectance R, which is defined as the ratio of up-
elling irradiance Eu to the downwelling irradiance
d, both of which are defined just below the surface.
he parameter G accounts for cross-interface effects
f propagating Ed

� to Ed and Lu to Lw. Its value
hanges �1% from 400 to 700 nm because of a slight
ariation in the refractive index of water with wave-
ength and can safely be considered as spectrally con-
tant for practical applications.
For a given incident light field, the variations in the

cattering and absorption properties of the ocean also
odify the spectral values of f and Q.18,19 However,

tudies for case 1 waters suggest that the ratio of f to
is less variant and ranges between 0.08 and 0.12 in

he visible for a wide range of conditions �0° � solar
ngle � 75°, 0.03 mg m�3 � chlorophyll concentra-
ion � 10 mg m�3�.16 Therefore the spectral
hanges in the scattering and the absorption pro-
20 May 2004 � Vol. 43, No. 15 � APPLIED OPTICS 3123
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esses can directly account for most of the variability
n the color of the ocean observed from above.

Because the absorption by bubbles is negligible,7
he injection of wake bubbles influences mainly the
cattering. As a result, bubble injection increases
he reflectance as

Rrs,w��� � G
fw���

Qw���

bb��� � bb,bub

a���
, (2)

here bb,bub is the backscattering coefficient for
ubbles, which is spectrally flat because wake-
ubble populations are dominated by large bubbles
�20 �m�,11,12 and the changes of parameters f to fw
nd Q to Qw result from the changes in the volume
cattering function of wake waters that are due to
he injection of bubbles. Obviously two effects
rise simultaneously as a result of bubble injec-
ions: The magnitude of reflectance increases with
ackscattering and the spectral distribution is
hanged.
From a similar analysis by Morel and Prieur for

articles,10 the spectral variation of ship wakes can
e easily envisioned for open ocean regions, in which
he dominant contribution to backscattering is that
ue to molecular scattering by seawater. The addi-
ion of bubbles in this case would proportionally en-
ance backscattering in the green and longer
avelengths, as the wavelength dependence of mo-

ecular scattering goes as ���4.3.20 Therefore the
righter and greener ship wakes that are often ob-
erved are due to the added backscattering by in-
ected bubbles and its ensuing effect on flattening of
he spectral peak of background water reflectance
oward longer wavelengths. Because of the strong
bsorption by water molecules in the red wave-
engths, most of the variation in the color of the ocean
s restricted to the blue–green part of the spectrum.
n approximate estimate of the color can be gauged
y the formation of a blue–green reflectance ratio,
440–550 � 	
Rrs�440���
Rrs�550��
.

. Increased Reflectance between 750 and 800 nm

n a highly absorbing medium, such as in the infra-
ed domain for water, the scattering process is dom-
nated by single scattering. Zhang21 simulated the
yperspectral reflectance as a result of bubble in-

ection for various bubble concentrations and found
hat the increased reflectance in the longer wave-
engths ��600 nm� in bubbly water is due effec-
ively to bubbles alone and does not depend on the
oncentration of other particulates that may exist.
etween 750 and 800 nm, in which the absorption
y water molecules does not change very much
�2.2–2.5 m�1�, we can derive a relationship link-
ng the increased reflectance with the bubble con-
entration as

�Rrs�750 � � � 800� � Rrs,w � Rrs � 2.8 � 10�11N0,
(3)
124 APPLIED OPTICS � Vol. 43, No. 15 � 20 May 2004
here N0 �in inverse cubic meters� is the concentra-
ion of bubbles at the surface, Rrs is the “background”
eflectance of the undisturbed sea, and Rrs,w is the
eflectance of the water with additional bubbles
dded. Note that Eq. �3� is based on the calculations
or wind-generated bubbles, and we apply it here to
ake bubbles, assuming that the bubble size distri-
ution produced by the two events are similar �see
ubsection 4.B and Fig. 5�. Note as well that, in
rinciple, the reflectance outside of the wake could
lso include the influence of bubbles as a background
opulation introduced by breaking waves or biologi-
al activity; for this analysis, we assume that their
nfluence is small compared with that of the bubbles
njected by a moving vessel.

. Methodology

e evaluated the optical variation induced by ship
akes from two perspectives, model simulations
nd field measurements. We conducted field ex-
eriments in three different optical water regimes.
he first was in the western equatorial Pacific
cean onboard the research vessel Mirai �Japan
arine Science and Technology Center�, from De-

ember 1998 to January 1999. The second �July
8, 2000� and third �July 31, 2001� experiments
ook place in coastal waters off New Jersey �Fig.
�,22 in association with the Hyperspectral Coastal
cean Dynamics Experiment at the LEO-15 area
ffshore of New Jersey �LEO is the Longterm Eco-
ystem Observatory, Rutgers University�. The ex-
eriment site in 2000 �indicated by the filled
riangle in Fig. 1� was very close to the coast,
hereas in the 2001 experiment, the ship was mov-

ng in an area offshore �indicated by the filled star
n Fig. 1�. We refer to the experiment in the equa-
orial Pacific as Ocean Wake and those at the
EO-15 as Near Coast Wake and Far Coast Wake.
ig. 1. Experiment sites for the Coast Wake. The triangle indi-
ates the location for the Near Coast Wake on 28 July 2000, and
he star for the Far Coast Wake on 31 July 2001, when the hyper-
pectral sensor PHILLS-2 was imaging the area surrounded by
otted lines. The inset displays a portion of the imagery showing
he ship and wakes in true color composite. The solid line is the
hip track for R�V Endeavor, which took surface measurements on
0 July 2001.
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. Ocean Wake Experiment

n the Ocean Wake experiment, the mean
hlorophyll-a concentration, as measured aboard
hip, was �0.1 mg m�3 for the region during the time,
nd the background attenuation coefficient �c � a �
� at 490 nm was �0.03 m�1. Measurements of up-
elling radiance and downwelling irradiance near

he sea surface were made with the hyperspectral
ethered spectral radiometer buoy �TSRB; Satlantic
nc.�. The TSRB measures the upwelling hyper-
pectral radiance at a depth of 0.6 m and downwelling
rradiance just above the surface from 400 to 800 nm
ith a spectral resolution of 3.3 nm and a frequency

f 1 Hz. The ratio of the upwelling radiance to the
ownwelling irradiance, both of which are propa-
ated to just above the sea surface, forms the remote-
ensing reflectance as defined above.
The TSRB propagation method involves the uses of

wo empirical models by Austin and Petzold23 and
orel24 for wavelengths between 400 and 700 nm.
or wavelengths above 700 nm, only the attenuation
hat is due to water molecules is corrected for.
hang21 evaluated the TSRB propagation algorithm
erformance in both clear and bubbly waters. The
SRB algorithm works well for case 1 waters, except

or the spectral band between 650 and 700 nm, in
hich the influence by phytoplankton fluorescence
nd Raman scattering causes overestimates of �15%
n the upwelling radiance just below the surface. On
he other hand, the presence of bubbles causes an
nderestimate of the upwelling radiance. This is
ecause the band-ratio algorithm used is not very
ensitive to scattering by bubbles, which, however,
ncrease the attenuation by increasing scattering
ver the entire spectrum. However, because of the
hort propagation distance �0.6 m�, the errors are
enerally less than 20% and less than 10% for the
lue and the green wavelengths. In this study, we
sed the standard TSRB algorithm to estimate the
eflectance at the surface for both background and
ake-zone waters.
The measurements were first taken under calm

eas behind the ship, which had stopped for a long
eriod. The propeller was then run briefly �5 s� at
igh speed to generate cavitation bubbles. The
SRB was then situated in the resulting bubble cloud
nd allowed to stream with the cloud as it was ad-
ected away from the ship. Each measurement se-
ies, for both background control and bubble
njection, was taken for 3 min ��90 records�, and the
esult used in this study is the median record. The
edian estimate reduces the potential contamination

rom foam and other environmental variance.

. Near Coast Wake Experiment

n the Near Coast Wake experiment, the water was
ery turbid because of runoff from the adjacent
arsh and wetlands, with an average attenuation

oefficient c �490 nm� of �3 m�1. The ship wakes
ere generated by a small outboard motorboat, which
as driven across the experiment site. Measure-
ents were taken from an instrumented catamaran,
hich was towed over the wakes. Measurements
ere made of upwelling hyperspectral radiance at a
epth of 0.6 m and of downwelling irradiance above
he surface as in the equatorial experiment with a
SRB fixed to the catamaran. An underwater bub-
le camera provided imagery of the bubble popula-
ion. At each wake crossover, the TSRB was turned
n for 5 min and the camera took pictures every 45 s.
The camera system is an improved version of a

revious instrument25 and is designed to measure the
umber density of bubbles over a large size range by
se of a high-resolution digital camera. Based on

aboratory calibrations, the resolution of the camera
s 19 �m�pixel and therefore the minimum size of a
ubble that could be resolved by the camera is �40
m �at least two pixels are needed to identify a bub-
le�.

. Far Coast Wake Experiment

n the Far Coast Wake experiment, an airborne hy-
erspectral imaging sensor �Portable Hyperspectral
mager for Low Light Spectroscopy, version 2, or
HILLS-2� was deployed over the LEO-15 site and

maged a passing ship that had produced a long wake
n the field of view �Fig. 1�. The aircraft was flown at

km; given the instantaneous field of view of the
ensor, this results in a ground resolution of approx-
mately 9 � 9 m�pixel from 404 to 964 nm. The
adiance recorded by PHILLS-2 was normalized by
he downwelling irradiance measured at the sea sur-
ace by the TSRB onboard R�V Endeavor �0.5 h later�
o generate the reflectance, which is in a reduced
pectral range from 400 to 800 nm as limited by the
SRB wavelengths. The reflectance thus computed
ill be slightly lower than what would be measured

n the wake, because the downwelling irradiance will
e higher half an hour later in the morning. We
stimated the changes in the solar flux by using
ODTRAN26 with the typical atmosphere gas and

erosol profiles that are applicable to the experiment,
nd found that the error will be �10% in the blue and
ower in the longer wavelengths �result not shown�.

The PHILLS-2 data we used were not atmospher-
cally corrected, which will introduce uncertainties in
hree aspects: The first is due to the attenuation of
he water-leaving radiance by the atmospheric gases
nd aerosols; the second is due to scattered light
long the atmospheric path length; and the third is
ue to the variation of the path length from the center
o the edges of the image �sensor views a �17° half
ngle�. For an atmosphere with a nonabsorbing
erosol, the atmospheric attenuation of the water
eaving radiance from the surface to the sensor 9 km
bove is dominated by Rayleigh scattering27 and
anges from 0.90 to 0.99 for wavelengths from 400 to
00 nm. It may be lower if the aerosol is absorbing.
he atmospheric path length is �5% greater on the
dges of the image versus the nadir view; however,
or the area of interest surrounding the ship, which is
ocated close to nadir, the path-length variation is
2% �approximately 1�3 of the half-angle view�.
20 May 2004 � Vol. 43, No. 15 � APPLIED OPTICS 3125
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iven such a small variation of atmospheric path
ength, the atmospheric contributions do not change
ignificantly within the wake zone, and their effect is
anceled out in the difference of reflectance between
hip wakes and the background waters, with a max-
mum error of �10% in the blue that is due to the
eam attenuation.
The day before the wake experiment, surface mea-

urements covering the same area �thin line in Fig. 1�
ere conducted onboard R�V Endeavor. The aver-
ge beam attenuation coefficient c �490 nm� along the
hick line in Fig. 1 was 1.62 m�1. It was windy for
wo days before the experiment and relatively calm
uring the experiment with an average wind speed of
6–7 m s�1.
Even though the wake system defines a wider spa-

ial extent in general, in what follows we use the term
�ship� wakes” to refer to water immediately behind a
hip or in the centerline wake along the ship track,
ithin which high concentrations of bubbles are

ound.

. Model Simulations

e used an advanced in-water radiative transfer
odel, HydroLight,28 to verify further the role played

y wake bubbles in modifying the spectral variation
f reflectance observed in ship-wake zones in differ-
nt waters.
In the model, only bubbles are assumed to be in-

roduced by ship wakes. The background waters are
ssumed to be case 1, and their optical properties are
alculated with models built into HydroLight for the
bsorption,29 scattering,30 and phase function31 for
hese water types. During the Ocean Wake experi-
ent, the chlorophyll concentration is measured at

.1 mg m�3 for the surface water and a deep chloro-
hyll maximum of 0.5 mg m�3 is assumed to be lo-
ated at 50 m depth.32 For the Far Coast Wake
xperiment, a constant chlorophyll concentration of 3
g m�3 is assumed to a depth of 40 m.22 The as-

umption of case 1 water type obviously does not
pply to the Near Coast experiment site �indicated by
he filled triangle in Fig. 1�, for which, however, we do
ot have sufficient knowledge of the inherent optical
roperties either. To examine how this uncertainty
ffects our results, we simply use the same case 1
odels for this site and assume a chlorophyll concen-

ration of 10 mg m�3 down to a 10-m depth. The
odels we choose to use are not meant to reproduce

he exact optical characteristics of the field; rather
hey are used to define an approximate background
tate, against which we are interested in the reflec-
ance enhancement only as a result of injected bub-
les by ship wakes. For example, the model gives a
otal attenuation coefficient at 490 nm of 1.32 m�1 for
he Far Coast Wake, compared with the ship deter-
ination of 1.62 m�1.
For all the simulations, the phase function is cal-

ulated for bubbles of sizes between 1 and 300 �m
ith a protein coating of 0.1 �m thick,33 and the
ean scattering cross-sectional area is 3.6 � 10�8

2, a value representative of wind-generated bubble
126 APPLIED OPTICS � Vol. 43, No. 15 � 20 May 2004
opulations.21 The bubbles are assumed to be dis-
ributed uniformly in the top 1 m. The bubble con-
entration is determined from Eq. �3� with in situ
easurements of the increased reflectance.

. Results

. Ocean Wake Experiment

he reflectance measured at three stations along the
quator, 163.60E, 176.30W, and 170.19W, during the
cean Wake experiment are shown in Fig. 2�a�.
learly the reflectance inside the wake is elevated
ver the entire visible spectrum against the back-
round state, in agreement with the prediction of Eq.
2�. The increased reflectance, albeit slightly, was
bserved in the near infrared as well 
Fig. 2�a�, inset�.
ote also that the reflectance enhancement between
50 and 800 nm is relatively uniform, consistent with
hat we found for the wind-generated bubble popu-

ations �Subsection 2.C�. The reflectance spectra for
ll of the wake-free waters are similar, which is typ-

ig. 2. �a� Comparison of measured reflectance between the in-
ide �curve with stars� and the outside �plain curve� of the wake
one at three stations along the equator during the Ocean Wake
xperiment 
from West to East, 163.60 E �solid curve�, 176.30 W
dashed curve�, and 170.19 W �dotted curve��. The inset is an
nlarged view of the measurements between 700 and 800 nm. �b�
hape of the measured reflectance spectra at the St. 170.19 W
ormalized by the corresponding integral over the waveband 400–
00 nm.
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cal for this region where the optical properties do not
hange very much in the surface layer. It varied
nside the wakes for different stations, probably be-
ause of variations in the concentration of bubbles
enerated by the propeller of the vessel.
From west to east �i.e., in the following order:

63.3E, 176.E, 170.19W�, the blue–green ratios, �440–
50, of the background water were 3.09, 3.28, and
.79, and they decreased to 2.67, 2.42, and 1.60, re-
pectively, in the wake. The spectral distribution of
he reflectance also changed in the wake zones. An
xample of the spectral change is shown in Fig. 2�b�,
n which the reflectance spectrum for both back-
round and wake waters measured at station
70.2°W is normalized to its integrated value over the
ntire spectrum. Clearly the steepness of the back-
round spectrum that strongly favored blue wave-
engths is flattened by the introduction of bubbles,
nd relatively more light from green and longer
avelengths contributes to the reflectance spectrum.
Using Eq. �3�, we estimated that the enhanced bub-

le concentrations at the three stations, from west to
ast, were 1.6 � 106, 2.2 � 106, and 7.4 � 106 m�3,
espectively. The concentrations are comparable
ith the wake-bubble density of 6 � 106 m�3 mea-

ig. 3. Comparison of the increased reflectance between the mea-
urements and the model simulations for �a� St. 170.19 W of the
cean Wake �OW� and the Near Coast Wake experiments and �b�

or the Far Coast Wake �FCW� at 500 m behind the ship.
ured acoustically for a destroyer at 15 kn.11 Figure
�a� shows the comparison of reflectance enhance-
ent between measurement �solid curve� and model

esults �solid curve with circles� for the station at
70.19W with an estimated wake-bubble concentra-
ion of 7.4 � 106 m�3. The variations in the reflec-
ance observed in the Ocean Wake experiment are
argely reproduced by the model prediction. The de-
iations ��15%� found in the visible wavelengths are
artly due to errors associated with defining the ini-
ial state of the absorption and the scattering. The
bsorption errors are almost completely inherited in
he reflectance difference, whereas the scattering er-
ors are only partially canceled out because of the
ultiple-scattering effects between bubbles and the
naccounted particles.

. Near Coast Wake Experiment

he reflectances measured outside and inside wakes
uring one wake crossing are shown in Figure 4�a�.
he amplitude of the background reflectance for
avelengths below 500 nm is smaller than that mea-

ured during the Ocean Wake experiment because of
he presence of high concentrations of absorbing ma-
erials, such as phytoplankton and dissolved organic

ig. 4. Same as Fig. 2 except for the Near Coast Wake experi-
ent. In both Figs. 3�a� and 3�b�, the solid curve is for measure-
ent inside the wake, and the dotted curves for measurements

aken outside.
20 May 2004 � Vol. 43, No. 15 � APPLIED OPTICS 3127
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aterial; the opposite is true for the longer wave-
engths because of strong scattering by high concen-
rations of suspended particles. The reflectance is
ominated by a green–yellow signal �550–600 nm�;
he shoulder between 600 and 650 nm is likely re-
ated to brownish particulates suspended in the
oastal water. The fluorescence peak at 680 nm is
learly visible, suggesting a high concentration of
hytoplankton pigment. Despite the significant dif-
erences in the background spectral signatures be-
ween the Near Coast and the Ocean Wake
xperiment sites, the general optical effect of the ship
akes is the same, i.e., the reflectance increases over

he entire spectrum. Note that the measurements
ere noisy between 750 and 800 nm, probably be-

ause of the high turbidity of the water. Despite
hat, the reflectance between 750 and 800 nm is rel-
tively constant for both background and wake wa-
ers, and the reflectance enhancement is
pproximately 1 � 10�4 sr�1, which translates into a
ubble concentration of 3.7 � 106 m�3 
Eq. �3��.
Contrary to the observation of a decrease in the

lue–green ratio in the Ocean Wake experiment,
440–550 increased slightly from 0.338 outside of the
akes to 0.380 inside the wakes and the water within

he wake in the Near Coast became less green than
efore 
Fig. 4�b��. However, the spectral variation in
he Near Coast Wakes is small compared with that
ound in the open ocean, and visually there is little
ifference in the color of the sea in the wake zone,
xcept in foam patches.
Three sequential �90-s intervals� size spectra of

hip-wake bubbles, derived from the underwater
amera measurements during the same crossing, are
hown in Figure 5. The size range of bubbles that
ould be identified is between 40 and 400 �m. The
nitial size spectrum outside of the wake showed a
lope of ��1 for bubbles less than 120 �m and �4 for
arger bubbles. This size variation agrees with the-
retical predictions34 and with field observations for
ind-generated bubbles,35,36 although the slope for

ig. 5. Size distributions of ship wake bubbles determined by the
nderwater camera during the Near Coast Wake experiment, and
heir variation with time. N0 in the legend denotes the total
umber density of bubbles that could be resolved by the camera.
128 APPLIED OPTICS � Vol. 43, No. 15 � 20 May 2004
he smaller part of the size spectrum is somewhat
maller. The size spectrum assumes a less variable
lope of �1.5–�2.5 3 min later. The total number of
ubbles within this size range decays with time, from
pproximately 1 � 106 m�3 initially to 3 � 105 m�3

fter 3 min. These numbers are slightly lower than
he value of 3.7 � 106 m�3 estimated directly from the
eflectance by use of Eq. �3�. This is because the
amera was not able to identify bubbles that attach to
articles that are present in high concentrations and
ecause the camera cannot resolve smaller bubbles,
hich also exist in large numbers. Therefore the
gures provide a lower bound on the actual bubble
ensity created by the ship wakes.
By use of the bubble concentration derived from the

eflectance measurement, the model gave a better
omparison with the measurement in general, and
he results are shown in Fig. 3�a� �dotted curves with
nd without circles�. Bubbles account for most of
he optical variations that are observed in this very
urbid coastal water. Relatively large errors found
etween 600 and 700 nm �corresponding to the shoul-
er in Fig. 4� are probably due to multiple-scattering
ffects between bubbles and nonphytoplankton par-
icles, the latter of which are not included in the
odel we used.

. Far Coast Wake Experiment

series of points along the ship track was chosen and
he corresponding reflectances estimated from the
HILLS-2 imagery 
Fig. 6�a��. Compared with Fig.
�a� and 4�a�, which are based on direct surface mea-
urements, the reflectance measured from the air-
raft in the coastal waters off New Jersey shows a
ignificant increase in the magnitude for the entire
pectrum and a stronger relative weighting of the
pectra in the blue. Both effects are due to strong
ontributions by atmospheric scattering and direct
pecular reflection of skylight. The reflectance for
he wake waters, however, is higher than that of the
ackground water, with magnitudes decreasing away
rom the ship along the centerline of the wake. The
eflectance spectra of the background waters show
ittle variation ��2%� in terms of their magnitude
nd spectral shape, which supports our assumption
hat uncertainties that are due to variation of the
tmospheric path length within the wake zone have a
imited effect on the measured spectral radiance.
hown in Fig. 6�a� �the bottom solid curve� is a rep-
esentative spectrum of the background water �in-
luding atmospheric scattering and surface specular
eflection contributions�.

Because of the strong influence of the atmospheric
cattering on the airborne measurement of the wake
eflectance, we have to remove the atmospheric effect
efore evaluating the spectral variation in the Far
oast Wake experiment. Figure 6�b� shows the dif-

erence in the reflectance spectra between the wake
ater and the background water. The wake waters
ver 1.2 km behind the ship are almost indistinguish-
ble from the surrounding waters in terms of surface
eflectance. Wake waters closer to the ship ��500
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� show enhanced reflectance in the green wave-
engths, whereas wake waters farther away show a

ore or less uniform increase. As already pointed
ut, the atmospheric contribution to the measured
eflectance is largely canceled out in the difference
pectrum. However, a visual comparison for the
avelengths 750–800 nm between Fig. 6�b� and Fig.
�a� indicates high reflectance values. For example,
00 m behind the ship, the reflectance enhancement
n this infrared band is more than an order of mag-
itude higher than the measurements in the other
wo sites.

We therefore make several assumptions to esti-
ate the bubble concentration for the Far Coast
ake: first, that the initial concentration of bubbles

n the Far Coast Wake is the same as that in the
cean Wake �7.4 � 106 m�3�; second, that the bubble

oncentration decays at the same rate as in the Near
oast Wake �losing 25% after 1.5 min and 70% after
min; see Fig. 5�; and third, that the vessel velocity

s 15 kn ��7.5 m s�1�. The bubble concentration
hus derived 500 m behind the ship is approximately

ig. 6. �a� Hyperspectral reflectance derived from the airborne
ensor PHILLS-2 for the ship, background water, and wake water.
rom top to bottom, the reflectance within the ship wakes �dotted
urve� was sampled at an increasing distance away from the ship.
b� The increased reflectance of ship wakes against the background
ater. The numbers shown are the distance from the ship at
hich the reflectance spectrum is estimated.
.5 � 106 m�3. The increased reflectance calculated
rom the model 
dashed curve of Fig. 3�b�� was com-
ared with the measurement 
solid curve of Fig. 3�b��.
lthough there is a shift in the overall magnitude
etween the two curves, the general spectral varia-
ions are similar. For example, both model and ob-
ervation show a slow increase of reflectance from
00 to 550 nm, a quick decrease from 550 to 600 nm,
slow decrease again from 600 to 750 nm, and little

hange between 750 and 800 nm.

. Discussion

he in situ observations in both the open ocean and
he coastal waters have shown that optical reflec-
ance is enhanced in waters inside ship wakes across
he entire visible and near-infrared portion of the
pectrum. Waters showing increased reflectance
re contained within the centerline wake, even
hough wake waves spread over a much wider range.
iven the assumption that only bubbles are intro-
uced in ship wakes, the model predictions compared
ell with field measurements of the increased reflec-

ance. This suggests that bubbles account for most
f the optical variability that can be observed in the
ake zone.
The color change, however, is different for various
ater regimes. In the Ocean Wake experiment, the
ake water is greener than the background water

Fig. 2�b��, whereas in the Near Coast Wake experi-
ent, there is very little change in the color of the sea

Fig. 4�b��. Colorless themselves, bubbles can mod-
fy the color of the ocean only through the scattering
rocess; after being injected into the ocean, bubbles
ncrease the scattering, especially in the backward
irections, equally across the entire visible and near-
nfrared spectra. The net effect is to enhance and
atten out the backscattering spectrum. In a turbid
egion, such as the Near Coast Wake site, the particle
oncentration, especially of large particles, is very
igh, and the backscattering spectrum is normally
at,15 and there would be little change in the back-
cattering spectrum. The resulting color change is
lso modulated by the absorption spectrum 
Eq. �2��.
he greener wake water observed in the open ocean is
artly due to the absorption minimum in the shorter
avelengths as the chlorophyll, and the colored dis-

olved organic matter �CDOM� concentrations are
ow. However, if there is a strong absorption in the
horter wavelengths, say, in the presence of a high
oncentration of CDOM, the broadening of the back-
cattering spectrum into the green will be signifi-
antly neutralized by the strong absorption of CDOM.
s a result, ship wakes will show little change in the
olor in this type of water, such as might be found in
clear lake.
Although bubbles can explain most of the spectral

ariability in the reflectance as observed in a wake
one by an in-water measurement, there are other
actors that also potentially contribute to reflectance
hanges recorded from an above-water observation
Fig. 3�b��. If the incident light field remains the
ame, the factors other than bubbles that are intro-
20 May 2004 � Vol. 43, No. 15 � APPLIED OPTICS 3129
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uced by ship wakes and that can also possibly affect
he reflectance spectrum include turbulence, changes
n the surface roughness, and formation of foam re-
ulting from bubbles bursting at the surface. Tur-
ulence can potentially affect light scattering in the
pper water layer that can be observed from both
bove-water and in-water measurements,37 wake
aves have been found to increase the probabilities of

un glitter by enhancing the dynamic angular range
f surface capillary waves,6 and foam will also in-
rease the reflectance across the entire spectrum.38

. Effect of Turbulence-Induced Scattering

hip wakes also produce, in addition to bubbles, tur-
ulence, which in turn will cause small disturbances
f the refractive index on the microscale. These
mall-scale variations in the refractive index will pri-
arily modify the volume scattering function at the

ear-forward angle and hence increase the scattering
agnitude; however, the effect is largely limited to

ery small angles ��0.1°�.37 Gordon39 showed that
he upwelling radiance could be estimated with an
rror of less than 5% if the uncertainty in the small-
ngle scattering is limited to within 15°. Therefore
e expect that the wake turbulence-induced scatter-

ng has a maximum influence on the measured re-
ectance of less than 5% within the ship wakes. The
ncertainty associated with turbulent scattering
ight account for some difference of Fig. 3�a�, but its
agnitude is too small to explain the discrepancy

ound in Fig. 3�b�.

. Effect of Surface Roughness

hip wakes also introduce added surfactants, result-
ng in reduced surface roughness that will affect ob-
ervations from above water. Mobley40 found that
oughened surfaces tend to reflect more direct sun-
ight and skylight into an above-water sensor than
alm surfaces �depending on the viewing–
llumination geometry�, which results in changes in
oth the magnitude and the spectrum of the mea-
ured surface reflectance above the water. The tur-
ulence generated by a moving ship is located
mmediately surrounding the ship4 and diminishes
ery quickly away from the ship. Wake waves can
lso increase the roughness and can extend far
stern. Munk et al.6 interpreted the V-like wakes
ehind surface ships revealed in optical images from
space shuttle in terms of sun glitter from the tilted

acets of a Kelvin wake. These V-like glitter pat-
erns, however, have a very wide angle ��19.5°� with
espect to the ship’s velocity vector. The wake area,
hich shows increased reflectance in our analysis, is

ocated in the centerline wake, which tends to have
educed surface roughness that is due to the damping
ffect of organic films released by bubbles as they
reak at the surface.3
The Far Coast Wake experiment took place at ap-

roximately 9:30 a.m. local time with a sun zenith
ngle of �50° and a relative azimuth angle of �94°
etween the viewing plane and the solar plane.
hus only wake facets with a tilt between 25° and
130 APPLIED OPTICS � Vol. 43, No. 15 � 20 May 2004
7.5° from the vertical and an azimuth orientation of
47° relative to the Sun can potentially produce sun

litter in the PHILLS-2 sensor with a half-angle view
f 17°.41 Given the wind speed of �6 m s�1 at the
ime when the PHILLS-2 passed the site, the proba-
ility for the capillary wave facets to have a tilt as
igh as 25° is �1.5%.42 Because the small-scale
oughness in the centerline wake will be significantly
educed by the presence of accumulated surfactant
aterial released by bursting bubbles, we expect the

robability to be even lower than 1.5%. For the
ore difficult problem of sky glitter, we would need to

onvolute the full sky radiance distribution with a
tatistical description of the surface slope variance
or a complete solution. However, given that the
resnel reflectance coefficient varies only weakly for
ngles of less than 30° or so, and given the particular
onditions experienced here �weak winds and clear
kies, viewing angle close to nadir and normal to the
un’s plane� it is unlikely that the observed increases

n reflectance would result from changes in surface
oughness.

. Effect of Foam

oam is generated by moving ships and forms the
dge of the centerline wake zone. Bubbles that float
o the surface but do not break also contribute to foam
ormation. For each pixel of the PHILLS-2 sensor,
his foam also contributes to the above-water mea-
urement, weighted by the fractional foam coverage
n the area of each pixel. Relative to the background
eflectance, the sensor measured a reflectance en-
ancement 
solid curve of Fig. 3�b�� as

�Rrs � W�Rrs, f � Rrs� � �1 � W��Rrs,w � Rrs�

� WRrs, f � Rrs,w � Rrs, (4)

here W is the fractional coverage of foam, and the
ubscripts f and w indicate foam and wake, respec-
ively. The approximation takes place because we
ave assumed that the foam reflectance is much
igher than the reflectance of foam-free waters.
ote that the atmospheric contribution is assumed to
e canceled out in Eq. �4�.
From Fig. 3�b�, we have �Rrs �solid curve� and

rs,w � Rrs �dashed curve� the term WRrs,f of Eq. �4�,
he weighted contribution by foam to the measured
eflectance, accounts for the difference between the
wo curves. Because our estimate of Rrs,w � Rrs is
ased on assumptions regarding the optical proper-
ies of the background water and the bubble concen-
ration, there are unknown errors in the calculation.
owever, the error is well constrained in the spectral

ange between 750 and 800 nm because reflectance is
mall even for bubbly water. For example, a 100%
ncertainty in this band would incur only a 5% error
or the estimate of WRrs,f, whereas the same amount
f uncertainty of Rrs,w � Rrs in the green bands would
ause a 40% error in WRrs,f. WRrs,f thus determined
or the wavelengths between 750 and 800 nm is
0.0037 sr�1. Assuming a neutral spectrum for the
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oam reflectance,43,44 we reconstructed �Rrs by using
q. �4�, which is shown as a dotted curve in Fig. 3�b�.
The comparison of the reconstructed �Rrs with the
easurement suggests that we have largely restored

he magnitude of measured reflectance in the wake
one by taking foam into account. We also note that
he reconstructed �Rrs is systematically lower than
he measurement in the wavelengths between 450
nd 700 nm. This is probably due to our assumption
f a white reflectance spectrum for the wake foam.
ecently, field measurements of wind-generated

oam have shown that foam actually reflects more in
he visible than in the near-infrared wavelengths.38,45

better agreement can be achieved if we use a 15%
igher foam reflectance in the visible �result not
hown�; the value is somewhat lower than the mea-
ured foam-reflectance spectrum both in the open
cean �20%�45 and in the surf zone �30%–35%�.38

bviously, if we know Rrs,f, we can easily estimate
he foam coverage W. Given the wide range of val-
es of Rrs,f that have been reported, the foam cover-
ge estimated �500 m behind the ship� varies between
% and 20%.

. Conclusions

ield observations of hyperspectral reflectance have
evealed that ship wakes change the ocean remote-
ensing reflectance in both the magnitude and in the
pectral shape. Using an advanced radiative trans-
er model, we confirmed that bubbles produced in
hip wakes can account for most of these variations,
ither directly or as contributions from foam and
cavenged surfactants. The wake foam also shows
educed reflectance toward infrared wavelengths,
hich is consistent with previous measurements for
hitecaps. Turbulence and changes in the surface

oughness, both of which are also introduced by ship
akes, have a minimal impact on the measured re-
ectance within the wake zones in the particular
ases investigated. Note, however, that, under fa-
orable viewing geometry, the smooth centerline
ake can produce variations in specular sun glitter
nd changes in apparent sky reflectance for a remote
ensor.6
The injection of wake bubbles, although colorless

hemselves, increases the scattering equally across
he entire spectrum and can potentially change the
olor of water in the ship-wake zone. The color shift
s most evident in the open ocean, where the weak
bsorption in the shorter wavelengths helps accentu-
te the broadening of the backscattering spectrum;
onsequently wakes appear greener. In turbid wa-
er, as the concentration of particulates increases the
ackscattering spectrum in a more spectrally neutral
ay, bubbles have less effect on changing the color of

he sea. The amplitude of the reflectance is en-
anced, but ship wakes show little color change in
urbid waters.

These optical influences in the wake zone will de-
ay with time. The measurements of the size spec-
ra of wake bubbles suggest that only 30% of the
opulation remain after 3 min. The remaining bub-
les, however, can still produce a distinctive hyper-
pectral signature, which can be resolved for �1 km
ehind the ship in the coastal waters.
The wake bubbles are in a more or less spatially

onfined region astern of moving vessels at sea. The
ptical influences of bubbles injected by surface ships
an be extended to natural bubble populations, which
ave a much larger spatial extent and can therefore
otentially affect satellite and aircraft observations
f the color of the sea. As shown in Figs. 2�a�, 4�a�,
nd 6�b�, the enhanced scattering of bubbles will in-
rease the reflectance over both the visible and the
ear-infrared wavelengths and invalidate the black
ixel assumptions46 used in routine atmospheric cor-
ection for ocean color remote sensing. The applica-
ion of many case I water bio-optical algorithms will
ail in the presence of significant bubbles as the chlo-
ophyll concentration will be overestimated because
f the misinterpretation of the green shift in the spec-
ral reflection caused by the injection of bubbles into
he upper ocean.
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