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Computing Coastal Ocean Surface Currents From
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Abstract—Many previous studies have demonstrated the viabil-
ity of estimating advective ocean surface currents from sequential
infrared satellite imagery using the maximum cross-correlation
(MCC) technique when applied to 1.1-km-resolution Advanced
Very High Resolution Radiometer (AVHRR) thermal infrared
imagery. Applied only to infrared imagery, cloud cover and unde-
sirable viewing conditions (gaps in satellite data and edge-of-scan
distortions) limit the spatial and temporal coverage of the resulting
velocity fields. In addition, MCC currents are limited to those
represented by the displacements of thermal surface patterns,
and hence, isothermal flow is not detected by the MCC method.
The possibility of supplementing MCC currents derived from
thermal AVHRR imagery was examined, with currents calculated
from 1.1-km-resolution Moderate Resolution Imaging Spectrora-
diometer (MODIS) and Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) ocean color imagery, which often have spatial patterns
complementary to the thermal infrared patterns. Statistical com-
parisons are carried out between yearlong collections of thermal
and ocean color derived MCC velocities for the central California
Current. It is found that the image surface patterns and resulting
MCC velocities complement one another to reduce the effects of
poor viewing conditions and isothermal flow. The two velocity
products are found to agree quite well with a mean correlation
of (.74, a mean rms difference of 7.4 cm/s, and a mean bias less
than 2 cm/s which is considerably smaller than the established
absolute error of the MCC method. Merging the thermal and
ocean color MCC velocity fields increases the spatial coverage by
approximately 25% for this specific case study.

Index Terms—California Current (CC), coastal ocean sur-
face currents, maximum cross-correlation (MCC) method, ocean
color imagery, thermal infrared Advanced Very High Resolution
Radiometer (AVHRR) imagery.

I. INTRODUCTION

MAJOR problem in physical oceanography is the chal-

lenge of mapping the complex mesoscale structure of
surface currents in the coastal regions of the world’s oceans.
Any surface-current mapping method must be capable of re-
solving these mesoscale features and their variations in time
and space in order to study the characteristics of these currents.
Earlier studies have demonstrated that the maximum cross-
correlation (MCC) feature tracking method can be applied to
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sequential 1.1-km Advanced Very High Resolution Radiometer
(AVHRR) thermal infrared imagery to estimate the mesoscale
surface-current field. This technique has been proven to be
useful in mapping the short space and time scale structures
of the East Australian Current [1], [2], the Gulf Stream [3],
the California Current (CC) [4], [5], and the coastal waters
off British Columbia [6]. However, the MCC method is often
limited by thermal imagery with low surface gradients, undesir-
able viewing conditions (cloud cover, gaps in satellite data and
coverage, and edge-of-scan distortions), and isothermal flow.
These image characteristics result in MCC velocity fields that
have highly variable spatial and temporal coverage.

An increase in coverage would result if an additional source
of complementary imagery could be used in conjunction with
AVHRR data to derive surface currents using the MCC method.
Ocean color imagery offers a supplemental dataset which also
has a resolution of 1.1 km. It has been shown [7] that phy-
toplankton act as tracers of the currents and may be used to
calculate ocean velocities since their movements are controlled
by advection. The study in [8] successfully computed ocean
surface velocities by applying the MCC method to four pairs of
Coastal Zone Color Scanner (CZCS) images. The study in [4]
used the MCC method to track feature displacements between
a single pair of CZCS images. While these studies suggest
that the MCC method can be effectively applied to sequential
ocean color imagery, their analysis was limited to a relatively
small dataset.

This paper examines the possibility of supplementing MCC
currents derived from thermal AVHRR imagery with currents
calculated from ocean color imagery to increase the spatial
and temporal coverage of the MCC velocity fields. This in-
crease is accomplished in part by the fact that the ocean
color patterns are not necessarily coincidental with the thermal
infrared patterns, thus helping to resolve isothermal flow. The
other benefit is a simple increase in the overall MCC sample
size, thereby increasing the statistical reliability of the current
estimates.

The correspondence between thermal and ocean color MCC
velocities for 2003 is evaluated for the central CC. We first
demonstrate that ocean color imagery can have strong gradients
in regions of isothermal flow, which can be tracked by the MCC
method to produce velocities that complement the thermal-
derived velocities. We also show how the addition of ocean
color imagery increases the observational sampling rate of the
ocean surface, thereby ameliorating the effects of transient
clouds and other undesirable image characteristics. Statistical
comparisons are carried out between seasonal velocity com-
posites to verify that thermal and ocean color MCC velocities
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First Image Second Image

Fig. 1. MCC method. The solid box in the first image has been labeled as the
“template subwindow”; this is the pattern to search for in the second image.
The larger dashed box in the second image is called the “search window.”

accurately depict the seasonal cycle and represent similar cur-
rent fields in space and time. Correlations, root mean square
(rms) differences, and bias statistics are compared with previ-
ous MCC error estimates to determine the level of agreement
between thermal and ocean color derived velocities. Finally,
we present the increase in velocity vector coverage provided
by the addition of ocean color MCC velocities. Past studies
have applied the MCC method to a limited time series of ocean
color data, and to our knowledge, this is the first comprehensive
comparison that has been carried out between thermal and
ocean color derived surface currents.

II. MCC METHOD

The MCC method [6], [9] is an automated procedure that
calculates the displacement of small regions of patterns from
one image to another. The procedure, illustrated in Fig. 1, cross
correlates a template subwindow in an initial image with all
possible subwindows of the same size that fall within the search
window of a second image. The location of the subwindow in
the second image that produces the highest cross correlation
with the subwindow in the first image indicates the most likely
displacement of that feature. The velocity vector is then calcu-
lated by dividing the displacement vector by the time separation
between the two images.

The main parameters controlling the MCC method are the
minimum and maximum allowable time separation between
images, the size of the template subwindow, and the size of
the search window. The studies in [3] and [4] utilized thermal
imagery and found that MCC velocities are most productively
computed when the separation between images is less than 12 h.
Ocean color images, however, are discretely separated by either
3—4 h or 21-27 h. In order to have enough velocity data points
for this paper to be feasible, the use of a longer maximum time
separation must be investigated. To do this, correlations were
computed between thermal and ocean color velocities derived
from image pairs with various time separations. This analysis is
described in detail at the beginning of Section V and suggests
that MCC currents can be consistently computed from time
separations greater than 12 h.

The size of the template subwindow is a balance between
containing enough features for tracking (and hence having
enough degrees of freedom for a statistically significant cor-
relation) and smoothing out the structure of the flow. After
comparing a number of velocity fields derived from various

template sizes, we determined that a 22 x 22 pixels (24.2 x
24.2 km) box best represented the motion seen in computer
animations of sequential imagery. We also specified an overlap
of 11 pixels between consecutive subwindows to increase the
grid resolution to 11 x 11 pixels (12.1 x 12.1 km).

The search window in the second image must be large
enough to accommodate the largest expected velocity, which
was specified as 70 cm/s for a number of reasons. The study in
[10] indicates that high-velocity jets located off the California
coast are characterized by core speeds that exceed 50 cm/s.
After testing various maximum velocity thresholds, we found
that the MCC method detected very few velocities greater than
70 cm/s and that a majority of these vectors were spatially inco-
herent. Velocities of this magnitude likely result from erroneous
high correlations, as discussed in [1]. Minimizing the velocity
threshold reduces the possibility of obtaining a high correlation
by chance and decreases the MCC processing time.

A raw MCC output velocity field contains vectors at every
grid point, many of which result from low correlations. To
capture vectors that accurately depict the ocean surface cur-
rents, the raw MCC vectors must be strictly filtered. The first
filter employed is a correlation cutoff, which removes vectors
that result from poorly correlated subwindows. As described in
[1], the correlation cutoff value is increased with an increasing
search range to reduce the possibility of obtaining a high corre-
lation coefficient by chance. The second filter is a next-neighbor
filter which removes spatially incoherent vectors. This filter
requires that the immediate neighboring vectors surrounding
a target vector agree to within a certain magnitude. For this
paper, it is required that both the u and v components of three
neighboring vectors are within 10 cm/s of the target vector
components.

After the filtering process is complete, the individual vector
fields can be composited over a specified period of time to
increase the spatial coverage and depict the mean flow. It is
important to note that the composite vector field will represent
the mean flow (or close to the mean flow) only if there is a
consistent vector coverage throughout the compositing period.
If the coverage is intermittent, the composite field will contain
velocities from various times throughout the compositing pe-
riod and could have a temporal bias. In this case, the composite
field has improved spatial coverage, but does not represent the
mean flow. Rather, it is simply a merged view of instantaneous
velocities taken from different times during the compositing
period.

A number of past studies have analyzed the accuracy of the
MCC method by comparing MCC velocities derived from ther-
mal AVHRR imagery to independent current measurements.
The study in [4] compared MCC currents to acoustic Doppler
current profiler (ADCP) data and geostrophic velocities com-
puted from dynamic height data and found rms difference
errors on the order of 25 cm/s. The study in [5] processed
11 AVHRR images from a three-day period and suggested
that MCC currents underestimate drifting buoy and ADCP
currents by 30%—-50% and have rms directional differences on
the order of 60°. However, these differences were comparable
to the differences between ADCP and drifting buoy currents.
The study in [11] found the maximum correlation coefficient
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between MCC and geostrophic currents to be 0.73. The study
in [1] processed seven years of AVHRR data using the MCC
method and compared the resulting currents with geostrophic
currents computed from dynamic height data, satellite altimeter
currents, and drifting buoy currents. They estimate the precision
of the MCC method to be between 8 and 20 cm/s. These studies
all conclude that the MCC method is an effective technique for
determining the mesoscale surface flow. If the error between
AVHRR and ocean color derived MCC velocities is within the
range of error established by these past comparisons, it is strong
evidence that AVHRR and ocean color MCC velocities can be
merged together to increase the spatial and temporal coverage
while maintaining the overall accuracy of the MCC method.

III. SATELLITE IMAGERY AND INDIVIDUAL
MCC VELoOCITY FIELDS

In this section, we first describe the imagery that is used in
this paper and the resulting individual surface velocity fields
(“individual” refers to a postfiltered precomposited single vec-
tor field derived from two sequential images). Sample images
and their corresponding vector fields are presented to illustrate
how the addition of ocean color increases the overall vector
coverage by reducing the effects of isothermal flow, clouds, and
lack of satellite data.

The vectors analyzed in this paper were derived from two
separate sets of images located within the region 32° N to 42° N
and -118° W to -132° W. The first set is a year-long collection
of AVHRR thermal infrared (11 pm) images obtained from the
National Oceanic and Atmospheric Administration (NOAA)
12, 16, and 17 polar-orbiting satellites in 2003. The study in [1]
demonstrated that it is more effective to use 11-um brightness
temperature (BT) images than computed sea surface temper-
ature (SST) images for the MCC application. This is due to
the fact that the standard SST algorithm uses the difference be-
tween AVHRR channels 4 and 5 as part of the SST calculation,
which has the effect of amplifying the noise in the resulting SST
image. Cross correlations were found to be consistently higher
if 11-pm BTs were used instead of an SST product.

Since the MCC method computes velocities from feature
displacements, precise image registration is essential since any
errors in geolocation will be treated as surface displacements,
producing errors in the estimates of the surface velocities.
The images have been geolocated to an estimated 1-km pixel
accuracy using the method described in [12]. AVHRR images
are also cloud masked so that cloud motion is not detected by
the MCC method. Nominally, six AVHRR thermal BT images
were available per day (two images from each satellite). An
example thermal image from October 27, 2003, is presented in
Fig. 2 along with the vector field that was computed from the
image shown and an AVHRR image acquired on the same day
at 11: 00 GMT.

The second set of images are chlorophyll_a concentra-
tions from the Moderate Resolution Imaging Spectroradiometer
(MODIS) (onboard the Aqua and Terra satellites) and Sea-
viewing Wide Field-of-view Sensor (SeaWiFS) (onboard the
SeaStar satellite) ocean color sensors and were obtained from
the Goddard Space Flight Center (GSFC) Distributed Active
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Fig. 2. Channel 4 (11 pm) AVHRR image from October 27, 2003, at 22:24
GMT and MCC vectors derived from this image, and an AVHRR image
acquired on October 27 at 11:00 GMT. Vectors in subregions A, B, and C are
compared to those in Fig. 3 to illustrate the complementary nature of thermal
and ocean color derived MCC velocities and how merging these two products
increases the vector coverage. (Subregion A) The thermal-derived MCC vectors
are located at the center and southwest edge of the rotating eddy feature. The
thermal gradient along the upper edge of the feature is too weak to be tracked
by the MCC method. (Subregion B) The number of MCC vectors is limited due
to extensive cloud cover. (Subregion C) The MCC vectors are located along
the northern and western edge of this region where there is a relatively strong
thermal gradient.

Archive Center. This collection of ocean color imagery spans all
of 2003 and covers the same geographic region as the AVHRR
imagery. The 1.1-km-resolution MODIS ocean color data were
converted to chlorophyll_a concentrations using the Chlor_a_2
algorithm [13]. The ~1-km resolution data from the SeaWiFS
instrument were converted to chlorophyll_a concentrations us-
ing the OC4 algorithm [14]. The MODIS and SeaWiFS data
systems at the GSFC performed the geolocation and cloud
masking of these images, which are accurate to within 1 km.
Since ocean color images are only produced from daytime
satellite imagery, nominally three images were available per
day (one from each satellite). A sample ocean color image
from October 26, 2003, is presented here in Fig. 3 along with
the vector field that was derived from the image shown and a
MODIS image acquired on the same day at 18:35 GMT.

Figs. 2 and 3 depict some general characteristics of the
thermal and ocean color imagery and illustrate the advantage of
deriving surface currents from both image sets. A comparison
between the images shown in Figs. 2 and 3 indicates that the
large-scale surface features are similar; however, the details of
these features are not the same, suggesting the complementary
nature of the two MCC-derived velocity fields. The source
of the infrared surface temperature patterns in this region is
coastal upwelling [15] which creates cold tongues that become
involved with local baroclinic instability processes, resulting
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Fig. 3. Chlorophyll a computed from MODIS ocean color data on
October 26, 2003, at 21:50 GMT and MCC vectors derived from this image,
and an ocean color image from October 26 at 18:35 GMT. (Subregion A) The
ocean color derived velocities are located along the northern and western edge
of the rotating eddy feature. The ocean color gradient is relatively weak in the
center where MCC velocities are not present. (Subregion B) This region is cloud
free in both ocean color images and facilitates extensive feature tracking as
evidenced by the large number of MCC velocities. (Subregion C) The MCC
velocities are not present because this region was beyond the edge-of-scan in
the corresponding image acquired at 18:35 GMT.

in mesoscale eddies and their associated offshore directed
tongues [16]. Chlorophyll surface patterns owe their existence
to the biological activity in the study region. The same coastal
upwelling that generates the cold tongues drives part of this
activity, but other influences also contribute to the details of the
ocean color surface patterns.

The thermal and ocean color surface patterns evolve similarly
over time, indicating that the forcing mechanisms responsible
for the patterns are similar. It is evident that the surface currents
advect the thermal and chlorophyll features in nearly the same
manner, such that the thermal and ocean color features and their
displacements have a high correspondence. For this reason,
spatially coincident thermal and ocean color derived MCC ve-
locities should correlate well in regions of large scale (relative
to the MCC template subwindow size of 22 x 22 pixels)
coherent flow, where features are advected linearly with min-
imal rotation and deformation. As an example, both thermal
and ocean color vectors identify a southerly flowing jet located
directly below subregion A in Figs. 2 and 3. It should be
noted that the MCC method is capable of identifying large-
scale rotations, such as eddies, by tracking the differential linear
translation of smaller features encompassed within the larger
rotating feature.

Ocean color features can complement thermal features, pro-
viding chlorophyll gradients where the thermal gradients are
nonexistent or too weak to be tracked by the MCC method. One
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Fig. 4. Combined thermal and ocean color vector fields from Figs. 2 and 3.
The thermal vector field was derived from an image pair acquired on October
27, 2003, and the ocean color vector field was derived from an image pair
acquired on October 26, 2003. Notice the complementary nature of the two in-
dependent velocity fields and how merging the two fields increase the coverage.
(Subregion A) By merging the thermal and ocean color derived velocity fields,
the eddy rotation is fully resolved. (Subregion B) Ocean color vectors provide
significant coverage improvement due to a lack of cloud cover. (Subregion C)
Thermal vectors provide surface-current information where ocean color data
are lacking.

example of this can be seen in subregion A of Figs. 2 and 3.
The thermal gradients along the northern and western edges of
the eddy are quite diffuse, and the MCC method was unable to
detect the feature displacements. However, the ocean color gra-
dients sufficiently define these edges of the eddy, such that the
MCC method is able to resolve the rotational flow. Conversely,
thermal imagery can complement ocean color imagery. On the
eastern side of the eddy, the MCC method was able to track the
thermal features, but was unable to produce ocean color vectors
due to weak gradients. Fig. 4 shows the two vector fields, with
the thermal velocities in red and the ocean color velocities
in black. Note that, the rotation in subregion A is clearly
resolved in the combined velocity field, but unresolved in the
separate fields.

The effects of cloud cover and a lack of satellite coverage
provide additional motivation for processing both thermal and
ocean color imagery and merging the resulting vector fields. In
Fig. 2, the ocean surface located within subregion B is almost
completely obscured by clouds, resulting in very few vectors.
This area is cloud free in the ocean color image pair, allowing
the calculation of surface velocities. The MCC method did not
track feature displacements in subregion C of Fig. 3 because
this area was located beyond the edge-of-scan in the ocean
color image acquired at 18:35 GMT. However, the two AVHRR
images from October 27 contain data for this region, and the
MCC method was able to calculate surface motion. Again,
Fig. 4 shows both the thermal (red) and ocean color (black)



CROCKER et al.: COMPUTING SURFACE CURRENTS FROM INFRARED AND OCEAN COLOR SATELLITE IMAGERY 439

Number of Vectors

Number of Vectors

J F M A M J J A S (e] N D

Fig. 5. Total number of MCC vectors per month in 2003 from (a) thermal
AVHRR and (b) ocean color imagery. It should be noted that ocean color images
are produced from daytime data only, while infrared images are collected during
both day and night.

velocity fields and illustrates the increase in spatial coverage
gained through the addition of ocean color derived vectors. The
number of vectors in the thermal, ocean color, and combined
fields are 533, 611, and 1021, respectively. For this one exam-
ple, the addition of ocean color vectors increases the spatial
coverage of thermal vectors by 92%. The maximum possible
number of vectors in a single velocity field is 6213 when the
grid spacing is 12.1 x 12.1 km.

IV. VELoCITY COVERAGE

The total number of thermal and ocean color MCC velocities
computed each month in our study region is shown in Fig. 5.
Due to the higher frequency of coverage provided by AVHRR
imagery, there are considerably more thermal than ocean color
velocities in almost every month of 2003. NOAA polar-orbiting
satellites provide global coverage twice per day, one daytime
image and one nighttime image. Since we used imagery from
three NOAA satellites, there were approximately six thermal
infrared AVHRR images available each day. The MODIS and
SeaWiFS instruments also provide global coverage twice per
day; however, ocean color images are only produced from data
acquired during the daytime as visible channels are used in the
algorithm. As a result, there were approximately three ocean
color images available each day.

The seasonal trend seen in the number of AVHRR and ocean
color vectors is mainly a result of the cloud cover climatology
of the study region, but is also influenced by the extent of
trackable features. It is well known that fall has the clearest sky
conditions off the coast of California, a fact which is clearly
reflected by the high number of vectors during August through
November. The spring of 2003 was a period of relatively high
cloud cover, resulting in the low number of vectors surrounding
April. The relatively large number of AVHRR vectors in mid
summer is a bit of a surprise since summer in this region is often
foggy and overcast due to the effects of coastal upwelling.

To determine the monthly variability in the extent of track-
able thermal and ocean color features, we normalize the Fig. 5
plots by their respective total annual number of vectors. There
are a total of 187858 thermal and 67703 ocean color MCC
velocities from 2003. The normalized plots, shown as Fig. 6,
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Fig. 6. Monthly percent of the total number of thermal and ocean color MCC
velocities in 2003.

depict the monthly percentage of the total number of vectors.
Assuming that clouds have a relatively equal affect on the
number of thermal and ocean color vectors on a monthly
basis, differences between the thermal and ocean color monthly
percentage of vectors will be due to differences in the extent of
trackable features.

During spring, there is a higher percentage of ocean color
derived than thermal-derived velocities, corresponding to the
spring phytoplankton bloom in the CC. The study in [17]
analyzed approximately seven years of CZCS imagery from
the CC region and found that chlorophyll concentrations reach
their annual maximum from May to June; however, these high
concentrations are located close to the coast. From March to
May, the concentrations are not quite as high, but the chloro-
phyll is distributed over a much larger area offshore. This
widespread distribution of chlorophyll corresponds to a large
extent of trackable features, leading to the high percentage of
ocean color MCC velocities found during spring. April appears
to be somewhat of an anomaly during this period, but the
reduction in the percentage of ocean color vectors during this
month is likely due to extensive cloud cover. This is supported
by the fact that the percentage of thermal vectors also decreases
to a minimum. By June, the spring bloom has subsided, and
there are more trackable thermal features than ocean color
features. Fall is characterized by a minimal cloud cover and a
second phytoplankton bloom [17], such that the percentage of
thermal and ocean color vectors is nearly the same. Chlorophyll
concentrations do not reach their annual maximum at this time,
but there are significantly high concentrations throughout the
extent of the study region that provide a large number of
trackable features.

Fig. 7 shows the spatial distribution of all thermal and
ocean color derived vectors from 2003. The thermal vectors are
distributed along the length of the California coast, with the
largest number of vectors occurring near San Francisco Bay.
The number of thermal vectors diminishes farther away from
the coast, with the coverage being poor toward the western
boundary of the study region. The ocean color vectors are
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Fig. 7. Spatial distribution of all (a) thermal and (b) ocean color derived
vectors in 2003. For both plots, the lowest contour level is five vectors, such
that grid points in the white areas may contain anywhere from zero to four
vectors. The largest number of vectors occur in regions where the trackable
surface features are most persistent. Note the different scales of the color bars.

concentrated along the southern California coast with the
largest numbers occurring in the Southern California Bight. The
ocean color vector coverage also decreases away from the coast
and does not extend as far west as the thermal vector coverage.

If we again assume that the spatial distribution of the clouds
is relatively the same in the thermal and ocean color imagery
throughout the year, it is evident that a majority of the trackable
thermal features are located close to shore along the entire
length of California, whereas the trackable ocean color fea-
tures are concentrated slightly farther offshore. One possible
explanation for this discrepancy is that nonadvective processes,
such as biomass reproduction, may control the chlorophyll
distribution along the inshore coastal region. Since the MCC
method is only sensitive to advection, the ocean color de-
rived velocities are concentrated slightly offshore where the
dominant mechanism controlling the chlorophyll distribution

is advection by the surface currents. The offset locations of
the most persistent trackable thermal and ocean color features
hints at the advantage of combining the two MCC products.
The high concentration of near-shore thermal-derived velocities
is complemented by the high concentration of offshore ocean
color derived velocities.

V. COMPARISONS OF MONTHLY AND SEASONAL
MCC VELocCITY FIELDS

A. Sampling Issues

Ocean surface velocity vectors were computed using the
MCC method for the cloud-free portions of image pairs sep-
arated by 3-31 h. Cloud cover, edge-of-scan distortions, lack
of data, and regions of isothermal flow result in MCC veloc-
ity fields with highly variable spatial and temporal coverage.
Compositing individual velocity fields increases the spatial
coverage and improves the accuracy of MCC-derived velocities
when compared to other surface current estimates [4], [11]. To
accomplish this task and to accentuate the dominant mesoscale
flow, we created monthly composites of thermal and ocean
color MCC velocity fields for 2003.

In order to assess the intrinsic correspondence between ther-
mal and ocean color derived surface velocities, all the coinci-
dent velocities (coincident thermal and ocean color velocities
are those that are located at the same grid location in a com-
posite velocity field) from the twelve monthly composites are
decomposed into their cross- and along-shore components. The
positive along-shore direction is defined as 26 degrees west of
North and the positive cross-shore direction is 26 degrees north
of East. This coordinate system better represents the coastal ge-
ography and physical nature of the currents in the study region.

As mentioned earlier, previous studies found that MCC ve-
locities are most successfully computed when the separation
between image pairs is less than 12 h. However, few ocean
color images have time separations within that range, so that the
maximum time separation was extended to 31 h. To determine
the effect of the image time separation on the consistency of
the thermal and ocean color MCC vectors, we calculated cor-
relations between thermal and ocean color vectors for various
time separations. Ocean color vectors were separated into two
groups, vectors derived from image pairs with a time separation
ranging from 3 to 4 h and vectors derived from images with
a 21-27-h separation. The time separations of all ocean color
image pairs fell in one of these two ranges. The distribution of
time separations for AVHRR thermal image pairs was much
more uniform, allowing the vectors to be divided into five
groups corresponding to the following image time separations:
3-7, 7-12, 12-19, 19-25, and 25-31 h. Thermal and ocean
color monthly composites were created for each respective time
separation range, and correlation coefficients were calculated
for all spatially coincident thermal and ocean color vectors.
Fig. 8 summarizes these results and shows correlations as a
function of thermal image time separation for the two ocean
color time separations. The results are analyzed in terms of the
thermal image time separations since they provide a sufficient
temporal distribution from which the effects of image time
separation can be examined.
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Fig. 8. Correlation coefficients between coincident thermal and ocean color

derived velocities in monthly composites as a function of image time sep-
aration. Correlations are computed for the cross- and along-shore velocity
components. Ocean color imagery is discretely separated by 3—4 or 21-27 h,
whereas the thermal imagery can be separated by 3—-31 h. The 95% confidence
interval is shown for each correlation coefficient.

Fig. 8 indicates that thermal and ocean color MCC velocities
generally have the lowest correlations for the shortest (3—7 h)
and longest (25-31 h) image time separations, while the highest
correlations occur for intermediate time separations (7-25 h).
Correlations may be low for short time separations because the
effective resolution of the MCC method is proportional to the
image time separation. The smallest velocity (a displacement
of one pixel) that can be detected between images separated by
3 his approximately 10 cm/s. The velocity resolution increases
to approximately 1 cm/s for images separated by 31 h. This im-
plies that the longer time separations have a greater sensitivity
to feature displacements and potentially provide more precise
velocity estimates.

It is also clear that very long time separations do not provide
consistent results. One possibility is that surface features de-
form or rotate significantly over long time periods, such that
the MCC method is unable to accurately detect the feature
displacements. Contrary to past studies, it is evident that the
MCC method can produce consistent currents from imagery
with time separations as large as 25 h. Although somewhat
subjective, we suggest that image time separations less than 6 h
and greater than 25 h should be neglected or used with caution.

Preliminary qualitative analysis suggested that there was
poor agreement between the low-velocity vectors. To inves-
tigate this, correlation coefficients were computed for coinci-
dent vectors falling within specified magnitude ranges. The
six magnitude bins are: 0-5, 5-10, 10-20, 20-30, 3040,
and 40-50 cm/s. The correlation coefficients between ocean
color and thermal vectors for each bin are shown in Fig. 9. It
is clear that correlations are largest for high-velocity surface
features, with correlations near 0.8 and higher for velocities
ranging from 10-50 cm/s. The low-velocity thermal and ocean
color vectors have poor agreement, with cross- and along-shore
correlation coefficients of 0.08 and 0.10 for vectors ranging
from 0-5 cm/s.

correlation coefficient

— — — cross-shore velocity component
along-shore velocity component

0.2

0 | i i i i i i i i
0 5 10 15 20 25 30 35 40 45 50
velocity magnitude (cm/s)

Fig. 9. Relationship between velocity magnitude and correlation coefficient
for the cross- and along-shore components of coincident thermal and ocean
color velocities in monthly composites. The 95% confidence interval is shown
for each correlation value.

A majority of the low-velocity vectors are concentrated close
to shore on the continental shelf (Fig. 10) where local topogra-
phy, tides, upwelling, and other small-scale processes can have
a large influence on the surface flow. The MCC method may
have difficulty in accurately identifying low-magnitude surface
currents for a number of reasons. Shelf circulation features
often have time scales of one to three days and length scales
of 3-10 km [18]. These scales are too fine to be resolved
by monthly composites and the 24.2 x 24.2 km MCC tem-
plate subwindow that was utilized for our computations. In
addition, small image navigation errors can produce inaccurate
low-magnitude vectors. A 1-km navigation error over 31 h
(the longest time separation between images) corresponds to
a velocity error of 0.90 cm/s, while the same navigation error
over a 3-h time separation (shortest time between images)
corresponds to a velocity error of 9.26 cm/s. The mean image
miss-navigation velocity error is around 5 cm/s.

A slight error in the AVHRR image geolocation causes the
coastline to be offset in sequential images. The MCC method
detects this coastal displacement and produces velocities over
land. Land velocities are not produced from sequential ocean
color imagery because land contaminated pixels were removed
(set to zero) prior to our acquisition of the data. This fact
ensures that land velocities are not included in the correlations
computed between coincident thermal and ocean color derived
velocities. We have masked out a majority of the thermal land
vectors; however, the contours over land in Fig. 10(a) indicate
that a few land vectors are still present [contours over land
in Fig. 10(b) are simply a result of the plotting program]. To
eliminate the few remaining land vectors and minimize the
influence of weak inaccurate shelf velocities and imprecise
image navigation, all velocities with magnitude less than 5 cm/s
are removed and excluded from further comparison analysis.
This method was also employed in [5], where vectors with
magnitude less than 5 cm/s were removed from their MCC
analysis to prevent a disproportionately large contribution to
error differences from very small velocities.
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Fig. 10. Location and number of (a) thermal and (b) ocean color velocities
from monthly composites with magnitudes less than 5 cm/s. These velocities
are removed from further analysis.

B. Seasonal Composite Velocity Fields

The CC is generally characterized as a broad southeast-
ward flow with significant seasonal variability. The study
in [19] recently documented a representative seasonal cycle
for the CC based on five years of altimeter-derived surface-
current residuals. The residual surface flow was computed
from sea surface height anomaly data and represented the
mean-removed geostrophic surface circulation. Their analysis
suggests that the seasonal cycle begins in spring (April-June)
with equatorward flow persisting directly offshore southern
California. This southerly flow strengthens and propagates
northwest as the surface currents weaken along the southern
California coast. Surface velocities reach a maximum in the
summer (July—September) and are strongest offshore northern
California. The poleward Davidson current begins to develop
along inshore regions of the California coast. During fall
(October-December), the equatorward flow continues to prop-
agate offshore and the Davidson current expands northward. A
weakening of the southerly CC is found along the full extent
of the California coast. By winter (January—March), the equa-

torward transport of the CC is significantly reduced, and the
Davidson current reaches its maximum extent. At this time, the
strongest surface currents are found offshore and to the south.

This section focuses on comparing thermal and ocean color
derived seasonal velocity composites to verify that these two
MCC products represent similar velocities fields in space and
time and accurately depict the characteristic seasonal cycle of
the central CC. In Fig. 11(a)—(d), we present seasonal velocity
composites derived from infrared imagery in red and those
from the ocean color imagery in black. Our presentation begins
in winter of 2003 to maintain the chronological order of our
velocity dataset. The composite velocities are on a 24.2 X
24.2 km grid. They have been filtered using the next-neighbor
filter, and velocities with magnitude less than 5 cm/s have
been removed. The correlations and rms differences between
the thermal and ocean color seasonal velocity composites are
presented in Table I. These statistics are computed in the cross-
and along-shore directions for spatially coincident thermal and
ocean color velocities in each seasonal composite.

In winter [Fig. 11(a)], the largest MCC velocities occur
offshore southern California, where significant eddy circulation
remains from the previous seasonal cycle. Coastal velocities are
quite weak, but exhibit a complex structure. The surface flow
throughout the region is predominantly to the southeast. A pole-
ward Davidson current is not evident. The surface currents are
highly variable over the three-month winter composite period,
suggesting an energetic culmination of the seasonal cycle. The
jet that flows south along —127° W is prominent during Janu-
ary; however, by March, it flows eastward just north of 35° N.
The agreement between coincident thermal and ocean color ve-
locities is relatively poor, particularly in the offshore locations.
The along- and cross-shore correlations are 0.50 and 0.67, and
the rms differences are 10.47 and 10.09 cm/s, respectively.

Disagreement between the thermal and ocean color MCC
winter composites is attributed to minimal offshore sampling.
As made evident by Fig. 7, very few MCC velocities are
located in the southwest corner of the study region. The velocity
coverage in this region was particularly poor during the winter
months as a result of extensive cloud cover. The low sampling
rate, in conjunction with the high-variability currents, produces
a somewhat unreliable seasonal composite. Also, significant
disagreement occurs between low-magnitude velocities and
velocities located in the continental shelf region, as discussed
in Section V-A.

The thermal and ocean color derived spring seasonal com-
posites [Fig. 11(b)] depict a broad equatorward meandering
stream located adjacent to the southern California coast, cor-
responding to the beginning of the seasonal cycle. Offshore and
to the north, the surface flow is slightly more complex and is
dominated by shorter scale rotational features and narrow jets.
While cloud cover also persists during the spring season, the
coastal regions were sampled quite well and are now domi-
nated by relatively high-velocity currents. The MCC method
adequately detects the coastal surface flow, and the comparison
statistics show a significant improvement compared to winter.
The correlations have increased to 0.61 and 0.78, and the rms
error has decreased to 6.61 and 6.51 cm/s in the along- and
cross-shore directions.
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Fig. 11.

(a) Winter, (b) spring, (c) summer, and (d) fall 2003 seasonal velocity composites. Thermal-derived MCC velocities are shown in red and ocean color

derived MCC velocities are shown in black. The orientation of the along- and cross-shore directions is shown in (c).

TABLE 1
COMPARISON STATISTICS BETWEEN SPATIALLY COINCIDENT THERMAL AND OCEAN COLOR
SEASONAL VELOCITY COMPOSITES FROM 2003. THE ORIENTATION OF THE

ALONG- AND CROSS-SHORE DIRECTIONS IS SHOWN IN FIG. 11(c)

Winter Spring Summer Fall

Jan-Mar Apr-Jun Jul-Sep Oct-Dec
Number of coincident velocities 250 279 303 270
Along-shore correlation coefficient 0.50 0.61 0.81 0.84
Cross-shore correlation coefficient 0.67 0.78 0.82 0.89
Along-shore RMS difference (cm/s) 10.47 6.61 6.52 6.56
Cross-shore RMS difference (cm/s) 10.09 6.51 5.75 6.47

The inshore equatorward flow propagates west and north to
create the strong summertime CC jet seen north of 35° N in
Fig. 11(c). Compared to the spring season, the characteristic
surface circulation has transitioned from a broad relatively
weak southerly flow to a strong, narrow, highly dynamic jet
that meanders east and west in a tight looping motion. While
the structure of the jet has become more complex, the net
flow of the jet continues to be in the southerly direction and

is well represented by both thermal and ocean color derived
velocities. The equatorward flow weakens or reverses in the
southern portion of the study region. The flow is predominantly
offshore along the length of the California coast, corresponding
to the strong upwelling conditions that exist during the summer
in this region. The relatively cloud-free conditions and high
surface velocities found during the summer of 2003 provide
optimal conditions for the MCC method and lead to the high



444 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 45, NO. 2, FEBRUARY 2007

4 T

mean color cross-shore velocity
| = = — mean thermal cross-shore velocity
-~ mean color along-shore velocity
mean thermal along-shore velocity|

\ .
N
0

velocity (cm/s)

i
winter

i
spring summer fall

Fig. 12. Mean along- and cross-shore velocities for thermal and ocean color
seasonal composites. A positive cross-shore velocity indicates onshore flow and
a positive along-shore velocity indicates northwesterly flow [see Fig. 11(c) for
orientation].

correlations and low rms differences between the two MCC
velocity products. The correlations are 0.81 and 0.82 in the
along- and cross-shore directions, and the rms error reaches an
annual minimum of 6.52 and 5.75 cm/s.

By fall [Fig. 11(d)], the CC jet has moved slightly farther
offshore and continues to increase in complexity. It is no longer
a single meandering stream. A large loop in the jet has been
severed from the main flow to form a cyclonic eddy centered at
—129° W and 38° N. The circular eddy is clearly marked by a
ring of red and black vectors surrounding the vector-free center.
The centers of eddies are characterized by purely rotational,
isothermal, and iso-color flow, which the MCC method is
unable to detect. Both thermal and ocean color velocities depict
a smaller anticyclonic eddy centered at —124° W and 35° N.
This eddy appears to be interacting with the strong jet to the
west of it, possibly causing a break in the southerly flow. A
narrow poleward Davidson current located along the coast north
of San Francisco Bay is clearly represented by both MCC
products. Again, the clear fall skies provide ideal conditions
for the application of the MCC method. As a result, the along-
and cross-shore correlations peak at 0.84 and 0.89, and the rms
error between the thermal and ocean color derived composites
remains low at 6.56 and 6.47 cm/s.

In Fig. 12, we present the mean along- and cross-shore ve-
locities for the thermal and ocean color derived seasonal com-
posites. As indicated by the orientation arrows in Fig. 11(c), a
positive velocity in the cross-shore direction represents onshore
flow, while a positive velocity in the along-shore direction
represents northwesterly flow. In winter, the positive cross-
shore velocity corresponds to the transition of the CC jet from
fall, where it is located far offshore, to spring, where the
jet is located closest to the shore. From winter to spring,
the along-shore velocity increases (becomes more negative) in
the southerly direction, which correlates to the development
and strengthening of the summertime jet. The cross-shore
velocity is slightly negative during this time, indicating that
the jet is beginning its progression offshore. During summer,

the equatorward flow weakens in the southern portion of the
study region, which is reflected by the reduced magnitude of
the southerly flow. The cross-shore flow, however, reaches its
maximum velocity, corresponding to the strong summertime
upwelling conditions. The cross-shore flow appears to force the
summertime jet to the west as it begins to kink and meander
back and forth in the east—west direction. These processes leads
to the high cross-shore mean velocity seen in summer. The
offshore propagation of the CC jet slows in fall as it approaches
its farthest westward extent. The mean along-shore velocity
stays relatively constant from summer to fall, indicating the
transition into the next seasonal cycle.

It is clear that both the thermal and ocean color derived
seasonal composites accurately depict a majority of the sea-
sonal cycle described in [19]; however, there is some disagree-
ment during winter. The two MCC winter composites indicate
relatively strong southerly flow throughout the study region,
contrary to the weakened southerly or poleward flow suggested
in [19]. The MCC method did not detect the poleward Davidson
current during the winter of 2003, but it is evident in the fall
2003 velocity composite.

With the exception of winter, the correlations between
the two MCC products are close to or above the maximum
correlation of 0.73 calculated in [11]. The rms differences are
well below the average rms errors of 25 and 14 cm/s established
in [1] and [4], and the mean bias between the two datasets
is less than 2 cm/s (Fig. 12). It is interesting to note that the
cross-shore correlations are consistently higher than those for
the along-shore velocities. This suggests that the cross-shore
velocities are more consistently captured by both the infrared
and ocean color images. Likewise, the rms variability is greater
for the along-shore component than it is for the cross shore,
which may reflect the increased variability introduced by the
combination of the mesoscale eddies and the predominately
southward CC. The error between the thermal and ocean color
MCC velocities is less than the established absolute error of
the MCC method, suggesting that these independent current
estimates can be merged together to form a refined current map
without degrading the overall accuracy of the MCC method.

VI. INCREASED VECTOR COVERAGE

The previous sections established the high correspondence
between thermal and ocean color derived velocities. The
present section will address the increase in velocity coverage
that results from the combination of the two MCC products.
To illustrate the increase in vector coverage provided by ocean
color, we examine the temporal and spatial distribution of the
coverage increase. Fig. 13 shows the percent increase in the
total number of vectors provided by ocean color for each month
in 2003. The addition of ocean color increases the total number
of MCC vectors between 10% and 110%, depending on the
month, with an average increase around 40%. It is important to
recall that there was approximately twice the number of thermal
images processed as ocean color images, suggesting that the
40% increase provided by ocean color represents a significant
number of vectors. It should be noted that some of the ocean
color derived velocities will occur at the same locations as the
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Fig. 13.  Percent increase in the total number of MCC vectors provided by the
addition of ocean color for each month in 2003.

thermal-derived velocities and therefore will not provide new
data. However, since the two MCC products are independent
and have a high agreement, merging coincident thermal and
ocean color velocities increases the statistical significance of
the resulting velocity estimate.

To evaluate the increase in spatial coverage (the amount of
new data) provided by ocean color vectors, we compare the
number of spatially noncoincident ocean color vectors to the
total number of thermal vectors at each grid point in three-
day composites. The relatively short compositing period of
three days was used for this purpose to obtain a more accurate
representation of the instantaneous spatial variability, free from
the compositing effects (filling in gaps in vector coverage)
associated with longer period composites. Thermal and ocean
color three-day composites were created for all of 2003, and the
spatially noncoincident ocean color vectors were identified. The
percent increase in vector coverage provided by ocean color
was calculated by dividing the number of noncoincident ocean
color vectors at each grid point by the total number of thermal
vectors at each grid point. Fig. 14 shows the percent increase in
spatial vector coverage (synonymous to the percent increase in
new data) in three-day composites provided by ocean color. The
addition of ocean color increases the coverage anywhere from
0%-100+%, with an average increase of approximately 25%.
It is now evident that ocean color MCC velocities provide a
significant number of reliable surface-current estimates, where
thermal velocities are not present, and the two MCC products
can be merged together to form a refined surface-current map
with enhanced coverage and statistical significance.

VII. SUMMARY DISCUSSION

The MCC method is an automated technique that can be
implemented to calculate feature displacements between two
sequential images. Numerous studies have applied this method
to AVHRR thermal infrared imagery and have cited its capabili-
ties in mapping advective ocean surface currents. Comparisons
with in situ and other remotely sensed current measurements
suggest that MCC-derived velocities have rms magnitude dif-
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Fig. 14. Spatial increase in vector coverage in three-day composites provided
by ocean color. This illustrates that ocean color adds a significant number of
new surface-current estimates where thermal-derived velocities are not present.

ferences on the order of 10-20 cm/s, with correlations around
0.70 [1], [4], [5], [11]. While the MCC method is constrained
to the detection of linear advection with minimal deformation,
it is also limited by cloud cover, undesirable satellite viewing
conditions, and isothermal flow. These characteristics result
in velocity fields with highly variable spatial and temporal
coverage. The intention of this paper was to determine if sur-
face currents could be consistently calculated from sequential
ocean color imagery and to evaluate the degree at which these
velocities correspond to MCC velocities derived from thermal
imagery. If the thermal and ocean color derived velocities
agree to within the established absolute error of the MCC
method, it is a strong evidence that the two products can be
merged together to increase the overall coverage of the resulting
velocity fields. While it is true that any additional source of
imagery would increase the sampling rate of the ocean surface
and thereby increase the number of MCC-derived velocities,
two independent velocity products should not be merged unless
they depict very similar circulation. Ocean color imagery has
the same resolution as AVHRR imagery and is, therefore, a
likely source of supplemental MCC velocities.

In this analysis, MCC surface currents are derived from year-
long collections (2003) of 1.1-km-resolution AVHRR thermal
infrared imagery and 1.1-km MODIS and SeaWiFS ocean
color imagery for the central CC. Examination of individual
image pairs and the corresponding velocity fields indicates the
complementary nature of these two datasets and the velocities
derived from them. It is evident that the MCC method can detect
ocean color feature displacements in regions of isothermal
flow and vice versa, which leads to a spatial and temporal
increase in vector coverage. While the ocean color signal is
also attenuated by clouds, processing this dataset, in addition to
thermal imagery, increases the sampling of the ocean surface,
thus reducing the effects of undesirable viewing conditions and
isothermal flow.

Monthly composites were created to analyze the correspon-
dence between thermal and ocean color derived velocities.
Contrary to past recommendations [3], [4], we found that MCC
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velocities can be effectively calculated from image pairs with
time separations on the order of one day. The agreement be-
tween thermal and ocean color was relatively high for MCC
velocities derived from image pairs with time separations be-
tween 7 and 25 h and was significantly lower for velocities
derived from image pairs with time separations outside of
this range. Correlations were below 0.10 between spatially
coincident velocities with magnitude less than 5 cm/s. These
low-magnitude vectors were concentrated close to the coast,
suggesting that the MCC method does not adequately detect
the short space and time scale processes that can dominate
the continental shelf region. In addition, small errors in image
geolocation translate into velocity errors on the order of 5 cm/s,
limiting the reliability of low-magnitude MCC velocities. On
the other hand, velocities greater than 10 cm/s had correlations
higher than 0.8, indicating the consistent detection of high
velocity flow by the thermal and ocean color MCC products.

The correlations between coincident thermal and ocean color
velocities (with magnitudes greater than 5 cm/s) from seasonal
composites range from 0.50 to 0.89, with a mean correlation of
approximately 0.74. The mean rms difference is approximately
7.4 cm/s, with a mean bias less than 2 cm/s. These difference
statistics fall well within the established range of absolute
MCC error calculated from previous studies (discussed at the
beginning of this section). Both the thermal and ocean color
derived seasonal velocity composites depict the major features
of the CC seasonal cycle, confirming that these two products
represent similar current fields in both space and time. For this
specific case study, merging ocean color with thermal MCC
velocities increases the total number of velocity estimates by
approximately 40%, which provides around 25% new velocity
data that are spatially noncoincident with the thermal MCC
data. Sequential ocean color imagery is a reliable source for
deriving surface-current estimates that complement thermal-
derived MCC velocities and can provide velocity information
where thermal imagery does not permit feature tracking, such
as regions of isothermal flow.
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