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Abbreviations

ADCP Acoustic Doppler Current Profiler

AVHRR  Advanced Very High Resolution Radiometer

AVISO  Archiving, Validation and Interpretation of Satellite Oceanographic data
CHL CHLorophyll

CTD Conductivity-Temperature-Depth

DEM Digital Elevation Model

DOT Dynamic Ocean Topography

DUACS Data Unification and Altimeter Combination System
ECMWF European Centre for Medium-Range Weather Forecasts
EKE Eddy Kinetic Energy

ENSO El Nifio Southern Oscillation

EOF Empirical Orthogonal Function

GOES Geostationary Operational Environmental Satellite
JPL Jet Propulsion Laboratory

MCC Maximum Cross Correlation

NCEP National Center for Environmental Prediction

RMS Root Mean Square
ROMS Regional Oceanic Modeling System

SCB Southern California Bight

SSALTO Segment Sol multimissions d’ ALTimétrie, d’Orbitographie et de localisation
précise

SSH Sea Surface Height

SSHA Sea Surface Height Anomaly

SST Sea Surface Temperature

TG Tide Gauge

T/P TOPEX/Poseidon

VACM Vector-Averaging Current Meter
WOQCE  World Ocean Circulation Experiment
XBT eXpendable BathyThermograph

16.1
Background

A number of studies have used satellite altimeter data, alone or in combination with
other satellite, in situ or model fields, to investigate the circulation of the boundary cur-
rents surrounding North America. In nearly all cases, these investigations have concen-
trated on the variability in the seasonal jets and mesoscale circulation features found in
the several hundred kilometers next to the coast. Only recently have there been attempts
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to retrieve and use altimeter sea surface height (SSH) data in the traditional domain of
“coastal oceanography,” over the continental shelf and/or within several tens of kilome-
ters of land. The problems encountered off North America in retrieving altimeter data
near land are the same as those described in other regions — primarily distortions of the
altimetric waveforms, non-linear tidal currents over continental shelves, and a lack of
atmospheric water vapor correction due to interaction of the land with the passive
microwave radiometer used for this correction (Vignudelli et al. 2005). The methods
used to investigate the mesoscale circulation fields in the larger-scale boundary cur-
rents have been instructive, however, in establishing the nature and limitations of tradi-
tional altimetric approaches and suggesting improvements and modifications that allow
altimeter data to be extended cioser to land. Here we describe those earlier altimetric
studies and note how they evolved into the more coastal investigations that are now
under way.

Another complexity of these coastal zones is the contribution of the ageostrophic com-
ponents of the coastal currents, which cannot be mapped using satellite altimetry. The
simplest of these is the surface Ekman component, which applies to both the Deep Ocean
and coastal currents and may be estimated from satellite or in situ wind measurements.
Unlike the open ocean, however, other ageostrophic currents induced by the wind and tides
in coastal regions are often non-linear and frequently overwhelm the geostophic currents
that can be mapped using altimeter data. Other non-altimetric measurements, such as drift-
ing buoy trajectories, current meter moorings, Acoustic Doppler Current Profiler (ADCP),
currents mapped by coastal radars and currents inferred from satellite imagery, are needed
to resolve the often-significant ageostrophic currents in the coastal region. These then need
to be combined with the altimetric estimates of the geostrophic currents (Matthews and
Emery 2009).

In the following sections we review some important results of coastal altimetry studies
off the coasts of North America. We begin with a brief summary of some results of studies
of the East Coast of North America starting in the Labrador Sea and then moving south to
Nova Scotia and then finally to the east coast of the U.S. Studies of the Gulf of Mexico are
then reviewed followed by some example studies from the west coast of North America
where quite a few studies of coastal altimetry have been carried out. In between there is a
short review of a paper on tides in the Bering Sea. We finish up with a short section on
future plans for coastal altimetry studies in this region.

16.2
East Coast of North America

16.2.1
The Labrador Sea and Coastal Eastern Canada

For reviews of the shelf, slope, and offshore boundary circulation characteristics of the
NW Atlantic, see Loder et al. (1998), Boicourt et al. (1998), Townsend et al. (2006), and
Lohrenz and Verity (2006). An overly simplified depiction of the circulation along the U.S.
east coast north of Cape Hatteras consists of an cquatorward flow of cooler and fresher
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water over the wide shelf and slope, bounded on the offshore edge by a warm and salty
poleward current over the continental slope. The fresh and cool water originates to the
north in the Labrador Sea, augmented by coastal inputs and diminishing in strength towarg
the south (Loder et al. 1998). It’s southward flow is driven, at lcast in part, by buoyancy
forcing. The Gulf Stream is relatively far offshore in this region but may contribute to the
poleward slope current through its influence on offshore SSH. South of Cape Hatteras, the
flow over the shelf appears less organized and the Gulf Stream stays closer to the slope.

Traditional altimeter analyzes arc not usually attempted over the wide shelf, where tidal
motions are strong and errors in tidal models used to remove the tidal signals from alti-
meter data contaminates the signal. Dong and Kelly (2003} tested four tidal models over
the mid-Atlantic Bight shelf and found that none succeeded in removing the tidal signal
ﬁomtheMﬁmemrdMafﬂwyamoﬁnmdnos@nﬁcmﬂcdemkmsbmW@m1meahmwmp
derived velocities and current meter records over the shelf (<200 m water depth), but good
correlations with measured currents over the slope (water depths of 500 m and deeper).
They attributed the lack of correlations over the shelf to unresolved tidal motion and
restricted their altimeter analyzes to examinations of the boundary currents over the slope
and farther offshore. This has been the case for all altimeter studies along the U.S. east
coast, as characterized by the selection of papers summarized below.

The early study of Kelly and Gille (1990) developed a method to estimate the Guif
Stream’s position, width, and strength as it crossed repeated altimeter tracks. By assuming
a Gaussian shape to the velocities and an SSH shape consistent with the geostrophic rela-
tion, they were able to estimate both the temporal mean and instantaneous absolute veloc-
ity and SSH profiles from the time series of altimeter sea surface height anomalies (SSHA,
with the temporal mean removed from the altimeter record at each alongtrack location).
The method relies on the fact that the Gulf Stream meanders and changes position along
the track over a range of distances as large as its width. This allows them to use an iterative
process and least squares fit to estimate the three parameters that define the Gaussian — its
center position, width, and height. Although this may seem far removed from the coast, it
comes into play in examining causes for changes in the slope currents (below).

Moving upstream to the source of the cool, fresh water flowing equatorward over the
shelf, Han and Tang (2001) use 6 years of TOPEX/Poseidon (T/P) altimeter data along
with a WOCE hydrographic section to compute volume transports in the western Labrador
Sca (Han and Tang 2001). Two ascending altimeter tracks (Fig. 16.1) were selected that
overlap the WOCE hydrographic section, which was sampled repeatedly in each of the
years between 1993 and 1998. The density sections for 1994 and 1996 clearly show large
horizontal density gradients over the shelf break and upper slope where the traditional
Labrador Current is located. These gradients decrease sharply towards the shore and deep
water. To compute seasonal transports, the bottom boundary current was assumed zero by
neglecting the bottom boundary layer. Over scasonal time scales the wind-driven near
surface Ekman currents are small and can also be neglected. Thus, the total cumulative

scasonal volume transport can be calculated by concurrent altimetric and hydrographic
data. Due to the paucity of hydrographic data the instantaneous CTD sections were used
instead of seasonal averages with the seasonally averaged altimeter data. Thus, spring and
summer transports were then averaged to obtain a mean April to Sept. transport.

The resulting cumulative southward transports for the time series from 1993 to 1998 are
presented herc in Fig. 16.2 where the total transport is computed from the barotropic and
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Fig. 16.1 Map showing the study area: HB and HBN are two TOPEX/Poseidon ascending ground
tracks that straddled the AR7W hydrographic section in the western Labrador Sea. The 200, 1,000,
3.000, and 4,000 m isobaths (thin lines) and the location of the Labrador Current (thick arrows) are
also shown. The five open circles on HBN indicate the outer limits of integration in the calculation
of the volume transport, from the deepest sea westward at an interval of 25 km. The corresponding
outer limits for HB (for clarity only the easternmost and westernmost locations are shown) are
determined from the values of H/f (H is the water depth and f is the Coriolis parameter; Han and
Tang 2001}

baroclinic components. Errors in the barotropic component were computed from errors in

both the altimeter surface height anomaly and the WOCE hydrographic section dynamic
height. Baroclinic errors are computed from the hydrographic data. Here a positive anomaly
corresponds to a larger than average southward transport. The interannual range of the total
transport is about 6.2 Sv, which is comparable to the seasonal change of about [0 Sv. The
years 1993, 94, 95, and 1997 have larger than average transports while the years 1996 and
1998 have smaller than average transports. The barotropic and baroctinic transports behave
oppositety, compensating for each other and resulting in a total transport anomaly with inter-
annual variations smaller than either of the two components. The total transport in the Labrador
Sea cireulation is positively correlated with the winter North Atlantic Oscillation index.

16.2.2
The Scotian Shelf and the North Atlantic Bight

Dong and Kelly (2003) made use of the above results in their analysis of seasonal and inter-
annual variability in SSHA and corresponding cross-track geostrophic velocity anomalics
across six T/P tracks in the mid-Atlantic Bight (~37°-43°N} during 6 years {~1993-1998).
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Southward Transport Anomaly (Sv)

_10 | ! ! I | |
1993 1994 1995 1996 1997 1998

Year

Fig. 16.2 Cumulative southward transport anomaly in the western Labrador Sea (west of the open
circles in Fig. 16.1) as a function of year. The total transport (¢thick lines) is the sum of the barotro-
pic {circles) and baroclinic (squares) components, The standard errors associated with the barotro-
pic and baroclinic components are shown as vertical lines (Han and Tang 2001)

Their results show a seasonal reversal of the coherent southwestward surface currents along
the continental slope, flowing to the northeast during the summer. A shorter record of current
meters verified this reversal. During the summer of 1996, however, flow to the southwest
strengthened rather than reversed. Comparisons to the strength of the outflow from the
Labrador Sea (Han and Tang 2001) do not explain this anomalous behavior. Using the method
of Kelly and Gille (1990), however, Dong and Kelly (2003) demonstrate that the Gulf Sream
moved to the south in 1996 and they attribute the lack of northeastward flow to this shift in
Gulf Stream location and lower offshore SSHA values during summer 2006, reducing the
cross-slope pressure gradient and the associated along-slope geostrophic cuirent,

Slightly farther upstream, Han (2004) analyzed a longer time series (through 2000) of
T/P altimeter sea levels in conjunction with frontal analysis from infrared satellite imagery
to study the temporal and spatial variability of sea-surface currents over the Scotian Slope.
Geostrophic surface current anomalies normal to altimeter ground tracks are derived from
sca level anomalies relative to local temporal means for the study period between 1992 and
2000. The variability of these geostrophic currents is plotted along the altimeter tracks in
Fig. 16.3 as thick grey lines. Also plotted are the positions of the shelf slope front (thick
dashed line) and the northern edge of the Gulf Stream (thick dash dot line). The geo-
strophic current anomaly including the Han et al. (1997) model mean is shown as darker,
thinner lines inside the lines of geostrophic current anomaly variability.

In general, the RMS values increase westward and offshore. On individual tracks, values
at the shelf break are large relative to the ones just farther offshore. The westward intensi-
fication is more evident over the western Scotian Slope and the offshore enhancement
occurs mainly between the shelf-slope front and the Gulf Stream northern boundary. Typical
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fig.16.3 Twice RMS values of the altimetric geostrophic current anomalies (subsampled spatially)
from 1992 to 2000 (thick gray lincs). The thin darker lines represent twice the RMS values when
Han et al.’s (1997) model means are included. Also depicted are the positions of the shelf-slope
front (thick dashed line) and the northern boundary of the Gulf Stream (trick dashed dot line; Han
etal. 1997)

RMS values of the cross-track current anomalies are 20-30 cm/s over the upper and lower
slope and 20-50 cn/s over the continental rise. The maximum cross-track current variabil-
ity of 70~75 cm/s is located close to the Gulf Stream northern boundary. The offshore
intensification is associated with the proximity of the Gulf Strcam. Also, Gulf Stream rings
are known to be important to the slope water circulation variability. Part of the westward
intensification may also be attributed to increased warm corc ring activity to the west.
Crossover analyzes of altimetric current anomalies indicate that the total current variability
can be estimated by a factor of 1.5 from the cross-track current variability and the variance
is isotropic to within 14 %. The rotational speed of the Gulf Stream rings can reach 1-2 m/s
over the Scotian Slope, with the RMS variability of ~60 cm/s.

Han (2007) extended his earlier study and that of Dong and Kelly (2003) to cover the
period from 1992-2002, combining T/P geostrophic surface current anomalies with a cli-
matological mean circulation field of a finite element model to construct nominal absolute
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The authors of the papers cited above use along-track altimeter data and are careful not
to extend that data over the shelf. Groups such as the AVISO (Archiving, Validation, and
Interpretation of Satellite Oceanographic data) project now make globally gridded SSH
and geostrophic velocity fields available, combining data from multiple altimeters, as
described by Le Traon et al. (2003). These fields often extend into coastal regions where
the alongtrack SSH data have been flagged as unreliable, for several reasons (unresolved
tides, poor tracking, and wet troposphere corrections). As such, they represent extrapolated
values of SSH and velocity, which have been shown off the U.S. west coast to have no
significant correlation to currents measured by current meters (Saraceno et al. 2008). On a
wide continental shelf such as found in West Florida and the Gulf of Mexico the gridded
AVISO SSH has been shown to be a good estimate of SSH seaward of the 50 m isobath
(approximately 100 km from shore; Liu and Weisberg 2007).

To examine coastal currents over shallow shelves or where land interferes with the SSH
signals and their corrections, altimeter surface velocity fields must be cormbined with cur-
rent information derived from other sources. The primary method for the calculation of
surface velocities from satellite data other than altimeters is to use sequences of surface
temperature or color images, either tracking small scale features using the *maximum
cross correlation” (MCC) technique (Emery et al. 1986) or inverting equations for the
conservation of heat to solve for the advective term (Kelly 1989) in SST image sequences.
Both these methods produce similar fields and can be formally combined with altimeter
cross-track velocities (Kelly and Strub 1992).

To demonstrate the information contributed by each technique, detailed maps of the
mean-weekly upper ocean circulation are computed from the altimeter heights and from
composites of MCC currents (black vectors) for weekly time periods. In Fig.16.5a and b
two week-long surface vector fields from MCC and altimetry depicting the circulation just
east of Chesapeake Bay are represented by white vectors, corresponding to the geostrophic
altimeter currents, and black vectors, representing the total current estimated from sequen-
tial infrared and ocean color imagery. The black and white vectors agree well in the core
regions of the northeastward flowing Gulf Stream, which splits into counter-rotating vor-
tices. In the northern section of the cyclonic eddy that is being created to the north of the
Gulf Stream, currents in both fields agree in flowing toward the southwest. Currents in the
MCC field (black arrows) extend coherently over the wide shelf to the coast. The altimeter
velocities, however, are more confused in the region next to the coast. Much work remains
to be done in developing methods that make use of information from multiple sources in
deriving optimal velocity fields over the wide shelves off the U. S. east coast.

16.3

The Guif of Mexico and Caribbean Sea

The general circulation in the Gulf of Mexico and Caribbean Sea (sometimes called the
Intra-Americas Sea) is described in reviews by Boicourt et al. (1998), Mooers and Maul
{1998), and Lohrenz and Verity (2006). The topography includes a number of basins, sepa-
rated by sills and shelves, and numerous islands. The primary circulation consists of water
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entering in the southeast from South America to Puerto Rico, continuing west through the
Caribbean Sea and then north through the Strait of Yucatan into the Gulf of Mexico, where
it forms the anticyclonic Loop Current and exits the Gulf through the Strait of Florida. Eust
of the Mississippi outflow the currents along the wide northern Gulf and Florida Shelves
are generally to the east and south around Florida; west of the Mississippi outfall they arc
toward the west. This is again, a greatly oversimplified picture. 1

Altimetry in the Gulf of Mexico, as off the U.S. east coast, has not been used to map the
currents over the wide shelf, In the open occan, however, altimetric measurements offer a
unique satellite capabitity of monitoring the strong mesoscale circulations during periods
of time when infrared and ocean color surface signatures are masked by the shallow layer
that responds more directly to solar insolation and thus masks the circulation driven pat-
terns just beneath it. The microwave radar character of the satellite altimetry makes it ideal
for mapping strong surface meanders such as the Loop Current, which dominates the Guif
of Mexico upper layer circulation, The Loop Current pinches off eddies that impact the
shelf currents in the northwest corner of the Gulf of Mexico; the Loop Current itself can
sometimes (though rarely) impact the northern Gulf shelf.

Leben (2005) developed metrics to describe the Loop Current intrusions into the Gulf
of Mexico and to quantify the eddy separation for the period from Jan. 1, 1993 through
July 1, 2004. Time series of Loop Current statistics such as extent, boundary length, arca,
circulation, and volume are found by tracking the 17-cm contour in the daily surface
height maps. This contour closely tracks the edge of the high-velocity core of the Loop
Current (Fig. 16.6).

This altimetric Loop Current tracking is both qualitatively and quantitatively evaluvated
by direct comparisons with Loop Current thermal fronts observed in sea surface tempera-
ture imagery during times of good thermal contrast and cloud-free conditions. Eddy sepa-
ration events (Fig. 16.7) are identified by the changes in the Loop Current length associated
with the breaking of the tracking contour.

A total of 16 Loop Current eddies generated by the Loop Current over this |1.5-year
period led to significant changes in the Loop Current extent during this same period of
time. Statistical and spectral analyzes indicate that eddy separation occurs most frequently
at 6, 9, and 11.5 months, with little or no power at the annual frequency. Significant low
frequency spectral power is found at a period of 17 to 22 months, which is associated with
a far southern retreat of the Loop Current and separation periods near |8 months.

A bimodal distribution of the retreat after eddy separation is identified that influences
the duration period. When the Loop Current retreats below 25°N the average separation
period following retreat is 16.2 months, much longer than the 5.5 month average for the
cases where part of the Loop Current remains north of 25°N. Of greater interest is the near
linear relationship between the Loop Current retreat and subsequent separation periods.
Thus, the irregular retreat of the Loop Current after separation may be linked to why the
Loop Current exhibits such an irregular eddy separation period. In a similar study of eddy
variability farther south, Carton and Chao (1999) analyzed three years of T/P altimeter
SSH anomalies in the Caribbean Sea. Large cyclonic and anticyclonic eddies were found
and shown to be quite regular appearing at nearly 3-month intervals west of the southern
Lesser Antilles. An example shown here in Fig. 16.8 compares the mid-January 1993
SSH anomalies from T/P with coincident SSH observed by the ERS-1 satellite altimeter.
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Fig.16.6 Contoured sea surface height (white is negative, black is positive) from the altimetry map for
Mar. 13, 2002 overlaid on the night-time composite SST image from the GOES 8 satellite for the
same day (courtesy of Nan Walker, Louisiana State University). The 17-cm contour used to track the
Loop Current boundary and eddies is shown by the bold line. The westermmost eddy separated from
the Loop Current on Feb. 28, followed closely by a second eddy on Mar. 15 (L.eben 2005)

Here the eddy sizes and locations are similar in both altimeters but the ERS-1 with its
increased spatial resolution has eddy amplitudes that are increased by a factor of 2. The
distribution of sea levels simutated by a 1/6° general circulation numerical model also
bears some similarities to the T/P observations in structure but with increased amplitudes.

Many of these eddies dissipate in the coastal waters off Nicaragua half a year after they
first appear. This life cycle is well reproduced in the general circulation model. Analysis of
the model output suggests that these eddics are mainly limited to the thermoctine and
above, with little phase lag in the vertical. The westward propagation of these eddies is
clearly shown in the Hovemueller diagram of Fig. 16.9. East of the Caribbean Sea level,
anomaly variations are primarily annual; but within the Caribbean the sca levei field is
even more strongly dominated by westward propagating eddies than observed. The aver-
age propagation speed is |2 cm/s with typical spatial scales of 200-300 km.

Off the West Florida coast Liu and Weisberg (2007) proposed a method to estimate
absolute SSH near the coast by integrating in situ coastal ocean observations {currents,
hydrography, bottom pressure, coastal sea level, and winds) along an across-shelf transect.
This method provides an independent coast SSH estimate to directly compare with cali-
brated or corrected coastal altimeter data. Based on a 3-year (1998-2001) time series
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Fig. 16.8 Sea level anomaly in mid-January, 1993 as observed by T/P (top) and ERS-I (botiom,
Carton and Chao 1999)

comparison between satellite measured and dynamically estimated SST, this method
appears to work well.

16.4
West Coast of North America

Circulation along the west coast of North America is summarized in reviews by Hickey
(1998), Mackas et al. (2006), Royer ( 1993), Stabeno et al. (1998), and Badan-Dangon
(1998). At the largest scales, the eastward North Pacific Current bifurcates offshore of the
coast near 50°N, flowing into the poleward Alaska Current to the north and the equator-
ward California Current to the south. The California Current eventually turns westward off
Mexico. Seasonal reversals also occur in the California Current, with poleward currents
next to the coast in fall and winter. A cycilonic gyre often occupies the Southern California
Bight, while the core of the California Current flows south along the western edge of the
Bight. To the south of the California Current, a boundary current flows along Central
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Fig. 16.9 Hovmueller diagram of simulated sea level with longitude and time at 14°N. Contour
mterval is 5 cm. Anomalies cxceeding 10 cm are shaded (Carton and Chao 1999)

America and mainland Mexico, sometimes called the Costa Rica Current, with seasonal
reversals that have not been systematically studied.

As for the U.S. east and Gulf coasts, altimetric studies have primarily looked at the
mesoscale structure of currents and eddies in the core of the California Current, west of the
continental shelf. Unlike the east and Gulf coasts, however, this shelf is narrow (20-50 km),
allowing altimetric measurements to approach the traditional “coastal” zone. Recent inves-
tigations have attempted to push even closer to the coast, as described below.

The earliest altimetric studies used Geosat altimeter data to describe westward propaga-
tion of SSH signals in tcrms of annual Rossby Waves (White et al. 1990), Although these
results were somewhat uncertain, due to the aliasing properties of the Geosat sampling,
westward propagation of signals in the California Current has been demonstrated by nunier-
ous studies using T/P altimeter and in situ data, as well as by numerical models (Kelly et al.
1998; Strub and James 2000; Haney et al. 2001; Marchesiello et al. 2003). These signals
originate next to the coast due to the annual change in the alongshore winds. Thus along the
U.S. west coast, the annual and interannual variability in the coastal currents and water
mass properties are transferred westward, into the deep ocean (Chereskin et al. 2000). This
is unlike the east and Gulf coasts of North America, where open ocean currents and eddies
may move onshore and affect the coastal circulation. Altimeter data played a key role in

clarifying this aspect of coastal circulation along the west coast, as described below.
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16.4.1
California Current System

The ability of along-track data from precision altimeters to resolve mesoscale SSH and
surface velocity features in the California Current was evaluated by Strub et al. (1997)
using a cluster of current meters, moored under an offshore crossover of the T/P satellite
tracks. An ADCP was located directly under the crossover, while four vector-averaging
current meters (VACM’s) were located 2 kim east and 15 km north, west, and south of the
crossover. In addition, infrared satellite imagery from the Advanced Very High Resolution
Radiometer (AVHRR) provided surface temperature fields that helped to interpret cross-
track altimeter velocities and quantified the resolution of along-track SSH gradients.

Fig. 16.10 (left) shows geostrophic cross-track velocities along T/P tracks from one
10-day cycle, overlaid on an SST image from the same period. Extenstve field surveys
demonstrate that a coherent equatorward jet is found along the outer boundary of the cold
water filaments and this jet is captured by the altimeter velocities, wherever the tracks
cross that boundary. Because the SST features are composed of recently upwelled water,
the colder temperatures indicate denser water, with lower dynamic heights. Using this rela-
tion, Strub et al. (1997) compare along-track SSH data to nearly coincident AVHRR SST
data and conclude that the altimeter is capable of resolving SSH features with horizontal
scales of 50-80 km in the along- track direction.

Comparing the geostrophic vector velocities from the altimeter at the cross-over at
approximately 37.1°N, 127.6°W with the coincident ADCP and surrounding VACM cur-
rents leads to the following conclusions: (1) Ageostrophic Ekman currents (discussed fur-
ther below) contribute to the measured currents above 48 m; (2) RMS differences of about
7-8 cm/s are found between the altimeter and ADCP measurements at 48 m; (3) Much
of the RMS velocity difference comes from unresolved small-scale (15-30 km) variability
in the oceanic currents — the altimeter velocities are more similar to spatially averaged (over
the cluster) currents, with an RMS magnitude of 3-5 cm/s or less between the altimeter and
spatially averaged current meter velocities; and (4) variance ellipses calculated from the
altimeter velocities at the cross-over are in good agreement with those calculated from the
subsampled current meter. The third point is consistent with the fact that a 62 km length
scale is used to calculate the SSH gradient in the geostrophic altimeter velocity calculation.

These analyzes established confidence in the ability of the T/P altimeter to sample the
SSH and velocity field in the California Current system. In addition, variance ellipses
calculated over the entire California Current demonstrate that the velocity components are
not isotropic but are polarized and that the energetic region of the California Current is
surrounded and isolated by a region of lower energy (an “eddy desert™) starting 500-700
km offshore. This provides evidence that the dominant energy within about 500 km of the
coast is not brought into the region from a deep-ocean eddy field to the west, but must be
gencrated within the California Current.

Adding fields of gridded SSH to the along-track data analyzes, Strub and James (2000)
describe the seasonal cycle of SSH, currents and eddy statistics off the west coast of the U.S.
and Baja California, extending the region considered to include the eastern North Pacific
between the Equator and the Gulf of Alaska (Fig. 16.11). These studies build on an earlier
look at gridded SSH fields using Geosat data from 1987 and 1988 (Strub and James 1995).
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Fig. 16.10 (a) A field of T/P
cross-track velocities from
cycle 2 (October 5~11,
1992), characteristic of late
summer and fall, overlain on
an 88T image {rom October
9, 1992. The current meter
moorings are located under
the crossover of tracks 54
and 69. (b) SSH contours
from a combination of
altimeter (T/P and ERS-1})
and tide gauge data,
centered on August 27, 1993
and overlaid on an AVHRR
SST image from the same
day. Four tide gauges are
used, located at
approximately 40.8%, 39.0°,
38.07%, and 36.6°N {Strub

et al. 1997)
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Those fields demonstrated that the summer filaments and jets sampled off central Californig
by numerous studies are part of a continuous jet extending from Washington to Southern
California; they did not, however, establish the origin of that jet.

The later studies (Strub and James 2000, 2002a) use SSH data from a combination of
multiple altimeters (Geosat, T/P and ERS-1) and tide gauges (TG), which allow the grid-
ded SSH fields and alongshore transports to extend to the coast, bridging the traditional
coastal gap in altimeter data. In these ficlds, the dominant variability in SSH and transport
north of 20°N occurs along the boundaries, within several hundred kilometers of the coast.
The eastward North Pacific Current is found to vary only weakly on seasonal time scales,
Bograd et al. (1999) found a weak increase of flow in the North Pacific Current in winter
on the basis of drifting buoy velocities, but this seasonal change was much weaker than the
variations found in the boundary currents of the California Current System, consistent with
the analysis of Strub and James (2002a).

The large-scale SSH fields along the U.S. West Coast clarify that the alongshore bands of
high and low SSH form next to the coast, driven by seasonal downwelling- and upweliing-
favorable winds, then move westward. Wave number spectra are useful in tracking the larger
scales of the meanders formed near the coast as they move westward into the deep ocean,
where the ambient spatial scales are smaller. Previous studies using drifter and altimeter data
(Kelley et al. 1998) also document the offshore seasonal movement of eddy kinetic cnergy
(EKE) generated in the vicinity of the seasonal jet. Interannual variability of the EKE field has
been studied using wavelet analysis by Keister and Strub (2008). Although they could analyze
details of the EKE field in the middle of California Current, 100400 km from the coast, they
could not look within the 100 km closest to the coast to verify the origin of the EKE in the very
nearshore jets that form each year. However, combined with the appearance of the “‘eddy des-
ert” farther offshore, the westward propagation of signals points to the seasonally developing
coastal jet as the source of eddy energy in the mesoscale field of the California Current. A
similar development, with different timing, occurs in the Gulf of Alaska, where the nearshore
EKE is strongest in winter, moving offshore in summer. This implies that the EKE is generated
in the poleward Alaska Current and Alaska Stream, which are strongest in winter next to the
northern and northeastern boundary of the Gulf of Alaska.

The larger-scale fields of SSH in Strub and James (2002a) also demonstrate a coherent
seasonal evolution of low and high coastal SSH signals that move from low to high lati-
tudes around the basin. Low SSH values occur next to the coast off Central America during
boreal winter, while coastal SSH values are high north of 30°N, from southern California
to the Gulf of Alaska. These signals move counter-clockwise around the basin, reversing
the fields by boreal sunumer, roughly following the expanding and contracting high and
low pressure systerns in the North Pacific atmospheric patterns.

The innovation in the above investigations is the use of tide gauge data to span the
coastal gap in altimeter data. The same procedure was used in a subsequent study of the
residual transports between the deep ocean and the coast of Oregon, Washington, and
British Columbia during the 2000-2002 peried, using T/P data (Strub and James 2003).
Anomalous eastward transports into the boundary region along British Columbia between
52° and 54°N occurred first, between mid-2000 to mid-2001, followed by eastward trans-
port into the boundary between 50° and 52°N in 2001. At the same time, anomalous trans-
ports were southward in the 300 km closest to the coast from 2000-2002, strongest in 2001
and the first half of 2002. These altimeter-derived transports suggest that both onshore and
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southward displacement anomalies off British Columbia and the Pacific Northwest con-
tributed to the subarctic characteristics of the water observed off Oregon in this event. This
supports the conclusions of Freeland et al. (2003) regarding the equatorward and/or
onshore advection of subarctic water that created the cold, fresh, and rich anomalies found
in the pycnocline off the Pacific Northwest in summer of 2002. Bograd and Lynn (2003)
found a similar (fresh, cold and nutrient-rich) subsurface anomaly in the core of the
California Current (150-350 km offshore) off southern California (33°~35°N) in summer
2002. If the anomaly reported by Freeland et al. (2003) at 50°N in mid-2001 moved 1,500
km south in 1 year, it would account for the Bograd and Lynn observations.

In another large-scale study with implications for the coastal currents in the boundaries
of the North Pacific, Foreman et al. (2008) calculated dynamic ocean topography (DOT)
fields using a high-resolution numerical model driven by seasonal climatologies of tem-
perature, salinity, and wind stress. The in situ 3-D temperature and salinity climatologies
were calculated from the available archive of CTD, XBT, and ARGO hydrographic data.
The mean wind fields are from the NCEP reanalysis. Their average summer mean DOT
field is shown in Fig. 16.12. No altimeter data are used in their model calculation.

Comparisons between their dynamic topography fields and those from JPL and AVISO
(incorporating altimeter and satellite gravity measurements) showed reasonable agreement
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Fig.16.12 Average summer mean dynamic topography (cm} computed from temperature and salin-
ity climatology and NCEP wind stress. Consistent with T/P and Jason altimeter data the white
square af the location of former weather station PAPA; the elevation is adjusted to have a value of
3.15 em (Foreman et al. 2008)
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in the deep ocean and poor agreement over the continental margins, within approximately
500 km of land. Their model compared well with alongtrack altimeter SSH differences
near the margins, especially in the 200 km next to land where model and altimeter data
show strong features (1015 ¢cm changes). Comparisons between the modce! and coastal
tide gauge measurements were also good. The importance of this study for coastal analysis
lies in the fact that models of this type could be run with very high resolution and extended
into the 50 km next to the coast. They would then provide an absolute mean SSH field to
replace the missing temporal mean in altimeter time series, resulting in time-variable fields
of absolute SSH and currents in coastal domains.

Considering interannual time scales, Strab and James (2002b, c) used gridded and
alongtrack altimeter data to describe the paths by which anomalous ocean conditions
appeared along the mid-latitude west coasts of both North and South America (Strub and
James 2002b, ¢) during the 1997-1998 El Niio. SSH data from the T/P tracks within ~100
kim of the coast were used as proxy tide gauge data over the path between the equator and
the mid-latitudes in both hemisphetes, allowing lagged correlations between SSH at differ-
ent locations, along with correlations between SSH and local winds to separate distant and
local forcing effects. The results show that SSH signals traveled quickly down the coast of
South America in May 1997. Off North America, large-scale signals traveled between the
equator and the mouth of the Gulf of California (22°N) in May, and then slowly filled the
Gulf until July-August, when they continued up the coast of North America (Fig. 16.13).

== T —
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Fig. 16.13 Individual 35-day snapshots of SSH around the mouth of the Gulf of California and
southern Baja California during May-August, 1997 (Strub and James 2002b)
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This was not accomplished by classical “Kelvin wave” dynamics, but by a more advec-
tive process, by which they filled the mouth of the Gulf and created an artificial “coast” of
high SSH, which allowed the northward movement to continue. North of 30°N, local fail
and winter winds became more important in forcing the SSH anomalies, becoming the
dominant factor off British Columbia and Alaska.

With the availability of gridded, multi-satellite altimeter SSH and velocity fields from the
AVISO project, produced by SSALTO/DUACS, it has become less common for individual
investigators to grid their own alongtrack data. The AVISO data do not incorporate tide
gauge data, since they are global in scope, and do not accurately represent the region within
50 km of the coast as mentioned eariier. Even when investigators regrid the along-track data
for a specific study, tide gauge data are often not available. For example, when Espinosa-
Carréon et al. (2004) show seasonal and non-seasonal EOF’s of SSH, SST, and satellite
surface chlorophyil (CHL) off Baja California, most of the information in the 50-100 km
next to the coast is provided by the SST and CHL. The SSH fields are more useful in describ-
ing the mesoscale circulation in the 500 km next to the coast. Off Oregon and Washington,
Venegas et al, (2008) present similar seasonal and non-scasonal fields of SSH, SST, CHL,
and surface winds, which extend over the narrow (20-50 km) shelf. One must realize, how-
ever, that both altimeter and scatterometer are extrapolated into the 30-50 km region next to
the coast. The interpretation of the nearshore SSH fields is aided, in this study, by the SST
data, with much higher spatial resolution and a close relation to the SSH data. This brings
out both the limitations of the altimeter and the utility of multi-sensor analyzes in coastal
ocean studies.

Even with the inclusion of TG SSH, the gridded SSH fields cannot resotve the smaller
eddies (tens of kilometers) found next to the coast. This can be seen in Fig. 16.10 (right),
where contours of gridded SSH are overlain on an SST field (Strub and James, 1997,
unpublished). The SSH field provides reasonable representation of the meandering jet
and associated eddies at distances of 100 km from the coast and with scales of approxi-
mately 100 kim or more. It misplaces some of the eddies, as Pascual et al. (2006) have -
shown is the case when less than four altimeters are used, but the combination of SST
and SSH provides a realistic view of the mesoscale circulation field. However there is a
smaller (10-30 km) cyclonic eddy, next to the coast in the SE part of the field that can-
not be resolved by the gridded field. This is typical of most comparisons between SST
and SSH fields examined in this region and raises the question of whether there is addi-
tional information from the alongtrack altimeter data that could be used on smaller
scales, next to the coast. It also reinforces the benefit of combining SSH data with SST
ficlds, especially in upwelling regions where the SST fields serve as a proxy (albeit
impertect) for SSH.

One of the few attempts to look in detail at the SSH data along tracks approaching the
coast of North America is reported by Saraceno et al. (2008), who investigated tracks off
Northern California, Oregon, and Washington. Fig. 16.14 shows SSH data along two
tracks approaching the Oregon coast (both ascending and descending T/P and Jason tracks
approach the coast off the U.S. west coast), overlaid from a coincident SST image.

Standard along-track altimeter data are flagged as unreliable east of the cross-over, 5060
km fron: the coast. In this casc, we have simply replaced the wet tropospheric correction from
the onboard radiometer with an estimate of the correction from the ECMWF atmospheric
model water vapor field. Although the model correction is overly smooth, it allows us to see the
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Fig. 16.14 SST (colors) and 48N
alongtrack SSH from the

Jason-1 altimeter during

June 27-29, 2005. Clouds

are indicated by gray or

speckled patterns in SST. 47N
Altimeter tracks are the

“straight” lines and SSH is

shown as a line plot “above”

(east) or “below” (west) the

tracks. Sharp drops in S8§H 46N
(13 ¢cm and 25 c¢m) are seen

along the track moving from

NW to SE, as it approaches

the coast and passes over

recently upwelled, colder, 45N
and denser water (Saraceno

et al. 2008)
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sharp drops in SSH along the track the moves from the NW to the SE, as the track movcs over
two fronts, one hidden by an upper layer of warm water and the second clearly visible in the
SST field. Closer to the coast, other corrections (tides, tracking) eliminate the data at distances
of approximately 20 km from the coast. The challenge is to first retrieve the along-track SSH
data and then to use it in a realistic fashion to improve SSH fields next to the coast. Tracks are
separated by distances and times too great to resolve the rapidly changing small spatial scales
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of coastal features. Use of the alongtrack data where and when it is sampled is one option,
combining with SST and surface color satellite ficlds or in situ data. Assimilation into coastal
circulation models is the other approach under investigation.

16.4.1.1
Ageostrophic Currents in the California Current System

One of the more difficult problems in an eastern boundary current region like the California
Current is estimating the ageostrophic component of the current. Since the altimeter cannot
measure this component of the current the approach here was to have an independent mea-
sure of the total cutrent and subtract off the geostrophic current as estimated from the coin-
cident altimeter data. Total currents were computed both from drifting buoys and infrared
and ocean color satellite imagery (Matthews and Emery 2009). Data from Jan. 1994 io
December, 2005 were used in this study and Fig. 16.7 shows a comparison between these
three different types of current estimators for four fall examples in the central California
Current region (between San Francisco and Los Angeles). During this time three satellite
altimeters were operating (ERS-1, ERS-2, and T/P). The altimetry derived geostrophic cur-
rents are mapped as green, the image-derived currents by red, and the drifting buoy currents
arc in blue.

Throughout the sequence, the meander offshore of Point Reyes closes oft to form a
zonalty elongated cyclonic eddy, while the alongshore jet is displaced westward. Closer
examination of the coincident MCC (called MCC currents for the maximum cross-corre-
lation method used to compute them) and altimetry observations shows a steady westward
displacement of the MCC velocities relative to the geostrophic flow. The strong offshore
current, relative to the geostrophic flow, suggests that a shallow locally wind driven cur-
rent is possibly being measured by the MCC method.

This example time series demonstrates the close correlation between the image derived
currents and those from the trajectories of the drifting buoys while the geostrophic currents
computed from the altimeter data often agree but also exhibit places when they do not
agree at all. These are likely instances of strong ageostrophic flow in this strongly wind-
driven coastal region.

Time averaged MCC currents exhibit strong offshore jet-like currents extending off-
shore and coinciding with major topographic and coastline features such as promontories.
These jets are not generally in the geostrophic altimeter currents. This suggests that these
oceanic features are likely ageostrophically driven and are tied to local wind and bottom
topography. In addition eddy statistics computed from the MCC velocities indicate dra-
matically different dynamics in the near-shore and offshore regions similar to those results
discussed carlier for the California Current System. Near-shore regions show a dramatic
decrcase in Eddy Kinetic Energy (EKE), with major axes of variance that are modulated
by the shape of the coastline. Offshore, EKE levels increase and major axes of variance are
aligned in the meridional direction.

[t should be observed that the mesoscale geostrophic currents depicted in particular by
the satctlite altimetry, is composed largely of eddies and meanders that dominate the
California Current System during all seasons (Fig. 16.15).
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Fig. 16.15 A sample time series of current fields from satellite altimetry (green), drifting buoys
(blue) and infrared + ocean color sequential images (red) using data from Sept. 20, 1995 to Ocl.
11, 1995 (Matthews and Emery 2009)

All the different current observation methods exhibit clearly this mesoscale circulation
structure. So these mesoscale features are characteristic both of a western boundary cur-
rent region such as the Gulf Stream and an eastern boundary current region such as the
California Current System. They are rather ubiquitous features whenever there is a
moderately strong ocean surface current.

16.4.1.2
Numerical Modeling of the Structure and Dynamics of the California Current System

The mesoscale variability in the California Current System was modeled by Marchesiello
et al. (2003) using the Regional Oceanic Modeling System (ROMS) model. The model
spanned the entire California Current System with a 3.5 km horizontal resolution and was
forced by mean-seasonal momentum, heat and water fluxes at the surface, and adaptive
nudging to gyre-scale fields at the open water boundaries. The model equilibrium solutions
show realistic mean and seasonal conditions of vigorous mesoscale eddies, fronts, and
filaments.
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Fig. 16.16 Longitude-time

(Hovmueller) diagram of the ~ 29%
sea level anomaly (SLA)
along the northern boundary 2005
of the Pacific. The SLA was
averaged within 27 south of 2004
the 1,000 m depth contour 2005 |
(Ueno et al. 2009)
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Seasonal variations of model sca surface height (SSH) from both northern and southern
latitudes are plotted along with that from the T/P altimeter and the alongshore wind stress
in Fig. 16.20. The maximum in wind-driven upwelling season is in summer in the northern
region but earlier in spring off California (consistent with observations discussed by Strub
and James 2000). Model and altimeter data both show nearly coincident wind and oceanic
responsc suggesting that the coastal seasonal cycle is locally forced with no evident oce-
anic teleconnections between southern and northern regions.

The scasonal westward propagation in the upwelling region of the California Current
System is demonstrated in Fig. 16.21 for both the SSH (lcft panel) and for surface and
depth-integrated Eddy Kinetic Energy (EKE). Extrema in all these three quantities move
offshore at a speed of about 2 cm/s in quasi-recurrent seasonal patterns. This is the speed
that would be expected from baroclinic Rossby waves as pointed out for this region in
observational studies (Kelly et al. 1998; Chelton and Schlax 2007).

The primary eddy generation mechanism is the baroclinic instability of upwelling,
alongshore currents. There is a progressive movement of mean-seasonal currents and eddy
energy offshore and downward into the oceanic interior in an annually recurrent cycle.
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Fig. 16,17 Mean Eddy Kinetic Energy (cm® s7?). Gray region is the continental shelf (=300 m depih.
Ladd 2007)

16.4.1.3
Numerical Modeling of the Southern California Bight and Comparisons with Satellite Altimetry Data

The circulation in the Southern California Bight (SCB) is influenced by the background
California Current farther offshore, by tropical remote forcing through the coastal wave-
guide alongshore, and local atmospheric forcing. The region is characterized by local com-
plexity in its topography and the coastline. ROMS is applied to the SCB circulation, its
multiple-scale variability, and interannual, seasonal, and intraseasonal variations. Three
nested horizontal grid resolutions of 20, 6.7, and 1 km are forced with momentum, heat,
and freshwater fluxes at the surface and nudging to gyre-scale reanalysis fields at the
boundaries. This oceanic model starts in an equilibrium state from a multiple-year cyclical
climatology run and is integrated from 1996 to 2003. The 1 km resolution results are com-
pared against HR radar data, current meters, ADCP) data, hydrographic measurements,
tide gauges, drifting buoy trajectories, satellite altimeter currents, and sateltlite radiometer
data. T/P SSHA data are used to assess the low-frequency variability in the ROMS model
simulation of the SCB circulation. One altimeter pass through the 1 km SCB model domain
(Fig. 16.22) which are labeled as Lines 43, 199, and 2006; this altimeter data paucity is why
these authors decided not to compare their model outputs with any of the gridded altimeter
products. SSH anomalies from these three ground tracks are plotted in Fig. 16.23 for both
the T/P observations and for the ROMS model simulations. The T/P data are 10-day SSH
anomalies relative to a 9 year (1993-2001) mean sea surface. Fortunately the 1997-1998
ENSO event is contained within this short time series. ROMS SSH anomalies are also
referenced to the same 9-year mean sea surface. There are clear interannual events that are
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Fig. 1618 Time series of monthly averaged (black), monthly climatological mean (red), and mean
(green) EKE (cm?s?) averaged over the areas around Kodiak (a), Sitka (b), and Haida (¢) (Ladd 2007)

ita coherent between the tracks and often between T/P and ROMS. One that is not even coher-

ent is in late 2000 when a low-SSH in T/P is not matched in ROMS. The largest positive
kground SSH anomalies are during 1997-1998 in both T/P and ROMS. The ROMS anomalics are
11bwzwc only slightly larger than the T/P data.
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e cont- Eddies also dominate the Ataskan Stream region (Ueno et al. 2009) again reflected in satel-
rements, : lite altimetry data between 1992 and 2006 and profiling float data. Fifteen long-lived
fiometer eddics were identified and tracked during their westward migration through the North
S model Pacific (Fig. 16.16).

| domain Of these, three eddies were present at the start of the satellite altimetry observations,
yis why three formed in the eastern Gulf of Alaska off Sitka, Alaska, and four were first detected at
timeter the head of the Gulf of Alaska near Yakutat, Alaska. The other five eddies formed along a
for both line between 157° and 169°W. Most of the eddies formed in the Gulf of Alaska decayed
Jay SSH before exiting the Gulf while those eddies formed farther south managed to cross 180°
97-1998 reaching the western subarctic gyre. Four of the five-southern eddies formed under nega-
arc also tive or weakly positive wind stress curls. Comparison of the southern eddy propagation

s that are _ with the local bottom topography suggests that eddies propagated faster over steeper
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Fig. 16.19 Vertically integrated energy flux for M, (post assimilation). Each full shaft in a multi-
shafted vector represents 100 KW/m. The latitudinal scale has been selected and vectors have been
sub-sampled so that the minimum separation is 20 km (Foreman et al. 2006)

bottom slopes although eddy speeds observed were slower than those predicted by the
topographic planetary wave dispersion relation.

In a related study Ladd (2007) used satellite altimetry data to map eddy kinetic energy
in the Gulf of Alaska (Fig. 16.17).

High EKE is associated with the Alaskan Stream which is seen as a narrow structure of
high EKE that reflects and strongest and most unstable component of the circulation in the
Gulf of Alaska. Note the pockets of high EKE in the waters surrounding Kodiak, Sitka,
and Haida (Queen Charlotte Islands). Of these the Sitka and Haida are eddy formation
regions while the area around Kodiak is an area through which all eddies formed in the
eastern Gulf of Alaska are forced to pass and interact with bottom and coastal topography.
Thus, the variability in the Sitka and Haida regions is due to the formation of mesoscale
eddies and the variability at Kodiak is due to the passage of mesocale eddies formed far-
ther to the east. The SLA pattern at Sitka suggests that eddies form here, flow seaward then
turn northward in the northwestward flowing Alaska Current. Eddies formed in the Haida
region do not move as much offshore and appear to simply advect to the north.

Time series of monthly averaged (black) EKE’s at thesc three locations exhibit a very
clear climatological mean signal that has a maximum in March and minimum in November
(Fig. 16.18).
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Fig. 16.20 Mear-shore scasonal Coastal Sea Level Anomaly [cm] - Latitude: 40-46N
cycle of simulated and T/P and 10
ERS SSH anomalies and
alongshore wind stress. The
variables are averaged over
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Maximum EKE occurs as the downwelling winds start to weaken. The strong down-
welling favorable winds in December/January drive a coastal current flowing northwest
with associated cross-shelf density gradients and storage of potential energy. As these
winds weaken periods of upwelling favorable winds become more likely. These wind
driven events convert this potential energy to kinetic energy through baroclinic instability
(lkeda et al. 1986).

These time series also clearly indicate the effects of El Nino on the altimeter derived
EKE. There arec however, some weaker El Nino events that do not show up in these time
series. The black monthly averaged line in Fig. 16.19 exhibits a peak at the 1997-1998 El
Nino event. 1t is interesting that this peak is present at Haida and Sitka but by the time the
SLA had reached the Kodiak region the El Nino signal had dissipated.
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Fig.16.23 Along-track SSH anomalies (m) from T/P (top row) and ROMS (bottom row), each rela-
tive to its own time and track mean. The distance on the abscissa starts from the beginning point
of a track in the domain (Fig. 16.22; Marchesiello et al. 2003)

16.6
Tidal Energy in the Bering Sea

Although unresolved tidal motions limit the use of altimetry in coastal regions over shal-
low continental shelves, tides and their energy also represent important oceanographic
processes for mixing and transport. Thus, the generation of strong tidal motions by topo-
graphic features in shallow regions and the propagations of that energy along the coast or
into the deep occan is a topic of interest in coastal oceanography. Combinations of tidal
models and altimeter measurements have proved useful in studying the flux of tidal energy,
as demonstrated by Foreman et al. (2006). In this case, tidal harmonics are computed from
T/P altimetry and assimilated into a barotropic, finite clement model of the Bering Sea and
its boundaries. After evaluating its accuracy through comparisons with independent bot-
tom pressure gauges, the model is used to estimate energy fluxes through each of the
Aleutian Passes and the Bering Strait and to construct an energy budget for the major tidal
constituents. The finite element model does not conserve mass locally and this gives rise
to an additional error term in the energy budget, whose contribution is significant for the
model prior to assimilation but is reduced substantially with the assimilation technique.
The M, tidal constituent is estimated to have the largest net energy flux into the Bering
Sea but the sum of the first three largest diurnal constituents is found to be greater than the
sum of the largest three semi-diurnals. The vertically integrated energy flux for the M, tide
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is presented here in Fig. 16.19 as a case after altimeter data assimilation. Samalga and
Amutka Passes in the Aleutians are found to be the primary conduits for the influx of semi-
diumal energy while Amchitka Pass is the primary conduit for diurnal energy. A signifi
cant portion of the diurnal energy is seen to exist in the form of continental shelf waves
trapped along Bering Sea slopes.

16.7
Future Work

Most of the problems facing coastal oceanography off North America are common to other
regions in the world. First the nature of the altimeter waveforms in the coastal ocean need
to be investigated and a retracking method selected and implemented. It is widely accepted
that the last 10 km close to the shore requires retracking of the altimeter waveform.
Retracked altimetry needs to be compared with higher resolution coastlines and land digi-
tal elevation models (DEM?’s). It is not clear that there is one single retracking method that
will be useful in all regions. Instead the retracking method may vary with geographic
location as the fairly narrow shelf of the west coast may not impact the altimeter waveform
too greatly while the much wider shelf off the east coast may contribute to changes in the
altimeter waveforms that have to be corrected. It is important that these corrections be
developed to the best of our ability because the coastal zone is where the bottom topogra-
phy changes very rapidly.

The atmospheric moisture correction for the altimeter path-length is also a problem in
the coastal ocean where the large spot sizes of the passive microwave radiometers arc cas-
ily contaminated by land and restrict their utility to farther offshore than many coastal
oceans. Many land decontamination methods have been recently developed and used to
reprocess earlier altimeter data. It is difficult to evaluate these reprocessed water vapor
data as there are few indcpendent direct measurements of atmospheric water vapor in the
coastal atmosphere. Improvements have been and are being made to the passive micro-
wave radiometers to increase spatial resolution making it possible to bring this measure-
ment closer to the coast. Still there is need to continually improve the water vapor
corrections in the coastal zone. Finally there is real need to get the tidal corrections very
precise in the coastal zone as here the tidally forced currents can become non-linear and
difficult to forecast. Thus, we need the best possible calibration/validation systems to pro-
vide corrections to the altimeter data in the dramatic space/time variability in the coastal
zone such as that carried out by Liu and Weisberg (2007) for the West Florida coast.
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