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ARTICLE INFO ABSTRACT

Available online 23 April 2009 Oceanic fronts shape marine ecosystems; therefore front mapping and characterization are among the
most important aspects of physical oceanography. Here we report on the first global remote sensing sur-
vey of fronts in the Large Marine Ecosystems (LME). This survey is based on a unique frontal data archive
assembled at the University of Rhode Island. Thermal fronts were automatically derived with the edge
detection algorithm of Cayula and Cornillon (1992, 1995, 1996) from 12 years of twice-daily, global, 9-
km resolution satellite sea surface temperature (SST) fields to produce synoptic (nearly instantaneous)
frontal maps, and to compute the long-term mean frequency of occurrence of SST fronts and their gradi-
ents. These synoptic and long-term maps were used to identify major quasi-stationary fronts and to
derive provisional frontal distribution maps for all LMEs. Since SST fronts are typically collocated with
fronts in other water properties such as salinity, density and chlorophyll, digital frontal paths from SST
frontal maps can be used in studies of physical-biological correlations at fronts. Frontal patterns in sev-
eral exemplary LMEs are described and compared, including those for: the East and West Bering Sea
LMEs, Sea of Okhotsk LME, East China Sea LME, Yellow Sea LME, North Sea LME, East and West Greenland
Shelf LMEs, Newfoundland-Labrador Shelf LME, Northeast and Southeast US Continental Shelf LMEs, Gulf
of Mexico LME, and Patagonian Shelf LME. Seasonal evolution of frontal patterns in major upwelling
zones reveals an order-of-magnitude growth of frontal scales from summer to winter. A classification
of LMEs with regard to the origin and physics of their respective dominant fronts is presented. The pro-

posed classification lends itself to comparative studies of frontal ecosystems.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

An oceanic front is a narrow zone of enhanced horizontal gradi-
ents of water properties (temperature, salinity, nutrients, etc.) that
separates broader areas with different water masses or different
vertical structure (stratification) (Belkin, 2002). Fronts are often
described as discontinuities because of their abrupt nature. Fronts
occur on a variety of length scales, from a few meters up to many
thousands of kilometers. Fronts can be short-lived (days), although
most fronts are quasi-stationary and seasonally persistent; promi-
nent fronts are present year-around. Cross-frontal differences in
SST and sea surface salinity can be as large as 10-15 °C and 2-3
parts per thousand (ppt), respectively; typical differences are 2-
5°C and 0.3-1.0 ppt. The vertical extents of fronts vary from a
few meters to more than a kilometer, with major fronts reaching
the open ocean bottom at depths exceeding 4 km.

Various physical processes can form diverse fronts, including
estuarine, plume, and coastal buoyancy current fronts; tidal mixing
fronts; mid-shelf fronts; shelf-slope/shelfbreak fronts; coastal, topo-
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graphic, and equatorial upwelling fronts; western and eastern
boundary current fronts; subtropical convergence fronts; marginal
ice zone fronts, and water mass fronts (Belkin, 2002). These fronts
also have chemical and biological manifestations. As a rule, a front
in one property can be detected in other properties. For example,
temperature fronts are almost always associated with salinity fronts.
Such thermohaline fronts are often accompanied by density fronts
since sea water density is a function of temperature, salinity, and
pressure (depth). Major thermohaline fronts are associated with
fronts in other properties, such as nutrients, ocean color, chlorophyll,
and turbidity. The concurrent physical, chemical, and biological man-
ifestations of the same front are typically collocated, although rela-
tively minor spatial offsets have been observed between locations
of the same fronts in different properties. This well-established collo-
cation of various facets of the same front provides ample evidence
strongly supporting satellite observations of sea surface temperature
(SST) fronts as (a) the best remote sensing tool available today for glo-
bal mapping and monitoring of oceanic fronts, and (b) the remote
sensing tool providing the longest satellite data set (high-quality
SST fields date back to 1982) for retrospective studies.

Oceanic fronts play a major role in marine ecosystems (Le Fevre,
1986; Olson et al., 1994; Longhurst, 2006). The broad importance
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of fronts stems from their impact on the physical, chemical, and
biological environments (Fig. 1). Indeed, density fronts are associ-
ated with geostrophic along-front currents that account for the
bulk of heat, salt and nutrient transport. These currents also play
an important role as conduits for large-scale temperature and
salinity anomalies that are well documented in the North Atlantic
(e.g. Belkin et al., 1998a; Belkin, 2004), where they profoundly af-
fect regional ecosystems while propagating around the Subarctic
Gyre (Greene et al., 2008). These along-front currents maintain
and reinforce the division between the different water masses sep-
arated by the fronts, thus furthering the relative isolation of the
ecosystems associated with these water masses.

Most fronts feature a surface convergence toward the front, at
least on one side of the front. Such convergences contribute to ele-
vated primary production at fronts that are known as “hot spots” of
marine life, from phytoplankton to apex predators, and are recog-
nized as being spawning, nursing and feeding areas for fish, sea
birds, and marine mammals, with high biodiversity. The surface
convergence can also lead to concentrations of pollutants, thus
endangering frontal species that are attending the fronts.

Fronts can affect both the sea bottom beneath them and the
atmosphere above them. The surface convergences at fronts result
in downwelling that, combined with elevated primary productiv-
ity, can lead to an increase in sedimentation beneath major stable
fronts sufficient to leave a geological imprint in sedimentary re-
cords. The ocean-atmosphere interaction at major fronts affects
not just the relatively thin atmospheric boundary layer but the en-
tire lower part of troposphere (Small et al., 2008; Minobe et al.,
2008). The ocean-atmosphere interaction in marginal ice zones re-
sults in the formation of oceanic fronts along the sea ice edge in
high-latitude seas. In turn, oceanic fronts may limit the extent of
sea ice cover, thereby profoundly affecting ecosystems of season-
ally ice-covered seas. Finally, oceanic fronts shape the underwater
acoustic environment, thus directly impacting whales, dolphins
and other species that depend on underwater sound propagation
and echolocation for communication, feeding, and migration.

A substantial body of literature exists on the ecology of oceanic
fronts, but most studies are focused on individual fronts. At the
same time, the concept of Large Marine Ecosystems, LME (Sher-
man, 1990, 2005) envisions integrated assessments of LMEs,
including their hydrography (various maps of LMEs can be found
on the official LME Web site, http://www.lme.noaa.gov/). This con-
cept implies a fully-integrated mapping and characterization of the
whole frontal pattern in each LME. This can best be achieved
through satellite remote sensing thus leading to the major objec-
tive of the work presented herein: for each LME, to map all station-
ary and quasi-stationary SST fronts as proxies for other types of
fronts collocated with the SST fronts; to determine their major
parameters from satellite and in situ data; to quantify their sea-
sonal and long-term variability, and eventually to link fronts and
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Fig. 1. Impact of oceanic fronts on the oceanic and atmospheric environments (see
text for explanation).

biology, including fisheries, at the scale of individual fronts and
individual LMEs. The work in this study is based on a global survey
of SST fronts (Belkin et al., 1998b, 2001; Belkin, 2005; Belkin and
Cornillon, 2007).

This paper is structured as follows. Section 2 describes the front
detection algorithm, the satellite data, and the frontal mapping
products used in the analysis. Section 3 briefly reviews our main
results of the global survey of SST fronts and of the follow-up map-
ping of SST fronts in the World Ocean LMEs. Section 4 presents
frontal patterns in selected regions and draws comparisons be-
tween similar frontal zones and ecosystems. Section 5 examines
the seasonal evolution of frontal patterns in major upwelling
zones. In Section 6 we discuss interdisciplinary cross-cutting issues
and present a physically-based classification of LME fronts, thus
providing guidelines for comparison studies of frontal ecosystems.
Section 7 summarizes the main results. The online Supplementary
data contains 64 frontal distribution maps for individual LMEs
(Appendix A).

2. Data and methods

The front detection algorithm used in this study is based on his-
togram analysis. Since a front is a narrow zone between two rela-
tively uniform water masses, a histogram of any oceanographic
characteristic (e.g. SST) in the vicinity of the front would have
two modes (frequency maxima) corresponding to the two water
masses separated by the front, while the front is identified with
the frequency minimum between the modes. This idea was imple-
mented by Cayula et al. (1991), Cayula and Cornillon (1992, 1995,
1996) and further developed by Ullman and Cornillon (1999, 2000,
2001). Since the mid-1990s, the Cayula-Cornillon algorithm has
been used by various research groups and is considered to be the
state-of-the-art front detection tool owing to its robustness and
ample worldwide validation (Belkin et al., 1998b, 2001; Ullman
and Cornillon, 1999, 2000, 2001; Hickox et al., 2000; Mavor and
Bisagni, 2001; Belkin and Cornillon, 2003, 2004, 2005, 2007; Belkin
et al., 2003; Nieto and Demarcq, 2006; Miller, 2004, 2009).

Fronts were detected from the NOAA/NASA Pathfinder SST
fields (Vazquez et al., 1998) for the period 1985-1996, from 75°N
to 75°S. These fields were obtained from the AVHRR (Advanced
Very High Resolution Radiometer) Global Area Coverage data
stream (two 9.28 km resolution fields per day), available from
the Jet Propulsion Laboratory. Each global SST field is a matrix with
2048 rows and 4096 columns. SST fronts were derived from the
cloud-masked SST fields with the multi-image edge detection algo-
rithm (Cayula and Cornillon, 1996; Ullman and Cornillon, 1999,
2000, 2001). The cloud masking and front detection algorithms
were applied to each of the 8364 SST images in the 12-year
sequence.

The multi-image Cayula-Cornillon algorithm consists of three
major steps. In the first step, the single image edge detection (SIED)
algorithm is applied to each SST field in the time series. The SIED
algorithm operates at three levels: image, window, and pixel. The
image level portion of the process is associated with the cloud
screening algorithm and is not discussed here. At the window level,
a histogram analysis is performed on overlapping square windows
of pixels in the image. The optimum window size was determined
by Cayula and Cornillon (1992) to be 32 by 32 pixels for the global
GAC fields as well as for regional 1 km fields. The output of the
window level, pixels at the local minimum between two histogram
peaks, consists of candidate frontal pixels. The algorithm then des-
cends to the pixel level and follows contours associated with can-
didate pixels. In the second step of the multi-image process, all
frontal segments found in images within approximately 36 hours
of each image are merged into a single field and the merged fronts
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are thinned. These thinned fronts are then used as candidate fron-
tal pixels for the third step in the multi-image process — a reappli-
cation of the SIED algorithm to all images in the time series.

Three basic types of maps were created and used in the anal-
ysis discussed herein: long-term mean frontal frequency maps,
quasi-synoptic frontal composite maps, and long-term mean
frontal gradient maps. Sample maps of each type are presented
in subsequent sections. Long-term mean frontal frequency maps
show the pixel-based frequency, F, of fronts normalized by
cloudiness: For each pixel, F=N/C - 100%, where N is the number
of times during a temporal interval of interest that the given pix-
el contained a front, and C is the number of times the pixel was
cloud-free. Thus, frequency maps are best suited for mapping
stable fronts; fronts that move substantially over time result in
relatively low frontal frequencies at any given pixel. Long-term
mean frontal gradient maps show two scalar quantities, gradient
magnitude and gradient direction, associated with each frontal
pixel. Frontal gradient magnitude maps give a clear indication
of (a) the frontal strength identified with the maximum gradient
and (b) the total cross-frontal step of the given property, in this
case SST.

The peak of the frontal probability distribution in a given
frontal zone or band is determined both by the probability that
a front exists in the band and the width of the band - the wider
the band, the lower the probability. For fronts associated with
widely meandering and shifting currents, the probability can be
so small as to almost be lost in the background noise. In such
cases quasi-synoptic frontal composite maps are more helpful
in locating these fronts because they present all snapshots of
fronts detected in individual SST images within a given time per-
iod (usually, a week or a month) without any averaging or
smoothing. Frontal composite maps are used to detect moving/
meandering fronts that are not conspicuous in the frontal fre-
quency maps.

3. Results: global mapping of SST fronts and its application to
LME characterization

Long-term mean annual, seasonal, and monthly frontal fre-
quency maps for the Atlantic, Indian, and Pacific Oceans reveal ele-
vated concentrations of quasi-stationary fronts in coastal and
marginal seas where all but a few LMEs are located. Based on these
maps, the World Ocean was divided into ~70 overlapping regions
for detailed mapping. Long-term mean annual, seasonal, and
monthly maps of frontal frequency and gradient were made for
these 70 regions that together cover the entire World Ocean be-
tween 75°N and 75°S. For each of these 70 regions, 144 monthly
(from January 1985 to December 1996) composite frontal maps
were made - approximately 10,000 maps in total.

The global frontal data base assembled at URI was used to dis-
tinguish patterns of quasi-stationary fronts in the 64 World Ocean
LMEs (Belkin, 2005; Belkin and Cornillon, 2007). These frontal pat-
terns are presented here as frontal distribution maps for each LME
(Appendix A). Only the most robust, well-defined fronts in each
LME are shown regardless of the seasons during which they devel-
op and peak. Therefore each map portrays the long-term annual
mean pattern of the fronts. At any given time, only some fronts
may be visible in a given LME.

In the next section, frontal patterns in several exemplary LMEs
are described in detail. We have chosen these LMEs for their rich
frontal patterns and abundant marine life, including major fisher-
ies grounds. As such, these LMEs are highly important economi-
cally to adjacent countries. We also show simple analytical tools
developed to study spatial and temporal variability of frontal pat-
terns in individual LMEs.

4. Frontal patterns in selected LMEs
4.1. East and West Bering Sea LMEs

4.1.1. East Bering Sea LME

The frontal distribution map for the East Bering Sea LME (Fig. 2)
is based on manually digitized frontal paths obtained from 12
long-term monthly frontal frequency maps (Fig. 3, after Belkin
and Cornillon, 2005, Fig. 2). Only seven months, from May to
November, were used to digitize frontal paths to avoid sea ice cov-
er that is typically present from December to April. Five major
fronts were distinguished over the East Bering Shelf and Slope (Bel-
kin and Cornillon, 2005). The Coastal Front consists of three seg-
ments, the Bristol Bay Front (BBF), the Kuskokwim Bay Front
(KBF), and Shpanberg Strait Front (SSF). These near-coastal fronts
likely play an important role in the life of juvenile salmon. Farther
offshore, the Inner Shelf Front (ISF) and Mid-Shelf Front (MSF) are
approximately isobathic. The most distant offshore fronts, the Out-
er Shelf Front (OSF) and the Shelf-Slope Front (SSF) are not isoba-
thic. They extend from relatively shallow depths in the east, off
Bristol Bay, to significantly greater depths in the west, where the
SSF crosses the shelf break and slope to continue over the deep ba-
sin as it leaves the East Bering Sea LME and enters the West Bering
Sea LME.

4.1.2. West Bering Sea LME

The Shelf-Slope Current bifurcates upstream of Cape Navarin.
The northward branch flows toward the Bering Strait as the Ana-
dyr-Chukotka Current associated with the Gulf of Anadyr Front.
The southward branch flows first along the Koryak Coast, then
along the Kamchatka Peninsula, and is associated, respectively,
with the Koryak Coast Current Front and the East Kamchatka Cur-
rent Front.

4.1.3. Frontal index F1

To characterize temporal variations of spatially-integrated
frontal activity within a given area, a very simple frontal index,
F1, was introduced by Belkin and Cornillon (2005) and defined
as an integral over the entire area of the total number of times
each 9-km x 9-km pixel contained an SST front. The resulting in-
dex F1 for the entire Bering Sea (Fig. 4, after Belkin and Cornillon
2005, Fig. 10) reveals an extremely strong seasonal variability that
dominates interannual variations. Individual annual cycles display
a strong year-to-year variability that modulates a unimodal sea-
sonal cycle. Long-term variability is characterized by an ascending
trend of F1, which increased approximately 50% from 1985 to
1996. This increase may have profound ecosystem implications,
as F1 reflects the total number of SST fronts within the Bering
Sea. The above example (see also Belkin and Cornillon, 2005, Figs.
11-13) illustrates the application of this frontal index for inte-
grated assessment of physical and biological conditions in individ-
ual LMEs.

4.2. Sea of Okhotsk LME

The frontal schematic of the Sea of Okhotsk LME (Fig. 5) is
based on the 12 long-term mean monthly frontal frequency
maps published by Belkin and Cornillon (2004). The Okhotsk
Sea has a very energetic tidal regime and intense water mass ex-
change with the open Pacific Ocean. As a result, several different
physical types of fronts co-exist there (Belkin and Cornillon,
2003, 2004). A branch of the Kamchatka Current penetrates into
the Okhotsk Sea via the First Kuril Strait, to form the West Kam-
chatka Current Front (WKCF), a water mass front. Robust tidal
mixing fronts develop over the western and northern shelves
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Fig. 2. Fronts of the East Bering Sea LME. Acronyms: BBF, Bristol Bay Front; ISF, Inner Shelf Front; KBF, Kuskokwim Bay Front; MSF, Mid-Shelf Front; OSF, Outer Shelf Front; PF,
Polar Front; SSF, Shelf-Slope Front; SSNSF, Shpanberg Strait-Norton Sound Front. Yellow line, LME boundary. After Belkin and Cornillon (2007). This highly generalized
schematic summarizes seven long-term monthly frontal patterns for ice-free months (May-November) derived from digitized frontal paths based on 12 years (1985-1996) of

satellite SST frontal maps (Belkin and Cornillon, 2005).

(WSF and NSF, respectively), especially off Magadan (MSF) and
within Shelikhov Gulf (SGF), where the tidal magnitude peaks
at 12-13 m. Very sharp tidal mixing fronts surround Kashevarov
Bank (KBF) and the Shantarsky Islands. An estuarine front
bounds the Amur River plume; this front continues southward
along the east coast of Sakhalin Island as the East Sakhalin Cur-
rent Front (ESCF).

The Sea of Okhotsk LME is one of the most productive areas
of the World Ocean, rivaling the East and West Bering Sea LMEs.
It supports fisheries with a total annual catch exceeding 2 mil-
lion tons, mainly of walleye pollock and also of flounder, herring,
and salmon (Belkin and Cornillon, 2004). Our frontal distribution
map (Fig. 5) strongly correlates with biomass distributions of
phytoplankton, zooplankton, and benthos (Belkin and Cornillon,
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Fig. 3. Seasonal variability of SST fronts in the Bering Sea, May-November 1985-1996 (Belkin and Cornillon, 2005, Fig. 2).
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Fig. 4. Temporal variability of the monthly frontal index F1 of the Bering Sea, January 1985-December 1996 (Belkin and Cornillon, 2005, Fig. 10).

2004), and with the faunal zonation of zooplankton (Pinchuk and
Paul, 2000, Fig. 2). Pelagic fish and squid tend to concentrate in
frontal areas, especially the commercially important walleye pol-
lock. Apex predators such as sea birds and marine mammals also
congregate at fronts. The most important breeding ground of
northern fur seals in the Sea of Okhotsk LME is located on Rob-
ben Island (Ostrov Tyuleniy) off southern end of Sakhalin Island
(Gentry, 1998), just a few miles from the East Sakhalin Front that
the seals may use as a feeding ground. Steller sea lion rookeries
on the Yamsky Islands and on St. Iona Island (NMFS, 1992) are
also located close to SST fronts, namely, the North Shelikhov
Front and the St. lona branch of the Kashevarov Bank Front,
respectively.

145°
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4.3. East China Sea and Yellow Sea LMEs

These LMEs feature extremely stable, primarily wintertime
fronts formed by a broad range of physical processes. These fronts
have been relatively well studied from satellite data (Hickox et al.,
2000; Belkin and Cornillon, 2003) and in situ data (Chen, 2009). The
types of fronts found in the East China Sea LME (Fig. 6) are more
diverse than those found in the Yellow Sea LME. In the northern
part of the East China Sea LME, the Yangtze Bank Ring Front (YBRF)
surrounds the Yangtze Bank (Shoal). This front is caused by the
huge fresh discharge of the Yangtze River (Chang Jiang) and is
maintained by tidal rectification that results in a clockwise current
and a closed quasi-circular front around the Bank. A water mass
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Fig. 5. Fronts of the Sea of Okhotsk LME. Acronyms: CF, Central Front; ESCF, East Sakhalin Current Front; KBF, Kashevarov Bank Front; MSF, Magadan Shelf Front; NSF, North
Shelf Front; NWSF, Northwest Shelf Front; SCF, Soya Current Front; SGF, Shelikhov Gulf fronts; TBF, TINRO Basin Front; WKCF, West Kamchatka Current Front. Yellow line,

LME boundary. Arrows, along-front currents. After Belkin and Cornillon (2004, Fig.

1),
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Fig. 6. Fronts of the East China Sea LME. Acronyms: ECF, East Cheju Front; FZF, Fujian-Zhejiang Front; KF, Kuroshio Front; TCF, Tsushima Current Front; WCF, West Cheju
Front; YBRF, Yangtze Bank Ring Front. Yellow line, LME boundary. After Belkin and Cornillon (2007), based on Belkin and Cornillon (2003) and Hickox et al. (2000).

front (FZF) runs along the Fujian-Zhejiang Coast between cold,
fresh waters flowing southward along the coast and warm, saline
offshore waters flowing northward via the Taiwan Strait. The Kuro-
shio Front (KF) invades the shelf north of Taiwan. These excursions
are important for the cross-shelf exchange of heat, salt and nutri-
ents. Sharp fronts (WCF and ECF) separate the warm, saline waters
of the Kuroshio Current and the colder, fresher coastal waters off
Cheju Island. In the Yellow Sea LME, the most robust fronts are ti-
dal mixing fronts around the Shandong Peninsula, off Jiangsu
Shoal, and off the West Korea and Kyonggi bays (Hickox et al.,
2000; Belkin and Cornillon, 2003). The freshwater discharge of
the Yellow River (Huang He) plays a minor role in maintaining Yel-
low Sea fronts compared with the role of the Yangtze River in
maintaining East China Sea fronts.

Satellite data reveal a variety of annual cycles of SST fronts in
both LMEs (Fig. 7) depending on the frontal structure and the phys-

ical mechanisms responsible for the front formation, e.g. tidal mix-
ing, water mass convergence, river runoff, and deep winter
convection. Some fronts reverse seasonally, as their cross-frontal
gradient changes its sign from winter to summer (Fig. 7). For exam-
ple, the Yangtze River plume surrounded by the Yangtze Bank Ring
Front (YRBF) is warmer than the ocean waters in spring-summer,
but colder during the rest of the year.

4.4. North Sea LME

The North Sea LME is rich with diverse fronts (Fig. 8). Most
fronts are best defined in winter. Tidal mixing, river runoff, and
upwelling fronts dominate the sea (Krause et al., 1986; Otto
et al.,, 1990). The Kattegat-Skagerrak Front is a water mass front
(Omstedt et al., 2004; Nielsen, 2005). Near the Norwegian coast,
salinity fronts caused by the fresh runoff from fjords and the low

4
3
o
E 27
°
o
81
n
@
w0
©
-
c
o -1
'™ 1 2 3 5 6 7 8 9 10 11 12
Month
2 A —x
—o—Front 1 —-Front 2 A Front 3 —@—Front 4 —&—Front 5
-3 -4 -O-Front6 ~X—Front7 —&—Front 8 —@-Front 9 —<—Front10 [~

Fig. 7. Seasonal variability of SST ranges across fronts of the Yellow and East China Sea LMEs. The cross-frontal SST range dT = SSToftshore — SSTinshore- Based on the results

obtained by Hickox et al. (2000).
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Fig. 8. Fronts of the North Sea LME. Acronyms: CF, Central Front; DBF, Dogger Bank Front; EECF, East English Channel Front; FF, Frisian Front; FHF, Flamborough Head Front;
FIF, Fair Isle Front; NCCF, Norwegian Coastal Current Front; ShF, Shetland Front; SKF, Skagerrak Front; WECF, West English Channel Front. Yellow line, LME boundary. After

Belkin and Cornillon (2007).

salinity Skagerrak outflow are observed at all times, sometimes
associated with temperature fronts. Salinity fronts are also ubiqui-
tous in the southern North Sea, where they are caused primarily by
the outflows of the Rhine, Scheldt, and Elbe rivers. We observe a
number of SST fronts apparently associated with these salinity
fronts, aligned in the meridional direction, similar to the fronts
shown by Otto et al. (1990). The Fair Isle Current Front (FICF)
was known to be pronounced in summer and has been considered
absent in winter (Otto et al., 1990). We detected the FICF year-
round and the best example of the FICF comes from the wintertime
satellite imagery.

4.5. East and West Greenland Shelf LMEs and Newfoundland-Labrador
Shelf LME

The three LMEs that surround the Atlantic Subarctic Gyre are
connected by similar fronts and have analogous frontal patterns
that feature (a) strong and robust shelf-slope fronts that separate
oceanic and shelf water masses, and (b) mid-shelf/inner-shelf
fronts that separate shelf water masses from near-shore/coastal
water masses strongly affected by freshwater runoff.

4.5.1. East Greenland Shelf LME

The Polar Front associated with the East Greenland Current, the
East Greenland Polar Front (EGPF), extends along the shelf break
east of Greenland (Fig. 9). Though the EGPF location is generally
closely associated with the continental slope, a noteworthy excep-
tion is observed at 64-65°N, 40-35°W, where the EGPF splits. The
offshore branch continues along the shelf break, whereas the in-
shore branch extends well onto the broad shelf off Ammassalik
and rejoins the offshore branch farther downstream. This double
front, tentatively named the Ammassalik Front, is a newly found
feature. The newly found multi-frontal pattern over the Ammassa-
lik Shelf may have important ramifications in fisheries oceanogra-
phy since this shelf is a major spawning ground of cod.

4.5.2. West Greenland Shelf LME

The West Greenland shelf break steers the West Greenland Cur-
rent and the associated front until ~63°N, 53°W. As the West
Greenland continental slope becomes less steep and the shelf break
more poorly defined, it fails to steer the West Greenland Current
Front (Fig. 9). At this point the current becomes prone to vigorous
meandering and eddy formation; the front is no longer well de-
fined in this map. Another frontal discontinuity is observed off
the entrance to Hudson Strait, where the southward flowing Baffin
Current meets the fresh Hudson Strait outflow.

4.5.3. Newfoundland-Labrador Shelf LME

South of Hudson Strait, two fronts are visible: the offshore front
associated with the main branch of the Labrador Current and the
mid-shelf front associated with the Hudson Strait outflow. The off-
shore front is a well-known feature, whereas the mid-shelf front
has not been described in the literature. The mid-shelf Labrador
Front apparently plays an important role in the life of Greenland
halibut as evidenced by regular Canadian halibut surveys.

4.6. Gulf of Mexico LME; Southeast and Northeast US Continental Shelf
LMEs

The large-scale frontal patterns in the Gulf of Mexico LME,
Southeast US Continental Shelf LME (especially, in the South Atlan-
tic Bight, SAB) and Northeast US Continental Shelf LME (especially,
in the Mid-Atlantic Bight, MAB) are seasonally persistent (Figs. 10—
12) as most fronts are steered by bottom topography, particularly
by the well-defined shelf break and the steep upper continental
slope.

4.6.1. Gulf of Mexico LME

Thermal fronts in the Gulf of Mexico (Fig. 11) display a strong
seasonal signal; in summer few fronts are visible in SST imagery
because seasonal warming obliterates the surface signatures of
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Fig. 9. Long-term mean summer frequency of SST fronts in the Northwest Atlantic, July-September 1985-1996.

most fronts. The Campeche Bank Front (a mid-shelf front along
22°N) is an exception, since it persists in June-August when this
front is the only distinct feature in the SST field in the Gulf. Other
fronts emerge in October-November, especially the shelf break
fronts and the mid-shelf fronts, in the northern Gulf and the wes-
tern Gulf. The mid-shelf fronts form in the Gulf due to cold air out-
breaks (Huh et al., 1978). Fronts proliferate in winter when a
robust pattern of several prominent fronts emerges, which are
associated with the Yucatan Current, Loop Current, warm-core
anticyclonic rings of the Loop Current, shelf break fronts, and
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mid-shelf fronts over the West Florida, Texas-Louisiana, and wes-
tern Campeche Bank shelves.

An intense flow from the Caribbean Sea into the Gulf of Mexico,
known as the Yucatan Current, is associated with a very strong and
persistent frontal zone on its western side that separates the cur-
rent’s unproductive water from the biologically very rich waters
of the Campeche Bank (Perez et al., 1999). The front is evident year
round, even in summer when the horizontal SST gradients are
weak. The persistence of this front is accounted for by the coastal
upwelling that is strong enough to maintain a substantial horizon-
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Fig. 10. Long-term mean (1985-1996) March frequency of SST fronts in the Western North Atlantic.
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Fig. 11. Fronts of the Gulf of Mexico LME. Acronyms: CBCF, Campeche Bank Coastal Front; CBSSF, Campeche Bank Shelf-Slope Front (most probable location); ISF, Inner Shelf
Front; LCF, Loop Current Front; LTSF, Louisiana-Texas Shelf Front; MRE, Mississippi River Estuary; WFSF, West Florida Shelf Front. Yellow line, LME boundary. After Belkin and

Cornillon (2007).

tal SST gradient off northern Yucatan (Perez et al., 1999). This
upwelling is an example of a western boundary upwelling as op-
posed to the well-known, extensive eastern boundary wind-driven
upwellings. The exact mechanism of the Yucatan upwelling is un-
known; it is probably caused by bottom friction or other topo-
graphic mechanisms (Merino, 1997).

4.6.2. Southeast US Continental Shelf LME
In the surface layer, the Florida Current and the Gulf Stream are
bordered by two fronts that correspond to their cold and warm

-70°

sides. Both fronts can be seen year-round in the seasonal frequency
maps (Fig. 10). The cold-side front (sometimes referred to as the
“cold wall” or the “north wall” of the Gulf Stream) is better defined
compared to the warm-side front. The SST step across the cold
front ranges from 2°C in August up to 10°C in March. The
warm-side front, albeit less strong than the cold front, is systemat-
ically detected in satellite SST imagery, with the cross-frontal SST
range varying seasonally from 1.5 °C to 4.5 °C. A quasi-stationary
deflection of the Gulf Stream downstream of the Charleston Bump
is evident at 32°N. This frontal feature is associated with the

Fig. 12. Fronts of the Northeast US Continental Shelf LME. Acronyms: CCF, Cape Cod Front; GBF, Georges Bank Front; ]BF, Jordan Basin Front; MCF, Maine Coastal Front; MSF,
Mid-Shelf Front; NSF, Nantucket Shoals Front; SSF, Shelf-Slope Front; WBF, Wilkinson Basin Front. Yellow line, LME boundary. After Belkin and Cornillon (2007).
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Charleston Bump, an important fish habitat in the Gulf Stream
(Sedberry et al., 2001). Farther downstream of the Bump, the qua-
si-stationary cyclonic Charleston Gyre forms, an important spawn-
ing and larval fish habitat (Govoni and Hare, 2001).

Located west of the Gulf Stream in the SAB is the Mid-Shelf
Front (MSF) (Fig. 10). This front is more stable than the Gulf
Stream fronts; therefore it appears more prominently than
the Gulf Stream. The separation between these fronts is maxi-
mal near the SAB apex (31°N), apparently because of the
northward isobath divergence; and downstream of the Charles-
ton Bump (east of 79°W), owing to the Gulf Stream veering
east (Fig. 10).

The SAB MSF is different from the MAB MSF described by Ull-
man and Cornillon (1999) in that: (a) unlike its northern counter-
part, which is only detected in winter, the SAB MSF is distinct in
fall, winter, and spring, and; (b) the SAB MSF extends over shal-
lower depths (20-40 m) whereas the MAB Mid-Shelf Front is cen-
tered around the 50 m isobath. The MSF is important to the SAB
ecology, attracting fish and sea birds; the latter’s spatial density
near this front is an order of magnitude above the background (Ha-
ney and McGillivary, 1985).

4.6.3. Northeast US Continental Shelf LME

The most persistent feature of this LME is the Shelf-Slope Front
that extends south of New England (Figs. 10 and 12) and is well
known as an important fishing ground. The modal (most likely)
path of this front closely follows the shelf break. In winter, the
Mid-Shelf Front is seen inshore of the Shelf-Slope Front, centered
over the 50 m isobath (Ullman and Cornillon, 1999). The Mid-Shelf
Front has different characteristics in the Northeast and Southeast
US Continental Shelf LMEs with respect to water depth, seasonal
variability, and forcing. In summer and early fall, tidal mixing
fronts emerge north of Nantucket Shoals, in the Gulf of Maine,
and around Georges Bank (Ullman and Cornillon, 1999; Mavor
and Bisagni, 2001).

4.7. Patagonian Shelf LME

The Patagonian Shelf LME occupies the largest continental shelf
of the Southern Ocean and one of the largest shelves in the World
Ocean. This shelf features extremely rich frontal patterns in all sea-
sons (Fig. 13). Three year-round fronts are evident on the Patago-
nian Shelf:

(1) Valdés Front, VF, after Peninsula Valdés at 42°S.
(2) San Jorge Front, SJF, after Golfo San Jorge at 46°S.
(3) Bahia Grande Front, BGF, after a bay at 51°S.

The origin of the VF and the SJF is likely related to regions of en-
hanced tidal mixing located near Peninsula Valdés and near both
ends of Golfo San Matias where tidal fronts are formed separating
well-mixed water from stratified water in spring and summer
(Glorioso and Flather, 1997). Two seasonally persistent fronts are
distinguished over the Patagonian Shelf, namely the Bahia Blanca
Front, BBF (after a bay at 39°S), and the Magellan Front, MF, located
near the eastern entrance to the Strait of Magellan. In fall (April-
June), this front consists of two distinct branches, northern and
southern, termed the Patagonian-Magellan Front, PMF, and Tierra
del Fuego Front, TFF, respectively. The origin of MF, PMF, and TFF is
likely related to the influx of relatively cold, fresh water from the
SE Pacific via the Strait of Magellan and also probably around the
southern tip of Tierra del Fuego (with the Cape Horn Current).
The Patagonian shelf break front has an unusual structure with
multiple fronts parallel to the shelf break (Franco et al., 2008).
The biological significance of the Patagonian fronts was high-
lighted by Acha et al. (2004) and Rivas (2006).
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Fig. 13. Fronts of the Patagonian Shelf LME. Acronyms: BBF, Bahia Blanca Front;
BGF, Bahia Grande Front; FMCF, Falkland/Malvinas Current Front; LPF, La Plata
Front; MSF, Mid-Shelf Front; PMF, Patagonian-Magellan Front; SJF, San Jorge Front;
TFF, Tierra del Fuego Front; VF, Valdes Front. Yellow line, the LME boundary. After
Belkin and Cornillon (2007).

5. Seasonal evolution of frontal pattern in major upwelling
LMEs

Frontal frequency maps emphasize stationary and quasi-sta-
tionary fronts that owe their stability to the bathymetry that steers
them. Such maps tend to understate dynamic fronts associated
with meandering and lateral shifts, or transient fronts that emerge
and dissipate over relatively short time scales, 1-10 days. Such
fronts are best studied with the help of quasi-synoptic frontal com-
posite maps that display all instantaneous fronts detected in indi-
vidual satellite images and aggregated over a period of time that is
an order of magnitude shorter than the time scale of interest. Since
our main focus at this point is on the annual cycle of frontal pat-
terns in individual LMEs, monthly frontal composites (aggregates)
serve this purpose.

Fig. 14 presents two monthly composite frontal SST maps for
the California Current LME. Even a cursory comparison of these
two maps makes obvious a dramatic change of the entire frontal
pattern from an apparent chaotic pattern of small-scale fronts in
summer to a quasi-regular pattern of several huge filaments, up
to 1000 km long, extending northwest from the Oregon-Califor-
nia-Baja California coast, spaced a few hundred km apart in winter.
Each of these filaments was coherent for at least the duration of the
composite mapping period, one month. This drastic seasonal
change of the entire frontal pattern has not been reported before
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Fig. 14. Seasonal evolution of SST frontal pattern in the California Current LME. Shown are monthly frontal composite maps from July 1985 (left) and December 1985 (right).

(cf. Hickey, 1998). What makes this phenomenon all the more
important globally is that a similar evolution of regional frontal
patterns is observed from our data in other eastern boundary
upwelling LMEs, notably in the Canary Current LME, in the Arabian
Sea LME, in the Northwest Australian Shelf LME, in the northern
part of the Humboldt Current LME (Peruvian upwelling), and in
the Benguela Current LME.

The above-noted seasonal evolution of frontal patterns in ma-
jor upwelling LMEs can be expressed in terms of the dominant
spatial scale of individual fronts. In the California Current LME,
this scale increases by an order of magnitude from summer to
winter (Fig. 14). From a visual inspection of monthly composites,
from January 1985 to December 1996, in all six major eastern
boundary upwelling LMEs noted above, the dominant frontal scale
increases at least 10-fold from summer to winter. The California
Current LME is the only area where these filaments form a qua-
si-regular unidirectional pattern, with the large-scale coherent fil-
aments in winter extending 500-1000 km offshore, trending ESE-
WNW (Fig. 14, right). In other upwelling LMEs, such large-scale
coherent wintertime fronts do not exhibit a dominant spatial ori-
entation, so the entire frontal pattern is approximately isotropic.
The anisotropy of the California upwelling frontal pattern in win-
ter is likely linked to the seasonal evolution of the large-scale
wind stress field.

The biological significance of such large-scale filaments stems
from the observations that these filaments carry the bulk of the
cross-shelf/slope transport of nutrients (Lutjeharms et al., 1991).
The jet-like along-front currents associated with these filaments
could transport larvae and juvenile fish hundreds of kilometers off-
shore, contributing to their dispersal (Lutjeharms et al., 1991). The
spatial and temporal scales of these features inferred from synoptic
satellite frontal maps provide observational constraints on models
of larval dispersal.

6. Discussion: frontal classification and comparison of LMEs

Analysis of 12 years of satellite SST data reveals rich frontal pat-
terns in most LMEs, which are presented in previous sections and
Appendix A. Many of these fronts have never been described in
the literature, and most of them have not been a subject of a ded-
icated field or remote sensing study. The paucity of front-resolving
in situ data is the main reason why our knowledge of the physical
mechanisms that create and maintain these fronts is rudimentary
at best. And yet, it is the physics of fronts that holds clues to under-
standing frontogenesis and frontolysis and eventually to front
modeling and forecasting, including modeling of physical-biologi-
cal interactions at fronts. Therefore we propose a provisional clas-
sification of LMEs based on their frontal pattern (Table 1). The
suggested classification includes only those fronts whose nature
is reasonably well established and is based on the entire body of
the literature on the oceanography of fronts and frontal zones
readily available in English, as well as selected articles in other lan-
guages. A small part of this bibliography is cited by Belkin and
Cornillon (2007). Regional bibliographies of the North Pacific and
Arctic LMEs can be found in Belkin and Cornillon (2003, 2004,
2005), Belkin et al. (2003), and Hickox et al. (2000).

Different ecosystems are populated by different types of fronts
depending on dominant physical processes in these ecosystems.
Most important mechanisms are tides, upwelling, water mass con-
vergence, and fresh water inflows. Since tides are ubiquitous, so
are tidal mixing fronts (TMF), although the strength and persis-
tence of TMFs depend on tidal characteristics. The exact locations
of TMFs also depend on bathymetry. Some TMFs are locked into
topographic steps such as submarine terraces or submerged
shores. The suggested classification emphasizes those fronts that
dominate in a given LME. Most LMEs include fronts of various
types.
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Table 1
Frontal classification of large marine ecosystems.

Type T: LMEs with tidal mixing fronts. Examples: East Bering Sea LME; Sea of Okhotsk LME; Gulf of Alaska LME; North Sea LME; Yellow and East China Sea LMEs; Patagonian

Shelf LME; Faroe Plateau LME.

Type F: LMEs with freshwater inflows. Examples: East and West Bering Sea LMEs; Sea of Okhotsk LME; Yellow and East China Sea LMEs; Patagonian Shelf LME; Gulf of Alaska
LME; Baltic, North, and Norwegian Sea LMEs; East and West Greenland Shelf LMEs; Newfoundland-Labrador and Scotian Shelf LMEs; Bay of Bengal LME; Gulf of Thailand

LME; North Australian Shelf LME.

Type U: LMEs with upwelling fronts. Wind-driven coastal, wind-driven equatorial, and topographic (bathymetric) upwellings. Examples: California Current LME, Humboldt

Current LME; Canary Current LME; Benguela Current LME; Arabian Sea LME; Northwest Australian Shelf LME.

Type W: LMEs with western boundary current fronts. Examples: Northeast and Southwest US Continental Shelf LMEs; Gulf of Mexico LME; East and West Greenland Shelf LMEs;
Newfoundland-Labrador Shelf LME; Somali Coastal Current LME; Agulhas Current LME; East-Central Australian Shelf LME; Kuroshio and Oyashio Current LMEs.

Type E: LMEs with eastern boundary current fronts. Examples: West-Central Australian Shelf LME; California and Humboldt Current LMEs; Canary and Benguela Current LMEs.
Type C: LMEs with water mass convergence fronts. Examples: Northeast US Continental Shelf LME; Patagonian Shelf LME; Iceland Shelf LME

Table 2
LMEs dominated by tidal mixing fronts.

Table 4
LMEs dominated by western boundary currents and shelf-slope fronts.

LME Front types Net SST Change 1982-2006 (°C) LME Front types Net SST Change 1982-2006 (°C)
North Sea T,F, CE 1.31 East Greenland Shelf W, C F 0.47

East China Sea T,R, W, C 1.22 West Greenland Shelf W, C F 0.73

Yellow Sea T,R 0.67 Newfoundland-Labrador Shelf W, C F 1.04

Sea of Okhotsk T,R,C 0.31 Scotian Shelf W,CFT 0.89

NE US Continental Shelf T,F, CW 0.23 NE US Continental Shelf W,CFT 0.23

Patagonian Shelf T, W 0.08

The front-based classification of LMEs can serve as a framework
for comparison studies of LMEs. We assembled four prospective
comparison studies in Tables 2-5 that contain information on
dominant frontal types (from the above classification) and esti-
mates of the net SST change in 1982-2006 in each LME (Belkin,
2009). Primary productivity data for these LMEs is available from
Sherman et al. (2009). A brief summary of the comparison studies
is provided below.

LMEs dominated by tidal mixing fronts (Table 2). A comparison
study of the North Sea LME vs. East China and Yellow Sea LMEs
is warranted, as both areas are dominated by tidal mixing fronts
and also both areas experienced a rapid warming in 1982-2006
(Belkin, 2009). Another comparison study is warranted between
the Sea of Okhotsk LME and the Northeast US Continental Shelf
LME since these LMEs feature similar large embayments (Shelikhov
Bay and Penzhina Bay in the northeastern Okhotsk Sea and Bay of
Fundy in the Gulf of Maine) with the world’s largest tides and ro-
bust tidal mixing fronts.

LMEs dominated by upwelling fronts (Table 3). Both upwelling
LMEs in the Eastern Pacific (California and Humboldt) cooled while
other four major upwelling LMEs warmed. The cooling is consis-
tent with the Bakun (1990) upwelling intensification mechanism,
whereas the warming is not. A comparison study between the Cal-
ifornia and Humboldt Current LMEs is warranted as well as a com-
parison study of the two cooling LMEs versus the four warming
LMEs.

LMEs dominated by western boundary currents and shelf-slope
fronts (Table 4). In the Northwest Atlantic, five LMEs along North
America’s eastern seaboard need to be analyzed in the advective
framework since they are connected by shelf-slope currents that

Table 3
LMEs dominated by upwelling fronts.

LME Front types Net SST Change 1982-2006 (°C)
California Current U E C —-0.07
Humboldt Current U E —-0.10
Canary Current U E 0.52
Benguela Current U E 0.24
Arabian Sea U, C 0.26
NW Australian Shelf UTE 0.24

transport anomalies of physical, chemical and biological properties
from one LME to another.

LMEs with strong estuarine and river plume fronts (Table 5). River
runoff may exacerbate regional manifestations of global warming
(Belkin, 2009). The East China Sea LME and Black Sea LME include
major shelf fronts that are maintained by river discharge; both seas
experienced a super-fast warming. A comparison study is war-
ranted of those LMEs from Table 5 that have similar frontal pat-
terns and other parameters, e.g. river runoff, warming rate, etc.

6.1. Seasonal evolution of fronts

In most high-latitude LMEs, SST fronts emerge in late spring and
summer and disappear in winter. The set-up of summer stratifica-
tion on the offshore side of tidal mixing fronts (TMF) enhances
cross-front gradients, thus strengthening the TMFs through the
warming season. Spring freshets create strong salinity fronts that
are often accompanied by temperature fronts. For example, in
the California Current LME, the Columbia River outflow in spring
is much colder than the coastal ocean and is clearly visible in satel-
lite SST images. In late spring and summer, most river plumes are
warmer than the coastal waters, e.g. the Danube River plume in the
Black Sea LME or the Yangtze River plume in the East China Sea
LME. Salinity fronts associated with river runoff are often accom-
panied by thermal fronts as the buoyant freshwater plume traps
solar heat during the warming season, thereby enhancing the tem-
perature contrast across the plume front. Examples of such devel-
opment are observed in the Patagonian Shelf LME (Rio de la Plata

Table 5
LMEs with strong estuarine and river plume fronts.

LME Front types Net SST Change 1982-2006 (°C)
East China Sea F, T,C W 1.22
North Sea F, T 1.31
Black Sea F, C 0.96
Patagonian Shelf F, T 0.08
Gulf of Mexico FFCW, T 0.31
Bay of Bengal F 0.24
Gulf of Thailand F 0.16
Sea of Okhotsk F, T,C W 0.31
North Brazil Shelf F 0.60
Guinea Current F 0.46
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plume) and in the Scotian Shelf LME, where the St. Lawrence River
outflow mostly affects the Scotian Shelf LME but also may affect
the Newfoundland-Labrador Shelf LME.

6.2. Topographic control of oceanic fronts

The great majority of stable fronts are steered by ocean bottom
topography. The shelf break and upper continental slope play the
most important role in stabilizing their respective fronts. A convo-
luted shelf break and/or large canyons tend to disrupt and destabi-
lize the shelf-slope front. For example, in the East Bering Sea LME,
the extremely rugged continental slope incised by the world’s larg-
est canyons does not exert strong control on the Slope Current and
the associated Shelf-Slope Front (Belkin and Cornillon, 2005) that
meander widely and spawn eddies and rings that greatly enhance
the cross-frontal transport of nutrients. The elevated productivity
of the “Green Belt” in the East Bering Sea LME results likely from
this vigorous eddy variability caused by the Slope Current interac-
tion with the canyon-incised slope. A similar situation exists in the
West Greenland Shelf LME, where the northward flowing West
Greenland Current becomes destabilized by complex topography
west of 53°W (Section 4.5), while remaining stable upstream,
where the continental slope is steep and the shelf break is well de-
fined. Parallels also might be drawn between the East Bering Sea
Slope and the western slope of the Iberian Peninsula (Iberian
Coastal LME), where the northward coastal current encounters ex-
tremely steep canyons and capes, resulting in the formation of
large subsurface lenses of Mediterranean water (“Meddies”). In
contrast, the northward flowing West Kamchatka Current in the
Sea of Okhotsk LME does not experience major disruptions thanks
to the relatively smooth continental slope.

6.3. Oceanic fronts as hot spots of marine life

The frontal frequency maps analyzed in this study contain a
wealth of information about biological “hot spots” that correspond
to local maxima of frontal frequency. Some of these “hot spots” are
well-known, e.g. the Cape Bathurst polynya in the Beaufort Sea
LME where highest concentrations of marine mammals and sea
birds are observed exactly where the continental slope is the steep-
est and, as a result, the shelf-slope front is most stable (Belkin et al.,
2003). Another example is Melville Bay in the upper Baffin Bay
(West Greenland Shelf LME), the famous whaling ground that has
been known since the mid-19th century. A newly-found front over
a major bank may be important to the local populations of seals
and beluga whales that migrate across this area. Other potential
“hot spots” detected in frontal frequency maps have not been stud-
ied yet, e.g. the frontal “hot spots” in the East Bering Sea LME (Bel-
kin and Cornillon, 2005).

7. Summary

Oceanic frontal patterns and individual fronts are recognized as
important physical factors shaping marine ecosystems. This reali-
zation stimulated a renewed interest in frontal mapping and char-
acterization. The first global remote sensing survey of thermal
fronts has led to provisional mapping of the fronts in the World
Ocean Large Marine Ecosystems (LMEs) presented in this paper.
The front detection and cloud-masking algorithms (Cayula and
Cornillon, 1992, 1995, 1996) were run on 12 years (1985-1996)
of Pathfinder 9 km resolution twice-daily AVHRR SST fields, to
map fronts in each synoptic (nearly instantaneous) image and
eventually compute long-term frequencies of SST fronts and their
gradients. These maps were analyzed to distinguish major station-
ary, robust fronts and derive provisional frontal schematics for all

LMEs that can be used to guide field studies of marine ecosystems
and place biological findings, especially spatial distributions, into a
frontal reference frame. The SST fronts found here can be used as
pointers to fronts in other properties, e.g. salinity, density, nutri-
ents, and chlorophyll, known to be collocated with the SST fronts
described. The fronts of selected LMEs are described in detail and
compared, including the East and West Bering Sea LMEs; the Sea
of Okhotsk LME; the East China Sea and Yellow Sea LMEs; the
North Sea LME; the East and West Greenland Shelf LMEs; the New-
foundland-Labrador Shelf LME; the Gulf of Mexico LME; the South-
east and Northeast US Continental Shelf LMEs; and the Patagonian
Shelf LME. In major eastern boundary upwelling LMEs, a remark-
able seasonal pattern of frontal scale growth is observed between
summer and winter. A front-based classification of LMEs is pro-
posed that lends itself to comparison studies of LMEs. Remote
sensing of fronts in the World Ocean LMEs appears as a highly
effective tool for integrated assessments of physical and biological
conditions in LMEs.
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