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Abstract.

The subarctic front is a thermohaline structure across the North Pacific,

separating colder, fresher water to the north from warmer, saltier water to the south.
Levitus’s [1982] data and 72 conductivity-temperature-depth/salinity-temperature-depth
sections are used to show the spatial and seasonal variations of the climatological frontal
zone and the characteristics of the frontal structure in synoptic surveys. The temperature
gradient in the mean frontal zone is stronger in the western Pacific and decreases
eastward, while the salinity gradient has less variation across the Pacific. The temperature
gradient also has larger seasonal variation, with a maximum in spring, than the salinity
gradient. The synoptic surveys show that the frontal zone is narrower and individual fronts
tend to be stronger in the western Pacific than in the eastern Pacific. Density gradients
tend to be more compensated at the strongest salinity fronts than at the strongest
temperature fronts. A horizontal minimum of vertical stability is found south of the
subarctic halocline outcrop. The northern boundary of the North Pacific Intermediate
Water merges with the frontal zone west of 175°W and is north of the northern boundary
of the subarctic frontal zone in the eastern Pacific. The shallow salinity minima start

within the subarctic frontal zone in the eastern Pacific.

1. Introduction

The subarctic frontal zone (SFZ), a permanent thermoha-
line structure across the North Pacific, has been the subject of
many studies [Sverdrup et al., 1942; Dodimead et al., 1963; Uda,
1963; Roden, 1964, 1972, 1975, 1977, 1991; Camerlengo, 1982;
Lynn, 1986; Roden and Robinson, 1988; Zhang and Hanawa,
1993; Yoshida, 1993; Kazmin and Rienecker, 1996). It separates
two distinct wdter masses: colder, fresher water to the north
and warmer, saltier water to the south. The SFZ usually con-
tains a couple of temperature and salinity fronts [Roden, 1977].
Those individual fronts are usually sharp and time dependent.
The location of the SFZ, however, is rather permanent. No
clear seasonal or interannual variations of the SFZ location
have been found [Yoshida, 1993), although seasonal variation
of the strength of the subarctic temperature front was detected
in the western North Pacific [Roden, 1980] and central North
Pacific [Kazmin and Rienecker, 1996] by satellite observations.
Within the frontal zone, horizontal temperature and salinity
gradients in the mixed layer point in the same direction; thus
the resulting density gradients are weak [Roden, 1975, 1977,
1984]. A moderate density gradient can be found below the
mixed layer in the central North Pacific, associated with the
broad eastward flow called “west wind drift.”

In synoptic surveys the subarctic frontal zone has shown a
variety of structures. In the western North Pacific, quasi—
regularly spaced density fronts are found from the surface to a
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depth of about 1 km, with associated baroclinic flows of up to
0.6 m s * [Roden, 1984]. However, the density front becomes
weak in the mixed layer in the central and eastern North
Pacific. Intense temperature and salinity fronts are found in
the mixed layer and decay rapidly below. The fronts are much
shallower in the central and eastern Pacific than in the western
Pacific. The subarctic permanent halocline outcrops in the
subaretic frontal zone. The outcropping terminates the high
stability layer within the permanent pycnocline in the subarctic
ocean. A gap in high stability, defined by a horizontal minimum
of the vertical maximum of Viisild frequency, exists south of
the subarctic frontal zone [Roden, 1970, 1572]. The stability
gap allows the vertical mixing to penetrate to a greater depth
south of the frontal zone, which is related to the formation of
the North Pacific Central Mode Water (T. Suga et al., Ther-
mostad distribution in the North Pacific subtropical gyre: The
Subtropical Mode Water and the Central Mode Water, sub-
mitted to Journal of Physical Oceanography, 1996; hereinafter
referred to as Suga et al, submitted manuscript, 1996; H.
Nakamura, A pycnostad on the bottom of the ventilated por-
tion in the central subtropical North Pacific: Its distribution
and formation, submitted to Journal of Physical Oceanography,
1996; hereinafter referred to as Nakamura, submitted manu-
script, 1996) and may also be related to the subarctic fronto-
genesis.

Ekman convergerice was suggested as a major mechanism
for subarctic frontogenesis [Roden, 1970, 1977]. However, the
large seasonal variation of wind field (shown in a following
paper) and the relatively stable location of the front imply that
some other frontogenetic mechanism may exist. For example,
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Figure 1. Horizontal gradients of Levitus’s [1982] annual
mean (a) temperature and (b) salinity at 10-m depth along
meridians of 165°E (solid lines), 170°W (dotted lines), and
140°W (dashed lines), which represent the western, central,
and eastern North Pacific, respectively. Units of temperature
gradients are degrees Celsius per kilometer. Units of salinity
gradient are parts per thousand per kilometer.

the subarctic front may originate from the QOyashio front in the
western North Pacific and be advected across the Pacific by the
general circulation. Weak and sporadic Ekman convergence
could then maintain the front.

Previous studies offer information about the subarctic front
at certain locations and certain seasons. In this study we ex-
amine the temporal and spatial variabilities of the strength and
location of the subarctic front across the North Pacific using
both climatological data and synoptic surveys. Quantifying the
density compensating nature of the front and investigating the
distribution of the stability gap south of the front are the goals
of this study. Other characteristics of the front, such as typical
frontal zone structure and mixed layer depth across the front,
are also addressed.

This paper consists of two parts. The first part concentrates
on the climatological frontal zone using Levitus’s [1982] tem-
perature and salinity data. The detailed frontal structure and
its main characteristics are then studied using 72 cross-front
conductivity-temperature-depth/salinity-temperature-depth
(CTD/STD) sections in the second part of the paper. Under-
way data along 135°W provide an example of the actual width
of an individual front. The frontal structure and characteristics
in synoptic observations are compared with the climatological
frontal zone. Some possible mechanisms for frontogenesis are
also discussed.

2. Climatological Subarctic Frontal Zone

Levitus’s [1982] gridded data are based on all available
oceanographic data existing before 1978, including oceano-
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graphic station data, expendable bathythermograph (XBT)
data, mechanical bathythermograph (MBT) data, and CTD/
STD data. Careful quality control and then objective analysis
were applied to the data. The resulting climatological seasonal
and annual mean temperature and salinity are on a 1° X 1°
grid. The temperature and salinity fields are heavily smoothed
in his analysis scheme. The amplitude of his response function
is close to zero near a wavelength of 500 km, so that any
variation with length scale less than 500 km is smoothed out.
The frontal signals left in the Levitus’s data represent mean
and smoothed conditions. Since frontal scales in a real ocean
are usually much smaller than Levitus’s smoothing scale and
frontal location moves with time, the mean frontal structure
can be very different from a single synoptic survey. We define
the subarctic temperature and salinity fronts in Levitus’s [1982]
data by the maximum of horizontal temperature and salinity
gradients, respectively. This definition will not be applied to
synoptic surveys. In this paper the subarctic front refers to the
subarctic frontal zone, and the subtropical front means the
subtropical frontal zone.

2.1

Levitus’s [1982] annual mean temperature and salinity at
10-m depth are used to investigate the climatological subarctic
frontal zone in the North Pacific upper ocean. Horizontal
gradients of temperature and salinity at 10-m depth are calcu-
lated. The magnitude of horizontal temperature and salinity
gradients is defined as

Gr=|Vy4T| = (3T/0x)* + (3T/ay)?

The Mean Temperature and Salinity Fronts

(1
(2

Horizontal temperature and salinity gradients in the west-
ern, central, and eastern North Pacific are plotted in Figure 1.
Despite heavy horizontal smoothing in the data and averaging
over four seasons, high horizontal gradients in the subarctic
frontal zone between 40°N and 44°N stand out significantly.
The strongest annual mean subarctic temperature front is
found in the western North Pacific, and the weakest front
occurs in the eastern North Pacific. The subtropical frontal
zone, which is near 30°N [Roden, 1980], is very weak in the
western and central Pacific and absent in the eastern Pacific in
the annual mean temperature data. The strength of the sub-
arctic salinity front has less variation across the Pacific than the
temperature front. The salinity front in the central Pacific is
slightly north of the salinity front in the western Pacific and is
slightly stronger. The subarctic salinity front in the eastern
North Pacific is the broad high gradient region centered at
33°N; Lynn [1986] reported that the subarctic front turns
southward and becomes closer to the subtropical front in the
eastern North Pacific. The broadness of the high gradient re-
gions results from smoothing over the subarctic and subtropi-
cal fronts in Levitus’s {1982] data processing. The subtropical
salinity front in the western and central North Pacific is weaker
than and clearly separated from the subarctic front.

The frontal positions can be identified by the clear maxima
of the gradients (Figure 1). Locations of maximum tempera-
ture and salinity gradients are selected throughout the North
Pacific at the depths of 10 and 100 m (Figure 2). The subarctic
front, subtropical front, and doldrum front can be identified in
both temperature and salinity fields. However, the Kuroshio
front which occurs between 30° and 40°N in the western Pacific
[Mizuno and White, 1983] surprisingly is missing at both depths.

Gs=|VuS| = J(3S/ax)* + (3S/ay)>
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Figure 3. Horizontal temperature and salinity gradients (a-b) along 165°E, (c-d) along 170°W, and (e-f)
along 140°E from Levitus’s [1982] winter (solid lines), spring (dotted lines), summer (dashed-dotted lines), and
fall (dashed lines) data at a depth of 10 m. Units are degrees Celsius per kilometer and parts per thousand
per kilometer for temperature and salinity, respectively.

The subtropical temperature front is also missing at the 10-m
depth in the eastern Pacific.

At the depth of 10 m the subarctic temperature front starts
from the coast of Japan and crosses the North Pacific between
41°N and 42°N. When it reaches 140°W, the front splits into
two parts: one turns northeast, and the other shifts southward.
The subtropical temperature front starts from 20°N in the
western Pacific and extends northeastward. This front loses its
identity east of 160°W. Two large-scale temperature fronts are
found across the Pacific in the equatorial region. These two
fronts coincide with the northern and southern doldrum fronts,
although Roden [1974, 1975] suggested that they are only
clearly recognized as salinity and density fronts.

The subarctic salinity front crosses the Pacific between 40°
and 44°N in the mixed layer. Its position is slightly different
from the temperature front. East of 140°W, the subarctic sa-
linity front turns southward with the California Current and
merges with the subtropical front due to the smoothing in the
data. South of 20°N, the salinity fronts become noisy. The
doldrum front is identifiable but not in the same location as
Roden [1974, 1975] suggested.

Below the seasonal thermocline, which is usually at a depth
of 30 m in the midlatitudes of the North Pacific, the subarctic
temperature front shifts a few degrees of latitude to the north,
while the subtropical temperature front shifts several degrees
to the south in the central North Pacific (Figure 2c). A clear
temperature front appears at 100-m depth in the eastern Pa-
cific, which may result from the smoothing over the subarctic
and subtropical fronts. The vertical displacement of the sub-
arctic temperature front is mainly due to the seasonal variation
of the front in the mixed layer. In summer the front at 10-m
depth is a few degrees of latitude south of the front at 100-m
depth, which occurs at the same location of the winter surface
front, in most areas of the North Pacific except in the western
and eastern boundary regions (not shown here). The subarctic
salinity front has the similar vertical structure.

2.2. Annual Variation of the Subarctic
and Subtropical Fronts

Levitus’s [1982] seasonal mean data are used to show the
seasonal variations of the subarctic front. Temperature and
salinity gradients at 10-m depth are defined as in (1) and (2). In
the western North Pacific (165°E), intensity of the subarctic
temperature front (defined by the magnitude of the maximum
temperature gradient) undergoes a seasonal cycle (Figure 3a).
The strongest front occurs in spring with a magnitude of
0.017°C/km, and the weakest front is found in summer. The
intensity of the front is 27% stronger in spring than in summer
at this longitude. This implies that unevenly distributed surface
heating in spring is important in frontogenesis. The location of
the subarctic temperature front apparently moves only about 2
degrees latitude annually. The position of the subtropical ther-
mal front has a larger annual variation than the subarctic front.
The resulting annual mean surface temperature gradient at the
subtropical front is small (Figure 1). The subarctic salinity
front has an annual variation of 23% in its intensity. The front
moves 3 degrees annually from 40° to 43°N in the western
North Pacific (Figure 3b).

In the central North Pacific (170°W), apparent annual mo-
tion of the subarctic temperature front is 3 degrees of latitude,
from 41°N to 44°N (Figure 3c). It has a 39% annual variation
in its intensity. The front is strongest in spring with a magni-
tude of 0.012°C/km. This frontal strength is comparable to
Kazmin and Rienecker’s [1996] zonally averaged 10-year mean
gradients in the central Pacific. The subtropical thermal front
has a relatively small variation of intensity in winter, spring,
and fall. However, it disappears in summer because of stronger
and more uniformly distributed surface heating. The subarctic
salinity front has a very small annual variation in both location
and intensity in the central North Pacific, as does the subtrop-
ical salinity front (Figure 3d).

Figures 3¢ and 3f show annual variations of temperature and
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salinity gradients in the eastern North Pacific. The subarctic
temperature front apparently moves 5 degrees annually from
40° to 45°N and has a small annual variation in intensity. A
separate subtropical thermal front is still visible, except in
summer. The subarctic salinity front in the eastern Pacific is
located further south than in the western and central Pacific
and is combined with the subtropical salinity front to form a
broad frontal region. Again, the merger of the two fronts is
largely due to the heavy smoothing applied by Levitus [1982].
The location of the maximum salinity gradient of the broad
frontal zone moves 4 degrees of latitude. However, the mag-
nitude of the maximum has a small annual variation.

Annual variations of temperature and salinity at the subarc-
tic front are listed in Table 1. The variability of temperature at
the temperature front is the strongest in the central Pacific:
10.44°C, The variation of temperature at the front exceeds 7°C
in both the eastern and western Pacific. These variations are
5-10 times larger than the maximum temperature change
across 100 km in the frontal zone. The salinity at the subarctic
salinity front has an annual range of 0.23%o in both the west-
ern and central Pacific. This variation is comparable to the
maximum salinity change across 100 km in the frontal zone. In
the eastern Pacific the variation is double.

It is worth mentioning that the apparently annual motions of
the climatological subarctic temperature and salinity fronts are
not the movements of isotherms and isohalines. The maxima
temperature and salinity gradients occur at different isotherms
and isohalines in different seasons (Table 1). For example, the
subarctic temperature appears to migrate to the south during
summer in the central Pacific (Figure 3c) and occurs at the
isotherm of 16.8°C (comparing to the isotherm of 9.11°C in
winter). However, this apparent migration does not tell us if
the front is advected southward and warmed up in the same
time or a new front is formed in the south due to changes of
surface frontogenetic forcing including solar radiation and
wind stress. The subarctic front in the mixed layer is more
vulnerable to the surface forcing during summer since the
seasonal thermocline is at a depth of about 30 m in the mid-
latitude North Pacific. However, the front at permanent pyc-
nocline may be more constrained by the general circulation
and water mass distribution of the North Pacific. To under-
stand the apparent movement of the front, we need to under-
stand dynamical processes of subarctic frontogenesis in differ-
ent seasons and at different depths.

2.3. Stability Gap in Winter

The subarctic ocean is characterized by a permanent halo-
cline between 100 and 150 m in winter and a seasonal thermo-
cline between 30 and 60 m in summer {Roden, 1977]. The
permanent halocline outcrops near the subarctic frontal zone,
so that the outcroppings of the isohalines near the top and
bottom of the halocline can be used to define the subarctic
frontal zone [Roden, 1991]. In winter, vertical mixing destroys
the seasonal thermocline, which is formed in both gyres in
summer, leaving a permanent thermocline in the subtropical
gyre and a permanent halocline in the subpolar gyre. A lateral
minimum in the high vertical stability associated with the per-
manent pycnoclines then appears south of the subarctic front
because of absence of the permanent halocline and weak per-
manent thermocline.

Roden [1970, 1972] termed the lateral minimum in the ver-
tical stability the “stability gap.” The gap is thus usually asso-
ciated with the southern boundary of the subarctic halocline,
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Table 1. Temperature at the Subarctic Temperature Front
and Salinity at the Subarctic Salinity Front in the Western
(165°E), Central (170°W), and Eastern (140°W) North
Pacific (NP) in Levitus’s [1982] Data

Western NP Central NP Eastern NP

T, S, T, S, T, S,

°C Yo °C Yoo °C Y0
Winter 9.11 33.95 7.79 33.58 12.17 34.40
Spring 13.37 3391 12.79 33.70 15.32 34.58
Summer 16.80 33.76 18.23 33.47 18.21 34.16
Fall 9.38 33.72 10.18 33.57 11.00 34.42

The subarctic temperature and salinity fronts are defined by the
maximum horizontal temperature and salinity gradient, respectively.

which outcrops in the subarctic frontal zone. We use the hor-
izontal minimum of vertical maximum Viisild frequency,
which was also used by Roden [1970, 1972], to identify the
stability gap.

Viisild frequency along 155°W is calculated from Levitus’s
[1982] winter data and plotted along with winter temperature
and salinity (Figure 4). A high stability layer near 100 m occurs
north of 45°N in the subarctic domain and between 29°N and
38°N in the subtropical gyre. The stability is reduced between
38°N and 45°N. In the subarctic gyre the maximum Viisald
frequency coincides with the halocline. The maximum Vaiséld
frequency decreases in the region of the halocline outcropping.
In the subtropical gyre the high-stability layer coincides with
the permanent thermocline.

The winter stability gap can be found in most regions of the
North Pacific between the permanent subpolar halocline and
the subtropical thermocline, although its width varies spatially.
The magnitude of the largest vertical maximum of the Viisila
frequency above 400 m is contoured in Figure 5. A horizontal
minimum of vertical Viisild frequency maximum is found
around 40°N in the western and central North Pacific. In the
eastern Pacific, another branch of the minimum is found near
30°N. The minima suggest lower stability in these areas. The
depth of the maximum Viisiléd frequency is between 100 and
150 m in most regions of the North Pacific. However, it is
deeper in the less stable areas. The fastest deepening occurs
near the boundaries of the these areas. Especially in the south-
ern boundary, a merging of a shallow stable layer south of the
less stable areas soars the depth from 300 to 100 m in a very
short distance.

Reid [1982] used the saturation ratio of dissolved oxygen to
indicate the winter mixed layer depth. He found that the winter
mixed layer has a deep trough between the subtropical and
subarctic gyres, which coincides with the less stable area in
Figure 5. However, our vertical maximum of the Viisilé fre-
quency is deeper than Reid’s [1982] mixed layer depth.

The existence of the stability gap may allow vertical mixing
to penetrate much deeper south of the subarctic front in win-
ter. The deeper mixing and the absence of permanent pycno-
cline may generate a difference in the mixed layer depth across
the front, as is discussed in section 3.6. This sudden change in
mixed layer depth could cause a convergence of Ekman veloc-
ity without a convergence of Ekman transport.

2.4. Density Compensation in the Subarctic Front

Another characteristic of the subarctic front is its density
compensating nature. Large horizontal gradients in tempera-
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Figure 4. (a) Temperature, (b) salinity, and (c) Viiséla fre-
quency along 155°W in winter from Levitus’s [1982] smoothed
data. Viisila frequencies exceeding 0.08 rad/s are emphasized
by shading to show the high stability layer and stability gap
centered at 40°~42°N.

ture and salinity in the mixed layer nearly balance each other,
and the resulting density gradient is weak. Synoptic surveys
from the western to eastern North Pacific [Roden, 1972, 1975,
1977] show the low density gradient in the subarctic frontal
zone. The extent of density compensation near the climatolog-
ical frontal zone should be quantified.

The density ratio, defined by R, = ad,T/Ba,S [Tumner,
1973), is usually used to show the relative strength of double
diffusion. If defined by R, = «4,7/B4,S, it measures the
relative importance of horizontal temperature and salinity gra-
dients to the density gradient. However, R, cannot distinguish
among regions where both adT and BaS are positive from
those where both are negative. Also, when the salinity gradient
becomes very small, the density ratio is singular. Ruddick
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[1983] introduced the Turner angle to show the strength of
double diffusion, avoiding the ambiguity of the density ratio.
We adopt Ruddick’s Turner angle and apply it into horizontal
gradients to show the degree of density compensation. Since
the meridional gradients of surface temperature and salinity
are much greater than the zonal gradients, we neglect the
contribution from the latter. Coordinate axes in Turner angle
space are defined as A5 = Bo,S and A = @d,T, where a =
dp/dT and B = 9p/dS (Figure 6). Y points to the north. Both
A and A ;- are positive when density increases northward. The
Turner angle is defined by

Tu = arctan [(A; — Ag)/(Ar+ Ag)] 3

following Ruddick [1983] and is related to the density ratio by
R, = —tan (Tu + 45°). The shaded areas show where the
contribution of the salinity gradient to the density gradient
exceeds the contribution of the temperature gradient. Com-
plete density compensation occurs at Tu = *90°, where
temperature and salinity gradients have the same direction and
A, and A g have the same magnitude.

Turner angles in the mixed layer in Levitus’s winter and
summer are plotted from 1°N to 65°N in Figure 7. Tempera-
ture gradients are stronger than salinity gradients in most of
the North Pacific, except in the central and eastern equatorial
regions and at high latitudes. As shown in Figure 6, when
45° < Tu < 90°, temperature and salinity both decrease
northward, and temperature gradients dominate. This occurs

LATITUDE

100

|
120°W

140°E 160° 180° 160°

LONGITUDE

Figure 5. (a) Magnitude of the largest vertical maximum of
the Viisdld frequency in the upper 400 m in winter from
Levitus’s [1982] data. Units are radians per second. (b) Depth
(in meters) of the largest vertical maximum, with a contour
interval of 100 m.

140°
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between about 25°N and 50°N. We call this region the “tem-
perature-dominated regime.” North of 50°N, Turner angles
show that salinity gradients dominate. However, the directions
of temperature and salinity gradients change with latitude so
the Turner angles are scattered. This region is called the “sa-
linity-dominated regime.” There is a transition area between
the temperature-dominated regime and salinity-dominated re-
gime. Density gradients are nearly compensating (Turner an-
gles are close to 90°) in the transition zone. In winter, Turner
angles are close to 90° between 42° and 45°N basinwide. The
subarctic frontal zone in the western and central Pacific coin-
cides with this area. In the eastern Pacific the subarctic front
does not occur in the transition area but further south, where
the Turner angles are also close to 90°. In summer, Turner
angles are close to 90° in the central Pacific near 45°N and in
the eastern Pacific between 33° to 36°N, where the subarctic
front is found [Lynn, 1986]. In the western Pacific, less density
compensation occurs in the subarctic frontal zone during sum-
mer months.

The subarctic front in the western and central Pacific occurs
in the transition area, where the ocean changes from the tem-
perature-dominated regime to the salinity-dominated regime.
In this transition area, temperature and salinity gradients are
roughly compensating so the density gradient is low. Though
there are some seasonal and longitudinal variations of the
Turner angles in the North Pacific, the general trends are the
same in the western and central North Pacific from winter to
summer. In the eastern Pacific the frontal zone lies inside the
temperature-dominated regime; however, the density at the
front still tends to be compensated. We will discuss this again
in section 3.7 and section 4.

3. The Subarctic Front in Synoptic
Observations

The subarctic front in synoptic observations, such as CTD
sections, differs from the climatological frontal zone. Closely

-180°

re gradient

temperatu

dominant

135°

45— A

90°

=00 OO

45°

Figure 6. The plane —4; = —ad,T versus Ag = B3,95.
Lines of constant R, radiate outward at a constant angle from
the origin. Some values are shown outside the circle. Increas-
ing Turner angles are in the direction of the arrow. The areas
where the salinity gradient contribution to density gradient
exceeds temperature’s contribution are shaded. Temperature
gradients dominate in unshaded areas.
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Figure 7. Turner angle at 10-m depth from Levitus’s [1982]
(a) winter and (b) summer data. Triangles, asterisks, and cir-
cles are the Turner angles in the western (165°E), central
(175°W), and eastern (140°E) North Pacific, respectively.
Shaded areas show where salinity gradients dominate. Tem-
perature gradients dominate in unshaded areas.

spaced CTD/STD data from research vessels give snapshots of
the frontal zone, which exhibit a rich variety of detailed struc-
ture [Roden, 1972, 1977; Lynn, 1986]. A few sharp individual
temperature and salinity fronts can usually be found within the
frontal zone. The width, penetration depth, intensity, and lo-
cation of these fronts vary spatially and temporally. Roden
[1984] has shown mesoscale oceanic fronts in the western
North Pacific, which are related to large-amplitude density
oscillations below the mixed layer. A few three-dimensional
observations and satellite data show meandering of the sub-
arctic front [Roden, 1977, 1980; Lynn, 1986]. By using a large
number of cross-front observations, it is possible to examine
whether there are general characteristics to these temporal and
spatial variations and how the frontal structure differs between
the eastern and western North Pacific.

In this section, temporal and spatial variations of the
strength, location, and width of the synoptic subarctic frontal
zone are addressed. Mixed layer depth variations and the ex-
tent of density compensation are also investigated. Most of the
data used are from discrete stations, with rather coarse reso-
lution compared with the frontal width. Continuous underway
data show how sharp an individual front can be in the frontal
Zone.

3.1. Data

The data used in this study are CTD/STD measurements
from 36 research cruises, totaling 3880 stations, in the North
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g
160°E 180°

140° 100°W

Figure 8. Map of conductivity-temperature-depth/salinity-temperature-depth (CTD/STD) stations used in
section 3. In total, there are 3880 stations and 72 cross-front sections from 36 research cruises occupied

between 1968 and 1993.

Pacific from 1968 to 1993 (Figure 8). The sources of the data
are listed in Table 2. They include the surveys from the World
Ocean Circulation Experiment (WOCE), International North
Pacific Ocean Climate program (INPOC), Roden’s [1970, 1972,
1977] frontal research, 12 years of Japanese repeated sections
(JRS) [Zhang and Hanawa, 1993], the U.S. Navy’s Ocean Mea-
surement Program (OMP) [Teague, 1983], the Marathon Ex-
pedition [Martin et al., 1987), hydrographic sections conducted
by Woods Hole Oceanography Institute [Joyce, 1987] and
NOAA Southwest Fisheries Center [Lynn, 1986], observations
made from Kofu Maru, Japan (KFJAPAN), and some other
individual research programs. A total of 72 cross-front sections
were taken in these cruises. The data, however, are distributed
unevenly in both space and time. There are more observations
along 170°E, 175.5°E, and 180° than any other longitude be-
cause Japanese scientists conducted the 12 years of repeated
surveys along these meridians. Relatively dense surveys are
also found between 160°W and 150°W in the eastern Pacific.
No observations were made in January. One section was taken
each in February, March, and December. A high concentration
of the data is in June and July, when the Japanese repeated
Surveys Occur.

Most station depths are 1500 m or deeper. The vertical
resolution varies from 1 to 3 m, except for the Japanese re-
peated sections and WOCE P13 survey (along 165°E). CTD
data from JRS are stored only at standard bottle observation
depths. Only bottle data from the WOCE P13 survey are avail-
able to us now. Station spacing in most surveys varies from 37
to 83 km. The spacing can be as close as 20 km or as far apart
as 333 km in the subarctic frontal zone.

3.2. Definition of the Subarctic Front
in CTD/STD Sections

In section 2.2 it was seen that the annual salinity variation at
the climatological subarctic front is much smaller than the
temperature variation. Therefore salinity is a relatively stable
tracer to define the subarctic front. Two or three separated
salinity fronts often exist in the subarctic frontal zone. The
outcrop of the 33.8%o isohaline is usually found in one of these
fronts (often the southernmost one). The subarctic frontal
zone retains this characteristic structure from the western
North Pacific to the California Current region [Roden, 1972;
Lynn, 1986}]. Roden [1991] defined the subarctic frontal zone in

such a way: the outcrop of the 33.8%o isohaline marks the
southern boundary of the subarctic frontal zone. This isohaline
usually forms the bottom of the permanent halocline in the
subarctic gyre and outcrops in a high horizontal salinity gradi-
ent area. The outcrop of the 33.0%o isohaline, which lies on
the top of the subarctic halocline, defines the northern bound-
ary of the frontal zone. The outcrop also occurs in a high
salinity gradient area near the northern limit of the frontal
zone in Roden’s [1991] schematic frontal structure.

As an example, Figure 9b shows salinity structure in a me-
ridional section along 158°W (courtesy of D. Musgrave). The
33.8%o0 isohaline outcrops between station 55 and 56 (near
39.5°N), where the horizontal gradient of salinity is large. The

Table 2. CTD/STD Cruises Used in this Study

Cruise
Program Number Date Ship
WOCE 4 March 1991, R/V Duscoverer,
June 1991, R/V Washington,
August 1992, R/V Vickers,
May 1993 R/V Thompson
INPOC 6 February 1991, Priliv,
September 1991, Lavrentiev
October 1991,
May 1992,
November 1992,
May 1993
JRS 12 June-July Oshoro Maru,
1978-1989 Hokusei Maru
Roden’s 4 April 1968, R/V Thompson
surveys November 1969,
April 1971,
September 1975
Marathon II 1 May 1984 R/V Thompson
DSJ76 1 June 1976 R/V D. S. Jordan
OMP 1 October 1982 USNS Silas Bent
WHOI 2 October 1984 R/V Tompson
KFJAPAN 1 May 1989 Kofu Maru

Many contain multiple crossings of the subarctic frontal zone, brin-
ing the total number of crossings to 72. Abbreviations are CTD, con-
ductivity-temperature-depth; STD, salinity-temperature-depth;
WOCE, World Ocean Circulation Experiment; INPOC, International
North Pacific Ocean Climate program; JRS, Japanese repeated sec-
tions; OMP, Ocean Measurement Program; WHOI, Woods Hole
Oceanographic Institute; KFJAPAN, Kofu Maru, Japan.
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Figure 9. Salinity (a) along 170°E in July 1985, (b) along 158°W in September 1991, and (c) along 155°W in
September 1991, as examples for the definition of the northern and southern boundaries of the subarctic
frontal zone. See text for the definition. The southern and northern boundaries are indicated by arrows. The

three sections show the different frontal structures.

33.0%o isohaline outcrops between station 68 and 69 (near
43.5°N), where a relatively large horizontal gradient also exists.
The southern and northern limits of the subarctic frontal zone
are then clearly marked at 39.5°N and 43.5°N by Roden’s
definition. We use this definition to identify the southern and
northern boundaries of the subarctic frontal zone in the 72
CTD/STD sections.

The salinity structure in Figure 9b is ideal for Roden’s [1991]
definition. However, the real ocean does not always behave as
well as in Figure 9b. The outcrop of the 33.8%c isohaline
sometimes does not occur in a high horizontal gradient area. In
this situation we choose the location of the highest gradient
near the outcrop of the 33.8%o instead of the outcrop itself as
the southern boundary of the frontal zone, since a front is
defined as an abrupt change in a tracer. The same treatment is
also applied to the northern boundary when the 33.0%o¢ out-

crop does not occur in a high horizontal gradient area. On the
other hand, the frontal zone does not always consist of two
single fronts, one at each boundary. Figure 9a is an example of
a single front in the frontal zone, and Figure 9c is one where
the frontal zone has more than two individual fronts. We will
discuss more about these frontal structures in next section.

Such defined the subarctic frontal zone is only based on
salinity information and only reflects the frontal feature in the
mixed layer. In the frontal zone, individual temperature fronts
are not necessarily overlapping with salinity fronts. However,
the mean temperature and salinity frontal zones as shown in
section 2.1 and 2.2 are more or less in the same location, except
in the eastern Pacific. The location and intensity of the frontal
zone also can be different below the mixed layer. Readers
should bear in mind the limitations of such definition in fol-
lowing discussion.
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Figure 10. The southern (crosses) and northern (triangles) boundaries of the subarctic frontal zone defined
by the outcropping of the subarctic halocline (see text) for 72 cross-front CTD/STD sections in the North

Pacific.

3.3. The Subarctic Frontal Structure in Synoptic
Surveys

The location of the subarctic frontal zone, defined as in the
previous section, for each of the 72 CTD/STD sections is
shown in Figure 10. In the western and central North Pacific
the southern boundary of the frontal zone varies between 38°N
and 44°N and the northern boundary occurs between 42°N and
47°N. The subarctic frontal zone is found between 33°N and
39°N east of 140°W. The general circulation strongly influences
the location of the subarctic front. The frontal zone accompa-
nies the North Pacific Current and the Subarctic Current
across the North Pacific and then turns southward with the
California Current in the eastern Pacific. The frontal location
observed from the many CTD/STD sections is very close to the
front in the climatological data (Figure 2b).

Temporal variation in the locations of the southern and
northern boundaries is close to white noise (not shown here).
The variation, as well as the annual variation of frontal position
in Levitus’s [1982] data, is relatively small compared to the
width of the frontal zone. The frontal location appears to lack
time dependence. This agrees with Yoshida’s [1993] satellite
observations of the temperature gradient in the western North
Pacific. Because the CTD/STD data are not distributed evenly
with time, seasonal variation cannot be detected. Yoshida
[1993] reported that the position of the subarctic front does not
vary seasonally in the western Pacific except in the Oyashio
front region. However, Kazmin and Rienecker [1996] have
shown that the location of the subarctic temperature front in
the central North Pacific derived from satellite SST data has
some seasonal variation, though the variation is much smaller
than the seasonal variability of the subtropical temperature
front.

Three common types of frontal structure are found in the
CTD/STD data. We define a type 1 structure to be a frontal
zone consisting of a single front, in other words, where the
33.0%0 to 33.8%o isohalines all outcrop in one high surface
gradient area (Figure 9a). This type of frontal structure is
found on 11 sections all west of 180° in the western Pacific. Our
type 2 structure consists of two individual fronts, one at each
boundary of the frontal zone. Figure 9b gives an example of
this type. The type 2 frontal zone is found on 28 sections
without any longitudinal preference. There are more than two
individual fronts in our type 3 frontal structure, two of which

usually appear at the boundaries of the frontal zone, with one
or two additional fronts within the frontal zone (Figure 9c).
Twenty-four sections have type 3 frontal structure. They are all
east of 170°E and are frequently found in the eastern North
Pacific.

The width of the subarctic frontal zone defined by salinity
structure varies from 38 to 778 km (Figure 11). The variation
is large. The frontal zone width is usually larger than the
station spacing, so the variation of station spacing has little
influence on the frontal width. The type 1 frontal structure
usually has a narrower frontal zone width than the other two
types of frontal structure. The mean frontal width is 400 km
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Figure 11. (a) Spatial and (b) temporal variations of frontal
zone width in kilometers from 63 sections which completely
cross the subarctic frontal zone.
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with a standard deviation of 162 km. However, the frontal zone
seems to be wider in the eastern Pacific than in the western
Pacific. This is consistent with an origin of the subarctic front
as the Oyashio front in the western North Pacific which is then
advected across the Pacific; the frontal zone will be dispersed
and weakened by horizontal diffusivity if local frontogenesis is
not strong enough to maintain it.

Temporal variation of the frontal width has no clear pattern
(Figure 11b). Kazmin and Rienecker [1996] showed a seasonal
variation of frontal location and strength in the central North
Pacific. Our data are not able to resolve the seasonal variation.
Large variations of frontal width appear along Japanese re-
peated sections (170°E, 175°E, and 180°). Each section was
usually completed in several days during June or July each
year. These variations may be a interannual variation. They are
also likely to reflect the results of synoptic surface forcing in
the shallow mixed layer.

3.4. Maximum Gradients in the Frontal Zone

Temperature and salinity for the 72 CTD/STD sections were
objectively mapped in the upper 1000 m and stored on a grid
of 10 m in the vertical and 10 km in the horizontal. Horizontal
temperature and salinity gradients in the mixed layer (at 10 m)
were calculated from the gridded data. Maxima of temperature
and salinity gradients within the frontal zone show the strength
of individual fronts inside the frontal zone along each section.
The highest value of the maxima indicates the strongest single
front in each section. We use those strongest fronts in all
sections to compare frontal strength across the North Pacific.

The temperature gradient of the strongest temperature front
in the frontal zone from each section is plotted in Figure 12a.
The mean maximum temperature gradient averaged over 72
sections is 0.44°C/10 km, which is about double Levitus’s [1982]
maximum temperature gradient shown in section 2.2. The max-
imum temperature gradient varies from 0.1 to 2.7°C/10 km.
Most gradients are between 0.2° and 1.0°C/10 km, with an
eastward decreasing trend. The warm, salty waters from the
Kuroshio Current meet the cold, fresh Oyashio water in the
western North Pacific. The horizontal temperature and salinity
gradients are enhanced by the current system. In the eastern
North Pacific the North Pacific Current splits into two branch-
es; horizontal turbulent mixing across the front as it crosses the
Pacific reduces the strength of the front.

Roden [1980] used satellite sea surface temperatures (SST)
obtained from Gosstcomp to calculate the intensity of the
subarctic front in the western North Pacific. The satellite data
were averaged spatially over 100 km by 100 km squares and
temporally over a week. His maximum meridional temperature
gradient from March 1977 to March 1978 was 0.5°C/10 km in
March 1977. His maximum temperature gradient is about the
same magnitude as the mean maximum gradient in our data
but is much smaller than the strongest temperature front in the
CTD/STD data due to the spatial sampling. Another indepen-
dent measurement of the subarctic frontal strength is by Ka-
zmin and Rienecker [1996] for the central North Pacific. He
used weekly composite SST at 18-km resolution from 1982 to
1992 produced by the University of Miami/Rosenstiel School
of Marine and Atmospheric Sciences (RSMAS) from satellite
multichannel advanced very high resolution radiometer
(AVHRR) measurements. His temperature gradient is calcu-
lated from zonally averaged SST and then smoothed with a
4-week running average. The resulting maximum temperature
gradient varies between 0.08° and 0.18°C/10 km, which is even
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Figure 12. (a) Maximum temperature and (b) maximum sa-
linity gradients at 10-m depth in the subarctic frontal zone as
functions of longitude. Units are degrees Celsius per 10 km
and parts per thousand per 10 km for temperature and salinity,
respectively.

smaller than Roden’s observation. The magnitude of the max-
imum gradient of those individual fronts in our data set is
relatively higher than the above two satellite observations. The
main reason for this difference in magnitude is that our CTD/
STD sections are synoptic and are not averaged spatially or
temporally.

Temporal variation of the maximum temperature gradient
based on CTD/STD sections is also close to white noise. Un-
even sampling of the data in time might cause this. However,
Kazmin and Rienecker [1996] found a clear seasonal signal with
maximum in summer in the strength of the subarctic front in
the central North Pacific.

The maximum salinity gradient in the frontal zone is shown
in Figure 12b. The maximum gradient varies from 0.03 to
0.3%0/10 km, except in one observation along 152°E where it
reaches 0.55%0/10 km. The highest temperature gradient also
occurred on the same section which was made in May 1982.
The mean maximum salinity gradient over 72 sections is
0.087%0/10 km, which is 4 times Levitus’s maximum salinity
gradient in the subarctic front. Again, no seasonal or interan-
nual variation is observed in the maximum salinity gradient.
We do not know any other independent data to compare with
our CTD/STD data on the strength of the salinity front in the
subarctic frontal zone.

Although the maxima of the temperature and salinity gra-
dients in our CTD/STD data are higher than the satellite
observations mentioned above, they are still derived from the
sections whose mean station spacing is 66 km. An individual
oceanic front is expected to have a length scale much smaller
than this station spacing. We also should bear in mind that
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station spacing strongly influences the horizontal maximum
gradients of tracers. Figure 13 shows the relationship between
the maximum temperature/salinity gradient and the station
spacing. The station spacing varies from 20 to 333 km in the 72
sections. Most surveys have station spacings of 83, 55, or
around 30 km. Larger temperature and salinity gradients tend
to occur when the station spacing is small. The strength of the
individual fronts also varies with time and location. It is not
expected to be a linear function of the station spacing. Never-
theless, inadequate sampling in space will not give accurate
frontal strengths. Fortunately, the station spacings do not have
an eastward increasing trend. Therefore the eastward decreas-
ing trend in the maximum temperature gradient is probably
accurate.

Surface temperatures were collected continuously along the
WOCE P17 section, which is one of our 36 CTD/STD cruises.
The cruise occupied the southern part of the subarctic frontal
zone along 135°W. The southern boundary of the frontal zone
is located at 33.57°N from the CTD section. A temperature
probe was mounted on the ship at an inlet about 2-3 m below
the sea surface. Temperature was continuously recorded and

YUAN AND TALLEY: CHARACTERISTICS OF THE SUBARCTIC FRONTAL ZONE

averaged every minute. Raw underway temperature data from
34.6°N to 30.0°N are shown in Figure 14. Three individual
fronts occur near 180, 300, and 550 km along the section. The
front near 180 km is within the subarctic frontal zone derived
from the CTD station data. The true front as seen in the
underway data has a temperature contrast of 0.94°C and a
width of 8 km. This frontal strength is equivalent to a horizon-
tal temperature gradient of 0.11°C/km, which is roughly 10
times the gradient of the same front observed from the discrete
CTD station data spacing at 55 km. Samelson and Paulson
[1988] observed the same phenomenon in the subtropical
front. The subtropical front near 30.5°N (distance 550 km) is
the strongest of the three. This front has a strength of 0.20°C/
km. The spikes in the underway temperature mark the loca-
tions of CTD stations. (When a ship stopped at a station, the
surface temperature near the inlet may be warmed up by the
ship.) The temperature measured at the CTD stations is much
smoother than the underway temperature, due to the coarse
sampling density.

3.5. Stability Gap in Synoptic Surveys

A stability gap has been found in CTD/STD sections [Roden,
1970, 1972] and in Levitus’s [1982] winter data (see section 2.3).
As mentioned in section 2.3 this lateral minimum in the ver-
tical stability maximum at the mixed layer base is due to the
locally weak permanent thermocline and the outcropping of
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Figure 14. (a) Underway temperature from 34.6°N to 30.0°N
along 135°W in June 1991. Heavy dashed line is a contour of
the sea surface temperature from the temperature at CTD
stations. (b) A single front at 33.75°N (near distance 180 km)
within the subarctic frontal zone defined by salinity structure
from CTD station data.
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the subarctic permanent halocline. In this section we examine
the stability gap from our collected CTD/STD sections.

The stability gap is found south of the subarctic front in the
six CTD/STD sections which were taken between February and
April. The sections were along 152°W, 158°W, 160°W, 168°W,
178°W, and 168°E. In these winter months when the seasonal
thermocline is also absent, vertical mixing can penetrate
deeper in the stability gap than in the subarctic gyre to the
north and in the subtropical gyre to the south.

A shallow thermocline starts to build up from south to north
during May. Six sections were taken in May. Three of them,
which were along 152°W and 160°W, extended to both the
subarctic and subtropical gyres. A shallow stable layer at the
surface appears south of the stability gap or south of the
subarctic front, but not north of the front, along these three
sections. The other two May sections were taken along 152°E
and 144°E in the western Pacific. Neither extended to the
subarctic gyre. Maximum stability occurs at the surface along
these two western sections. The last section taken in May
(WOCE P17N, along 135°W, courtesy of D. Musgrave) did not
extend south of the subarctic frontal zone. No shallow or sur-
face stable layer exists north of the subarctic front. In general,
we start to see the surface or shallow stable layer in May south
of the subarctic front. The seasonal thermocline is established
in both the subtropical and subarctic gyres from June to De-
cember basinwide. The shallow stable layer caused by the ther-
mocline then caps the winter stability gap. However, the hor-
izontal minimum of the vertical stability near 200 m south of
the subarctic frontal zone remains in all seasons.

3.6. The Mixed Layer Depth Across the Frontal Zone

The existence of the stability gap south of the subarctic
frontal zone may affect the mixed layer depth across the frontal
zone. We define the depth of the vertical maximum of Viisald
frequency as the mixed layer depth. Ten out of 12 sections
taken between February and May extend at least across the
southern boundary of the subarctic frontal zone and are used
to examine the mixed layer depth across the front. Eight of
them have southward mixed layer deepening over a couple
degrees of latitude either south of the frontal zone or starting
within the frontal zone. The eight sections were all taken east
of 168°E. The deepening of the mixed layer depth varies from
30 to 260 m. The other two sections were occupied along 144°E
and 152°F in the western boundary current region. The most
stable layer is found at the surface in both sections. No well-
defined mixed layer exists along these sections.

Figure 15 shows the mixed layer depth on a salinity section
along 152°W in May 1984. The mixed layer depth coincides
with the top of the permanent halocline north of the southern
boundary of the subarctic frontal zone. The depth is about
100 m within the frontal zone. The mixed layer deepens south-
ward immediately south of the southern boundary of the fron-
tal zone. The 40-m deepening occurs in less than a degree of
latitude in the stability gap. The mixed layer depth suddenly
decreases to the south at 38.5°N due to a seasonal thermocline
in the subtropical gyre.

To examine the effect of wind stress curl on the mixed layer
deepening within and south of the subarctic front, Ekman
pumping is calculated for May 1984 using monthly mean Fleet
Numerical Oceanography Center (FNOC) wind stress. Zero
Ekman pumping occurs near the northern boundary of the
frontal zone, which is about 400 km north of the onset of mixed
layer deepening. So the Ekman pumping is probably not di-
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Figure 15. Salinity along 152°W in May 1984. The heavy
dashed line shows the mixed layer depth defined by the max-
imum Viisila frequency in vertical. The arrow shows where
the monthly mean vertical Ekman velocity equals zero in May
1984. The southern boundary of the subarctic frontal zone
occurs near station 52.

rectly related to the mixed layer deepening south of the sub-
arctic frontal zone. The mixed layer deepening is related to the
outcrop of the subarctic halocline.

The mixed layer along 152°W (Figure 15) has a similar
amount of deepening near the northern boundary of the fron-
tal zone. The northern deepening occurs near the zero Ekman
pumping. However, Ekman suction to the north and Ekman
pumping to the south tend to tilt the mixed layer base in the
opposite direction. Thus Ekman pumping cannot generate this
northward deepening either.

What causes the outcrop of the subarctic halocline is not
fully understood yet. Yuan and Talley {1992] showed that long-
term mean zero Ekman pumping crosses the subarctic front in
the central North Pacific. The outcrop of the subarctic halo-
cline is in a mean Ekman divergent area in the western Pacific
and in a mean Ekman convergent area in the eastern Pacific.
So the long-term mean Ekman pumping is not the mechanism
that makes the subarctic halocline outcrop. Excessive evapo-
ration over precipitation in the subtropical gyre can make the
surface salinity as high as the salinity at the subarctic halocline
and help to bring the subarctic halocline up to the surface. The
outcrop of the subarctic halocline is possibly determined by the
water mass distribution and the general circulation in the
North Pacific.

We do not have enough winter CTD/STD sections to create
a geographic distribution of mixed layer depth. As shown in
section 2.3 the mixed layer depth can reach to more than 200 m
in the stability gap. The deepening is especially fast at the
boundary of the gap. In recent studies, Nakamura (submitted
manuscript, 1996) and Suga et al. (submitted manuscript,
1996) suggested that the North Pacific Central Mode Water is
formed in this stability gap due to deeper winter convection
and advected away from its formation area by general circula-
tion. Our data suggest that the subarctic frontal zone can serve
as the northern limit of the formation area of this Central
Mode Water.

Bear in mind, this mixed layer deepening can cause a con-
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Figure 16. Mean «d,T (triangles), 89, (circles), and 8,0,
(crosses) at 10-m depth in the subarctic frontal zone from 63
complete cross-front CTD/STD sections. Units are kilograms
per cubic meter per 10 km.

vergence of the Ekman velocity regardless of whether it occurs
in an Ekman transport convergent area or in a divergent area,
since the westerlies always generate southward Ekman trans-
port in this region. The convergence of the Ekman velocity is
one frontogenetic mechanism. A detailed analysis about the
effect of wind stress on the subarctic front will be presented in
a following paper.

3.7. Density Compensation in the Frontal Zone

Weak density gradients and strong, compensated tempera-
ture and salinity gradients have been observed in the subarctic
front [Roden, 1972, 1975, 1977]. We use the same method
which was applied to the Levitus [1982] data in section 2.4 to
examine and quantify the density compensating nature of the
subarctic front using synoptic data. Horizontal temperature
and salinity changes over 10 km (8,7 and 84,5) were cal-
culated in density units along 63 complete cross-front sections
and then smoothed by a Gaussian filter of 2° latitude width.
Again, longitudinal gradients are neglected because of their
smallness. Mean «d,T and B4d,S in the frontal zone were
obtained by averaging between the southern and northern
boundaries. Density ratio (R, = aAT/BAS) and Turner angle
(see section 2.4 for definition) are also calculated, smoothed
horizontally, and averaged within the subarctic frontal zone.

The mean «d,T and mean B4,S are compared with mean
density change in the frontal zone (Figure 16). In most sec-
tions, weak density gradients exist, although they are usually
smaller than either temperature or salinity gradients. The tem-
perature gradients are often the largest. Occasionally, the tem-
perature and salinity gradients completely compensate each
other, with the resulting density gradient equal to zero. Large
temporal variations exist along 170°E, 175°E, 180°, and 175°W
because repeated surveys were done along these longitudes.
The largest density gradient is found along 165°E, which was
taken in August 1992. The two other surveys along the same
longitude were taken in November 1983 and October 1984 and
show relatively small density gradients. The synoptic observa-
tions along 165°E are consistent with Levitus’s [1982] data in
the aspect of less density compensation during summer months
(Figure 7B).

Mean Turner angle in the frontal zone averaged over 63
sections is 78.3°, with a standard deviation of 11.1°. The mean
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Turner angle falls in temperature-dominated regime (see Fig-
ure 6). This mean Turner angle is equivalent to a density ratio
of 2.08 which is about the mean density ratio in the midlatitude
North Pacific (about 30 to 50°N) [Stommel, 1993; Chen, 1995].
In general, the subarctic frontal zone is partially density com-
pensated.

Figure 17 shows Turner angles along 72 sections. Even
though the CTD/STD temperature and salinity are smoothed
with a Gaussian filter of 2° latitude width, the Turner angles
are still much noisier than the those calculated from Levitus’s
[1982] data (Figure 7). The Turner angles cluster between 70°
and 90° from 39° to 47°N, where the subarctic frontal zone
occurs. Between 27° and 38°N the Turner angles are more
evenly distributed between 45° and 120°. However, the Turner
angles in the climatological data are all smaller than 90° in this
area. North of 47°N, the Turner angles start to become larger
than 90° and smaller than 45°, showing salt dominance. The
pattern is similar to the climatological data in the subarctic
ocean.

The subarctic frontal zone consists of one to several tem-
perature and salinity fronts. The horizontal temperature and
salinity gradients between the fronts are much weaker than at
the fronts. The weak salinity gradients can generate very large
density ratios. These weak gradients bring the cross-frontal-
zone averaged density ratio to the background level. They also
cause the noisy Turner angles within the frontal zone (Figure
17). To investigate how much the density gradient is compen-
sated at the individual fronts, we choose the strongest available
temperature and salinity fronts within the subarctic frontal
zone from each section. The strongest salinity front may not
occur at the same place of the strongest temperature front in
the same section. Density ratio is calculated at these fronts
without horizontal smoothing and then averaged over 72 sec-
tions. The mean density ratio at the strongest temperature
fronts is 2.10, which is very close to the cross-frontal-zone
average. The standard deviation of this mean is 3.69, implying
very large variations between the sections. The mean density
ratio at the strongest salinity fronts is 0.96 with a relatively
smaller standard deviation of 0.51. The density gradient tends
to be more compensated at the strongest salinity fronts than at
the strongest temperature fronts.
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Figure 17. Turner angles along 72 CTD/STD sections. Tem-
perature and salinity are horizontally smoothed with a Gaus-
sian filter of 2° latitude width before calculating the Turner
angles. Most of the angles are between 45° and 90° in the
latitude range of 25° to 45°N, which agrees with Levitus’s [1982]
data in section 2.4, although the synoptic data are much noisier.
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Figure 18. (a) The northern boundary of the North Pacific Intermediate Water (circles) relative to the
northern (triangles) and southern (crosses) boundaries of the subarctic frontal zone. (b) The northern onset
of the shallow salinity minimum (circles) relative to the southern (crosses) and northern (triangles) boundaries

of the subarctic frontal zone.

3.8. The Subarctic Front Relative to the NPIW
and SSM

The North Pacific Intermediate Water (NPIW), indicated by
a well-defined, thick, and smooth salinity minimum, occurs in
the density range of 26.7 to 26.9 o, throughout the subtropics
[Reid, 1965; Talley, 1993]. The NPIW centers around a depth
from 500 to 700 m in the subtropical gyre. The presence of the
NPIW characterizes the subtropical water. On the other hand,
the subarctic frontal zone is usually regarded as a boundary
between the subarctic and subtropical gyres in the upper
ocean. The northern boundary of the NPIW relative to the
subarctic frontal zone is shown in Figure 18a. The NPIW
appears north of the northern boundary of the frontal zone in
the eastern North Pacific. However, it merges with the frontal
zone west of 170°W. The sloping of the northern boundary of
the NPIW relative to the northern boundary of the subarctic
frontal zone suggests that the subarctic water extends south-
ward in the uppermost layer and lies above the subtropical
water in the eastern North Pacific. In other words, the gyres
“water mass boundary” is shifted northward with depth in the
eastern North Pacific. This is likely due to southward Ekman
transport of the surface layer relative to the eastward general
circulation so that subpolar surface waters are advected south-

ward over the subtropical waters in the eastern Pacific. Such
vertical tilting of the gyre boundary does not occur in the
central and western North Pacific.

The shallow salinity minimum (SSM) is observed at 25.1 <
e < 26.2 and above the NPIW in the eastern North Pacific
south of 50°N [Reid, 1973; Tsuchiya, 1982; Yuan and Talley,
1992]. The potential role of the frontal zone in creation of the
SSM was mentioned but not demonstrated by Talley et al.
[1991] and Yuan and Talley [1992]. Using the CTD/STD data
set, we are able to compare the location of the onset of the
SSM with the subarctic frontal zone (Figure 18b). The SSM
starts within the subarctic frontal zone. The SSM occasionally
starts north of the northern boundary but usually does not start
south of the southern boundary. This implies that the subarctic
front is important in the formation of the SSM. At the least the
front limits the source water area of the SSM.

3.9. Differences Between the Western
and Eastern North Pacific

Differences exist in the subarctic front between the western
and eastern North Pacific in both climatological data and the
synoptic surveys. The climatological temperature frontal zone
and individual temperature fronts in the frontal zone are stron-
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ger in the western Pacific than in the eastern Pacific. The width
of the frontal zone is narrower in the west than in the east. Qur
type 1 frontal structure, in which the northern and southern
boundaries of the frontal zone merge together to form a single
front, is often found in the western Pacific but never in the
eastern Pacific. Our type 3 frontal structure which includes
more than two individual fronts is more frequently found in the
eastern North Pacific.

Another characteristic of the subarctic front is its depth
which varies significantly across the North Pacific. West of
165°E (including 165°E), the salinity front can penetrate down
from 350 to more than 800 m. However, the depth varies from
180 to only 400 m east of 165°E. The longitudinal variation of
the temperature front depths is less than the salinity fronts.
Density fronts usually exist in the subarctic frontal zone below
the mixed layer across the North Pacific, even though they are
quite weak in the mixed layer. The density fronts, as well as
associated baroclinic currents, are much stronger in the western
boundary current region than in the rest of the North Pacific.

4. Discussion

We hypothesize that the subarctic front is initiated at the
Oyashio front in the western North Pacific and advected across
the North Pacific by the North Pacific Current and the Sub-
arctic Current. In the eastern boundary current region the
subarctic temperature and salinity fronts turn southward with
the California Current. The southward turning fronts are ob-
served in both Levitus’s [1982] data and synoptic surveys [Lynn,
1986). Levitus’s [1982] temperature data also show a northward
turning branch in the eastern North Pacific. However, there
are insufficient synoptic observations to confirm the northward
turning temperature front. Horizontal turbulent mixing should
tend to disperse and weaken the front on its approximately
6000 km journey across the ocean. Our data show that the
frontal zone is narrower and individual fronts are relatively
stronger in the west than in the east, which are supportive of
this hypothesis. Nevertheless, sufficient local frontogenesis along
its path is needed to maintain the sharpness of individual fronts.

Roden [1977] suggested that the following four processes
cause frontogenesis in the open ocean: (1) convergence of
horizontal advection upon non—uniformly distributed temper-
ature and salinity, (2) horizontal variation of vertical advection,
(3) horizontal variations of nonturbulent heat and salt fluxes at
the surface, and (4) horizontal variation of turbulent fluxes.
His results showed that Ekman convergence and horizontal
variation of the Ekman pumping are the main sources of sub-
arctic frontogenesis during fall in the eastern North Pacific.
The surface nonturbulent and turbulent fluxes are not impor-
tant in fall.

Kazmin and Rienecker [1996] also showed the importance of
the first three frontogenesis mechanisms in the central North
Pacific. They showed that the sum of Ekman convergence and
meridional derivative of surface heat flux has a significant
seasonal variability. Its maximum occurs near the subarctic
front during summer and moves to south of 30°N in winter.
Frontogenesis due to the meridional variability of Ekman
pumping (from wind stress and Levitus’s data) also has a max-
imum near 42°N only in summer.

The strong seasonal signal in the above frontogenetic terms
does not match the relatively stable frontal location. The three
processes that Kazmin and Rienecker [1996] showed may be the
major frontogenesis mechanisms during summer. Different
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processes have to be considered for other seasons. Unevenly
distributed turbulent flux is another frontogenetic mechanism.
In a following paper a wind stress analysis will show that the
energy at synoptic timescales has a high meridional gradient
across the subarctic front especially in the western North Pa-
cific. Roden [1977] parameterized convective turbulent fluxes
and showed that they cause frontolysis in the subarctic frontal
arca. However, other forms of turbulent mixing, such as wind
stirring in the mixed layer and entrainment at the base of the
mixed layer, can be frontogenetic. These two forms of turbu-
lent mixing are directly related to the wind stress at the syn-
optic timescale.

The most important factor in forming the subarctic front is
the outcrop of the subarctic permanent halocline. This outcrop
is so prominent that we use the outcrops to define the frontal
zone. In the western North Pacific the salty water from the
Kuroshio meets the fresh Oyashio water in the mixed water
region, creating a high surface salinity gradient. A strong tem-
perature contrast is also created by the northward moving
warm water and the southward moving cold water in the west-
ern boundary current region. When the Oyashio separates
from the western boundary, the accompanying high surface
temperature and salinity gradients are advected eastward. If
there is enough frontogenesis to maintain the high tempera-
ture and salinity contrasts, they will be advected across the
North Pacific as a major frontal zone.

Unlike the mean temperature front in the Levitus’ data the
mean salinity front is not weakened eastward. In the synoptic
sections the strongest individual salinity fronts weaken less
toward the east than the strongest temperature fronts. This
implies that salinity frontogenesis is relatively stronger than
temperature frontogenesis in the eastern North Pacific. As we
know the lowest surface salinity is found in the eastern subpo-
lar gyre due to excess runoff and precipitation there. This may
cause the meridional salinity gradient across the gyre boundary
to be stronger in the eastern Pacific than in the western Pacific.
In the eastern Pacific, both the Ekman advection and geostro-
phic flow contribute to transport the surface subarctic water
into the subtropical gyre, where it meets the high-salinity sub-
tropical surface water. This enhances the subarctic salinity
front. On the other hand, the meridional temperature gradient
across the gyre boundary is weaker in the eastern Pacific than
in the western Pacific. The same amount of subarctic surface
water flushed into the subtropical gyre will create less temper-
ature gradient than salinity gradient. So local frontogenetic
processes should be more favorable to the salinity front in the
eastern Pacific. As shown in section 2.4 the subarctic front
occurs in the transition area between temperature-dominated
regime and salinity-dominated regime in the western and cen-
tral Pacific. It, however, appears south of the transition area in
the eastern Pacific (Figure 7). The stronger salinity front gen-
erates a small density gradient in the frontal zone even though
the frontal zone occurs in the temperature-dominated regime
(Figure 7). That explains why the subarctic front is in the
temperature-dominated regime yet is still density compensat-
ing in the eastern Pacific.

5. Summary

The analysis in this study provides a climatological back-
ground for the subarctic frontal zone and detailed structure of
the frontal zone based on the synoptic surveys. The position
and shape of the climatological frontal zone may not agree
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with synoptic observations due to the heavy smoothing in Levi-
tus’s [1982] data and time dependence. Major characteristics of
the mean frontal zone in Levitus’s [1982] data are summarized
as following.

The subarctic frontal zone is a well-defined temperature and
salinity front across the North Pacific in the heavily smoothed
Levitus [1982] data. It is located between 40°N and 44°N in the
western and central Pacific. The subarctic temperature front
splits into two branches in the eastern Pacific. One branch
turns northward and the other turns southward. The subarctic
salinity front turns southward and combines with the subtrop-
ical front in the eastern Pacific due to the smoothing applied to
the data.

The strength of the subarctic temperature front is strongest
in the western Pacific and decreases eastward. The annual
variation of the strength of the front is also stronger in the
western and central Pacific than in the eastern Pacific. The
front moves only a few degrees of latitude annually. This an-
nual variation of the frontal location is comparable to the
width of the frontal zone.

The subarctic salinity front has relatively smaller variation in
strength across the Pacific. It also moves a few degrees of
latitude annually. The smallest annual variation in both
strength and position can be found in the central Pacific.

Temperature at the subarctic temperature front can vary up
to 10.44°C annually, which is much larger than the temperature
change across the front. Salinity at the salinity front has an
annual variation of 0.23%o, which is comparable to the salinity
change across the front.

A hydrostatic stability gap at the base of the mixed layer
exists south of the subarctic front in winter because of the
absence of a permanent halocline and seasonal thermocline. It
is bounded by the permanent thermocline in the subtropical
gyre to the south. The stability gap can be found basinwide.

The subarctic frontal zone in the western and central Pacific
occurs in a transition area, where horjzontal temperature and
salinity gradients contribute roughly equally to the horizontal
density gradient. Temperature gradients dominate to the south
in the subtropical ocean, while salinity gradients dominate to
the north in the subarctic ocean. This climatological back-
ground of temperature and salinity structure offers a favorable
condition for formation of density compensating fronts in the
subarctic frontal zone. In the eastern Pacific the frontal zone
occurs in the temperature-dominated regime. The density gra-
dient is also weak in the frontal zone due to the existence of the
strong salinity front. The low-salinity subarctic water is flushed
into the subtropical gyre in the upper ocean and meets the
high-salinity subtropical surface water in the eastern Pacific,
which enhances the salinity front in the temperature-
dominated regime.

The subarctic frontal zone in the synoptic surveys shows a
variety of detailed structures even as it retains many the char-
acteristics from the climatological data. Although those de-
tailed frontal structures may be strongly influenced by local
synoptic weather systems, they do have some common charac-
teristics across the Pacific. The main characteristics from syn-
optic observations are summarized as follows.

The subarctic frontal zone in CTD/STD sections is well
defined by its salinity structure, the outcropping of the subarc-
tic halocline. Three types of frontal structure are found: a
single front, one individual front at each of two boundaries,
and more than two fronts in the frontal zone. The first is found
in the western North Pacific, while the last often appears in the
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eastern North Pacific. The double frontal structure does not
have longitudinal preference.

The width of the subarctic frontal zone increases eastward
with much scatter. The mean frontal width averaged over 63
sections which completely crossed the frontal zone is about 400
km. In general, the frontal width is equivalent to or larger than
the annual migration of the frontal location shown in the
Levitus’s [1982] data. Temporal variations exist in frontal lo-
cation, frontal width, and maximum gradients within the fron-
tal zone from CTD/STD sections. The temporal variations
have .no clear pattern and include all synoptic, seasonal and
interannual variations which cannot be distinguished based
upon our CTD/STD data set.

Random local atmospheric forcing strongly influences the
strength of individual fronts, so that the temporal variations of
maximum temperature and salinity gradients within the frontal
zone are large and random. However, the strength of individ-
ual fronts does have a spatial pattern. The maximum temper-
ature gradient is larger in the western Pacific than in the
eastern Pacific. The eastward decrease in the strength of the
salinity fronts is less significant than for the temperature fronts.

Averaged maximum temperature and salinity gradients in
the subarctic frontal zone from the CTD/STD sections are 2-4
times the maximum gradients from Levitus’s {1982] averaged
data. However, the strength of an actual single temperature
front measured from continuous data can be about 10 times
the strength of the same front measured using discrete stations
at standard spacing for large-scale circulation studies. Al-
though those discrete station measurements are not adequate
to resolve individual fronts, they do show the vertical structure
of the frontal zone.

Similar to the climatological frontal zone, the frontal zone in
synoptic data largely occurs at the transition area between
gyres. Temperature gradients dominate to the south in the
subtropical gyre, while salinity gradients dominate to the north
in the subpolar gyre. Density gradients tend to be more com-
pletely compensated at the strongest individual salinity fronts
than at the strongest temperature fronts in the subarctic frontal
zone. The mean density ratio at the strongest salinity fronts is
0.96, and the mean density ratio at the strongest temperature
fronts (2.10) is very close to the background density ratio in the
midlatitudes (30° to 50°N).

The mixed layer deepens southward south of or within the
frontal zone in winter and spring. The deepening occurs just
south of the outcrop of the subarctic permanent halocline in
the subarctic frontal zone.

The subarctic frontal zone limits the source water area of the
shallow salinity minima to the north of the front in the eastern
Pacific. It also limits the formation area of the North Pacific
Central Mode Water to the south of the front. The frontal
zone is found south of the northern boundary of the North
Pacific Intermediate Water in the eastern Pacific, which indi-
cates the subarctic water lies above the subtropical water in
that area.

The frontal structure and the relatively narrower frontal
width and stronger frontal strength in the western Pacific than
in the eastern Pacific suggest an hypothesis: The subarctic
frontal zone originates from the Oyashio front in the western
Pacific and is advected across the North Pacific by the general
circulation. Horizontal mixing and diffusivity tend to disperse
and weaken the frontal zone on its way across the ocean. On
the other hand, local frontogenetic processes, such as Ekman
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convergence, can generate sharp individual fronts inside the
frontal zone and help to maintain the frontal zone.
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