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Temperature and salinity data from 2001 through 2005 from Argo profiling floats Keywords:

have been analyzed to examine the time evolution of the mixed layer depth (MLD) [Winter mixed
and density in thelatefall to early springin mid to high latitudes of the North Pacific. layer,

To examine MLD variations on various time scales from several days to seasonal, ~North Pacific,
relatively small criteria (0.03 kg m=3in density and 0.2°C in temperature) are used to Hemporal variabil-
determine MLD. Our analysis emphasizes that maximum MLD in some regions oc- E};}rtgo

curs much earlier than expected. We also observe systematic differences in timing
between maximum mixed layer depth and density. Specifically, in the formation re-
gions of the Subtropical and Central Mode Waters and in the Bering Sea, where the
winter mixed layer is deep, MLD reachesits maximum in late winter (February and
March), as expected. In the eastern subarctic North Pacific, however, the shallow,
strong, permanent halocline preventsthe mixed layer from deepening after early Janu-
ary, resulting in arange of timings of maximum ML D between January and April. In
the southern subtropics from 20° to 30°N, where the winter mixed layer isrelatively
shallow, ML D reachesamaximum even earlier in December-January. I n each region,
MLD fluctuates on short time scales as it increases from late fall through early win-
ter. Corresponding to this short-term variation, maximum MLD almost always oc-

curs0to 100 days earlier than maximum mixed layer density in all regions.

1. Introduction

In mid to high latitudes of the North Pacific, as in
the other oceans, the mixed layer reaches its maximum
depth in winter, due to surface cooling and wind stirring
(Bathen, 1972; Kara et al., 2000). In the succeeding sea-
sons, the winter mixed layer is capped by warm and/or
fresh surface water, and is left in the subsurface as a ver-
tically homogeneous layer, called a fossil layer (Sprintall
and Roemmich, 1999). In the subtropical region, the fos-
sil layer is subducted, and part or all of it irreversibly
enters the permanent pycnocline (Stommel, 1979). In
particular, thick fossil layers with a large horizontal ex-
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tent are subducted as mode waters, such as the Subtropi-
cal Mode Water (STMW; Masuzawa, 1969), the Central
Mode Water (CMW; Nakamura, 1996; Suga et al., 1997),
and the Eastern Subtropical Mode Water (ESTMW;
Hautala and Roemmich, 1998). In the subarctic region
including the Bering Sea, where a strong permanent
halocline prevents deep convection (Kara et al., 2000)
and Ekman upwelling predominates (Qiu and Huang,
1995), no pronounced mode waters are found (Hanawa
and Talley, 2001). Nevertheless, the lower part of the
winter mixed layer remains in the following seasons as a
subsurface temperature minimum, which lies at the top
of a temperature inversion associated with the strong per-
manent halocline (Cokelet and Stabeno, 1997; Miura et
al., 2003; Ueno et al., 2005). Thus, the winter mixed layer
in mid to high latitudes is essential to the production of
various water masses and structures. It is therefore im-
portant to properly understand the temporal and spatial
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variation of its depth and properties.

The spatial variation of the winter mixed layer depth
and properties in the North Pacific has been examined in
relation to water mass formation in many studies (e.g.,
Huang and Qiu, 1994; Ladd and Thompson, 2000; Suga
et al., 2000, 2004; Oka and Suga, 2003). On the other
hand, their temporal variation has not been examined in
detail, due to a lack of continuous, frequent observations
at fixed points. Instead, it has been commonly believed,
and often assumed a priori, that both mixed layer depth
and density in mid to high latitudes of Northern Hemi-
sphere oceans reach their maximum in late winter, spe-
cifically in February and March (e.g., Stommel, 1979;
Marshall et al., 1993).

Since the factors affecting the mixed layer depth and
properties, such as surface heat and freshwater fluxes,
horizontal advection, and the ocean structure below the
mixed layer (e.g., Tully, 1964; Hanawa and Toba, 1981),
vary regionally, the timing of maximum mixed layer depth
can also vary regionally. In fact, Takeuchi and Yasuda
(2003), using both the climatological temperature and
salinity data from the World Ocean Atlas 1998 (Conkright
etal., 1998) and the temperature time series data of White
(1995), demonstrated that in the world oceans at latitudes
20°-30°, the mixed layer depth reaches its maximum
around January in the Northern Hemisphere (July in the
Southern Hemisphere), which is much earlier than the
commonly supposed time frame of February—March (Au-
gust—September). Furthermore, de Boyer Montégut et al.
(2004) constructed a global mixed layer depth climatol-
ogy based on individual temperature and salinity profiles,
rather than using averaged profiles as in previous
climatologies (e.g., Monterey and Levitus, 1997; Kara et
al., 2003). In their new climatology, the mixed layer depth
in mid to high latitudes of the North Atlantic reaches its
maximum in January—February, about one month earlier
than the commonly supposed time frame, not only at 20°—
30°N, as indicated by Takeuchi and Yasuda (2003), but
also at higher latitudes. de Boyer Montégut et al. (2004)
mentioned that the early occurrence of maximum mixed
layer depth is likely due to the temperature/density crite-
rion that they used to determine the mixed layer depth,
which is smaller than those used in previous
climatological studies and which permits better detection
of spring restratification.

Recently, Iwasaka et al. (2006) examined temporal
variations of the mixed layer depth and properties in the
western North Pacific around 24°N, 143°-150°E from
December 2001 through August 2002, using temperature
and salinity data obtained by a profiling float at a three-
day interval. They demonstrated that the mixed layer
depth increases from 70 dbar in early December to a maxi-
mum of 130 dbar at the end of January, then fluctuates
greatly between 30 and 120 dbar until mid-April, decreas-
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ing to 20-30 dbar thereafter. In addition to this seasonal
change, the mixed layer depth also fluctuates on short
time scales with a period of about 10 days, not only be-
tween the end of January and mid-April but also in the
other periods. Iwasaka et al. (2006) mentioned that this
high frequency fluctuation might be related to a short-
term variation in the surface heat flux, which has a pe-
riod of 7-10 days.

Since 2000, the international Argo project has de-
ployed profiling floats over the global ocean, with a tar-
get density of one per three-degree square, to monitor
temperature and salinity down to a depth of 2000 dbar at
a 10-day interval (Argo Science Team, 2001). As of July
2005, 494 floats are in operation in the North Pacific,
achieving about two-thirds of the target float density.
Using the in-situ observation data from these floats dur-
ing 2001-2005, this paper examines the time evolution
of the mixed layer in the late fall to early spring in mid to
high latitudes of the North Pacific, with a typical time
resolution of several to ten days. Particular attention is
paid to the timings of maximum mixed layer depth and
density, which are closely related to the formation of water
masses and structures.

Since Argo floats do not repeat observations at fixed
points (although they drift relatively slowly in most re-
gions), we divide the North Pacific into the smallest pos-
sible grid boxes, based on the float density during the
analysis period, and treat the float observations in each
grid box as quasi-Eulerian measurements. This approach
was already used by Ohno et al. (2004) for two circular
areas with a radius of 150 km, centered at 34°N, 147°E
and 44.5°N, 170°E. In this study we expand the analysis
area to the whole North Pacific, supported by the recent
rapid growth of the Argo float network in the North Pa-
cific.

The data and the definition of the mixed layer depth
are explained in Section 2. The structure and timing of
the deepest mixed layer in the North Pacific are exam-
ined in Section 3. In order to explain the regionally vary-
ing distribution of the timing presented in Section 3, the
temporal variations of the mixed layer depth and density
and the net surface heat flux in each region of the North
Pacific are investigated in Section 4. In Section 5 we study
how the timing of the deepest mixed layer depends on
the definition of the mixed layer depth. A summary and
discussion are given in Section 6.

2. Data

We used temperature and salinity data obtained by
Argo profiling floats in the North Pacific including the
Bering Sea at 0—65°N, 120°E-80°W from August 2001
through July 2005. These floats drift freely at a predeter-
mined parking pressure (typically 1000 dbar), and ascend
to the sea surface at a predetermined interval (10 days)



after descending to the maximum pressure (2000 dbar).
During the ascent, the floats measure temperature and
conductivity at about 60—110 sampling pressures, with a
typical sampling interval of 5-10 dbar at depths shallower
than 200 dbar, 10-25 dbar at 200—1000 dbar, and 50-100
dbar deeper than 1000 dbar, using a conductivity-tem-
perature-pressure (CTD) sensor module. The collected
data are transmitted from the surfaced floats to satellites,
and are made freely available within 24 hours, after pass-
ing through the Argo real-time quality control (Argo Data
Management Team, 2004).

The accuracy of SBE-41 and SBE-41CP CTD sen-
sor modules, which are supplied by Sea-Bird Electron-
ics, Inc. and mounted on more than 95% of the floats in
the North Pacific, is 0.002°C in temperature, 0.005 in
equivalent salinity, and 2.4 dbar in pressure, according to
the manufacturer. The accuracy in equivalent salinity for
floats a few years after their deployment might be as large
as 0.01, which is the target accuracy of Argo (Argo Sci-
ence Team, 2000), because recovery of four operating
floats and recalibration of their sensors indicated that a
negative salinity drift increases with time, at a rate of
—-0.004 yr" (Oka and Ando, 2004; Oka, 2005).

The real-time quality controlled data were
downloaded from the ftp site of Argo Global Data Center.
About 40% of the data in 2001 have also passed through
the Argo delay-mode quality control (Argo Data Man-
agement Team, 2002; Wong et al., 2003; Wong and King,
2005). From these data we first eliminated profiles with
fewer than 20 sampling layers, the vertical resolution of
which is expected to be lower than the typical standard
hydrographic observations, and deleted layers in each
profile at which temperature, salinity, or pressure was
flagged as bad or probably bad. We then visually inspected
each profile, and removed defective ones, such as those
with a shallowest level much deeper than 10 dbar, those
lacking intermediate layers for certain depths, and those
with obviously bad temperature, salinity, or pressure val-
ues. These procedures finally selected 35,804 profiles for
the four year period. The selected data were used after
each profile was interpolated on a 1-dbar grid using the
Akima spline (Akima, 1970), and potential temperature
and density (called temperature and density henceforth)
referred to O dbar were calculated from the interpolated
temperature and salinity data.

The definition of the mixed layer depth (MLD) is
critical to the results of this study, as demonstrated later
in Section 5. We defined MLD as the shallower value of
the depth at which density increases by 0.03 kg m™ from
the sea surface and that at which temperature decreases
or increases by 0.2°C from the surface. Both the density
and temperature criteria were employed by de Boyer
Montégut et al. (2004) to estimate the depth through which
surface fluxes have been mixed within the last few days.
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Fig. 1. Vertical profile of potential temperature (dotted curve),
salinity (dashed curve), and potential density (solid curve),
obtained at 43.13°N, 158.97°E on 6 April 2005 by an Argo
float. Thick solid lines denote the MLD calculated by the
density criterion of 0.03 kg m~ (258 dbar) and that from
the temperature criterion of 0.2°C (143 dbar).

We adopted these criteria to clarify MLD variations on
various time scales from several days to seasonal, such
as the one shown by Iwasaka et al. (2006).

As mentioned in de Boyer Montégut et al. (2004),
temperature criteria can overestimate MLDs in regions
of barrier layers (e.g., Lukas and Lindstrom, 1991), while
density criteria can overestimate them in regions of “com-
pensated layers” just beneath the mixed layer, where den-
sity is very close to the mixed layer value while both tem-
perature and salinity are different (Fig. 1). To avoid ei-
ther overestimate, we used both criteria together, thanks
to the advantage of Argo float data, which report both
temperature and salinity. As a result, MLDs of 88% of
profiles were determined by the density criterion, and 12%
by the temperature criterion.

Values of temperature, salinity, and density at 10 dbar
were used as the surface values. This is because the floats
do not conduct measurements at depths shallower than
several decibars, to avoid fouling of the conductivity sen-
sor at the sea surface, and also because, if shallower val-
ues are used, the depth of a diurnal pycnocline near the
surface might be detected rather than MLD (de Boyer
Montégut et al., 2004). The temperature, salinity, and
density values at the surface were considered to repre-
sent those of the mixed layer, which is justified by the
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Fig. 2. Maximum MLD (a) and the month of its occurrence (b) in each grid box during December—April of 2001/02 (inverted
triangles), 2002/03 (triangles), 2003/04 (circles), and 2004/05 (squares). These are plotted at the location where they were
observed. Red curves enclose the mode water formation regions.

smallness of both the temperature and density criteria.

The daily mean reanalysis data of net surface heat
flux, which is the sum of short and long wave radiation
fluxes and sensible and latent heat fluxes, were
downloaded from the website of the National Centers for
Environment Prediction and the National Center for At-
mospheric Research (NCEP/NCAR; Kistler et al., 2001).
These data, provided on a 1.90° x 1.875° (latitude, longi-
tude) grid, were linearly interpolated on a 0.1° X 0.1° grid
and then averaged over each 2.5° X 5° grid box.

296 E.Okaetal.

3. Structure and Timing of Deepest Winter Mixed
Layer

The North Pacific is divided into 2.5° x 5° (latitude,
longitude) grid boxes, in each of which the float observa-
tions are regarded as quasi-Eulerian measurements. Con-
sidering a single grid box, if the observations were con-
ducted in both halves of all five months from December
through April in a particular year, we consider that the
grid box was continuously observed during that late fall
to early spring period. For each of such continuously ob-



Table 1. Number of grid boxes, and potential temperature (8), salinity (S), and potential density (0y) at the sea surface for the

deep mixed layers in the mode water formation regions.

Water type  No. 9 S O,

°O) (kgm™)
STMW 21 15.4-19.7 34.63-34.98 24.76-25.61
L-CMW 10 12.0-14.4 34.32-34.58 25.72-26.12
D-CMW 10 6.0-10.2 33.73-34.20 26.24-26.57
ESTMW 1 19.0 34.94 24.98
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Fig. 3. Potential temperature-salinity relations at the sea sur-
face (circles) and below it (solid curve) for the observation
points in Fig. 2(a) where the maximum MLD exceeds 150
dbar. Solid squares indicate the property ranges of mode
waters. Solid and dashed contours denote potential density
(kg m™).

served grid boxes, 14 in number (winter of 2001/02), 53
(2002/03), 90 (2003/04), and 107 (2004/05), we searched
for the maximum MLD and the month of its occurrence
(Fig. 2). Even if the analyzed period of December—April
is extended by one month to May or back to November,
the month distribution in Fig. 2(b) remains virtually un-
changed north of 20°N, which is the region of our inter-
est.

The maximum MLD exceeds 150 dbar east of Japan
at 27.5°-45°N, west of 160°W as well as in the Bering
Sea (Fig. 2(a)). The deep mixed layers east of Japan are

classified, according to their temperature, salinity, and
density (Fig. 3 and Table 1), into the formation region of
STMW#* south of the Kuroshio Extension (Suga and
Hanawa, 1990; Bingham, 1992; Oka and Suga, 2003) and
that of CMW north of the Kuroshio Extension (Nakamura,
1996; Suga et al., 1997, 2004). The latter region is fur-
ther divided into the formation regions of the lighter and
denser varieties of CMW (L-CMW and D-CMW,; Oka and
Suga, 2005) south and north of the Kuroshio bifurcation,
respectively. The five mixed layers deeper than 150 dbar
at 42°-45°N, 163°E-178°W north of the D-CMW forma-
tion region have densities (26.26-26.52 kg m™) similar
to D-CMW but lower salinities (33.43-33.70), and are
accompanied by a sharp halocline and a temperature in-
version beneath, which appear on the temperature-salin-
ity diagram as a large increase of salinity with a slight
increase of temperature (Fig. 3). The corresponding grid
boxes are judged to be located in the subarctic region north
of the subarctic frontal zone (Yuan and Talley, 1996), and
are not included in the D-CMW formation region. The
wavy northern boundary of the D-CMW formation region
is considered to reflect high spatial and temporal vari-
ability of the subarctic frontal zone. The deep mixed layer
corresponding to the formation region of ESTMW is found
in only one grid box at 27.5°-30°N, 140°-135°W in 2004/
05. This is probably because the observation density
around this grid box, namely in the ESTMW formation
region, is relatively low.

Outside the deep mixed layer regions, the maximum
MLD in mid to high latitudes is between 100 and 150
dbar, except along the west coast of North America where
it is slightly less than 100 dbar (Fig. 2). The maximum
MLD tends to decrease equatorward south of 30°N, and

*The deep mixed layer reaching 283 dbar at 35°N, 146°E
in 2004/05 has properties of STMW, but the time series of mixed
layer properties in the corresponding grid box at 35°-37.5°N,
145°-150°E indicates that this grid box contains similar pro-
portions of two different types of water north and south of the
Kuroshio Extension. Accordingly, the grid box is excluded from
the STMW formation region.
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Fig. 4. Histogram of timing of the maximum MLD (black bars; left) and maximum mixed layer density (white bars; left) and
difference between the two timings (right) for grid boxes in each region: formation regions of (a) STMW, (b) L-CMW, and
(c) D-CMW; (d) Bering Sea; (e) north of 40°N, east of 160°W; and (f) between 20° and 27.5°N. “Dec1” and “Dec2” on the
abscissa in the left panels indicate the first and second halves of December, respectively, and so on for the other months. In the
right panels, positive differences indicate that the maximum mixed layer density precedes the maximum MLD.

is mostly less than 100 dbar south of 20°N, with particu-
larly low values (less than 50 dbar) in the eastern equato-
rial Pacific south of 10°N, east of 130°W.

The month of maximum MLD varies greatly, between
December and April, over the North Pacific (Fig. 2(b)).
Nevertheless, it shows a coherent distribution in particu-
lar regions. In the STMW and L-CMW formation regions,
MLD reaches its maximum mostly in February and March,
which agrees with the previously supposed time frame
(Fig. 4, black bar in left panels). The average dates of
maximum MLD, calculated for 21 grid boxes in the
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STMW formation region and 10 grid boxes in the L-CMW
formation region, are 5 and 4 March, respectively (Table
2). In the D-CMW formation region (10 grid boxes) to
the north, MLD is at its maximum in February through
April, with an average date of 16 March. This is consist-
ent with an intuitive idea that the higher the latitude, the
later spring restratification starts. However, in the Bering
Sea (10 grid boxes), where the maximum MLD is also
fairly large, MLD reaches the maximum in February and
the first half of March, with an average date of 23 Febru-
ary. This is 10-20 days earlier than the STMW and CMW



Table 2. Number of grid boxes, and averages (standard deviations in days) of dates of maximum MLD and maximum mixed layer
density and the difference between the two dates for each region in Fig. 4. Positive differences in the rightmost column
indicate that the maximum mixed layer density precedes the maximum MLD.

Region No. Maximum MLD Maximum density  Difference
STMW 21 5 Mar. (16) 19 Mar. (14) -14
L-CMW 10 4 Mar. (14) 21 Mar. (11) -17
D-CMW 10 16 Mar. (22) 17 Mar. (19) -1
Bering Sea 10 23 Feb. (10) 18 Mar. (18) -23
North of 40°N, East of 160°W 50 28 Feb. (34) 21 Mar. (29) -21
20°-27.5°N 34 27 Jan. (36) 21 Feb. (29) -26

formation regions, in spite of the even higher latitudes.

In contrast to the above regions, the eastern subarctic
North Pacific north of 40°N, east of 160°W (50 grid
boxes), where the float density has been relatively high
since the early stage of Argo (Freeland and Cummins,
2005), is characterized by various timings of maximum
MLD between January and April, the most frequent oc-
currence being in the first half of April. The average date
of maximum MLD is 28 February, which is somewhat
earlier than the STMW and CMW formation regions to
the southwest.

Just south of the STMW formation region and the
single grid box for the ESTMW formation region, there
is a zonal band between 20° and 30°N in the southern
subtropics where MLD reaches its maximum primarily
in December and January. This is consistent with Takeuchi
and Yasuda’s (2003) finding that the mixed layer in this
latitude band shoals during winter, from January to March.
The average date of maximum MLD, calculated for a lati-
tude band of 20°-27.5°N* (34 grid boxes), is 27 January,
which is 1-1.5 months earlier than the five northern re-
gions. These time lags are all significant at the 99% con-
fidence level, according to Student’s t-test.

South of 20°N, MLD exhibits less seasonality than
the northern regions. We made a preliminary calculation
of the timing of maximum MLD in the same way as Fig.
2(b), but for a one-year period from August through July
and for larger grid boxes of 5° x 10° (not shown). The
maximum MLD occurs mostly between January through
April north of 20°N, as in Fig. 2(b), but it occurs for a
longer period from January through July at 10°-20°N and
in every month except June at 0°~10°N. Since our inter-
est is in the winter mixed layer evolution in mid to high
latitudes, we do not pursue the mixed layer variations
south of 20°N in the remainder of the paper.

*The latitude of 27.5°N was chosen as the northern limit
of this latitude band, rather than 30°N, to avoid overlap with
the STMW and ESTMW formation regions.

The mixed layer density reaches its maximum mostly
between the second half of February and the first half of
April in the STMW and CMW formation regions and the
Bering Sea, and in a slightly wider time frame in the east-
ern subarctic North Pacific (Fig. 4, white bar in left pan-
els). The average dates of maximum mixed layer density
in these five regions north of 30°N are concentrated be-
tween 17 and 21 March (Table 2). In the southern sub-
tropics between 20° and 27.5°N, the mixed layer density
is at its maximum in a yet wider range between the sec-
ond half of December and April. The average date is 21
February, which is one month earlier than the five north-
ern regions (all significant at the 99% level). The south-
ern subtropics are characterized not only by the early
maximum MLD but also by the early maximum mixed
layer density.

In each region there is a tendency for MLD to reach
its maximum earlier than the mixed layer density (Fig. 4,
left panels). In other words, MLD tends to reach its maxi-
mum while the mixed layer density is still increasing. This
tendency is true for individual grid boxes; the difference
between the dates of the two maxima is mostly null or
negative, which means that the MLD maximum occurs
earlier (Fig. 4, right panels). The average date of maxi-
mum MLD corresponds to that of maximum mixed layer
density in the D-CMW formation region, but the former
precedes the latter by 14-26 days in the other regions, all
of which are significant at the 99% level (Table 2).

Takeuchi and Yasuda (2003) demonstrated that the
mixed layer shoaling at 20°-30°N from January to Feb-
ruary is mostly accompanied by a decrease of the mixed
layer temperature, i.e., an increase of the mixed layer
density. The float observations suggest that this relation
applies to the higher latitudes, too. In the next section we
examine the temporal variations of the mixed layer depth
and density and the surface heat flux in each region, to
understand what causes the difference in the timing of
maximum MLD among regions and that in the timing
between the maximum MLD and the maximum mixed
layer density in each region.
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4. Time Evolution of Winter Mixed Layer in Each

Region

Figure 5 shows time series of MLD, the mixed layer
density, and the net surface heat flux in each grid box in
the STMW formation region from November through
May, along with their averages and standard deviations
for all 21 grid boxes for each half-month period. To make
the figures clear, the time series are presented only for 10
randomly-chosen grid boxes, but the features mentioned
below also apply to the other grid boxes.

A striking feature revealed by in-situ Argo float ob-
servations is that MLD fluctuates not only seasonally but
also on short time scales with periods much shorter than
a month, as demonstrated by Iwasaka et al. (2006). These
short-term variations of MLD partly reflect the spatial
variation of MLD within each grid box, particularly when
the box is occupied by more than one float. However,
they are observed even in grid boxes containing one float,
in which the influence of spatial variation of MLD is ex-
pected to be minimal. Therefore, such short-term varia-
tions of MLD are considered an intrinsic feature of the
mixed layer. These variations can be caused by: (1) short-
term variations of surface heat flux (Iwasaka et al., 2006);
(2) non-uniform stratification below the mixed layer
through which the mixed layer is deepening; (3) vertical
movement of the structure below the mixed layer due to
internal waves (Tully, 1964); and (4) horizontal advection
or mixing that destroys the vertical homogeneity of the
mixed layer and temporarily decreases MLD.
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From November through the first half of February,
MLD increases with the short-term fluctuations, due to
strong surface cooling. In the second half of February
through March, MLD becomes even larger and reaches
its maximum in each grid box, while at the same time
relatively small MLDs are observed with increasing fre-
quency, so the amplitude of short-term variations becomes
large. These are reflected in the large standard deviation
of MLD and the decrease of average MLD. During this
period, the surface heat flux is mostly negative, but occa-
sionally turns positive. These warming events can
restratify the mixed layer and decrease MLD temporar-
ily. In April and May the surface heat flux becomes pre-
dominantly positive, and MLD decreases steeply to less
than several tens of decibars. Thus, the temporal varia-
tion of MLD can be divided into three stages, and the
variation in each stage is consistent with that of surface
heat flux. Iwasaka et al. (2006) demonstrated that the
MLD variation south of the STMW formation region from
December through the following August can be divided
into three stages in a similar manner, and is consistent
with the variation of surface heat flux.

In contrast to MLD, the mixed layer density changes
relatively gradually, with short-term variations much
smaller than the seasonal ones. It increases rapidly from
November through the first half of February, then slowly
until mid to late March, decreasing thereafter. These three
periods, with different rates of change, correspond broadly
to the three stages defined above in terms of MLD varia-
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tion. The variation of the mixed layer density is also con-
sistent with that of net surface heat flux, which, on aver-
age, is negative and large in the first stage, decreasing in
magnitude in the second stage, and becoming positive in
the third stage.

Both MLD and the mixed layer density reach their
maximum in the second stage around the second half of
February through March, but their behavior during the
stage is quite different. While the mixed layer density
continues to increase gradually, MLD changes signifi-
cantly on short time scales. As a result, the maximum
MLD almost always occurs earlier than the maximum
mixed layer density, which appears as negative time lags
in Fig. 4(a) (right panel).

In some grid boxes, the precedence of the maximum
MLD seems to be caused by horizontal advection. In a
grid box at 32.5°-35°N, 145°-150°E in 2001/02, the
mixed layer density reaches a maximum of 25.06 kg m™>
on 2 April, approximately when the surface heat flux
changes from negative to positive (Fig. 6(a)). Preceding
this by 40 days, MLD reaches a maximum of 358 dbar on
21 February. It then decreases to 111 dbar ten days later
on 3 March, remains between 100 and 170 dbar for about
one month, and finally drops to 30 dbar on 12 April. The
large decrease of MLD from 21 February to 3 March oc-
curs in such a way that the deep mixed layer is broken
into two layers above and below 100 dbar (Figs. 6(b) and
(c)). Since the surface heat flux remains negative and the
mixed layer density (temperature) increases (decreases)
slightly between the two observations, the destruction of

the deep mixed layer is not likely to be due to surface
heating. Rather, the warmer, saltier water shallower than
100 dbar, or the colder, fresher water deeper than 100
dbar—more likely the former—is expected to be advected
from a neighboring region.

MLD in the eastern subarctic North Pacific north of
40°N, east of 160°W stops increasing on average at a rela-
tively early stage of winter around early January, subse-
quently remaining relatively constant until early April
(Fig. 7). This is because the shallow, strong halocline at
depths of 100-200 dbar in this region (Uda, 1963) pre-
vents the mixed layer from deepening further (Tully,
1964). During the period of relatively constant MLD,
MLD fluctuates on short time scales, reaching its maxi-
mum at various times, as shown in Fig. 4(e) (left panel).
On the other hand, the mixed layer density gradually in-
creases until the end of the period, in association with
small but negative surface heat flux, on average. As a re-
sult, again, the maximum MLD typically occurs earlier
than the maximum mixed layer density.

Temporal variations of MLD in the southern subtrop-
ics between 20° and 27.5°N are different from the north-
ern regions in many respects (Fig. 8). First, MLD reaches
its maximum in early winter around December and Janu-
ary in most of the grid boxes, as shown in the previous
section. Meanwhile, small MLDs are frequently observed
during these two months, and a systematic increase of
MLD from late fall to early winter is not seen as in the
other regions. Rather, the mixed layer deepens somewhat
sporadically. Furthermore, as emphasized by Takeuchi and
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Yasuda (2003), MLD reaches its maximum while the
mixed layer density increases at a considerable rate. Al-
though our analysis has shown that MLD also reaches its
maximum while the mixed layer density increases in the
other regions, the difference between the maximum mixed
layer density and the mixed layer density at the time of
the maximum MLD is small, being 0.08 kg m™ on aver-
age in both the SMTW formation region and the eastern
subarctic North Pacific. In the southern subtropics the
difference is as large as 0.44 kg m™>, which indicates that
the MLD decrease after the maximum has been attained
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is accompanied by a significant increase of the mixed
layer density.

What causes the early MLD maximum and the sub-
sequent MLD decrease with increasing mixed layer den-
sity in this region? One possibility is temporal surface
heating in early winter, but this is not likely to be the
primary cause because the frequency of positive surface
heat flux during December and January is low. Another
possibility is horizontal processes, which is suggested by
the mixed layer shoaling with increasing mixed layer den-
sity (Takeuchi, 2006). After analyzing the output of the
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Fig. 9. Sea surface density distribution in the North Pacific in January from the World Ocean Atlas 2001 climatology (Conkright
etal., 2002). Region of horizontal density gradient greater than 1.2 x 10~° kg m™ is shaded. Superimposed are the locations of
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(circles), and 2004/05 (squares), with black (white) symbols for the grid box where the maximum MLD occurs in December
and January (February—April). Thick curves denote the STMW and ESTMW formation regions.

high-resolution OFES model (Masumoto et al., 2004),
Takeuchi (2006) pointed out that eddies propagating west-
ward in this latitude band might cause the early MLD
maximum by raising the main thermocline just below the
mixed layer.

Horizontal advection or mixing can also contribute
to the destruction of the winter mixed layer, as shown for
the STMW formation region. The winter mixed layer in
this region has a strong northward density gradient (re-
flected in large, short-term variations of the mixed layer
density in some grid boxes containing more than one Argo
float (Fig. 8(b))), in contrast to the relatively weak hori-
zontal gradient in the STMW and ESTMW formation re-
gions just to the north (Fig. 9). Such a mixed layer struc-
ture might be favorable for the destruction of the winter
mixed layer by horizontal advection/mixing. If this de-
structive effect exceeds the mixed layer deepening due
to negative surface heat flux, particularly in late winter
when the negative heat flux is small, it is likely that the
mixed layer will hardly be able to develop fully. This
might explain the sporadic mixed layer deepening and
the early MLD maximum in this region.

This latitude band is also characterized by the early
mixed layer density maximum around February, which is
about one month earlier than the northern regions (Figs.
4 and 8(b) and Table 2). However, this does not agree
with the temporal variation of surface heat flux, which
changes from negative to positive in April on average, as
in the northern regions (Fig. 8(c)). Even if we calculate
the ocean’s net density gain considering Ekman density
transport, the ocean between 20° and 30°N gains density

until March and starts to lose it in April, as in the latitude
band of 30°—40°N to the north (Fig. 10). A possible ex-
planation for this inconsistency is that negative Ekman
density transport in the southern part of the 20°-30°N
latitude band in winter (not shown), due to northward
Ekman flow, is actually much larger than that based on
climatology, due to locally or temporally enhanced wind
stress and/or meridional surface density gradient, and the
ocean in that area actually starts to lose density much
earlier than April. Further studies are needed to clarify
the mechanism of mixed layer variability in this latitude
band, which seems to be related to the formation of the
North Pacific Tropical Water (Cannon, 1966) occurring
at 20°-30°N, 140°E-140°W (Suga et al., 2000).

5. Comparison with Resultsusing Larger Criterion

As the criterion to determine MLD, Levitus (1982)
adopted a temperature value of 0.5°C and a density value
of 0.125 kg m™3, which corresponds to a temperature
change of 0.5°C in a temperature range of 17°~19°C with
salinity of about 35.0. Since then, both criteria have been
used in a number of studies. However, they were origi-
nally adopted rather arbitrarily for the averaged tempera-
ture and salinity profiles from climatologies, and seem to
be somewhat too large to be used for individual CTD pro-
files with fine vertical resolution. If such large criteria
are used for individual profiles, they can overestimate
MLDs and might fail to properly detect temporal varia-
tions of MLD (de Boyer Montégut et al., 2004).

Our analysis using in-situ Argo float data has re-
vealed the regional difference in the timing of maximum
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MLD, which is reflected in its latitudinal difference (Fig.
11(a)). The maximum MLD occurs most frequently in
February—March at 30°-40°N where the STMW and L-
CMW formation regions are located, a little earlier in
February at 50°-60°N including the Bering Sea, and much
earlier in January at 20°-30°N. At 40°-50°N, the fre-
quency of maximum MLD is highest in February—March,
as at 30°—40°N, but it is relatively constant between Janu-
ary and April, reflecting the MLD variations in the east-
ern subarctic North Pacific.

When we repeat the calculation using the 0.125
kg m™ and 0.5°C criteria, instead of our values of 0.03
kg m~ and 0.2°C, we obtain a quite different result (Fig.
11(b)). The maximum MLD occurs most frequently in
March in every latitude band, and the early maximum at
20°-30°N no longer appears. This implies that such large
criteria cannot detect spring restratification well, as
pointed out by de Boyer Montégut et al. (2004). When
we compute MLDs from individual CTD profiles includ-
ing those from Argo floats, we need to use an adequately
small criterion to properly understand temporal variations
of MLD.

Meanwhile, although we used a similar small crite-
rion to that adopted by de Boyer Montégut et al. (2004),
our result does not agree with their finding that MLD in
the whole mid- to high-latitude North Atlantic reaches its
maximum in January—February, about one month earlier
than the commonly supposed time frame. In our result
for the North Pacific, the maximum MLD occurs signifi-
cantly earlier than the commonly supposed time frame at
20°-30°N, but not at higher latitudes (Fig. 11(a)). This
discrepancy might be because the target ocean is differ-
ent, and/or because the timing of maximum MLD is com-
puted in a different way; while we used the time series of
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Fig. 11. (a) Relative frequency of the month of maximum MLD in each 10-degree latitude band between 20° and 60°N, based on
the month distribution of Fig. 2(b). (b) As (a) but for MLD determined using a density criterion of 0.125 kg m™ and a
temperature one of 0.5°C, instead of 0.03 kg m~ and 0.2°C used in Section 2.
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MLD directly, de Boyer Montégut et al. (2004) used
monthly MLD in each 2° x 2° grid box, defined as the
median of MLDs in the grid box.

6. Summary and Discussion

Temperature and salinity data during 2001-2005
from Argo profiling floats were analyzed to examine the
time evolution of the mixed layer in the late fall to early
spring in mid to high latitudes of the North Pacific. In the
STMW and CMW formation regions and in the Bering
Sea, MLD reaches its maximum mostly in February and
March, which agrees with the previously supposed time
frame. In the eastern subarctic North Pacific, where the
strong permanent halocline prevents the mixed layer from
deepening further at a relatively early stage of winter,
MLD varies little from early January through early April,
leading to various timings of maximum MLD during this
period. Between 20° and 30°N, MLD reaches its maxi-
mum primarily in December and January. This is consist-
ent with Takeuchi and Yasuda’s (2003) finding that the
mixed layer in this latitude band shoals during winter.

In each region, MLD fluctuates on short time scales
as it increases from late fall through early winter, in con-
trast to the mixed layer density, which increases relatively
gradually. Corresponding to this short-term variation and
also possibly due to destruction of the mixed layer by
horizontal advection, MLD tends to reach its maximum
earlier than the mixed layer density, by up to several tens
of days. In other words, MLD reaches its maximum while
the mixed layer density is still increasing. The increase
of the mixed layer density after the maximum MLD has
been attained is particularly large at 20°-30°N, which also
agrees with Takeuchi and Yasuda’s (2003) result.

These results were obtained using adequately small
criteria of 0.03 kg m™ and 0.2°C to determine MLD. If
larger, historical criteria of 0.125 kg m™ and 0.5°C are
used instead, we do not obtain such regionally varying
timings of maximum MLD; in that case, MLD reaches its
maximum most frequently in March in every latitude
band, which corresponds with the previously supposed
time frame.

The present analysis reveals that the temporal varia-
tion of winter MLD differs from region to region, with
the maximum MLD occurring in various months, and that
MLD is often noisy. Such spatial/temporal variability of
MLD, together with its mesoscale spatial variability (e.g.,
Uehara et al., 2003), should be considered in future mixed
layer studies in the Argo era, in which enormous num-
bers of CTD profiles are continuously obtained with high
spatial/temporal resolution. In addition to the seasonal
and shorter-term variations, MLD is known to exhibit
interannual variations (e.g., Ohno et al., 2004; Wirts and
Johnson, 2005), decadal variations (e.g., Yasuda et al.,
2000), and even longer trends (e.g., Freeland et al., 1997).

In a year or two we shall be able to examine such long-
term variations in detail on a basin scale, thanks to the
completion of the Argo float array.
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