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ABSTRACT

The baiu and Kuroshio Extension (KE) fronts, both zonally oriented and nearly collocated east of Japan, are
the dominant summertime features of the atmosphere and ocean, respectively, over the midlatitude northwest
Pacific. An atmospheric sounding campaign was conducted on board the R/V Roger Revelle during the 2005
summer. Transects of soundings across the KE front are analyzed to study its effects on the atmosphere, along
with continuous surface meteorological and ceilometer cloud-base observations. While the KE front remained
nearly stationary during the cruise, the baiu front displayed large meridional displacements that changed wind
direction across the KE front. The presence of sharp sea surface temperature (SST) gradients anchored by the
KE enhanced the thermal and moisture advection, causing substantial changes in the marine atmospheric
boundary layer (MABL) structure. When the baiu front was displaced north of the KE front, southwesterly
winds advected warm, humid air from the subtropics over the cold water, producing a surface inversion
favorable to fog formation. When the baiu front was to the south, on the other hand, northerly winds across the
KE front destabilized the MABL, leading to the formation of a solid low-cloud deck beneath a strong capping
inversion. The wind changes with the meridional displacement of the baiu front thus caused large variations in
near-surface atmospheric stability and surface turbulent heat fluxes, with potential feedback on deep con-
vection and fog/low-cloud formation around the front.
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1. Introduction

Over the northwest Pacific east of the Japanese main
island of Honshu, sea surface temperature (SST) exhibits
rich structures associated with the Kuroshio Extension
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(KE) meanders and pinched-off mesoscale eddies be-
tween the northern edge of the subtropical gyre and the
Kuroshio—-Oyashio interfrontal zone (see Fig. 1 in Yasuda
et al. 1996). The narrow KE jet displays larger decadal var-
iability (Nonaka et al. 2006; Taguchi et al. 2007) in response
to basin-scale changes in surface wind curls (Schneider and
Miller 2001; Qiu 2003). Strong ocean advection and the
deep winter mixed layer allow subsurface variability to
affect SST (Xie et al. 2000; Tomita et al. 2002) and surface
heat flux (Tanimoto et al. 2003). Strong SST gradients east
of Japan maintain baroclinicity in the marine atmo-
spheric boundary layers (MABL), which has been sug-
gested as being important for atmospheric storm tracks
(Inatsu et al. 2003; Nakamura et al. 2004). While most
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studies of the Kuroshio—atmosphere interaction have so
far been based on models or model-assimilated analyses,
in situ vertical soundings of the atmosphere have been
lacking, hampering the progress in characterizing and
understanding the KE’s influence on the atmosphere.

Tokinaga et al. (2006) conducted global positioning
system (GPS) sonde soundings over the KE region on
board research vessels during the 2003/04 winter. They
report strong modulations of the atmospheric mixed
layer by synoptic weather disturbances. The atmospheric
mixed layer was found to develop as high as 1500 m with
reduced vertical wind shear in response to the northerly
cold advection across the KE front, in association with
the passage of cold fronts. The southerly warm advection,
by contrast, was found to suppress the mixed layer de-
velopment with strong vertical wind shear. These results
support the idea that the mixed layer’s adjustment to
changes in near-surface atmospheric stability causes a
positive correlation between SST and wind speed around
the KE front (Nonaka and Xie 2003) and other extra-
tropical SST fronts as observed by satellite microwave
measurements [see recent reviews by Xie (2004), Chelton
et al. (2004), and Small et al. (2008)].

During the 2005 summer, we carried out a similar
atmospheric sounding campaign on board the research
vessel (R/V) Roger Revelle over the KE region, com-
plemented by continuous laser ceilometer and surface
meteorological measurements. Drastically different from
winter, the summer climate over the KE region is
characterized by a convective rainband called the baiu/
mei-yu front and by an extensive low-cloud deck to the
north that occupies the entire midlatitude/subpolar North
Pacific (Klein and Hartmann 1993; Norris 1998b). This
low-cloud deck displays large temporal variability that
is important for maintaining low-frequency SST anom-
alies during summer (Zhang et al. 1998; Norris 2000;
Mochizuki and Awaji 2008).

Figure 1 depicts distributions of SST, surface winds,
and rainfall observed during our summer survey. In our
study area (black box in Fig. 1), the KE anchors a zonal
SST front just east of Tokyo (35°-36°N), with SST de-
creasing from 23° to 20°C just over ~100 km across the
front. The baiu/mei-yu rainband extends from eastern
China through our study area into the North Pacific with
a general northeastward tilt. Southwesterly surface winds
converge from the south onto the rainband where the
subtropical warm/moist and subpolar cool/dry air masses
meet. In our study area, a precipitation band and the
associated strong surface southwesterlies tend to be
confined to the warmer flank of the quasi-steady KE
front, suggestive of an SST influences.

The present study reports on the results from the cruise
survey during the 2005 summer over the KE region,
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where strong SST fronts are featured along the KE as
well as to the north and south. To our knowledge, this is
the first successful atmospheric sounding campaign under
the summer baiu front across the KE front. As pointed
out by Ninomiya (1984), the baiu/mei-yu front over
the East China Sea is characterized by a pronounced
meridional gradient of humidity rather than of temperature,
while the front east of Japan accompanies a strong me-
ridional gradient not only of humidity but also of tem-
perature. Our Kuroshio Extension System Study (KESS)
cruise thus offers a unique opportunity to study the na-
ture of the interaction between the baiu and KE fronts.
As a first step, we focus on the effects of the KE front on
the MABL structure including low clouds. On monthly
mean, the atmospheric baiu front was roughly collocated
with the KE front in our study region, but the former
displayed strong variability on the synoptic time scale.
We show that the MABL experienced major changes as
the atmospheric baiu front moved north and south of the
quasi-stationary KE front in the ocean. While we will use
soundings taken for a short period, mechanisms discussed
in the present study may operate for the climatology and
decadal variability near the KE front.

In the rest of the paper, section 2 describes the field
campaign and the data. Section 3 describes the synoptic
ocean and atmospheric conditions during the campaign
and presents the observations results in vertical sections
across the KE front. Section 4 discusses the implications
for the baiu. Section 5 offers a summary and discussion.

2. Observations and data

As part of the KESS (Donohue et al. 2008), a joint
survey of the ocean—atmosphere system (KESS-05) was
conducted from 17 June through 16 July 2005 over the
KE and Kuroshio recirculation (the black rectangle in
Fig. 1) on board the R/V Roger Revelle of the Scripps
Institution of Oceanography. The present study focuses
on two meridional transects of the atmospheric sound-
ings across the KE front completed within slightly more
than 3 days to illustrate the MABL modulation by the
oceanic front. Figures 2a and 2b show the sounding sta-
tions (green X marks) along the transects overlaid on the
concurrent SST field (colors). These two transects are
chosen for detailed analysis because they are geograph-
ically close but represent contrasting atmospheric con-
ditions characterized by the southwesterly and northerly
winds, respectively, at the surface. The first transect took
1.5 days to complete (Fig. 2a; hereafter line A) with 11
soundings, starting from the cold flank of the meandering
KE front at station Al (36.56°N, 146.88°E) at 0510 UTC
11 July 2005 onto the warm flank at station A11 (34.37°N,
145.99°E) at 1846 UTC 12 July 2005 (hereafter period A).
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FIG. 1. AMSR-E SST (contours at 1°C intervals), rainfall (color shading, mm day '), and
QuikSCAT surface winds (vectors, m s ') averaged during the KESS-05 cruise (17 Jun—16 Jul
2005). The inset rectangle indicates the study area of the cruise.

Consisting of six GPS soundings, the second transect
(Fig. 2b; line/period B) west of line A started a half-day
later from the warm flank of the KE front at station B1
(34.83°N, 144.10°E) at 0741 UTC 13 July 2005 onto the
cold flank at station B6 (36.70°N, 144.83°E) at 0733 UTC
14 July 2005.

On board the ship, we used GPS sondes of the latest
type (Vaisala RS92-SGP) to measure air temperature,
relative humidity (RH), pressure, and wind velocity
every 2 s from the sea surface to about 20 km in the
lower stratosphere. The sonde data were transmitted to
an onboard receiver (Vaisala Digicora III of the Shi-
garaki Middle and Upper Atmosphere Observatory,
Kyoto University) and then linearly interpolated to
vertical intervals of 10 m. We use the data from the
surface to 4.0-km height to study the MABL.

Cloud base was continuously monitored at 1-min inter-
vals with a ceilometer (Vaisala CT25K of Tokyo Uni-
versity of Marine Science and Technology) mounted on
top of the bridge. In each measurement, the ceilometer
emitted a train of pulsed laser beams vertically and
recorded the averaged backscattered signal for 12 s. Then,
the ceilometer automatically reported up to three cloud-
base heights detected by a build-in algorithm as well as
the backscatter profile (Kahn et al. 2004; Vaisala 1999).

Surface marine meteorological observations of SST,
surface air temperature (SAT), surface wind velocity,
RH, rainfall, and solar radiation are available at 1-min
intervals. We use 60-min running averages except for

RH. Since RH records contain some spikelike noises,
we use the original records at 1-min intervals. As a
measure of the static stability near the surface, the pa-
rameter S = SST — SAT is calculated. Positive (negative)
values of S indicate the unstable (stable) near-surface
atmosphere. Steep SST changes of 4.2° and 3.1°C are re-
corded across lines A and B, respectively.

To capture the synoptic conditions of the ocean and
atmosphere during the KESS-05 cruise, we employ the
Advanced Microwave Scanning Radiometer for the Earth
Observing System (AMSR-E) SST and rainfall products
from remote sensing systems, available in 3-day running
means on a 0.25° grid, as well as the Quick Scatterometer
(QuikSCAT) surface wind vector product, available at
weekly intervals on a 0.25° grid (Liu et al. 2000).

We also use the mesoscale operational weather anal-
ysis (M-ANAL) for the Far East (20°-50°N, 120°-150°E)
provided by the Japan Meteorological Agency (JMA),
including wind velocity, temperature, and RH in the
lower troposphere (975, 950, 925, 900, 800, and 700 hPa),
available at 6-h intervals on a 0.20° latitude X 0.25° lon-
gitude grid. The sounding data from the KESS-05 cruise
were not assimilated into the M-ANAL system.

3. MABL modifications across the KE SST front
a. Synoptic conditions of the ocean and atmosphere

During the 3-day period for lines A and B, SST
(colors in Fig. 2a) displays a steep front along 36°N with



15 MARCH 2009

(a) Period A  06:00Z11Jul2005-00:00Z12Jul2005
MANAL theta—e(K) surface wind(m/s)AMSR_E SST(C)

38N
36N

34N

32N

4 150E

TANIMOTO ET AL.

1363

(b) Period B 00:00213u12005-18:002150u12005
MANAL theta—e(K) surface wind(m/s)AMSR_E SST(C)

36N

34N 1

32N

— >2.0m/s

—> >2.0m/s deg C
S
C) MANAL theta—e(K) wind(m/s) 00Z11JUL2005—12214JUL2005
(hPa) |~ T I T ‘ -

00Z 122
12JUL

127

00Z 122  00Z 122
13JUL 140l (yrC)
—> >2.0m/s
20

FIG. 2. (a) AMSR-E SST in 3-day running means centered on 11 Jul 2005 (color shading, °C), equivalent potential
temperatures at 850 hPa (contours at 1-K intervals), and surface winds (vectors, m s ') from M-ANAL averaged for
the first day of period A (from 0600 UTC 11 Jul to 0000 UTC 12 Jul 2005). (b) As in (a) but for period B (13 Jul 2005
for SST and from 0000 to 1800 UTC 13 Jul for M-ANAL). Cross symbols in (a) and (b) indicate the sounding stations
along lines A and B, respectively. (c) Time-height section of equivalent potential temperature (color contours, K)
and wind velocities (vectors, m s ') at 35°N, 145°E based on the M-ANAL.

a cold meander and a cold ocean eddy centered at 36°N,
146°E. The eddy was about 1° X 1° latitude—longitude in
diameter. Line A was nearly meridional (Fig. 2a) and
cut across the cold eddy located just to the north of the
KE front, while line B was located west of the eddy but
cut across the SST front of KE (Fig. 2b). As expected
from the large heat capacity of the ocean, SST was
nearly the same during periods A and B.

During the 3-day period, the baiu front stretched over
several thousand kilometers from the lower Yangtze
River in eastern China through Japan into the western
North Pacific. A close look into the JMA surface weather
maps indicates that the baiu front was located north
of the KE front during period A (Fig. 3a) and then
displaced to its south during period B (Fig. 3b). As
displayed in the satellite infrared (IR) images, line A
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FIG. 3. JMA surface weather maps at (a) 0000 UTC 11 Jul and (b) 0000 UTC 13 Jul 2005, showing the analyzed baiu
front. The ship tracks, lines A and B, are superimposed with heavy black lines in (a) and (b), respectively. (c),(d) The
corresponding infrared images from the Geostationary Operational Environmental Satellite-9 (GOES-9). The ship
tracks are superimposed with heavy green lines. The satellite images are provided by Kochi University (information

online at http://weather.is.kochi-u.ac.jp/) and IMA.

(Fig. 3c) was overlaid by high-level clouds (i.e., lower
cloud-top temperatures) extending southwestward from
the surface low at 44°N, 152°E along the baiu front,
while line B (Fig. 3d) was under low-level clouds (higher
cloud-top temperatures) prevailing to the north of the
baiu front.

In association with the southward shift of the baiu
front from periods A to B, the lower atmosphere on the
KE SST front at 35°N, 145°E experienced rapid changes
(Fig. 2c¢). Specifically, the M-ANAL shows a large de-
crease in equivalent potential temperature (6,) by 8 K,
a rapid deceleration of the southwesterly wind by 15
m s, and a sign reversal of the meridional wind com-
ponent from 1200 to 1800 UTC 12 July 2005, indicating
that the baiu front passed this location sometime in this
period. Therefore, the sounding location of A9 (34.95°N
at 0424 UTC 12 July) was still a little south of the baiu

front, while the last two soundings of A10 (34.70°N at
1421 UTC 12 July) and A1l (34.37°N at 1846 UTC 12
July) along line A were affected by disturbances in the
baiu front as described later. For period B, the baiu
front was always located south of line B. Though the
baiu front was nearby, surface rainfall was not reported
on board the ship in either transect. Consistently, none
of the seven AMSR-E snapshots for periods A and B
indicates any precipitation in the sounding area (not
shown).

During period A prior to these rapid changes, surface
winds were southwesterly and convergent across a me-
ridional maximum of 6, at 850 hPa (0.s5) that was as-
sociated with moist air on the southern flank of the baiu
front (Fig. 2a). This is rather similar to the monthly
mean conditions in Fig. 1la. As a result of warm/moist
advections by the southwesterlies, 6,g50 was high, ranging
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from 337 to 342 K over line A (contours in Fig. 2a). On
the first day of period B (0000-1800 UTC 13 July 2005),
surface winds turned northerly over the KE SST front,
with high 6,g50 (>340 K) displaced to the south (Fig. 2b).
On line B, 6,859 decreased by 10 K to 327-333K.

Meridional displacements of the baiu front relative to
the stationary KE front, via the associated changes in
surface advection of temperature and humidity, brought
about large changes in the MABL, as described in the
rest of this section.

b. Line A under surface southwesterlies

Figure 4 displays observations along line A, which cut
through the cold ocean eddy (35.5°-36.1°N), then the
steep SST front of KE (35.2°-35.3°N), and finally ar-
rived in a warm pool south of 35.2°N. The SST front of
KE was quite strong, with SST changing by 4°C in less
than 20 km (~35.25°N). The corresponding meridional
gradient of the SAT was much more relaxed, varying
only by 4°C over ~90 km (from 36.0° to 35.2°N) as op-
posed to an SST change of 7°C on line A. The SAT
profile is consistent with the warm advection by the
southerlies, with the near-surface atmosphere nearly in
equilibrium with underlying SST on the upwind side of
the SST front and in rather slow adjustment to the rapid
decrease in SST on its downwind side. As a result, the
near-surface stratification was nearly neutral (—0.5° >
S > —1.7°C) on the warmer flank of the KE front, while
it was strongly stable (S < —4°C) on the colder flank of
the front and over the cold eddy (blue curve in Fig. 4c).
(Small ripples on the surface variable records are due to
stops made for ocean hydrographic observations, each
lasting for a few hours.)

Figure 5 shows a sounding in the near-neutral regime
(station A9 at ~34.95°N) on the warmer flank of the KE
front (gray curves). It features a surface mixed layer and
a major inversion at 1100 m. In between there were two
minor inversions at 300 and 550 m. Figure 4a shows that
a surface mixed layer with nearly uniform virtual po-
tential temperature developed over the near-neutral
regime on the warmer flank of the KE front (A8-A9)
and stratification was still weak above the mixed layer
top (at ~300 m) up to the bottom of the main inversion
(at 1100 m or above). The greater turbulent mixing in
the MABL over the near-neutral regime is indicated by
a decrease in surface RH (Fig. 4c) and a slight increase
in surface wind speed (Fig. 4d) in the section between
A8 and A9 relative to the other sections north of A7 and
south of A10. In the area near 34.8°-35.6°N, the ceil-
ometer measurements identified a double cloud base at
around 400 and 1100 m, corresponding to the top of the
mixed layer and the main inversion base, respectively
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(Fig. 4a). In fact, the histogram of cloud-base heights for
a 6-h period (a total of 360 ceilometer samples) just south
of the KE front (35.20°-34.92°N; gray bars in Fig. 6)
clearly shows double peaks in layers between 300 and
500 m and between 1000 and 1200 m. The histogram in
Fig. 6 also indicates that there were some occasions
when the ceilometer detected no cloud base. During this
daytime period (0900-1500 local time 12 July 2005), the
onboard pyranometer recorded 591 W m™? of solar
radiation on average with a standard deviation of 190
W m 2, and the radiation fluctuated between over 1000
W m ™2 and below 300 W m 2. It was partly sunny at A8
according to our field notes. These results suggest the
formation of scattered stratocumulus and/or shallow
cumulus in the MABL on the warmer flank of the KE
front in the presence of warm/moist southerly winds.
These cloud types are climatologically prevalent in this
region during summer (Norris 1998b).

As mentioned in section 3a, the southward-moving
baiu front at the surface was probably close to the ship
at sounding locations A10 and A1l. The surface south-
erlies observed on the ship mean that the baiu front at the
surface was still to the north. The movement of the baiu
front may cause variations in vertical structure among
the soundings south of the KE front. The increase in
surface wind speed, decrease in surface relative humidity,
and increase in cloud-base height for A7-A9 all seem
consistent with greater turbulent mixing in the MABL. A
strong inversion develops at 1100 m, above which the free
troposphere is dry. The soundings A10 and All, by
contrast, observe higher relative humidity up to higher
levels at 1800 m as well as at the bottom of the MABL
probably due to meso-« features associated with the baiu
front nearby.

To the north of station A8, a thin surface inversion
formed as the southwesterly winds carried warm and
moist air across the KE front over the cold ocean sur-
face (Fig. 4a). In this stable regime, both surface sensi-
ble and latent heat fluxes were downward because the
SAT and surface specific humidity were higher than the
SST and surface saturated specific humidity, respec-
tively (Figs. 4b and 4e). Figure 5 displays a typical
sounding at station A4 (black curves). The surface in-
version was about 150 m thick. The atmosphere was
saturated from the surface to 800 m, indicating the
formation of a thick fog layer. Dewpoint temperatures
in the lower MABL were nearly uniform meridionally
between A4 (black dashed line in Fig. 5) and farther
upwind (e.g., at A9; gray dashed line in Fig. 5), while
the air temperature at A4 was typically cooler by
2°-3°C. The formation of strong surface stratification
accompanying overcast fog under southerlies has been
reported in the composited soundings at the ocean
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FIG. 4. (a) Latitude-height section of virtual potential temperature (black contours at 1-K
intervals) and RH (color shades, %) observed by GPS sondes along line A. White dots denote
the cloud base determined from the ceilometer. Shipboard marine meteorological observations
along line A for (b) SST (blue curve, °C) and SAT (red, °C), (c) SST — SAT (S; blue curve, °C),
100% — surface RH (black dots, %), (d) surface zonal (black, m s~ ') and meridional (gray,
m s~ ') wind velocities, and (e) saturated specific humidity at the sea surface (blue, g kg ') and
surface specific humidity (red, g kg™ 1). Except for RH, the 60-min running mean is shown. For
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FIG. 5. Vertical profiles of air temperature (solid curves, °C) and
dewpoint (dashed, °C) at stations A4 (black) and A9 (gray).

weather station C in the subpolar North Atlantic
(Norris 1998a).

Figure 5 thus suggests that fog formation was facili-
tated by the cooling of warm and moist air through heat
exchanges with the cool ocean, as it crossed the oceanic
front. In fact, both on the cold flank of the KE front and
over the cold ocean eddy, fog formation was recognized
by visual observations and confirmed by ceilometer
measurements of cloud-base height (Fig. 4a). A histo-
gram of the cloud-base height thus measured for 6-h
periods over the strongly stable regime from 36.35° to
35.88°N (black bars in Fig. 6) shows the predominance
of a near-surface mode with the average cloud base at
35 m. Norris (1998b) has pointed out that the formation
of a surface inversion and associated fog are due to warm,
moist airflow across an SST front toward the cooler side,
as confirmed by our transect observations. Whereas the
climatological frequency of fog occurrence is rather low
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FIG. 6. Histogram of ceilometer-detected cloud-base heights on
line A . Black (gray) bars are for the strongly stable (near neutral)
surface regime. A total of 360 one-minute samples are used for
each regime.

(~5%) south of 40°N in the western North Pacific
(Norris 1998b), cloud-type composites by Norris and
Tacobellis (2005) show that the warm, moist southerlies
across the SST front over the North Pacific favor fog
formation.

The onsets of the surface inversion layer and surface
humidity saturation (RH = 100) were almost coinci-
dental, occurring at A8 (35.2°N) and at 35.25°N between
A8 and A7, respectively (Figs. 4a and 4c), whereas the
grounding of the ceilometer-measured cloud base oc-
curred farther downwind to the north of A6 (35.7°N).
This delay must be due either to the presence of a fog
layer that was too thin to be detected by the ceilometer
or to strong surface wind speed south of A6. Wind speed
dropped rapidly from more than 10 m s~ ' at A8 to about
5m s ' at AS (Fig. 4d), as a resut of the suppressed
vertical mixing of wind momentum within the MABL
due to the rapid decrease in SST and the resultant sta-
bilization of the near-surface atmosphere (Nonaka and
Xie 2003; Tokinaga et al. 2006). The suppressed turbu-
lent mixing within the MABL favors fog formation.
Similar formations (breakups) of sea fog were observed
on the colder (warmer) flank of the KE front on 4-5 July
2005 during the same cruise, though the transition was
not as clear as in Fig. 4.

c. Line B under surface northerlies

Along line B, SST (blue curve in Fig. 7b) displayed a
steep front at 35.4°-36.0°N between nearly uniform
warm and cold pools. As evident in Fig. 7d, northeast-
erly winds of 3-5 m s~ ! prevailed during the first half of
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FIG. 8. As in Fig. 5 but for stations B3 (gray) and B4 (black).

the 24-h transect, while southeasterlies of 3-5 m s~ !

dominated during its second half. The northeasterlies
brought cold air from the colder flank of the KE front,
and the southeasterlies for the second half of period B
still advected cooler air from the region of the cold
ocean eddy located southeast of the transect (Fig. 2b).
The northeasterly cool advection was anomalous com-
pared to the climatological southwesterlies during the
baiu season in this region (Fig. 1). Correspondingly, the
SAT profile was characteristic of cold advection (Fig.
7b), nearly in equilibrium with SST on the colder flank
and adjusting slowly to the rapid SST increase on the
front and its warmer flank. The SAT gradient was thus
more relaxed than the SST gradient across the transit
of line B (red curve in Fig. 7b). As a result, the near-
surface stratification was close to being neutral or
slightly unstable (—0.1° < § < 0.5°C) on the colder flank
of the SST front, while it was strongly unstable (1.5° <
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S <2.5°C) on its warmer flank. Correspondingly, surface
sensible heat flux was upward to the south of the SST
front, while it was diminished to its north. Nevertheless,
Fig. 7e suggests that surface latent heat flux was upward
on either side of the SST front under the unsaturated
cool air, though enhanced over the warmer water. These
upward heat fluxes along line B under the cool advec-
tion were in sharp contrast to the downward fluxes along
line A with strong warm advection.

Line B was located north of the baiu front, where the
MABL was topped by low clouds with their base at 400—
800 m under a strong inversion at the 1000-m level (Fig.
7a). Above the inversion, RH was typically around 50%,
while it exceeded 90% in the MABL above the mixed
layer top at 600-700 m. In this moist layer, the ceilom-
eter detected a cloud bases that was elevated south of
the SST front relative to its north (800 versus 600 m).

Immediately above the inversion, the virtual potential
temperature was almost uniform meridionally (Fig. 7a).
Thus, the variations in the MABL temperature (from
298 to 295 K) observed along line B must reflect the
effects of the SST front. Moving from the north across
the SST front, we observed the inversion base rose by
100 m and the RH right underneath increased by 10%,
likely due to the enhanced surface heat fluxes and ver-
tical mixing on the warmer flank of the front. This rise in
the inversion base due to the cool advection on the warm
flank of the SST front is consistent with a mixed layer
model proposed by Schubert et al. (1979). In their ex-
periment of cool advection toward warm SST, a gradual
SST increase accompanies a deepening of the MABL
associated with enhanced heat supply from the ocean.

Figure 8 compares vertical profiles of air temperature
and dewpoint between stations B3 and B4. At station
B3 (south of the SST front in the unstable surface re-
gime), a layer between 700 and 900 m was saturated
with moisture (gray curves in Fig. 8), indicating cloud
formation below the main inversion. At station B4
(north of the SST front in the near-neutral surface re-
gime; black curves in Fig. 8), the lapse rate was about
6°C km ! in a layer between 600 and 750 m below the
main inversion. It was close to the moist-adiabatic lapse
rate, suggestive of cloud formation in that nearly satu-
rated layer (Fig. 7) as detected by the ceilometer (Fig.
7a). Owing to the reduced vertical mixing over low SST,
the MABL at station B4 was more strongly stratified
than at B3. On the poleward flank of the SST front,
higher RH in the cooler surface mixed layer probably
helped lower the cloud base as observed.

The lower cloud base north of the KE front relative to
its south is evident also in the time-height section of the
ceilometer backscatter intensity measured at 1-min in-
tervals (Fig. 9a). As the ship was traveling northward
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KE SST front. (c) As in Fig. 6 but for line B.

across the intense SST front during the 60-min period of
1930-2030 UTC 13 July 2005 (blue curve in Fig. 9b), the
height of the upper boundary of strong backscatter (red
shading > 1.0 X 1072 km ! sr™ ') showed a 200-m de-
crease from 650-800 to 450-600 m. Especially during
1600-1930 UTC in the unstable surface regime on the
warmer flank of the SST front, the layer of high back-
scatter was very steady in altitude, indicating full over-
cast with a flat cloud base. In the near-neutral surface
regime on the colder flank of the front, by contrast, the
high backscatter layer displayed much larger vertical

displacements. This feature is indicative of the presence
of thin clouds without a solid cloud base on the colder
flank of the SST front, where a cloud base was some-
times identified below 400 m. When this happened, a
second cloud base was detected at 600 m, close to the
level at which single cloud bases are identified. Spo-
radic, weak backscatters of 0.05-0.1 X 1072 km ™' sr™"
(blue shading in Fig. 9a) spread in a wider vertical
range, sometimes reaching all the way to the surface,
indicating drizzles. Indeed, no surface rainfall was ob-
served on board the ship.
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Figure 9c compares histograms of the ceilometer
cloud-base height between the unstable and near-neutral
surface regimes. As in Fig. 6, a total of 360 (6 h) samples
are used for each of the regimes. In a manner consistent
with Fig. 9a, the cloud-base height tends to be lower in
the near-neutral regime than in the unstable regime, at
583 and 749 m on average, respectively, and its standard
deviation is larger in the near-neutral regime (114 m)
than in the unstable regime (66 m). Occasionally in the
near-neutral surface regime, no cloud base was identi-
fied (Fig. 9c). These ceilometer statistics confirm the
prevalence of broken, scattered clouds in the near-
neutral surface regime on the colder flank of the SST
front and that of a solid low-cloud deck in the unstable
surface regime on its warmer flank.

4. MABL structure in and outside the baiu front

Along the subtropical flank of the baiu front, there is
arainband that often accompanies a deep moist layer, as
detected by several soundings on line A. Thus, the baiu
front separates a moist, subtropical air mass from a
drier, subpolar air mass to the north. Figure 10a com-
pares a moist, subtropical profile based on a sounding at
A6 and a drier, subpolar profile based on a sounding at
B3. These two soundings conducted roughly at the same
latitude (35.6°N) are chosen to avoid latitudinal biases.
The underlying SST was 17°C at A6 (at the center of the
cold eddy) and 23.5°C at B3.

The sounding A6 indicates that two layers, 0-1700
and 4500-6100 m, were almost saturated, in which tem-
perature roughly followed the moist-adiabatic profile
punctuated by six inversions at 4500-, 2600-, 1700-, 1200-,
600-, and 100-m levels. All these inversions except the
one near the surface were weak and likely to be caused
by the differential advection of temperature and mois-
ture. In contrast, the near-surface inversion formed as
the warm tropical air blew across the SST front onto the
cold eddy, as discussed earlier. High moisture contents
in sounding A6 were maintained by the southwesterly
advection of moist, subtropical air (Fig. 10b) that be-
came saturated probably due to a weak synoptic ascent
associated with the baiu front. In fact, satellite IR im-
agery indicates relatively high clouds at around A6 (not
shown). In contrast, the subpolar sounding at B3 indi-
cates a much drier condition below 3500 m, where mois-
ture was trapped mostly in the MABL with a thin cloud
layer between 600 and 900 m capped by a strong inver-
sion. A significant increase in dewpoint at 3500 m on a
sounding at B3 indicates that the subtropical air mass still
remained in the midtroposphere. Indeed, the meridional
winds were northerly in a layer of 4800-6500 m but still
southerly aloft.

TANIMOTO ET AL.

1371

The sharp contrasts in temperature, moisture, and
cloud distributions between the two soundings are mainly
caused by the synoptic meridional displacement of the
baiu front. As the subtropical or subpolar air mass is
being advected across the SST front, strong adjustments
take place in the MABL as reflected in the surface tur-
bulent heat flux and vertical structures of temperature,
moisture, and cloud. Meridional thermal advection is
important in the MBAL where large temperature dif-
ferences (4°-6°C) are observed between periods A and B.
It is interesting to note that because of strong warm ad-
vection, the MABL is much warmer at A6 than B3, de-
spite a much lower SST at the former station (17° versus
23.5°C). The importance of the meridional advection is
also manifested as a more pronounced difference in
MABL dewpoint temperature between A6 and B3.

5. Summary and discussion

We have analyzed atmospheric in situ observations
on the KESS-05 summer cruise to study the effects of
the KE front on the MABL. The data include GPS
sonde soundings, and continuous observations of sur-
face meteorological variables and cloud-base height with
a laser ceilometer. These in situ data are complemented
with a suite of satellite observations and an operational
mesoscale atmospheric analysis. The baiu and KE fronts
are the dominant summertime features of the atmos-
phere and ocean in the region, respectively. The KE
front remained quite stationary during our study pe-
riod, while the baiu front moved substantially north
and south on the synoptic weather time scale, accom-
panying sign reversals of the meridional component of
surface winds. The presence of the strong SST front
anchored by the KE enhances the effects of thermal
and moisture advection by meridional winds, causing
substantial changes in the MABL structure. The ef-
fects of the KE front on the MABL are illustrated with
two cross-frontal transects.

Line A sampled the baiu front, with a few soundings
capturing a deep moist layer with temperatures nearlyat
the moist-adiabatic lapse rate. Robust southwesterly
winds prevailed at the surface on line A. As warm, hu-
mid subtropical air moved across the KE front onto cold
water to the north, a surface inversion and a thick fog
layer formed. The MABL stratification was highly sta-
ble, with downward surface sensible heat flux on the
colder flank of the SST front. On the warmer flank, by
contrast, the MABL stratification was nearly neutral,
and stratocumulus (or shallow cumulus) clouds formed
with elevated cloud-base heights of either 300-600 m
(the top of the surface mixed layer) or ~1000 m (bottom
of the main inversion).
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Measurements along line B were carried out after the
baiu front had moved away to the south, sampling the
subpolar air mass with a strong inversion capping a
moist MABL. Moderate northeasterlies prevailing
north of the baiu front advected the cold subpolar air
across the KE front to the south. In this circumstance,
the MABL stratification was highly unstable, activating
surface turbulence to enhance the heat and moisture
supply from the warm ocean. The associated intensifi-
cation of vertical mixing led to the deepening of the
MABL and moistening of its upper portion where a
solid cloud deck formed below the inversion. A sharp
transition was observed across the KE front. Over the
cooler ocean north of the front, the cloud deck was
replaced with broken clouds scattering with lower cloud
base. Under the almost neutral or stable stratification in
the MABL, suppressed vertical mixing of moisture was
unfavorable for maintaining a solid cloud deck near the
MABL top. Similar modulations of low clouds can be
found over a meandering SST front over the eastern
equatorial Pacific (Deser et al. 1993; Hashizume et al.
2001).

Changes in thermal advection associated with the
meridional migration of the baiu front can exert dif-
ferent effects on the near-surface and free atmospheres.
Under the southerly warm advection, the near-surface
stratification is strongly stable, but the high moisture
content advected from the south forms a deep moist
layer in the free atmosphere. The northerly advection of
cool, dry air, on the other hand, destabilizes the MABL
stratification while suppressing deep convection. The
presence of the quasi-stationary SST front along the KE
can substantially strengthen the aforementioned ad-
vective effects. On line A, for example, enhanced ad-
vection of warm, moist air from the south, once across
the SST front, increased the surface stability over the
cool ocean surface. A surface inversion and sea fog
formed, shutting off surface evaporation that would
otherwise moisten the MABL and increase convective
instability.

The surface latent heat flux around the KE front
observed in our survey varied from zero under the moist
southerlies (line A) to 120 W m™? under the drier
northerlies (line B). This and other possible effects of
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the KE front on the baiu front and associated cloud
formation and precipitation need further investigation.
Unlike the observed cross sections, the vertical gradient
of the M-ANAL virtual potential temperature is found
to be much more uniform within the lower troposphere,
failing to represent the inversions near the surface and
at the top of the mixed layer along lines A and B, re-
spectively. The further improvement of numerical models,
continuous monitoring of atmospheric and oceanic con-
ditions, and the subsequent improvement in the quality
of (mesoscale) analysis data are highly desired. Thereby,
we could deepen our understanding of the mechanisms
of decadal SST anomalies in the oceanic frontal zone
along the KE and Oyashio Extension observed in con-
junction with variability in low-level cloud cover (Norris
2000) and in heat release from the Kuroshio with pos-
sible impacts on the baiu-frontal precipitation (Tomita
et al. 2007).
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