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ABSTRACT:

Wintertime sea surface heat flux variability across the Kuroshio Extension (KE) front is analyzed using two surface flux buoys
moored on the northern and the southern sides of the KE front as well as the observation by Advanced Microwave Scanning Radi-
ometer for Earth Observation Satellite (AMSR-E). The combined use of the wind speed and the other AMSR-E products (the sea sur-
face temperature and the integrated water vapor) provides the instantaneous latent heat flux at every observation cells. The coinci-
dent data used are from periods during two winters in 2007 and 2008, when the two surface buoys had a complete suite of
meteorological data. In these two winter periods, we focus on three types of typical weather patterns referred to here as: the northerly
wind condition, the monsoon wind condition, and the normal condition. The difference in the surface heat flux between these condi-
tions is attributed to the different air mass transformation. We analyzed the spatial change of the boundary layer parameters and their
influence on the surface heat flux between the two buoys. During the northerly wind condition, the satellite measurement captures
the rapid increase of the surface water vapor content associated with the SST front because of the nonlinearity of the Clausius-
Clapeyron relation. It is found that the change is consistent with the large latent heat flux in spite of the weaker wind speed in the
southern side of the SST front.

Using the National Centers for Environmental Prediction-

1. INTRODUCTION National Center for Atmospheric Research reanalysis product
(Kalney et al., 1996) and the net air-sea heat flux at KEO as an
The importance of measuring and monitoring the TBF is quite index, Bond and Cronin (2008) extracted a composite SLP pat-

important in the region, where the heat flux is very large and tern associated with large heat flux at KEO that corresponded to
therefore the air-sea interaction is very strong. The western a typical wintertime SLP weather pattern. In this study, we fo-

boundary current region such as the Kuroshio Extension (KE) cus on the variations associated with three different typical win-
region is one of the key are for investigating the role of the tertime weather conditions and discuss the implications for in-
thermal coupling between the ocean and the atmosphere. terannual climate variations.

Nakamura et al. (2008) and Nonaka et al. (2009) suggested The microwave radiometer has a merit of measuring together
from atmospheric general circulation model experiments that the other environmental parameters like water vapor content or
the strong restoring of the near-surface air temperature to the sea surface temperature (SST). The instantaneous observation
SST front affected the activity of the mid-latitude stormtracks of these physical properties enables us to obtain information
through the adjustment of the turbulent surface heat flux. Al- about phenomena in which they work together. Obtaining the

though many surface heat flux data sets show that the area of snapshot turbulent heat flux (THF) should be the most attractive

the large latent heat flux (LHF) expands to both sides of the KE product of the combined use of physical variables obtained by

in cooling seasons (Kubota et al., 2003; Qiu et al. 2004), the Advanced Microwave Scanning Radiometer on Earth Observ-

boundary layer processes and the oceanic and meteorological ing System (AMSR-E) on Aqua, as it simultaneously measures

parameters are likely to be quite different on either side of the the wind speed, SST, and integrated water vapor, and therefore

KE. Such a discrepancy suggests a spatial difference of the the surface humidity. Spatial distribution of these parameters

ocean-atmosphere feedback system in the KE region. derived by AMSR-E and the LHF will give the information
over the gap between these surface flux buoys.

Recently, Pacific Marine Environment Laboratory (PMEL)/ Na-

tional Oceanic and Atmospheric Administration (NOAA) oper-

ates the Kuroshio Extension Observatory (KEO) buoy at 2. DATA

144.6°E, 32.4°N, while Japan Agency for Marine-Earth Science

and Technology (JAMSTEC) does JAMSTEC KEO (JKEO) In this study, the AMSR-E wind speed is retrieved from the

buoy at 146.5°E, 38.0°N. These buoys are measuring the sur- measured BTs provided by Japan Aerospace Exploration

face meteorology and the underwater physical properties at the Agency (JAXA) in a form of the AMSR-E level 1B data set,

south and the north across the Kuroshio Extension (Cronin et al. according to the method described in Konda et al.(2006).

2008). The evaluating the air-sea coupling process by using

these in situ measurements is very important for applying the NOAA / PMEL operates the KEO buoy at 144.6°E, 32.4°N to

satellite-derived heat flux to the air-sea interaction study. the south of the KE front, while JAMSTEC operates the JKEO
buoy at 146.5°E, 38.0°N to the north of the front (Fig. 1). The
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JCDAS Mean Turbulent Heat Flux in Feb.-Mar. 2007
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Figure 1: Mean turbulent heat flux in the northwest Pa-
cific sector during Period I. The mean value is computed
from JCDAS product. Positions of KEO (filled black cir-
cle: 144.6°E, 32.4°N) and JKEO (unfilled black circle:
146.5°E, 38.0°N) are superimposed. The 16°C isotherm is
also superimposed by the thick broken line as a proxy of
the SST front associated with the KE jet.

KEO buoy was first deployed on June 16, 2004, while the
JKEO buoy was first deployed on 18 February 2007. For this
study, we use data only from the first JKXEO deployment period,
which ended on 24 March 2008. The study period in which
both KEO and JKEO had complete measurements thus spans
portions of winters both in 2007 and 2008. These winter por-
tions (Period I: 18 February to 12 March 2007 and Period II: 1
to 25 January 2008) will be considered separately.

Sensible heat flux (SHF) and LHF are computed from the high
resolution data using the version 3.0 Coupled Ocean-
Atmosphere Response Experiment (COARE) bulk algorithm
(Fairall et al., 2003). As the focus of this study is to analyze the
factors that produce a TBF difference between JKEO and KEO,
we will decompose the bulk heat transfer equation into terms
representing spatial anomalies of individual ABL parameters.
The spatial anomaly of the TBF is defined in this study as the
difference between JKEO and KEO as follows.

Hy:HJKEO _HKEU
— pcp C;KEO (]wsj/KEU _ THJKEU )U(‘I]KEO _ pcp C:’EO (TSKEO _ THKEO )UUKEO (l)

=pC,C{(Ty=T, U
4 (TKEO _ T kEO W'y
N a a
+ pC,, C;, ' (TSKEO _ THKEO )U;/KEO

(i)
(iii)
(v)

+R,

2

and,

Qv: QJKEO _QKEO
— [pchE() (q;KE() _q[{KE() )U;‘/KEO _[pcé{(ﬁ'() (qé(E[) _quU )UfEO (l)

=1pC* (45", U (if)
+(q5™ ="'} (iif)
+0pC, (g5 = q," U0 ()

+RQ

(3)
where H and Q respectively indicate the SHF and the LHF, and
T, q and U respectively denote temperature, specific humidity
and wind speed with subscripts indicating values at sea surface
(s) and at the height of meteorological sensors on the buoy hull
(a). Superscripts indicate whether the value is at JKEO or KEO
and the prime indicates the difference between them. Likewise,
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p denotes the density of the atmosphere, Cp the specific heat at
constant pressure and the latent heat of evaporation. Ch and
Ce are respectively bulk transfer coefficients of heat and mois-
ture, calculated from the COARE 3.0 model.

Term (i) is the heat flux difference between JKEO and KEO,
and terms (ii) and (iii) respectively show the contributions of
the spatial anomaly in air-sea gradients of temperature (AT’)
and humidity (Aq’) (where A represents the sea minus air dif-
ference), and that in wind speed (Ua’). Term (iv) represents the
component caused by the spatial variation of the bulk transfer
coefficients Ch’ and Ce’. Ry and R, respectively indicate the
terms of higher degree of spatial anomalies.

After analyzing the spatial differences between KEO and JKEO,
the regional patterns in the TBF will be considered using flux
product of the Japan Meteorological Agency Climate Data As-
similation System (JCDAS) from the Japanese 25-year Re-
analysis Project (JRA25) (Onogi et al. 2007). The TBF aver-
aged during the two cold periods in the KE region are shown in
Fig. 1.

3. RESULTS

Temporal variability of the SHF and the LHF during Period I
and II measured at JKEO and KEO (Fig. 2) is generally large
on daily to synoptic time scales. During Period I, the LHF can
be as large as 500 W m™ at the end of February and the begin-
ning of March both at JKEO and at KEO (Fig. 2 (a)). The LHF
shows notably rapid increases in these events. For the rest of
Period 1, the period without the thick lines in Fig. 2 (a) and (b),
the average LHF at JKEO was 155.1 W m™ and that at KEO
was 240.8 W m™, with fluctuations at shorter time scales at the
two sites that do not appear to be correlated with each other.
The sequence of the SHF had a larger amplitude at JKEO (Fig.
2 (b)). There are also notable increases in SHF, which were co-
incident with the increases in LHF.
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Figure 2: The latent and the sensible heat fluxes
measured at KEO and JKEO are plotted by red and
blue lines, respectively. Panels (a) and (b) show time
sequences of hourly averaged latent heat flux and sen-
sible heat flux obtained from the record every 10 min-
utes. The values of the JCDAS product at the collo-
cated grid are superimposed by broken lines.
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Figure 3: The vector wind diagram measured at KEO
(red arrows) and JKEO (blue arrows) plotted during (a)
Period I and (b) during Period II. The vertical axis indi-
cates the meridional component of the wind vector, while
the zonal component of the vector follows the vertical
scale..

During Period II, the LHF occasionally exceeds 400 W m>, and
the LHF and SHF at each buoy also seem to be closely corre-
lated with each other (Fig. 2 (c) and (d)). The spatial difference
of more than 100 W m™ was observed several times associated
with the maximum peak of the SHF and the LHF. There was
stronger high frequency variability that was less coherent be-
tween the sites during Period II.

Bond and Cronin (2008) showed that the very large LHF and
SHF events were associated with SLP pattern in which winds at
KEO were anomalously northerly. In Fig. 3 we show the time
sequence of the wind vector measured at KEO and JKEO. It is
obvious in panel (a) that both SHF and LHF were maximized
almost simultaneously during the strong northerly beginning on
24 and 28 February. From 11 March, the wind was almost west-
erly associated with the Siberian outbreak. During Period II, a
simultaneous change between KEO and JKEO TBF was ob-
served only at the end of the period. For other times, the THFs
at KEO and JKEO seem to change independently, possibly due
to short-term variation of the wind speed.

It is known that winter storms in the KE region are character-
ized by strong northerly wind. During these events, the TBF at
the JKEO and KEO buoys increase almost simultaneously as
shown in Fig. 2 and 3, although they are on opposite sides of
the SST front. During other conditions, however, there are sig-
nificant discrepancies between the two sites, even when the
wind is strong.

It is expected that the spatial relationship between the SST front
and the wind direction can affect the air mass transformation in
the KE region and the TBF field. Therefore, we define two con-
ditions correlated with the typical east Asian wintertime
weather patterns, i.e., the northerly wind condition associated
with the extraordinarily strong low pressure developing near the
Kamchatka Peninsula, and the monsoon wind condition associ-
ated with the strong northwesterly of Siberian cold outbreak.
Other times are characterized by frequent transitions in the
weather pattern associated with the passage of highs and lows
(Fig. 3), which do not cause so strong weather pattern. In par-
ticular, for this study, we identify the northerly wind condition
as when the wind direction is within 30° from 180° (in the
oceanographic convention) and the wind speed is over 8.0 m s™,
and the monsoon wind condition as when the wind direction is
within 30° from 110° and the wind speed is over 8.0 ms™. For a
positive identification, these criteria must be satisfied for 60 %
of the wind records in every 2 hours, and must last for more
than a day at both KEO and JKEO.
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FIG. 4: Time series of the spatial anomaly components of
the latent (panels (a) and (c)) and sensible (panels (b) and
(d)) heat fluxes as indicated by eq. (1) and (2). Blue line
shows the spatial anomaly of the heat flux expressed by
term (i), green line the effect of the spatial anomaly of
ocean-atmosphere gradient in temperature (AT) and hu-
midity (Aq) expressed by term (ii), and orange line shows
the effect of the wind anomaly expressed by term (ii).
Red line shows the term (iv), the spatial anomaly of the
bulk coefficients. Panels (a)-(b) are for Period I; panels
(c)-(d) are for Period II, as in Fig. 8. Thick solid and bro-
ken lines indicate the period of the northerly wind condi-

In order to determine the factors responsible for causing the si-
multaneous heat flux differences at KEO and JKEO, we evalu-
ate terms (ii), (iii) and (iv) in eq. (1) and (2). The sequences of
individual terms in eq. (1) and (2) are shown in Fig. 4. The term
(iv) is very small throughout the period, that indicates the spa-
tial anomaly of bulk coefficients caused by those of boundary
layer parameters is systematically compensated each other. On
the other hand, the effect of the spatial anomaly of the air-sea
gradient of specific humidity, Aq, ((ii) in eq. (2)) was almost
balanced with that of the wind speed ((iii) in eq. (2)) during the
northerly wind condition in Period I and Period II. This indi-
cates that the wind speed in the downstream (KEO) was weaker
than the upstream (JKEO), while Aq was enlarged in the down-
stream direction. The spatial difference in the SHF can be at-
tributed to the wind speed difference, as the value of term (ii) is
reduced. The wind speed difference can contribute to the spatial
difference in the SHF. In these cases, although the air-sea tem-
perature gradient AT on the north side of the SST front is al-
most the same as that on the south side, the humidity gradient
Aq is larger on the south side of the front due to the nonlinearity
in the Clausius-Clapeyron relation. This is the result of the air
mass transformation as the cold air crosses the SST isotherms to
restore to the warmer SST (Kondo, 1976; Nonaka et al., 2009).

Consequently, the LHFs on each side of the KE front were si-
multaneously enhanced (Fig. 2), whereas the SHF in the north-
ern side was larger under this weather condition. Recent nu-
merical model studies demonstrated an increase of the air
temperature on the strong SST front associated with the growth
of the ABL and the water vapor contents along the cross frontal
wind (Spall, 2007; Skyllingstad and Edson, 2009).
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During the monsoon wind condition, there is a distinct differ-
ence in the LHF and the SHF between KEO and JKEO. The
LHF to the south of the KE front is larger than that to the north,
whereas the SHF to the south is much less than that to the north.
As one can see from the wind direction at KEO and JKEO, the
strong monsoon winds, which blow almost parallel to the strong
SST front of the KE, undergoes a different air mass transforma-
tion processes over the cold and warm ocean. It is noteworthy
that the term (ii) in eq. (1) and that in eq. (2) seem to change
independently (Fig. 4), whereas the wind speed and direction
change almost simultaneously (Fig. 3).

As the air temperature is increased by the warm ocean surface
south of the KE front, evaporation is enhanced due to the large
Aq under the strong wind to the south of the KEO. In contrast,
SHF north of the KE front is larger than the south. The sea sur-
face cooling contrast across the KE front does not change so
much, as the north-south differences of the SHF and the LHF
tend to compensate each other.

For the rest of the period, the normal condition, the heat flux
can be characterized by the generally larger evaporative cooling
to the south of the KE front, and weaker SHF to the south on
average during Period I. The contrast is relatively weak during
Period II. The relationship between the TBF at KEO and JKEO
is not systematic as it frequently changes almost on a daily time
scale. It is true that the condition of TBF on the KE front is not
analyzed by these buoys. The spatially gridded data such as the
JCDAS is useful in spite of its low resolution in time and space.

These analyses suggest that the spatial pattern of the TBF in the
KE region on monthly time scales is determined by the relative
frequency of different types of wintertime weather conditions.
In order to investigate this further, we conducted a composite
analysis of the spatial pattern of the TBF using the reanalysis
product of JCDAS. Composite maps of the TBF during north-
erly wind conditions, monsoon wind conditions, and normal
conditions during Period I and II are shown in panels (a) to (c)
in Figs. 5 and 6, as well as the overall average of the individual
periods (panel (d)).

While the TBF is remarkably large in the center of the KE re-
gion, the spatial distributions of the TBF associated with differ-
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FIG. 5: Composites of the turbulent heat flux during (a) the
northerly wind condition, (b) the NW monsoon wind condition,
(¢) the normal condition, and (d) the mean during Period I, ob-

tained from the JCDAS product. Unit is in W m2. The position
of KEO and JKEO are plotted by black circles.

972

ent weather patterns are quite distinct. As indicated in Fig. 5 (a)
and Fig. 6 (a), during northerly wind conditions, the maximum
value at the center of the KE is over 600 W m™ on the frontal
zone and large values over 400 W m™ extend meridionally on
both sides of the KE. On the other hand, during monsoon wind
conditions, when the cold outbreak blows off of Siberia, the
maximum heat flux is confined to a narrow band along the Ku-
roshio and the western portion of the KE front (Fig. 5 (b) and
Fig. 6 (b)). The TBF in the KE region is generally smaller than
during northerly wind conditions. Furthermore, during the mon-
soon conditions, the meridional change of the total TBF across
the KE front is large.

The spatial composite of the TBF of the normal condition
should be a reasonable one. The maximum heat flux is seen
along the Kuroshio and KE because of the large AT and Aq,
which is the result of the cold atmosphere over the warm ocean
in this season. In monthly scale, average of the TBF shown in
panels (d) in Fig. 5 and Fig. 6 to some extent reflects this condi-
tion by average. However, it significantly differs in magnitude
and in the place of the maximum value from the normal condi-
tion.

The relative frequency of occurrence of the northerly wind and
the monsoon wind condition could be partially responsible for
the significant discrepancy between the TBF during Period I
and Period II as shown in Fig. 5 (d) and Fig. 6 (d). Fig. 2
clearly shows that the northerly wind condition occurs more in
Period I than in Period II and that the northerly wind condition
was rather short in Period II. Furthermore, the monsoon wind
condition was very strong in the beginning of Period II, which
may affect the monthly scale average. In this way, the relative
occurrence of the different types of weather conditions perhaps
would strongly influence on the anomalously dominating heat
flux spatial structure for a given period.

4. THE MEASUREMENT OF THE AIR-MASS
TRANSFORMATION BY AMSR-E

The air-mass transformation process described in the previous
section is made without any information about the atmospheric
properties over the KE front. The atmospheric properties meas-
ured by AMSR-E and the instantaneous latent heat flux give the

120E 130°E  140°E  150E 160°E  170°E 120E 130E  140E  150°E  160°E  170°E

20°N
120° 130°E  140°E  150°E  160°E  170°E 120E  130°E  140°E  150°E  160°E  170°E

FIG. 6: Same as in Fig. 5, except for Period II.
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Fig.7 (a): The boundary layer parameters of the wind speed, specific humidity, SST, and latent heat
flux between the KEO and the JKEO (right panel), and the map of the latent heat flux (center),
and the weather chart with the wind speed map (Ieft) on March 2.

information over the KE front, which can not be obtained by in
situ measurement such as the surface mooring. Fig. 7 demon-
strates the spatial distribution of the LHF in the KE region on
March 3 during the northerly wind condition and on March 15
during the monsoon wind condition.

The center of Fig. 7 (a) shows the map of the instantaneous la-
tent heat flux derived by AMSR-E along the swath. The figure
clearly shows that the quite large LHF expands to the north and
the south of the KE front. The left column shows the wind
speed, specific humidity, SST, and the LHF between JKEO and
KEO. The figure shows that the wind speed near JKEO is
stronger than that near KEO, as speculated previously. It is also
supported by the whether chart and the map of the wind speed
(right panel). The specific humidity to the northern side (JKEO)
is very small. It is clearly seen that the atmosphere gradually
becomes humid to the south. The resultant LHF is as large as
300 W m™ both to the north and to the south of the SST front.
The large LHF exists far from the KE front. The spatial change
of these variables strongly supports our speculation about the
air-mass transformation along the advection of the atmospheric

NW monsoon regime Mar.19

mass due to the strong northerly.

On the other hand, during the monsoon wind condition, the
situation is quite different. The center panel of Fig. 7 (b) shows
that the LHF to the north of the KE front is much larger than
that to the south. The wind speed is not necessarily correlated
with the SST. The large specific humidity is seen associated
with the weak wind speed, rather than the SST front. This
should indicate that the atmosphere undergoes the independent
air-mass transformation in the different weather conditions
across the KE front. As the result, the large LHF is confined
within the nearby and the north of the front. The difference of
the air-mass transformation between the northerly wind condi-
tion and the monsoon wind condition is confirmed by the si-
multaneous measurement of the boundary layer parameters and
the LHF by AMSR-E. In this way, the combined use of the in
situ and the remote sensing enables us to investigate the air-sea
interaction process, which needs the boundary layer parameters
with high resolution.
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Fig. 7 (b) continued: same as panel (a) except for the data on March 15.
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5. SUMMARY

We analyzed the winter surface heat flux variability and its dif-
ference between the north (JKEO) and the south (KEO) sides of
the KE front in daily to synoptic timescales. The KEO buoy sta-
tion has been located in the Kuroshio recirculation gyre south
of the KE jet since June 2004. Measurement at the JKEO sta-
tion, in the Mixed Water Region north of the KE, began in Feb-
ruary 2007. In this study we consider two winter periods of co-
incident observations at KEO and JKEO; Period I: 18 February
2007 to 12 March 2007 and Period II: 1 to 25 January 2008.

In wintertime, the SHF and the LHF were quite large both at
KEO and JKEO. It was found that the LHF eventually exceeds
400 W m, while the SHF is also as large as 200 to 300 W m>.
We found that these extreme conditions are produced in close
relation with the speed and direction of the prevailing wind.

The northerly wind condition is characterized by cross-frontal
northerly wind and extraordinarily large TBF, both to the north
and south of the KE front. As a result of the air mass transfor-
mation along the prevailing wind, the large air-sea gradient in
humidity (Aq) over the warm ocean south of the KE front can
enhance the evaporative cooling, whereas the wind is stronger
to the north. As a consequence LHF has little contrast across the
KE front, although SHF in the north is larger than to the south
due to the stronger wind north of the front.

The monsoon wind condition is also characterized by strong
northwesterly wind and large heat flux in the KE region. How-
ever, the spatial difference of the LHF and SHF did not seem to
be systematic. The LHF to the north of the KE front was sig-
nificantly smaller than that to the south because of the nonline-
arly increasing air-sea gradient of humidity. As the prevailing
wind is almost parallel with the KE front, changes in the heat
fluxes on the north and south sides of the KE front are not nec-
essarily simultaneous.

During the normal condition, the maximum heat flux tends to
be confined along the KE jet, and is generally smaller than the
turbulent fluxes found during the other two weather patterns.
This condition possibly reflects the typical environment in the
KE region with the cold atmosphere over the warm current.

The spatial structures of the THF due to different weather con-
ditions proposed in this study highlights the basic fact that THF
and atmospheric modification strongly depend on lateral advec-
tion that occurs during weather events. One of the important
findings in this study is that the TBF on near-monthly time
scales and its spatial distribution are closely related to the rela-
tive frequency of synoptic events. This result accentuates the
importance of the high-frequency monitoring of the thermal air-
sea interaction in the KE region.

An advantage of surface buoy measurements is that they highly
resolve temporal variations. Their disadvantage is that they gen-
erally undersample the spatial structure. For this, numerical
model products and satellite measurements are better suited. As
demonstrated in this analysis, however, the spatial structure de-
pends upon capturing the synoptic temporal variability accu-
rately, making the KEO and JKEO reference stations particu-
larly valuable for validating these products (Konda et al., 2009).
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