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Abstract

The thermal energy transfer from the sea surface to the atmosphere associated with a cold surge event was
investigated with observations from radiosondes on the research vessel “Hakuho-maru” over the Philippine Sea in
December 2012. These observations were analyzed, and the results were compared with those obtained from

observations over the East China Sea in the Air Mass Transformation Experiment in 1974 (AMTEX '74). The horizontal
advection of cold and dry air associated with the cold surge dominated at heights below 850 hPa. In spite of this
strong advection, the local temporal variations in the temperature and moisture were small, because the advection
was balanced by the transfer of heat and moisture from the sea surface, which is qualitatively the same behavior as
observed during the cold surge event in AMTEX '74. The eddy transport of the total heat energy from the sea surface to
the atmosphere was estimated at about 410 W/m?, which is about half of the maximum value of 780 W/m? observed
during AMTEX 74. This result shows the existence of considerable heat transfer from the sea surface to the atmosphere
over the Philippine Sea, which is the downstream region of the cold surge, after it passed through the East China Sea.
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Introduction

Cold surges originating from the Siberian High are com-
mon during the Asian winter monsoon and can extend as
far as the Southeast Asia, including the Philippines and the
Indochina Peninsula. Two active propagation paths are
known: the South China Sea (SCS) path and the Philippine
Sea path (Compo et al. 1999). Several studies have shown
that the surges along the SCS can result in heavy rain-
fall along the east coast of the Indochina Peninsula. The
coupling of the cold surge and the westward-propagating
disturbance in the SCS has been suggested as a key process
of increased precipitation over central Vietnam (Yokoi and
Matsumoto 2008; Wu et al. 2011; Chen et al. 2012). How-
ever, changes in the rainfall over the Philippine Sea area
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associated with a cold surge have not yet been carefully
investigated.

Air mass transformation is one of the most important
processes during a cold surge event, since it determines
the thermodynamic features of the air mass that develops
into convection and rainfall. However, a quantitative eval-
uation based on observations has not yet been conducted,
except for the Air Mass Transformation Experiment in
1974 (AMTEX 74) (Ninomiya 1975). AMTEX ‘74 was
conducted in February 1974 over the East China Sea, and
the observation area is shown in Fig. 1. In the experiment,
a cold surge and the associated air-mass transformation
over the East China Sea were observed, when the cold
surge encountered the sea surface after passing over land.
Ninomiya (1975) showed that during the cold period of
February 23-27, 1974, cold and dry advection dominated
and was almost balanced with the eddy heat supply from
the sea, which was confined below the 850 hPa level. The
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Fig. 1 The observation sites of the radiosondes used in this study.
Black circles show the launch position of the radiosondes from the
R/V Hakuho-maru. The radiosonde stations at Minamidaitojima and

Chichijima are indicated by green circles. The AMTEX '74 observation
area is shown by the black polygon

total heat supply from the sea to the atmosphere was
estimated at about 580 W/m?.

In December 2012, we succeeded in observing a cold
surge event using radiosondes on the research vessel
“Hakuho-maru” (hereafter, R/V Hakuho-maru) over the
Philippine Sea. Since the observation area was located
downstream of the AMTEX ‘74 observation area, we
expected that the R/V Hakuho-maru observations would
record the air mass that had already traveled over the East
China Sea and had been influenced by the air-sea inter-
action. In this paper, we present a case study of this cold
surge event to understand the air-sea interaction at loca-
tions far from land and to compare the results with those
obtained from AMTEX ‘74.

Methods/Experimental

Observation and data

We conducted radiosonde observations from the R/V
Hakuho-maru during December 23-26, 2012 as a
part of the Vietnam Philippines Rainfall Experiment
(VPREX) 2012 (http://www.jamstec.go.jp/rigc/j/tcvrp/
mhcrt/vprex.html) under the Asian Monsoon Year
2007-2012 project (Wang et al. 2010). Figure 1 shows the
observation sites and the launch times of the radiosondes.
We launched radiosondes at 6- or 12-h intervals during
December 23-24 between 29°N and 21°N along the
cruise track from north to south. At the southernmost
site (21°N, 133°E), we carried out a fixed-point observa-
tion at 3-h intervals for about 1.5 days during December
24-25. We then performed an energy budget analysis
with the fixed-point observation data combined with
the operational radiosonde data from the nearby Japan
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Meteorological Agency upper-air stations, Minamidaito-
jima (26°N, 131°E) and Chichijima (27°N, 142°E). We also
used the National Centers for Environmental Prediction
(NCEP) reanalysis II (Kanamitsu et al. 2002) to exam-
ine the large-scale background fields and the Tropical
Rainfall Measuring Mission (TRMM) 3B42 data set (e.g.,
Kummerow et al. 2000) to examine the rainfall intensity.

Thermal and moisture budget analysis
We performed a thermal and moisture budget analy-
sis and compared the results with those obtained by
Ninomiya (1975) from AMTEX ‘74. In order to com-
pare these results, we used the same formula and vertical
coordinates as those used by Ninomiya (1975), which are
briefly described below.

The heat energy and moisture continuity equations
averaged over a certain area are written as follows:
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where T is temperature, p is pressure,  is the vertical
p-velocity, dTr/dt is the heating rate due to net radia-
tion, C,, is the specific heat of dry air at constant pressure,
q is the water vapor mixing ratio, L is the latent heat of
condensation, m is the net condensation, the overbar X
denotes the area-averaged value of the variable X, and
the prime X’ denotes the deviation from X. The individ-
ual changes, the changes in the area-averaged quantities
following the motion, of temperature and moisture were
calculated from the area-averaged thermodynamic and
moisture budget equations as follows:
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where v is the horizontal wind and R is the gas constant.
The individual change in the equivalent temperature is
obtained by eliminating the net condensation m from Egs.
(1) and (2) as follows:
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By integrating Eq. (5) from the surface (pspc) to a

given pressure level (p), the eddy transport of the
total heat energy F, = —1/g (Cpa)/T/ +LW> can be

evaluated as follows:
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where g is the gravitational acceleration, the second term
on the right-hand side can be evaluated beforehand by
integrating Eq. (5) from the surface to the top level under
the assumption that the eddy heat and moisture trans-
port vanish at the top level as described below, and the
third term on the right-hand side can be evaluated by
assuming that the radiative heating rate at each layer is as
described below.

The area-average of the abovementioned thermody-
namic quantities was calculated from the data obtained
at R/V Hakuho-maru, Minamidaitojima, and Chichijima.
The horizontal gradient and the horizontal divergence
were calculated by fitting of the plane surface to
the data from the three observation stations as in
Davies-Jones (1993).

As in Ninomiya (1975), we evaluate the thermodynamic
quantities in three layers: (1) between the surface and
850 hPa, (2) between 850 and 700 hPa, and (3) between
700 and 500 hPa. We assume that the eddy transport of
heat and moisture vanish at 500 hPa.

The vertical p-velocity was estimated by accumula-
tion of the horizontal divergence. The surface vertical
p-velocity was calculated from the time derivative of the
surface pressure. The original estimate of the vertical p-
velocity worg was adjusted in order to reduce the estimate
errors as follows:

(6)

® = Worg — Aw
(v — pste)

Worg,top — Wtop

= Worg —
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Prop
where subscripts top and sfc denote the top level (500 hPa
in this study) and the surface, respectively. The vertical
p-velocity at the top level w,p was estimated by

(aT dTR) / <8T R T)
Wop = — —+v. VI — — — = =
ot dt op GCyp
and assuming thermodynamic balance between the adia-
batic motion and the radiative heating. This assumption
is reasonable because condensation and evaporation did
not seem to occur under the dry conditions observed
at this level (the relative humidity was under 40%, not
shown), and the eddy heat transport from the sea surface
did not seem to penetrate the 700 hPa pressure level as
discussed later.

For the radiative heating rate d7x/dt, the climatological
values near 20°N and 135°E taken from Katayama (1967)
are used as in Ninomiya (1975). They are —0.042, —0.034,
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and —0.062 K/h for the layers between the surface and
at 850 hPa, 850-700 hPa, and 700-500 hPa, respectively,
and are insignificant compared with the other terms in the
budget analysis of this study (e.g., the change in the equiv-
alent temperature in the near-surface layer was estimated
as about 0.5 K/hr).

The net condensation 7 was assumed to be zero, as we
found no TRMM 3B42 precipitation over the analysis area
during the analysis period (from 1200 UT on December
24-to 1200 UT on December 25).

Results

Synoptic situation

Figure 2 shows the distributions of the synoptic fields
at 925 hPa and their temporal variations during the
Hakuho-maru observation period. A tongue shaped ridge
extending from the southeastern edge of the strength-
ened Siberian High appeared on December 21 (the
upper panel of Fig. 2). On December 23 (the middle
panel of Fig. 2), at the beginning of the observation
period at the northernmost site (29°N), an anticyclone
with cold air was separated from the southeastern edge
of the Siberian High, which was weakened on the
same day, and moved to the southern region of China.
This anticyclone enhanced the northeasterly flow over
the northern Indochina and SCS regions. These vari-
ations are typical characteristics of a SCS cold surge
(e.g., Compo et al. 1999).

On the same day, a weak ridge was found in the East
China Sea (around 30°N, 125°E) and the associated north-
westerly flow reached the Hakuho-maru observation area
after passing through the East China Sea. On December
26 (the lower panel of Fig. 2), the ridge became more pro-
nounced and moved southeastward to reach the Hakuho-
maru observation area, just as we finished the fixed-point
observations at the southernmost site (21°N, 133°E). This
ridge extension and the associated anticyclonic flow were
considered to be a typical development of the Philippine
Sea cold surge.

The downstream northeasterly flow reached the
Philippines and seemed to have brought precipitation
to the east coast of the Philippines on December 26. In
the equatorial region between 0 and 15°N, a westward-
propagating, cyclonic flow was observed near 150°E on
December 21, near 140°E on December 23, and near
125°E on December 26. The easterly flow at the northern
edge of the cyclonic disturbance and the northeasterly
flow associated with the cold surge formed a conver-
gence zone offshore of the Philippines. The formation
of a similar convergence zone due to a cold surge and a
westward-propagating disturbance is considered to be
a key driver of the heavy rainfall that occurs in autumn
along the east coast of the Indochina Peninsula (Yokoi
and Matsumoto 2008; Wu et al. 2011; Chen et al. 2012).
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Fig. 2 Horizontal map of relevant meteorological variables during the
Hakuho-maru observation period. The NCEP Reanalysis Il geopotential
height (color shading), temperature (Kelvin, black contours), horizontal
wind (arrows), and TRMM 3B42 rainfall (gray shading) at the 925 hPa
level at (upper) 1200 UT on December 21, (middle) 0600 UT on
December 23, and (lower) 0000 UT on December 26, 2012. The
launch sites of the radiosondes from the R/V Hakuho-maru are
indicated by red pluses

Temperature and moisture variations obtained by the
radiosondes

During the observation period between December 23-24
(upper panel of Fig. 3), a stable layer with a large vertical
potential temperature gradient formed at a height of about
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2 km. Below this layer, the temperature and humidity were
higher in the southern area.

From the fixed-point observations (lower panel of
Fig. 3), the stable layer at a height of around 2 km
gradually intensified. Below the stable layer, both the
potential temperature and the water vapor mixing
ratio showed uniform vertical distributions, which were
consistent with the well-mixed layer during a cold
surge event.

Energy budget analysis

Using the radiosonde data from the fixed-point obser-
vations combined with the operational radiosonde data
at Minamidaitojima and Chichijima, we performed a
thermodynamic energy budget analysis to evaluate the
thermodynamic energy transfer between the atmosphere
and ocean.

The fixed-point observations were conducted during
the period when the near-surface temperature reached
its minimum as shown in Fig. 4. The near-surface tem-
peratures at Minamidaitojima and Chichijima decreased
before December 25 and increased after December 26
along with the cold surge passage. The near-surface tem-
perature observed by the radiosondes from the R/V
Hakuho-maru showed a temperature decrease between
1200 UT on December 24 and 1200 UT on December 25.
We evaluated the thermodynamic and moisture bud-
gets using the data obtained during this period. The
area-average, near-surface temperature obtained from
the radiosondes from the R/V Hakuho-maru, and
at Minamidaitojima and Chichijima showed a slight
decrease. Note that the result of the AMTEX 74 bud-
get analysis showed the maximum heat and moisture
transport from the ocean to the atmosphere near the
end of the temperature decrease associated with the
cold surge.

Figure 5 shows the results of the evaluation using
Egs. (3) and (4). In the layer below 850 hPa, the horizontal
advection terms of temperature and moisture (—v- VT,
and —v - Vg, respectively) and the individual changes in
the temperature and moisture (87/8¢ and 8¢/8t, respec-
tively) were large and had opposite signs, while the local
temperature and moisture changes (37/dt and 9g/dt,
respectively) and the vertical advection terms of tempera-
ture and moisture (@ (87/81) —R/C, T/p) and w dq/dp,
respectively) were small. This means the horizontal advec-
tion of cold and dry air was almost canceled by the vertical
convergence of the eddy transport of temperature and
moisture, resulting in the relatively small values of local
changes in the temperature and moisture with time. This
feature is consistent with the uniform vertical distribution
of the potential temperature and water vapor mixing ratio
observed with the R/V Hakuho-maru radiosondes shown
in the previous section.
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Fig. 3 The result of the radiosonde observation of the Hakuho-maru cruise. (Upper) Latitude-height section of water-vapor mixing ratio (gray
shading) and potential temperature (black contours) from the moving observations from 29°N to 22°N. (Lower) The same as the upper panel, except
for the time-height cross-section during the fixed-point observation during December 24-26, 2012

In the layer between 850 and 700 hPa, the cold hor-
izontal advection had a similar magnitude to the layer
below 850 hPa, and it seemed to balance the warm verti-
cal advection. For the moisture budget in the same layer
between 850 and 700 hPa, both horizontal and vertical
advection of dry air were observed. Although the local
moisture change was negative, it did not fully compensate
for the horizontal and vertical advection of dry air, result-
ing in the large positive value of the individual change in
moisture. Although it is possible that this large individ-
ual change of moisture was not only due to eddy moisture
transport but also due to evaporation, this possibility will
not be discussed further in this study, because the effects
of evaporation (and condensation) canceled out in the

evaluation of the equivalent temperature, which we will
show later.

In the layer above 700 hPa, the cold horizontal advection
balanced the warm vertical advection. All the moisture
terms in this layer were small.

The individual change of the equivalent temperature
(left panel of Fig. 6) shows a large value in the layer
below 850 hPa, and the value in the layer between 700
and 850 hPa is comparable. The surface value of F,, i.e.,
the total heat supply from the ocean to the atmosphere
is estimated as 410 W/m?. F, at 850 hPa is estimated as
140 W/m?2. The results indicate that the thermal influ-
ence from the sea surface reached the 700-850 hPa layer
through the 850 hPa level.
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Fig. 4 Time series of the near-surface temperature during December
22-29,2012. Values are the average between the surface and

850 hPa. (blue) Minamidaitojima, (light blue) Chichijima, (black)
Hakuho-maru fixed-point observation data (3-hourly), (green filled
circle) R/V Hakuho-maru data used in the budget analysis (12-hourly;
1200 UT on December 24, 0000 UT on December 25, and 1200 UT on
December 25), (red) mean temperature obtained from the
observations at the three site/stations (R/V Hakuho-maru,
Minamidaitojima, and Chichijima)

Discussion: comparison with AMTEX ‘74 results

The energy budget in the layer below 850 hPa was qual-
itatively similar to that observed during the cold period
in AMTEX ‘74 when the temperature decreased due to
a cold surge; that is, the strong horizontal advection of
cold and dry air was almost balanced by the heating and
moistening due to eddy transport, and the local tempera-
ture and moisture changes were very small. Quantitatively,
each term in the thermal budget (Eq. (3)) of this study had
about half of the magnitude of that during the AMTEX ‘74
cold period. For the moisture terms, the magnitudes of the
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R/V Hakuho-maru observations were similar to or larger
than those of AMTEX ‘74.

In Fig. 6, the individual change of the equivalent tem-
perature and the eddy transport of the total heat energy
obtained by the AMTEX ‘74 observations are indicated
with dashed lines. The values were taken from Figs. 12
and 19 in Ninomiya (1975). The individual change of the
equivalent temperature in the layer below 850 hPa of this
study (about 0.5 K/hr) is about 60% of the magnitude of
the averaged value of the north and south areas during the
AMTEX ‘74 cold period (about 0.8 K/hr). On the other
hand, in the layer between 850 and 700 hPa, the value
obtained in this study is larger than that for the north-
ern area during the AMTEX ‘74 cold period, and close to
that of the southern area. The difference in the individual
change in the equivalent temperature between the surface
850 hPa layer and the 850-700 hPa layer is smaller than
that in the AMTEX ‘74 cold period.

The eddy transport of the total heat energy at the sur-
face of this study was about 410 W/ m2, which is smaller
than, but comparable to, those of the northern area (about
450 W/m?) and southern area (about 570 W/m?) during
the AMTEX ‘74 cold period, and about half of the max-
imum value (about 780 W/m?2) observed near the end
of the AMTEX ‘74 cold period. The eddy transport esti-
mated from the R/V Hakuho-maru observations is much
larger than that of the AMTEX 74 warm period during
February 23-27 when no cold surge was observed. The
result suggests that a significant amount of heat exchange
occurred even over the open ocean far from land.

Conclusions
We succeeded in observing the air-sea interactions asso-
ciated with a cold surge event using radiosondes on
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the R/V Hakuho-maru far from land in the Philippine
Sea in late December 2012. We evaluated the thermal
energy transport from the sea surface to the atmo-
sphere, and compared it with the results obtained from
the AMTEX ‘74 experiment conducted over the East
China Sea.

The strong horizontal advection of cold and dry air due
to the cold surge dominated in the layer below 850 hPa.
In spite of this strong horizontal advection, the local
temperature and moisture changes were small, since the
horizontal advection was balanced by a supply of heat
and moisture from the sea surface, which is qualitatively
the same finding as observed in the AMTEX ‘74 cold
period. The eddy transport of the total heat energy from
the sea surface to the atmosphere was estimated as about
410 W/m?2, which is roughly similar to the mean value
(about 510 W/m?2) and about half of the maximum value
(about 780 W/m?) observed during the AMTEX ‘74 cold
period.

This result shows the existence of considerable heat
transfer from the sea surface over the Philippine Sea, in
the region downstream of the cold surge after it passed
through the East China Sea. The horizontal advection of
cold and dry air had an effect on decreasing the local
temperature and humidity, i.e., to suppress the convec-
tive instability. However, this effect was compensated by
the eddy heat and moisture transport from the sea sur-
face. As a result, the convective instability tended to be
maintained, which, in the case of this study, possibly led
to the enhanced convection and precipitation observed
along the east coast of the Philippines.

In this study, it is also indicated that the coupling of
the northeasterly flow due to the cold surge and the
westward-propagating cyclonic disturbance strengthened

the convergent flow toward the convective area over the
Philippines. This type of coupling has been highlighted as
one of the key drivers of heavy rainfall over the east coast
of the Indochina Peninsula in autumn. The indication of a
similar development mechanism over the Philippines is a
key result of this study.

We hope to estimate the thermal budget during differ-
ent phases of a cold surge and further south of the region
considered in this study in order to understand the effect
of cold surges on tropical convection as soon as we have
collected the necessary data.
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AMTEX: Air mass transformation experiment; AMY: Asian monsoon years;
NCEP: National Centers for Environmental Prediction; TRMM: Tropical rainfall
measuring mission; VPREX: Vietnam Philippines rainfall experiment
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