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Abstract we investigated the atmospheric processes over high sea surface temperature called Hot Event
(HE) in the western equatorial Pacific from climatological analysis and a case study of the HE which began
on 28 May 2003 (hereafter, HE030528). Climatological analysis shows that during the development stage
of HE, solar radiation inside the HE area is higher than its climatology and wind speed is lower than the decay
stage. During the decay stage, strong westerly wind often occurs inside HE area. The case study of HE030528
shows that the suppressed convection above high SST area resulted from the deep convection from the
northern and southern areas outside HE. The suppressed convection created a band-shaped structure of low
cloud cover along HE area increasing solar radiation during the development stage. Thus, the theory of
“remote convection” was supported for the HE030528 formation mechanisms. The large sea level pressure
gradient magnitude between the southern side of the terrain gap and the northern coast of the Solomon
Islands, through which strong wind blew, indicated the role of land topography for the increase of wind
speed during the decay of HE030528. Moreover, surface wind had an important role to influence the
variability of solar radiation during the occurrence of HE030528 by controlling the water vapor supply in the
upper troposphere through surface evaporation and surface convergence variation. Thus, surface wind was
the key factor for HE030528 occurrence. The representativeness of HE030528 and the possible relation
between HE and Madden-Julian Oscillation are also discussed.

1. Introduction

The occurrence of high sea surface temperature (SST) in the tropical regions has attracted researchers to
investigate the mechanisms since the formation of high SST requires a particular atmospheric process [e.g.,
Ramanathan and Collins, 1991; Wallace, 1992; Arking and Ziskin, 1994; Tompkins, 2001]. This process is
depicted by Waliser and Graham [1993] which shows the relation between SSTs and deep convection.
They used highly reflective cloud data obtained from the subjective analysis of daily visible and infrared daily
satellite images and monthly SST data with a grid interval of 2° generated from blended satellite observation
and in situ data. As the SST increases from 26°C to 29.5°C, highly reflective cloud also increases. Conversely, in
the range between 29.5°C and 32°C, the highly reflective cloud decreases with the increase of SST. Thus, the
analysis provided evidence that different atmospheric processes affect SSTs below and above 29.5°C.

The well-organized region with high SST of more than 30°C in the tropics has been studied from satellite
observations [Qin et al., 2007; Kawamura et al., 2008; Qin and Kawamura, 2009a]. Qin et al. [2007] named those
phenomena as the Hot Event (HE). Using daily and 0.1°x 0.1° satellite SST product, they found that the HE
occurrence in the equatorial region is generated under the condition of high solar radiation and low wind
speed with high amplitude of diurnal SST variations. Kawamura et al. [2008] provided the observational
evidence for large amplitude of diurnal SST and Qin and Kawamura [2009a] showed the heat gain into the
ocean during HE occurrence.

Focusing the study area on the western equatorial Pacific, Qin et al. [2008], Qin and Kawamura [2009b,
2010], and Chen and Qin [2016] investigated the air-sea interaction processes underlying the occurrence
of SST of more than 30°C in November 2006. They named this Hot Event as HE0611. They indicated that
the high solar radiation during the HE occurrence is controlled by the “remote convection” mechanism
associated with a subsurface high-temperature anomaly that occurs during an El Nifio event. The “remote
convection” mechanisms have been described schematically by Tompkins [2001] based on an idealized
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Figure 1. Occurrence frequency of HEs (%) from 2003 to 2011 (100% is ‘remote convection” by using data
3163 days; ~ 9 year period). The gray contour represents the occurrence from a geostationary meteorological
rate of 5% used for statistical analysis described in section 2. “NG” and “SI" are satellite, and Chen and Qin [2016]
thg New.Guinea Island and the Solomon Island, respectively [modified from explained the detailed process.
Wirasatriya et al., 2015].

Wirasatriya et al. [2015] elaborated on

the climatology of HEs in the western
equatorial Pacific using SST data set derived from satellite microwave sensors. Instead of using constant SST
threshold of 30°C for HE identification by Qin et al. [2008], Wirasatriya et al. [2015] used the SST threshold
changing temporally according to daily mean SST inside the area of 27°C. Throughout 9 years observation
(2003-2011), they showed that HEs frequently occur along the northern coast of the New Guinea Island
and the Solomon Islands extending eastward up to 160°W (Figure 1). This area is collocated with the area
of solar radiation more than 200 W/m? and wind speed less than 4 m/s in the climatology. The presence of
low wind speeds is a key factor in the mechanism for HE occurrence in the western equatorial Pacific.
During the HE periods, the solar radiation of more than 200 W/m? occurs across much of the equatorial
region. In areas where wind speeds are low, latent heat loss is reduced and high SSTs occur, leading to the
occurrence of HEs. Wirasatriya et al. [2015] also emphasized that the occurrences of high solar radiation
and low wind speed are much more common during the development stage and less common during the
decay stage.

However, the previous studies on HE has mainly focused the mean state during HE occurrences and paid little
attention to the process on how HEs develop and decay. Variations of solar radiation and wind speed were
not examined throughout the stages. Thus, this paper is aimed to investigate HE by stages to obtain detailed
atmospheric process over the HE area in the western equatorial Pacific. The results clearly show the “remote
convection” circulation over an HE area which is different from the “remote convection” circulation proposed
by Qin and Kawamura [2010]. Our focus on the atmospheric process of HE is independent from El Nifio—
Southern Oscillation since our HE detection method has excluded the seasonal and interannual effect as
explained in Wirasatriya et al. [2015].

Data and method are described in section 2. The variabilities of solar radiation and surface wind during the
development and decay stages of HE is examined in section 3. We compare “remote convection” mechan-
isms proposed by the previous studies and shown by this study and discuss possible relationship with the
Madden-Julian Oscillation (MJO) in section 4. Conclusion is given in section 5.

2. Data Set and Method

We used the New Generation Sea Surface Temperature for Open Ocean (NGSST-O-Global-V2.0a) to investi-
gate HEs in the western equatorial Pacific. This data set is produced by merging SST observations acquired
by two satellite microwave sensors (AMSR-E onboard Aqua and WindSat onboard Coriolis). This product is
daily SST fields with a grid interval of 0.25°. Optimal interpolation technique was applied for merging, using
decorrelation scales derived by Hosoda [2015]. Before the data merging, diurnal correction was applied to
estimate 1 m depth SST at the local time of dawn (06:00 LT) at each longitude [Hosoda, 2013]. The bias and
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Figure 2. (a) Climatology of solar radiation in the western equatorial Pacific (2003-2011). The gray contour denotes its
standard deviation and the red contour represents the frequent HE area with the occurrence rate of more than 5% (See
Figure 1). (b) Relative frequency of solar radiation with a discrete interval 10W/m2 for inside HE area during the develop-
ment stage of HE (red line), inside HE area during HE period (black line), inside HE area during the decay stage of HE
(blue line), and inside frequent HE area (i.e., red contour in Figure 2a) from 2003 to 2011 (gray line).

root-mean-square error of the merged SST against the TAO/TRITON buoy SST in the study area are —0.107°C
and 0.428°C, respectively. Description on this data set was given by Hosoda and Sakaida [2015]. The examina-
tion of this data set for detecting HE is explained in Wirasatriya et al. [2015].

We analyzed the atmospheric effect and response during the development and decay stages of HEs by using
the variables from 6-hourly reanalysis data by the Japanese 55 year Reanalysis (JRA55) [Kobayashi et al., 2015]
for 2003-2011. The data are provided on a 1.25° horizontal grid. The data set contains 37 isobaric surfaces. We
used cloud cover, convective heating rate, vertical velocity, divergence, relative humidity, surface wind, sea
level pressure (SLP), surface evaporation, and surface precipitation. We calculated surface divergence from
the surface wind data. Additionally, we used daily net surface solar radiation on a 1°x1° grid for
2003-2009 from the International Satellite Cloud Climatology Project (ISCCP) data set [Zhang et al., 2004].
These data sets are interpolated onto a 0.25° grid to synchronize with the SST data set. We also used the
Global 30 arc sec elevation (GTOPO30) for land elevation data.

The method of this study follows that proposed in Wirasatriya et al. [2015]. The HE is defined as a connected
region with SST higher than the space-time-dependent threshold of about 30°C, with a minimum areal size of
2 x 108 km, and with a duration period longer than 6 days. The development stage is defined as the period of
time from the day when the areal size starts to increase to the day when the areal size reaches its maximum
(peak). The decay stage is defined as the period of time from the day when the areal size begins to decrease
from the maximum to the day when the areal size reaches its minimum.

We conducted a climatological analysis and a case study. The climatological analysis used 71 HEs identified
by Wirasatriya et al. [2015] during 2003-2011 in the western equatorial Pacific. The occurrence frequency of
the identified HEs is shown in Figure 1. We compared the relative frequencies of atmospheric parameters
from 2003 to 2011 inside the area of HE occurrence frequency more than 5% described in Figure 1 and inside
the area of individual HE during the development and decay stages. The result of this analysis is then
compared to the analysis of the mean state of HE provided in Figure 7 of Wirasatriya et al. [2015] and used
for case study selection. Case study was conducted to obtain the detail of the atmospheric variation during
the development and decay stages of HE. We chose an HE which can represent the general characteristics of
HE in the western equatorial Pacific.

3. Results

3.1. Climatological Analysis

Climatological analysis was conducted for solar radiation and surface wind. The variability in solar radiation
for all HE cases during the development and decay stages is statistically summarized in Figure 2. Figure 2a
shows that the region with the occurrence rate of HE of more than 5% is collocated with solar radiation
~200 W/m?. However, solar radiation in that area is not stable since the standard deviation is high (>30 W/m?).
Figure 2b shows that the development stage of HE is characterized by the increase of frequency of solar
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Figure 3. (a) Relative frequency of surface wind speed with discrete interval
0.5 m/s for inside HE area during the development stage of HE (red line),
inside HE area during HE period (black line), and inside HE area during the
decay stage of HE (blue line). The black line is taken from Wirasatriya et al.
[2015]. (b) Climatology of zonal surface wind component in the western
equatorial Pacific (2003-2011). The gray contour denotes its standard
deviation and the red contour represents the frequent HE area with the
occurrence rate of more than 5% (See Figure 1). (c) Relative frequency of
zonal surface wind component with discrete interval 0.5 m/s for inside HE
area during the development stage of HE (red line), inside HE area during the
decay stage of HE (blue line), and inside frequent HE area (i.e., red contour in
Figure 3a) from 2003 to 2011 (black line).

radiation more than 230 W/m? while
that of the decay stage is by the
increase of frequency of solar radia-
tion less than 230 W/m2. This indi-
cates that solar radiation is higher
during the development stage than
decay stage. Moreover, the solar
radiation distribution more than
230W/m? for the mean state is
located between the development
and decay stages. This means that
solar radiation more than 230 W/m?
may cause the development of HE
while the occurrence of HE is main-
tained by the solar radiation of
more than 200 W/m? as explained in
Wirasatriya et al. [2015]. Next, the
lower solar radiation cause HE to
decay. Moreover, comparing to the
climatology of solar radiation distri-
bution inside frequent HE area, the
relative frequency of climatology is
close to the relative frequency during
the decay stage. This indicates that
during the development stage,
solar radiation is higher than its
climatology. Therefore, the develop-
ment stage of HE in the western
equatorial Pacific can be character-
ized by higher solar radiation from
its climatology.

The climatological analysis of surface
wind is shown in Figure 3. Figure 3a
shows that during the development
stage of HE, the relative frequency of
low wind speed is higher than during
the decay stage and the relative
frequency of the mean state is in
between. The intersection of fre-
quency is at 4 m/s which indicates that
the wind speed of less than 4m/s
mostly occurs during the development
stage, followed by the mean state, and
then the decay stage of HE. Therefore,
it can be concluded that the develop-
ment stage of HE is characterized by
the occurrence of weak wind speed
while that of the decay stage is by
the occurrence of strong wind.

Furthermore, we extended the climatological analysis of surface wind for the zonal component since the
occurrence of strong westerly wind inside the HE area was identified during the decay stages of 48 HEs
(i.e., 68% of all HE cases). Figure 3b shows that the climatology of the frequent HE area is characterized by
the easterly wind with the magnitude of lower than 3 m/s. However, it also corresponds to the area of high
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Figure 4. General feature of HE030528. (a) Amplitude map, (b) temporal evolution of areal size of the HE, (c) SST map at the
peak of HE (31 May 2003), and (d) SST map at the decay stage of HE (6 June 2003). Amplitude map is the composite of
daily amplitude throughout the period of HE030528. Daily amplitude is calculated by subtracting daily SSTs from space-
time-dependent threshold as shown in Wirasatriya et al. [2015]. The black, red, and blue arrows in Figure 4b denote

the whole period of HE, development and decay stages, respectively. The gray and white contours in Figures 4c and 4d
denote the SST threshold and the contour of SSTs less than 27°C, respectively.

standard deviation which indicates that easterly and westerly winds intermittently occur in the frequent HE
area. The statistical summary of all cases is shown in Figure 3c. During the development stage, easterly wind is
weaker than its climatology with the peak frequency at —2 m/s. In contrast, strong westerly winds come dur-
ing the decay stage, denoted by the increase of relative frequency of positive zonal wind component.
However, the easterly winds still hold the highest relative frequency (i.e., —3 m/s) since the turning of wind
direction in the decay stage does not occur in the whole HE area. Therefore, the anomaly of surface wind
direction from its climatology (i.e., the presence of strong westerly wind inside HE area) can be the character-
istic of the decay stage of HE in the western equatorial Pacific.

3.2. Case Study of HE030528

3.2.1. Case Selection

For the case study, we chose the HE that began on 28 May 2003 (hereafter HE030528) instead of the
HE041216 introduced in Wirasatriya et al. [2015], based on the following two specific reasons. First,
HE030528 has a single peak of HE areal size, i.e., the development and the decay stages of the HE occurred
consecutively and are clearly separated. Thus, the atmospheric variation between the development and
decay stages can be compared directly. Second, HE030528 can represent the general characteristics of
HE in the western equatorial Pacific examined in the climatological analysis, i.e., higher solar radiation
and lower wind speed during the development stage and the presence of strong westerly wind during
the decay stage.

The general feature of HE030528 is described in Figure 4. HE030528 was located along the northern coast of
New Guinea Island and extended to 190°E throughout the event (Figure 4a). Amplitude of HE, which is the
SST subtracted from the space-time-dependent threshold described in Wirasatriya et al. [2015], is maximum
at 0°N and 137°E. HE030528 developed from 27 to 31 May 2003 and decayed from 31 May to 11 June 2003
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Figure 5. (a) Solar radiation and (b) total cloud cover map during the development and decay stages of HE030528. The
black contour denotes the HE area. The white contour denotes the out of range solar radiation from the color bar.

(Figure 4b). The maximum areal size was 3.32 x 10° km?. The size of HE shrank during the decay stage, leaving
the high SSTs area only at the northern part of New Guinea Island.

3.2.2. Solar Radiation Variability

First, we compared the solar radiation maps between the development and decay stages of HE030528 and
related them with total cloud cover maps (Figure 5). During the development stage, the high solar radiation
more than 250 W/m? almost coincided with the HE area located along the equator from 120°E to 175°E. The
high solar radiation area corresponded to the band-shaped structure of low cloud cover less than 40%. This
low cloud cover band becomes the typical characteristic of HE030528. During the decay stage, the total cloud
cover increased and solar radiation decreased. The high albedo of cloud may prevent solar radiation pene-
trating to the sea surface. Moreover, the minimum solar radiation in the HE area was detected at 5°S-5°N,
150°E-160°E, which caused the eastern part of HE to decline during the decay stage.

The vertical sections of atmosphere averaging from 155°E to 160°E shows the distinctive atmospheric
features of the development and decay stages (Figure 6). Throughout the event, high-level (300-100 hPa)
and low-level (950-800 hPa) clouds were dominant in the study area (Figures 6a and 6f).

During the development stage, the HE area (5°S-5°N) was denoted by the vanishing cloud at the high level
and the reducing cloud at the low level (Figure 6a). The area with significantly reduced clouds corresponded
to the atmospheric column with negligible convective heating rate (Figure 6b). This column was filled by the
air subsidence which brought the dry air from the top of the troposphere (Figures 6c and 6d). The air
subsidence was consistent with divergence at 950-800 hPa and convergence at 300-100 hPa (Figure 6e),
creating double meridional circulation in the area of 17°S-0°N and 0°N-20°N. During the decay stage, the
subsidence area turned back into the convection area, increasing cloud cover at the low-and high-level
atmosphere (Figures 6f-6j).
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Figure 6. Vertical section of (a) cloud cover, (b) convective heating rate, (c) vertical velocity, (d) relative humidity, and
(e) divergence during the development stage of HE030528 averaging from 155°E to 160°E; Figures 6f-6j are the same
with Figures 6a—6e for the decay stage. HE area is located around 5°S to 5°N.
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tive heating rate is taken at 1000-950 hPa (lower) denoted by thick line, and layer at around 800hPa (Figure 8)
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1000-900 hPa. penetrates to the surface level. An
inversion acts like a lid, keeping con-

vective overturning of the higher atmosphere from penetrating to the surface layer. In the decay stage,

the inversion layer reduced as the convection increased.

3.2.3. Surface Wind Variability of HE030528

We investigated the surface wind variability during the development and decay stages of HE. Figure 9 shows

that the area with low wind speed coincided with the HE area during the development stage. The SLP was

relatively uniform (1010 hPa), causing the low SLP gradient magnitude in the HE area. Lower SLP was

detected at the eastern side, at around 10°S, 180°E. During the decay stage, the low SLP area moved to the

northern coast of Solomon Islands.

The geographical location of the Solomon Islands, Bougainville Island, New Britain Island, and New Ireland
Island creates a terrestrial gap, located between the western tip of Bougainville Island and the eastern tip
of New Ireland Island. The westward moving of low SLP during the decay stage increased the SLP difference
between the area at the southside of the gap and the area at the northern coast of Solomon Islands, gener-
ating strong wind through the gap to the low SLP area. Therefore, land topography becomes an important
factor for the decaying mechanisms of HE030528. Furthermore, the strong winds in this area may also reduce
high SST area of HE030528 during the decay stage as described in section 3.2.1 (Figure 4d).

The variation of zonal wind component gives more influence to the HE development and decay. In
HE030528, the meridional wind component was relatively stable during the development and decay
stages of HE. Weak and negative zonal wind component (i.e, easterly wind) was observed during the
development stage and then turned
into positive (i.e., westerly wind) and
increased speed during the decay
stage (Figure 10). Thus, the occur-
rence of westerly wind triggered
the decay of HE030528.

3.2.4. The Role of Surface Wind on
Controlling the Solar Radiation
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Figure 8. Skew T, Log P diagram of air temperature at 0°N, 157°E. Red curve fc?r the upper atmf)sphere; Surf?ce
represents development stage (29 May 2003) and blue curve represents divergence determines the vertical
decay stage (7 June 2003). air motion. Figure 11a shows that as
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Figure 9. Surface wind vector overlaid by SLP contour during (a) the development and (b) decay stages of HE20030528.
(c) The zoomed area of black square in Figure 9b. The numbers 1, 2, 3, and 4 denote New Britain Island, New Ireland

Island, Bougainville Island, and Solomon Islands, respectively.

the wind speed decreased during the development stage of HE030528, the surface evaporation also
decreased and the weakening surface convergence reduced the upward motion strength. The existence of
a thermal inversion layer during the development stage also may contribute to the reduction of upward
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Figure 10. The time series of wind speed, wind component, and SLP. Wind
component is sampled at 145°E-165°E, 5°S-5°N. Thick and thin lines
denote U and V components, respectively. SLP is sampled at the southside of
the gap (150°E-155°E, 10°S-5°S) denoted by thin line, and at the northern
coast of the Solomon Islands (158°E-163°E,7°5-2°S) denoted by thick line.

motion. At the upper atmosphere,
the variation of relative humidity
was consistent with the surface
evaporation and the variation of
vertical velocity was consistent with
surface convergence (Figure 11b).
On 25 May 2003, when the surface
convergence and surface evapora-
tion started to decrease, the convec-
tion process and relative humidity
at the upper atmosphere also started
to decrease. On the other hand, dry
air from the top of the troposphere
sank and suppressed the convection.
Then, solar radiation increased as a
result of the suppressed convection.
During the decay stage, surface wind

WIRASATRIYA ET AL.

ATMOSPHERIC STRUCTURE OF HOT EVENT

11,376



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025268

(@) =

oy :w

< «

£ o

= >

5 =

& S 8

=5 " S5 1-05%

£ 2: = o

= Ei 2
Obewt oot oot o0t oot oottt isted—10%e 1-10°

(b) 23 25 27 29 31 02 04 06 08 10 12 2

T 12 T T T T T T T3 < )80 5005

\ - 1 —~ - ~

< 10 ) ] £ ] ¥ 7 3

= F L 1 > J2s03

o B8 o 2 HdeoE ] =

° - = il =

= 6 ] § J2002

=3 F J £ S

5 4F -1£ 4402 ] =

o > 4 S 1150 o

. 2 N S 1 o ] g

> - S d (74 E UC)’

S 0 111328 J2o d100

S 5 2

3 25 27 28 31 02 04 06 08 10 12
|

Jun
Date

Figure 11. The time series of atmospheric parameters at 155°E-160°E, 5°S-5°N. (a) Wind speed, evaporation, and diver-
gence at the surface level, and vertical pressure velocity at lower troposphere (1000 hPa—-900 hPa). (b) Convective heat-
ing rate, vertical pressure velocity, relative humidity at upper troposphere (400 hPa-200 hPa), and solar radiation.
Surface divergence is calculated from surface wind.

speed increased, surface convergence became stronger, and convection process began to reduce solar
radiation. Therefore, surface wind plays an important role on solar radiation variability during the HE pro-
cess. Thus, this result supports surface wind as the key factor for the HE occurrence as mentioned in
Wirasatriya et al. [2015].

4. Discussion
4.1. Comparison to the Previous High-SST Study

The “remote convection” mechanism for the HE generation in the western equatorial Pacific has been pre-
viously described by Qin and Kawamura [2010]. However, there is a significant difference from the “remote
convection” found in this study. Qin and Kawamura [2010] divided the region associated with HE0611 into
two, i.e, HE0611-East and HE0611-West. Using the cloud motion wind and cloud cover data obtained from
geostationary satellite measurements, they found that the deep convection over the area of HE0611-East
caused the air subsidence over the area of HE0611-West and induced the HE there. The occurrence of
HE0611-East was supported by the subsurface positive temperature anomaly associated with the El Nifio.
Thus, their result indicates zonal circulations through HE0611-East and HE0611-West.

In contrast, the present study shows the meridional circulation of the “remote convection” mechanism during
the development of HE030528. The suppressed convection above the HE area was the result of the deep con-
vection from the areas on the north (5°N-20°N) and south (17°S5-5°S) (Figure 4b). Rasmusson and Wallace
[1983] stated that surface wind convergence associated with the ascending branch of the Walker circulation
is the typical characteristic of the western equatorial Pacific. In this study, this convergence/convection areas
along the equator turned into subsidence areas during the development of HEQ30528, creating the tropo-
spheric “flywheel effect” which means that the subsidence area along the equator was flanked by the convec-
tion areas on the north and south.

Typical features of band-shaped structure of low cloud cover during the development stage of HE030528 did
not occur for all HE cases. We have confirmed that only 20 HEs have the characteristic of low cloud cover band
during the development stage. Nevertheless, the rest of the cases still show the lower cloud cover during the
development stage than the decay stage. Thus, the occurrence of the double meridional circulation is not the
general characteristic of the development stage of HE in the western equatorial Pacific. Furthermore, we also
demonstrated the role of land topography and the westward movement of low pressure system for the
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Figure 12. The time series of pressure vertical velocity map at 600 hPa. Red circle denotes the strong upward motion (active phase) of the MJO and green arrow
denotes the suppressed phase of the MJO. Green box denotes the air subsidence band along the equator.

decay of HE030528 which was absent for the mechanism of HE0611. This also becomes the typical character-
istic of several HEs in the western equatorial Pacific since we found 19 cases among 71 HEs. Thus, the
mechanisms on how solar radiation increases during development stage of HE and how strong westerly wind
occurs during the decay stage of HE cannot be generalized. The analysis of other HE cases may found differ-
ent processes and these tasks are potential for future studies.

Tompkins [2001] addressed the importance of surface latent heat flux that guides the convection toward the
high SST areas, and finally reducing SSTs. Moreover, Chen and Qin [2016] emphasized the strong atmospheric
instability that induces the convection toward the high SST areas. In the case of HE030528, we propose a
hypothesis that those processes may be enhanced due to the westerly wind, increasing evaporation as well
as latent heat flux. If so, convection was reactivated and this became the end stage of HE030528. The relation
between convection and westerly wind in the western equatorial Pacific has been reported by Kiladis et al.
[1994] who provided the evidence that the convection with the duration time of 6 to 30 days often occurs
in conjunction with strong westerly flows. In the case of HE030528, westerly wind might be caused by the
westward propagation of low pressure system interacted with the land surface topography of New Britain
Island, New Ireland Island, Bougainville Island, and Solomon Islands. Further investigations are needed to
examine the relation between the decay of HE and the westward propagation of the low pressure system.

Considering other high SST studies, we can note that there are two critical thresholds of high SST which cor-
respond to the tropical deep convection. First is 27°C. Su et al. [2006] found that after 27°C, deep convection
sharply increases, with the increase of SST. The moistening of the upper troposphere by deep convection
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Figure 13. H.ovméllgr diagram (5°S-5°N) of.vertical pressure velocity at the evidences of clear sky condition
600 hPa and time series of SST at 150°E-170°E in 2003. Red and green
arrows denote the eastward propagation of deep convection and air subsi- during the development stage of
dence, respectively. Black square denotes the convective period of the HE030528 has been provided, the
western equatorial Pacific. Green square denotes subsidence air period indi-  mechanisms on how it was created
cating the development stage of HE030528 in the western equatorial Pacific.  cti|| |eave questions. For example, is
the formation of low cloud cover
band during the development stage a solely self-regulating system related to the weakening of surface
convergence? Or are there any external forces that influence its formation? In the next section, the possible
relation between the development stage of HE and MJO is discussed.

4.2, Possible Relation to MJO

On the larger scale, we can see the possible relation between the development of HE030528 and the
propagation of MJO. MJO is characterized by a strong deep convection moving eastward and high precipita-
tion (active phase), flanked at both east and west by regions of weak deep convection and low precipitation
(suppressed phases). The zonal circulations connect both phases, extending vertically through the entire tro-
posphere [Zhang, 2005]. The track of the eastward propagation of strong deep convection from Indian Ocean
to Pacific Ocean was identified by Wheeler and Hendon [2004] and named it as phases 1 until 8. In the present
study, the eastward propagation of strong deep convection is detected by the upward air motion moving
along the equator (Figure 12). On 1-3 May 2003, strong convection appeared in the Indian Ocean at 50°E
to 80°E indicating phase 2 of MJO. Phase 3 occurred on 4-6 May 2003 indicated by strong convection at
70°-110°E. Phase 4 was denoted by the arrival of strong convection at Indonesian maritime continent that
occurred on 7-9 May 2003. The appearance of strong convection signal was ended at the western equatorial
Pacific on 10-12 May 2003 corresponding to phase 5. After that, we cannot see the eastward convection sig-
nal moving along the equator. As explained by Zhang [2005], the convection signal of MJO normally vanishes
at the eastern equatorial Pacific.

The active phase of MJO is followed by the suppressed phase with the eastward propagation of air subsi-
dence along the equator. In Figure 12, the suppressed phase of MJO is denoted by the green arrow.
During the development stage of HE030528 (25-30 May 2003), the suppressed phase of the MJO arrived
at the western equatorial Pacific, met with the branch of Intertropical Convergence Zone and South Pacific
Convergence Zone creating the band-shaped structure of subsidence along the equator. This band-shaped
structure of air subsidence prevented the cloud formation as described in the previous section and then
increased the incoming solar radiation. Thus, the high solar radiation during the development stage of
HE030528 might be affected by the MJO. After 5 June 2003, western equatorial Pacific turned back into
convective area.

We can confirm that the suppressed phase of MJO coincide with the development stage of HE. Hovmoller
diagram (Figure 13, left) also shows that the area of HE030528 (150°E to 170°E) had strong convective period
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from 6 to 22 May 2003 (black square), turned into the period of subsidence air from 23 May to 1 June 2003
(green square) and then turned back into the convective period. This turning condition is related to the tran-
sition from the active phase to the suppressed phase of MJO. The prominent signal of the active phase of MJO
was indicated by the eastward propagation of the deep convection of about 4.6 m/s and vanished on 23 May
2003 at around 150°E to 170°E (red arrow). The propagation of the deep convection was followed by the pro-
pagation of air subsidence (green arrow) which caused occurrence of air subsidence in the area of HE030528.

The air subsidence occurred during the development stage of HE030528. The effect of MJO is clearly seen
from the increasing SST from 23 May 2003 to 1 June 2003 corresponding to the development stage of
HE030528 (Figure 13, right). The amplitude of this increasing SST was about 0.5°C which is twice larger than
the SST variation produced by the MJO provided by Shinoda et al. [1998]. However, this interaction should be
investigated further in future studies by investigating the physical process behind the relation between the
suppressed phase of MJO and the development stage of HE; this relation may be just coincidence. Moreover,
we also consider that the eastward propagation of the suppressed phase of MJO during the development
stage and the westward propagation of low pressure system during the decay stage are two independent
systems. On the other hand, the relationship between the MJO and the tropical cyclone as well as the low
pressure system has been well documented by Liebmann et al. [1994]. Thus, further investigation of the rela-
tionships among HE, MJO, and the tropical cyclone will be the potential subject for future works.

5. Conclusions

The analysis of atmospheric structure during the development and decay stage of HE are concluded as
follows.

1. Climatological analysis shows that the development stage of HE is indicated by higher solar radiation than
its climatology and lower wind speed than the decay stage. The decay stage of HE is characterized by the
occurrence of strong westerly wind.

2. The suppressed convection above the HE030528 area resulted from the deep convection from the area
outside the HE. The suppressed convection then created low cloud cover band along the HE area increas-
ing solar radiation during the development stage. Thus, the theory of “remote convection” is supported
for the HE formation mechanisms.

3. Strong wind induced by the large SLP gradient between the southside of the terrain gap and the northern
coast of the Solomon Islands contributed to the decay of HE030528.

4. Surface wind influenced the variability of solar radiation during the occurrence of HE030528 by control-
ling the water vapor supply in the upper troposphere through surface evaporation and surface conver-
gence variation. Thus, surface wind played as the key factor for HE030528.

5. HE030528 can represent the features of HE in the western equatorial Pacific in terms of high solar radia-
tion during the development stage and strong westerly wind during the decay stage. However, the
mechanisms on how solar radiation increase during development stage of HE and how strong westerly
wind occurs during the decay stage cannot be generalized since they occurred for less than 30% of total
HE cases. These mechanisms may be substantial for understanding the formation of high SSTs in the
equatorial region, since they have never been observed in the previous HE studies.

References

Arking, A., and D. Ziskin (1994), Relationship between clouds and sea surface temperatures in the western tropical Pacific, J. Clim., 7,
988-1000.

Chen, G,, and H. Qin (2016), Strong ocean-atmosphere interactions during a short-term hot event over the western Pacific warm pool in
response to El Nifio, J. Clim., 29(10), 3841-3865, doi:10.1175/JCLI-D-15-0595.1.

Hosoda, K. (2013), Empirical method of diurnal correction for estimating sea surface temperature at dawn and noon, J. Oceanogr., 69,
631-646, doi:10.1007/510872-013-0194-4.

Hosoda, K. (2015), Global space-time scales for day-to-day variations of daily-minimum and diurnal sea surface temperatures: Their distinct
spatial distribution and seasonal cycles, J. Oceanogr., 72, 281-298, doi:10.1007/510872-015-0327-z.

Hosoda, K., and F. Sakaida (2015), Development of daily-minimum sea surface temperature data set based on microwave and visible/infrared
measurements from space, Proc. 30th Int. Symp. on Space Technology and Science (2015-n-37), Kobe, Japan. [Available at http://archive.
ists.orjp/upload_pdf/2015-n-37.pdf.]

Kawamura, H., H. Qin, and K. Ando (2008), In-situ diurnal sea surface temperature variations and near-surface thermal structure in the tropical
Hot Event of the Indo-Pacific warm pool, J. Oceanogr., 64, 847-857.

Kiladis, G. N., G. A. Meehl, and K. M. Weickmann (1994), Large-scale circulation associated with westerly wind bursts and deep convection
over the western equatorial Pacific, J. Geophys. Res., 99, 18,527-18,544, doi:10.1029/94JD01486.

WIRASATRIYA ET AL.

ATMOSPHERIC STRUCTURE OF HOT EVENT 11,380


http://dx.doi.org/10.1175/JCLI-D-15-0595.1
http://dx.doi.org/10.1007/s10872-013-0194-4
http://dx.doi.org/10.1007/s10872-015-0327-z
http://archive.ists.or.jp/upload_pdf/2015-n-37.pdf
http://archive.ists.or.jp/upload_pdf/2015-n-37.pdf
http://dx.doi.org/10.1029/94JD01486
mailto:hosoda@ocean.caos.tohoku.ac.jp
mailto:hosoda@ocean.caos.tohoku.ac.jp

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025268

Kobayashi, S., et al. (2015), The JRA-55 reanalysis: General specifications and basic characteristics, J. Meteor. Soc. Jpn., 93(1), 5-48, doi:10.2151/
jmsj.2015-001.

Liebmann, B., H. H. Hendon, and J. D. Glick (1994), The relationship between tropical cyclone of the western Pacific and Indian oceans and the
Madden-Julian Oscillation, J. Meteor. Soc. Jpn., 72(3), 401-412.

Qin, H., and H. Kawamura (2009a), Surface heat fluxes during hot events, J. Oceanogr., 65, 605-613.

Qin, H., and H. Kawamura (2009b), Atmosphere response to a hot SST event in November 2006 as observed by AIRS instrument, Adv. Space
Res., 44, 395-400, doi:10.1016/j.asr.2009.03.003.

Qin, H., and H. Kawamura (2010), Air-sea interaction throughout the troposphere over a very high sea surface temperature, Geophys. Res.
Lett., 37,L01704, doi:10.1029/2009GL041685.

Qin, H., H. Kawamura, and Y. Kawai (2007), Detection of hot event in the equatorial Indo-Pacific warm pool using advanced satellite sea
surface temperature, solar radiation, and wind speed, J. Geophys. Res., 112, C07015, doi:10.1029/2006JC003969.

Qin, H., H. Kawamura, F. Sakaida, and K. Ando (2008), A case study of the tropical hot event in November 2006 (HE0611) using a geostationary
meteorological satellite and the TAO/TRITON mooring array, J. Geophys. Res., 113, C08045, doi:10.1029/2007JC004640.

Ramanathan, V., and W. Collins (1991), Thermodynamic regulation of ocean warming by cirrus clouds deduced from observations of the
1987 El Nifo, Nature, 351, 27-32.

Rasmusson, E. M., and J. M. Wallace (1983), Meteorological aspects of the E1 Niflo/Southern Oscillation, Science, 222, 1195-1202.

Sherwood, S. C. (1999), Convective precursors and predictability in the tropical western Pacific, Mon. Weather Rev., 127, 2977-2991.

Shinoda, T., H. Hendon, and J. Glick (1998), Intraseasonal variability of surface fluxes and sea surface temperature in the tropical western
Pacific and Indian Oceans, J. Clim., 11, 1685-1702.

Su, H,, W. G. Read, J. H. Jiang, J. W. Waters, D. L. Wu, and E. J. Fetzer (2006), Enhanced positive water vapor feedback associated with tropical
deep convection: New evidence from Aura MLS, Geophys. Res. Lett., 33, L05709, doi:10.1029/2005GL025505.

Tompkins, A. M. (2001), On the relationship between tropical convection and sea surface temperature, J. Clim., 14, 633-637.

Waliser, D. E., and N. E. Graham (1993), Convective cloud systems and warm-pool sea-surface temperatures: Coupled interactions and
self-regulation, J. Geophys. Res., 98, 12,881-12,893, doi:10.1029/93JD00872.

Wallace, J. M. (1992), Effect of deep convection on the regulation of tropical sea surface temperature, Nature, 357, 230-231.

Wheeler, M., and H. H. Hendon (2004), An all-season real-time multivariate MJO index: Development of an index for monitoring and
prediction, Mon. Weather Rev., 132, 1917-1932.

Wirasatriya, A., H. Kawamura, T. Shimada, and K. Hosoda (2015), Climatology of hot events in the western equatorial Pacific, J. Oceanogr., 71,
77-90, doi:10.1007/510872-014-0263-3.

Zhang, C. (2005), Madden-Julian Oscillation, Rev. Geophys., 43, RG2003, doi:10.1029/2004RG000158.

Zhang, Y. C, W. B. Rossow, A. A. Lacis, V. Oinas, and M. I. Mishchenko (2004), Calculation of radiative fluxes from the surface to top of
atmosphere based on ISCCP and other global data sets: Refinements of the radiative transfer model and the input data, J. Geophys. Res.,
109, D19105, doi:10.1029/2003JD004457.

WIRASATRIYA ET AL.

ATMOSPHERIC STRUCTURE OF HOT EVENT 11,381


http://dx.doi.org/10.2151/jmsj.2015-001
http://dx.doi.org/10.2151/jmsj.2015-001
http://dx.doi.org/10.1016/j.asr.2009.03.003
http://dx.doi.org/10.1029/2009GL041685
http://dx.doi.org/10.1029/2006JC003969
http://dx.doi.org/10.1029/2007JC004640
http://dx.doi.org/10.1029/2005GL025505
http://dx.doi.org/10.1029/93JD00872
http://dx.doi.org/10.1007/s10872-014-0263-3
http://dx.doi.org/10.1029/2004RG000158
http://dx.doi.org/10.1029/2003JD004457


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


