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Typhoon-induced sea surface cooling during the
2011 and 2012 typhoon seasons: observational
evidence and numerical investigations of the sea
surface cooling effect using typhoon simulations
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Abstract

Understanding oceanic responses to typhoons and the impacts those responses have on the typhoons themselves
is important so that typhoon predictions performed using numerical models and typhoon forecasts can be
improved. However, in situ oceanic observations underneath typhoons are still limited. To gain a deep
understanding of the oceanic response and estimate the magnitude of its impact, three profiling floats were
deployed in the western North Pacific during the 2011 and 2012 typhoon seasons. The daily observations showed
that the sea surface cooled by more than 2°C in typhoons Ma-on and Muifa in 2011, and typhoons Bolaven and
Parapiroon in 2012. The response was different at different float locations relative to the typhoon center, that is, the
response within 100 km of the typhoon center was different to the response more than 100 km from the center on
the right- or left-hand sides of the typhoon track, even though the response was affected by pre-existing oceanic
conditions, precipitation, and the typhoon intensity. The salinity and temperature profiles were also considerably
different before, during, and after the passage of a typhoon. To determine the impacts of typhoon-induced sea
surface cooling on typhoon predictions, the impacts of the four typhoons were numerically evaluated using an
atmosphere-wave-ocean coupled model. The coupled model simulated sea surface cooling and the resultant
increases in the central pressures caused by the passages of the typhoons reasonably well. When axisymmetrically
simulated, the mean sea surface cooling beneath a typhoon decreased the latent heat fluxes by 24% to 47%.
A larger cooling effect gave a larger decrease in the latent heat flux only during the intensification phase. The
decrease in the latent heat flux affected the inner core structure, particularly in the inflow boundary layer and
around the eyewall. The cooling effect significantly affected the track simulation only for Typhoon Muifa, which
had the weakest zonal steering flow of the four typhoons. These results suggest that making more frequent
typhoon observations using profiling floats, further developing oceanic analysis techniques, and improving our
understanding of typhoon-ocean interactions are required to produce more accurate typhoon predictions.
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Background
Advances in observational technologies, data assimilation
systems, and numerical modeling have made it possible to
predict tropical cyclones (TCs) more precisely than was
previously the case. Little progress has been made, however,
in predicting TC intensities, despite notable improvements
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in TC track predictions in recent decades. In particular, the
dynamics and thermodynamics associated with rapid in-
tensification are not well understood, and simulations using
numerical prediction systems sometimes overestimate or
underestimate TC intensities and intensification rates. It
has previously been stated that understanding interactions
between TCs and the ocean is crucial to decreasing the ex-
tent of the overestimations that are currently made of TC
intensities (Bender et al. 1993; Shade and Emanuel 1999)
and intensification rates (Wada 2009).
Open Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly credited.

mailto:awada@mri-jma.go.jp
http://creativecommons.org/licenses/by/2.0


Wada et al. Progress in Earth and Planetary Science 2014, 1:11 Page 2 of 25
http://www.progearthplanetsci.com/content/1/1/11
A TC will induce sea surface cooling in its wake (Price
1981; Wada 2002; Walker et al. 2005; D’Asaro et al.
2011; Pun et al. 2011; Jeong et al. 2013). This and other
oceanic responses to a TC have been the subjects of
numerous studies (e.g., Shay 2010), and highly complex
physical processes associated with typhoon-ocean inter-
actions have recently been investigated in a large
typhoon-ocean field experiment (‘Impact of Typhoons
on the Ocean in the Pacific’) (D’Asaro et al. 2011; Pun
et al. 2011). In the western North Pacific, TCs with max-
imum sustained wind speeds exceeding approximately
33 m s−1 are called ‘typhoons,’ and the Japanese term
taifu means a TC with a maximum sustained wind speed
exceeding approximately 17 m s−1. It has previously
been reported that TC-induced sea surface cooling is
mainly caused by Ekman upwelling and vertical turbu-
lent mixing (Price 1981; Wada et al. 2009a; Sanford et al.
2011). The rate of entrainment at the base of the mixed
layer caused by the passage of a TC is primarily deter-
mined by different horizontal current speeds at different
depths across the base (Price 1981; Sanford et al. 2007).
Wada et al. (2010) suggested that vertical turbulent mi-
xing caused by breaking surface waves caused by a TC
also plays an important role in sea surface cooling. The
effect of vertical turbulent mixing on TC-induced sea
surface cooling depends very much on the speed at
which the TC moves (Wada et al. 2009a; Lin 2012).
Sea surface cooling induced by a TC is also affected by

pre-existing oceanic conditions such as the depth of the
mixed layer and the temperature gradient within the
underlying thermocline (Price 1981; Wada 2002; Moon
and Kwon 2012). In particular, the passage of a TC over
a warm eddy will decrease the magnitude of the sea sur-
face cooling that occurs (Wu et al. 2007; Wada et al.
2010). The presence of a warm eddy beneath a TC will,
therefore, enable the TC to become intensified more
rapidly than would be the case otherwise, because the
air-sea sensible and latent heat fluxes increase rapidly
(Lin et al. 2005, 2008, 2009; Wada and Usui 2007;
Shay 2010). It can be seen that the mechanisms involved
in TC-induced sea surface cooling are complex and de-
pend on various factors, such as the TC intensity, trans-
lation speed, and size, and on pre-existing oceanic
conditions such as the depth of the mixed layer and the
temperature gradient within the underlying seasonal
thermocline. In situ observations underneath a TC are,
therefore, needed to allow the mechanisms involved in
TC-induced sea surface cooling to be determined.
Decreased enthalpy (sensible and latent heat) fluxes

underneath a TC are caused by TC-induced sea surface
cooling. Cione and Uhlhorn (2003) found that sea sur-
face cooling of approximately 1°C within the inner core
of a TC can effectively alter the maximum total enthalpy
flux by 40% or more. A lower translation speed will cause
a much higher enthalpy flux to be required to maintain
the intensity of an intense TC (Lin et al. 2009). However,
the dependence of the decrease in enthalpy (particularly
latent heat) flux within the inner core on TC-induced sea
surface cooling has not yet been effectively determined.
The atmospheric response to TC-induced sea surface

cooling and the impact such a response has on an idealized
TC-like vortex has been investigated using atmosphere-
ocean coupled models (Chang and Anthes 1979; Zhu et al.
2004; Wu et al. 2005; Bender et al. 2007; Wada 2009), and
an atmosphere-wave-ocean coupled model has recently
been developed to numerically simulate TCs (Chen et al.
2007, 2013; Wada et al. 2010, 2013; Warner et al. 2010). It
has been shown in numerical experiments that TC-
induced sea surface cooling leads to the suppression of the
intensity of an idealized TC-like vortex, resulting in de-
creased latent heat fluxes within the inner core of the vor-
tex and increased inner-core asymmetries (Zhu et al. 2004;
Wu et al. 2005). However, the effects of interactions be-
tween the atmospheric and oceanic environments on TC
evolution were not examined using these idealized numer-
ical experiments. Numerical simulations of TCs using
atmosphere-wave-ocean models have, so far, provided only
preliminary results. The degree to which TC-induced sea
surface cooling and the associated decreased latent heat
flux affects the intensity of a TC in realistic atmospheric
and oceanic environments is still uncertain, as is how the
sea surface cooling and decreased latent heat flux affect the
inner core structure of a TC.
This study aims to present the following: first, to de-

termine the oceanic response to the passage of a ty-
phoon using daily in situ observations made by profiling
floats deployed in the western North Pacific Ocean and
second, to quantitatively evaluate the effect of the
oceanic response on the typhoon predictions produced
using an atmosphere-wave-ocean coupled model, espe-
cially when the observed extent of sea surface cooling
exceeded 2°C. The observations made by the profiling
floats will be outlined in the next subsection.

Observations made by profiling floats during the 2011
and 2012 typhoon seasons
Profiling floats are autonomous instruments that drift with
ocean currents while measuring the water temperature,
salinity (as conductivity), and pressure (i.e., depth) as they
ascend through the water column. Three profiling floats,
each with an Iridium communication system, were de-
ployed around 20°N (World Meteorological Organization
(WMO) number 5901989, identification number (ID)
6399), 22°N (WMO number 5901988, ID 7560), and 24°N
(WMO number 2901670, ID 6429) along the 137°E merid-
ian by the R/V Keifu Maru, which is operated by the Japan
Meteorological Agency (JMA), on 22 and 23 June 2011
(Figure 1). The profiling floats were used to monitor rapid
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variations in the water temperature and salinity in the
upper ocean caused by the passage of typhoons during the
2011 and 2012 seasons. A bidirectional telecommunica-
tion system was used, and the three profiling floats re-
corded vertical profiles of the water temperature and
salinity between approximately 5- and 500-m deep every
day during the typhoon season (June to October) and be-
tween approximately 5- and 2,000-m deep every 10 days
outside the typhoon season.
In this study, TCs with maximum wind speeds exceed-

ing approximately 17 m s−1 (called taifu in Japanese, as
mentioned above) are categorized as typhoons. Each ty-
phoon is referred to by its number, Tyynn, where yy are
the last two digits of the year and nn is the sequential
number for the typhoon in that typhoon season. Five ty-
phoons, Ma-on (T1106), Muifa (T1109), Talas (T1112),
Kulap (T1114), and Roke (T1115), passed over the area
monitored by the floats (around 17°N to 27°N and 130°E
to 140°E) during the 2011 typhoon season, and three ty-
phoons, Bolaven (T1215), Sanba (T1216), and Prapiroon
(T1221), passed over the area monitored by the floats
(around 20°N to 27°N and 125°E to 135°E) during the
2012 typhoon season (Figure 1).
The names and numbers of these eight typhoons, the

analysis period for each typhoon, and the maximum
amount of sea surface cooling that was observed by the
three profiling floats during each analysis period are
shown in Table 1. The analysis period is the period
Figure 1 Trajectories of the three profiling floats from 22 June 2011 t
137°E meridian on 22 and 23 June 2011. The first symbols accompanying t
indicate the locations where the floats were initially deployed, and the sec
letters in bold indicate the central positions of the typhoons listed in Table
and H, T1221) every 6 h. The bold characters show when a profiling float w
the domain wherein the three profiling floats were monitored in 2011, and
profiling floats were monitored in 2012.
during which the typhoon passed over the area moni-
tored by the profiling floats (Figure 1), and the max-
imum amount of sea surface cooling, which ranged from
0.8°C to 4.3°C (Table 1), was defined as the difference
between the maximum and minimum water temperature
at a depth of 5 m during each analysis period.
Regarding the relationship between the maximum

amount of sea surface cooling and the TC, it has been
suggested that TC-induced sea surface cooling of more
than 2.5°C will not cause the intensification of a TC be-
cause this degree of cooling should be sufficient to shut
down the entire energy production process of the TC
(Emanuel 1999; Emanuel et al. 2004; Lin et al. 2008).
The amount of cooling that occurred during typhoons
T1106, T1109, and T1221 exceeded this threshold (Table 1),
and the sea surface was cooled by 2°C, which is close to
the threshold, during typhoon T1215. We will later assess
the changes in water temperature and salinity profiles dur-
ing the passage of four typhoons (T1106, T1109, T1215,
and T1221) and perform numerical simulations of the ty-
phoons using an atmosphere-wave-ocean coupled model.
The three profiling floats drifted westward in the

2 years wherein the observations were made (Figure 1),
mainly following the wind-driven North Equatorial
Current (Qiu and Chen 2010), and they sometimes be-
came trapped in mesoscale eddies. The areas in which
the observations were made in the 2011 and 2012 sea-
sons were, therefore, different (Figure 1). However, the
o 19 April 2013. All of the profiling floats were deployed along the
he float IDs (stars for 6429, circles for 7560, and triangles for 6399)
ond symbols indicate the locations of the floats on 19 April 2013. The
1 (A, T1106; B, T1109; C, T1112, D, T1114; E, T1115; F, T1215; G, T1216;
as within 300 km of a typhoon track. The thin dashed box indicates
the thick dashed box indicates the domain wherein the three



Table 1 Typhoons and the maximum sea surface cooling
observed during the typhoons by the profiling floats

Name Number Analysis period Maximum sea surface
cooling (°C) (float ID)

Ma-on T1106 15 to 18 July 2011 4.3 (6429)

Muifa T1109 31 July to 3 August 2011 3.5 (7560)

Talas T1112 24 to 30 August 2011 1.1 (6429)

Kulap T1114 6 to 8 September 2011 1.0 (6399)

Roke T1115 10 to 19 September 2011 0.8 (7560)

Bolaven T1215 23 to 26 August 2012 2.0 (6399)

Sanba T1216 14 to 16 September 2012 0.8 (6429)

Prapiroon T1221 12 to 17 October 2012 3.3 (6399)
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horizontal distributions of weekly sea level height anom-
alies indicated that the locations of warm eddies and
cold wakes changed little over the time taken for a ty-
phoon to pass (a week), although the amplitudes of the
cold wakes became stronger after a typhoon had passed
over than before it had arrived (Figure 2). Weekly sea
level height anomaly observations made by a satellite-
borne altimeter were obtained from the Archiving, Val-
idation and Interpretation of Satellite Oceanographic
data (AVISO) website (http://www.aviso.oceanobs.com/).
On the basis of the results shown in Figure 2, we as-
sumed that weekly mesoscale oceanic variations caused
by planetary Rossby waves were negligible compared
with variations caused by the response of the ocean to a
typhoon. The cold wake area, with a negative sea surface
height anomaly, corresponded with the area of relatively
low sea surface temperatures (sea surface cooling) that
was formed after the passage of each typhoon (Figure 3).
The horizontal sea surface temperature distributions
were obtained from the daily dataset produced by the
Tropical Rainfall Measuring Mission (TRMM) micro-
wave imager (TMI), and the Aqua/Advanced Microwave
Scanning Radiometer for Earth observing system (AMSRE)
satellite radiometers, which have a horizontal resolution of
0.25° (http://www.ssmi.com/). A remarkable amount of sea
surface cooling occurred along the path of each typhoon
after it had passed, except for T1221 (Figure 3i,j,k,l).
Figure 4 shows the trajectories of the three profiling

floats and the best tracks (from the Regional Specialized
Meteorological Center-Tokyo (RSMC-Tokyo) best-track
data) for T1106, T1109, T1215, and T1221, along with
three-hourly accumulated precipitation measurements
collected during the analysis period (Table 1) for each
typhoon (when the typhoon entered the domain shown
in Figure 4). The three-hourly global precipitation esti-
mates at a resolution of 0.25° latitude and 0.25° longitude
produced by the US National Oceanic and Atmospheric
Administration (NOAA) Climate Prediction Center morph-
ing method (Joyce et al. 2004) were used to determine the
total precipitation distribution during each analysis period.
The horizontal total precipitation distribution indicated that
the total precipitation was higher in T1221 than in T1106,
T1109, and T1215, and this was caused by the relatively
slow and irregular track followed by T1221.

Methods
Profiling floats
Vertical profiles of the water temperature and salinity
were obtained from three profiling floats during their as-
cents. Real-time quality control was performed before the
data were made available on the Japan Argo Real Time
Data Base (http://argo.kishou.go.jp/index.html), which is
operated by the Japan Meteorological Agency, from which
the data used in this study were taken. Daily water
temperature and salinity observations made by the three
profiling floats were interpolated from the subsurface (at a
depth of nearly 5 m) to a depth of 200 m using the
method developed by Akima (1970). The temperature and
salinity between the surface and a depth of 5 m were
assumed to be constant, because no surface observations
were made by the profiling floats. The maximum sea
surface cooling values (Table 1) were calculated from the
water temperatures observed at a depth of 5 m during
each analysis period. This method is valid when surface
wind speeds are higher than approximately 7 m s−1

(Soloviev and Lukas 2006; Kawai and Wada 2007). Soloviev
and Lukas (2006) showed that the water was well mixed
(in terms of temperature) between the subsurface and a
depth of 5 m under relatively strong winds (approxi-
mately 7 m s−1) in the Pacific warm pool during the
Coupled Ocean-Atmosphere Response Experiment.
The mixed layer was defined as the water down to a

depth at which the density was 0.25 g m−3 higher than
the density at the surface, whereas the isothermal layer
was defined as the water down to a depth at which the
temperature was 0.5°C different from the temperature at
the surface.

Model
The nonhydrostatic model (NHM) that was used in this
study was developed jointly by the JMA Numerical Predic-
tion Division and the Meteorological Research Institute
(MRI). The model is a regional mesoscale atmospheric
model that includes physical processes (see Table 2) (such
as clouds, which are described using an explicit three-ice
bulk microphysics scheme that is based on the work pub-
lished by Lin et al. (1983)), an assumed resistance law for
the air-sea momentum and for enthalpy fluxes in the at-
mospheric surface boundary layer, exchange coefficients
for the air-sea momentum and for enthalpy transfers over
the sea (based on bulk formulae (Kondo 1975) or when
the ocean-wave model is coupled (Wada et al. 2010),
based on the roughness lengths proposed by Taylor and

http://www.aviso.oceanobs.com/
http://www.ssmi.com/
http://argo.kishou.go.jp/index.html


Figure 2 Horizontal distributions of the AVISO weekly sea surface height anomaly. Horizontal distributions of the AVISO weekly sea surface
height anomaly (cm) (http://www.aviso.oceanobs.com/) on (a) 13 July 2011, (b) 27 July 2011, (c) 22 August 2012, and (d) 10 October 2012 before
the passage of a typhoon and on (e) 20 July 2011, (f) 3 August 2011, (g) 29 August 2012, and (h) 17 October 2012 after the passage of the
typhoons. The colors within the circles indicate the central pressure of the typhoon at each position along the RSMC-Tokyo best track. The open
stars, circles, and triangles show the positions of the profiling floats, as in Figure 1, except during each analysis period.
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Yelland (2001)), a turbulent closure model in the atmos-
pheric boundary layer (based on the work of Klemp and
Wilhelmson (1978) and Deardorff (1980)), and an atmos-
pheric radiation scheme (based on the work of Sugi et al.
(1990)). The NHM used was an older version of the
current nonhydrostatic mesoscale model (Saito 2012), and
it was coupled with both a multilayer ocean model and a
third-generation ocean-wave model (Wada et al. 2010).
No cumulus parameterization was used.
The JMA third-generation ocean-wave model was

coupled with the NHM to estimate changes in the surface
roughness lengths, drag coefficients, and enthalpy coeffi-
cients. The wave spectrum in the third-generation ocean-
wave model had 900 components, each associated with
one of 25 frequencies and one of 36 directions. The fre-
quency of the wave spectrum was divided logarithmically
from 0.0375 to 0.3000 Hz. The ocean was assumed to be
motionless at the initial time. Wada et al. (2010) described
the wave-ocean coupling procedure in detail.
The multilayer ocean model used a decreased gravity

approximation and a hydrostatic approximation, and it
was assumed that the water was a Boussinesq fluid. The

http://www.aviso.oceanobs.com/


Figure 3 Horizontal distributions of TRMM/TMI sea surface temperatures. Horizontal distributions of TRMM/TMI sea surface temperatures
(°C) on (a) 15 July 2011, (b) 31 July 2011, (c) 23 August 2012, and (d) 12 October 2012 before the passage of a typhoon and on (e) 18 July 2011,
(f) 3 August 2011, (g) 26 August 2012, and (h) 17 October 2012 after the passage of the typhoons. (i to l) Differences in the TRMM/TMI sea
surface temperature between before and after the passage of the typhoon (before subtracted from after). The colors within the circles indicate
the central pressure of the typhoon at each position along the RSMC-Tokyo best track. The open stars, circles, and triangles show the positions of
the profiling floats, as in Figure 1, except during each analysis period.
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model had three layers and four levels. The uppermost
layer was the mixed layer, where the density was verti-
cally uniform. The middle layer was the seasonal
thermocline, where the vertical temperature gradient
was greatest. The bottom layer was assumed to be un-
disturbed by entrainment. The four levels were the sea
surface, the mixed layer base, the thermocline base, and
the sea bottom. The degree of entrainment was calcu-
lated using the multi-limit entrainment formula pro-
posed by Deardorff (1983) and modified by Wada et al.
(2009a). The model calculated the water temperature
and salinity at the surface and at the base of the mixed



Figure 4 Horizontal distributions of three-hourly accumulated precipitation and the RSMC-Tokyo best track. Horizontal distributions of
three-hourly accumulated precipitation (color shading) and the RSMC-Tokyo best track (filled circles) during the periods (a) 15 to 18 July 2011 for
T1106, (b) 31 July to 3 August 2011 for T1109, (c) 23 to 26 August 2012 for T1215, and (d) 12 to 17 October 2012 for T1221. The colors within the
circles indicate the central pressure of the typhoon at each position along the RSMC-Tokyo best track. The open stars, circles, and triangles show
the positions of the profiling floats, as in Figure 1, except during each analysis period.

Wada et al. Progress in Earth and Planetary Science 2014, 1:11 Page 7 of 25
http://www.progearthplanetsci.com/content/1/1/11
layer, and the thickness of each layer and the two-
dimensional flows in the layers. The model could simu-
late near-inertial currents behind a TC reasonably well
(Wada 2002).
The atmosphere-ocean coupling procedure is described

next. Short- and long-wavelength radiation, sensible and
latent heat fluxes, wind stresses, and precipitation were
calculated by the atmospheric model and supplied to the
ocean model at every time step in the ocean model. Land
and sea distributions, extracted from the Global TOPO-
graphic 30 digital elevation data produced by the US Geo-
logical Survey, were provided by the atmosphere model to
the ocean model only at the initial time, to ensure that the
land and sea distributions in the atmosphere and ocean
models matched. The topography of the ocean bottom at
5′ latitude and longitude intervals was used in the ocean
model, and these data were taken from the Earth Topog-
raphy Digital Dataset 5 provided by the NOAA National
Geophysical Data Center. The sea surface temperature
calculated by the ocean model was provided to the atmos-
pheric model at every time step in the ocean model.

Experimental design
The experimental design used in the numerical simula-
tions of T1106, T1109, T1215, and T1221 are summarized
in Table 2. The horizontal resolution of each typhoon
simulation performed by the NHM was applied to the
ocean-wave model and the multilayer ocean model. The
vertical coordinates used in all of the NHM and coupled
model experiments had 40 vertical levels, with different
intervals ranging from 40 m for the lowermost (near-sur-
face) layer to 1,180 m for the uppermost layer. The time
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step used in the ocean model was six times the time step
used in the atmosphere model, and the time step used in
all of the ocean-wave model experiments was 10 min.
The initial oceanic conditions were derived from the

MRI Ocean Variational Estimation (MOVE) system
(Usui et al. 2006). The MOVE system directly assimilates
sea level height anomalies observed by a satellite-borne
altimeter (http://www.aviso.oceanobs.com/). The initial
depth of the oceanic mixed layer was determined from
oceanic reanalysis data by defining the mixed layer as
reaching a depth at which the density was no more than
0.25 kg m−3 higher than the density at the surface and
having a maximum depth of 200 m. The base of the
thermocline was limited to 600 m, whereas the water
depth was limited to 2,000 m. The integration time was
relatively short, so open oceanic boundaries were used
in a series of numerical simulations.
The initial atmospheric conditions and the boundary

conditions were derived from six-hourly global objective
analysis data provided by the JMA, with a grid spacing
of 20 km. Lateral boundary conditions were provided to
the computational domain every 6 h, and an appropriate
domain width was set for each typhoon simulation (see
Table 2). The experimental design used for the numer-
ical simulations of T1106, T1109, T1215, and T1221,
and the physical processes used in the NHM are shown
in Table 2. The experimental design used for T1221L
was the same as the design used for T1221H, except for
the horizontal resolution of the MOVE data, which was
0.5° latitude and longitude (calculated using the North
Pacific version of MOVE) for T1221L and 0.1° latitude
and longitude (calculated using the western North Pa-
cific version of MOVE) for T1221H (Usui et al. 2006).

Results and discussion
Observational evidence for the oceanic response to typhoons
In situ observations made by autonomous oceanic profiling
floats have been used to investigate the oceanic response
to a typhoon in previous studies. Wada et al. (2009b) found
that vertical water temperature profiles obtained at 10-day
intervals were clearly affected by the passage of a typhoon
and that the change was dependent on the position of the
profiling float relative to the typhoon track. Baranowski
et al. (2011) found that the passage of two consecutive
typhoons, Hagupit and Jangmi, in 2008, caused changes
in the oceanic mixed layer. The in situ observations that
showed these changes were made by an autonomous
oceanic profiling float operating on a cycle with a period of
approximately 1 day, and the authors showed that more
frequent profiling (at least once a day) is required to allow
variations in the water temperature and salinity in the
upper ocean caused by the passage of a TC to be studied.
Two essential processes must be taken into account

when assessing the oceanic response to a typhoon. First,
vertical turbulent mixing occurs beneath a typhoon. In
the Northern Hemisphere, this entrainment occurs more
strongly on the right-hand side of the typhoon track
(relative to the direction the typhoon moves), where the
shear induced by near-inertial currents is stronger (Price
1981; Nam et al. 2012). Second, upwelling occurs behind
a typhoon because of the cyclonic circulation of the sur-
face winds (Price 1981; Wada 2002). When the transla-
tion speed of a typhoon is lower than the phase speed of
the first baroclinic mode, this upwelling plays an essen-
tial role in causing sea surface cooling because a cold
wake is formed behind the typhoon (Shay et al. 1998).
In this study, the variations in the water temperature

and salinity in the upper ocean were studied using
in situ daily observations made by three profiling floats.
In particular, we will assess how the upper ocean re-
sponses vary according to the position of the float rela-
tive to the typhoon center and track. The evolutions of
the water temperature and salinity profiles were exam-
ined in the vicinity of the typhoon (less than 100 km
from the center) and more than 100 km from the center
of the typhoon track on the right- or left-hand side (rela-
tive to the direction the typhoon moved). The following
profiling floats and typhoon cases were selected: profil-
ing floats 7560 and 6399 were located in the vicinity of
the tracks of T1109 and T1215, respectively; profiling
floats 6429 and 6399 were located more than 100 km
from the nearest track on the right-hand side of the
tracks of typhoons T1106 and T1221, respectively; and
profiling floats 7560 and 6429 were located more than
100 km from the nearest track on the left-hand side of
the tracks of typhoons T1106 and T1215, respectively
(Figures 2, 3, and 4).
Figures 5, 6 and 7 show the vertical water temperature

and salinity profiles that were found by the profiling
floats within 100 km of the typhoon centers (Figure 5)
and more than 100 km from the typhoon centers on the
right-hand (Figure 6) and left-hand (Figure 7) sides of
the tracks. The vertical water temperature and salinity
profiles for T1109 (float 7560) and T1215 (float 6399)
(Figure 5) showed that the water in the vicinity of each
typhoon center was warm and that the salinity in the
mixed layer was low and uniform before the passage of
T1109 on 29 July 2011 and the passage of T1215 on 21
August 2012. Both the mixed and isothermal layers be-
came deeper during the passage of both typhoons, and
the water temperature abruptly decreased and the salin-
ity abruptly increased in the mixed layer on 2 August
2011 for T1109 and 23 August 2012 for T1215. The iso-
thermal layer was deeper than the mixed layer in both
typhoons. The difference between the isothermal and
mixed layer depths was caused by the upwelling of saline
water in the seasonal thermocline. The seasonal thermo-
cline became steeper during the passage of each typhoon

http://www.aviso.oceanobs.com/


Table 2 Specifications of the coupled model and the experimental design for the simulations

T1106 T1109 T1215 T1221L(H)

Horizontal resolution 2 km 2 km 2 km 3 km

Horizontal grid number 1,391 × 1,201 1,101 × 1,101 1,291 × 1,021 701 × 701

Vertical grid number 40

Top height 22,801 m

Time step (atmosphere model) 6 s 6 s 6 s 8 s

Initial time 2011/7/13/0000UTC 2011/7/30/0000UTC 2012/8/21/0000UTC 2012/10/8/0000UTC

Integration time 144 h 84 h 96 h 168 h

Lateral boundary relaxation sponge layers 70 100 60 15

Oceanic initial condition MOVE 0.1° MOVE 0.5° MOVE 0.1° MOVE 0.5° (0.1°)

Surface roughness length Kondo (1975) [uncoupled model]/Taylor and Yelland (2001) [coupled model]

Surface boundary layer Louis et al. (1982)

Atmospheric boundary process Klemp and Wilhelmson (1978) and Deardorff (1980)

Cloud physics Explicit three-ice bulk microphysics (Lin et al. 1983)

Radiation Sugi et al. (1990)

MOVE, MRI Ocean Variational Estimation.
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than it had been beforehand. After the typhoons had
passed, the water temperature had decreased from the
surface to a depth of 200 m, and this decrease was at-
tributed to upwelling occurring behind the typhoon.
However, the amount by which the temperature de-
creased was clearly different for each of the two ty-
phoons. The salinity within the mixed layer increased
more after T1215 had passed than after T1109 had
passed, even though the amount of precipitation was
similar for both typhoons. The magnitude of the salinity
increase was found to be related to the pre-existing sal-
inity profile, i.e., the salinity was higher below the sea-
sonal thermocline than near the surface before the
passage of the typhoon.
The vertical water temperature profiles for T1106

(float 6429) and T1221 (6399) (Figure 6) showed that
both the mixed and isothermal layers became deeper
more than 100 km from the typhoon center on the
right-hand side of the typhoon track when T1106 passed
on 16 and 17 July 2011 and when T1221 passed on 13
and 14 October 2012. The deepening of the mixed layer
led to an increase in the water temperature (compared
with the water temperature before the passage) below
the base of the mixed layer during and after the passage
of the typhoon (after 18 July 2011 for T1106 and after
15 October 2012 for T1221). After T1221 had passed, in
particular, the mixed layer became deeper than 100 m.
The vertical salinity profiles (Figure 6) showed that sal-

inity in the mixed layer decreased after the passage of
T1106. The salinity in the mixed layer was relatively
high on 13 July 2011, before the typhoon passed, but de-
creased during and after the passage of the typhoon
(after July 17), when heavy precipitation occurred. The
mixed layer depth was almost the same as the isothermal
depth, indicating that the effect of vertical turbulent
mixing overwhelmed the effect of the precipitation. It
should be noted that float 6429 was located at the east-
ern edge of the warm eddy on July 13 (Figure 2a),
whereas it was located within the cold eddy on July 20
(Figure 2e). The westward propagation of mesoscale
oceanic circulation and the resultant changes in environ-
mental oceanic conditions possibly caused changes to
occur in the temperature and salinity profiles at depth
greater than 80 m before the passage of T1106.
The salinity profile of the upper ocean was quite dif-

ferent for T1221 than for T1106. The salinity was high
in the seasonal thermocline on 10 October 2012 before
T1221 passed. The salinity became low near the surface
when T1106 passed over, whereas the salinity became
low around the seasonal thermocline when for T1221
passed over. Figure 4 shows that the precipitation ac-
companying T1221 was much heavier (the three-hourly
accumulated precipitation reached 1,000 mm around the
location of float 6399) than the precipitation accom-
panying T1106, and this was caused by the relatively
slow and irregular track of T1221. Water with a low sal-
inity near the surface was transported downward by
strong vertical turbulent mixing around the location of
float 6399. Strong vertical turbulent mixing associated
with T1221 not only deepened the mixed layer but also
homogenized the water by decreasing the salinity in the
lower part of the mixed layer and increasing the salinity
in the upper part of the mixed layer, resulting in the
water at depths of 60 to 100 m becoming fresher from
October 15 to 20 (Figure 6b). A similar decrease in the
salinity after the typhoon had passed was not observed



Figure 5 Vertical profiles of the water temperature and salinity in the vicinity of the typhoon track. Vertical profiles of the water
temperature (upper panel) and salinity (lower panel) in the vicinity of the typhoon track during the periods (a) 31 July to 3 August 2011 for
T1109, observed by profiling float 7560, and (b) 23 to 26 August 2012 for T1215, observed by profiling float 6399. Thin solid orange lines indicate
the profiles before the passage of a typhoon. The thick line indicates the profile during the passage of the typhoon. Dashed blue lines indicate
the profiles after the passage of a typhoon. Red circles with a solid line indicate the depth of the mixed layer. Green squares with a dashed line
indicate the depth of the isothermal layer.
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in the vicinity of a typhoon, less than 100 km from the
center (Figure 5). The slow and irregular track of T1221
and the accompanying heavy precipitation played crucial
roles in changing the vertical water temperature and
salinity profiles.
The vertical water temperature profiles for T1106

(float 7560) and T1215 (float 6429) showed that both
the mixed layer and isothermal layer depths more than
100 km from the typhoon center on the left-hand side of
the typhoon track were deepest during the passage of
T1106 on 16 July 2011 and T1215 on 24 and 25 August
2012 (Figure 7). The differences between the mixed and
isothermal layer depths in T1106 and T1215 were rela-
tively small compared with the differences between the
mixed and isothermal layer depths found in the vicinity
of a typhoon (Figure 5) and on the right-hand side of a



Figure 6 Vertical profiles of the water temperature and salinity on the right-hand side of the typhoon. Vertical profiles of the water
temperature (upper panel) and salinity (lower panel) on the right-hand side of the typhoon, relative to its direction of motion, during the periods
(a) 15 to 18 July 2011 for T1106, observed by profiling float 6429, and (b) 12 to 17 October 2012 for T1221, observed by profiling float 6399. Thin
solid orange lines indicate the profiles before the passage of a typhoon. The thick line indicates the profile during the passage of the typhoon.
Dashed blue lines indicate the profiles after the passage of a typhoon. Red circles with a solid line indicate the depth of the mixed layer. Green
squares with a dashed line indicate the depth of the isothermal layer.
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typhoon (Figure 6). Similar to the salinity profiles found
more than 100 km from the center of a typhoon on the
right-hand side, the vertical salinity profiles on the left-
hand side showed that both the mixed layer and the iso-
thermal layer became deeper during the passage of each
typhoon. However, the salinity was lower both before
and after the passage of the typhoon than during its
passage, even though the total amount of precipitation
was not remarkably high. Moreover, the decreases in the
water temperatures caused by the passage of the ty-
phoons were relatively small compared with the de-
creases found in the vicinity of a typhoon and more than
100 km from the center on the right-hand side. Figure 2
shows that vertical temperature and salinity profiles were
both located over the warm core eddies. Both the mixed
and isothermal layer depths were approximately 30 to



Figure 7 Vertical profiles of the water temperature and salinity on the left-hand side of the typhoon. Vertical profiles of the water
temperature (upper panel) and salinity (lower panel) on the left-hand side of the typhoon, relative to its direction of motion, during the periods
(a) 15 to 18 July 2011 for T1106, observed by profiling float 7560 and (b) 23 to 26 August 2012 for T1215, observed by profiling float 6429. Thin
solid orange lines indicate the profiles before the passage of a typhoon. The thick line indicates the profile during the passage of the typhoon.
Dashed blue lines indicate the profiles after the passage of a typhoon. Red circles with a solid line indicate the depth of the mixed layer. Green
squares with a dashed line indicate the depth of the isothermal layer.
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40 m, which was relatively deep compared with the
depths before the passage of T1106 on 13 July 2011 and
of T1215 on 21 August 2012 (Figure 7). These condi-
tions are not favorable for the passage of a typhoon
causing sea surface cooling.
Cione and Uhlhorn (2003) found differences between

inner-core and ambient sea surface temperatures of
approximately 0°C to 2°C. These differences are much
smaller than the cold-wake-like decrease in the sea
surface temperature of 4°C to 5°C, which is typically ob-
served. Our findings were consistent with those of Cione
and Uhlhorn (2003). During the passage of a typhoon,
the inner-core sea surface temperature is mainly deter-
mined by vertical turbulent mixing, irrespective of the
position relative to the typhoon center. In fact, the verti-
cal water temperature and salinity profiles we found
demonstrate that the mixed layer, determined from both
the water temperature and the salinity, becomes deeper
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almost the entire time that a typhoon passes over. How-
ever, in our analysis, we did not take into account the ef-
fect of the translation speed of the typhoon on vertical
turbulent mixing, even though the translation speed is
known to be important to the oceanic response to a ty-
phoon (Lin et al. 2009) and certainly affected changes in
the vertical water temperature and salinity profiles for
T1221 (Figures 5b and 6b). It will be necessary to further
explore the relationship between the translation speed of
a typhoon and the different oceanic responses to the ty-
phoon at different positions relative to the center.
The results of this study imply that the oceanic response

to a typhoon is influenced by pre-existing oceanic condi-
tions. In fact, Figure 2 shows that the water on the right-
hand side of the tracks of some of the typhoons was much
colder than the water on the left-hand side before the ty-
phoons passed, which is confirmed by Figures 6 and 7. In
that sense, the contribution of cool conditions to strong
sea surface cooling is not negligible. A strong cooling ef-
fect depends, to some extent, on the location relative to
the typhoon, especially when warming or cooling occurs
in the seasonal thermocline; however, the cooling effect is
also partly caused by differences in pre-existing oceanic
vertical profiles. To explore this subject more thoroughly,
many more in situ observations underneath typhoons,
with different pre-existing oceanic conditions, will be re-
quired. That is beyond the scope of this study, but such a
study should be performed in the future.

Typhoon track, central pressure, and sea surface
temperature
In previous studies, sea surface cooling has been found
to have led to the weakening of the typhoons themselves
(Chang and Anthes 1979; Zhu et al. 2004; Wu et al.
2005; Bender et al. 2007; Wada 2009). The weakening of
a typhoon means that surface wind weakened, leading to
the vertical turbulent mixing in the oceanic mixed layer
being modified, and this modification affecting the cool-
ing of the sea surface. Therefore, in this subsection, we
will investigate the impact of typhoon-induced sea sur-
face cooling on the simulations of the tracks and inten-
sities of T1106, T1109, T1215, and T1221 using the
atmosphere-wave-ocean coupled model. The maximum
sea surface cooling determined from the in situ observa-
tions exceeded 2°C for these four typhoons (Table 1). It
should be noted that the maximum sea surface cooling
that occurred during the other four typhoons (T1112,
T1114, T1115, and T1116) could have exceeded 2°C;
however, we did not assess these four typhoons because
no in situ observational evidence that the maximum sea
surface cooling exceeded 2°C was available (Table 1).
The position of each simulated typhoon during the inte-
gration time was defined as the location where the sea-
level pressure reached a minimum value at a certain
time. The intensity of a typhoon was defined as its central
pressure. The TRMM/TMI maximum sea surface cooling
effects shown in Table 3 were calculated as the maximum
differences between the sea surface temperature on a cer-
tain day within each analysis period (Table 1) and the sea
surface temperature on the initial analysis day of that ana-
lysis period (Figure 1). The maximum sea surface cooling
effect simulated using the coupled model was calculated
in a similar way; however, it was the maximum difference
between the sea surface temperature at a certain integra-
tion time within the entire integration period (Table 1)
and the sea surface temperature at the initial time.
The RSMC-Tokyo best tracks for T1106 (Figure 8a),

T1109 (Figure 8b), T1215 (Figure 8c), and T1221 (T1221L
and T1221H; Figure 8d) were compared with their simu-
lated tracks, and calculated using the NHM (uncoupled)
and the full coupled atmosphere-wave-ocean models. Both
of the simulated T1106 tracks showed excessive westward
translation only at around 20°N and 136°E (Figure 8a).
The impact of simulated sea surface cooling on the track
simulation was small for T1106, and ocean coupling did
not decrease the westward bias of the simulation. In con-
trast, the T1109 track simulated using the coupled model
was closer to the best track than was the track simulated
using the uncoupled model (Figure 8b). Like the T1106
track simulations, both of the T1215 and T1221 track
simulations showed that simulated sea surface cooling
did not significantly affect the simulated tracks of T1215
(Figure 8c), T1221L, or T1221H (Figure 8d). The T1215
tracks simulated using both the uncoupled and coupled
models showed a northward bias at around 21°N and
134°E and a northwestward bias east of 132°E without
changing the direction of movement to the north-
northwest. The T1221 tracks simulated using both the
uncoupled and coupled models showed a southward bias
when the typhoon was moving westward and a northward
bias around the recurvature point (20°N and 128°E) when
the typhoon was moving northeastward. The translation
of the simulated typhoon was relatively slow compared
with the translation determined using the RSMC-Tokyo
best-track data.
The differences between the tracks simulated using

the uncoupled and coupled models reflected the config-
uration of the lateral sponge layer in the regional atmos-
pheric model (Wada 2012). It is possible that a small
number of lateral sponge layers caused the track simula-
tion of the regional ‘child’ model to differ from that of
the ‘parent’ analysis (e.g., by global objective analysis) be-
cause the effect of the parent analysis on the track simu-
lations using the regional uncoupled and coupled
models became small. In these numerical simulations,
we set the sponge layer number to 70 for T1106 with
1,391 × 1,201 grids, 100 for T1109 with 1,101 × 1,101
grids, 60 for T1215 with 1,291 × 1,021 grids, and 15 for



Table 3 Maximum sea surface cooling effects

Location of float ID T1106 (°C) T1109 (°C) T1215 (°C) T1221L (°C) T1221H (°C)

6429 4.0 2.8 3.2 3.3 3.2

7560 3.1 2.8 3.2 2.5 2.6

6399 3.0 2.6 2.7 3.9 3.9

Max. cooling (model) 5.4 3.2 3.2 2.9 3.3

Max. cooling (TMI/AMSRE) 6.3 3.9 4.8 5.7

Wada et al. Progress in Earth and Planetary Science 2014, 1:11 Page 14 of 25
http://www.progearthplanetsci.com/content/1/1/11
T1221 with 701 × 701 grids (Table 2). The sponge layer
number of 70 for T1106 was comparable to the sponge
layer number of 100 for T1109; thus, the differences be-
tween the tracks simulated using the coupled and
uncoupled models could not be accounted for by the
sponge layer number for T1109. Therefore, these results
suggest that the differences between the impacts of the
simulated sea surface cooling on the track simulation
depended on the typhoon and the atmospheric environ-
ments. Later in this subsection, we will investigate the
impact of ocean coupling on the track simulation of
T1109 further.
The central pressure time series for T1106 (Figure 9a),

T1109 (Figure 9b), T1215 (Figure 9c), and T1221 (T1221L
Figure 8 RSMC-Tokyo best tracks and simulated best tracks. (a) T1106
and T1221H; Figure 9d) simulated using the uncoupled
and coupled models were compared with the time series
for the RSMC-Tokyo best-track central pressures for each
typhoon. The intensification, mature, and decaying phases
for all of the typhoons except for T1215, which includes
only the intensification phase according to the best-track
data, are shown in Figure 9.
The simulated sea surface cooling induced by the

typhoon began to have an impact on the simulated cen-
tral pressure during the intensification phase for all four
typhoons. The central pressures for T1106 (Figure 9a)
and T1221 (Figure 9d) simulated using the uncoupled
model were lower than the RSMC-Tokyo best-track cen-
tral pressures, particularly during the mature phase. The
, (b) T1109, (c) T1215, and (d) T1221L and T1221H.



Figure 9 Time series of the RSMC-Tokyo best-track central pressures and simulated central pressures. (a) T1106, (b) T1109, (c) T1215, and
(d) T1221L and T1221H. Open circles indicate RSMC-Tokyo best-track central pressures.
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central pressure for T1215 (Figure 9c) simulated using
the coupled model was lower than the RSMC-Tokyo
best-track central pressure at around 0000 UTC on 25
August 2011 during the rapid intensification phase. This
low central pressure was caused by an error in the track
simulation (Figure 8c). During the intensification phase,
in contrast, the central pressures simulated using the
uncoupled model were much higher than the best-track
central pressures for T1109 (Figure 9b). The central
pressures simulated using the coupled model were
higher than the central pressures simulated using the
uncoupled model for all of the typhoons. This result,
which shows that the simulated sea surface cooling in-
duced by the typhoons decreased the magnitude of the
TC intensification and the final (maximum) intensity, is
consistent with the results of previous studies (Bender
et al. 1993; Shade and Emanuel 1999; Wada 2009). This
negative-feedback effect, however, did not improve the
central pressure simulations, particularly in the rapid in-
tensification phase, for the typhoons that were studied.
In addition, the impact of the horizontal resolution of

the MOVE data on both the track (Figure 8d) and cen-
tral pressure simulations for T1221 was small (T1221L
and T1221H; Table 2 and Figure 9d). This is also con-
sistent with previous findings (Wada et al. 2013). This
suggests that the impact of the horizontal resolution dif-
ference in the oceanic analysis data on the typhoon
simulation was negligible.
The horizontal sea surface temperature distributions

used in the uncoupled model (Figure 10a,b,c,d,e) were
compared with the distributions simulated using the
coupled model (Figure 10f,g,h,i,j) for T1106 at 120 h,
T1109 at 84 h, T1215 at 96 h, and T1221L and T1221H
at 120 h. The sea surface temperature differences between
the simulations using the uncoupled and coupled models
are shown in Figure 11. The horizontal sea surface
temperature distributions used in the uncoupled model
did not change during the integration period. The results
of the simulations using the coupled model revealed
that sea surface cooling was induced by T1106 (Figures 10f
and 11a), T1109 (Figures 10g and 11b), and T1215
(Figures 10h and 11c) on the right-hand side of the
simulated track. The horizontal sea surface temperature
distributions for T1221 were greatly changed by ocean
coupling because of the simulated recurved irregular
tracks with a slow translation. However, even using the



Figure 10 (See legend on next page.)
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Figure 10 Horizontal distributions of the sea surface temperature, sea-level pressure, and wind. Horizontal distributions of the sea surface
temperature (color shading), sea-level pressure (contours; contour intervals are 8 hPa (thin line) and 40 hPa (thick line)), and wind at the 850 hPa
level (vectors) simulated using (a to e) the uncoupled model and (f to j) the coupled model for (a and f) T1106, (b and g) T1109, (c and f) T1215,
(d and i) T1221L, and (e and j) T1221H. White boxes indicate the domains wherein the three profiling floats were monitored (see Figure 1).

Figure 11 Horizontal distributions of the differences in sea surface temperatures simulated using the uncoupled model. Horizontal
distributions of the differences in sea surface temperatures (color shading; the sea surface temperature simulated using the uncoupled model
subtracted from the sea surface temperature simulated using the coupled model), and sea-level pressures simulated using the coupled model
(contours; contour intervals are 8 hPa) (a) at 120 h for T1106, (b) at 84 h for T1109, (c) at 96 h for T1215, (d) at 120 h for T1221L, and (e) at 120 h
for T1221H. Black boxes indicate the domains wherein the three profiling floats were monitored (see Figure 1).
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coupled model (Figure 10i,j), the sea surface tempera-
tures in the simulation (Table 3) were high compared
with the observations (Table 1). The difference between
the sea surface temperatures in T1221 that were ob-
served in the simulations using the uncoupled and
coupled models was relatively small compared with that
for the other typhoons.
It is difficult to compare the simulated sea surface

temperature with the TRMM/TMI sea surface temperature
at a certain point/grid because of errors in the track
and intensity simulations. Therefore, we compared the
horizontal simulated sea surface temperature distribu-
tions (Figure 10f,g,h,i,j) and the differences between
the simulations using the uncoupled and coupled
models (Figure 11) with those for the TRMM/TMI sea
surface temperatures (Figure 3e,f,g,h), and the differ-
ences between before and after the typhoon had passed
(Figure 3i,j,k,l). Sea surface cooling clearly occurred on
the right-hand side of the track for T1106, T1109, and
T1215, which is consistent with the numerical simula-
tion results (Figures 10 and 11). TRMM/TMI sea sur-
face cooling on the right-hand side of the track was not
remarkable for T1221 (Figure 3h). This characteristic
was simulated reasonably well by the coupled model
(Figures 10g,h, and 11d,e).
Compared with the TMI/AMSRE microwave satellite ob-

servations (Table 3), the simulated maximum sea surface
cooling effects, 5.4°C for T1106, 2.7°C for T1109, 3.2°C for
T1215, 2.9°C for T1221L, and 3.3°C for T1221H, were rela-
tively low, indicating that a relatively high sea surface
temperature was simulated by the coupled model. This
relatively low sea surface cooling effect was attributed to
the weakened vertical turbulent mixing caused by the high
central pressures (causing a weak intensity) simulated
using the coupled model (Figure 9). If the simulated sea
surface cooling effect had been close to the TRMM/TMI
sea surface cooling effect, the typhoon intensity would have
been further weakened because of excessive cooling. This
implies that the air-sea enthalpy fluxes within the inner
core of a simulated typhoon were insufficient to simulate
intensification and the maximum intensity of the typhoon.
In other words, much higher enthalpy fluxes from the
ocean to the atmosphere are needed, particularly within
the inner core, to simulate the intensification phase and
the maximum intensity.
Next, we explored the impact of sea surface cooling

induced by T1109 on the difference between the tracks
simulated using the uncoupled and coupled models.
Figure 12 shows the deviations in equivalent potential
temperatures at the 200 hPa level and wind velocities at
the 500 hPa level that were simulated using the coupled
and uncoupled models (the uncoupled results subtracted
from the coupled results) for T1109. The typhoon-
induced sea surface cooling effect led to a decrease in
the equivalent potential temperature within the inner
warm core of the typhoon at the 200 hPa level at 36 h
(Figure 12a). This decrease caused anticyclonic circula-
tion anomalies, which helped suppress cyclonic circula-
tion, at the 500 hPa level in the center of the typhoon.
A decrease in the equivalent potential temperature

was also apparent around the rainband on the western
side of the typhoon center after 36 h (data not shown).
In contrast, the equivalent potential temperature at the
200 hPa level at 42 h increased east of the area where
the decrease occurred (Figure 12b). This warming was
accompanied by enhanced cyclonic circulation at the
500 hPa level.
The difference in the equivalent potential temperatures

between the uncoupled and coupled models at 60 h had a
wavenumber-1 asymmetric structure (Figure 12c), indicat-
ing that the difference between the tracks simulated using
the uncoupled and coupled models was significant. The
increases in the equivalent potential temperatures at the
200 hPa level occurred on a mesovortex scale at 42 h, and
the mesovortices coalesced at 60 h, strengthening the cyc-
lonic circulation. This enhanced cyclonic circulation en-
abled the location of the center of the simulated typhoon
to move despite the sea surface cooling that occurred be-
neath the typhoon.
In general, differences between the typhoon tracks

simulated using the uncoupled and coupled models were
small because of the competing processes associated
with the changes in typhoon asymmetry and changes in
the beta drift, which is a drift attributed to the back-
ground potential vorticity represented by the meridional
gradient of the Coriolis parameter β, caused by ocean
coupling under relatively weak background flow (Bender
et al. 1993; Wu et al. 2005). Figure 13a shows the depth-
weighted steering flows for T1106, T1109, T1215, T1221L,
and T1221H simulated using the coupled model. The
depth-weighted steering flow was calculated as a mass-
weighted average every 3 h using the winds and geopoten-
tial heights at pressure levels between 300 and 850 hPa
from the center of the typhoon to a radius of 400 km. The
easterly steering flow was dominant in all of the typhoons
except for T1109. However, the direction of the steering
flow was southwesterly for T1109, and the magnitude
of the steering flow was relatively small. The impact of
ocean coupling on the depth-weighted steering flow was
not negligible for T1109 because the magnitude of the
zonal depth-weighted steering flow was less than 2 m s−1

(Figure 13b). The magnitude of the zonal depth-weighted
steering flow for T1109 was quite different from that
for T1215. Therefore, the weakening of both the typhoon
intensity and the outer wind speeds caused the steering
flow to change toward the northeast. In other words, more
westward tracks simulated using the uncoupled model
after 48 h may have been caused by northwestward beta



Figure 12 Differences in equivalent potential temperatures and
wind simulated using uncoupled and coupled models.
Differences in the 200 hPa equivalent potential temperatures (color
shading) and 500 hPa wind (vectors) simulated using the uncoupled
and coupled models (uncoupled results subtracted from the
coupled results) for T1109 at (a) 36 h, (b) 42 h, and (c) 60 h.
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drift under a relatively strong vortex and weak zonal
basic flow. If the rapid intensification of T1109 had
been successfully simulated the simulated track would
have had a more northwestward bias. However, the lar-
ger amount of typhoon-induced sea surface cooling
(see Table 3) would have changed the bias from north-
westward to northeastward. This suggests that ocean
coupling has the potential to improve track predictions
under relatively weak basic flow.

Simulated sea surface cooling and latent heat fluxes
From the viewpoint of dynamics, sea surface cooling be-
neath a typhoon plays an essential role in delaying the
merger of mesovortices within the inner core (Wada
2009). From the viewpoint of thermodynamics, typhoon-
induced sea surface cooling leads to decreases in the la-
tent heat fluxes from the ocean to the atmosphere. In
this subsection, we will assess how typhoon-induced sea
surface cooling affects the typhoon from the viewpoints
of both dynamics and thermodynamics. Because latent
heat fluxes are much higher than sensible heat fluxes
over the ocean, we will focus on latent heat fluxes within
the inner core of a typhoon, the inner core being defined
as the region from the center of the typhoon to a radius
of 200 km.
We will consider the axisymmetrical mean profiles of

the sea surface temperature and the latent heat flux
within the inner core at 24, 48, and 72 h, because the
axisymmetric sea surface cooling effect during the in-
tensification phase plays a decisive role in weakening the
typhoon intensity, despite its relatively small magnitude
compared with the asymmetric component of sea sur-
face cooling after the passage of the typhoon (Wu et al.
2005). The three integration times we will use corres-
pond to the intensification or mature phases of the ty-
phoons we studied, except for T1221, which was
transitioning from the mature phase to the decaying
phase at 72 h. The bin sizes used when calculating the
axisymmetrical mean values were 4 km for T1106, T1109,
and T1215, and 6 km for T1221L and T1221H.
Tables 4 and 5 show the maximum values of the axi-

symmetrical mean latent heat fluxes calculated using the
uncoupled and coupled models, and the maximum sea
surface cooling derived from the deviations in the axi-
symmetrical mean sea surface temperatures between the
uncoupled and coupled models at 24, 48, and 72 h for
T1106, T1109, T1215, T1221L, and T1221H. The latent



a
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Figure 13 Scatter diagrams of the depth weighted mean steering flows. (a) Simulated using the coupled model for T1106 (open
diamonds), T1109 (close circles), T1215 (open triangles), T1221L (crosses), and T1221H (asterisks). (b) Simulated using the uncoupled model (open
marks) and coupled model (closed marks) for T1109 (circles) and T1215 (triangles). Positive values in the azimuthal axis indicate westerly steering
flows, and positive values in the vertical axis indicate southerly steering flows.
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heat fluxes calculated using the uncoupled model ranged
from 275.1 W m−2 (for T1221L at 24 h) to 713.4 W m−2

(for T1215 at 48 h), whereas the latent heat fluxes calcu-
lated using the coupled model ranged from 209.4 W m−2

(for T1221L at 24 h) to 484.1 W m−2 (for T1215 at 72 h).
The ratio of the latent heat flux calculated using the
coupled model to the latent heat flux calculated using the
uncoupled model ranged from 0.53 to 0.76. This implies
that the latent heat fluxes were decreased by 24% to 47%
due to ocean coupling, including the typhoon-induced sea
surface cooling effect. Interestingly, the ratio decreased as
the maximum sea surface cooling increased. For example,
the highest maximum sea surface cooling effect was 1.8°C
for T1109 at 48 h; however, the ratio for T1109 (0.53) at
that time was the lowest of the typhoons that were studied
(Tables 4 and 5), which means that latent heat flux was
decreased by 47%. The ratio tended to be relatively high
during the intensification phase (e.g., 0.76 at 24 h for
T1221L that is a decrease of only 24%), when the sea sur-
face cooling effect was relatively small (0.5°C at 24 h for
T1221L).
At 48 h, when the sea surface cooling effect for T1109

was at its greatest (Tables 4 and 5), the maximum sea
surface cooling effect tended to occur where the axisym-
metrical mean sea surface temperature from the center
of the typhoon to a radius of 200 km was at its lowest
(Figure 14a). Moreover, the radial profile of the standard
deviation of the axisymmetrical mean sea surface
temperature indicated that the response of the sea sur-
face temperature was asymmetrical outward along the



Table 4 Axisymmetrical mean latent heat fluxes and sea surface cooling effects for T1106 and T1109

Integration
time

T1106 T1109

Latent heat flux
(uncoupled; W m−2)

Latent heat flux
(coupled; W m−2)

Sea surface
cooling (°C)

Latent heat flux
(uncoupled W m−2)

Latent heat flux
(coupled; W m−2)

Sea surface
cooling (°C)

24 h 451.9 324.2 1.0 331.1 227.5 1.0

(Ratio) 0.72 0.69

48 h 459.0 266.8 1.5 569.9 303.3 1.8

(Ratio) 0.58 0.53

72 h 566.4 388.3 1.2 492.9 260.6 1.6

(Ratio) 0.69 0.53
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radius of the maximum sea surface cooling effect. This
is consistent with the asymmetry (rightward bias) seen
in the oceanic response to typhoons in the Northern
Hemisphere. In contrast, the radial profile of the stand-
ard deviation of the axisymmetrical mean latent heat
flux hardly showed any asymmetry (Figure 14b) because
the primary circulation of a typhoon is axisymmetric.
The decrease in the wind speed within the inner core
also played an essential role in decreasing the latent heat
flux within the inner core.
We will now assess the impact of a decrease in the la-

tent heat flux on the structure of the inner core of
Figure 14 Axisymmetrical mean profiles. Sea surface temperature
(a) and latent heat flux (b), with standard deviations, for T1109 at
48 h. Closed circles with solid lines indicate the results simulated
using the uncoupled model and open circles with dashed lines
indicate the results simulated using the coupled model.
T1109, focusing on the lower troposphere, from the sur-
face to 3,000 m. Changes in the latent heat flux within
the inner core led to changes in the axisymmetrical
mean equivalent potential temperature, the specific
humidity, and the radial wind velocity. The vertical
structure of the axisymmetrical mean equivalent poten-
tial temperature for T1109 showed a relatively high
temperature around the center, which was a sharp hori-
zontal temperature gradient around a radius of 50 km
from the center above 1,000 m at 48 h (Figure 15a). The
vertical structure of the axisymmetrical mean specific
humidity showed that the specific humidity was highest
around the center of the typhoon below 1,250 m,
whereas it was highest at approximately 50 km from
1,250 to 3,000 m (Figure 15a). Below 1,250 m, the radial
inflow was dominant from the surface to approximately
750 m, indicating the existence of an inflow boundary
layer (Barnes and Powell 1995; Kepert and Wang 2001).
The standard deviations were relatively low within the
inflow boundary layer (Figure 15). This indicates that
the primary circulation was axisymmetrically dominant
in that area.
A decrease in the latent heat flux at 48 h led to a de-

crease in the axisymmetrical mean equivalent potential
temperature around the center of the typhoon, weaken-
ing the horizontal gradient around a radius of 50 km
from the center and slightly shifting outward the area
wherein the standard deviation of the temperature was
high (Figure 15c). The decrease caused by sea surface
cooling led to a decrease in the specific humidity,
particularly around a radius of 50 km in the inflow
boundary layer (Figure 15d). In fact, the radial inflow
simulated using the coupled model (Figure 15d) was
much weaker than the radial inflow simulated using the
uncoupled model (Figure 15b). This suggests that sec-
ondary circulation within the inner core of the simulated
T1109 was weakened by a decrease in the latent heat
flux caused by sea surface cooling induced by T1109.
Even though a sophisticated atmosphere-wave-ocean

coupled model was used for the typhoon simulations,
the track (Figure 8) and intensity (Figure 9) simulations



Table 5 Axisymmetrical mean latent heat fluxes and sea surface cooling effects for T1215, T1221L, and T1221H

Integration
time

T1215 T1221L T1221H

Latent
heat flux

(uncoupled;
W m−2)

Latent
heat flux
(coupled;
W m−2)

Sea surface
cooling (°C)

Latent
heat flux

(uncoupled;
W m−2)

Latent
heat flux
(couple;
W m−2)

Sea surface
cooling (°C)

Latent
heat flux

(uncoupled;
W m−2)

Latent
heat flux
(coupled;
W m−2)

Sea surface
cooling (°C)

24 h 596.3 402.5 1.3 275.1 209.4 0.5 302.6 219.8 0.6

(Ratio) 0.67 0.76 0.73

48 h 713.4 415.3 1.7 401.1 283.2 1.0 409.9 245.4 1.0

(Ratio) 0.57 0.71 0.60

72 h 690.1 484.1 1.0 395.3 213.6 1.5 409.9 247.6 1.4

(Ratio) 0.67 0.54 0.60
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were not necessarily improved. In particular, rapid in-
tensification in T1109 and T1215 was not successfully
simulated even when the horizontal resolution was
2 km. Much higher enthalpy fluxes from the ocean to
the atmosphere could be realized in the coupled model
by introducing sea spray parameters (e.g., Bao et al.
Figure 15 Axisymmetrical mean vertical profiles. (a) Equivalent potenti
(b) specific humidity (solid contours) with the standard deviation (shaded)
model, (c) equivalent potential temperature (solid contours) with the stand
the standard deviation (shaded) and radial inflow (dashed contours) simula
2000), for example. Not only fine horizontal resolution
but also improvements in the atmospheric physics used
in the atmosphere model will be required to improve
the typhoon predictions. In addition, uncertainties still
remain in the initial and lateral boundary conditions in
the atmosphere and ocean in the typhoon simulations.
al temperature (solid contours) with the standard deviation (shaded),
and radial inflow (dashed contours) simulated using the uncoupled
ard deviation (shaded), and (d) specific humidity (solid contours) with
ted using the coupled model.



Wada et al. Progress in Earth and Planetary Science 2014, 1:11 Page 23 of 25
http://www.progearthplanetsci.com/content/1/1/11
Solving these modeling problems will help clarify the
mechanism involved in typhoon-induced sea surface
cooling.

Conclusions
Daily observations using three profiling floats deployed
around 20°N, 22°N, and 24°N along the 137°E meridian
by the R/V Keifu Maru captured typhoon-induced sea
surface cooling measurements during the 2011 and 2012
typhoon seasons. In this study, we investigated the cha-
racteristics of sea surface cooling effects from the view-
point of different positions relative to the centers of the
typhoons and different times through the passage of the
typhoons, although sea surface cooling was partly attri-
buted to pre-existing oceanic conditions and precipi-
tation accompanying the typhoons. The impacts of sea
surface cooling on typhoon simulations using the
atmosphere-wave-ocean coupled model were assessed,
focusing on the tracking and intensities of the typhoons,
decreases in latent heat fluxes within the inner cores of
simulated typhoons accompanying simulated sea surface
cooling, and structural changes in the inner cores. The
main conclusions are given below:

1. The oceanic response to a typhoon was examined
according to the position of the float relative to the
best-track typhoon center. Even though the oceanic
response was affected by pre-existing oceanic
conditions, precipitation accompanying the typhoon,
the typhoon intensity, and the translation speed, the
oceanic response clearly differed depending on the
relative position studied. Upwelling was found to be
dominant in the vicinity of the typhoon center, and
the water temperature decreased from the surface to
200-m deep after the passage of a typhoon. Vertical
turbulent mixing led to warming in the seasonal
thermocline on the right-hand side of the typhoon
track at a distance of 100 km or more from the
typhoon center, whereas the oceanic response
caused by vertical turbulent mixing was relatively
weak on the left-hand side. Changes in the observed
salinity profiles clearly differed from the changes in
observed temperature profiles near the surface both
before and after the passage of a typhoon in the
vicinity of the center of the typhoon and on the
right-hand side. This was found to be caused by
stratification caused by the precipitation that
accompanies typhoons and upwelled saline water in
the seasonal thermocline. Deepening of the mixed
layer caused by vertical turbulent mixing was clearly
apparent in the temperature and salinity profiles
during the passage of a typhoon.

2. Numerical simulations of typhoons Ma-on (T1106),
Muifa (T1109), Bolaven (T1215), and Prapiroon
(T1221) showed that typhoon-induced sea surface
cooling significantly affected the extent to which
simulated central pressures increased during the
intensification and mature phases of the typhoons.
Sea surface cooling also affected the track simulation
of T1109 under weak basic flow because the weakened
typhoon intensity altered the beta effect and changed
the depth-weighted steering flows. Sea surface cooling
beneath a typhoon led to axisymmetrical decreases in
the latent heat fluxes of 24% (in the intensification
phase, with sea surface cooling of less than 1°C) to
47% (in the mature phase, with sea surface cooling of
more than 1°C). The decreases in the latent heat
fluxes led to changes in the inner core structure of
T1109, particularly in the inflow boundary layer and
around the eye and eyewall, through changes in
secondary circulation.
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