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[1] An atmosphere-ocean mixed layer coupled model is developed to predict the diurnal
variability of sea surface temperature (SST). For this purpose, a new mixed layer model is
developed, which is able to reproduce realistic temperature profiles under the various
atmospheric conditions, ranging from the formation of a diurnal thermocline under strong
wind to the appearance of strong near surface stratification under weak wind. The
predicted diurnal warming of SST (ASST) from the model is compared with satellite and
buoy data in various aspects, including scatterplots, time series, and probability density
functions of ASST, in order to examine the predictability. The model performance is
also compared with other model results. In addition the diurnal variation of temperature
profiles below the sea surface, whose information is not available from satellite data, is

investigated based on model output.

Citation: Noh, Y., E. Lee, D.-H. Kim, S.-Y. Hong, M.-J. Kim, and M.-L. Ou (2011), Prediction of the diurnal warming of sea
surface temperature using an atmosphere-ocean mixed layer coupled model, J. Geophys. Res., 116, C11023,

doi:10.1029/2011JC006970.

1. Introduction

[2] The diurnal variation of sea surface temperature
(SST), caused by insolation, is a key process controlling air-
sea interaction. The diurnal warming of SST, ASST, is
usually less than 1 K, but often reaches a few degrees under
the conditions of weak wind and strong insolation, as the
downward heat transport from the sea surface is suppressed
in the absence of turbulent mixing. Sometimes it exceeds
5 Kunder extreme conditions [Flament et al., 1994; Merchant
et al., 2008].

[3] Currently, most numerical weather predictions (NWP)
are calculated based on the daily mean SST without con-
sidering the diurnal variation of SST. It has been reported,
however, that its diurnal warming can increase the surface
heat flux by the order of 10 W m ? [Fairall et al., 1996],
and thus influences the atmospheric variability from diurnal
to intraseasonal time scale [see, e.g., Kawai and Wada,
2007; Webster et al., 1996]. Accordingly, several research-
ers have suggested that the inclusion of the diurnal variation
of SST is important in NWP to reproduce the proper
atmosphere-ocean coupled dynamics [Dai and Trenberth,
2004; Shinoda, 2005; Bernie et al., 2005; Woolnough et al.,
2007; Bellenger et al., 2010]. Furthermore, the informa-
tion on the diurnal variability of SST is essential to merge
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satellite-derived SSTs, which are measured at different local
times of the day [Donlon et al., 2007].

[4] The observation of the diurnal warming of SST has
been carried out by in situ or satellite measurements
[Stommel et al., 1969; Cornillon and Stramma, 1985; Price
et al., 1986; Webster et al., 1996; Stuart-Menteth and
Robinson, 2003; Clayson and Weitlich, 2007; Gentemann
et al., 2008]. Although satellite measurements have an
advantage of providing information on the SST over the
global scale, unlike in situ measurements, they still have
many limitations. For example, information is not available
either under the cloudy condition (e.g., satellites with
infrared sensors), or for the diurnal variation (e.g., polar
orbiting satellites). Furthermore, they cannot provide infor-
mation of subsurface temperature profiles.

[5] The prediction of ASST has been attempted by using
mixed layer models which predict temperature profiles by
calculating vertical heat transport [Kawai and Kawamura,
2000; Clayson and Chen, 2002; Zeng and Beljaars, 2005;
Pimentel et al., 2008; Takaya et al., 2010], bulk models
which consider the total heat content of the warming layer
[Price et al., 1986; Fairall et al., 1996, Gentemann et al.,
2009], and regression models based on the daily mean or
peak values of atmospheric forcing [Webster et al., 1996;
Kawai and Kawamura, 2002, 2003; Gentemann et al.,
2003; Clayson and Weitlich, 2007].

[6] Traditionally, the prediction of ASST has been
examined for a particular location, while comparing with in
situ measurement data. However, satellite data allows us to
examine the prediction of ASST over large regions now
[Stuart-Menteth and Robinson, 2003; Tanahashi et al.,
2003; Gentemann et al., 2003; Zeng and Beljaars, 2005;
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Figure 1. Examples of temperature 7 and strain fluctuation
dw'/dz profiles under different wind conditions observed
in the North Atlantic near 46°N, 20°W in June, 1998.
(@) Uig=83ms ', Hy=42Wm 2 (b) Usg=62ms ',
Ho=103Wm? (c) Uig=33ms ', Hy=100 W m >
U, is the wind speed at 18 m height, and different temper-
ature scales are used in each figure. From Soloviev and
Lukas [2006] with kind permission from Springer Sciencet+
Business Media B.V.

Kawai and Kawamura, 2005; Pimentel et al., 2008; Takaya
et al., 2010]. For the prediction of ASST, the atmospheric
forcing for the model was provided either by satellite data or
by NWP model results calculated beforehand based on the
daily mean SST. In these cases the atmospheric forcing
data are available only at a certain time interval; for example,
6 h by Pimentel et al. [2008]. No attempt has been made as
yet to predict ASST over large regions using an atmosphere-
ocean mixed layer coupled model.

[7] Atmosphere-ocean mixed layer coupled models realize
the interaction between the atmosphere and the upper ocean
effectively, when the heat transport by ocean circulation is
negligible as in the case of the diurnal variation of SST. A
coupled model can provide continuous information of SST
and temperature profiles, regardless of the cloud condition,
and thus contributing to complement satellite data. Coupled
models can also contribute to improve the performance of the
NWP model by realizing more realistic air-sea interaction.

[8] There have been several previous attempts to develop
atmosphere-ocean mixed layer coupled models [Price et al.,
1994; Haarsma et al., 2005; Woolnough et al., 2007; Davis
et al., 2008; Duan et al., 2008; Lebeaupin Brossier and
Drobinski, 2009]. The purpose of coupling has been mainly
to improve the prediction of hurricanes or the Madden-Julian
Oscillation, however, rather than to predict the diurnal vari-
ability of SST.

[s] In the ocean mixed layer, strong turbulence usually
exists near the sea surface as a result of wave breaking. As a
result, in response to surface heating, a diurnal thermocline
is formed at a certain depth while a well mixed layer is
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maintained near the surface [Delnore, 1972; Stommel et al.,
1969; Brainerd and Gregg, 1993; Noh, 1996; Noh et al.,
2009]. However, under conditions of very weak wind,
wave breaking cannot occur any more, and the downward
heat transport from the surface is suppressed in the absence
of turbulence. As a result, a strong temperature gradient
appears near the surface responding to surface heating. In
this case there appears a significant difference between the
temperature at the sea surface, measured by a satellite, and
the temperature at 1 m depth, measured by ships and buoys.
For example, Figures 1b and lc, obtained by Soloviev and
Lukas [2006], show temperature profiles corresponding to
former and latter cases, respectively. Similar contrasting
profiles are also found by Soloviev and Lukas [1997],
Donlon et al. [2002], and Gentemann et al. [2009].

[10] The latter case is particularly important in the pre-
diction of ASST, because it corresponds to the case where
the largest ASST appears. Therefore, in order to predict
ASST properly, it is essential for the mixed layer model to
reproduce realistic temperature profiles under surface heat-
ing in the case of weak wind as well as of strong wind.

[11] Section 2 describes the atmosphere-ocean mixed
layer coupled model. Here a new ocean mixed layer model
is developed to predict the diurnal variation of SST
properly. Section 3 describes satellite data. The perfor-
mance of a new mixed layer model is examined under
idealized surface heating in section 4.1. The predicted
ASST from the coupled model is described in section 4.2,
and verified in comparison with satellite and buoy data and
other model results in section 4.3. Finally, the distribution
of temperature below the surface is presented from model
output in section 4.4.

2. Model and Simulation

2.1. Atmospheric Model

[12] The Weather Research and Forecasting (WRF) model
version 3.1 is used for the atmosphere model [Skamarock
et al., 2008]. The model has 25 km horizontal resolution
and 31 vertical levels. The domain covers East Asia (110—
150°E, 11-61°N). Initial and lateral conditions are given by
the National Center for Environmental Prediction (NCEP)
reanalysis data [Kalnay et al., 1996]. Exchange of fluxes at
the sea surface between the atmosphere and ocean mixed
layer model is carried out every 120 s.

[13] The microphysical scheme uses the WRF Single-
Moment 3-class scheme [Hong et al., 2004]. Convection is
parameterized by the new Kain-Fritsch convective scheme
[Kain, 2004], and the turbulence scheme is the Yonsei
University (YSU) planetary boundary layer scheme [Noh
et al., 2003]. The radiative scheme is the Rapid Radiative
Transfer Model (RRTM) [Mlawer et al., 1997] for the long
wave flux and the Dudhia parameterization [Dudhia, 1989]
for the short wave flux.

2.2. Ocean Mixed Layer Model

[14] The new ocean mixed layer model is based on the
Noh model, which reproduces well the realistic upper ocean
structure [e.g., Noh and Kim, 1999; Noh et al., 2002, 2005;
Hasumi and Emori, 2004; Duan et al., 2008; Rascle and
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Figure 2. Evolutions of temperature profiles after the onset of surface heating: (a, b) the old model and
(c, d) the new model. (A¢ = 1 h) and variations of ASST (SST(¢) — SST(0)) with time. (e, f) Red lines
represent the new model, blue lines represent the old model, and black lines represent the model by
Fairall et al. [1996] (F96). Surface heat flux H is given by H = Hy[1 — cos(27t/T)] with Hy = 350 W m >
and 7= 12 h. In Figures 2a, 2c, and 2e, U=2 m s . In Figures 2b, 2d, and 2f, U=8 m s

Ardhuin, 2009] and shows a good agreement with large
eddy simulation (LES) results [No# et al., 2004, 2009, 2010,
2011]. The model is a turbulence closure model using eddy
diffusivity and viscosity, similar to the Mellor-Yamada
model [Mellor and Yamada, 1982], but reproduces a uni-
form mixed layer, consistent with bulk models [e.g., Niiler
and Kraus, 1977], by taking into account the effects of
wave breaking and Langmuir circulation.

[15] In the model the eddy viscosity and diffusivity are
calculated by

Ky = Spql (1)

Kh = Shql, (2)

using the velocity scale ¢ and length scale / of turbulence,
respectively. Here S, and S, are empirical constants, and / is
prescribed by

1 1 1

7:ﬁ(z+zo)+Z’

3)

where zj is the roughness length scale at the sea surface
(z=0m),  is the von Karman constant, and #4 is the mixed
layer depth. In order to calculate ¢, turbulent kinetic energy
(TKE) equation is solved.

[16] At the surface the TKE flux F and the length scale z,
are given by F = mu3 with m = 100, and zy = 1 m, following
Craig and Banner’s [1994] analysis of the observed near
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Figure 3. (left) Variations of ASST with U. Red lines show Hy, = 350 W m > and blue lines show
Hy =200 W m 2. (right) Variations of ASST with Hy. Red lines show U =2 m s ' and blue lines
show U =8 m s '. (a, b) Bulk SST from the old model (dashed line), bulk ASST from the new
model (thin line), skin ASST from the new model (thick line). (c, d) Skin ASST from the new model

(solid line) and F96 (dashed line).

surface turbulence structure affected by wave breaking. Here
u« is the frictional velocity.

[17] Since TKE production is dominated by the TKE flux
within the mixed layer in the presence of Langmuir circu-
lation [Noh et al., 2011], rather than shear production, the
effect of stratification is parameterized in terms of the
Richardson number based on TKE itself, i.e., Rt (= (Nl/g)?),
instead of the conventional Ri (= (NV/S)?); i.e.,

Su/Smo = (1+ aRt)"/2. )

Here N is the Brunt-Viisdld frequency, S is the mean
velocity shear, and S, is the value of §,, in (1) in the
absence of stratification. The relation (4) is confirmed by
LES with the empirical constant o = 50 [Noh et al., 2011].
Similar parameterizations to (4) are also applied to .S, in (2).
For the detailed description of the model, one can refer to
Noh and Kim [1999].

[18] However, this model considers only the case where
the wind stress is sufficiently strong to generate wave
breaking. When the wind stress becomes very weak, wave
breaking cannot occur any more, and the turbulence struc-

ture near the sea surface becomes similar to that near the
solid-wall boundary in which F disappears and z, is much
smaller. Incorporation of this case is necessary to predict
ASST, because it corresponds to the case where the largest
ASST occurs.

[19] In order to allow the transition to the case without
wave breaking, we modify the formulae for F and z, as

F = mu3 [1 — exp{—(Bux/C)"}], (5)

20 = 2o [1 — exp{—(Bux/C)"}], (6)

where C is the characteristic phase velocity of surface
waves, (3 is a proportional constant and Z, is the roughness
length scale under strong wave breaking (Zo = 1 m). Since
wave breaking occurs typically when u/C exceeds a certain
value, where u is the fluid velocity at the surface [Melville,
1996], we assume that the suppression of wave breaking
affects F"and z, through u+/C. We have found that, withn =6
and (3/C = 150, the rapid transition to the case without wave
breaking occurs at u« ~0.003 m's” ', which is consistent with
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Figure 4. Distributions of ASST from the coupled model (June 5, 2008). (a) Bulk ASST and (b) skin

ASST.

the fact that whitecaps generated by wave breaking are
observed to begin at a wind speed of approximately 3 m s
[Melville, 1996].

[20] Another problem in this case is that the vertical
resolution as small as 0.03 m is necessary to reproduce the
large temperature gradient near the surface under the con-
dition of weak wind and strong insolation and to predict skin
SST correctly [e.g., Pimentel et al., 2008]. Such a high
resolution is not desirable in the atmosphere-ocean mixed
layer coupled model, and Az = 1 m is used in the present
model with total 100 vertical levels.

[21] Instead we assume the shape of a temperature profile
in the warm layer, following Zeng and Beljaars [2005,
hereinafter ZB05], as

T(z) = Ty — (z/d)" [Ty — T4], (7)

where Ty is the temperature at the surface (z =0 m) and 7 is
the temperature at z = d. We choose the empirical constants
as d = 2 m, which corresponds to the thickness of the first

120E

130E 140E 150E

two grids. The mean temperatures of the first and second
grid, 77 and 7>, are then given by

() e ®)

_1/—1—1

v(gwﬂm—n> )

From (8) and (9), we can calculate T, by

T =T,

2
Ty=T,————
z v+1

Iy=T + (Th — 1), (10)

1
w2
once T and 7, are calculated from the model. In the present
work we will regard T, and T as the skin and bulk SST,
respectively. According to the detailed definitions of SST
proposed by Donlon et al. [2002], the bulk SST measured at
1-m depth is called as the 1-m depth SST. On the other
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Figure 5. Distributions of atmospheric forcing from the coupled model (June 5, 2008). (a) Peak solar
radiation and (b) daily mean wind speed at z = 10 m (U).
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Figure 6. Comparison of daily mean sea level pressures (June 5, 2008). (a) Model and (b) observation.

hand, the bulk SST in the present work represents the mean
temperature over the top 1 m.

[22] The temperature gradient between the first and second
grid at z = d/2 is calculated by

B Na v+ ) -1
o) T

or
0z

(11)

which is used to calculate the heat flux between the first and
second grid.

[23] Note that (10) and (11) become Ty =T, + 0.5(T; — T5)
and 07/0z = —(T; — T,)/(d/2), if the temperature profile is

50N 1

40N +

30N 1

20N 1

120E 130E 140E 150E

0.0505 1

linear (v = 1). Zeng and Beljaars [2005] suggested v = 0.3
regardless of the atmospheric condition. However, it is more
reasonable to expect that v approaches 1 for stronger wind
stress and weaker surface heat flux. Accordingly we assume
the formula for v as

v =exp(—pud/L), (12)

with the optimized constant as p = 0.02, where L is the
Monin-Obukhov length scale (= «3/Q) and Q is the surface
buoyancy flux. The minimum value of v is set to be 0.3. In
this way we can eliminate the excessive sensitivity of ASST

120E

140E

Figure 7. (a) Vertically integrated cloud and rainwater path (g m %) from the model and (b) corre-

sponding satellite image (1100 LST, June 5, 2008).
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to wind stress by ZB05, which is pointed out by Bellenger
and Duvel [2009] and Takaya et al. [2010]. Furthermore,
(12) helps the new model recover the old model naturally
with increasing L. The effect of cool skin layer is neglected,
because only the case of diurnal heating is considered in the
present work [Ward and Donelan, 2006]. The skin SST T
calculated by (10), is also used to calculate latent and sen-
sible heat fluxes in the coupled model.

[24] For the penetration of solar radiation, the nine-band
model proposed by Paulson and Simpson [1981] and
Soloviev and Schliissel [1996] with Jerlov’s water type II are
used. The contribution from horizontal advection is
neglected in the present model, because the present work
focuses only on the diurnal variation on a relatively calm
day; i.e., no hurricane.

[25] The initial condition of SST is given by the NCEP
Final Analysis (FNL) data at 1800 GMT (0300 LST). The
initial temperature profile is assumed to be uniform
throughout the whole depth of the model (100 m). Salinity is
assumed to be uniform throughout the whole depth with the
climatological sea surface salinity from the FNL data, too.
Note that the evolution of temperature profiles within the
mixed layer responding to surface heating is not affected
by the stratification below the mixed layer depth in the
morning. The start of the model at 1800 GMT (0300 LST)
helps to spin up the ocean until sunrise, while temperature
profile remains uniform. Integration is carried out for each
day during the period June 4-14, 2008. This period is
chosen because of relatively calm weather and strong
insolation before the start of monsoon season in this region.

3. Satellite and Buoy Data

[26] The SST data from Multifunctional Transport Satellite
(MTSAT) - 1R are used for the comparison with model
results in this study. MTSAT-1R is a Japanese geostationary
satellite, which has been in operation since 2005 and
flying 140°E and altitude of 35,800 km above the equator
(http://mscweb.kishou.go.jp/general/activities/gms/index/htm).
It provides visible/infrared imaginary for full disk coverage
(60°N-60°S, 80°E—-60°W), which covers East Asia and the
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western Pacific, with an hourly rate, and for the half hemi-
sphere, every 30 min. The spatial resolution of satellite data
is 4 km in the infrared channels at nadir. The satellite data is
processed using the multichannel sea surface temperature
(MCSST) method [McClain et al., 1985] to estimate SST.
For cloud detection, the algorithm using dynamic thresholds
by Dybbroe et al. [2005] is applied.

[27] The drifting buoy SST data available from the Global
Telecommunications Service (GTS) by the Data Buoy
Cooperation Panel (DBCP) of the World Meteorological
Organization (WMO) are used for the comparison with
model results (http://www.jcommops.org/dbcp/data/access.
html). The SST data were measured at about 1 m with the
irregular sampling period. The match-up of MTSAT-1R
SST data with buoy data results in root-mean square error
(RMSE) 0.75 K and bias 0.14 K in the East Asian Region
[National Institute of Meteorological Research, 2009].

4. Results

4.1. Response of the Mixed Layer Model to Idealized
Surface Heating

[28] In section 2, the modification of the mixed layer
model is described, which is aimed to reproduce strong
stratification near the surface under weak wind and strong
insolation. Figures 2a—2d compare the evolutions of tem-
perature profiles under diurnally varying surface heating
H = Hy[1 — cos2nt/T)] with Hy=350 Wm *and 7= 12 h
from the old and new mixed layer models, for the strong
and weak wind speed (U=2 and 8 m s "). In the present paper
U represents the wind speed at z= 10 m, and is related to u« via
the empirical formula by Smith [1988]. In the new model
temperature profiles are extended to z = 0 m, including 7.

[20] When the wind is strong (U = 8 m s '), a diurnal
thermocline is formed at a certain depth with time, while a
well mixed layer is maintained near the surface, in both old
and new models, similarly to the case of Figure 1b. It is
also in agreement with observation data [Brainerd and
Gregg, 1993; Noh and Kim, 1999] and LES results [Noh
et al.,, 2009]. On the other hand, when the wind is weak
(U=2ms "), the strong temperature gradient, and conse-
quently higher ASST, appears near the surface in the new
model, similarly to Figure lc, whereas a well mixed layer is
still maintained in the old model. Meanwhile, it is interesting
to observe the increase of the mixed layer depth and the
decrease of SST in the afternoon, following the weakened
surface heat flux, in Figure 2, consistent with observations
by Price et al. [1986], Soloviev and Lukas [2006], and
Gentemann et al. [2009]. Note that temperature profiles at
¢t =12 h in Figures 2a and 2b (blue lines) show the deeper
mixed layer depth than those at the time of peak solar
radiation (red lines). The afternoon deepening is more
significant for stronger wind.

[30] The increases of SST since the onset of surface
heating ASST (= SST(¢) — SST(0)) for the corresponding
cases are shown in Figures 2e and 2f. Predictions from the
bulk model by Fairall et al. [1996, hereinafter F96] are also
included. Here SST is defined by 7 in the new model and
by 7 in the old model. Note that the mixed layer deepening
in the afternoon causes SST to decrease in the later stage.
In the new model the maximum SST appears earlier for
U=2ms ' by about an hour, reflecting that the response to
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Figure 9. Distributions of ASST (contours of 1.0 K from the coupled model, shown in Figure 4, are
overlapped for comparison; letters in Figure 9c represent the locations used for analysis in Figures 13
and 14). (a) Bulk ASST from KKO03, (b) skin ASST from F96, and (c¢) skin ASST from satellite data

(June 5, 2008).

the variation of surface heat flux is faster, when the affected
thickness is shallower. On the other hand, the time with the
maximum SST remains invariant which is discussed by F96.
The maximum ASST, i.e., ASST, from F96 is lower than
ASST from the new model, although it is higher than ASST
from the old model at U =2 m s . The underestimation of
ASST by F96 is also reported in the previous work
[Gentemann et al., 2009]. Furthermore, Figures 2e and 2f
reveal that the increase of SST found by F96 slows down
in the later stage (¢ > 6 h), although it is comparable to the
present model results in the initial stage (¢ < 4 h).

[31] By using the accumulated heat and momentum fluxes
at the surface since the onset of surface heating, [H] and
[43], F96 evaluates ASST as

2[H]

ASST =
PCpdyy

; (13)

based on the assumption of linear temperature and velocity
profiles up to the depth of a warm layer d,,. For the evalu-
ation of d,,, the bulk Richardson number Ri (= d,,gaAT/
(Au)?) is assumed to be constant following Price et al.
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data.

[1986], where AT and Au are the differences of temperature
and velocity between the surface and z = d,,, « is the thermal
expansion coefficient, and g is the gravitational acceleration.
It leads to

2
dy, = <2Ricpcp)l/2 [u,,:} 7 (14)
g [H]'?
and Ri, = 0.65 is used for the critical value of Ri.
[32] Equation (14) implies that d,, grows with "2, if H
and u« are constant, which is equivalent to constant eddy
diffusivity. Generation of stratification under surface heating
suppresses eddy diffusivity, and consequently the down-
ward heat transport, however. As a result, the depth of a
warm layer may not increase significantly with time, which
is also expected from Figures 2a—2d. Note in particular that
the depth of a diurnal thermocline is usually expected to
remain invariant with time, for constant A and u=, at a depth
determined by the Monin-Obukhov length scale L [Niiler
and Kraus, 1977; Noh, 1996]. The overestimated increas-
ing rate of d,, by F96 may cause smaller ASST in the later
stage, as shown in Figures 2e and 2f. The underestimation of
ASST can be also caused by the stronger temperature var-
iation near the sea surface than is expected by the linear
temperature profile assumed by F96, as suggested by Zeng
and Beljaars [2005] and Gentemann et al. [2009].
[33] Figure 3 compares the variations of the amplitude
of ASST with varying U and H,, when H is given by

H = Hy[1 — cos(2nt/T)]. Dashed lines represent the bulk
ASST from the old model, and thin and thick solid lines
represent the bulk and skin ASST from the new model. In
the new model, the difference between skin and bulk ASST
appears at U <3 —4 ms ', and it can be as large as 4 K,
when U=1m s ! and Hy = 350 W m 2. The estimation
from F96 is generally lower than from the new model, but it
becomes equivalent at U = 1 m s '. Meanwhile, the skin
ASST from the present model is still lower than the pre-
diction from ZBO05 at the range of larger U (U >3 m s '),
where ZB05 is known to overestimate ASST substantially;
for example, ASST from ZB05 at H = 350 W m > and
U=4ms'isabout 1.8 K [Bellenger and Duvel, 2009,
Figure 7].

4.2. Distribution of ASST Simulated
From the Coupled Model

[34] Figure 4 shows the distribution of bulk and skin
ASST on June 5th, 2008, simulated by the coupled model.

Table 1. RMSE, Bias, and Correlation Coefficient R of ASST
Between Model Output and Other Sources

ASST RMSE (K)  Bias (K) R
model versus KKO03 (bulk) 0.19 -0.10 0.84
model versus F96 (skin) 0.55 0.27 0.60
model versus buoy data (bulk) 0.45 0.07 0.31
model versus satellite data (skin) 0.72 0.18 0.05
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Figure 11. Probability density functions of ASST (model
data are sampled only in the region where buoy data are
available). (a) Bulk ASST from the model and (b) bulk
ASST from buoy data.

Here ASST is defined by the difference of SST at 0900 LST
and 1500 LST. The patterns of bulk and skin ASST are
similar to each other, except that the skin ASST is higher
than the bulk ASST, when ASST is very large (bulk
ASST > 1 K). The corresponding daily peak solar radiation
and daily mean wind fields are shown in Figure 5.

[35] The region with larger bulk and skin ASST generally
corresponds to the region where the daily mean wind is
smaller than 3 m s ', such as in the Pacific Ocean south of
25°N, the East China Sea, and the Sea of Okhotsk. The close
correlation with the wind field reflects the fact that insola-
tion is usually stronger in the region of weak wind. How-
ever, in some regions, as in the south of Korea, wind is
strong in spite of strong insolation, and ASST remains low.

[36] Figures 6 and 7 show that the model reproduces well
the observed daily mean sea level pressure (SLP) and cloud
fraction at 1100 LST. Here the daily mean values are
obtained over the same time period as the model. For
observation data, the NCEP Final Analysis (FNL) data is
used for SLP, and the satellite image from MODIS level 1
and 2 data is used for cloud fraction (http://ladsweb.nascom.
nasa.gov/browse images/I2_browser.html). It implies that
the general feature of the atmospheric forcing is equivalent
to the observed one. It should be also mentioned that the
predictability is improved slightly by coupling to the mixed
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layer model, compared to the atmosphere only model,
although the difference is rather insignificant in the present
case (not shown).

[37] Another interesting aspect of diurnal variation of SST
is the timing of the peak SST. The probability density
function, which is obtained from the data over the whole
period (June 4—14, 2008), reveals that the peak temperature
appears most frequently at 1500 LST, but there exists a large
variation (Figure 8). The daily maximum SST appears
during 1400-1600 LST in only 55.2% cases. It is consistent
with the suggestion by Koizumi [1956] data that the peak
temperature occurs around 1500 LST in summer and it
occurs around 1300 LST in winter, which is confirmed from
other in situ measurements too [Kawamura et al., 2008;
Gentemann and Minnett, 2008].

4.3. Comparison of ASST From the Regression Model
and Satellite Data

[38] Kawai and Kawamura [2003, hereinafter KKO03]
suggested a regression model to evaluate the 1-m-depth
ASST, as

ASST = a(MS + H; + ¢)* + b[In(U)] + ¢(MS + H, + ¢)*[In(U)] +d
(15)

where MS, H,, and U are the daily mean values of solar
radiation, latent heat flux (upward is negative), and wind
speed at z = 10 m, respectively, and a, b, ¢, d, and e are
constants. They compared the ASST predicted from (15)
with buoy data in the western Pacific, and concluded that,
apart from a marginal sea, the model estimation has RMSE
0of 0.2-0.3 K, and bias less than 0.1 K. They also argued that
buoy data are affected by artificial mixing induced by the
buoy hull moving from the sea surface to this depth. It
implies that ASST predicted by (15) may actually represent
the ASST mixed over Az =1 m. We compare ASST from
KKO03 with the bulk ASST based on 7} from the present
model. Figure 9a shows the distribution of the bulk ASST
calculated from (15), using the coupled model results for the
atmospheric forcing. The distribution pattern and magnitude
of ASST are similar to model results, shown in Figure 4a.

[39] The distribution of the skin ASST from F96, which is
also obtained using the coupled model results for the
atmospheric forcing, shows the similar pattern to Figure 4b,
too. However, ASST tends to be smaller in most regions,
except in the region with small U in the Pacific Ocean south
of 25°N. The starting time of accumulation of heat and
momentum fluxes was set to be 0600 LST, as found by
Gentemann et al. [2009].

[40] Data are not available in the region covered with
cloud in the distribution of the skin ASST obtained from
satellite data (Figure 9c). Data with negative ASST are also
eliminated, because the integrated surface heat flux during
the period is always positive. Note that the daily mean SST
obtained by some satellite measurements, including those
used here, represents the bulk SST, because algorithms in
these cases are tuned by using buoy-observed SST, but its
diurnal variation represents the skin SST [Stuart-Menteth
and Robinson, 2003; Kawai and Kawamura, 2005]. The
distribution of ASST from satellite data shows that the
pattern is consistent with the model result, although large
area is covered with cloud.
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Figure 12. Probability density functions of ASST (model data are sampled only in the region where
satellite data are available). (a) Bulk ASST from the model, (b) skin ASST from the model, (¢) skin
ASST from F96, and (d) skin ASST from satellite data.

[41] Figure 10 shows scatterplots which compare the bulk
ASST from the coupled model with those from KKO03
(Figure 10a) and buoy data (Figure 10c), and the skin
ASST with those from F96 (Figure 10b) and satellite data
(Figure 10d). For scatterplots the values of ASST averaged
over 1° x 1° grid cells are used, and the whole 11 day data
are used. Here, the bulk ASST from buoy data is obtained
by the difference of the minimum SST during 7-10 LST and
the maximum SST during 13—16 LST. Only 20-50 buoy
data exist within these time spans per day.

[42] A good agreement is found between the bulk ASSTs
from the coupled model and KKO3. It suggests that the
present mixed layer model can predict the bulk ASST rea-
sonably, as long as the atmospheric forcing is accurate. On
the other hand, the skin ASST obtained from F96 tends to
be smaller than from the coupled model, as expected from
Figures 2 and 3. Large scatter at larger ASST in Figure 10b
may be due to the fact that the skin ASST is sensitive to the
temporal variation of heat and momentum fluxes in the
coupled model, but it is not found by F96, which is based on
the accumulated heat and momentum fluxes.

[43] The correlations of the model ASSTs with real
observation data, such as buoy and satellite data, are low,
because the surface forcing from the model does not match
exactly with the one in the real ocean in spite of the
resemblance in the large-scale weather pattern (Figures 6
and 7). Moreover, the high level of background noise in
satellite data further deteriorates the correlation between two
ASST data. The RMSE, bias, and correlation coefficient

corresponding to Figure 10, are listed in Table 1. Similar
scatterplots comparing ASST from model results and sat-
ellite or buoy data were obtained previously by Kawai and
Kawamura [2002)], Bellenger and Duvel [2009], and
Tanahashi et al. [2003]. Although the atmospheric forcing
for model was estimated based on satellite data in these
cases, instead of using the atmosphere-ocean mixed layer
coupled model, the correlations between ASST data were
still low, similar to Figures 10c and 10d.

[44] Considering the difficulty of matching these two data,
we compare the probability density function of ASST. Even
if the data do not match at identical locations, the similar
probability density function of ASST is expected from the
model, if the simulated weather pattern and the mixed layer
model are realistic.

[45] Figure 11 compares the probability density function
of the bulk ASST from the model and buoy data. The
general pattern of distribution is similar, although the buoy
data show larger variance. Note that the buoy data for ASST
is sampled from the available data within the period of
3 h around 0900 LST and 1500 LST.

[46] Figure 12 compares the probability density function
of skin ASSTs from the model, F96, and satellite data,
together with the bulk ASST from the model. Similar dis-
tribution patterns are found in the skin ASSTs from the
coupled model and satellite data, except for the large scatter
of satellite data for small ASST (ASST < 0.5 K), whereas
no data larger than 1.5 K appears in the bulk ASST from
the model. The tendency of underestimation of ASST is
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Figure 13. Time series of SST from model output (red) and
satellite data (blue): (a) 20°N, 130°E, (b) 25°N, 146°E, and
(c) 46°N, 145°E (locations of Figures 13a—13c are found in
Figure 9c¢).

observed by F96. The evaluation of the percentage of the
skin ASST larger than 1.5 K gives 9.6%, 7.1% and 2.8%,
respectively for the coupled model, satellite data, and F96.
Note that the underestimation of ASST by F96 is reported in
the previous work [Gentemann et al., 2009]. Furthermore, it
is worth mentioning that the ASSTs from satellites them-
selves can be underestimated because of the problem in the
algorithm of converting the measured infrared radiances into
SST [Merchant et al., 2009a, 2009b].
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[47] The time series of skin SST at several locations show
that the present model is able to predict well not only ASST,
but also the continuous diurnal variation of SST (Figure 13).
Even at the location where there exists a large difference in
the initial SSTs between the satellite data and the FNL data
used in the present model, they follow the similar pattern of
diurnal variation (Figure 13c).

[48] Finally, when the time series of ASST averaged over
the grid size 5° x 5° are plotted for the regions, where sat-
ellite data are available mostly during the period (135—
140°W, 16-21°N and 142.5-147.5°E, 20-25°N), a good
agreement is found between model output and satellite data
(Figure 14).

4.4. Distributions of Subsurface Temperature

[49] One of the advantages of the mixed layer model, in
contrast to satellite data, is to provide information below the
sea surface. The information on temperature profile below
the sea surface is important not only for many oceano-
graphical applications, but also for the assimilation of sat-
ellite SST data into the ocean model, because the surface
boundary condition of temperature in the ocean model
implies the mean temperature of the first grid, rather than the
skin SST measured by a satellite.

[s0] The distributions of diurnal warming at z =5 m, AT,
reveals that the ASST larger than 1 K, as shown in Figure 4,
never reaches to this depth in the present model (Figure 15a).
On the contrary, ATs is smaller in this region, because heat
cannot be transported to this depth (Figure 2b), as in the
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Figure 14. Variations of ASST during the period June 4-14,
2008 from model output (red) and satellite data (blue):
(a) 135-140°E, 16-21°N and (b) 142.5-147.5°E, 20-25°N.
Locations of Figures 14a and 14b are found in Figure 9c.
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Figure 15. Distributions of diurnal warming below the sea surface from the model (June 5, 2008):

(a) z=5 m and (b) averaged over z = 0-10 m.

Pacific Ocean south of 25°N. As expected, AT is also very
small in the region of weak insolation, as in the southeast of
Japan. Relatively larger values of AT appears in the region
where both solar radiation and wind speed are larger, as in
the East China Sea and the east of the Hokkaido Island. In
this case turbulent mixing transports heat to a deeper depth.

[5s1] On the other hand, Figure 15b reveals that the dis-
tribution of diurnal warming averaged over the top 10 m,
AT, is more closely related with that of peak solar radiation
(PS), than of the daily mean wind speed (U) (Figures 4
and 5), and never higher than 0.5 K. The evaluation of
correlation coefficients with PS and U from Figures 4, 5,
and 15 gives 0.23 and 0.39 for ASST, but 0.51 and 0.37
for AT. It is in contrast to the fact that the distribution of
ASST is more closely related with that of wind speed.

[52] Figure 15b also implies that one should be careful
when assimilating satellite data into the ocean model. The
appropriate SST, which must be used as the surface
boundary condition in the ocean model with the grid thick-
ness 10 m, should be the one represented by Figure 15b,
rather than the skin SST, measured by a satellite. The dif-
ference between the skin ASST and AT can be as large as
3°C (Figures 4b and 15b).

5. Conclusion

[53] The present paper shows that the diurnal warming of
SST can be successfully predicted using an atmosphere-
ocean mixed layer coupled model. For this purpose, a new
mixed layer model is developed, which is able to reproduce
realistic temperature profiles under the various atmospheric
conditions, ranging from the formation of a diurnal ther-
mocline under strong wind to the appearance of strong near
surface stratification under weak wind, as shown in Figure 2.
Predictability of the model is verified by the comparison
with satellite and buoy data, including scatterplots, time
series and probability density functions of ASST. The pre-
dictability of the bulk ASST is confirmed by the agreement
with the regression model by Kawai and Kawamura [2003].
On the other hand, the present model is shown to improve

the problem of the model by Fairall et al. [1996] associated
with the underestimation of the skin ASST. In addition, the
diurnal variation of temperature profiles below the sea sur-
face, whose information is not available from satellite data,
is investigated based on model output.

[s4] Once the atmosphere-ocean mixed layer coupled
model is developed successfully, it is expected to contribute
to various applications. First, the predicted SST data can
contribute to the production of reliable SST database by
complementing satellite data [e.g., Donlon et al., 2007] with
its capability of providing continuous information regardless
of cloud condition. The information on the diurnal variation
of SST will also help to merge satellite data measured at
different times of the day. Second, the coupling of the ocean
mixed layer model to the NWP model can improve the
predictability by realizing more realistic air-sea interaction.
Third, the information on temperature profiles below the sea
surface will be useful for various oceanographic applications
and for the assimilation of satellite SST data to the ocean
model. Finally, the coupled model allows us to investigate
air-sea interaction directly.

[s55s] Meanwhile, for the practical application of the
coupled model, further improvement of the model and ver-
ification with more accurate observation data are necessary.
Verification of the model by the comparison of temperature
profiles from the ocean station, in which simultaneous
atmospheric forcing data are available, will support the
validity of the model further. In order to predict the whole
diurnal cycle more accurate initial condition of the ocean
must be provided, because convective deepening of the
mixed layer and the consequent decrease of SST are affected
by the temperature profile below the mixed layer, especially
in winter. One may need to include the effects of advection
and upwelling to apply to the condition of hurricane.
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