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Abstract: The atmospheric and oceanic influences on the air-sea thermal interaction in the East
Sea (Japan Sea) are studied by means of an analytic model which is based on the heat budget of
the ocean. By means of the model, the annual variations of heat fluxes and air temperatures in the
East Sea are analytically simulated. The model shows that the back radiation, the latent heat and
the sensible heat increase with the warm water advection. The latent heat increases with the sea
surface temperature (SST) but the back radiation and the sensible heat dcrease as the 'SST
increases. In the East Sea, an increase of mean SST by 1.0°C yields an increase of mean air
temperature by 1.2°C. The heat storage in the ocean plays an important role in the annual varia-
tions of heat flux across the sea surface.
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respectively. In those studies, the sea surface
INTRODUCTION temperature (SST) is used as an input parameter

The heat capacity of the ocean is much larger in the empirical formulas, but the oceanic heat

than that of the atmosphere, and the ocean storage and heat advection are not included in

plays a very significant role in the air-sea ther- the formulas. The gross contribution of the

ocean to the air-sea interaction is usually esti-

mated by the residual or net heat flux across

mal interactions. In most studies on the air-sea
thermal interactions, the heat transfer across
the sea surface is usually computed by empirical the sea surface.

bulk formulas. Haney (1971), Kraus (1972), In this paper, in order to understand the
and Walker (1977), among others, discussed

the empirical formulas. Heat fluxes over the
North Pacific and the North Atlantic were of the air-sea interaction is developed which is

computed by Wyrtki (1965) and Bunker (1976), based on the heat budget of the ocean. The
model is particulary suitable in investigating the

ocean’s role in the air-sea thermal interactions

in the East Sea (Japan Sea), an analytic model

Manuscript received 9 July 1984. ocean’s role on the heat fluxes across the sea
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surface. The model is based on the heat budget
of the ocean and it also uses empirical formulas
of heat flux computations. However, the air
temperature (AT) is not given as an input but
is computed as an output of the model. In other
words, the air-sea interaction problem is appro-
ached from an ‘oceanographic’ point of view
rather than from a ‘meteorological’ one. The
model is applied to the East Sea and it analyti-
cally simulates the annual variations of the AT
and the heat flux components at the sea surface.
A close resemblance between the ‘oceanographic’
simulation by the model and the ‘meteorological’
estimation by Maizuru Marine Observatory
(MMO, 1972) supports the validity of the
model. The sensitivity of various atmospheric
and oceanic factors on the AT and on the heat
flux components across the sea surface in the
East Sea are studied in this paper.

MODEL
The model is based on the heat budget of the
ocean, which can be written by
Qi+ Qo — (Qo+ Qs+ Q.+ Q) =0, D
where Q; is the incoming short-wave radiation
reaching onto the sea surface, Q, the horizontal
advection of heat by ocean current, Q, the
effective upward back radiation, Q, the sensible
heat loss, Q, the upward latent heat flux of
evaportion, and Q, the change rate of ocean’s
heat content or the heat storage rate. Each term
of (1) is parameterized by the bulk method as
follows.
The incoming radiation is (Gill, 1982, p.34)
Qi=Qi\(1—a)(1-0.7C), 2
where Q,, is the solar radiation reaching the
top of the atmosphere, « the albedo of the sea
surface, C the fraction of cloud coverage. The
effective upward flux of long-wave radiation
from the sea surface by Berliand’s formula is

(MMO, 1972, p.47)
Q,=23T,4(0. 39—0. 058 ve,) (1—0. 65C?)

+460T3(T,—T,), (3
where ¢ is the emissivity of sea surface (e=
0.985), ¢ the Stefan-Boltzman constant (o=
5.76X107® Wm2K™*), e, the vapor pressure of
the air in mb, 7, the absolute SST, and T, the
absolute AT.

The bulk formula of sensible heat flux is
(Haney, 1971)
Qu=p.C.DyU(T,— To) =AU(T,—T,), (4)
where p, is the density of air (p,=]. 225kg/m3
at 15°C), C, the specific heat of air, D, a
dimensionless constant for heat conduction or
Stanton number (D;=1.10x 10~3; Smith, 1980),
U the wind speed, and A,=p,C,D,=1.353
JK-1m3, :
The latent heat flux of evaporation is (Haney,
1971)
Q.=(0.622/p) Lp,D,U(e;—e,)
=A.U(e,—e,), ()
where p is the atmospheric pressure (p=1013
mb), L the latent heat of evaporation per unit
mass (L=589Kcal/Kg), D. a dimensionless
constant for evaporation or Dalton number (D,
=1.5x107% Gill, 1982),
vapor pressures at the sea surface and at the
deck height, respectively, and A,=(0.622/p)
Lo, D=2.78Jm3mb™. The vapor pressures e,

and e, and e, are

and e, can be represented by
e,=e°(T,), e,=he”(T,), (6)
where ¢°(T) is the saturation vapor pressure
at temperature 7, and % the relative humidity
of the air. The latent heat flux of (5), by using
(6), becomes a function of the AT, the SST
and the relative humidity. The saturation vapor
pressure (mb) in a temperature range of -+
40°C is given by (Gill, 1982, p.606)
logo €°(T) =0.7859+40.03477T)/
(14+0.004127). ¢))
The heat content of the ocean, Q, and its

change rate, Q,, are

QO=pCu " Tu()de
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Fig. 1. Two-layer approximation of the vertical
temperature distribution.

Q) =puCai- [ Tu@)de, ®

where ¢ is the time, z the vertical coordinate,
H the depth of the ocean, p, the density of
sea water (p,=1000Kg/m?), C, the specific heat
of sea water (Cp,=1 cal Kg™"), and T.(z)
the sea water temperature. If a two-layer appro-
ximation of T,(z) shown in Fig. 1 is used,

then (8) becomes
Q) =p,C.0(t) D(¢t) +const

Q. =p.Caar-16() D()] (©

where D(t) is the thickness of the upper layer
in the two-layer model, and 8(¢) the difference
between the surface layer temperature, T, and
the lower layer temperature, Ty, i.e., 8(f)=
T,(t) —Ts. The horizontal advection of heat by

ocean current is
0
Q.= —puCa f | VoT./oz dz, (10)

where z is the downstream distance and V the
current speed.

The terms Q;, Q, and Q; of (1) are indepen-
dent on the AT while the other terms Qi Q.
and @, are dependent on it. By substituting
(3), (4) and (5) into (1) we get

Qi+Q,~Qi=¢easT*[0. 39
—0.05 ke (T)](1-0. 65C?)
+AU(T,—To) +4e0T3(T.—T,)
+AULe*(T) —he® (T,)]. (an

The terms in the left hand side of (11), which
are independent on the AT, depend on the
albedo of the sea surface, the cloud coverage,
the sea water temperature, and the speed of
ocean current. If the values of the incoming
radiation, the heat advection, the heat storage
rate, the relative humidity, the cloud coverage
and the wind speed are given, then the AT
can be determined from the nonlinear algebraic
equaton (11).

If the difference between SST aind AT (SST-
AT) is sufficiently small, then by using trun-
cated Taylor expansions,

e (T,)=e(T,)—€e’8T,
e (T)—k &(T—T,)
=(1—h)e’(T,) +he'dT, (12
where T=T,— T, and & =de®/dT at T=T,,
we get the approximate analytic solution of (11)
as
8T(0. 025e0 T4’/ Vhe® +4ea T2+ AU

+ A, Uke’)
=0Q:+Q,—Q;—eoT:*(1-0. 65C%) (0. 39~
0. 058 he®) — A, U1 —k)eO. 13

This approximate solution is used as an initial

guess for the numerical solution of (11).

SIMULATION OF AIR-SEA INTERACTION
IN THE EAST SEA
The annual variations of the AT and the
heat flux in the East Sea are simulated based
on (11). The inputs T,, Qi U and D in the
East Sea are approximated by time-harmonic
functions as (cf. MMO, 1972)
T,(°C)=15+8cos (wt—240°)
Qi (W/m*) =345+ 180cos (wt—173°)
U(m/sec)=6.2-+1.8cos(wt—15°)
D(m)=38+6cos(wt—31°),
where w=2r/365 day™! and ¢ is the day of the
year (e.g., ¢ of 365 means December 31). The
values of other inputs, assumed constant, are
h=66%, C=66% (MMO, 1972), Q=63W/m*
=130 ly/day (Wyrtki, 1965), a=0.33 (Ste-



166 Y.Q. Kang

30

SST(°C)

600

450

300

Q. (w/m*)

150

wind(m/s)

JFMAMIJ J ASOND

Fig. 2. Sinusoidal inputs (full lines) of the SST,
the incoming radiation at the top of the
atmosphere, Q.,, and the wind speed used
in a simulation of an annual variation of
air-sea interaction in the East Sea. The
corresponding estimates in the East Sea by
Maizuru Mar. Obs. (1972) are shown by
dotted lines.
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Fig. 3. Heat content, Q, and heat storage rate, Q,,
used in a simulation of the air-sea interaction
in the East Sea.
phens et af, 1973), and Ty=2.0°C. The annual
variations of the SST, the incoming radiation
at the top of the atmosphere, and the wind
speed used in the model are shown in Fig. 2
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. Simulated annual variations (full lines) of

the AT and the SST-AT in the East Sea.
The corresponding observations by Maizuru
Mar. Obs. (1972) are shown by dotted lines.

150

100

[3)]
o

-50
200

150

100

50

100 =

50

0

I 1

'l

- IR N N § 1 ! T
50JFMAMJJASOND

. Simulated annual variations (full lines) of

the net radiation, the latent heat and the
sensible heat of the East Sea. The correspon-
ding estimates by Maizuru Mar. Obs. (1972)
are shown by dotted lines.
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by full lines. The corresponding observations
or estimates spatially averaged over the East
Sea by MMO (1972) are shown by dotted lines
in Fig. 2. The annual variations of heat content
and its change rate computed by (9) are shown
in Fig. 3.

Using these inputs, the annual variation of
the AT in the East Sea is solved from (11) by
the secant method (Hornbeck, 1975),
shown by full lines in Fig. 4, The back radi-

ation, the sensible heat and the latent heat are

and

computed by (3), (4) and (5), respectively, and
shown by full lines in Fig. 5. The correspon-
ding ‘meteorological’ estimates based on the
observed AT in the East Sea by MMO (1972)
are shown by dotted lines in Figs, 4 and 5.
Note that the simulated outputs in Figs. 4 and
5 are not sinusoidal, although the inputs are
either sinusoidal or constant. Since the specified

inputs are only approximate, so is the simulated
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outputs. However, the temporal behavior of the
simulated results (full lines in Figs. 4 and 5)
basically agrees with the ‘estimates’ (dotted

lines in Fig. 4 and 5).

ATMOSPHERIC FACTORS

The sensitivity of atmospheric and oceanic
factors on the AT and on the heat flux com-
ponents are investigated by changing only one
input parameter while keeping the others the
same as those used in the simulation of the
air-sea interaction of the East Sea.

Fig. 6a and 6b show the dependence of the
annual means of heat flux components on the
cloud coverage and the sea surface albedo, res-
pectively. As the cloud coverage or the albedo
increases, the mean incoming radiation reaching
the sea surface decreases, and this decrease is
compensated by decreases of sensible heat, latent

heat and back radiation. The decrease of sensible
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Fig. 6. Dependences of the means of heat fluxes and SST-AT on the percentage of cloud coverage (a), on the
albedo of the sea surface (b), on the wind speed (c¢), on the relative humidity of the air (d), on the
oceanic heat advection (e), and on the mean SST(f). Q; is the incoming radiation, Qs the back radi-
ation, Qa the sensible heat, Q, the latent heat flux of evaporation, and 87 the SST-AT.

e
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and latent heats, associated with a decrease of
the incoming radiation, yields a decrease in the
SST-AT. Fig. 6¢ shows the mean heat flux com-
ponents and the SST-AT as a function of wind
speed. An increase of wind speed yields an in-
crease of latent heat and a decrease of SST-
AT. An increase of the latent heat with the
wind speed is compensated by the decrease of
back radiation and sensible heat.

Fig. 6d shows the influence of the relative
humidity on the means of heat lux and SST-
AT. An increase of relative humidity yields a
decrease of latent heat and an increase of SST-
AT. A decrease of latent heat flux, associated
with an increase of relative humidity, is com-
pensated by increases of sensible heat and back
radiation. Figs. 6¢c and 6d suggest that an in-
crease of the wind speed is quite analogous to a

decease of the relative humidity and wice versa.

OCEANIC FACTORS

The roles of the ocean on the AT and on the
heat flux is studied by considering the effects
of the heat advection, the mean SST, the
amplitude of SST, and the magnitude of oceanic
heat storage rate.

Fig. 6e shows the means of heat flux com-
ponents and SST-AT as functions of oceanic
heat advection. The sensible and latent heats
and the back radiation increase with the hori-
zontal advection of heat by ocean currents. An
increase of heat advection by 1W/m? is parti-
tioned into the increases of the latent heat, the
sensible heat and the back radiation by 0. 43,
0.32 and 0.25 W/m? respectively. The mean
SST-AT is almost proportional to the advection.
The mean SST is higher /lower) than the mean
AT for the case of warm (cold) water advec-
tion.

Fig. 6f shows the effects of the mean SST
on the means of heat flux and SST-AT. As the

mean SST increases, the latent heat increases
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Fig. 7. Dependence of the means of AT (T,) and
the SST-AT (8T) on the mean SST (T%.).
The heat storage rate is not changed.

while the back radiation and the sensible heat
decrease. An increase of mean SST by 1°C
yields an increase of latent heat by 3.7 W/m2
The latenl heat flux increases with the SST
becuase the saturation vapor pressure increases
almost exponentially with the AT. An increase
of latent heat flux, associated with an increase
of mean SST, is balanced by a decrease of back
radiation and sensible heat. An increase of
mean SST by 1.0°C yields decreases of the
back radiation and the sensible heat by 2.0 and
1.7 W/m?, respectively. Fig.7 shows the means
of AT and SST-AT as functions of mean SST.
An increase of mean SST by 1.0°C brings an
increase of mean AT by 1.2°C. The mean SST-
AT decreases almost linearly with the increase
of mean SST.

The effects of the annual range of the SST
are studied by varying the amplitude of the SST
while keeping the heat storage rate the same as
the reference one. The result shows that the
means of heat flux, AT and SST-AT are almost
independent on the annual range of SST (this
result is not shown in the figure). However,
the annual variations of the heat fluxes and AT
depend on the annual range of SST. Fig. 8
shows the annual variations of AT and SST-AT
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Fig. 8. Annual variations of AT and SST-AT asso-
ciated with SST variations with amplitudes
of 2,4 and 8°C. The heat storage rate is not
changed.
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associated with the seasonal SST variation with
amplitudes of 2,4 and 8°C. This figure shows
that the annual variation of AT depends
strongly on the amplitude of the SST, but the
annual variation of SST-AT depends only weak-
ly on it.

Fig. 9 shows the dependence of the means of
heat flux and SSS-AT on the annual range of
heat storage rate. Its magnitude adjusted either
by varying the amplitude of SST (the upper
figure) or by varying the depth of the upper
layer (the lower figure). Fig. 9 shows that the
means of heat flux and SST-AT are almost in-
dependent of the magnitudes of heat storage
rate. The annual variations of heat flux com-
ponents and SST-AT, on the other hand, depend
strongly on the magnitude of heat storage rate.
Fig. 10 shows the annual variations of latent
heat, sensible heat, and SST-AT associated

with various magnitudes of heat storage rate.
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Fig. 9. Dependence of the means of heat Buxes and
SST-AT on the magnitude of heat storage
rate. The relative heat storage rate is changed
by varying only the amplitude of SST (the
upper figure) or by varying only the depth
of the upper layer (the lower figure:. Symbols
are the same as in Fig. 6.

The relative heat storage rates of 10, 40, 50

and 100% with respect to the reference one of

Fig. 3 are obtained by varying the depth of

the upper layer. The annual variation of SST-

AT for the case of the relative heat storage of

10% 1is almost out of phase from that of the

reference one.

DISCUSSION AND CONCLUSIONS

The influences of atmospheric and oceanic
factors on the air-sea interaction in the East Sea
are studied in this paper through an analytic
model which is based on the heat budget of the
ocean. In the model the AT is not given as an
input but is computed as an output. The annual
variations of AT and heat flux compcnents in
the East Sea were simulated reasonably well by
means of the model. The model shows the

followings.
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Fig. 10. Annual variations of the latent heat, the
sensible heat and the SST-AT associated
with relative heat storage rates of 10, 40,
50 and 100% with respect to the referen-
ce one. The relative heat storage rate is
changed by varying the depth of the upper
layer.

An increase of cloud coverage or albedo of
the sea surface reduces the incoming radiation
reaching cnto the sea surface. An increase of
wind speed plays a role similar to a decrease
of relative humidity. As wind speed increases
or relative humidity decreases the latent heat
flux increases whereas the back radiation and
the sensible heat decrease. An increase of the
oceanic heat advection yields a results analogous
to an increase of the incoming radiation. The
sensible heat, latent heat and back radiation
increase with the increase of incoming radiation
or heat advection. As the heat advection incre-
ases, the SST-AT also increases. In fact, in the

open ocean the SST-AT is maximal in regious

of the Kuroshio and the Gulf Stream where the
heat advection is large (Cayan, 1980).

The change in the mean SST brings signi-
ficant influences on the AT and on the heat
fluxes at the sea surface. For the situation of
the East Sea, an increase of SST by 1.0°C
yields an increase of AT 1.2°C. Although the
estimates in the East Sea do not necessarily
represent those in the open ocean, they give
insights on the possibe effects of large scale
ocean temperature anomalies on the climatic
variability. Note that the mean SST can be
varied without any change in the heat content
of the ocean becan because the latter depends
not only on the SST but also on the depth of
the upper layer.

The means of AT and heat flux components
are almost independent on the annual range of
seasonal SST or seasonal storage of heat. How-
ever, the annual ranges of seasonal heat storage
and SST play significant roles in the annual
vaiation of AT and heat flux components.

The influence of the ocean’s heat storage is
well manifested in the annual variation of SST-
AT. For the case of seasonal heat storage less
than 10% of the typical ocean, the phase of
SST-AT is almost opposite to that of a typical
ocean. By a similar reasoning one can explain
why the SST is higher than the AT in winter
whereas the ground surface temperature is
higher than the AT in summer (Kang, 1983).
The contrast between the ‘continentality’ and
the ‘oceanality’ is attributd mainly to the
greatness of heat reservoir capacity of the ocean.

In this paper, the influences of atmospheric
and oceanic factors on the air-sea thermal in-
teractions in the East Sea are analytically in-
vestigated by changing only one factor while
keeping the others the same as the reference
ones. Such an ‘artificial’ change does not
necessarily reflects the actual situations, because

a change in one factor usually accompanies
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changes in other factors. For example, a change
in the SST would accompany a change in the
vapor pressure. The analytic approach in this
paper, however, provides insights on the influen-
ces of various atmospheric and oceanic factors

on the air-sea thermal interactions in the East

Sea.
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