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Abstract

' To study mutual air~sea inleraction in rnesoscale, an atmosphere model
and an ocean model have been coupled into a single system. The interaction
between sea breeze and coastal upwelling appear in the numerical results from
the fully coupled experiment, and the coupling produces negative feedback
in an idealized situation. Comparing results with limited observations, there
i3 good agreement in both diurnal aud inertial signals,

1. Introduction

The importance of the interplay between
atmosphere and ocean in large-scale air-sea
interactions has been realized in analyzing
both observed data and model results in re-
cent climate studies. Similar interplay may
also exist in smaller scales and should be ex-
plored because the impact of such smaller~
scale air-sea interactions can be more direct
and immediate than that of large-scale in-
teractions, Over coastal regions, our life has
been affected by both atmosphere and ocean,
and their variabilities. A number of impor-
tant and inferesting phenomena are identi-
fied, such as storm surge, coastal upwelling,
seu—land breeze, coastal frontogenesis and cy-
clongenesis, tropical cyclongenesis and cy-
clones, among others. Both coastal upwelling
and sea—land breeze have appeared over some
mid-latitude coastal regions, and their inter-
action can be mutual.

The coastal upwelling is induced by the
along-shore wind stress to push the surface
coastnl water offshore due to the Ekman trans-
purt effect. The sub—surface water is lifted
up because of the mass continuity, and it is
colder and/or more salty than the surface wa-
ter., On the other hand, in the atmosphere
over coastal regions, the sea breeze is gener-
ated by the thermal contrast between land
and sea surfaces., The thermal conirast is
a consequence of much larger dinrnal vari-
ation in the surface temperature over land
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than that over water. Low-level onshore flow
during the day and offshore flow during the
night are induced by such thermal contrast.

With upwelling, the coastal surface wa-
ter becomes colder than one without npwelling.
Thus, the thermal contrast between land ancf
sen surfaces during the day becomes greater
than the contrast without upwelling. How-
ever, the contrast during the uigh! becomes
less. Even if we assume the land-surface
diurnal variation is symmetric between day
and night, the thermal contrast is asyminet-
ric due to the upwelling. The synoptic—scale
flow, which supports the along-shore wind
stress for upwelling, can further complicate
the sea~land breeze circulation. Tt is inter-
esting to understand how ¢oastal water and
atmosphere interact mutunally.

Although both coastal upwelling and sea
breeze are well known in oceanography and
meteorology respectively, there never have
been comprehensive and coordinated field pro-
gram to E:cu.s the mutual coupling between
them. Limited observations in the lower at-
mosphere, in addition to the well-planned
oceanic observations during the Coastal Ocean
Dynumic Experiment (CODE) showed some
indications of such coupling. In Figure la,
the kinetic energy spectra of wind al sensor
level showed clearly the diurnal period of sur-
face wind, and diurnal signal tended to be
largest neer the coast (Beardsley et al., 1987).



Winant et al, (1987{ showed that such dis-
tinct frequency was also observed in the spec-
tra of the alongshelf component of the wind
stress (Figure 1b), and that the diurnal fre-
quency variability appeared in both cross-
shelf and alongshelf components of the cur-
rent, in addition to a secondary peak of the
inertial oscillation (Figure 1¢). Therefore, the
mutual coupling of!coastal upwelling and sea
breeze was postulated.

Clancy et al. {1979) made the first at-
tempt to study the mutual interaction be-
tween sea~land brecze and coastal upwelling
by coupling their four-layer atmosphere model
to their two—layer ocean model through mo-
mentum and heat finx exchanges. They found
that the air-sea feedback loop from the sea
breeze process to the coastal upwelling pro-
cess is exceedingly weak, although the sea
breeze affected the upwelling and the up-
welling affected the sea breeze. Later, Mizzi
and Pielke (1984) studied the effect of the sea
snrface temperature pattern produced by an
ocean model on the sea—land breeze circula-
tion with their mesoscale numerical model.
However, their atmosphere and ocean models
were not mutually coupled. More recently,
Chao (1992) developed a coupled atmosphere-
ocean mode] system to study the interaction
belween atmospheric cold front and the Gulf
Stream circulations, His dry two~dimensional
numerical experiments suggested that atmo-
sphere and ocean are mutually interactive
and that the atmospheric influence on the
coastal ocean is stronger than the the oceanic
influence on the atmosphere.

To understand mutual interactions be-
tween ocean and atmosphere in mesoscale, it
is beneficial to develop a numerical modeling
system which couples an atmosphere model
and an ocean model for three—dimensional
ranesoscale studies. Both models should have
state-of=the—art parameterizations of subgrid-
scale physics. The coupled system can be
used not only for idealized numerical exper-
iments but also for some real case studies.
By petforming different idealized simnlations,
possible regimes in which coupling may be
possible can be established. Sueh informa-
tion is invaluable for the planning of field ex-
periments in the future. To further our un-
derstanding in coupled phenomena and Lo in-
creese our confidence in numerical modeling,
numerical experiments can be carried out for
gome realistic cases for special field programs.
Limited available observational data sets can
be ulilized to verify numerical results, and

further numerical results can help to inter-
pret observed data, .

To simulate realistic interactive coupling
of coastal upwelling and sea breege, it is
important to parameterize the mechanisms
of transferring momentum, heat, and water
substance/moisture across the water surface
accurately, because these mechanisms con-
trol the coupling between two fluids. These
subgridscale turbulent transfers in the upper
ocean and lower atmosphere determine dy-
natnic and thermodynamic structures in both
fluids. Not only the coupling’ mechanisms
should be accurataly represented, but also the
physical processes in the lower atmosphere
and upper ocean should he correctly parame-
terized. -The sophistications of the physical
parametcrizations primabily depend on the
scales of the scientific problems and our cur-
rent understanding of the subgridscale pro-
cesses.

In this paper, the mutual interaction be-
tween the coastal upwelling and sea breeze
is demonstrated in the simplest hypotheti-
cal situation by turning -off several physical
processes in the models, such as precipita-
tion, planetary boundary layer (PBL), and
surface energy and moisture budgets. A sim-
ple coupled system is created so that the up-
per ocean circulation is driven by the hori-
zontal variability of the wind stress, and that
the lower atmosphere circulation is forced by
the inhomogeneily of the surface tempera-
ture patterns, Two primitive—equation nu-
merical models for atmosphere and ocean are
included in the coupled system, and the sim-
%)lest interactive mechanisms are also formu-
ated and implemented. Some model results
will be discussed.

2. The Models and the Coupling

Scientifically, the numerical results from
this eimplest coupling will indicate that the
mutual interaction between coastal upwelling
and sea breeze can be realized under certain
conditions. Even though some of the param-
eters utilized in the simulations are idealized,
the results ore interesting and cncouraging.
Technically, a primitive—~equation atmosphere
model (Hsu, 1987) and & primitive-equation
ccean model with an active surfacc mixed-
layer (Haidvogel, et al., 1991, and Price, et
al., 1986) have been coupled together success-
fully, Further details and tests of the ocean
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model can be found in Hermann and Hsu
(1993). Even though both models are three—
dimengional, for this demonstration of fensi-
bility in coupling study, it is assumed that cir-
culations in the along—channel direction are
invariant. Before describing some model re-
sults, some coupling mechanisms are briefed
as follows.

The individual models for atmosphere
and ocean have been modified and included
in a single model system. The atmosphere
component is forced by a combination of the
horizontal distributions of the ground surface
temperature and the ocean surface tempera-
ture. The ground surface i assumed o expe-
rience a simple diurnal variation (sine func-
tion in time only), while the ocean surface
temperature is a consequence of the ocean
circulation beneath the ocean surface, The
heat flux from the surface is calculated by
a constant diffusivily formulae, Because the
ocean model now only has the densily as a
dependent variable to represent the combined
eflect of temperature and salinity, the ocean
surface temperature is obtained by a simple
linear relationship between the density and
the temperature.

On the other hand, the ocean compenent
is driven by the wind stress at the ocean sur-
face. The wind stress is computed from the
wind velocity at a height of 10 m above the
ocean surface based on the recent study of
Hsu (1986), This formulation incorporates
the contribution of botl winds and waves
through the parameterization of an aerody-
namic roughness equation. The atmospheric
circulations are mostly induced in the lower
atmosphere and control the wind stress vari-
ations which drive the upper ocean, The pri-
mary ovcealic circulalions are geuerated in
the upper ocean and determine the surface
temperature distribution which provides the
thermal contrast at the surface and forces the
lower atmosphere.

In general, the internal responses of both
atinosphere and ocean differ greatly, because
of their intrinsic temporal and spatial scales,
Different grid spacings and time steps usu-
ally cause difficllty in coupling an atmo-
sphere model and an ocean model into a sys-
tem. However, the coastal upwelling and sea
breeze have close spatial scales, even though
their temporal scales are somewhat different.
The sea brecze basically is diurnal, while the
upwelling extends to at least several days.
Therefore, same horizontal grid spacing is uti-
lized in the coupled system. The time step

for the atmosphere model is at least an or-
der of magnitude smaller than that lor the
ocean moc%el. For example, the utmospheric
component may be executed 10 times, while
the ocean: component may be carried out only
once.

3. Numerical Results

To present the simplest coupling between
the coastal upwelling and sea breeze, only the
essential physics are retuined in the coupled
system. In the atmospheric model, both pa-
rameterizations of the precipitation processes
and the ground surface energy and moisture
budgets have been turned off. The param-
eterization of the turbulent transfers in the
lower atmosphere has been replaced by a con-
stant eddy exchange coeflicient o represent
the K-profiles computed by the parameter-
ized PBL physics. In the ocean mode], the
surface thermal forcing has been inactive with
the intention to demonsirate that the diur-
nal signatures in the ocean is a direct con-
sequence of the atmospheric forcing throu§h
the wind stregs, which is calculated from the
10-meter wind field.

Schematically, the two~dimensional cou-
pled atmosphere and ocean system is pre-
sented in Figure 2. The shaded area is the
land, and the numbers in the parentheses in-
dicate the grid numbers. Initially, the model
atmosphere is neutrally stratified below 2 km
and uniformly stably stratified above, and the
model ocean has a thermocline layer centered
at a depth of 30 m. The Coriolis parameter is
set to be 1. x 1074 s~1, Several experiments
were conducted for a five-day period.

a, Atmospheric circulations

First, a control experiment was executed
using the coupled systcm under an initial uni-
form wind speed of 10 m s~=! along the chan-
nel, and the atmospheric thermal fields &Fig-
ure 3) show an asymmetric evolution of the

‘narrow unstable columns associated with the
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sea breeze fronts. As the land surface expe-
riences the daytime phase of the diurnal cy-
cle, most of the ocean surface temperature
remains constanl, except a'noticeable cooling
at the loft side of the channel. The vuoling
comes from the coastal upwelling, an occanic
response to the along-channel wind stress.
The stable atmosphere above the initially



neutral PBL is also affected by the convection
along the sea breeze front. The correspond-
ing vertical velocity fields are shown in Figure
4. The updrafts due to the sea breeze conver-
gence are distinct. The sea breeze fronts move
inland ot different speeds at opposite sides of
the channel. The initial aleng—channel wind
generates & cross—channel wind due to the
Coriolis effect. At the right coast of the chan-
nel, the wind is onshore but is offshore ai the
left coast. This onshore wind helps the right
sea breeze front to move inland much faster
than the one on the vther side of the channel.

In ozder to understand the effect of the
upwelling cooling at the ocean surface on the
atmospheric coastal circulation, a numerical
experiment was conducted using only the at-
mosphere model, Otherwise, this experiment
has the identical specifications to the con-
trol experiment. ]?E‘)igure 5 shows the day-
time evolution of the verlical velocity ﬁeld);.
Comparing the results from the control ex-
periment, the updraft along the left coast
of the channel has not yet appeared at the
99th hour of the simulation (Figure 5a). On
the other hand, there is a clearly defined up-
draft along the left coast in the control experi-
ment (Figure 4a), This updraft is mainly sup-
ported by a stronger surface femperature con-
trast across the coast, because the coastal up-
welling cooling enhances the ¢ross—coast tem-
perature gradient. Otherwise, the sea breeze
circulations from both cases are quite similar,
As will be seen later, the thermocline layer in
the ocean has not completed its outcropping
process at the end of the simulatinnsjuo
hours), and the ocean surface cooling along
the upwelling coast has not yet reached its
maximum yet. It is expected that the atmo-
sphere response will increase after the ther-
mocline layer is completely outcropped and
moves off coast.

Temporal variations of the wind at the
height of 10 m, where the wind information
is used to compute the wind stress to drive
the ocean circulation, are presented in Fig-
ure 6. The variations in the wind field are
clearly diurnal, but horizontally they are not
uniform (Figures 6a and 6b). Along-channel
speed (U) is reduced significantly {o about
5 m s~ along the left coast because of the
nature of the Ekman layer. This has strong
implication to the coupled ocean circulation
which will be discussed later. The low-lev
sea breeze convergence along both coasts can
be found in the cross—channel speed (V) field.
Fach sea breeze convergence on the left const

starts at the coast and propagates inland. On
the other hand, significant convergence does
appenr immcdia.te% at the mght const until
a.gout 15 km inland. These low-level conver-
gence zones coincide with the updralts (Fig-
ure 8¢). The cellular structure in each up-
draft band suggests periodic variation of the
sca breeze front. The land surface lemper-
ature varies diurnally as specified, but aver
the ocern surface, cooling due to upwelling
increases its strength and area as the thermo-
cline layer gradually outcetops from the ocean
depth gFigure 6d).

Without any ambient wind at the begin-
ning of the numerical experiment, the coupled
system is only driven by the diurnal heat-
ing/cooling over the land surface. Figure 7
shows the results from this simulation to com-
pare with those from the control case (Ifigure
6). The asymmetric pattern.of the nunierical
solution in the conirol case does not appear
in the present solntion. Symmetry and diur-
nal cycle are the prominent features in this
case.

b. Qceanic circulations

In the control experiment, the atmo-
sphere has an initial constant wind of 10 m
s~1 in the along-channel direction. FEven
though the 10-m wind is modificd by the pa-
rameterized PBL physics to an elong—channel
speed about 5 m 71, the initial thermocline
layer centered at 30 m.depth is pushed up-
ward along the left coast and downward along
the right coast. Afier 5 days of simulalion,
only half of the thermocline layer outcrops
(Figure 8a). In the next experiment, the at-

mosphere rmodel is decoupled, and the ocean
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is simply driven by a constant _along—cha.nnel
wind stress based on a wind speed of 10 m
1. The relationship hetween the wind stress
and the 10-m wind is the same as the one
used in the control experiment. The thermo-
cline layer outcrops much faster (Figure 8b)
than the one in the control case. This differ-
ence is caused by the different wind stress ap-
plied to the ocean surface. The wind stress in
the ocean—alone experiment is a simple con-
stant, but the fully coupled experiment has
both diurnal and PBL effects, and compar-
atively, the lalter is much weaker than the
former. When the ambient wind in the at-
mosphere is turned off, the wind stress gen-
ernted by the sea breeze alone is so weak that
it cannot exert enough influence on the ocean
to disturb the thermocline nfter 5 days of sim-



ulation (Figure 8c).

The time series of the upwelling for these
cases (Figure 9) show that the ocean-alone
experiment provides fastest upwelling (Figure
9b) and the coupled case without any ambient
wind has essentially no upwelling (Figure 9¢).
The result from the control experiment (Fig-
ure 9a) shows not only that the sub-surface
dense water upwells, but also has some oscil-
lations. To further understand the nature of
the oscillations in the model results, the time
series of the surface currents from these three
experiments are presenied in Figure 10. The
surface currents fmm the control experiment
show a somewhat complicated oscillation pat-
tern in both along- and cross—channel direc-
tions (Figures 102 and 10b). However, the
ocean-alone experiment does not support any
significant oscillation (Figures 10c and 10d),
even though it has the strongest wind-stress
forcing over a 5—day period, When the ambi-
ent wind is shut down in the coupled experi-
ment, interestingly enough, the surface cur-
rents display organized oscillation patterns
(Figures 10e and 16f).

In order to determine the property of
the oscillations, a temporal spectral analy-
sis is applied to the current data. For the
control case, both diurnal cyele {period 5, 24
hours) and inertial cycle (period 7, 17 hours)
clearly are dominant (Figure 11a and 11b).
The diurnal cycle comes from the imposed
diurnal variation at the land surface, Tﬁe di-
urnal thermal coatrast between the land and
ocean surfaces induces the sea-land breeze,
Such diurnal circulation signals become part
of the 10-m wind field, and support the di-
urnal wind stress to force the ocean. The
inertial cycle is the intrinsic frequency of the
oceany When it is forced by a wind stress in
the mid-latitude. For the ocean-alone case,
the wind stress based on the wind speed of 10
- ms™! fails to produce the inertial cycle (Fig-
ures 11c and 11d), and the reagon is not clear
at this point. In the results from the coupled
experiment without any amblent wind, the
diurnal cycles appearing next to the coasts
are the consequence of the effect of the pure
sea—land breeze, Weak inertial periods also
appear.

4, Discussion

As demonstrated in the results from nu-

merical experiments, the atmosphere and ocean
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have mutual interaction in mesoscale. From
the fully coupled experiment, the daytime sea
breeze is enhanced by the increased thermal
contrast across the lefi coast due to the up-
welling cooling along the const, while the up-
welling of the thermocline layer is reduced
by the modified wind siress affected by the
diurnal sea-land breeze circulations. With-
out ambient wind, the model results suggest
that the interaction between sea breeze and
coastal upwelling is exceedingly weak. 1t will
be interesting to learn the condition for the
coupling, even in this idealized situation to
help in understanding the coupling processes
better.

The reduction in the strength of the
coastal upwelling in the fully coupled experi-
ment indicates the coupling between the sea
breeze uud coastal upwelling is negative: This
conclusion is in agreement with the earlier
studies of Clancy et al. (1979) and Mizzi and
Pielke (1984),

Most importantly, the oacillations ob-
served in the model results are consistent
with the observations made during the CODE

et10ds, The diurnal frequency dominates

ut both diurnal and inertial signals are present
in the ocean. Further quantitative compan-
son of model deta from more realistic exper-
iments using the fully coupled modeling sys-
tem with the CODE data sets should reveal
the additional details in coupling.
" The current numerical modeling system
cmploys a horizontal grid-spacing of 2.5 km.
Further study should increase the horizon-
tal resolution to obtain more accurate resulits.
This leads to the improvement of the present
atmosphere model from the hydrostatic cal-
culation to the nonhydrostatic one. More-
over, the PBL parameterization may be sim-
plified because this improvement will enable
the model fo directly resolve the PBL trans-
fer mechanisms, at least {o the large eddies.
Also, the bulk mixing approach toward the
boundary layer mixing in the present ocean
model should be replaced by a turbulence—
closure approach to reduce the small-scale
Auctuations,
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