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ABSTRACT

The sensitivity of a coupled ocean-atmosphere general circulation model to parameterizations of selected
physical processes is studied. The parameterizations include those of longwave radiation and surface turbulent
fluxes in the atmospheric model, and those of vertical turbulent mixing and penetration of solar radiation in
the ocean model. It is shown that the performance of the coupled model is highly sensitive to the parameterization
of longwave radiation. This sensitivity is not solely due to the difference in surface radiative flux but involves
interactions among radiation, convection, and large-scale dynamics of the atmosphere and ocean. It is concluded
that differences in parameterizations can have large impacts on the performance of the coupled model, and
these impacts can be very different from what may be expected from uncoupled model simulations.

1. Imtroduction

The study of phenomena such as El Nifio-Southern
Oscillation (ENSO) requires consideration of the dy-
namics and thermodynamics of the coupled ocean-
atmosphere system. Coupled general circulation mod-
els (GCMs), consisting of an atmospheric GCM
(AGCM) exchanging boundary conditions with an
oceanic GCM (OGCM ), should be ideal tools to study
the ocean-atmosphere system. Both components in-
clude state-of-the-art parameterizations of physical
processes and the coupling allows for the feedback be-
tween processes in the two components as well as in-
teractions among processes inside either component.

AGCMs and OGCMs with prescribed boundary
conditions at the ocean-atmosphere interface have
been used for decades and have been shown to produce
simulations that are realistic in many respects. It is not
guaranteed, however, that an AGCM coupled to an
OGCM will produce simulations of the atmospheric
and oceanic circulations of comparable quality to those
obtained with the individual components when un-
coupled. The reason is that the relaxing of constraints
at the ocean—atmosphere interface introduces new de-
grees of freedom into the system. It comes as no surprise
that all present-day coupled GCMs exhibit various de-
grees of climate drift [i.e., the simulated climatology
deviates substantially from that observed (see review
by Neelin et al. 1992)]. The climate drift problem in
coupled GCMs is currently a major concern in studies
of climate and climate variability.
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In this paper, we address the climate drift issue by
exploring the sensitivity of simulations with a coupled
GCM to the parameterizations of selected physical
processes. The coupled GCM consists of an AGCM
for the global atmosphere and an OGCM for the trop-
ical Pacific Ocean. In the AGCM, the parameteriza-
tions we investigate are those of longwave radiative
transfer and of fluxes of sensible and latent heat at the
surface. In the OGCM, we consider different param-
eterizations of vertical mixing by turbulence and the
impact of penetration of solar radiation in the upper
ocean. Our method is based on comparisons between
relatively short (generally one year long) integrations
with the coupled GCM from identical initial conditions
and with different parameterizations of the processes
mentioned above. Although one year is admittedly too
short to establish the climatology of the coupled ocean—
atmosphere system, it is long enough to obtain simu-
lations that differ drastically from each other.

The AGCM and OGCM components of our coupled
model are described in section 2. Results from the sen-
sitivity experiments are discussed in section 3. We will
show that among the parameterizations of physical
processes we have selected to investigate that of long-
wave radiation has the largest impact on the perfor-
mance of the coupled model. The reasons for this sen-
sitivity are discussed in section 4. We conclude this
paper in section 5 by discussing implications of our
findings for the modeling of tropical climate and its
variability.

2. The models

The AGCM component of our coupled model is the
University of California, Los Angeles (UCLA ) AGCM
(see Suarez et al. 1983 and references therein). The
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UCLA AGCM is a finite-difference model that includes
sophisticated parameterizations of cumulus convection
(Arakawa and Schubert 1974; Lord et al. 1982) and
PBL processes (Deardorff 1972; Suarez et al. 1983).
The radiation parameterizations are described later in
this paper (section 2a). The verston of the AGCM used
in this study has nine layers in the vertical with the top
at 50 mb. The horizortal resolution is 4° in latitude
by 5° in longitude. The model includes the diurnal
and annual variations of insolation. The AGCM per-
formance is described in several studies.(e.g., Randall
et al. 1985; Mechoso et al. 1990).

In the version of the AGCM used in this study, a -

finite timescale is introduced in the cumulus param-
eterization for the adjustment of the cloud work func-
tion (CWF), which i1s a measure of moist-convective
instability, to its quasi-equilibrium value specified for
each cloud type. For a given difference of the CWF
from the quasi-equilibrium value, this modification re-
duces the mass flux and, therefore, the tendency of
cumulus convection to restore the quasi-equilibrium
condition. After a consecutive sequence of these “re-
laxed adjustments” under a constant forcing from the
large-scale. environment, the difference between the
CWF and its quasi-equilibrium value will be larger
(more unstable) compared to the case of instantaneous
adjustment, and accordingly, the cumulus parameter-
ization will produce approximately the same mass flux
even with the formal reduction of mass flux for a given
CWEF difference. Thus, the amount of cumulus heating

- (or .cooling) and drying (or moistening), and conse-
quently the amount of cumulus precipitation, hardly
changes through this relaxed adjustment. This has been
confirmed through actual simulations with the AGCM
(Cheng and Arakawa 1993, personal communication ).
This modification, however, has an important effect
on radiation. Since the tendency of cumulus convection
to restore the quasi-equilibrium condition is reduced,
the lifetime of the simulated convective system be-
comes longer, which results in a higher cloud incidence
and, therefore, larger time-averaged cumulus cloud
amount. We have found that simulation of the out-
going longwave radiation is significantly improved with
the relaxed adjustment.

The OGCM component of our coupled model is the
model developed at the National Oceanic and Atmo-
spheric Administration Geophysical Fluid Dynamics
Laboratory/Princeton University (Bryan 1969; Cox
1984). This OGCM is a finite-difference model based
on the primitive equations with the Boussinesq ap-
proximation. The model uses the rigid-lid assumption
to eliminate surface gravity waves that have large phase
speeds. The parameterization of vertical mixing by
turbulence will be described later in this paper (sec-
tion 2c¢). ' T

The OGCM configuration is identical to that of the
tropical Pacific OGCM used by Philander and collab-
orators in several studies of tropical phenomena on the
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seasonal and interannual timescales, including ENSO
(Philander et al. 1987). In this configuration, the model

. domain covers the Pacific Ocean from 130°E to 70°W

in longitude, and 28°S to 50°N in latitude. In longitude
the resolution is 1°. In latitude the mesh size is 1/3°
between 10°S and 10°N-and increases gradually pole-
ward. There are 27 levels in the vertical, with a 10-m
resolution in the topmost 10 layers. The model incor-
porates realistic coastal outlines but has a constant
depth of 4149 m. Poleward of both 20°S and 30°N,
the temperature and salinity are relaxed toward cli-
matology to minimize the artificial influence. of the
rigid walls. This OGCM has been shown to be capable
of capturing the main features of the 1982/83 El Nifio
(Philander and Siegel 1985) as well as the seasonal
cycle in the tropical Pacific Ocean (Philander et al.
1987) when forced with observational estimates of wind
stress. ,

For the results presented in this paper, the AGCM .
and OGCM are coupled synchronously by exchang-
ing information every 24 simulated hours. The
AGCM is first integrated for one day and then pro-
vides the daily-mean wind stress and heat fluxes to
the OGCM. The OGCM is integrated for the same
day with this forcing and then returns the updated
SST to the AGCM. Outside the domain of the
OGCM, the SST used in the AGCM is prescribed
based on an observed monthly climatology. No ad
hoc corrections are applied to the surface fluxes once
computed using model fields.

a. Longwave radiative transfer in the atmosphere

Two parameterizations of longwave radiative trans-
fer are available in the current version of the UCLA
AGCM: (i) the scheme described by Katayama (1972)
and modified by Schlesinger (1976), and (ii) the
scheme described by Harshvardhan et al. (1987, 1989).
(These schemes will be referred to as the “K”” and “H”
radiation schemes in this paper.) ’

The K radiation scheme was developed in the early
1970s for a two-layer version of the UCLA AGCM,
and it has been an integral part of several model gen-
erations since then. The radiation calculation in the
nine-layer version of the AGCM considers only the
absorptions by water vapor and carbon dioxide; that
in the 15-layer version also includes the absorption by
ozone. The K scheme uses weighted-mean transmission
functions to simplify the integration over frequency
and bulk transmission functions for integration in the .
vertical column. ’

The H radiation scheme was developed by Harsh-

. vardhan et al. (1987, 1989) for a version of the UCLA

AGCM used at the National Aeronautic and Space
Administration (NASA ) Goddard Space Flight Center
(GSFC) and was later incorporated into the UCLA
AGCM. The longwave part of this scheme is largely
based on the work by Rodgers (1968 ), Chou and Peng
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(1983), and Chou ( 1984). This radiation scheme con-
siders the absorption by water vapor, carbon dioxide,
and ozone in five spectral bands, although the ozone
absorption is excluded in the nine-layer version of the
AGCM. It also includes the effects of the water vapor
continuum, which is considered to play an important
role in humid regions such as the Tropics (Ramanathan
1987).

The effect of clouds on radiative transfer is also dif-
ferent in the two radiation schemes. Two types of
clouds are included in the UCLA AGCM: 1) cumulus
clouds associated with subgrid-scale convection, and
2) clouds associated with grid-scale supersaturation,
which includes stratus clouds associated with super-
saturation in a sublayer within the PBL (Suarez et al.
1983). Both the K and H schemes incorporate the ef-
fects of these two types of clouds in the radiation cal-
culation, except for cumulus below 400 mb. In the K
scheme, clouds below 187.3 mb with temperatures
warmer than 233 K are considered to be composed of
water droplets and have an emissivity of 1. Clouds
above 187.3 mb or colder than 233 K are considered
to be composed of ice crystals and have an emissivity
of 0.5. In the H scheme, the cloud emissivities depend
on pressure/thickness and temperature in a prescribed
functional form, with different coefficients for cumulus
and supersaturation clouds. In most cases, the emis-
sivities of cumulus clouds calculated with the H scheme
are larger than those with the K scheme, while the
emissivities of supersaturation clouds are generally
smaller with the H scheme than with the K scheme,
particularly in the upper troposphere.

For the parameterization of shortwave radiative
transfer, the scheme based on Katayama (1972) is used
in all experiments described in this paper.

b. Sensible and latent heat fluxes at the atmosphere-
ocean interface

In the UCLA AGCM the PBL is treated as well
mixed and represented by the lowest model layer,
whose depth is one of the model’s prognostic variables
(Suarez et al. 1983). The surface wind stress 7, sensible
heat flux F,, and moisture flux F, are calculated in the
AGCM using an approach based on the bulk aerody-
namic formulas (Suarez et al. 1983):

TS=PSC§|VM|VM, (1a)
(Fp)s = PSu*Cﬂ(eg — ), (1b)
(F))s = psuxCoBlq*(Tg) — rul, (lc)

where p is air density, u% = (r/p)s is the friction ve-
locity squared, v is the horizontal wind velocity vector,
0 is the potential temperature, g* is the saturation water
vapor mixing ratio, r is the mixing ratio of total water,
and T is the temperature. The subscripts S, g, and M
indicate values at the surface, ground, and in the PBL,
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respectively. The parameter § represents availability of
water at the surface and is prescribed in the model
version used in this study according to estimates of
ground surface properties. In particular, 8 = 1 over the
ocean. The surface transfer coefficients C; and C,, are
expressed in terms of the bulk Richardson number and
the ratio between the mixed-layer depth and surface
roughness (Deardorff 1972). The bulk Richardson
number Riy is defined as

g (6Z)M(SUM - svg)
CpTS |VM|2

Riz = ; (2)
where g is the acceleration of gravity, ¢, is the specific
heat at constant pressure, (6z),, is the depth of the
PBL, and s, is the virtual static energy defined as ¢, 7,
+ gz, in which T, is the virtual temperature.

Recent observational studies (Bradley et al. 1990) -
suggested that the values of Cy provided by the param-
eterization are systematically different from those es-
timated from observational data at low wind speeds.
To assess the impact of this discrepancy, we examine
the model’s sensitivity to a modification in which the
minimum wind speed for computing C; is S m s ™.
The wind velocity used to compute the wind stress,
and therefore u,, remains unchanged. ‘

¢. Vertical mixing by turbulence in the ocean

Two parameterizations of vertical mixing by subgrid-
scale turbulence are available in the OGCM: 1) the
first-order closure scheme proposed by Pacanowski and
Philander (1981), and 2) the level 21/; second-order
closure scheme proposed by Mellor and Yamada
(1974, 1982) and implemented as in Rosati and Mi-
yakoda (1988). These schemes will be referred to as
the “PP”” and “MY” mixing schemes in this paper.

- In the PP mixing scheme, the eddy viscosity coefh-
cient K, and eddy diffusion coefficient K are assumed
to depend on the Richardson number Ri defined by

. ap

_ggg

du\? dv\?’

—_— + —

dz 0z
where z is the vertical coordinate, p is density, and u

and v are the eastward and northward velocity com-
ponents, respectively. The scheme assumes that

Ri = (3)

Vo

Ky=—————+ 4

MT (Ut aRi) P )
Yo

K= Tyt T )

in which the parameters vy, vy, k5, 1, and « were em-
pirically determined by Pacanowski and Philander
(1981) so that the OGCM produces realistic simula-
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tions of the tropical oceans. The values we use are sim-
ilar to those they determined: namely,

v =50 cm?s™",

vo = 0.0134 cm? s~
kp = 0.00134 cm?s™!,
n=2,
o =3,

and
(6)

A minimum value of 10 cm? s™! is assumed for K,
and K in the topmost model layer.

In the MY mixing scheme, the turbulent kinetic en-
ergy b2/2 and the turbulence length scale / are prog-
nostic vanables governed by the following equations:

o o 9b? —
a—+.£(b) (bé)z) 2w’
6 .‘g_/__’ 26°
2wy’ v 2p0w,o B1+F,,, (7a)
ab?l o O ab?l
- +.£(bl)—a( az)
+lE,[ wu%~WG—U—E3(§~Wp)}
, 9z a9z Do
b 1+ E LY, + F. (7b)
"B, N koL r

Here L is the advection operator

9
L) = [ = () + &;(UCOSW)]

a cosg

d
+a—Z(W#) (8)

tis time, X is longitude, ¢ is latitude, a is the radius of
the earth, w is the vertical velocity component, and p,
is the reference density. Primes denote turbulent quan-
tities and overbars denote ensemble mean; F, and F,
represent dissipation; k¢ is the von Karman constant;
and E,, E,, E;, and B, are empirical constants (Mellor
and Yamada 1982). The parameter L is a measure of
the distance from boundariés and is determined by L™*
= |z|™' + |z — z|”", where z, is depth of the ocean
bottom. The boundary conditions for (7) are

(9a)
(9b)

.b2=B¥%i, b=0 at z=0,

b*=0, b =0 at

Z = Zp,

where u,, = (|7|pg')"/? is the friction velocity. The
turbulent fluxes are parameterized as
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Mo a

T _‘?B

0

-w’ ’=KH—£. (10c)

0z

The mixing coefficients are given by

Ky = IbSy (11a)
Ky = IbSy (11b)
Ky = IbS, (11c)

where Sy, Sy, and S, are stability parameters deter-
mined by the closure assumptions described in Mellor
and Yamada (1982).

Maetal. (1991) compared simulations with the un-
coupled OGCM using the two mixing schemes de-
scribed above. In these simulations, the OGCM was
forced with surface wind stress and heat fluxes pre-
scribed as in Philander et al. (1987). It was found that -
the OGCM with the MY scheme simulates a sharper
thermocline in the eastern Pacific along the equator
and a slightly deeper equatorial undercurrent core.
Otherwise, there were no major differences between
the oceanic circulation simulated with the two mixing
schemes. Halpern et al. (1994) compared uncoupled
OGCM simulations with the two mixing schemes and
moored-buoy measurements of temperature and cur-
rentat 165°E, 140°W, and 110°W on the equator dur-
ing the period of the 1987 El Nifio and 1988 La Nifia.
The forcing for the OGCM was derived from The Flor-
ida State University pseudo-stress and the surface air
temperature analysis of the European Centre for Me-
dium-Range Weather Forecasts. They did not find large
differences between the simulations with the two
schemes, although the results with the PP scheme tend
to compare slightly better with the moored- buoy mea-
surements at most locations.

d. Penetration of shortwave radzatzon into the upper
ocean

In the usual treatment, heat fluxes at the atmo-
sphere—ocean interface are directly applied to the top
layer of the OGCM. We investigate the effect of dis-
tributing the solar heating among layers of the OGCM
by allowing the solar radiation to penetrate to greater
depths. The downward solar radiation I reaching dif-
ferent depths is parameterized according to the formula
given by Paulson and Simpson (1977): .

I(z) = I{0)[R exp(z/§1) + (1 — R) exp(z/$2)).
(12)

The parameters {;, {3, and R in (12) depend on the
turbidity of water. Since there is no variable in the
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OGCM representing ocean turbidity, we chose for (12)
the parameters corresponding to clear water (type 1)
in Jerlov’s (1968) classification—namely, {; = 0.35 m,
{ =23 m, and R = (0.58. With the vertical resolution
used in this study, 27% of solar radiation can penetrate
the uppermost layer of the OGCM, which is 10 m thick.

3. Sensitivity experiments with the coupled GCM

In this section we study the sensitivity of the coupled
GCM to the parameterizations described in the pre-
vious section. The procedure followed is based on
comparisons of simulations performed with different
parameterizations from identical initial conditions. For
the AGCM the initial conditions correspond to 15
January in a long-term simulation using the Katayama
radiation scheme with prescribed time-varying clima-
tological SST. For the OGCM the initial conditions
correspond to a state of rest with distributions of tem-
perature and salinity representing the January clima-
tology (Levitus 1982). The length of integration for
each experiment is one year in most cases.

We shall name these sensitivity experiments using
a combination of letters that encapsulates information
on the parameterizations used. The first letter in the
experiment name indicates the longwave radiation
scheme in the AGCM (K for Katayama and H for
Harshvardhan et al.); the following two letters indicate
the vertical mixing scheme in the OGCM (PP for Pa-
canowski-Philander and MY for Mellor-Yamada). If
surface flux modification at low wind speeds and pen-
etration of solar radiation into the ocean are included,
we add lower case letters “w” and “p,” respectively,
after a dash. For example, experiment “HPP-wp” uses
the Harshvardhan et al. radiation scheme in the AGCM
and the Pacanowski-Philander mixing scheme in the
OGCM, and includes both the surface flux modifica-
tion at low wind speeds and the penetration of solar
radiation into the upper ocean.

Figure 1 shows the SST distributions in July of the
second year obtained in experiments KPP, HPP, KMY,
and HMY. The most striking feature in Fig. 1 is that
using the K radiation scheme in the AGCM results in
unrealistically warm SSTs. Clearly, the entire equatorial
Pacific is covered by water with surface temperatures
over 28°C. A pool of water warmer than 30°C spreads
over the central and eastern Pacific, and there is no
evidence of an equatorial cold tongue. Extending the
simulation for several more years does not result in
more realistic SSTs as the model seems to have locked
into an equilibrium state. This indicates that the de-
ficiencies in the simulation are not primarily due to
initial adjustments from coupling.

Using the H radiation scheme in the AGCM, on the
other hand, produces much more realistic SST distri-
butions. Figures 1b and 1d show values that can be
even colder than the observed by about 1-2 K. Nev-
ertheless, the east-west temperature gradient on the
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equator is maintained throughout the year, and both
the warm pool in the western Pacific and the cold
tongue in the eastern Pacific have realistic structures.
In July the temperature difference at the equator across
the Pacific Ocean is more than 4°C, which is compa-
rable to the observations. The temperature gradient
along the equator is weaker in January.

Comparison of the time evolution of SST at the
equator in experiments KPP and HPP (Fig. 2) clearly
indicates that a severe climate drift takes place in the
former experiment. Almost right after the coupled
simulation begins, warm water surges eastward and
eventually covers most of the central equatorial Pacific
Ocean, where temperatures can be higher than 30°C.
Consistently, regions of strong convective activity ex-
tend from the western to the central Pacific, and surface
easterlies decrease in the central Pacific to be gradually
replaced by surface westerlies (Fig. 3). Experiment
HPP, on the other hand, simulates a realistic seasonal
evolution of SST. There is a strengthening of the cold
tongue in late July, about two months earlier than in
the observed climatology. The pattern of zonal wind
stress is reasonably well simulated.

The other notable feature in Fig. 1 is that different
parameterizations of vertical mixing in the OGCM
have a relatively small impact on the simulated SST
field. With either mixing scheme the coupled model
develops a severe climate drift when the K radiation
scheme is used in the AGCM. Using the H radiation
scheme in the AGCM, the coupled model produces
slightly colder SSTs in the Northern (summer) Hemi-
sphere subtropics in July with the MY scheme than
with the PP scheme.

The choice of vertical mixing scheme has a stronger
impact on the simulated vertical thermal structure of
the upper ocean. Figure 4 compares temperature cross
sections on the equator in April of the second year of
experiments HPP and HMY. Compared to the PP
mixing scheme, the MY scheme produces a much
sharper thermocline, especially in the eastern Pacific.
This is similar to the results obtained with the uncou-
pled OGCM (Ma et al. 1991), but the difference in the
coupled model simulations is much more pronounced.
In particular, the PP scheme produces a very diffuse
thermocline and a shallow and not well-defined mixed
layer in the western Pacific. These deficiencies may
result in unrealistic sensitivity to surface heating in
longer-term simulations. The cross sections of zonal
current (Fig. 5) show that the Equatorial Undercurrent
has comparable intensity in both experiments and is
weaker than the observed. The core of the Equatorial
Undercurrent is at about the same depth in both ex-
periments. The surface currents are weaker when the
MY scheme is used. The results of Ma et al. (1991)
and Halpern et al. (1994) suggest that the PP scheme
is capable of producing realistic results in the tropical
Pacific in uncoupled OGCM simulations. The less sat-
isfactory performance of the PP scheme in the coupled
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FI1G. 1. Sea surface temperature in July of the second year of coupled model integration for expen’mehts (a) KPP,
(b) HPP, (c) KMY, and (d) HMY. Contour intf:rval is 1°C. Regions warmer than 29°C are stippled.

simulations can be due, at least in part, to the weak
wind stress or excessive heat flux simulated by the
AGCM. The MY scheme, on the other hand, is less
sensitive to these errors and able to maintain a realistic
mixed layer. It is possible that the incorporation of
explicit mixed-layer mixing into the PP scheme may
alleviate the problem, but it is unclear whether the re-
sulting simulated SST may be too cold. _

We next examine the impact on the performance of
the coupled GCM of including the modified surface
flux calculations at low wind speeds in the AGCM and
the penetration of shortwave radiation in the OGCM.
Including these two modifications delays the occur-
rence of the climate drift of the coupled system when
the K radiation scheme is used in the AGCM. Nev-
ertheless, the coupled GCM still produces unrealistic
SSTs similar to those in Figs. 1a and 1c after one year
of integration.

Figure 6 compares the SST distributions obtained
in experiments HMY, HMY-p, and HMY-w in July
after six months of model integration. Allowing for the
penetration of solar radiation into-the ocean has an
overall cooling effect at the ocean surface. The SSTs
are colder by more than 1°C in locations north of 10°N.
The difference is largest in the subtropics of the North-
ern Hemisphere, where the SST is more strongly con-

trolled by the surface heat fluxes and where summer
conditions imply larger insolation. Including penetra-
tion of solar radiation has a less pronounced and less
systematic effect on SSTs in the equatorial belt. At the
eastern end of the basin, SSTs are actually warmer
when this parameterization is included in the model.
The vertical cross sections of temperature along the
equator (not shown) reveal that including the pene-
tration of solar radiation produces a sharper thermo-
cline in the central and eastern Pacific. :

The modified surface flux calculation at low wind
speeds does not have a systematic effect on the SST
distribution in the tropical region. It tends to decrease
the SST slightly in the western and central Pacific but
increase the SST in the cold tongue region.

In summary, we find that the performance of our
coupled GCM is highly sensitive to the calculation of
longwave radiative transfer in the AGCM. The K
scheme, which has been extensively used in the UCLA
AGCM, is associated with a severe climate drift that
develops from the start of the coupled simulation. The
model does not recover from this climate drift even
after extending integration for about a decade. The
H scheme, which is used in the current version of
the UCLA AGCM, produces encouragingly realis-
tic simulations of the climatology and seasonal
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FI1G. 2. Longitude-time plots of SST on the equator for experiments (a) KPP and (b) HPP. Contour interval is 1°C.
Regions warmer than 29°C are stippled. A 15-day running mean is applied to the data.

cycle in the tropical Pacific region (Robertson et al.
1994a).

4. Interactions among radiation, convection, and
large-scale dynamics in the AGCM

In this section we investigate the reasons for the
drastic difference between the coupled GCM simula-
tions performed with different parameterizations of
longwave radiation in the AGCM. The close relation-
ship between the SST and surface wind stress at the
equator shown in the previous section is indicative of
feedbacks between the ocean and the atmosphere.
These feedbacks involve interactions among surface
evaporation, convection, and large-scale dynamics
within the AGCM, all of which are linked to the ra-
diative processes. To gain insight into these issues, we
analyze the effect of the difference in longwave radia-
tion parameterizations on the atmospheric circulation
simulated with the uncoupled AGCM.

The first obvious question is whether the different
SST distributions obtained with the two radiation
schemes simply reflect different longwave radiative
fluxes at the ocean surface. Specifically, we ask whether
SSTs are colder with the H scheme because downward
longwave radiative fluxes are weaker. In the AGCM,
the longwave radiative transfer depends, in a compli-
cated way, on a number of model variables including
temperature, water vapor mixing ratio, and cloudiness.
As a first step to understand the effect of different long-
wave radiation schemes, we compare the longwave
heating rates and surface longwave radiative fluxes
produced by the K and H schemes for identical at-
mospheric conditions. These conditions are produced
from a 30-day uncoupled AGCM simulation in per-
petual January mode starting from the initial condi-
tions used in the sensitivity experiments described in
the previous section. The purpose of the 30-day inte-
gration is to produce a more realistic cloud amount
with the newly incorporated relaxation in adjustment
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FI1G. 3. Longitude-time plots of surface zonal wind stress on the equator for experiments (a) KPP and (b) HPP. Contour interval
is 0.1 dyn cm~%; regions with westward stress are stippled. A 15-day running mean is applied to the data.

by cumulus convection. Figure 7a shows the difference
in zonally averaged longwave heating rates produced
by the H and K schemes. Since we are primarily in-
terested in the coupled system, the zonal average is
taken only over grid points over the ocean.

~ Figure 7a shows significant differences in the Tropics.
Compared to the K radiation scheme, the H radiation
scheme produces a stronger cooling both near the sur-
face and in the upper troposphere (around 100 mb).
Harshvardhan et al. (1989) compared the heating rates
produced by their scheme with and without the effect
of the water vapor continuum absorption and found
a stronger low-level cooling in the former case. The
stronger low-level cooling with the H scheme compared
to the K scheme, therefore, can be attributed to the
inclusion of continuum absorption in the former
scheme. The difference in the upper troposphere, on
the other hand, is likely to be associated with differences
in the optical properties of clouds assumed in the
schemes. To see whether this is the case, we repeat the

longwave heating rate calculation under clear-sky con-
ditions, and the difference is shown in Fig. 7b. Although
the H scheme still produces a stronger cooling near the
surface, the large differences above 400 mb have dis-
appeared in this case. This supports the hypothesis that
different optical properties of clouds are responsible
for the stronger upper-level cooling with the H scheme.
The reason is that the supersaturation clouds in the
upper troposphere, in general, have much smaller
emissivities in the H scheme than in the K scheme and
thus absorb less of the upward longwave radiation.
The difference in net upward longwave radiative
fluxes at the surface computed by the two schemes cor-
responding to Fig. 7a is shown in Fig. 8. In the Tropics,
the net upward flux is smaller with the H scheme, con-
sistent with the stronger downward flux due to emission
associated with the water vapor continuum and the
stronger cooling at low levels in Fig. 7a. However, this
result is in apparent contradiction with the coupled
GCM simulations, in which using the H scheme in the
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Fi1G. 4. Cross sections of temperature on the equator in April of
the second year of model integration for experiments (a) HPP and
(b) HMY. Contour interval is 1°C.

AGCM resulted in colder SSTs than using the K
scheme. One would expect the net upward longwave
radiation to be stronger using the H scheme if the long-
wave flux alone were to account for the differences in
SST. Other surface heat flux components need to be
considered, therefore, to account for the behavior of
the coupled system.

To this end, we compare the surface heat flux com-
ponents from two long-term uncoupled AGCM sim-
ulations with the two longwave radiation schemes.
Specifically, we compare time averages over a 30-day
period starting 15 January. Figure 9 shows the differ-
ences between zonally averaged surface heat flux com-
ponents obtained in simulations with the uncoupled
AGCM using the H and K schemes. Again, zonal av-
erages are taken over ocean grid points only.

In the Tropics, the net upward longwave radiation
(Fig, 9a) is smaller when the H scheme is used. This
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tendency toward weaker cooling of the ocean with the
H scheme is qualitatively similar to that found in the
instantaneous calculations. The net downward short-
wave radiation (Fig. 9b) is smaller with the H scheme,
which implies weaker ocean warming. This difference
in shortwave radiation is associated with changes in
cloudiness. Since the sensible heat flux has very small
magnitudes in the Tropics in the two simulations com-
pared, so does their difference (Fig. 9¢). The difference
in latent heat flux (Fig. 9d), on the other hand, has a
much larger magnitude than that of any other com-
ponent of the surface heat flux. Compared to the sim-
ulation with the K scheme, the simulation with the H
scheme shows larger evaporative cooling by more than
30 W m2 in the Tropics. The sign of this difference is
consistent with the behavior of the coupled GCM:
namely, the H radiation scheme results in a stronger
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F1G. 5. Cross sections of zonal current on the equator in April of
the second year of model integration for experiments (a) HPP and
(b) HMY. Contour interval is 20 cm s7!; regions of westward flow
are stippled.
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for experiments (a) HMY, (b) HMY-p, and (c) HMY-w. Contour
interval is 1°C. Regions warmer than 29°C are stippled.

cooling of the ocean surface. Consistent with the stron-
ger surface evaporation, the total (cumulus and large
scale) precipitation is also larger in the simulation with
the H scheme (Fig. 9¢).

The larger surface evaporation obtained with the H
scheme in the uncoupled AGCM is the end result of
interactions between radiation, convection, and pos-
sibly large-scale dynamics in the model. Recall that for
~ the same atmospheric conditions, the H scheme pro-

duces stronger cooling near the surface and in the upper
troposphere in the Tropics than the K scheme. A
stronger cooling near the surface will enhance the sur-
face heat flux, but more importantly, a stronger upper-
level cooling will enhance cumulus activity through
destabilization of the atmospheric column. Increased
cumulus activity produces more drying of the PBL
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through entrainment of drier air from the free atmo-
sphere and, hence, increases surface evaporation.

The changes in convective activity can also interact
with large-scale dynamics. The increase in cumulus ac-
tivity can increase low-level convergence in the Tropics
and increase wind speeds in the PBL. The increase in
PBL wind speed will also increase surface evaporation.

To quantitatively assess the importance of various
processes for the increased surface evaporation in the
uncoupled AGCM, we compare the moist static energy
flux at the surface in the simulations with the K and
H schemes. The moist static energy is given by

h=c,T+gz+ Lg, (13)

where L is the latent heat of condensation and q is the
mixing ratio of total water. The surface moist static

~ energy flux is given by

(Fr)s = pacau*(hg — har),

where the saturation water vapor mixing ratio at
ground temperature is used for g in /4,. A constant

(14)
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FiG. 7. (a) Difference (Harshvardhan radiation — Katayama ra-
diation) in heating rate due to longwave radiation zonally averaged
over ocean grid points for a 15 January condition. Contour interval
is 0.25 K day™. Regions with negative values are stippled. (b) Same
as (a) but for clear-sky conditions.
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in net upward longwave radiative flux (W m™2) zonally averaged over
ocean grid points for a 15 January condition.

value of 1.2 kg m~3 is assumed for air density p,. Figure

10a shows the difference in the 30-day mean of surface

moist static energy flux zonally averaged over ocean’

surface (solid line): that is,
A( PaCou*(hg = hu)),

where the overbar denotes 30-day mean and A denotes
the difference between simulations using the H and K
schemes. Also shown (dashed line) is the difference in
flux computed as the product of the 30-day-mean val-
ues of Cy, u,, and h, — Ay, that s,

A(paéﬂﬁ*(hg - hM) )

The close agreement between the two curves indicates
that the difference in flux can be largely accounted for
by the differences in the mean values of individual fac-
tors (Cy, u,, and hy — hy) and the higher-order cor-
relation terms in time can be neglected.

We next evaluate the contribution from the three
individual factors to the difference in the moist static
energy flux by making the following approximation:

ApoCoit 4 (he — hpr)) = palD(Co) (1 ) (hg — har)x
+ pu(CB)KA( ﬁ*)(hg - hM)K
+ pa( Co)x () AChy — hpr),  (15)

where subscript K denotes the simulation with the K
scheme. The latitudinal distribution of the terms on
the right-hand side of (15) is shown in Fig. 10b. It is
apparent that in the time-mean changes in the transfer
coefficient do not contribute significantly to differences
in surface moist static energy flux, whereas changes in
u, and (h, — h,,) both have nontrivial contributions
to the differences. The changes in (4, — /) reflect the
colder and drier PBL in the simulation with the H
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scheme, which is consistent with the stronger low-level
cooling and increased cumulus activity. The changes
in u, are due mainly to changes in the PBL winds and
have an even stronger impact on the moist static energy
flux in the Tropics-than the changes in (4, — hs). The
surface wind stresses from the two experiments are
shown in Fig. 11. It can be clearly seen that the surface
wind stress in the simulation with the H scheme is
stronger in most places. Most importantly there is
much stronger surface convergence in the equatorial
region and stronger southeasterly trades in the eastern
tropical Pacific. These features indicate enhanced
Hadley and Walker circulations, consistent with the
enhanced cumulus activity in the western tropical Pa-
cific.

The following scenario for the coupled simulations
is suggested by the results discussed in this section. With
the K radiation scheme, surface longwave radiative
fluxes are not necessarily unrealistic, but the longwave
heating rate calculated by this scheme results in vertical
temperature distributions that are relatively stable in
the Tropics, and, therefore, convective activity is rel-
atively weak. Consequently, surface evaporation and
winds are also weak. The insufficient surface evapo-
rative cooling, combined with weak wind stress, leads
to unrealistically high SSTs in the coupled model sim-
ulation. On the other hand, the H radiation scheme
produces a more unstable vertical temperature distri-
bution for the tropical atmosphere and, therefore,
stronger convective activity. The stronger surface
evaporative cooling and better simulated surface wind
stress produce much more realistic SST distributions.

5. Conclusions

We have analyzed the sensitivity of a coupled ocean—
atmosphere GCM to the parameterizations of selected
physical processes in both the AGCM and the OGCM
components of the model. In the AGCM, we focused
on the parameterizations of longwave radiative transfer
and surface turbulent fluxes at low wind speeds. In the
OGCM, we considered the parameterizations of ver-
tical mixing by turbulence and the penetration of solar
radiation into the upper ocean.

Among the four physical parameterizations we in-
vestigated, the coupled model shows the greatest sen-
sitivity to the parameterization of longwave radiation
in the AGCM. This sensitivity is so strong that using
one of the schemes considered [the Katayama (1972)
scheme, which has been extensively used in the UCLA
AGCM] results in a catastrophic climate drift of the
model in which unrealistically high SSTs develop in
the tropical Pacific, whereas using the other scheme
[the Harshvardhan et al. (1987, 1989) scheme, which
is used in the current version of the UCLA AGCM]
results in a very realistic simulation of the coupled sys-
tem. Interestingly, the longwave radiation scheme that
produces colder SSTs also produces stronger longwave
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" and (e) total precipitation (mm day™") for 30-day means start-
ing 15 January.

radiation from the atmosphere into the ocean. Our
analyses show that the reason for this apparent con-
tradiction has to be sought in processes other than ra-
diative transfer. It was demonstrated that lower SSTs
obtained with the H scheme are due to stronger evap-
orative cooling of the ocean surface and stronger surface
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wind stress in the Tropics, both of which are associated
with stronger convective activity.

The other parameterizations we considered do not
have as drastic an impact in our coupled model as the
longwave radiation parameterization. The two.different
vertical mixing schemes do not affect the SST signifi-
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FIG. 10. (a) Difference in surface moist static energy flux (W m™2)
for 30-day means starting 15 January (solid line) between simulations
with the Harshvardhan et al. and Katayama schemes. The dashed
line shows the difference in fluxes computed as the product of 30-
day means of individual factors. (b) Contributions of differences in
transfer coefficient (solid line), friction velocity (dashed line), and
ground-surface moist static energy difference (dotted line) to the dif-
ference in surface moist static energy flux.

cantly but strongly influence the structure of the mixed
layer and the thermocline. The Pacanowski-Philander
parameterization, when used in our coupled model,
produces very diffuse thermoclines along the equator
and shallow mixed layers in the western equatorial Pa-
cific. The Mellor-Yamada turbulence closure scheme
produces more realistic results at those locations. There
are indications, however, that the vertical mixing pro-
duced by the latter scheme may be too strong.

Our results also demonstrated the sensitivity of SST
simulated by the coupled GCM to modification of sur-
face turbulent flux calculations and the penetration of
solar radiation into the ocean. Although the resulting
differences are small, these slight differences may have
a nontrivial impact on the interannual variability of
the coupled model (Robertson et al. 1994b).
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Our principal finding is that feedbacks in the coupled
ocean—atmosphere system imply that coupled GCMs
can be highly sensitive to different parameterizations
of physical processes. Not only can the sensitivity be
much greater in the coupled GCM than that in the
model components when uncoupled, but the effect of
differences in parameterization schemes in the coupled
simulations may also differ drastically from that in the
uncoupled simulations. It should be noted, however,
that the sensitivity found in this study may be highly
dependent upon the resolution and special parameter-
izations of physical processes used in our current model
components. For example, the sensitivity to vertical
mixing schemes in the OGCM may be due to the
coarseness of vertical resolution. Nevertheless, these
considerations do not challenge the major finding of
this study: altering a physical parameterization in a
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component of a coupled ocean—-atmosphere GCM can
have large impacts on model performance through the
triggering of complicated feedback processes. Careful
study and detailed understanding of the interactions
among physical parameterizations are crucial for the
-improvement of coupled model simulations.
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