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ABSTRACT

An overview of the principal research findings made during the course of

the NASA-supported project "Numerical simulation of large-scale ocean-atmosphere

coupling and the ocean's role in climate" is given. In a series of 16-month

comparative numerical integrations, this research has served to emphasize

the sensitivity of the seasonal climate simulated by an atmospheric GCM to

the degree of interaction accorded to the underlying ocean, especially in

the tropics. New insight into the physical mechanisms involved in the main-

tenance of climate has been provided by detailed diagnoses of the simulated

balances of angular momentum, heat and energy. A highlight of the research

is the first successful interannual integration of a synchronously coupled

ocean-atmosphere GCM with realistic geography and seasonal insolation,

whose preliminary results are given in an appendix. The abstracts of the

various scientific reports prepared with either the full or partial support

of this grant are also given in an appendix.
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1. Introduction and General Description

It is generally conceded that the ocean plays an important if not

dominant part in the maintenance of climate, and hence is a potentially

important factor in climatic change. Surprisingly little quantitative

information, however, is available on the ocean's climatic role. The

basic purpose of the research program on "Numerical simulation of large-

scale ocean-atmosphere coupling and the ocean's role in climate" was to

develop new information on this question by the performance of a series

of new numerical experiments and the development of new diagnostic tech-

niques for the analysis of the simulated climate. In this report we

will summarize the principal findings of this research, and relate it

to other activities in climate research and large-scale ocean-atmosphere

interaction. Reference may be made to the various reports prepared un-

der the program (and listed in Appendix B by title and abstract) for

further detail.

Most of the solar radiation reaching the earth's surface falls into

the ocean, and the absorption and storage of this energy in the upper

ocean layers is an important thermal reservoir from which the atmosphere

derives much of its heating in both sensible and latent forms. This

high thermal inertia of the (upper) ocean dictates that the ocean's tem-

perature will change relatively slowly as a result of this heat exchange

with the atmosphere. Simulating the large-scale structure of these

seemingly small changes in ocean temperature and especially in sea-surface

temperature, is therefore the jnost important requirement of the oceanic

part of a coupled ocean-atmosphere GCM, at least as far as the (atmo-

spheric) climate is concerned.

These features create a basic difficulty for the simulation and

analysis of the interaction of the ocean and atmosphere on climatic

time scales: first, because of the mismatch in the characteristic re-

sponse times or time scales of the ocean and atmosphere to obtain an equi-

librium climate, it is necessary to simulate many years for the ocean as

compared with the relatively few years (or even seasons) necessary for the

atmosphere, and second, because of the sensitivity of the atmosphere to the

ocean, especially as a source of latent heat in the tropics, it is

necessary to simulate the sea-surface temperature with relatively
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high accuracy. As summarized in Table 1, all previous integrations of

coupled ocean-atmosphere models have effectively accelerated the ocean's

time scale by the use of asynchronous coupling schemes. While this may

make little difference to the simulated equilibrium climate, it complete-

ly masks the synoptic- and .monthly- scale interactions between the atmo-

sphere and ocean which may be crucial to the evolution of seasonal and

annual climatic states of the coupled system.

Rather than make a single integration of the fully-coupled model

over perhaps a decade, it was decided instead to make a series of shorter-

term experiments in which the transient evolution of the climate could

be examined under a variety of assumptions regarding the ocean, As sum-

marized in Table 2, these parallel simulations were each started with

the same (atmospheric) initial conditions and each extended over the

same 16-month period during which the insolation underwent its normal

seasonal cycle. Although none of these experiments were long enough

to establish the equilibrium climate, they are sufficient to show the

dependence of the climate's transient evolution on the model's treat-

ment of the ocean. The atmospheric GCM used in all of these experiments

was the OSU two-level jnodel, whose seasonal performance in the control

run has been reviewed by Schlesinger and Gates (1981a); a comprehensive

documentation of this model has recently been prepared by Ghan et al,

(1982).

2. Summary of Principal Research Findings

The research carried out under this project can conveniently be

classified as that involved in the design and analysis of the compara-

tive GCM experiment series with various treatments of the ocean as

shown in Table 2, the development and application of improved -models,

and the development of new diagnostic techniques for the analysis

of observed and simulated climatic data. The highlights and principal

findings in each of these areas are briefly described below, with-

reference made to the project reports where more detail is given, In

the case of the last or coupled GCM experiment, further detail is given

in Appendix A of this report.
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Table 2

SUMMARY OF GCM EXPERIMENT SERIES* WITH

VARIOUS TREATMENTS OF THE OCEAN

Experiment description Sea-surface temperature

Control

Halved surface evaporation

Annual average SST

No ocean

Slab (fixed depth)

Variable-depth mixed layer

Variable-depth mixed layer and
thermocline

Coupled ocean

Prescribed variation (monthly
climatology)

Fixed (annual climatology)

Calculated

*Each 16-month simulation uses the OSU two-level GCM with the same initial
conditions.
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a. Comparative GCM experiments with various treatments of the ocean.

The principal conclusions from this research are:

- In comparison with the atmospheric control experiment in which

the sea-surface temperature is assigned its monthly climatological

variation, the use of constant sea-surface temperatures (equal to the

climatological annual average) results in a moderation of the seasonal

variation of temperature over both continents and oceans, and an approxi-

mate halving of the seasonal variation of precipitation (Schlesinger and

Gates, 1981b). This experiment shows that the seasonal climatic cycle

is significantly influenced by the seasonal variation of sea-surface

temperature as well as by the seasonal variation of insolation.

- When the oceanic evaporation is taken as one half the value it

would have in the control under the same conditions, the precipitable

water is decreased by about half, along with a decrease in the atmo-

spheric temperature, relative humidity and precipitation (Schlesinger

and Gates, 1981b). This experiment shows that the intensity of the

hydrological cycle and hence the atmospheric latent heating is signifi-

cantly dependent upon the efficiency of the evaporation parameterization

over the oceans.

- When the global oceans are replaced with bare land at sea level,

the temperature contrasts between the continents and the locations of

the (present) ocean would be lessened, while the seasonal temperature

contrast between the hemispheres would be increased with warmer summers

and colder winters. In this case the atmospheric water vapor, cloudi-

ness and precipitation are also greatly reduced, with the maximum rain-

fall found in the high latitudes of the summer hemisphere (Schlesinger

and Gates, 1981b). This experiment shows that the oceans act as an

important source of heat and moisture for the atmosphere and are re-

sponsible for much of the climate's relatively moderate seasonal varia-

tions.

- When the ocean is represented by a "slab", or mixed layer of uni-

form and fixed depth (hexe taken as 60 m) whose mean temperature varia-

tion is determined by the net flux of heat at the surface, the simula-

ted sea-surface temperature is generally lower than that observed in

the North Pacific and Atlantic Oceans, and higher than that observed to

the west of South America and Africa and near Antarctica (with, less

ORIGINAL PAGE IS
OF POOR QUALITY
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sea ice). These temperature changes are accompanied by major changes

in the pattern of precipitation, especially over the tropical oceans

(Schlesinger and Gates, 1981b). This experiment suggests that the local

variation of the sea-surface temperature, even as given by a highly-

simplified mixed layer model, is an important determinant of the global

climate distribution, and that oceanic processes such as advection and

upwelling may be important factors in the ocean surface heat budget.

- When the ocean is represented by a mixed layer whose local depth

may vary as a result of wind mixing, entrainment and convective over-

turning, and in which the effects of wind-driven currents and upwelling

are taken into account (Pollard et a.1.3 1980), there is only a slight im-

provement in the simulation of the sea-surface temperature (Pollard,

1982). This experiment shows that wind-driven currents and variable

heat capacity in the mixed layer are not sufficient to produce realistic

seasonal patterns of sea-surface temperature.

- When the ocean is represented by a variable-depth mixed layer and

an underlying layer of variable depth representing the seasonal thermo-

cline, the errors in the simulation of the sea-surface temperature are

significantly less than those .made with either a slab or single .mixed

layer (Pollard, 1982). This experiment suggests that thermal communica-

tion with the seasonal thermocline is important in the variations of sea-

surface temperature.

- When the atmosphere is coupled to a complete oceanic GCM (Han

and Gates, 1982 a, b), there is little improvement in the simulation of

the sea-surface temperature over that found with a variable mixed layer

and thermocline (Gates et al.3 1983 (Appendix A of this report)). The

similarity of these errors to those found in other coupled ocean-atmo-

sphere GCM simulations (Manabe et al., 1979; Washington et al,3 1980).

suggests that the sea-surface temperature simulated by interactive

atmosphere-ocean models is sensitive to the coarse resolution of the

ocean model itself and to shortcomings in the atmospheric model's

contribution to the surface heat flux.
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The principal findings from this research are:

- An oceanic general circulation model with 1° latitude resolution

can simulate many aspects of the observed three-dimensional structure and

variation of the horizontal current, temperature and vertical motion in

the equatorial ocean in response to variations in the large-scale surface

wind stress and heating CHan et at., 1980). This research suggests that

such a model, in conjunction with an atmospheric GCM, might be able to

simulate such events as the El Nino and Southern Oscillation,

- In the formulation of a coarse-grid oceanic GCM considerable care must

be taken in the representation of the flow over bottom topography in the

multiply-connected world ocean, and in the treatment of the integral proper-

ties of the numerical solution. When thermohaline effects are included in

an extended simulation with realistic surface forcing, most of the observed

large-scale features of the annual mean and seasonal variation of the temper-

ature and circulation can be successfully simulated (Han and Gates, 1982 a, b).

This research indicates that such a model would be suitable for coupling with

an atmospheric GCM of comparable resolution (see Gates et at,, 1983

(Appendix A of this report)).
2

- In the numerical solution of a coarse grid (>10 km) oceanic GCM, the

so-called B-scheme (in which the horizontal velocity is carried at the center

and the pressure or geopotential is carried at each corner of a rectangular

grid) is the most successful in the suppression of computational noise

(Batteen and Han, 1980), In such models the choice of grid scheme is important

for the representation of the meridional structure of the large-scale normal

modes (Su et al.f 1980).

c. Development of diagnostic techniques and assembly of climatic

data sets.

The principal results of this research are:

- Insight into the climate simulated by an atmospheric GCM is provided

by the analysis of the balance of angular momentum in terms of the fluxes

due to convection, background viscosity, the pressure force, vertical

motion, and the relative transfers by the standing mean motion and by the

stationary and transient eddies (Kim and Grady, 1980; Kim and Grady,

1982). This research shows that although the global mountain and frictional



- 8 -

torques balance, special attention should be given to the torques in the

vicinity of mountains.

- Insight into the maintenance of the heat balance is provided by the

analysis of the climate simulated by an atmospheric GCM in terms of the fluxes

due to long- and shortwave radiation, convection, large-scale vertical motion,

and the relative transfers and energy conversions by the mean motion and by

the stationary and transient eddies (Kim and Wang, 1981). This research

shows that the sensible and latent heat flux by cumulus-scale motions is an

important part of the heat budget in both tropical and middle latitudes,

- The meridional heat flux by the oceans may be estimated from a

simulation with an atmospheric GCM, even when the sea-surface temperature is

assigned its climatological values (Pollard and Gates, 1982). This research

shows that the implied oceanic heat transports are sensitive to the surface

heat fluxes simulated by the model, especially poleward of about 50° latitude

in both hemispheres.

- A recalculation of the monthly mean wind stress over the global ocean

using updated climatological data shows that the effect of the intramonthly

variability of the wind is important in the depiction of the seasonal tran-

sitions of the wind stress, especially over the Indian and Southern oceans

(Han and Lee, 1981). This research indicates that there are still extensive

data-sparse regions of the ocean over which considerable caution should be

used in the interpretation of GCM results.

- A recalculation of the monthly mean surface heat budget over the

global ocean using updated climatological data shows that both the heat

storage and the horizontal and vertical heat flux divergence play important

roles in determining the local heat flux between the ocean and atmosphere

CEsbensen and Kushnir, 1981). This research indicates that the oceanic

surface heat budget jnay be successfully balanced with conventional flux

parameterizations using monthly mean data,

- Analysis of the global balance of kinetic energy and total energy

simulated by an atmospheric GCM in terms of the various mechanisms responsible

for local energy changes shows that over much of the troposphere there is an

approximate balance between the net kinetic energy flux and its production by
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ageostrophic motions, and that there is a characteristically strong energy

flux divergence in the tropics in both summer and winter (Wang et alt , 1983),

This research also indicates that the apparent energy imbalance in the atmo-
_2

spheric GCM is about 2 Wra due to the effects of data sampling,

- In the comparison of climatic data simulated by a model in sigma

coordinates to observational data in pressure coordinates, it is important to

use a mass-consistent scheme in the analysis and interpolation between surfaces

CGhan and Kim, 1983). When applied to the atmospheric energy cycle simulated

by the OSU atmospheric GCM, this research shows that the estimates of the role

of eddies is sensitive to such data analysis schemes,

3. Other Activities and Coordination

In the conduct of the research summarized here, the principal

investigators have participated in a variety of other activities related to

the general problem of the ocean's role in climate. Foremost among these is

the research conducted concurrently under the sponsorship of the National

Science Foundation on the development and application of atmospheric and oceanic

GCMs for the purposes of climate simulation. A major focus of this program is

the study of the likely climatic effects of increased atmospheric CCL, a

problem in which the oceans play a critical role, A series of NSF grants has

therefore co-sponsored the research with oceanic GCMs in particular, and has

also contributed to the support of the research on diagnostic analysis, These

research efforts have also been partially supported by a subcontract with the

Lawrence Livermore National Laboratory,

In addition to the specific research achievements described here, NASA's

support of this program has contributed significantly to the emerging sci-

entific concensus that the oceans must be modelled more carefully than here-

tofore if an appreciation of their full role in climate is to be achieved.

The principal investigator has thus been able to more effectively participate

as a member of the Climate Research Committee of the National Academy of

Sciences in the planning for major oceanographic research projects as part

of the U. S. national climate program. This program has also enabled a

greater contribution to be made to the development of international oceano-

graphic research efforts as part of the World Climate Research Programme,
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In summary, this NASA-supported project has enabled considerable progress

to be made in both ocean modeling and in the diagnosis of the shorter-term

response of the global ocean when coupled to the atmosphere in a variety of

forms. This project has thereby significantly contributed to a fuller under-

standing of the ocean's role in climate and climate change. Building upon

this base, it is hoped that subsequent research will address the Tiiany remain-

ing questions involved in the ocean's long-term response as part of the

coupled atmosphere-ocean climate system.



- 11 -

ACKNOWLEDGMENTS

I would like to acknowledge the many important contributions made in

this research project by my co-investigators and colleagues S. K. Esbensen,

Y.-J. Han, J.-W. Kim (now at Yonsei University, Seoul, Korea), D. Pollard

and M. E. Schlesinger. The skillful and dedicated programming support of

R. L. Mobley, W. R. McKie and S. Schwartz is also very much appreciated, as

is the assistance of Elizabeth Webb, Naomi Zielinski, and Cindy Beck in the

preparation of this report.



- 12 -

REFERENCES

Batteen, M. L., and Y.-J. Han, 1980: On the computational noise of finite-
difference schemes used in ocean models. Report No. 12, Climatic
Research Institute, Oregon State University, Corvallis, 22 pp.

Esbensen, S. K., and Y. Kushnir, 1981: The heat budget of the global ocean:
An atlas based on estimates from surface marine observations. Report
No. 29, Climatic Research Institute, Oregon State University, Corvallis,
27 pp. + plates.

Gates, W. L., Y.-J. Han and M. E. Schlesinger, 1983: Preliminary results
from the OSU coupled ocean-atmosphere GCM. Appendix A (this report).

Ghan, S. J., J. W. Lingaas, M. E. Schlesinger, R. L. Mobley and W. L. Gates,
1982: A documentation of the OSU two-level atmospheric general circula-
tion model. Report No. 35, Climatic Research Institute, Oregon State
University, Corvallis, 395 pp.

Ghan, S. J., and J.-W. Kim, 1983: A mass-consistent scheme for the analysis
of model-simulated data, with application to the atmospheric energy
cycle. Report No. 43, Climatic Research Institute, Oregon State Univer-
sity, Corvallis.

Han, Y.-J., W. L. Gates and J.-W. Kim, 1980: A numerical investigation of
equatorial ocean dynamics with reference to El Nino. Report No. 28,
Climatic Research Institute, Oregon State University, Corvallis, 35 pp.

Han, Y.-J., and S.-W. Lee, 1981: A new analysis of monthly mean wind stress
over the global ocean. Report No. 26, Climatic Research Institute,
Oregon State University, Corvallis, 148 pp.

Han, Y.-J., and W. L. Gates, 1982a: Preliminary analysis of the performance
of the OSU six-level oceanic general circulation model. Part I. Basic
design and barotropic experiment. Report No. 30, Climatic Research In-
stitute, Oregon State University, Corvallis, 53 pp.

Han, Y.-J., and W. L. Gates, 1982b: Preliminary analysis of the performance
of the OSU six-level oceanic general circulation model. Part II. A
baroclinic experiment. Report No. 34, Climatic Research Institute,
Oregon State University, Corvallis, 54 pp.

Kim, J.-W., and W. Grady, 1980: Preliminary analysis of the angular momentum
balance in the OSU two-level atmospheric general circulation model.
Report No. 18, Climatic Research Institute, Oregon State University,
Corvallis, 32 pp.

Kim, J.-W., and W. Grady, 1982: The angular momentum balance simulated by
the OSU two-level atmospheric general circulation model for January and
July. Report No. 38, Climatic Research Institute, Oregon State Univer-
sity, Corvallis, 42 pp.



- 13 - ORIGINAL PAGE IS
OF POOR QUALITY

Kim, J.-W., and J.-T. Wang, 1981: The January and July heat balance simulated
by the OSU two-level atmospheric general circulation model. Report No.
28, Climatic Research Institute, Oregon State University, Corvallis,
55 pp.

Manabe, S., 1969a: Climate and the ocean circulation. I. The atmospheric
circulation and the hydrology of the earth's surface. Man. Wea. Rev,3
97, 739-774.

Manabe, S., 1969b: Climate and the ocean circulation. II. The atmospheric
circulation and the effect .of heat transfer by ocean currents. Mon.
Wea. Rev.., 97, 775-805.

Manabe, S., 1977: Joint ocean-atmosphere model: Possible application to
a study of climate sensitivity. In Report of the JOC/SCOR Joint Study
Conference on General Circulation Models of the Ocean and Their Rela-
tion to Climate (Helsinki, 23-27 May 1977), Vol. 2, World Meteorological
Organization, Geneva, pp. IV.81-IV.101.

Manabe, S., K. Bryan and M. J. Spelman, 1979: A global ocean-atmosphere
climate model with seasonal variation for future studies of climate
sensitivity. Dyn. Oceans andAtmos., 33 393-426.

Pollard, D., M. L. Batteen and Y.-J. Han, 1980: Development of a simple
oceanic mixed-layer and sea-ice model for use with an atmospheric GCM.
Report No. 21, Climatic Research Institute, Oregon State University,
Corvallis, 49 pp.

Pollard, D., 1982: The performance of an upper-ocean model coupled to an at-
mospheric GCM: Preliminary results. Report No. 31, Climatic Research
Institute, Oregon State University, Corvallis, 33 pp.

Pollard, D., and W. L. Gates, 1982: Diagnosis of the oceanic heat transport
implied in an atmospheric GCM simulation. Report No. 32, Climatic
Research Institute, Oregon State University, Corvallis, 20 pp.

Schlesinger, M. E., and W. L. Gates, 1981a: Preliminary analysis of the mean
annual cycle and interannual variability simulated by the OSU two-level
atmospheric general circulation model. Report No. 23, Climatic Research
Institute, Oregon State University, Corvallis, 47 pp.

Schlesinger, M. E., and W. L. Gates, 1981b: Preliminary analysis of four general
circulation model experiments on the role of the ocean in climate. Report
No. 25, Climatic Research Institute, Oregon State University, Corvallis,
56 pp.

Su, C.-C., M. E. Schlesinger and J.-W. Kim, 1980: Theoretical studies of
finite-difference grids used in general circulation models. Report No.
13, Climatic Research Institute, Oregon State University, Corvallis, 45 pp.



- 14 -

Wang, J.-T., J.-W. Kim and W. L. Gates, 1983: The balance of kinetic and
total energy simulated by the OSU two-level atmospheric general cir-
culation model for January and July. Report No. 42, Climatic Research
Institute, Oregon State University, Corvallis.

Washington, W. M., A. J. Semtner, Jr., G. A. Meehl, D. J. Knight and T. A.
Mayer, 1980: A general circulation experiment with a coupled atmosphere,
ocean and sea ice model. J. Phys. Oceanogr., 103 1887-1908.

Wetherald, R. T., and S. Manabe, 1972: Response of the joint ocean-atmosphere
model to the seasonal variation of the solar variation. Mon. Wea.
1003 42-59.



APPENDIX A

PRELIMINARY RESULTS FROM THE OSU

COUPLED OCEAN-ATMOSPHERE GCM

W. L. Gates

Y.-J. Han

M. E. Schlesinger

March 1983



ABSTRACT

The OSU two-level atmospheric GCM has been successfully coupled to a

version of the OSU six-level oceanic GCM in a preliminary simulation over 16

months during which the solar radiation at the top of the atmosphere under-

went its normal seasonal cycle. The initial conditions for the atmosphere

were taken from an interannual atmospheric control integration in which

the ocean sea-surface temperature (and sea ice) was assigned its normal

monthly climatological distribution; similarly, the initial conditions for

the ocean were taken from an interannual oceanic control integration using

prescribed climatological atmospheric conditions. When these GCMs were

synchronously coupled (with fluxes at the air-sea interface computed each

hour), the solution of the joint model was stable over the 16-month period

but had not yet reached a climatological equilibrium.

The solution's principal transient adjustment occurred over the

low-latitude oceans, and is most apparent in the sea-surface temperature.

The climatological maximum January sea-surface temperature over the

equatorial western Pacific and Indian oceans (used in the control) has

cooled several degrees C in the coupled integration, and is accompanied by

an eastward shift of the region of maximum tropical precipitation. In the

North Pacific and North Atlantic oceans the coupled model produces a less

intense meridional sea-surface temperature gradient than is observed in

January, with temperatures several degrees C lower than observed in the

western central oceans. At the same time the coupled GCM simulates sea-surface

temperatures which are several degrees C above those observed off the west

coasts of South America and Africa, and around Antarctica.



1. Introduction and model description

In spite of the generally acknowledged important climatic role of the

oceans, there have been no long-term integrations of a coupled ocean-

atmosphere GCM which includes realistic global geography, seasonally-varying

insolation, and resolution of the large-scale synoptic and seasonal inter-

actions between the atmosphere and ocean. The pioneering work of Manabe

and Bryan (1969), Manabe et al. (1975) and Bryan et at. (1975) contained

none of these features, although it did establish that an oceanic GCM with

relatively coarse horizontal resolution was capable of satisfactorily

portraying major portions of the average large-scale structure and circu-

lation of the ocean. The more recent work of Manabe et at. (1979) and of

Washington et al. (1980) contain the first two of these features, but do

not resolve the synoptic and seasonal-scale interactions. In the interests

of accelerating the solution toward an equilibrium climate, they have

employed asynchronous coupling schemes in which the ocean model is inte-

grated for several years with fixed atmospheric forcing, after which the

atmosphere is integrated for a relatively short period with the updated ocean

now providing new sea-surface temperatures.

In the present 16-month simulation the OSU two-level atmospheric GCM

has been coupled with the OSU six-level oceanic GCM on a one-to-one basis,

i.e., time proceeds at the same rate in both ocean and atmosphere, and the

surface fluxes of heat, momentum and moisture are exchanged every hour.

Although it includes realistic global geography and seasonally-varying inso-

lation (together with internally-predicted cloudiness and surface hydrology),

the coupled model version used here has prescribed (climatological) sea-ice.

In spite of this approximation, the present integration is evidently the

first to be successfully undertaken for a fully coupled ocean-atmosphere

GCM for a period longer than a single annual cycle. This integration also

serves as the most general of a series of 16-month simulations which has

been undertaken to explore the role of the ocean in climate. Previous

members of this series include (aside from the control case with

climatologically-prescribed monthly sea-surface temperature) the cases of a

mixed layer of fixed depth (Schlesinger and Gates, 1981), a mixed layer of

variable depth (Pollard et at. , 1980) and a variable depth mixed layer

overlying a variable depth thermocline layer (Pollard, 1982).
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The initial conditions for the coupled integration were furnished by

independent seasonal control runs of the separate atmospheric and oceanic

GCMs. For the atmosphere, these initial data were those for 1 November of

"year 1" of the interannual control simulation as described by Schlesinger

and Gates (1981). In this integration of the sea-surface temperature (and

sea ice) was prescribed from monthly climatological distributions. The

initial conditions for the oceanic model were similarly taken as those

for 1 November at the end of a 210-year spin-up calculation, in which the

seasonal forcing was derived from climatological atmospheric data as

described by Han and Gates (1982b).

In their separate control runs both the atmosphere and at least the

upper ocean were in reasonably complete equilibrium with their respective

seasonal boundary conditions or forcing at the sea surface, and the atmo-

spheric and oceanic climates simulated in these controls are in reasonable

agreement with observations. Among the major errors of the atmospheric model

are the simulation of excessive amplitude (and southward displacement) of the

semi-permanent Icelandic and Aleutian lows, and the simulation of apparently

excessive precipitation over the western North Atlantic, Pacific and equa-

torial Indian oceans. A characteristic error of the ocean model is its failure

to simulate the observed strength and structure of the relatively narrow

boundary and equatorial currents found in various basins of the world ocean;

this error is likely due to the oceanic GCM's use of the same 4° latitude

and 5° latitude horizontal grid used by the atmospheric GCM, and its consequent

failure to resolve the effects of mesoscale oceanic processes. Nevertheless,

the oceanic GCM simulates the large-scale distribution of the sea-surface

temperature and surface heat flux reasonably well (Han and Gates, 1982b).

Once the models are coupled, however, the initial surface fluxes will in

general not be in adjustment with the initial conditions as determined by the

separate (and observationally-driven) atmospheric and oceanic control runs.

The coupled model may therefore be expected to exhibit a transient adjust-

ment from the imposed initial state, especially over the tropical oceans where

the atmosphere's response to oceanic conditions appears to be strongest.

A summary of this transient response is given in the following section,

followed by a preliminary description of the climate simulated by the

coupled GCM near the end of the 16-month integration.
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2. Summary of the transient response

Since neither the atmospheric nor oceanic portions of the model will be

error-free, the performance of the coupled model cannot be expected to be the

same as that found in the separate atmospheric and oceanic GCM control runs

in which observed climatological data were used at the ocean surface. The

transient response of the coupled model will therefore begin immediately

upon coupling, and persist until both the sea-surface temperature and the

surface fluxes (principally of heat and momentum (wind stress)) are internally

consistent with the evolving solutions of the model which determine them.

This transient adjustment of the coupled GCM is most pronounced over the

tropical oceans, and is illustrated in Fig. 1 for the sea-surface temperature

in the equatorial Pacific Ocean. Relative to the atmospheric control (in

which monthly climatological sea-surface temperatures were prescribed) the

coupled GCM simulates mostly lower temperatures between 80°W and 120°E at

2°N during most of the 16-month integration, with a maximum warming between

6 and 7°C occurring near 110°W after about five months' integration (March).

The physical cause of this behavior has not yet been completely diagnosed,

but it appears to be due to the model's excessive cold water advection and/or

upwelling rather than to an excessive surface heat loss. This behavior may

in turn be related to the coupled model's simulation of relatively strong

trade winds in this region.

Although the coupled GCM has not been run long enough to establish

either the average or the mean seasonal variation of the sea-surface

temperature, the initial transient response shown in Fig. 1 provides

interesting evidence of the model's adjustment to anomalous forcing Cin

this case imposed via the initial conditions). Between November (of year 1)

and March, the sea-surface temperature anomaly at 2°N may be viewed (albeit

roughly) as an eastward-propagating wave which moves from about 140°W to

about 110°W. This corresponds, to a speed of approximately 0.4ms , and may

represent the model's simulation of an eastward-propagating equatorial

Kelvin wave.

An even clearer example of wave propagation, however, may be seen in

Fig. 1 between March and January (of year 2), during which time the maximum

sea-surface temperature anomaly appears to move westward from about 110°W
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Fig. 1. A time-longitude plot (HOvmb'ller diagram) of the difference between
the sea-surface temperature (°C) simulated by the coupled ocean-
atmosphere GCM and the observed climatological value (used in the
atmospheric GCM control) as a function of simulation month and
longitude across the Pacific Ocean at 2 N latitude. Shading
indicates values greater than zero (coupled model warm anomaly).
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to 180°W, This propagation corresponds to a speed of approximately 0,25 ms ,

and may represent the model's simulation of a westward-propagating internal

Rossby wave. That this speed is somewhat less than the 0.5-1,0 ms" reported

by Rasmusson and Carpenter (1982) as the average westward speed of (warm)

sea-surface temperature anomalies observed in the equatorial western Pacific

Ocean, may be due to the model's distortion of the effective internal baro-

clinic Rossby modes and/or its simulation of relatively low mean current

speeds.

This interpretation of the coupled GCM's transient response as wave

propagation along the equator is supported by the fact that the propagating

temperature anomaly pattern seen in Fig. 1 is also found at 2°S, and is

seen at 6°N and 6°S with the same zonal propagation characteristics but with

smaller amplitude anomalies. This behavior is not seen, however, at 10°N

or 10°S (or higher latitudes) in the Pacific, and does not occur in the

equatorial Atlantic or Indian oceans,

Although the time required for the essential completion of the model's

transient response has not been determined, it appears that several years'

simulation would be required before at least the low-latitude sea-surface

temperature exhibits only the 1 or 2°C changes which are characteristic of

observed seasonal fluctuations. At this time presumably the other climatic

variables would also exhibit realistic seasonal and interannual variations,

even though their mean values may be systematically in error as is evidently

the case for the sea-surface temperature.

3. Preliminary description of the simulated climate

Even though the present 16-month integration is too short to establish

either the coupled model's mean climate or its natural seasonal and inter-

annual variability, it is still of interest to examine some of the emerging

differences between this simulation and that of the corresponding uncoupled

atmospheric GCM.

Certainly a key variable in the coupled ocean-atmosphere system is the

sea-surface temperature, whose transient response in the equatorial Pacific

has just been examined. In Fig. 2 the complete global distribution of the

sea-surface temperature simulated for January (of year 2) by the coupled GCM
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Fig. 2. The sea-surface temperature (°C) simulated for January of "year 2" in
the coupled ocean-atmosphere GCM (top) and the observed January clima-
tological sea-surface temperature (°C) used in the atmospheric GCM con-
trol (middle). The bottom panel shows the difference between the sea-
surface temperature (°C) simulated in the coupled GCM and that observed.
Dotted pattern denotes values greater than zero (coupled model warm
anomaly), while shading denotes the prescribed locations of sea ice.
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is shown, along with the observed climatological January distribution as used

in the atmospheric GCM's control integration. From an inspection of these

data it is clear that the coupled model has not been able to maintain the

relatively large temperature gradients in the North Atlantic and Pacific

oceans associated with the Gulf Stream and Kuroshio, and has simulated a

warming and general weakening of the meridional temperature gradient south

of about 50°S in the Southern Ocean. In the tropical oceans the coupled

model has simulated widespread cooling as noted earlier and here shown in

the lower part of Fig. 2, while substantial warming has been simulated at

subtropical latitudes off the west coasts of South America and Africa.

Although a diagnosis of the ocean surface heat budget has not yet been made,

these features are probably related to errors in the model's surface wind

field and to associated errors in the simulation of upwelling and surface

heating. We may also note that the general pattern of the coupled model's

sea-surface temperature errors shown in Fig. 2 after only 15 months' simu-

lation is similar to that found in the more extended integrations of

asynchronously coupled models by -Manabe et at. (1979) and Washington et at.

(1980).

One of the more important climatic effects of the tropical sea-surface

temperature is its close relationship with tropical precipitation. It is

therefore of interest to examine the precipitation distribution in the coupled

model compared with that in the atmospheric control. These data are shown in

Fig. 3 for January, where we note a major decrease in the rainfall over the

equatorial Indian Ocean in the coupled model relative to that in the uncoupled

control. We also find increased precipitation in the coupled case off the

west coasts of South America and Africa near 10°S, corresponding to the warmer

sea-surface temperatures in these areas. Outside the tropics, however, it is

difficult to identify major large-scale differences of precipitation between

the coupled and atmospheric simulations.

It is interesting to note that the January precipitation simulated by

the coupled GCM given in Fig. 3 is in somewhat better agreement with the

observed average January precipitation as given by Jaeger (1976), for example,

than is the precipitation simulated by the atmosphere-only GCM with the

observed average sea-surface temperature. This indicates that the present

model atmosphere cannot accurately simulate the deep tropical convection
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and associated latent heating and precipitation if the sea-surface temper-

ature is not allowed to respond to the surface heat flux. When the sea-surface

temperature is free to interact, however, we obtain a markedly improved

simulation of the tropical atmosphere at the expense of a degradation of the

accuracy of the sea-surface temperature itself. If this behavior is charac-

teristic of coupled GCMs of relatively coarse resolution, it may not be too

high a price to pay for the convenience of such models. This error or climatic

drift of the sea-surface temperature could presumably be reduced with the use

of higher resolution and/or improved parameter!zations of the surface fluxes.

4. Further research

As a follow-on to 'the present research, it is planned to perform an

extended interannual simulation with an improved version of the coupled

ocean-atmosphere model, including an imbedded submodel of the oceanic surface

mixed layer and sea ice. This integration will allow us to examine the

stability of the shifts in such features as the sea-surface temperature and

precipitation noted here in association with the model's transient adjust-

ment, and will permit the first systematic analysis of the global climate

simulated by a fully-coupled ocean-atmosphere GCM.
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