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ABSTRACT

To ensure efficient coupling strategies in asynchronous coupling experiments with atmospheric
and oceanic general circulation models (GCMs), knowledge of the atmospheric model’s response
time to altered ocean surface temperature (OST) forcing is a necessary prerequisite. A general
estimate of atmospheric response time of 30 days is obtained by analysis of the time evolution
between different quasi-equilibrium states in response to altered OSTs in several atmospheric
GCM experiments. It is recognized, however, that this estimate may be too conservative (longer
than necessary) for lower atmospheric layers in the tropics. For a completely optimized
asynchronous coupling strategy, an estimate of oceanic response time to altered atmospheric

forcing is also necessary.

1. Introduction

A variety of coupling strategies is possible in the
design and execution of interactive large-scale
atmospheric and oceanic general circulation
models (GCMs). Two of the more straightforward
techniques are, using the terminology of
Schlesinger (1979), synchronous and asyn-
chronous coupling.

In a synchronous coupling experiment, at-
mospheric and oceanic GCMs run simultaneously
with a continuous two-way feedback between the
atmosphere and ocean. This procedure is necessary
if we are interested in the detailed time evolution of
the climate system from one quasi-equilibrium state
to another. Lorenz (1975) referred to this predic-
tion problem as climatic prediction of the first kind.
Because of the short time step required in the
integration of atmospheric GCMs, however, syn-
chronous coupling experiments lasting more than a
year or two of simulated time are not practical on

1 The National Center for Atmospheric Research is
sponsored by the National Science Foundation.
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present-day computers and thus are inappropriate
for the study of processes involving the deep ocean.

The alternative technique, asynchronous coupl-
ing, takes advantage of the disparity between
oceanic and atmospheric time scales and saves con-
siderable computer time by allowing a stepwise
approach to an ultimate quasi-equilibrium through
several intermediate or virtual quasi-equilibrium
states. In an asynchronous coupling experiment,
atmospheric and oceanic GCMs run sequentially
with the time-averaged output of one model used to
force the other during alternate half-cycles.
Manabe and Bryan (1969), Manabe et al. (1975),
Bryan et al. (1975) and Manabe et al. (1979)
followed this procedure in coupled model experi-
ments. Obviously, the somewhat artificial nature of
an asynchronously coupled model prevents the
model from duplicating the time evolution of the
real climate system. Nevertheless, this technique
appears to be applicable to climate experiments in
which we are concerned only with determining an
ultimate quasi-equilibrium state. Such experiments
have been characterized by Lorenz (1975) as
climatic prediction of the second kind. The current
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interest in determining the compatible atmosphere
and ocean quasi-equilibrium state with a prescribed
increase in the atmospheric CO, burden is just one
of many experiments possible with an asynchron-
ously coupled model.

To minimize the number of asynchronous cycles
and to maximize the impact of each climate system
component on the other during each half-cycle in
an asynchronously coupled model experiment, we
need to know the atmospheric response time to
altered ocean forcing and the oceanic response time
to altered atmosphere forcing. Since coupled model
development is still in its early stages, we can use
the results of some past atmospheric GCM experi-
ments to estimate the atmospheric response time
and to demonstrate some of its spatial and regional
aspects. Although oceanic response time is also
important, addressing that issue is beyond the
scope of this paper.

2. Atmospheric response time

There have been a number of atmospheric
sensitivity experiments in which ocean surface tem-
perature (OST) has been changed in atmospheric
GCMs and the time-averaged response examined
(e.g., Rowntree, 1972; Shukla, 1975; Chervin et al.,
1976; Washington et al., 1977; Julian and Chervin,
1978). The integration time of each of these experi-
ments is of the order of two months or less. In the
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Fig. 1. Globally averaged temperatures as a function of
time at anemometer-height level (7,), 1.5 km (T), 4.5
km (T,), 7.5 km (T3), 10.5 km (7T,), 13.5 km (7}) and
16.5 km (T). Units are °C.
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sense of Lorenz, these experiments may be con-
sidered “atmospheric prediction experiments of the
second kind” in that only the final quasi-
equilibrium state is of interest. Here we examine the
time behavior of experiments performed with the
six-layer tropospheric GCM at the National Center
for Atmospheric Research (NCAR) to determine
the evolution for various measures between
atmospheric states in response to altered OST
forcing. In this way, a variety of estimates of
atmospheric response time is possible.

Fig. 1 shows, for the NCAR GCM described by
Kasahara and Washington (1971), the evolution of
globally averaged temperatures at different heights
from an isothermal (240 K), at-rest atmospheric
state to a quasi-equilibrium January atmosphere.
This model atmosphere starts from an artificial
state and, commencing at Day O, the model is
forced by physical processes such as radiation,
precipitation, convection and boundary layer
physics, in addition to the imposed climatological
OST distribution. Estimating atmospheric response
time to the OST forcing from the “flattening out”
time for the curves in Fig. 1 probably results in a
conservative (longer than necessary) response time
estimate for globally averaged temperature
measures of atmospheric states. The choice of an
optimum objective measure of response time is not
readily apparent and hence we simply present the
time evolution curves as quasi-quantitative in-
dicators of the dependence of response time on
altitude and spatial averaging of atmospheric
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Fig. 2. Same as Fig. 1 but for zonally averaged tem-
peratures at the equator.
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states. The anemometer-height and 1.5 km tem-
perature adjust to the altered forcing rapidly (20—
30 days) because they are directly influenced by the
imposed OST distribution. This result is consistent
with that obtained by Chervin and Schneider
(1976) for a GCM forced by small random
perturbations. The temperatures in the upper two
layers reach quasi-equilibrium in 50—60 days.

For the same model integration, Fig. 2 shows the
evolution of the vertical distribution of zonaily
averaged temperatures at the equator. At all levels,
this zonally averaged measure adjusts more rapidly
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Fig. 3. Distribution of the ocean surface temperature
anomaly used by Julian and Chervin (1978). This
anomaly, added to the standard model January ocean
surface temperature distribution, was designed to remove
the normal west-to-east temperature gradient in the
eastern tropical Pacific. Units are °C.
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Fig. 4. Regionally averaged temperature differences be-
tween anomaly and control experiments for the area
20°S to 10°N and 180°W to 80° W at anemometer-
height level (T,), 1.5 km (T}), 4.5 km (T,) and 7.5 km
(T;). Units are °C.
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than the globally averaged measure, 10-20 days at
1.5 km and 20-30 days at the upper two layers.
These results suggest that the tropical atmospheric
response time is considerably less than that over
the globe as a whole. Presumably, in the model the
convective parameterization is a major contributor
to this short response time in the tropics.

Perhaps a more pertinent estimate of atmos-
pheric response time for developing asynchronous
coupling strategies is possible from the con-
sideration of the local atmospheric response to a
local OST anomaly of reasonable magnitude
imposed in a fully developed, more realistic
atmosphere. In the Southern Oscillation and
Walker Circulation study by Julian and Chervin
(1978), the OSTs were changed in the eastern
tropical Pacific. Their OST anomaly pattern (Fig.
3) was inserted on model Day 60 into the
previously described quasi-equilibrium January
atmosphere. Figs. 4 and 5 show the evolution of the
temperature difference between the anomaly and
control experiments at the different model heights
averaged over the anomaly region from 20°S to
10°N and 180°W to 80° W. For the lower three
atmospheric layers, this regionally averaged
measure adjusts in about 10-15 days. The
anemometer-height temperature adjusts most
rapidly of all, in about 5 days. Estimates of
atmospheric response times are not obvious from
the temperature difference time series for the upper
three layers in Fig. 5, indicating that at these levels
there is little direct atmospheric temperature res-
ponse to the OST anomaly.
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Fig. 5. Same as Fig. 4 but for 10.5 km (T,), 13.5 km
(T,) and 16.5 km (T).
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3. Conclusion

Analysis of the time evolution of different
measures of atmospheric states in atmospheric
GCM experiments with altered ocean surface tem-
perature forcing provides several different estimates
of atmospheric response time dependent to a great
extent on the degree of spatial averaging and other
regional aspects of the particular measure. In the
case of temperature, the response time is less for a
smaller change in ocean surface temperature and
for regions closer to the surface and the tropics.
Although no single value for atmospheric response
time resulted from our analysis, a 30-day inte-
gration of an atmospheric GCM during the atmos-
pheric half-cycle in an asynchronous coupling
experiment should ensure the efficient progression
to an ultimate quasi-equilibrium state through a
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series of virtual quasi-equilibrium states. Further
experiments are needed to determine how our
general estimate of atmospheric time response
would be altered for a model that included longer
time-scale land surface processes such as soil
moisture, snow cover, vegetation and a seasonal
cycle. To optimize asynchronous coupling
strategies, estimates of oceanic time response to
altered atmosphere forcing are necessary as well.
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BPEMS PEAKLIUU MOJEJJU OBIIEN HUPKYJIALIUK ATMOC®EPHI HA M3MEHEHMA
TEMIIEPATYPBI IOBEPXHOCTU OKEAHA: CJIEACTBWUA IJISI BBAMMOOENCTBY IOLIUX
KPYITHOMACITABHBIX MOIEJIEM ATMOC®EPEI U OKEAHA

Ons obecnedenns 3¢dexkTHBHOK COriacoBaHHOM
CTPaTErMM I3KCIIEPHMEHTOB IO ACHHXPOHHOM CBA3M
Mozaene#t ofinefi UMpKyNAUMA aTMoCPepsl U oxeaHa
HeoOXOAMMOK NpeanOChUIKOR AB/IAETCA 3HAHAE BpeE-

MEHH peakuuH Mopaenn aTMochephl Ha H3MEHEHHE
TeMrepaTypbl noBepXxuocTH oxeaHa (TI10). Obwas
OlleHKa BpeMeHH peakuuu atMochepst B 30 nHe#t
moJiydeHa MyTeM aHajaH3a BpeMEHHOH 3BONIOLUHH
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MEXAY Ppa3IHYHBIMH KBa3HPABHOBECHBIMH COCTOSA-
HHAMH, OTBEYalOILMMH Ha H3MeHeHna TIIO B
HECKOJIbKHX JKCIEDHMEHTaX ¢ MopenaMu obiei
UMPKYJIsiuMH aTtMochepsl. OOHAKO npeacTaBisercs,
4TO0 3Ta oO0mas oueHka MoXeT ObITh CAMILIKOM
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3aBBILEHHON I/ HHXHHX CloeB armMocdepsl B
Tponukax. Jis TNOJHOCTBIO ONTHMH3HPOBAHHOK
CTpATEr¥HM ACHHXPOHHOH CBfi3H HeoOXOAHMMA TaKxKe
OLICHKA BpEMEHH pPEAKUHM OKeaHAa Ha W3MEHEHHe
BO36YXIEHHA CO CTOPOHRbI aTMOCHEPHI.



