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ABSTRACT

An analysis of the climatic feedbacks in the NCAR Community Climate Model, version 3 (CCM3) over the
equatorial Pacific cold tongue is presented. Using interannual signals in the underlying SST, the radiative and
dynamical feedbacks have been calculated using both observations and outputs from the NCAR CCM3. The
results show that the positive feedback from the greenhouse effect of water vapor in the model largely agrees
with that from observations. The dynamical feedback from the atmospheric transport in the model is also
comparable to that from observations. However, the negative feedback from the solar forcing of clouds in the
model is significantly weaker than the observed, while the positive feedback from the greenhouse effect of
clouds is significantly larger. Consequently, the net atmospheric feedback in the CCM3 over the equatorial cold
tongue region is strongly positive (5.1 W m~-2 K1), while the net atmospheric feedback in the real atmosphere
is strongly negative (—6.4 W m~—2 K-1). A further analysis with the aid of the International Satellite Cloud
Climatology Project (ISCCP) data suggests that cloud cover response to changes in the SST may be a significant
error source for the cloud feedbacks. It is also noted that the surface heating over the cold tongue in CCM3 is
considerably weaker than in observations. In light of results from a linear feedback system, as well as those
from a more sophisticated coupled model, it is suggested that the discrepancy in the net atmospheric feedback
may have contributed significantly to the cold bias in the equatorial Pacific in the NCAR Climate System Model

(CSM).

1. Introduction

The sensitivity of the climate system to an external
perturbation depends critically on the feedbacks in the
climate system (Manabe and Wetherald 1967; Sun and
Lindzen 1993; Houghton et al. 2001). For the same
reason that feedbacks affect the climate sensitivity to
an external perturbation, one expectsthat feedbacks may
play an important role in determining the amplitude of
natural variability. The recent study by Hall and Manabe
(1999) on the role of water vapor in determining the
amplitude of low-frequency variability has provided a
concrete example. A less studied topic is the role of the
feedbacks in determining the equilibrium state of the
climate system or the time-mean climate. On theoretical
grounds, one expects that the equilibrium state of the
climate system may also depend strongly on how the
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subcomponents communicate (i.e., how they respond to
each other’s signal) and therefore on the feedbacks. This
issue is more visible in the area of coupled climate
modeling. Why do coupled models often settle to cli-
mates that in some aspects are quite different from the
observed even though the individual components run
with the observed boundary conditions simulate the ob-
served climate well? One possible answer to this ques-
tion is that coupling invokes the effect of feedback pro-
cesses. In this note we will provide a specific example
to illustrate how errorsin the feedbacks in the National
Center for Atmospheric Research (NCAR) Community
Climate Model (CCM3; Kiehl et al. 1998)—the atmo-
spheric component of the NCAR Climate System Model
(CSM; Boville and Gent 1998)—may have significantly
contributed to the development of an excessive cold
tongue in the equatorial Pacific in the model. As first
reported in Boville and Gent (1998) and Kiehl (1998),
the equatorial Pacific SST is considerably colder in the
NCAR CSM than in observations.
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With the cold tongue problem in mind, we focus our
initial analysis of the atmospheric feedbacks on the re-
gion of the tropical Pacific—the feedbacks over the
equatorial Pacific cold tongue region, in particular.
There are additional reasons to focus on this region.
First, to quantify feedbacks, one needs a sufficiently
large signal in the SST field. El Nifio warming in the
equatorial Pacific provides such a signal. Also, better at
simulating the tropical Pacific climate, the EI Nifio—
Southern Oscillation (ENSO) phenomenon, in particu-
lar, has been a priority of current modeling activities
involving the use of fully coupled GCMs including the
NCAR CSM (Latif et a. 2001).

Previous feedback analysis has largely focused on
radiative processes involving water vapor and clouds
(Cesset al. 1990; Sun and Held 1996; and many others).
Quantification of the corresponding dynamical feedback
has been largely ignored. Here the purpose isto identify
the feedbacks that are mostly different from observa-
tions with an eye to better understand the causes of the
excessive cold tongue in the NCAR CSM. We therefore
calculate the radiative as well as the dynamical feed-
backs—a process that has been made possible by the
work of the NCAR climate analysis section in calcu-
lating atmospheric transports (Trenberth 1997; Tren-
berth et a. 2001). By combining the radiative fluxes at
the top of the atmosphere (TOA) from the Earth Ra-
diation Budget Experiment (ERBE; Barkstrom et al.
1989) with the atmospheric transport, one can obtain
the net atmospheric feedback and also the net surface
heat flux into the ocean.

Our methodology is very simple—we will examine
how radiative fluxesat TOA and thevertically integrated
transport of energy in the atmosphere vary in relation
to the underlying SST. We quantify the feedbacks by
regressing the corresponding flux to the SST. Figure 1
schematically illustrates the physical processes and the
corresponding feedbacks we will quantify and report in
this note.

2. Results

The SST signal averaged over the equatorial cold
tongue (5°S-5°N, 160°—290°E) is shown in Fig. 2a. It
includes the 1986/87 El Nifio warming as well as the
1988/89 La Nifia cooling. The responses of the green-
house effect of water vapor (G,), the verticaly inte-
grated horizontal convergence of total atmospheric en-
ergy (D,), the greenhouse effect of clouds (C,), the
shortwave forcing of clouds (C,), and the latter two
combined (C, + C,), averaged over the cold tongue
region to the SST signal are shown, respectively, in Figs.
2b,c,d,ef. Presented are their interannual anomalies
over the period of ERBE. The radiative fluxes are from
ERBE (Barkstrom et al. 1989). The data for the at-
mospheric divergence of energy are the same as that
used in Sun and Trenberth (1998; see also Trenberth et
al. 2001). The model data are from arun of CCM3 with

JOURNAL OF CLIMATE

VoLUME 16

S=Sc+Cs

4
F=E-G=oT —Ga—Cl

4

NT =S-F

Atmosphere

Ocean

FiG. 1. A schematic diagram illustrating the physical processes and
the corresponding atmospheric feedbacks over the cold tongue region.
Here Sand F are, respectively, the net solar radiation received at the
TOA and the outgoing longwave radiation at the TOA; S, and C, are,
respectively, the clear-sky solar radiation and the shortwave forcing
of clouds (Ramanathan and Collins 1991); E is the surface emission;
G is the total greenhouse effect; G, and C, are, respectively, the
greenhouse effect of water vapor and clouds; N; is the net radiative
flux at the top of the atmosphere; D, is the vertically integrated,
horizontal convergence of total energy in the atmosphere; F, is the
net surface heat flux into the ocean. The atmospheric circul ation over
the cold tongue region is characterized by divergence in the lower
troposphere and convergence in the upper troposphere.

the observed monthly varying SST. Therefore the model
and the real atmosphere have the same SST forcing.
CCM3 is a global spectrum model. It has a horizontal
T42 resolution and 18 levels in the vertical. Deep con-
vection is parameterized using the scheme of Zhang and
McFarlane (1995) and shallow convection is parame-
terized by the scheme of Hack (1994). Detailed descrip-
tion of CCM3 can be found in Kiehl et al. (1998).
The response of the greenhouse effect of water vapor
from the model appears to largely agree with that from
observations (Fig. 2b). The overestimate in the model
appears to be small relative to the total response. The
response of the horizontal transport by atmospheric cir-
culations is also very comparable to observations (Fig.
2¢). More substantial differences are found in the cloud
feedbacks. Figures 2d,e show, respectively, the varia-
tions of shortwave (thin line) and longwave (thick line)
over the ERBE period and the corresponding results
from the model simulations. Observations show astrong
negative feedback from the solar forcing of clouds. This
feedback has the correct sign in the model simulations,
but its strength is substantially underestimated (Figs.
2d,e). The model also significantly overestimates the
positive response of the greenhouse effect of clouds.
Consequently, while the greenhouse effect of clouds
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FiGc. 2. (8) The SST signal. (b) Response of the greenhouse effect of water vapor (G,) to the SST signal in observations (solid line) and
in the CCM3 (dashed line). (c) Response of D, to the SST signal in ERBE observations (solid line) and in the CCM3 (dashed line). (d)
Response of C, (thin solid line) and C, (thick solid line) to the SST signal in observations. (€) Response of C, (thick dashed line) and C,
(thin dashed line) to the SST signal in CCM3 (dashed line). (f) Response of C, + C, to the SST signal in observations (solid line) and in
the CCM3 (dashed line). Shown are interannual anomalies of the corresponding quantities in the equatorial cold tongue region (5°S-5°N,

160°-290°E) over the ERBE period.

cancels well with the shortwave forcing of clouds in
nature, the greenhouse effect of clouds in the model far
outweighs the shortwaveforcing of clouds (Fig. 2f). The
lack of cancellation in the model was noted earlier by

Kiehl et al. (1998) by regressing C, to C, using their
spatial and temporal variations, but it is now clearer that
errors in both C, and C, contribute significantly to the
larger ratio of C, over C, in the model. It is interesting
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Fic. 3. Spatial pattern of the response in C,, C,, and C, + C, to El Nifio warming in the (a), (b), (c) observations
and in (d), (e), (f) the CCM3 simulations. The spatial pattern of the El Nifio warming is also shown. (g) Linear
regressions of C,, C,, C, + C,, and SST to the cold tongue SST index shown in Fig. 2a. (It is therefore explicitly
assumed that the response to La Nifia cooling is a mirror image of the response to El Nifio warming.)

to note that the spatial pattern of the response of C, and
C. in the model isin fact quite realistic. The responses
in the model are just of the wrong amplitude (Fig. 3).
Consistent with the stronger feedback from C, and the
weaker feedback from C, in the model, the response in

the upper-level cloud cover to SST warming is found
to be larger in the model than in observations while the
response in the cloud cover at lower levelsis found to
be weaker (Fig. 4).

Since the storage term in the atmosphere is small, the
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d)CCM3 / Reynolds Regression: PCTHGH
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Fic. 4. Response of the upper, middle, and low cloud cover to El Nifio warming in (a), (b), (c) observations and in
(d), (e), (f) CCM3 simulations. Shown are linear regressions of the cloud covers to the cold-tongue SST index shown
in Fig. 2a. The observational results were obtained using the data from |SCCP (Rossow et al. 1996; Rossow and Schiffer
1999). The levels used to define low-, mid-, and upper-level clouds in ISCCP data are 680, 440, and 50 mb, which
differ dlightly from the corresponding levels used in the model data (700, 400, and 50 mb). Despite the slightly narrower
slab used in CCM3 for calculating high cloud cover, the response of the upper cloud cover in the model is much
stronger. In obtaining the mid and low cloud level, ISCCP cloud cover has been adjusted for cloud layering assuming
a random cloud overlap. Thus the differences in mid- and low-level cloud cover response between CCM3 and ISCCP
are less certain quantitatively than the differences in the upper-level clouds.
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Fic. 5. Variations of the net surface heat flux over the equatorial

cold tongueregion (5°S-5°N, 160°-290°E) in observations (solid line)
and in the NCAR CCM3 (dashed line).

errors in the above feedbacks are well reflected in the
net surface heat flux into the ocean (Fig. 5). A more
quantitative measure of the various feedbacks may be
obtained by linearly regressing the variations of the cor-
responding quantities to the SST variations. This is
equivalent to approximating the atmosphere over the
cold tongue region as a linear feedback system. The
results are summarized in Table 1. The numbers confirm
the impression that largely due to the errors in the
clouds, the net atmospheric feedback in the model is
strongly positive while the net atmospheric feedback in
the real atmosphere is estimated to be strongly negative
(for reference, recall that the rate of blackbody emission
at 300 K isabout 6.1 W m~2 K~1). The table also shows
that the model significantly overestimates the feedback
from the greenhouse effect of water vapor. In terms of
the feedback from the net surface heat flux into the
ocean, the strong net negative feedback from the real
atmosphere implies that a drift in SST from areference
state will be strongly constrained by the atmosphere.
This constraining effect barely exists in the model at-
mosphere.

A quantitative measure of the effect of amore positive
net atmospheric feedback on the equilibrium SST of the
coupled model over the equatorial Pacific may be ob-
tained by approximating the coupled ocean—atmosphere
system over that region as alinear feedback system. For
such a system, the equilibrium SST may be written as

H(T,
T=T,+ (To) ,
G, oC, oC, oD,\ aD,
4T3 — + = —
Tlo (aT aT T aT) aT
@)

where T is the equilibrium SST, T, is the observed SST
of the cold tongue (5°S-5°N, 160°-290°E), and o is the
Stefan—Boltzman constant. Here 0G,/dT, aC,/oT, dC/dT,
aD, /0T are, respectively, the feedbacks from the green-
house effect of water vapor, the greenhouse effect of
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TaBLE 1. Atmospheric feedbacks over the equatorial Pacific cold
tongue region (5°S-5°N, 160°-290°E) from observations and the
CCM3 simulations. They are obtained through a linear regression
using the SST signa (Fig. 28) and the interannual variations of the
corresponding fluxes over the cold tongue region. Here oF ,/oT is the
net atmospheric feedback.

Feedback (W m=2 K1)

Name of process Observations Model

(G

) 6.37 + 0.23 8.26 + 0.33
aT

a(C

AC) 9.81 + 0.88 12.96 + 1.02
aT

J(C

UCH) —-7.79 + 1.23 —2.98 + 043
aT

@ —14.80 + 1.47 —13.18 = 1.48
aT

I(F)*

UG —6.41 + 1.69 5.06 + 0.96
aT

@ —-12.73 £ 1.72 —-0.91 = 0.96
aT

% 2.37 = 0.56 12.27 = 1.12

* The net atmospheric feedback is 9(F,)/0T = 9(G,)/oT + a(C.)/oT
+ d(Ce)/aT + a(D,)/aT.

clouds, the shortwave forcing of clouds, and the transport
by the atmospheric circulations; oD /0T is the feedback
from the ocean transport; and H(T,) is the net heating
that the coupled model is subject to at the observed SST.
If the model components are perfect, H(T,) iszero. Equa
tion (1) is obtained by expanding the total energy equa-
tion of the coupled model over the cold tongue region
about the observed SST. Figure 6 shows the dependence
of a cold bias in the equilibrium SST on the net atmo-
spheric feedback. In this calculation, the coupled ocean—
atmosphere over the cold tongue region is assumed to
be subject to a cooling at the observed SST (T,). The
magnitude of this cooling [H(T,)] is estimated from bi-
ases in the surface heat flux over the cold tongue region
in the CCM 3 run with the observed SST as the boundary
conditions. Figure 6 shows that the magnitude of the cold
bias is only 0.5°C if the model atmosphere has the same
feedbacks asthe real atmosphere. The cold bias, however,
is amplified to 1.0°C when the atmospheric model has
the same feedbacks as those in CCM3. The differenceis
even larger if a less negative ocean feedback is used
(dashed linein the figure). In order to calculate the ocean
feedback explicitly, we havefurther inserted alinear feed-
back atmosphere to the coupled model of Sun (2003)
over the equatorial cold tongue region (5°S-5°N, 160°-
290°E). The surface heat flux into the ocean over this
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Fic. 6. Cold biases in the equilibrium SST as a function of the net
atmospheric feedback. The coupled ocean—atmosphere over the cold
tongue region (5°S-5°N, 160°—290°E) is approximated as a linear
feedback system (see text for more details). In the calculation, we
choose T, = 300 K and H(T,) = —13.8 W m~2. The value for H(T,)
here is taken as the difference between the net surface heat flux over
the cold tongue region in CCM 3 run with observed SST and the net
surface heat flux estimated from observations (see Fig. 8). This is
equivalent to assuming that the ocean component run with observed
surface forcing gives the correct ocean transport. The O marks the
equilibrium cold bias if the atmospheric model has the same net
atmospheric feedback as the real atmosphere. The “M” marks the
equilibrium cold biases when the atmosphere has the same net at-
mospheric feedback as the CCM3.

region (F,) at agiven SST is then given by the following
equation:

9G, . 9C, _aC, D,
oT o | oT = T

F, = Fy — |40T3 — (

X (T = To), (2

where T, is the observed SST, F, is the surface heat
flux at T,, and T is the SST. Equation (2) is obtained
by linearizing the energy balance equation for the at-
mosphere about the observed SST (T,). When the cou-
pled ocean—atmosphere reaches an equilibrium,

F,+ D, =0, (3)

where D, represents the heating due to ocean transport.
It is now calculated by the coupled model instead of
being assumed to be alinear function of T. [When the
ocean is also approximated by alinear feedback system,
Egs. (2) and (3) are reduced to Eq. (1).] Three exper-
iments have been conducted: a control run and two per-
turbed runs with, respectively, the observed and the
modeled atmospheric feedbacks. The perturbation is an
initial cooling over the cold tongue region—a reduction
in Fy,. Figure 7 shows the time series of cold tongue
SST from these experiments. Again, the experiment
with the feedbacks from CCM3 settles to a colder state.

The assumption that the coupled ocean—atmosphere
is subject to an initial cooling with the observed SST
isvalid, as the surface heat flux in the CCM3 run with
observed SST is considerably weaker than that from

NOTES AND CORRESPONDENCE

2431

275
27
265
2
1255
s
245
2%
235
23
25
2
215
2
205
20

Cold Tongue SST (°C)

2 4 6 8 10 12 T4 16 18
Time (year)

Fic. 7. Time series of the cold tongue SST from a control run (solid
line) and two cooling experiments (dashed lines) from a modified
version of Sun (2003). The model is essentially the same as Sun
(2003) except with a linear feedback atmosphere being inserted to
the model over the equatorial cold tongue region (5°S-5°N, 160°—
290°E) [see Eq. (2) in the main text]. The first cooling experiment
has the observed atmospheric feedbacks (short dashed line). The sec-
ond cooling experiment has the feedbacks from the CCM3 (long
dashed line). The cooling is a reduction in Fg, of 13.8 W m=2, uni-
formally applied to the equatorial cold-tongue region. The equatorial
surface wind is coupled with the zonal SST contrast in the same way
as in Sun (2003).

observations (Fig. 8). A full diagnosis of the causes for
the deficiencies in the net surface heat flux is beyond
the scope of the present paper. Note that the effect of
the atmospheric feedbacks on the development of the
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Fic. 8. Long-term mean net surface heat flux over the Pacific in
(a) observations and in the (b) NCAR CCM3. The observational data
are from Trenberth et al. (2001).
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cold biasin the coupled model isindependent of whether
the initial cooling error comes from the atmosphere or
the ocean.

3. Summary

Using interannual signals in tropical SST, the radia-
tive and dynamical feedbacks in the tropical atmosphere
have been calculated using both observations and out-
puts from the NCAR CCM3. The results show that the
net atmospheric feedback in the CCM3 over the equa-
torial Pacific cold tongue region is strongly positive (5.1
W m~2 K1), while the net atmospheric feedback in the
real atmosphere isstrongly negative (—6.4W m—2K 1),
This discrepancy is largely due to errorsin cloud feed-
backs—the positive feedback from the greenhouse ef-
fect of clouds in the model is significantly larger than
the observed, while the negative feedback from the solar
forcing of clouds in the model is significantly weaker.
Further noting a weaker surface heating over the cold
tongue in the CCM3 than in observations, and in light
of some model results, we suggest that the discrepancy
in the net atmospheric feedbacks may have contributed
significantly to the cold bias in the equatorial Pacific
(the excessive equatorial Pacific cold tongue) in the
NCAR CSM.

A further analysis with the aid of the International
Satellite Cloud Climatology Project (ISCCP) data sug-
gests that the apparent errors in the cloud feedbacks
may be in part due to errorsin the cloud cover response
to changes in the SST. For a more complete diagnosis
of the error sources, cloud optical properties need also
be compared with observations. Unfortunately, the pre-
sent standard outputs from CCM 3 do not appear to per-
mit a direct comparison of the upper- and low-level
cloud water/ice content in the model with ISCCP ob-
servations. More work also needs to be done to under-
stand why the CCM3 underestimates the surface heat
flux into the equatorial cold tongue. Outputs from the
newly modified Community Climate Atmospheric Mod-
el (CAM) and the corresponding coupled runs will pro-
vide further opportunities to addressissuesraised in this
study.
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