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ABSTRACT

The global warming resulting from increased CO, is addressed in the context of two regional processesthat contribute
to climate change in coupled climate models, the *“El Nifioike” response (dlackening of the equatorial Pacific SST
gradient) and searice response a high latitudes. The Nationa Center for Atmospheric Research (NCAR) Climate
System Model (CSM) response is compared with results from a coupled model that produces comparatively greater
globa warming, the NCAR U.S. Department of Energy (DOE) global coupled model. In an experiment where
atmospheric CO, is increased 1% yr—* compound, globally averaged surface air temperature increase near the time
of CO, doubling for the CSM is 1.43°C (3.50°C for the DOE model). Analysis of a simple coupled model shows the
CSM equilibrium sensitivity to doubled CO, is comparable to that from the slab ocean version (about 2.1°C). One
process that contributes to global warming (estimated to be about 5% in one slab ocean model), as well asto significant
Pecific region climate effects, is the El Nifioike response. It is a notable feature in the DOE model and some other
global coupled models but does not occur in the CSM. The authors show that cloud responses are a magjor determining
factor. With increased CO,, there are negative net cloud-forcing differences in the western equatorial Pecific in the
CSM and DOE models, but large positive differences in the DOE model and negative differences in the CSM in the
eastern equatorial Peacific. This produces asymmetric cloud radiative forcing contributing to an El Nifio-ike response
in the DOE model and not in the CSM. To remove the amplifying effects of ocean dynamics and to identify possible
parameter-dependent processes that could contribute to such cloud forcing changes, the authors analyze slab ocean
versions of the coupled models in comparison with a slab ocean configuration of the atmospheric model in the CSM
[Community Climate Model Version 3 (CCM3)] that includes prognostic cloud liquid water. The latter shows a change
in sign (from negative to positive) of the net cloud forcing in the eastern equatorial Pacific with doubled CO,, similar
to the DOE model, in comparison with the CCM3 version with diagnostic cloud liquid water. Atmospheric Model
Intercomparison Project (prescribed SST) experiments show that dl three atmospheric models (DOE, CCM3 with
diagnostic cloud liquid water, and CCM3 with prognostic cloud liquid water) perform poorly relative to observations
in terms of cloud radiative forcing, though CCM3 with prognostic cloud liquid water is dightly superior to the others.
Another process that contributes to climate response to increasing CO, is searice changes, which are estimated to
enhance global warming by roughly 20% in the CSM and 37% in the DOE model. Sea-ice retreat with increasing
CO, in the CSM is less than in the DOE model in spite of identical sea-ice formulations. Results from the North
Atlantic and Greenland- celand—Norwegian (GIN) Sea region show that the surface energy budget response is con-
trolled primarily by surface albedo (related to ice area changes) and cloud changes. However, a more important factor
is the poleward ocean heat transport associated with changes in meridiona overturning in the GIN Sea. With increased
CO,, the transport of warmer water from the south into this region in the DOE model is greater in comparison with
that of the CSM. This leads to a larger ice reduction in the DOE model, thus also contributing to the enhanced
contribution from ice albedo feedback in the DOE model in comparison with the CSM.
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A number of physical processes (e.g., clouds, water
vapor, ice-snow albedo feedback, etc.) have been iden-
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tified in previous global coupled model experimentsthat
appear to contribute to the magnitude of the climate
system response to an increase of CO, as reported by
the Intergovernmental Panel on Climate Change (IPCC)
(Kattenberg et al. 1996). Among these is a so-called El
Nifioike response in the Pacific (Meehl and Washing-
ton 1996, hereinafter MW96; Knutson and Manabe
1998; Timmermann at al. 1999) characterized by greater
warming of SSTs in the eastern tropical Pacific com-
pared to the western Pacific. Because warm events in
the eastern tropical Pacific are correlated with global
mean warmth (Jones 1988), one can speculate that the
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El Nifioike response of some GCMs might enhance
their global warming relative to models that do not have
this response pattern.

Another positive feedback contributing to climate
sensitivity is sea-ice response. As the climate warms
from increasing CO,, sea ice melts back, thus exposing
more ocean with lower abedo. This increased water
surface absorbs more solar radiation in summer, result-
ing in warmer SSTs at the ice edge, less seaice forming
in winter, more open ocean, and so on. The shrinking
ice area contributes to decreased global albedo and fur-
ther warming of the climate system.

Because the true sensitivity (defined as the equilib-
rium globally averaged surface temperature change with
a doubling of CO,) of the observed climate system is
unknown, we have collections of model experiments
such as those published by the IPCC (e.g., Kattenberg
et al. 1996) that give us some impression of what the
climate sensitivity might be (usually using atmospheric
GCMs coupled to nondynamic slab ocean models).
However, the models give a wide range of sensitivities,
and those equilibrium sensitivities may not be related
directly to a transient response in a coupled model. It
is therefore of interest to identify the relative roles of
different processes that could contribute to climate sys-
tem response to a change in external forcing in different
models. Thus, the purpose of this paper, in addition to
documenting the basic National Center for Atmospheric
Research (NCAR) Climate System Model (CSM) re-
sponse to increasing CO,, is to examine the globally
averaged response and the role of two regional physical
processes, the EI Nifio—like response and sea-ice re-
sponse. Their roles will be explored in two models that
have widely differing implied sensitivities (as derived
from equilibrium slab ocean versions): the lower-sen-
sitivity NCAR CSM and the higher-sensitivity NCAR
Department of Energy (DOE) model. Both are fully cou-
pled ocean—atmosphere-sea ice global climate models.
It has been postulated that a coupled El Nifio—like re-
sponse in the tropical Pacific (MW96), and a strong sea
ice response at high latitudes (Washington and Meehl
1996, hereinafter WM96) contribute to greater global
warming in the DOE model. Associated processes will
be compared between the DOE model and the CSM to
explore their respective contributions to each model’s
climate response. Slab ocean versions of the coupled
models are also analyzed to help identify model re-
sponsesin the absence of the amplifying affects of ocean
dynamics, as well as to compare possible parameteri-
zation-dependent aspects of the simulations particularly
in regard to cloud liquid water.

2. The models

The NCAR CSM is a global coupled ocean—atmo-
sphere-sea ice-land surface model (Boville and Gent
1998). The atmospheric component is the NCAR Com-
munity Climate Model version 3 (CCM3) with T42 res-
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olution (roughly 2.5° X 2.5°) and 18 levels in hybrid
coordinates (Kiehl et al. 1998). The global ocean GCM
is nominally 2.4° X 2.4° reduced to 1.2° in latitude in
the equatorial tropics, with 45 levelsin the vertical (Gent
et al. 1998). The seaice component is adapted from the
formulation in the NCAR DOE global coupled model
(Meehl and Washington 1995; WM 96), with Flato—Hib-
ler ice dynamics and Semtner three-layer thermodynam-
ics (Weatherly et al. 1998). The land surface model
includes vegetation types and many surface processes
(Bonan 1998). The CSM uses an accelerated deep ocean
spinup procedure (which provides the initial state for
the coupled model), does not use flux adjustment, and
has little drift in the global mean surface air temperature
for the duration of a 300-yr control run with no statis-
tically significant regional trendsin surface temperature
[for full description see Boville and Gent (1998)]. The
CSM aso has been run with a 1% yr—* compound in-
crease of CO, out to the time of CO, tripling near year
125 (Maruyama et al. 1997). The first part of that ex-
periment (the integration run to the time of CO, dou-
bling near year 70) will be analyzed here.

The NCAR DOE model has an R15 (roughly 4.5° lat
X 7.5° long) 9-L atmosphere, a 1° X 1° 20-L global
ocean model, and the same dynamic—thermodynamic
sea ice model as in the CSM [Meehl and Washington
(1995); WM96. Note that this is an early version of a
subsequent DOE model, with different components,
called the Parallel Climate Model (PCM) as described
by Washington et al. (2000)]. The model uses an ini-
tialization spinup from the observed ocean state (L evitus
1982) and does not use flux adjustment. The globally
averaged surface temperatures warm several tenths of
a degree in the first 100 yr or so (the time period in-
cluded in the submission to the Coupled Model Inter-
comparison Project) and cool severa tenths in the last
35 yr so that over the entire duration of the 135-yr
control run there is little net drift of globally averaged
surface air temperature or consistent regional trends
(e.g., Meehl et al. 2000). Meehl (1997) describes details
of the spinup and systematic errors. The model has been
used in a number of sensitivity experiments including
a 1% yr—* compound CO, increase experiment (MW96)
that will be analyzed further here, sensitivity experi-
ments that include direct and indirect effects of sulfate
aerosols (Meehl et al. 1996), and twentieth- and twenty-
first-century climate experiments (Meehl et al. 2000).

The slab ocean model coupled to the atmospheric
model (NCAR CCM3) is described in detail in Kiehl et
a. (1996). It uses monthly mean spatialy specified
mixed layer depths and ocean heat transports (some-
timesreferredtoas‘ Q flux’'). The monthly mean ocean
heat transports are determined from a simulation of the
CCM3 forced with climatological SSTs. Using the mod-
el net surface heat flux and the observed SSTs, the im-
plied ocean heat transport was determined. Thusthe SST
distribution is close to the observed. The model also
employs a simple thermodynamic sea ice model, with
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specified heat fluxes at the base of the ice. These heat
fluxes were specified for the Arctic and Antarctic to
yield realistic sea ice extent. The slab ocean version of
the DOE model is described by Washington and Meehl
(1993). Note that both slab ocean model versions have
simple thermodynamic seaice formulations and thus are
different from the dynamic—thermodynamic ice models
in the fully coupled versions.

3. Global-scale response in CO, increase
experiments

Simulation of climate change using an idealized forc-
ing scenario with CO,, increasing at a rate of 1% yr—?*
compound has become a standard experiment to assess
the response characteristics of coupled climate models
(e.g., Meehl et al. 1997). Results from such experiments
have shown a wide range of model responses by the
IPCC (Kattenberg et al. 1996). For the NCAR CSM,
the 20-yr average (years 60—79) globally averaged sur-
face air temperature difference around the time of CO,
doubling at year 70is1.43°C (Fig. 1a), with an increase
of globally averaged precipitation of 2.0%. This can be
compared to an equilibrium doubled-CO, experiment
with the atmospheric model coupled to a slab mixed
layer ocean with a globally averaged temperature in-
crease of 2.08°C and precipitation increase of 3.9%. An
analysis of a simple coupled climate model (see appen-
dix) showsthat if the CSM were run to equilibrium with
doubled CO,, its globally averaged surface air temper-
ature response would be about 2.1°C, comparable to the
sensitivity in the slab ocean equilibrium version. Thus
the slab ocean version provides a good estimate of the
sensitivity of the CSM in spite of the differencesin sea
ice and other formulations noted in the previous section.

Compared to the models listed by the IPCC (Katten-
berg et al. 1996), the CSM is near the low end of climate
model response to increased CO,. Meanwhile, the
NCAR DOE model shows the largest response of the
models assessed by the IPCC (Kattenberg et al. 1996).
Meehl et al. (1996) report that the 20-yr global average
temperature change near the time of CO, doubling
(years 56—75 where CO, doubles at around year 70; the
transient experiment was run atotal of 75 yr) is 3.50°C
with a change in globally averaged precipitation of
3.1%. (Note that a shorter averaging period, years 65—
74, yields a globally averaged temperature change of
3.8°C as reported by WM96, and by Kattenberg et al.
1996.) The doubled-CO, equilibrium temperature
change from a slab ocean version is 4.58°C with an
increase of globally averaged precipitation of 4.0%.

Surface temperature differences from the CSM in
Figs. 1b and 1c show greatest warming in the winter
hemisphere at high latitudes, particularly inthe Northern
Hemisphere during December—February (DJF; Fig. 1b).
This feature, as well as less warming over the southern
oceans year-round due to deep mixing there, is consis-
tent with other global coupled models that have been
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assessed by IPCC (Kattenberg et a. 1996). Similar re-
sults at high latitudes but with greater amplitude are
evident for the DOE model (e.g., WM96; Meehl et al.
1996, 2000). The two models, however, show quite dif-
ferent temperature response patterns in the Pacific. The
DOE model shows greater warming of SSTsin the equa-
torial eastern Pacific compared to the western Pacific,
the EI Nifiolike pattern (MW96, their Fig. 2a), whereas
there is almost uniform warming across the tropical Pa-
cific in the CSM (Fig. 1).

Zonal mean temperature differencesfor CO, increase
minus control are shown in Fig. 2a for DJF, and Fig.
2b for JJA. The enhanced warming at high latitudes at
the surface in Figs. 1b,c is seen to be confined mostly
to the lower troposphere in the winter hemisphere as-
sociated with reduced ice and snow extent. Thereisalso
a maximum warming in the upper tropical troposphere
of greater than 2°C and cooling in the stratosphere. Sim-
ilar features have been documented in other models as-
sessed by the IPCC (Kattenberg et al. 1996).

Precipitation changes for the CSM in Fig. 3 show
increases of precipitation in both seasons in many re-
gions of the Tropics with smaller and more heteroge-
neous changes in other regions. In the Tropics, the pat-
tern of precipitation change is more uniform than in the
DOE model (MW96, their Fig. 3a), which shows an El
Nifio-like pattern of precipitation change in the tropical
Pacific with greatest increases in the central and eastern
Pacific and only small increases or decreasesin the Aus-
tralasian region. The Indian summer monsoon, as rep-
resented by precipitation averaged over land points in
the region 5°-40°N, 60°—100°E for the JJA season in-
creases by 11.6% in the CSM and by 1.4% in the DOE
model. The enhancement of monsoon precipitation by
an amount much larger than the global mean enhance-
ment (e.g., Meehl and Washington 1993; Kitoh et al.
1997; Kattenberg et al. 1996) is partly due to the land
heating faster than the ocean thus increasing land—sea
temperature contrast. The relatively smaller increasein
the DOE model is apparently related to the large-scale
aspects of the El Niflo-like response in precipitation
which tends to suppress precipitation increases over
south Asia, which isin turn associated with changesin
the large-scale east—-west atmospheric circulation
(Meehl et a. 1996).

To illustrate the relative warming of land and ocean
in the CSM, annual mean warming for the 20-yr period
noted above near the time of CO, doubling for Northern
Hemisphere land areas is +4.15°C, while Northern
Hemisphere ocean areas warm by only +1.27°C. South-
ern Hemisphere land warms +1.59°C, and Southern
Hemisphere ocean warms +0.93°C. For the DOE mod-
el, the comparable numbers are 4.85°C for Northern
Hemisphereland areas, 3.01°C for Northern Hemisphere
ocean areas, 4.10°C for Southern Hemisphere land, and
2.76°C for Southern Hemisphere ocean. As noted by
Murphy (1995) and seen here, this differential land—
ocean warming reflects two factors, alarger climate re-
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Fic. 1. (a) Time series of annual mean globally averaged surface air temperature [temperature
at reference height (TREFHT)] for the NCAR CSM for control and 1% compound CO, increase
experiment. CO, doubles at around year 70; (b) seasonal average, Dec-Jan—Feb (DJF), for surface
air temperature (TREFHT) differences, transient CO, increase minus control, 20-yr average (years
60-79) around the time of CO, doubling; contour interval is 0.5°C; areas greater than +2.0°C
are shaded; (c) same as (b) except for Jun—Aug (JJA).



1 JunE 2000

a) DUF

1004}
200
3001

Bl
K.ﬁ
o \/ . d\
15
Q
1.5
30N EQ 305

sool
6001

=3

7ool
80 qu
i

60N

b) JUA

100
200 -]
300
400
50

=3

601

S

700
800
90!

=3

60N 30N EQ 308 60S

FiGc. 2. (a) Seasonal average, DJF, zonal mean cross-section tem-
perature differences (°C), transient CO, increase minus control, 20-
yr average (years 60—79) around the time of CO, doubling for the
NCAR CSM; (b) same as (a) except for JJA. Contour interval is
0.5°C; solid are positive, negative dashed.

sponse over land and a smaller lag over land due to
lower thermal inertia.

The globally averaged changes of surface energy bal-
ance are shown at the top of Table 1, and globally av-
eraged cloud forcing changes are shown at the top of
Table 2. Both the CSM and DOE models show small
decreases in sensible heat flux (less than 1 W m~2),
decreases in net infrared at the surface, and increases
in latent heat flux. These changes are consistent with a
warming of the surface temperature in each model.
However, the greater magnitude global warming in the
DOE model is associated with an increase (+3.89 W
m~2) in absorbed solar radiation at the surface compared
to a decrease of (—0.79 W m~2) for the CSM. Both
models have a decrease of sea ice area which would
contribute to a global increase of absorbed solar, as will
be discussed in detail shortly. However, the sign of the
change in net cloud radiative forcing is different in the
two models, with the CSM showing cloud forcing to be
a negative feedback (—1.00 W m~2 in Table 2), but a
positive feedback in the DOE model (+3.86 W m~2).
The main contributor to this change in cloud feedback
is reflected in the opposition in sign of the cloud short-
wave forcing (+4.73 W m~-2 for DOE, and —0.70 W
m-2 for CSM). This difference, with obvious implica-
tions for the magnitude of global warming response in
the coupled models, is an uncertainty that existsin other
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models as well (e.g., Cess et al. 1996) with no clear
guidance at present concerning which is correct. These
changes in cloud forcing between the models are illus-
trated in the regional El Nifioike response discussed
next.

4. Responsein the tropical Pacific

For the CSM, Figs. 1b and 1c show surface temper-
ature increases of around 1°C uniformly distributed
across the equatorial Pacific. In contrast, the DOE cou-
pled model (MW96) as well as anumber of other global
coupled models (Knutson and Manabe 1995, 1998; Tett
1995; Timmermann et al. 1999; Collins 2000) show a
decrease of west—east temperature gradient (i.e., an El
Nifio-like response) to increasing CO,. In the obser-
vations, globally averaged temperatures are warmer dur-
ing an El Nifo event (Jones 1988; Nicholls et al. 1992).
It is possible, therefore, that such a response in the Pa-
cific due to increasing CO, contributes to enhanced
global climate sensitivity (MW96). To help quantify
such a contribution, an El Nifio-ike response was su-
perimposed in an earlier slab ocean version of the DOE
model (Meehl et al. 1993). In the 2 X CO, integration,
the equatorial Pacific was specified to be 1.1°C warmer
than the western equatorial Pacific, comparable to the
relative SST difference across the Pacific for the DOE
global coupled model (in Table 2, the warming in the
eastern Pacific area is about 1°C greater than in the
west). In the slab model, the doubled CO, experiment
with the induced El Nifio-like response warmed 5%
more that the doubled CO, experiment without the El
Nifiolike response. Applied to the present coupled
DOE model, that would mean that without the El Nifio—
like response, the warming could be estimated to be
about 3.3° instead of 3.5°C. This can only be considered
an approximate contribution since the estimate was de-
rived from a mixed layer model version. However, it
does demonstrate that there is a contribution to increas-
ing global climate sensitivity in addition to the obvious
regional implications for an El Nifio—like response SST
pattern in the Pacific (e.g., Meehl 1996).

Here we compare results from the NCAR DOE global
coupled model with the CSM to explore reasons for the
difference between the two models related to why the
DOE model shows an El Nifiolike response and the
CSM does not. First, the base-state SSTs could affect
such a response. The CSM has nearly the correct west—
east SST gradient, but SSTs are less than observed by
about 1.5°C (Meehl and Arblaster 1998). The DOE mod-
el also simulates roughly the correct SST gradient, but
with SSTs higher than observed by about 1.5°C
(MW96). Additionally, the cloud responses discussed
below contribute to the SST changes (Chou et al. 1998),
and the base-state SSTs themselves are a function of
those cloud processes. Therefore, coupled responses of
the climate system in the tropical Pacific must be an-
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FiG. 3. (a) Seasonal average, DJF, precipitation differences, transient CO, increase minus control,
20-yr average (years 60—79) around the time of CO, doubling for the NCAR CSM; contour interval
is 0.5 mm day~*; areas of precipitation increase greater than +0.5 mm day—* are shaded; (b) same

as (a) except JJA.

alyzed to determine the relative contributions to the El
Nifio-like response or lack thereof.

In Table 1 for the DOE model, as noted above, there
is a pronounced ElI Nifioike response to increased
CO,, with the eastern Pacific warming about 1°C more
than in the west (+3.23° vs +2.27°C). In the CSM there
is little evidence of this El Nifo-like response; the
warming in the eastern and western Pacific is nearly the
same (+1.07° vs +1.11°C, respectively, as also noted
in Fig. 1). Note that in the DOE model, this slackening

of the west—east SST gradient occurs asatrend through-
out the increased CO, experiment (MW96, their Fig.
2b).

MW96 provide evidence that regionally specific forc-
ing changes and consequent coupled ocean—atmosphere
responses are linked to the El Nifio-ike response. Over-
al, the DOE model shows strongly asymmetric net
cloud forcing changes across the Pacific (Table 2) with
—5.47 W m~2in the west and +7.61 W m~2in the east
(this means roughly 5 W m~2 less energy enters the
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TaABLE 1. Annual mean values of surface temperature (°C) and
surface energy balance components (W m~2) for 20-yr averages
around the time of CO, doubling at year 70 in 1% yr—* compound
CO, increase experiments for the DOE coupled model and the CSM
coupled model, for global averages, western Pacific area averages,
and eastern Pacific area averages. The sign convention for absorbed
shortwave is positive downward (i.e., positive sign means more en-
ergy enters the surface) and for the other components is positive
upward (i.e., positive sign means more energy leaves the surface).

Surface energy balance

2 X CO, minus control

Coupled Coupled
DOE CsSM
Global
AT, +3.50 +1.43
Absorbed shortwave +3.89 -0.79
Net infrared —1.44 —2.57
Sensible —0.63 -0.97
L atent +3.03 +1.89
Western Pecific area (5°N-5°S, 140°-~170°E)
ASST +2.27 +1.11
Absorbed shortwave -1.17 —2.61
Net infrared -0.14 —3.90
Sensible +0.95 —0.48
L atent —-2.22 +3.80
Ocean heat convergence —-0.24 +2.03
Eastern Pacific area (5°N-5°S, 120°-90°W)
ASST +3.24 +1.07
Absorbed shortwave +1.25 —3.06
Net infrared -1.92 —4.29
Sensible +0.95 —-0.59
Latent +6.77 +0.68
Ocean heat convergence +4.55 —1.14
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system in the west, and about 8 W m~=2 more energy
enters the system in the east). These changes in cloud
forcing appear to be associated with dynamically cou-
pled feedbacks between the atmosphere and ocean (as
in El Nifio), linked to the slackening SST gradient in
the DOE model associated with decreased trade winds,
and reduced upwelling in the east as evidenced by con-
vergence of heat in the upper ocean of +4.55 W m=2
(Table 1). However, in the CSM the net cloud radiative
forcing changes across the Pacific have the opposite sign
compared to the DOE model, +1.14 W m~2in the west,
and —0.89 W m~2 in the east. The ocean dynamical
response is al'so opposite in sign, with a divergence of
heat in the east of —1.14 W m~2 and convergence in
thewest of +2.03 W m~2. Both the cloud forcing chang-
es and the ocean dynamical response would contribute
to the somewhat greater SST warming in the west com-
pared to the east in the CSM, opposite to an El Nifio—
like response.

For the CSM there is a decrease of absorbed solar
radiation at the surface in the west of —2.61 W m~2
(Table 1) in association with an increase in magnitude
of cloud shortwave forcing of —1.55 W m~2 (Table 2).
There are small changes of lessthan 1 W m~2in sensible
heat flux in the western Pacific for the CSM in Table
1, though there is an increase of downward IR that pro-
duces a decrease of net upward IR (—3.90 W m~2)
associated with an increase of cloud longwave forcing
(shown in Table 2) of +2.69 W m~2. This was not
evident in the western Pacific in the DOE model where
the difference in net upward IR was less than 1 W m—2

TaBLE 2. Annual mean top-of-atmosphere values of cloud radiative forcing components (W m~2), surface temperature (°C), and changes
in total cloud (%) from the various model experiments described in the text for global averages, western Pacific area averages, and eastern
Pacific area averages. For cloud-forcing changes, the sign convention is positive downward (i.e., positive sign of a difference denotes more

energy enters the system).

2 X CO, minus control

CCM3 slab
Coupled Coupled DOE CCM3 dab CCM3 glab  prognostic minus
DOE CsSM slab diagnostic prognostic diagnostic
Global
ATq +3.50 +1.43 +4.58 +2.08 +1.96 —0.08
ACloud shortwave +4.73 —0.70 +4.76 —0.80 —1.06 —0.26
ACloud longwave -0.87 -0.30 -0.30 -0.09 -0.08 -0.01
ACloud forcing +3.86 —1.00 +4.46 —0.89 —-1.14 —0.25
ACloud total —4.5% —0.3% —5.6% -0.3% +0.6% +0.9%
Western Pecific area (5°N-5°S, 140°-~170°E)
ASST +2.27 +1.11 +2.99 +1.34 +1.34 0.0
ACloud shortwave —0.40 —1.55 —1.03 —-1.97 —2.82 —0.85
ACloud longwave -5.07 +2.69 —10.08 -0.12 —0.06 +0.06
ACloud forcing —5.47 +1.14 —11.11 —2.09 —2.88 —-0.79
ACloud total (%) —3.6% +1.9% —8.0% +1.2% -0.3% —1.5%
Eastern Pacific area (5°N-5°S, 120°-90°W)
ASST +3.23 +1.07 +3.61 +1.45 +1.76 +0.31
ACloud shortwave +1.82 —151 —1.45 —3.43 +2.27 +5.70
ACloud longwave +5.79 +0.62 +13.46 -0.17 +1.54 +1.71
ACloud forcing +7.61 —0.89 +12.01 —3.60 +3.81 +7.41
ACloud total (%) +0.6% +2.2% +0.8% +12.1% +4.5% —7.6%
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(Table 1). However, in the CSM the increase of SST in
the western Pacific area of 1.11°C contributes, along
with an increasein surface winds, to anincrease of latent
heat flux from the surface of +3.80 W m=2, while in
the DOE model the latent heat flux actually decreases
by —2.22 W m~2, due to a decrease in surface winds
(not shown). In the west in CSM there is a net heat
convergence in the upper ocean of +2.03 W m~2 that
contributes to an increase of SST. This |leaves the de-
crease of absorbed solar radiation of —2.61 W m~-2 and
net cloud forcing of +1.14 W m~2 as contributors to
the relatively lower SST increase due to increased CO,
in the CSM compared to DOE. This can be compared
to what occurred in the DOE model in the western equa-
toria Pacific where the net cloud forcing was —5.47 W
m-2, and there was a decrease of absorbed solar radi-
ation at the surface of —1.17 W m~2. But the decrease
of latent heat flux in DOE noted above contributes to
a larger SST increase compared to CSM where latent
heat flux increased (a decrease of latent heat flux means
less energy is removed from the surface).

In the eastern Pacific there are significant differences
in the cloud responses resulting from increased CO, in
the CSM compared to the DOE model. The similar SST
increase in the east compared to the west in the CSM
(1.07° vs 1.11°C) is associated with a comparable de-
crease of absorbed solar radiation in Table 1 as well
(—3.06 vs —2.61 W m~2). Recall that in the DOE model
in Table 1, there was an increase of absorbed solar ra-
diation at the surface in the east (+1.25 W m~2) com-
pared to the decrease of absorbed solar radiation noted
above (—3.06 W m~2). Thisis associated with a change
in cloud radiative forcing duetoincreased CO, of +7.61
W m-2in the DOE model. Consistent with the similar
differences in absorbed solar radiation at the surfacein
the CSM, the cloud shortwave forcing differences in
east and west areas are —1.51 and —1.55 W m~2, re-
spectively. Therefore, in the CSM in the east there is a
change of —0.89 W m~2in net cloud forcing, while in
the DOE model in the east there is a change of +7.61
W m-2in net cloud forcing (Table 2). Thus the biggest
differences in cloud forcing and SST response between
the two models occur in the eastern equatorial Pacific
and are associated with an increase of ocean heat con-
vergence of +4.55 W m~2in the DOE model compared
to a decrease of —1.14 W m~2 in the CSM.

In astudy using both asimpletropical Pacific coupled
model and an ocean GCM with imposed SST dependent
heat flux, when a uniform heating is applied across the
Pacific to mimic what may occur with an increase in
CO,, the cold tongue intensifies producing a La Nifia—
like response (Cane et a. 1997). However, as can be
seen in Table 2, what starts out as a uniform positive
radiative forcing fromincreasing CO, in the DOE model
quickly becomes asymmetric across the Pacific due to
contributions from the cloud radiative forcing response.

Some insight into the physical mechanisms causing
these changes can be gained by looking at the changes

JOURNAL OF CLIMATE

VoLuME 13

in the context of large-scale dynamical regimes (Bony
et al. 1997). Using vertical velocity at 500 hPa as an
index of large-scale vertical motion, in both CSM and
DOE the western Pacific area is a large-scale rising-
motion regime (values of w of —19.87 and —28.51 hPa
day~1, respectively), while the eastern Pacific area in
both represents large-scale descending motion (values
of w of +18.23 and +19.27 hPa day—*, respectively).
For the change with increasing CO,, relative changes
of large-scale motion and SST, Aw/ASST, for the west-
ern Pacific areafor CSM and DOE are —3.12 and —2.29
hPa day—* K-1, respectively, and for the eastern Pacific
area —1.37 and —2.81 hPa day—* K—*, respectively.
Thesefall into the case-111 category of Bony et al. (1997)
denoting weak vertical motion changes associated with
SST changes. Even with these weak changesin vertical
motion, the El Nifiolike response can be seen in the
DOE model with somewhat greater increase of rising
motion in the east compared to the west (—2.81 vs
—2.29 hPa day—* K1), while the relative change in
vertical motion is greater in the west compared to the
east in CSM (—3.12 vs —1.37 hPa day* K-1). Thus
the large-scale control over cloud changes with global
warming are weak, and, as noted by Bony et al. (1997),
the cloud radiative feedbacks are more related to the
thermodynamical effect of SST changes on cloud pa-
rameters. B

The **sengitivity index,” |, of Bony et al. (1997) is
computed for the cloud-forcing changes noted in Table
2 for the eastern and western Pacific areas (I, computed
for case-I11 situations as noted above), and is defined as

- _ AxASST
* " ASST?

where Ax is the difference of a cloud radiative forcing
quantity for increased CO, minus control, and ASST is
the change in SST. ~

The change in cloud shortwave forcing, | ., for the
western Pacific area for CSM and DOE is —1.39 and
—0.18 W m~2K~1, respectively. For CSM thisisrelated
to an increase of cloud (+1.9% in Table 2) as could be
expected over a warm ocean region (27.9°C for CSM)
noted by Bony et al. (1997). Though total cloud de-
creases in DOE (—3.6%), the increase of convective
clouds with somewhat higher albedo contribute to the
small negative value of | .g,. However, there is an op-
posite sign change of I, of +2.42 versus —2.23 W
m-2 K-t for CSM and DOE, respectively, in the west.
Asnoted by Bony et a. (1997), for awarm ocean regime
an increase of cloud longwave forcing generaly is as-
sociated with deeper convection and colder cloud tops.
For the CSM, this is indicated by an increase of con-
vective mass flux of +19.7% at o = 0.288 in the upper
troposphere in the western Pacific area. For DOE, as
noted above there is a decrease in total cloud and less
very deep convection (cumulus cloud frequency count
decreases —57% at o = 0.189 in the upper troposphere).
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Thus, even though the changes in vertical motion are
considered to be weak, there still appears to be some
influence of large scale dynamical changes. As noted
by Bony et a. (1997), for very warm SSTs (above
29.5°C, and SST for the western Pacific area for DOE
is29.8°C), anincrease of SST should be associated with
a decrease of 1, which in fact was noted in the DOE
model. This occurs because strong rising motion is still
prevalent, but there are some weak subsiding motions
(as noted above Aw/ASST had larger amplitude in the
eastern than western Pacific associated with the El
Nifiolike response in DOE) that affect the overal
amount of deep convection in the west in the DOE
model, thus reducing the cloud longwave forcing. For
I ver, the cloud longwave forcing change dominates for
CSM and DOE in the west producing values of +1.03
and —2.41 W m~2 K1, respectively.

For the eastern Pacific area, | g, is —1.41 W m™2
K-t for CSM, and +0.56 W m-2 K-* for DOE. The
change for CSM could be expected from the analysis
of Bony et al. (1997) due to the increase in clouds in
the eastern area (+2.2%). The value of +0.56 W m—2
K-* for DOE is associated with an increase of convec-
tive cloud with smaller cloud fraction thus reducing al-
bedo by —4.7%, even though there is a slight increase
in total cloud of +0.6% in Table 2. Bony et al. (1997)
note that over a cold ocean region such as the eastern
Pacific (25.0°C for CSM), small changesin |, should
be expected with warming of SSTs (only +0.58 W m—2
K-t for CSM). However, for DOE that value for cloud
longwave forcing is +1.79 W m=2 K-1. In this case the
warmer base state in the eastern Pacific in the DOE
model (26.4°C) affects the cloud longwave response.
Thus the DOE behavior in the eastern Pacific is more
like the warm ocean regime of Bony et a. (1997), where
anincreaseof | ., isaccompanied by deeper convection
and colder cloud tops (cumulus cloud frequency in-
creases +103% at o = 0.189 in the upper troposphere
in the east in DOE). For CSM, the change in | g of
—0.83 W m~2 K~* is dominated by the change in | cqy,
while both .4, and I, with positive signs add to
produce an I, for DOE of +2.36 W m~2 K-, There-
fore, the base-state SSTs in the control runs contribute
to the nature of the cloud forcing response with in-
creased CO.,.

In Table 2, cloud-forcing quantities are shown for the
atmospheric models coupled to nondynamic slab
oceans. As noted above, this type of experiment with
increasing CO, is instructive to remove amplifying ef-
fects of ocean dynamics. Therefore, these results should
more accurately portray small initial asymmetries that
could occur because of a nearly uniform warming of
SSTs across the Pacific with increasing CO,, in addition
to examining parameter-dependent aspects of the cloud
radiative response. There are severa tenths of a degree
difference in the SST response between western and
eastern Pacific in the slab model versions, with the larg-
est SST asymmetriesin the CCM 3 with prognostic cloud
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liquid water (+1.34°C in the west, +1.76°C in the east)
and in the DOE model (+2.99°C in the west, +3.61°C
in the east). The column at right in Table 2 gives the
differences of the response between the CCM 3 versions
to portray how differencesin cloud liquid water param-
eterization affect the cloud radiative forcing response
(prognostic cloud liquid water minus diagnostic cloud
liquid water; SSTs are similar in the control integra-
tions). The differences are mostly less than 1 W m=2
except for alarge difference of +5.70 W m~2 for cloud
shortwave forcing in the eastern Pacific that is associ-
ated with a net cloud forcing with a comparably large
positive value (+7.41 W m~=2). These large positive
differences are produced by achangein signinthecloud
shortwave forcing in the eastern Pacific between the
diagnostic (—3.60 W m~2) and prognostic (+3.81 W
m~-2) schemes, associated with a greater increase
(+12.1%) of total cloud in the diagnostic compared to
+4.5% in the prognostic. Though changesin total cloud
do not translate directly to comparable changesin cloud
shortwave forcing (note larger positive difference in
cloud longwave forcing in CCM 3 prognostic), the mod-
el with the larger increase of cloud amount (CCM3 di-
agnostic) has the greater negative difference in cloud
shortwave forcing. Thus, the more physically realistic
prognostic scheme produces an asymmetric cloud ra-
diative forcing with increased CO, compared to the di-
agnostic scheme.

Additionally, it has been suggested that a relaxing of
the SST gradient across the equatorial Pacific with in-
creasing CO, (whereby the SSTs in the eastern Pacific
warm more than in the west, the El Nifio-like response)
could be associated with an east-west differential in
evaporative damping that could regulate the relative
warming rates with increasing CO, (Knutson and Man-
abe 1995). To investigate this mechanism in the models
under consideration here, the west minus east SST
change in the increased CO,, minus control experiments
shown in Table 1 are —0.97° and +0.04°C for the cou-
pled DOE and CSM models, respectively. The change
inlatent heat flux for west minus east for the DOE model
is —8.99 W m~2. The sign indicates that this latent heat
flux differential should act to intensify the cold tongue
(inTable 1, +6.77 W m~2 latent heat flux change in the
east, positive sign denoting energy removed from the
surface, and —2.22 W m~2 change in the west). How-
ever, the DOE model SST responseisarelativewarming
of the cold tongue region. For the CSM this west minus
east change in latent heat flux is +3.12 W m~2, with
the sign indicating that the latent heat flux change should
act to slacken the SST gradient (in Table 1, +3.80 W
m-2 removed from the surface in the west due to latent
heat flux change compared to only +0.68 W m-2in the
east). However, the CSM produces little change in the
SST gradient. Meanwhile, the change of cloud radiative
forcing, west minus east, is —13.08 W m~2 in the DOE
model (the negative sign indicative of a contribution to
slackening the west—east SST gradient) and only +2.03
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W m~2in the CSM. Thus in the DOE model with the
large EI Nifio-like response, the west minus east change
in cloud forcing is about +45% greater than the con-
tribution from changes in latent heat flux but nearly
comparable in the CSM with no El Nifio—like response.

A more instructive example of the contributions from
latent heat flux changes in the absence of ocean dynam-
ical responses can be obtained from the slab ocean sim-
ulations. For the CCM3 case with diagnostic cloud lig-
uid water (CCM3 diagnostic), the SST change, west
minus east, is —0.11°C, while the value from CCM3
with prognostic cloud liquid water (CCM3 prognostic)
is —0.42°C (Table 2). The west minus east difference
for cloud forcing changes for 2 X CO, minus control
is +1.51 W m~2 for CCM3 diagnostic (acting to inten-
sify the cold tongue), and —6.69 W m-2 for CCM3
prognostic (acting to relax the SST gradient). Mean-
while, the change in latent heat flux, west minus east,
is +1.01 W m~2 for CCM3 diagnostic (positive sign
indicates a contribution to slacken the SST gradient),
while it is —2.74 W m~2 for CCM3 prognostic (acting
to intensify the SST gradient; these latent heat flux
changes not shown in Table 2). Thus, the changes from
cloud radiative forcing, compared to latent heat flux
changes, are larger by more than a factor of two in the
CCM3 prognostic, while more nearly the same for the
CCM3 diagnostic. Thus for these slab ocean models,
the east—west change in cloud radiative forcing for an
increase in CO, with the prognostic cloud liquid water
scheme is the dominant contributor to an asymmetric
radiative forcing across the Pacific.

5. Model evaluation from Atmospheric M odel
Intercomparison Project (AMIP) integrations

The differencein tropical responsein the two coupled
models, traced in part to cloud forcing changes, raises
questions as to which is more likely to occur in the real
climate system. One way of assessing the realism of
cloud forcing changes in the models is to compare the
responses of their atmospheric components to the
change in SST between the 1986/87 El Nifio event and
the 1988/89 La Nifia event with observations using the
AMIP integration results (Gates 1992).

The DOE model has a simple cloud albedo feedback
scheme that produces changes only when SSTs exceed
29.8°C (Washington and Meehl 1993). This threshold
was chosen because the slab ocean and fully coupled
versions of the DOE model have systematically warmer-
than-observed SSTs (by about 1°-2°C) in the control
simulations (Washington and Meehl 1993). Cloud al-
bedo changes occur almost exclusively in the warmest
regions of the western Pacific and essentially not at all
in the cold tongue region in the east.

The version of the CCM3 in the CSM used here has
a parameterized diagnostic cloud liquid water path re-
sponse, whereby changes in scale height cause a shift
of the specified liquid water path profile in the middle
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and upper troposphere (Hack 1998). This parameteri-
zation is likely to capture cloud processes more real-
istically in a deep convective regime such asthe western
Pacific warm pool region, since water vapor therewould
more likely be mixed throughout the depth of the tro-
posphere and so affect cloud liquid water path. Though
tested and verified in relation to observations in an ear-
lier version of the atmospheric model (CCM2) with a
different convective scheme (Hack 1998), this scheme
appears to not work as well in the eastern Pacific with
the revised convective scheme in CCM3 (Kiehl et a.
1998). An improved version of the CCM3 with a prog-
nostic cloud liquid water scheme (Rasch and Kristjans-
son 1998) has been designed and tested in the CCM3
to simulate the mean state more realistically.

Table 3 shows changes in SST and cloud forcing for
the difference of a warm DJF (1986/87) minus a cold
DJF (1988/89) for top-of-atmosphere quantities from
integrations with the DOE atmospheric model, the
CCM3 with diagnostic cloud liquid water (as used in
the CSM), and the CCM 3 with prognostic cloud liquid
water. Observations from the Earth Radiation Budget
Experiment (ERBE) are also listed at the right in Table
3. Additional ensemble members (two are averaged for
CCM3 diagnostic) show similar cloud radiative forcing
changes.

The observed SST change for El Nifio minus La Nifia
for these specified SST integrations is +0.08°C in the
western Pacific and +1.69°C in the east (Table 3).
Therefore, the atmospheric models are being driven by
a large zonally asymmetric surface temperature anom-
aly. Theresponsesin thetwo CCM3 versionsaresimilar.
Both have increased albedo by over 10% and increases
of total clouds by around 5% in the west, with decreases
in albedo of over 5% and small increases in total cloud
of less than 5% in the east. The signs of changes of
cloud shortwave and cloud longwave forcings are also
similar in thetwo CCM3 versions, with the only notable
difference appearing in the net cloud radiative forcing
in the western area where there is an increase of +4.57
W m~2in CCM3 diagnostic and a decrease of —2.03
W m-2in CCM3 prognostic. The signs of the various
cloud forcing changes agree with observations (Table
3), except for the observed decrease in net cloud forcing
of —1.8 W m~2 in the west. This agrees with the net
cloud radiative forcing change in CCM3 prognostic
(—2.03 W m~2) but not with CCM3 diagnostic (+4.57
W m-2).

Net cloud forcing is larger (positive) in the east com-
pared to the west in both CCM 3 versions, indicating an
asymmetric cloud radiative response has resulted from
a large asymmetric SST forcing. Both CCM3 versions
also experience comparable increases of cloud liquid
water in the west (greater than 30%) and decreases in
the east (from about —18% to —25%). As noted above,
in the DOE model the cloud albedo response only op-
erates when SST exceeds 29.8°C (Washington and
Meehl 1993). For the AMIP experiments, the warmest
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TABLE 3. Changes in SST (°C), cloud radiative forcing components (W m~2), albedo (%), cloud water (%), and total cloud (%) for the
difference of awarm DJF (1986/87) minus a cold DJF (1988/89) for top-of-atmosphere quantities from integrations with the DOE atmospheric
model, the CCM3 with diagnostic cloud liquid water (as used in the CSM), and the CCM 3 with prognostic cloud liquid water. Observations
from ERBE are listed at right. For cloud forcing changes, the sign convention is positive downward (i.e., positive sign of a difference denotes
more energy enters the system).

AMIP, top of atmosphere
1986/87 minus 1988/89 (warm minus cold)

CCM3
Diagnostic CCM3
DOE (average of 2) Prognostic Observed
Global AT, (°C) +0.17 —0.04 +0.23 +0.06
Western Pacific area (5°N-5°S, 140°-170°E)
ASST (°C) +0.08 +0.08 +0.08 +0.08
Top of atmosphere (W m~2):
ACloud shortwave +7.25 —10.66 —12.82 —27.63
ACloud longwave +5.15 +15.23 +10.79 +25.92
ACloud forcing +12.40 +4.57 —2.03 —-1.71
AAlbedo (%) —6.5% +10.7% +12.5% +4.2%
ACloud total (%) +2.2% +5.8% +4.6% —
ALiquid water (%) — +39.3% +34.0%
Eastern Pacific area (5°N-5°S 120°-90°W)
ASST (°C) +1.69 +1.69 +1.69 +1.69
Top of atmosphere (W m~2):
ACloud shortwave +2.23 +13.51 +7.68 +1.28
ACloud longwave +13.04 +5.18 +4.72 +2.80
ACloud forcing +15.27 +18.69 +12.40 +4.08
AAlbedo (%) —-0.2% —11.1% —6.1% +1.7%
ACloud total (%) +8.7% +1.4% +4.5% —
ALiquid water (%) — —25.4% —18.3% —

area-averaged SST in 1988/89 in thewest is only around
29°C. Since SSTs are usually lessin the west and always
less in the east (not only in the mean but also during
the 1986/87 and 1988/89 events) the cloud albedo re-
sponse would rarely be activated in the DOE model.
This is reflected in part by a net cloud forcing in the
west of +12.40 W m~2 and a decrease of albedo of
—6.5%. However, changes in cloud type (e.g., MW96)
produce proportionately greater net cloud forcing in the
east (+15.27 W m~2) to provide relatively more energy
input to the system from cloud forcing in the east com-
pared to the west in 1986/87 compared to 1988/89.
None of the models' cloud-forcing response verifies
particularly well with the observations. The two CCM3
versions show the greatest difference in response in the
west with a net positive cloud forcing of +4.57 W m~2
with CCM3 diagnostic and —2.03 W m~2 with CCM3
prognostic, with the latter agreeing better with the ob-
served difference of —1.71 W m~2. Of greatest interest
is comparing the cloud forcing response in the east be-
tween the slab ocean versions of CCM3 (Table 2) and
the AMIP versions (Table 3). When given astrong SST
forcing from below as in the AMIP simulations, both
CCM3 versions produce positive cloud forcing changes
in the east (+18.69 W m~-2 for CCM3 diagnostic and
+12.40 W m~2 for CCM3 prognostic). Though both
forcing changes are larger than the observed change by
greater than a factor of 3, they agree with the obser-

vations in sign. However, the results change markedly
when the SSTs are allowed to interact and respond to
the atmosphere, as in the slab ocean integrations for 2
X CO,. CCM3 diagnostic shows a change in the east
of —3.60 W m~2in response to warming (Table 2) com-
pared to +18.69 W m~2 in the AMIP case (Table 3).
For 2 X CO,, CCM3 prognostic has a reduced-ampli-
tude change in the east but maintains the same sign as
in the AMIP case, from +12.40 W m~2 (Table 3) to
+3.81 W m~2 (Table 2). This result agrees better with
the observed values, but it corresponds to a much larger
SST change than in the observations.

Although there are clear limitations in using AMIP
runs for model evaluation (since interacting quantities
can affect the sign of the response), the above results
suggest that CCM 3 prognostic is probably capturing the
observed cloud responses better than CCM 3 diagnostic,
and that both models are performing better than the DOE
model. However, the high albedo-change threshold used
in the DOE model makes it difficult a priori for this
model to perform well in the AMIP case. In terms of
assessing overall model credibility, therefore, the AMIP
evaluation is somewhat inconclusive.

6. Response at high northern latitudes

A second significant regional response in climate
change experiments that contributes to global warming
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involves changes of sea ice. Several techniques have
been proposed to estimate the contribution of ice albedo
feedback to the global response in climate models (e.g.,
Dickinson et a. 1987; Schlesinger 1989). Herewe apply
a variant of the technique used in Dickinson et al.
(1987). As noted by U. Cubasch et al. (1999, unpub-
lished manuscript), in a coupled model transient sim-
ulation there is a nonequilibrium adjustment to the net
heating perturbation. Additionally, as noted by Dick-
inson et al. (1987) and others, such feedbacks cannot
be expected to add in asimple fashion. For our purposes
here we will compute the most simple estimate for a
contribution to global warming due to changes in ice
and snow to estimate the relative size of such a contri-
bution at the time of CO,, doubling, with the additional
caveat that this relative contribution only applies at that
timein the experiment. Presumably thefinal equilibrium
contribution would be somewhat different as noted by
U. Cubasch et al. (1999, unpublished manuscript). The
global average surface temperature change AT inaCO,
increase experiment can be interpreted in terms of a
zero-dimensional steady-state climate model written as

AT = AQ,

where AQ isthe external heating perturbation from dou-
bled CO, and A is the sum of various feedbacks. For a
AQ from the CSM of 3.54 W m~2 and AT of 1.43°C at
the time of CO, doubling (Table 1), A is 2.48 W m~2
K-t. Assuming the globally averaged change in net
clear-sky absorbed solar radiation at the surface (+0.86
W m-2 for the CSM) is mostly due to changes in ice
and snow, following the technique in Dickinson et al.
(1987) the contribution to A is 0.60 W m—2 K-* (0.86
W m-2 divided by 1.43°C). Thus following the as-
sumptions above, the value of A without the contribution
from changes in ice and snow is 3.08 W m~2 K-* and
produces a global warming of 1.15°C if the effects of
ice/snow changes are removed. This is a reduction of
global warming of 0.28°C, or 20%. For the DOE model,
the global warming is 3.50°C and A is1.01 W m—2 K1,
The change in net clear-sky absorbed solar radiation at
the surface is +2.07 W m~2. If snow/ice changes are
removed, A increases to 1.60 W m-2 K-*, and the re-
sulting global warming is 2.21°C, a reduction of 37%.
Thus the snow—ice response in the DOE model is stron-
ger than in the CSM and contributes more to global
warming with increasing CO,. Though this is a com-
bined contribution of ice and snow changes, it has been
shown that most of the positive feedback is a result of
seariceretreat and associated ocean heat storage changes
at the ice margins (Robock 1983; Washington and Meehl
1984).

At least two factors contribute to this reduced high-
latitude response in the CSM in comparison with the
DOE model. First, the CSM ocean includes the Gent—
McWilliams (GM) isopycnal mixing scheme (Gent et
al. 1998). It has been shown that the circumpolar south-
ern ocean warms less in an idealized global warming
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experiment with this scheme included in an ocean model
(Power and Hirst 1997). Though difficult to quantify in
the present context, the results of Power and Hirst
(1997) indicate that, at middle and high southern lati-
tudes, there would be a smaller sea-ice contribution to
warming in the CSM with GM mixing in comparison
with the DOE model with conventional horizontal-dif-
fusion mixing.

Second, the DOE model communicates atmospheric
fluxes to the ocean—ice surface using an area-averaged
abedo threshold (i.e., if the threshold is exceeded, a
grid box can appear to be ice-free to the atmosphere
and in fact there is still some ice left in the grid box),
and the CSM uses an area-weighted ice fraction. It has
been shown that the former is more sensitive than a
scheme that requires ice in the entire grid box to melt
before the albedo changes entirely to the lower ocean
albedo value (Meehl and Washington 1990). Thus, the
DOE model with the ice threshold technique would be
expected to have greater sea-ice response and larger
amplitude warming compared to the CSM with surface
fluxes area-weighted by ice fraction.

Though there are contributions to sea-ice response in
both hemispheres, the Arctic tends to have a propor-
tionately greater contribution to sea-ice responsein tran-
sient simulations because of ocean thermal inertiain the
Southern Ocean (Kattenberg et al. 1996; Fig. 4 for the
CSM). Thus, the Arctic region was highlighted in the
study of WM96 and will be the focus of the present
discussion for the CSM to illustrate sea-ice response.

It was noted by WM 96 that as CO,-induced warming
and sea-ice melting occurred at high northern latitudes
in the DOE coupled model, there were increases in low
clouds at high latitudes. In contrast, in most areas clouds
decreased because of warmer temperatures and lower
relative humidity. The albedo increases from these
clouds were not sufficient to offset the decreases in al-
bedo from formerly ice-covered grid points, however,
so planetary albedo at high latitudes decreased. Addi-
tionally, warmer water from the ice-free North Atlantic
in the CO, experiment was transported northward to-
ward the Arctic, also contributing to melting the seaice.
WM96 concluded that a combination of these factors
contributed to an unusually strong sea-ice response | ead-
ing to enhanced global warming in the DOE model.

While there are long-term trends in the control run
and decadal timescale changes in total sea ice of both
signs as the climate warms with increasing CO,, in the
CSM, the overall trend is toward decreasing ice cov-
erage with the biggest decreases in the Arctic (Fig. 4).
Figure 5 shows sea-ice thickness distributions for max-
imum (March) and minimum (September) ice extents
in the CSM for control and increased CO,. These can
be compared with Figs. 3a—d in WM96. Consistent with
the lower climate response of the CSM, the changes in
total sea ice area are smaller than in the DOE model.

Greatest decreases in ice area of —23% occur in Sep-
tember in the CSM (in comparison with —15% in
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FiG. 5. (a) Mean sea-ice thickness (m) for 20-yr average (years 60—79) for Mar from the control integration of the NCAR CSM; (b) same
as (a) except for Sep; (c) same as (a) except for the transient CO, increase experiment at time of CO, doubling; and (d) same as (b) except

for the transient CO, increase experiment at time of CO, doubling.

March). Relative ice retreat in September, the low-ice
part of the year, isimportant for increased absorbed solar
radiation and less subsequent ice formation in winter.
In these simulations, the Arctic remains ice-covered
throughout the year even with increased CO, (Figs.
5¢,d). These ice area changes are associated with at-
mospheric changes that may ameliorate or amplify the
ice albedo changes. For example there is a decrease in
low clouds over the ice-covered Arctic in March (Fig.
6a) due to mostly decreased relative humidity in the
warmer air over the ice. In March, ice thickness de-
creases by about 30% (Fig. 4).

Latitudes where ice in the CSM has melted in the
CO, case (near 60°-70°N) experience an increasein low
cloud in September (Fig. 6b) asis aso seen in the DOE
model. However, there is greater sea-ice coveragein the
Arctic in the CSM (and more than observed; Weatherly
et al. 1998) in comparison with the DOE model in the
control case (40% more in September, and 47% more
in March). This is particularly true in the Greenland—
Iceland—Norwegian (GIN) Sea region, while the DOE
model has less than observed (WM96). Some earlier
modeling studies suggest that a model with greater ice

coverage and a colder control run should have larger
ice albedo feedback and greater sensitivity (e.g., Spel-
man and Manabe 1984). However, later studies dem-
onstrated how other factors such as the nature of the
sea-ice formulation itself could complicate such a seem-
ingly simple relationship (e.g., Meehl and Washington
1990). Here, changes in ocean dynamics and heat trans-
port are also shown to play asignificant rolein the model
responses involving sea ice.

As noted above, the biggest ice area changes in the
CSM occur in September. Thus, we focus on that time
of year in the following discussion. As the climate
warms in the model from the increases of CO,, the ice-
free GIN Sea surface also warms (+2.53°C in DOE and
+2.43°C in CSM in September). As the ice melts, low
clouds around 60°-70°N increase in that region in Sep-
tember in the CSM (Fig. 6b) and in the DOE model
(WMO96, their Fig. 3f). This leads to an increase in al-
bedo at the latitudes that were ice-free in the control
run. Over the GIN Sea region in total, however, there
isanet increase in absorbed solar radiation in the CSM
of +1.0 W m~2 (ocean points in the area 60°—80°N,
30°W-30°E) mainly arising from areas that were for-
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FiG. 6. (a) Zonally averaged Mar cloud differences, transient CO,
increase (at time of CO, doubling) minus control, north of 45°N for
20-yr averages, years 60—79; solid lines indicate cloud increases in
the transient CO, experiment; typical zonal mean low-cloud amounts
in the control case in Mar near 65°N are around 0.70, and near 85°N
are around 0.95; (b) same as (a) except for Sep; typical zonal mean
low-cloud amounts in the control case in Sep are about 0.55, and
near 85°N are roughly 0.85; (c) zonal mean planetary albedo differ-
ence for transient CO, increase minus control, north of 45°N for 20-
yr averages, years 60—79, for Mar (solid) and Sep (dashed).

merly ice-covered from about 73° to 80°N (Figs. 5b and
6c). In contrast, in the DOE model, where there was
little ice in the GIN Seain the control run in September
(WM96, their Fig. 3b) thereis a net increase in albedo
and a decrease in absorbed solar radiation (—3.21 W
m-2).
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From these changes in absorbed solar radiation alone,
one would expect greater sea-ice response in this region
in the CSM in comparison with the DOE model, because
there would be more energy available to melt ice in the
former from the increase in absorbed solar radiation.
However, as noted previously, the converseistrue. This
is because ocean dynamics and poleward heat transport
are also involved. There is a greater decrease of the
maximum of meridional overturning near 40°N in the
DOE model [peak values decrease 41% from 41 to 24
Sverdrups = 10° m2 s-* (Sv)] in comparison with CSM
(peak values decrease 3% from 33 to 32 Sv). However
in Fig. 7 the overturning maximum in the GIN Sea
(north of 65°N) decreases by 46% in the CSM (from
about 6.5 to 3.5 Sv) in comparison with a smaller de-
crease of 20% in the DOE model (peak value decreases
from about 2.5 to roughly 2 Sv). These changes are
associated with decreases in upper-ocean density in the
two models.

As noted previously, both models have comparable
warming in the upper-ocean layers due to increased
CO,. Both models, therefore, should show comparable
increasesin poleward ocean heat transport asthisgreater
heat content is transported north, in the absence of mass
transport rate changes. The relative overturning rate
changes, however, imply that the models have different
heat transport changes. the model with less weakening
of the overturning should have greater relative increase
in poleward ocean mass and, hence, heat transport to
contribute to melting ice. Indeed this is the case. Both
the CSM and DOE models have similar values of ocean
heat transport near 60°N in the GIN Seain their control
integrations (0.36 Pw in CSM, 0.34 Pw in DOE, not
shown). But associated with relatively stronger merid-
ional overturning in the GIN Sea in the increased CO,
experiment in the DOE model in comparison with the
CSM (Fig. 7), the increase of poleward heat transport
near 60°N is greater (+118% in the DOE model, +13%
in CSM). These heat transport changes are sufficient to
more than offset the influence of changes in absorbed
solar energy, resulting in greater decreases of ice area
with increased CO, in the DOE model in comparison
with CSM. This, in turn, leads to greater warming over
the Arctic in the DOE model.

7. Conclusions

To help to understand the global response to increas-
ing CO, in the NCAR CSM, two regional physical pro-
cesses are identified as being important to the magnitude
of global warming: the *El Nifio-like’” response in the
tropical Pacific and sea-ice response at high latitudes.
These processes are compared in the NCAR CSM and
the NCAR DOE coupled model. Global warming due
to increased CO, is relatively low in the CSM as com-
pared with the DOE model and other globa coupled
models.

The EI Nifioike response to increased CO, has been



1894

DOE Control

400

7 (meters)
L
T

2
8
1

T

800

T

1000 T T T T T T
SO°N 80°N 0N 0N S0°N
LATITUDE

DOE Transicnt

b) |

.

400 — \/)
I

600 —

800

S0°N 80°N

Z (meters)
1

LATITUDE

JOURNAL OF CLIMATE

VoLuME 13

C3M Control

~ 800

1000 T
90°N i 70°N
LATITUDE

CSM Transient

T

T

T

70°N
LATITUDE

FiG. 7. (a) High-latitude Atlantic contribution (roughly north of 45°N) to annual zonal average ocean meridional volume transport (Sv),
upper 1000 m, years 65-74, for the DOE model control integration; (b) same as (a) except for increased CO, experiment, years 65-74, near
the time of CO, doubling (after Washington and Meehl 1996); (c) same as (a) except for CSM control; (d) same as (b) except for CSM near

the time of CO, doubling.

characterized in previous studies by larger warming in
the eastern Pacific in comparison with the west (as in
the DOE model, i.e., a slackening of the west—east SST
gradient). The sign of the global cloud feedback is pos-
itive in DOE and negative in CSM, and we hypothesize
that cloud response (and, hence, the details of model
cloud parameterizations) is a significant factor deter-
mining whether an El Nifiolike response occurs. Sim-
ilar cloud responses operate in the western equatorial
Pacific in the DOE model and the CSM with negative
net cloud forcing differences. In the eastern Pacific,
however, the DOE model producesalarge positivecloud
radiative forcing difference relative to the west, and the
CSM has a negative cloud radiative forcing difference.
Thus, there is an asymmetric cloud radiative forcing
response in the DOE model and not in the CSM, and
little EI Nifiolike response to increased CO, in the
CSM as compared with the DOE model.

Analyses of slab ocean versions of the CSM and DOE
models are performed to remove the amplifying effects

of ocean dynamics and to study possible parameteri-
zation-dependent aspects of the response of the coupled
models. A version of the CCM 3 that includes prognostic
cloud liquid water shows a change in sign (from neg-
ative to positive) of the net cloud forcing in the eastern
equatorial Pacific (more similar to the DOE model) in
comparison with the CCM3 version with diagnostic
cloud liquid water used in the CSM.

In an attempt to determine which of the models’ cloud
parameterization schemes is more realistic, we use
AMIP (prescribed SST) results to evaluate the different
models. All three models (DOE, CCM3 diagnostic, and
CCM3 prognostic) performed poorly relative to obser-
vations in terms of cloud radiative forcing response,
although CCM 3 prognostic was slightly superior to the
other models. Specific details of the DOE cloud scheme,
however, preclude arealistic response in the AMIP cas-
es. Senior (1999) points out that future GCM simula-
tions should be evaluated with different diagnosticssuch
as absorption and extinction coefficients of clouds, and,
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in particular, they should be compared directly with ob-
servable quantities such as variation of cloud optical
thickness with temperature and the variation of cloud
water path with droplet size. It isnot possible at present,
therefore, to judge which model is most realistic in the
CO,-increase case, so determining the likelihood of a
future El Nifio-ike response requires further research.
Additionally, Bony et al. (1997) suggest that the initial
state could be important in determining the cloud feed-
backs in the Pacific.

The effect of this response aspect on global warming
also remains somewhat equivocal. Observational evi-
dence (Jones 1988) shows that warm events in the Pa-
cific have a distinct global warming signature, so it is
likely that models with an El Nifio-like response will
have greater global warming. Indeed in a slab ocean
version of the DOE model with a prescribed El Nifio—
like response, global warming was increased by 5%.
However, the lower monsoon enhancement in the DOE
model, which has already been linked to the model’s El
Nifo-like response, could offset the direct warming in-
fluence if it were associated with a global-scale reduc-
tion in water vapor feedback. Further diagnostic studies
of temperature, moisture, and cloud teleconnections in
a greater number of models are required to resolve this
issue.

Theinfluence on global warming of asecond process,
sea-ice changes, is more clear-cut. Sea-ice retreat with
increasing CO, in the CSM is less than in the DOE
model in spite of identical sea-ice formulations. As sug-
gested in previous studies, some decrease of warming
in the southern oceans, and thus less sea-ice response
at high southern latitudes, could be expected from the
inclusion of the GM mixing scheme in the CSM. An-
other factor that could reduce warming in the CSM in
comparison with the DOE model is differences in the
area-weighted (CSM) versus ice fraction threshold
(DOE) ocean—atmosphere heat and moisture fluxes. Ad-
ditionally, the systematic errors in the control integra-
tions are not the same in the models, and this could lead
to different climatic responses.

The difference in sea-ice area response between the
two models is aso a factor—probably the most impor-
tant factor. A simple feedback analysis indicates that
global warming would be reduced by 37% in the DOE
model but only 20% in CSM if there were no snow—
sea ice changes with increasing CO,. Most of this re-
sponse is associated with sea-ice changes as noted in
previous studies. We therefore investigate the causes of
the different sea-ice area responses in the two models
in the Northern Hemisphere. These involve interactions
between the ice, the surface energy balance, and ocean
heat transport changes. To illustrate these processes, re-
sults from the Arctic region and the GIN Sea in partic-
ular are presented. The surface energy budget response
is controlled primarily by surface albedo (in turn related
to ice area changes) and cloud changes. In both models,
increases in low cloud over the GIN Sea area partly
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offset the effects of ice area changes. Because of this,
the surface energy budget appears to play a relatively
minor role in determining ice-area reduction. A more
important factor is the poleward ocean heat transport,
associated with changes in meridional overturning in
the GIN Sea. Although the DOE model has a much
larger weakening of the hemispheric overturning re-
sponse, the CSM actually has a greater weakening re-
sponse in the GIN Sea region. Thus, in the increased
CO, case the transport of warmer water from the south
into this region in the DOE model is greater in com-
parison with the CSM. This leads to a larger ice re-
duction in the DOE model, thus contributing to the en-
hanced global warming response in the DOE model in
comparison with the CSM. Changes of heat transport
in the GIN Seaare clearly model dependent, and further
investigation of this response needs to be undertaken in
other models.
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APPENDIX
Transient versus Equilibrium Sensitivity in the CSM

The atmospheric component of the CSM (CCM3),
based on an equilibrium 2 X CO, experiment with the
nondynamic mixed layer ocean coupled to the CCM3,
has a global mean climate sensitivity of about 2.1°C.
The corresponding top-of-the-troposphere forcing, after
stratospheric equilibration, isestimated to be 3.5 W m~2.
It is of interest to determine whether the 1% per year
(compound) CO, increase run with the CSM gives a
transient response that is consistent with this sensitivity.

In order to do this, one must somehow estimate the
lag or damping effect of oceanic thermal inertia on the
transient response. One method for accounting for lag
effects in a controlled way is to use a simpler climate
model in which sensitivity and lag-related parameters
can be specified a priori. Here, we use the upwelling-
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ferential (and adjustable) land—ocean climate sensitivity

and Cubasch (1996) in their analysis of transient runs (see, e.g., Murphy 1995), and alows the meridional
ther details are given in Raper and Cubasch (1996).

YEAR
and UD EBM model results for sensitivities of 1.5°, 2°, and 2.5°C; (b) same UD EBM results

as in (a) but increased CO, minus control time series for the CSM.

Fic. Al. (a) Raw CSM globally averaged temperature time series from the 1% yr-* CO, increase experiment

(heavy line)
with the Max Planck Institute (MPI) global coupled overturning (i.e., upwelling) rate to vary with time. Fur-

diffusion energy-balance model (UD EBM) of Wigley between land and ocean in each hemisphere, has dif-

and Raper (1992) and follow the procedure of Raper
model (ECHAMS3/LSG). The UD EBM distinguishes
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To compare UD EBM results with the CSM 1% run,
we use the same forcing history and model parameters
as in Raper and Cubasch (1996), and a range of global
climate sensitivity values. Also, in accord with the be-
havior of CSM, we keep the upwelling rate constant. If
the 2.1°C sensitivity from CCM3 applies to CSM, then
the UD EBM and CSM results should match when this
sensitivity valueis specified for the UD EBM. Note that
a less-than-perfect match would not necessarily prove
that CCM3 and the CSM had different sensitivities; it
could point to differences between the UD EBM’s sim-
ulation of oceanic inertia (lag) effects and those of the
CSM.

In making our comparison, we have two choices for
the CSM temperature data; we can either use the raw
data, or we can consider the difference between the 1%
run and the CSM control run. We consider both pos-
sibilities here.

Use of the 1% minus control difference requires an
act of faith. Essentially this assumes that any low-fre-
qguency ‘‘drift” in the control will be echoed in the
perturbed run. It is unclear how one could ever test this
assumption. Raper and Cubasch (1996) conclude, for
the MPI ocean—atmosphere general circulation model
(O—-AGCM), that this assumption is unlikely to be true.
The MPI model, however, may be a special case because
it has a very large drift in its control run, an order of
magnitude or more greater than in the CSM. Instead of
assuming comparable drifts in the two runs, a better
way to look at the use of 1% minus control differences
is as an assessment of the sensitivity of the UD EBM—
O-AGCM comparison to possible drift (i.e., low-fre-
guency changes unrelated to the applied forcing) in the
O-AGCM perturbed run.

The results are shown in Fig. A1l. Figure Ala com-
pares the rav O-AGCM results with UD EBM results
for sensitivities of 1.5°, 2.0°, and 2.5°C. (The first 10
yr of the O-AGCM resultsare asmall ** start-up’ period
prior to switching on the forcing. Both O-AGCM and
UD EBM results are relative to the mean over the start-
up period.) The best fit between the two models is for
a sensitivity of around 1.8°C.

Figure A1lb compares the same UD EBM results with
the 1% minus control differences from the O-AGCM.
Here, because the control shows a slight downward drift
over the perturbed-run interval (see main text, Fig. 1a),
difference values show a larger warming than for the
raw perturbed-run data. The best match between the two
models in this case is for a sensitivity of around 2.0°C,
consistent with the equilibrium experiment result. Thus,
it could be expected that, in spite of the different sea
ice and SST base state, if the CSM were run to equi-
librium with doubled CO,, it would produce a global
warming near 2°C, which is about the value from the
slab ocean version run to equilibrium with doubled CO,.
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