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ABSTRACT

The energy budget of the latest version of the National Center for Atmospheric Research (NCAR) Community
Climate Model (CCM3) is described. The energy budget at the top of the atmosphere and at the earth’s surface
is compared to observational estimates. The annual mean, seasonal mean, and seasonal cycle of the energy
budget are evaluated in comparison with earth radiation budget data at the top of the atmosphere and with the
NCAR Ocean Model (NCOM) forcing data at the ocean’s surface. Individual terms in the energy budget are
discussed. The transient response of the top-of-atmosphere radiative budget to anomalies in tropical sea surface
temperature is also presented. In general, the CCM3 is in excellent agreement with ERBE data in terms of
annual and seasonal means. The seasonal cycle of the top-of-atmosphere radiation budget is also in good (<10
W m-2) agreement with ERBE data. At the surface, the model shortwave flux over the oceans is too large
compared to data obtained by W. G. Large and colleagues (~20-30 W m~2). It is argued that this biasis related
to amodel underestimate of shortwave cloud absorption. The major biases in the model are related to the position
of deep convection in the tropical Pacific, summertime convective activity over land regions, and the model’s
inability to realistically represent marine stratus and stratocumulus clouds. Despite these deficiencies, the model’s
implied ocean heat transport is in very good agreement with the explicit ocean heat transport of the NCOM
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uncoupled simulations. This result is a major reason for the success of the NCAR Climate System Model.

1. Introduction

The flow of energy through the climate system is a
fundamental property that climate system models and
their components should simulate well. The net flux of
energy at the top of the atmosphere determinesthe avail-
able energy for the complete climate system (i.e., at-
mosphere and underlying surfaces). However, an equal -
ly important property is the transformation of this ra-
diative energy into other forms—such as kinetic, latent,
and sensible—with the vertical and horizontal redistri-
bution of these forms of energy. The present work de-
scribes the simulated energy budget of the latest at-
mospheric global climate model at the National Center
for Atmospheric Research (NCAR), the Community Cli-
mate Model (CCM3). Previous studies have discussed
the earth radiation budget for earlier versions of the
CCM [eg., Kiehl and Ramanathan (1990) for CCM1
and Kiehl et al. (1994) for CCM2]. The present study
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not only describes the radiation budget of CCM3 but
carries out amore extensive analysis of the entire energy
budget of the atmospheric model at both the top of the
atmosphere and the surface. There is added emphasis
on the surface energy budget, since the CCM3 is the
atmospheric component of the NCAR Climate System
Model (CSM) (see Boville and Gent 1998; Boville and
Hurrell 1998). The accuracy of the surface fluxes is
important for the land, ocean, and sea-ice components
of the CSM.

To objectively evaluate the accuracy of both the top-
of-atmosphere and surface energy budgets, precise ob-
servations are required (see Kiehl and Trenberth 1997).
At thetop of the atmosphere, the Earth Radiation Budget
Experiment (ERBE) provides calibrated and accurate
data to assess the CCM3 simulation. At the surface,
there are larger uncertainties in the magnitude and spa-
tial distribution of energy fluxes. Various global grided
datasets exist for model evaluation (e.g., Oberhuber
1988; Bishop and Rossow 1991). However, it is widely
recognized (Gleckler and Weare 1995) that these da-
tasets are uncertain to 30 W m~2. Over the oceans the
largest uncertainties are in the net solar flux and the
latent heat flux. Over sea ice there can be large uncer-
tainties in both the estimated net shortwave and long-
wave fluxes. A discussion of the energy budget over
land surfaces is presented in Bonan (1998). The focus
of this study will be on the surface energy budget over
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oceans. We employ the recent NCAR Ocean Model
(NCOM) forcing data for model evaluation purposes
(Large et al. 1997).

The study is organized as follows: section 2 provides
a brief description of CCM3, section 3 describes the
global and zonal-mean energy budget from the model
and makes comparisons to observations, section 4 con-
siders the geographic distribution of the annual mean
energy terms, section 5 provides aregional and seasonal
analysis of the budget, section 6 considers the response
of the energy budget to anomaliesin tropical seasurface
temperatures, and finally section 7 summarizes the find-
ings in the study.

2. Model description

A detailed description of all the physical and nu-
merical methods used in CCM3 are provided in Kiehl
et al. (1996). A summary of the changes in the physics
and numerics employed in CCM3 compared to those
used in CCM2 are given in Kiehl et al. (1998). Kiehl
et al. (1998) also summarize key differencesin the mod-
el simulation between CCM3 and CCM2. The NCAR
CCM3isaglobal spectral climate model. The standard
resolution of the model is T42 (equivalent to 2.8° lat X
2.8° long) with 18 layers in the vertical. Shortwave and
longwave fluxes are calculated every hour. The model
time step is 20 min. Between the hourly radiative cal-
culations, these fluxes are held fixed. The radiative ef-
fects of clouds are updated every hour.

A major change between CCM2 and CCM3 is the
inclusion of thelongwaveradiative effectsof CH,, N,,O,
CFC11, and CFC12. The CCM3 aso includes the long-
wave properties of two weak CO, bands located at 9.4
and 10.4 um, which are important for certain paleocli-
mate problems. In the shortwave clear sky, the CCM3
now crudely includes the effects of a background aero-
sol by using a uniform aerosol with a visible optical
depth of 0.14. The radiative properties of the aerosol
are identical to sulfate aerosols, and the aerosol is uni-
formly distributed in the lowest three model layers
(~1000 m in depth). It is recognized that aerosols have
large spatial and temporal variability and their optical
properties are quite diverse. The current approach ac-
counts, in a crude fashion, for the importance of these
aerosols to the shortwave budget. As will be seen, this
significantly improves the comparison of the model
shortwave clear sky budget with ERBE data. In the fu-
ture, the model will include more realistic aerosol prop-
erties. The longwave effects of the boundary layer aero-
sol are neglected.

For cloudy skies, there have been significant changes
in the cloud radiative properties from CCM2 to CCM 3.
The CCM3 distinguishes between the radiative prop-
erties of liquid, mixed phase, and ice cloud particles.
The effective cloud particle size depends on phase and
on whether clouds are located over continental or mar-
itime regions. The ice cloud radiative properties are
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based on the work of Ebert and Curry (1992), and the
specification of continental versus maritime particlesize
follows the work of Kiehl (1994a). The cloud water is
diagnosed in terms of local column water vapor (Hack
1997) and is distributed in the vertical according to a
liquid water scale height. Thus, CCM3 accounts for |o-
cal variations in cloud water, unlike CCM2.

The cloud fraction in each layer is diagnosed in terms
of relative humidity, static stability, and vertical veloc-
ity. Convective cloud fraction is diagnosed in terms of
cloud mass flux. Essentialy, three cloud types are di-
agnosed: convective cloud, large-scale stable cloud, and
stratus associated with low-level inversions (i.e., marine
stratus). Clouds are alowed to form in any model layer,
excluding the layer nearest the surface. The cloud frac-
tion is assumed to be randomly overlapped in the ver-
tical. In the shortwave this overlap is accounted for by
weighting the cloud optical depth by the cloud fraction
to the three-halves power (Briegleb 1992). In the long-
wave spectral region, the total flux is a linear function
of the overcast and clear sky fluxes within each grid
box.

For the nonradiative flux terms, the major changes
affecting the CCM3 energy budget are the following:
improvements in the boundary formulation, a new pa-
rameterization for deep convection, and changes in the
surface roughness over oceans. These changes have
made large changes in the latent heat fluxes over oceans
(e.g., Collins et al. 1997, hereafter CO97). Details of
these changes are given in Kiehl et al. (1998) and Zhang
et al. (1998).

The results presented in this study are based on a 15-
yr integration using observed monthly mean SSTs from
1979 to 1993. Thus, this simulation is an extension of
the 10-yr Atmospheric Model Intercomparison Project
type of integration (1979-89). A number of datasetsare
employed for evaluation of the CCM3 simulation. At
the top of the atmosphere, model results are averaged
from 1985 to mid-1989 for comparison to the ERBE.
At the surface, we employ the Largeet al. (1997) surface
fluxes. These surface fluxes are based on a number of
datasets from satellite retrievals (Bishop and Rossow
1991) and near-surface state information from the recent
National Centers for Environmental Prediction (NCEP)
reanalysis (Kalnay et al. 1996). Surface fluxes are com-
puted from empirical relations and bulk formula from
these data. Parts of the Large et a. data were used to
force the uncoupled CSM ocean model in the spinup
phase (see Gent et al. 1998). It must be recognized that
there are uncertainties in these observationally based
surface fluxes. Thus, it is best to view the model com-
parison with these fluxes as qualitative and not highly
quantitative. A description of the dynamical climatology
of CCM3 is provided in Hurrell et al. (1998), and the
hydrologic cycle of CCM3 is presented in Hack et al.
(1998). The purpose of the present study is to focus on
the energy budget of CCM3.
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TABLE 1. Ensemble global annual mean top-of-atmosphere (TOA)
and surface energy budgets. Fluxes are in W m~2. Cloud fraction is
in percent. OLR denotes outgoing longwave flux in observations, but
net longwave flux from CCM3; LWCEF is longwave cloud forcing;
and SWCEF is shortwave cloud forcing. Observational estimates are
summarized from Kiehl and Trenberth (1997).

Field Observation CCM3
Top of atmosphere
OLR 234.8 236.97
Clear sky OLR 264.0 266.22
Solar absorbed 238.1 236.88
Clear solar abs. 286.3 286.42
LWCF 29.2 29.25
SWCF —48.2 —49.54
Net TOA 3.3 —0.09
Cloud fraction 52.2-62.5 58.83
Surface fluxes

Solar absorbed 142-168 171.05
Clear solar abs. 217.2* 220.83
Net longwave 45.8*—66 60.68
Clear net LW 70.7* 92.39
Latent heat 78 89.97
Sensible heat 24 20.47
Net surface 0.00 -0.07

* Rossow and Zhang (1995).

3. Global and zonal-mean budgets

Table 1 presents the globally averaged ensemble an-
nual mean energy budget for CCM3 and various ob-
servations. The global top-of-atmosphere model fluxes
were tuned to agree with the ERBE fluxes to within a
few W m~2. The balance was accomplished by tuning
the model cloud fraction and global mean aerosol optical
depth. The net flux at the top of the atmosphereis —0.09
watts per square meter. Thisorder of balanceisrequired,
since the model is the atmospheric component of the
CSM (Boville and Gent 1998). To prevent initial drift
in the coupled system, the net top-of-atmosphere flux
must be small (i.e., less than a few tenths of a W m~2).
At the surface, we compare the model flux with the
estimates of Kiehl and Trenberth (1997), who note there
is substantial uncertainty in the shortwave surface flux
(around 25 W m~2). For example, Ohmura and Gilgen
(1993), using surface observations, estimate a much
smaller net surface shortwave flux (142 W m-2). There
are also large uncertainties in global annual mean latent
heat flux.

Energy conservation imposes the constraint that the
sum of the surface fluxes must be zero. Thus, any
changes to a particular flux component (e.g., the net
shortwave flux) will require changes in the other flux
terms (e.g., latent and sensible heat). These types of
changes between surface shortwave flux and latent heat
flux occurred in developing CCM3 from CCM2. The
15-yr ensemble-mean net surface fluxes from CCM3
sum to —0.07 W m~2, which results from the near-zero
top-of-atmosphere net balance (which was tuned) and
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TABLE 2. Ensemble global annual-mean surface energy budget.
Fluxes are in W m~2. Observational estimates are summarized from
Large et al. (1998), and shortwave flux in parentheses is from Bishop
and Rossow (1991).

Field Observation CCM3
Surface fluxes
Solar absorbed 164.4 (188) 191.1
Net longwave 53.6 59.6
Latent heat 100.6 114.8
Sensible heat 9.1 16.2

the high order of energy conservation within the model
atmosphere.

The agreement between the observed and modeled
clear sky top-of-atmosphere longwave flux is a result
of the addition of the various trace gasesto CCM3. The
bias in this field for CCM2 was 7 W m~2. The impor-
tance of varioustrace gasesand ‘‘ weak bands” of carbon
dioxide and ozone to the top-of-atmosphere (TOA) clear
sky outgoing longwave was pointed out by Kiehl and
Briegleb (1992). In the shortwave, the addition of a
tropospheric aerosol with visible optical depth of 0.14
has significantly improved the clear sky top-of-atmo-
sphere model value. Note that a global aerosol optical
depth of 0.14 is close to the observational estimate of
Andreae (1995) of 0.149. Over ocean regionsthevisible
aerosol optical depth is slightly smaller; that is, ~0.12
(e.g., Villevalde et al. 1994; Porter and Clarke 1994).
The biasin the TOA shortwave clear sky flux in CCM2
was 9 W m~2, In CCM 3 the agreement with the ERBE
TOA datais ~2 W m=2. At the surface the clear sky
absorbed shortwave flux from the model agreesto within
2 W m~2 with the Rossow and Zhang (1995) estimate.
Thus, globally there is good agreement in the clear sky
shortwave flux. Regionally, the bias in clear sky short-
wave flux will depend on an accurate description of the
aerosol properties for that region.

At the surface, the model latent heat flux is at the
upper bound of observational estimates (78-90 W m~2).
The net shortwave flux is in good agreement with the
model-derived value of Kiehl and Trenberth (1997), but
the range of observational estimatesis quite large (142—
165 W m~2). Hence, the CCM 3 value could be in error
by a substantial amount. Indeed, comparison with Glob-
al Energy Balance Archive station data indicate that
CCM3 surface shortwave fluxes are too large (Zhang et
al. 1998). As stated above, if the model surface short-
wave flux were to be reduced to 142 W m~2, areduction
would also be required in the other surface flux terms,
most likely the latent heat flux (see Kiehl et al. 1995),
which would bring the CCM3 latent heat flux in closer
agreement with the midrange of the observational es-
timates. A similar difference in shortwave flux occurs
over ocean regions. Table 2 shows the global annual
mean surface energy budget for ocean regions. The dif-
ference between the shortwave flux from CCM3 and
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Fic. 1. Ensemble-mean zonally averaged outgoing longwave ra-
diative flux (W m~2) for (@) DJF and (b) JJA seasons for the CCM3
(----- ) and the ERBE data ( ). Averaging period is from 1984
to 1989.

that of Large et al. (1997) is 30.6 W m~2. The CCM3
shortwave flux is in better agreement with the Bishop
and Rossow (1991) results (~7 W m~2). The model
latent heat flux is ~17 W m~2 larger than the estimate
by Large et al.

The zonally averaged outgoing longwave flux for the
ensemble averages of December—February (DJF) and
June-August (JJA) from 1984 to 1989 from the CCM3
and the ERBE data show good agreement (i.e., lessthan
10 W m~—2) for both seasons (Fig. 1). The largest biases
exist at high latitudes for local hemispheric summer
conditions, where the model underestimates the OLR
compared to ERBE. The zonally averaged clear sky out-
going longwave flux, however, isin good agreement in
these regions (Fig. 2). Thus, the bias in the outgoing
longwave flux must be due to cloud properties and not
temperature and/or moisture biases, since these would
appear in the clear sky outgoing longwave flux. The
good agreement in the clear sky top-of-atmosphere flux
isdue, in large part, to the incorporation of the radiative
effects of CH,, N,,O, and CFCs.

In the shortwave spectral region, the zonally averaged
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Net Clear Sky Longwave Radiation DJF
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Fic. 2. Ensemble-mean zonally averaged clear sky outgoing long-
wave radiative flux (W m~2) for (a) DJF and (b) JJA seasons for the
CCM3(----- ) and the ERBE data ( ). Averaging period isfrom

1984 to 1989.

planetary albedo for DJF and JJA is shown in Fig. 3.
There is very good agreement between the model and
observationsin DJF, whilein JJA the model istoo bright
at high latitude summer in both hemispheres, with the
largest bias existing in Northern Hemisphere summer
between 60° and 80°. This bias supports the conclusion
that the bias in outgoing longwave radiation (OLR) is
due to excessive cloud cover and/or an overestimation
in cloud optical thickness. Comparison of the CCM3
cloud cover and cloud liquid water path with obser-
vations (Hack et al. 1998) supports this conclusion.
There is also a small bias in the subtropics, where the
model overestimates the planetary albedo. Note that
these biases cannot be attributed to surface albedo, since
the clear sky abedo in these regions is in excellent
agreement with ERBE (Fig. 4). There is an underesti-
mate in clear sky albedo in NH winter poleward of 50°.
This is no doubt associated with an underprediction of
snow cover and/or snow reflective properties.
Retrieval of clear sky radiative properties poleward
of 70 is complicated by the presence of highly reflective
surfaces (i.e., snow or ice); thus we restrict comparison
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Fic. 3. Ensemble-mean zonally averaged planetary albedo for (a)
DJF and (b) JJA seasons for the CCM3 (----- ) and the ERBE data
(—). Averaging period is from 1984 to 1989.

of the cloud radiative forcing to 70° north and south.
The zonal mean of longwave cloud radiative forcing
(LWCEF) is shown in Fig. 5. LWCF is defined as the
difference between the clear sky and all sky outgoing
longwave radiative flux. This property is a quantitative
measure of the greenhouse trapping effect of clouds
(see, e.g., Kiehl and Trenberth 1997). There are three
maxima in the zonal mean that are associated with ex-
tratropical storm track cloud systems and tropical con-
vective cloud systems. The model representsthetropical
maxima in LWCF very well for both seasons. In the
extratropics, the model LWCF in the summer hemi-
sphere istoo far poleward and north of 50° is too large.
This is another indication that the cloud fraction and/
or cloud emissivity is too large in the CCM3 for extra-
tropical summertime cloud systems. Note that the bias
in NH summer is actually due more to a poleward shift,
by about 10° in latitude, of the model cloud forcing.
In the shortwave, the cloud forcing (SWCF) isdefined
as a difference between all sky and clear sky shortwave

Latitude

FiG. 4. Ensemble-mean zonally averaged clear sky planetary albedo
for (a) DJF and (b) JJA seasons for the CCM3 (----- ) and the ERBE
data ( ). Averaging period is from 1984 to 1989.

absorbed flux. Figure 6 shows the zonally and seasonally
averaged SWCF from CCM3 and from ERBE. A sig-
nificant bias existed in the CCM2 SWCF [see Fig. 10
of Kiehl et al. (1994)], where the model underpredicted
the zonal-mean local summertime values. This under-
prediction had serious implications for the model-cal-
culated implied ocean heat transport (Gleckler et al.
1995). The CCM 3, however, does capture the local min-
imum in SWCF due to the extratropical storm tracks.
There is now an overestimate of this forcing in NH
summer poleward of 50°. The biasin subtropical clouds
is apparent in the SWCF, where the model forcing is
too large by as much 20 W m~2 at some latitudes. This
is now the largest bias in the SWCF in CCM3.

At the surface, we consider each term in the energy
budget separately, and then the net surface energy bud-
get. We restrict our comparison to ocean regions and to
long-term annual mean conditions to minimize the stor-
age term in the energy budget. The surface energy bud-
get over land is discussed in the study by Bonan (1998).
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Fic. 5. Ensemble-mean zonally averaged longwave cloud forcing
(W m~2) for (a) DJF and (b) JJA seasons for the CCM3 (----- ) and
the ERBE data ( ). Averaging period is from 1984 to 1989.

Figure 7 shows the net annual and zonal-mean short-
wave flux over oceans. There is asignificant biasin the
model surface shortwave flux compared to the Large et
al. forcing data. Note that if we were to compare the
model fluxes with the results of Bishop and Rossow
(1991) the two fields would agree fairly well. Large et
al. (1997) reduced the values of Bishop and Rossow by
12.5% to bring the satellite retrieved results closer to
ship observations. The adjusted shortwave fluxes also
produce a much more realistic distribution of SSTs in
the uncoupled ocean model (see Gent et al. 1998). In
the Tropics the difference between the Large et al. data
and the CCM3 is ~30 W m~2, which is close to the 35
W m~2 bias discussed by Ramanathan et al. (1995) for
the warm pool region. The other large surface energy
term for the oceans is the latent heat flux (Fig. 8). At
most latitudes the agreement is quite good, given the
differences in data sources used to obtain the obser-
vational estimate. In the Southern Hemisphere, CCM3
tends to overpredict the latent heat flux by 10-20 W
m-2, while in the Northern Hemisphere the model un-
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Fic. 6. Ensemble-mean zonally averaged shortwave cloud forcing
(W m~2) for (a) DJF and (b) JJA seasons for the CCM3 (----- ) and
the ERBE data ( ). Averaging period is from 1984 to 1989.

NCOM and CCM3 Net Solar Flux
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FiG. 7. Ensemble-mean annual and zonal mean over oceans of the
net shortwave flux (W m-2) at the surface for CCM3 (----- ) and the
observationally based Large et a. data ( ).
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NCOM and CCM3 Latent Heat Flux
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Fic. 8. Ensemble-mean annual and zonal mean over oceans of the
latent heat flux (W m~2) at the surface for CCM3 (----- ) and the
observationally based Large et al. data ( ).

derpredicts the latent heat flux by a similar amount. The
equatorial minimum in flux is captured quite well in
CCM3 (see also CO97).

A smaller term in the ocean surface energy flux is
the net longwave flux, which depends critically upon
cloud-base height, cloud fraction, and |ower-tropospher-
ic moisture. The lack of observational data on these
quantities (especially over the oceans) means that the
Large et a. data are more uncertain. Figure 9 shows the
annual and zonal mean of the net surface longwave flux
from the CCM3 and the Large et al. data. These results
indicate that the model’s downward longwave flux is
perhaps too low in the subtropical oceans, yielding an
overestimate in the net flux (i.e., upward minus down-
ward). The net longwave flux from Large et al. is de-
termined by an empirical relationship that depends on
sea surface and surface air temperatures, specific hu-
midities, and total cloud fraction (Large et al. 1997).
There is no explicit dependence on cloud base height.
Large et al. (1997) use the total cloud cover from the
International Satellite Cloud Climatology Project
(ISCCP) climatology (Rossow and Schiffer 1991).
Comparison of the total cloud cover from ISCCP and
the CCM3 (Fig. 10) indicates that ISCCP generally has
higher total cloud cover. In the subtropics, the ISCCP
cloud cover is larger than in the CCM3, and thisis one
source of the bias in longwave flux. It is interesting to
note that the Nimbus-7 cloud cover (see Fig. 10) is
significantly lower (~10%) than ISCCP in the subtrop-
ical regions (Mokhov and Schlesinger 1994). Thus, if
Large et al. had employed Nimbus-7 total cloud cover,
the agreement in longwave flux between Large et al.
and the CCM3 would be much better in these regions.
Another possible source of the biasisrelated to the CCM
longwave radiation model. An underestimate in the
downward flux for low humidity conditions above the
atmospheric boundary layer has been noted in column
radiation calculations with the CCM model. Some of
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NCOM and CCM3 Long Wave Heat Flux

80 P

60 4

40+

Long Wave Flux

2047

0 e ———— T T
90N 60N 30N a 30S 60S 90s
Latitude

Fic. 9. Ensemble-mean annual and zonal mean over oceans of the
net longwave flux (W m~2) at the surface for CCM3 (----- ) and the
observationally based Large et al. data ( ).

the bias seen in Fig. 9 could be due to this problem in
the radiation model. We have traced this problem back
to a bias in the asymptotic behavior of the water vapor
rotation band.
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Fic. 10. Ensemble-mean zonally averaged total cloud amount (%)
for (a) DJF and (b) JJA seasonsfor the CCM3 (: ) and the ISCCP
data (w=====) and Nimbus-7 (——-).
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Fic. 11. Ensemble-mean annua and zonal mean over oceans of
the sensible heat flux (W m~2) at the surface for CCM3 (----- ) and
the observationally based Large et al. data ( ).

The smallest surface energy flux term over oceansis
due to sensible heat exchange (Fig. 11). The observa-
tional estimate of this flux is again very uncertain. In
general, the model sensible heat flux is larger than the
Large et al. estimate, which is related to differencesin
surface wind speed between the CCM3 and the NCEP
reanalysis (Hurrell et al. 1998).

For the ocean, of course, it is the total flux of energy
across the surface that is of greatest importance. This
quantity directly determines the ocean heat transport
(Gleckler et al. 1995). Differences between a model
surface net heat flux and observations will be a source
of climate drift. Indeed, past attempts to correct biases
in coupled model surface heat fluxes are the source of
flux adjustment or flux correction (Kerr 1995). If small
biases exist between the model surface flux and obser-
vations, then there is little need for flux corrections.
Figure 12 shows the annual mean, zonal-mean net (i.e.,
net shortwave minus latent minus longwave minus sen-
sible heat) surface energy flux from the CCM3 and the
Large et al. data. For most latitudes the agreement be-
tween these datasets is good. The largest biases exist in
the mid- to high latitudes of the Northern Hemisphere.

A fundamental quantity for the climate system is the
poleward transport of heat for the entire climate system,
and the partitioning of this transport between the at-
mosphere and the ocean (see Trenberth and Solomon
1994). Since the CCM3 is the atmospheric component
of the fully coupled NCAR CSM (Boville and Gent
1998), it isimportant to consider the implied ocean heat
transport in the CCM3 (see Gleckler et al. 1995). The
“implied” ocean heat transport from the atmospheric
model iswhat the ocean must transport given prescribed
SSTs. One can obtain the implied heat flux by either
subtracting the atmospheric heat transport from the total
heat transport derived from the top-of-atmosphere net
radiative imbalance, or directly from the net surface
flux. These quantities will be identical, to the degree
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Fic. 12. Ensemble-mean annua and zonal mean over oceans of
the total energy flux (W m~2) at the surface for CCM3 (----- ) and
the observationally based Large et al. data ( ).

that the atmospheric model conserves energy. Results
shown in Table 1 indicate that the CCM3 atmospheric
model conserves energy to a high degree of accuracy.

Figure 13 shows the zonal- and annual-mean ab-
sorbed shortwave flux, outgoing longwave flux, and net
radiative flux (shortwave minus longwave) from CCM3
and from ERBE. There is excellent agreement between

Annual Top-of-Atmosphere Radiation Fluxes
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Fic. 14. Zonal mean of the implied ocean heat transport from

CCM3 (——-), the explicit ocean heat transport from NCOM (Gent

et al. 1997 ——-), and the observational estimate of Trenberth and
Solomon (1994) (—). Units are PW.

the CCM3 TOA energy budget and ERBE, which sug-
gests that CCM3 should yield a reasonable simulation
of the total poleward heat flux. Moreover, the agreement
at the surface between the CCM3 and the Large et al.
data suggests that good agreement should exist between
the implied ocean heat transport and that obtained from
the Large et al. data. Figure 14 shows the implied ocean
heat transport from CCM3 and the observationally de-
rived estimate from Trenberth and Solomon (1994). We
also include the explicitly calculated ocean heat trans-
port from the NCAR ocean model. Thereis good agree-
ment between the CCM3 implied heat transport and the
explicit ocean transport. Agreement of either model with
the observationally derived heat transport isnot as good,
especialy in the Southern Hemisphere, but thisiswhere
the observations are less reliable. From a coupling point
of view, the agreement in poleward heat transport be-
tween the CCM3 and the NCOM suggests little drift
should occur due to differences in the component mod-
els, which is indeed the case (Boville and Gent 1998).
Hack (1998) describes the causes for the improved sim-
ulation of implied ocean heat transport in CCM 3.

4. Geographic energy distribution

Zonally averaged fluxes of energy are important in
describing the meridional structure that plays an im-
portant role in poleward heat transport. However, the
climate system is forced by the three-dimensional dis-
tribution of energy (Trenberth and Solomon 1994). Fur-
thermore, zonal averaging can mask regional biasesin
energy fluxes. Thus, to better understand the CCM3
global energy budget, we present the geographic dis-
tribution of the various energy fluxes at both the top of
the atmosphere and at the surface, and to summarize,
we focus on the annual mean energy budget.

The geographic distribution of the annual mean out-
going longwave flux from the CCM3 and the ERBE
datais shown in Fig. 15. The three centers of low out-
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going longwave flux associated with tropical deep con-
vection and extensive anvil cloud systems are present
in CCM3, but the model CCM3 produces too vigorous
convection in the eastern Pacific basin, which resultsin
asignificant OLR bias. In the western Pacific, the model
minima in OLR is located east of Borneo and New
Guinea, whereas the ERBE data show these minima
located over these island regions. Over the subtropical
oceans the simulated OLR maxima are too large, and
this bias is related to the clear sky outgoing longwave
flux (Fig. 16). This bias in relatively dry regions is the
same as discussed above for the downward flux; that is,
the CCM radiation model underestimates the opacity of
the atmosphere for low water vapor conditions.

The top-of-atmosphere annual mean shortwave ab-
sorbed flux from CCM3 and ERBE is shown in Fig. 17.
The agreement between the CCM 3 and the observations
isgood, with biases generally being lessthan 10 W m—2.
Kiehl (1998) discusses these biases in more detail for
the tropical Pacific region. The radiative effect of clouds
is best evaluated in terms of the cloud radiative forcing
(Figs. 18 and 19). Biases in LWCF are apparent in the
position of the convective systems in the western trop-
ical Pacific, where the maximum in CCM3 is located
east of New Guinea compared to over Borneo in the
ERBE data. The LWCF in the eastern equatorial Pacific
istoo largein CCM 3 compared to ERBE. Thereisgood
agreement (<10 W m~2) between model and observa-
tions in both the South Pacific and South Atlantic con-
vergence zones.

The overestimation of SWCF in the subtropical
regions, especially in the south Pacific, is apparent in
Fig. 19. Thetotal cloud fraction in these regionsis 20%,
which is in agreement with the climatology of Warren
et al. (1988) (also see Fig. 10). Thus, the source of this
bias is more likely an overestimate of cloud water. The
model precipitable water in thisregion istoo large com-
pared to observations (see Hack et al. 1998). Since, the
cloud water is diagnosed from the precipitable water,
there is an indication that the cloud water in thisregion
may be overestimated, which would lead to an over-
estimate of cloud albedo. However, some of this bias
could be aresult of using a random overlap assumption
for convective clouds. A maximum overlap assumption
is perhaps more appropriate for the trade cumuli, which
would lower the albedo of these clouds.

The geographic distribution of the annual mean net
energy flux for CCM3 and the Large et al. (1997) data
is shown in Fig. 20. There is remarkable agreement in
the spatial patterns of net energy flux into the oceans
(positive) and net energy flux from the ocean into the
atmosphere (negative). The model simulates the input
of energy into the equatorial region, but over estimates
this flux in the Indian Ocean region compared to the
Large et a. data. The large energy loss from the ocean
off the eastern coasts of North America and Russia are
simulated quite well. In the Southern Hemisphere, the
CCM3 heat flux into the ocean is larger in the South
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FiG. 15. Geographic distribution of ensemble-mean, annual-mean outgoing longwave flux (W m=2) from (a)
ERBE and (b) CCM3.

Atlantic region, than is estimated in the Large et al.
data. A significant bias exists in the net energy flux into
the eastern boundaries of the Pacific and Atlantic Oceans
associated with the a poor simulation of coastal cloud
in the CCM3. In particular, the CCM3 underestimates
the cloud fraction of marine stratus and the resulting
energy flux bias has serious implications for the CSM
simulations.

Similar to the net energy flux, there is remarkable
agreement in the spatial distribution of latent heat flux
between the Large et al. data and the CCM3 (Fig. 21).

The equatorial minimain latent heat flux are simulated
quite well, including the eastern Pacific local minimum
located over the cold tongue. Latent heat fluxes in the
subtropical regions are larger in the model than in the
Largeet a. results dueto an overestimate of the strength
of the trade winds in CCM3 (see Hurrell et al. 1998).

The third largest energy flux that contributes to the
net ocean surface flux is the net longwave flux (Fig.
22). Thelarge longwave cooling near the eastern bound-
aries of the Pacific and Atlantic Oceans in the CCM3
is due to the lack of marine stratus cloud. The missing
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Fic. 16. Geographic distribution of ensemble-mean, annual-mean clear sky outgoing longwave flux (W m~—2)
from (a) ERBE and (b) CCM3.

clouds in these regions produce small downward long-
wave fluxes; thus the net flux is too large. The most
significant difference between the Large et al. results
and the CCM3 is located between 20° and 40° in both
hemispheres. As discussed in section 3, this biasis re-
lated to differencesin total cloud cover between CCM3
and ISCCP, which is used in determining the Large et
al. longwave fluxes. Thus, this differencein cloud cover
isthe source of the difference in longwave fluxes. Given
the simplicity of the formulation used in the Large et
al. longwave flux, we cannot assign a quantitative es-

timate of the bias between the CCM3 and Large et al.
for this energy flux term. A more careful analysis of
the approximation employed in the Large et a. datais
required.

The last term in the net surface energy flux is the
sensible heat flux (Fig. 23). The agreement in quite good
between Large et al. and CCM3 in the regions off the
east coasts of North Americaand Russia. However, over
much of the open oceans, the CCM3 sensible heat flux
isin general between 10 and 20 W m~2, whilethe Large
et al. fluxes are less than 10 W m~2, The bias is most
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FiG. 17. Geographic distribution of ensemble mean, annual-mean shortwave absorbed flux (W m~2) from (&)
ERBE and (b) CCM3.

pronounced in the subtropics and is, no doubt, again
related to biases in surface wind speed (Hurrell et al.
1998).

5. Seasonal regional analyses

So far we have considered seasona and annual mean
averages of the energy fluxes. To gain a better under-
standing of the CCM3 simulation of the energy budget,
we now focus on the seasonal cycle of the energy fluxes

for specific regions. We will consider regions over both
ocean and land.

a. North Atlantic

The North Atlantic region is defined as open ocean
in the domain between 30°-50°N and 60°-10°W. The
energy fluxes in this region are strongly affected by
the North Atlantic storm track cloudiness (Weaver and
Ramanathan 1996). Figure 24 shows the seasonal cy-
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FiG. 18. Geographic distribution of ensemble-mean annual-mean longwave cloud forcing (W m~-2) from (a) ERBE
and (b) CCM3.

cle of the dominant terms in the top-of-atmosphere
and surface energy fluxes. At the top of the atmo-
sphere, there is excellent agreement in both phase and
amplitude between the CCM 3 and ERBE seasonal cy-
cle in shortwave absorbed fluxes. In the outgoing
longwave fluxes there is also very good agreement
(differences less than 4 W m~2). At the surface, the
two dominant energy fluxes are the net shortwave and
latent heat flux. Figures 24c,d indicate that the CCM 3
predicts an excess of shortwave flux reaching the

ocean surface, in spite of the excellent agreement at
the top of the atmosphere. As mentioned before, this
must be a result of the underestimation of shortwave
cloud absorption. Note that the model yields very
good agreement with the satellite-derived surface
fluxes from Bishop and Rossow (1991), but these flux-
es were found to be too high when compared to ship
observations by Large et al. (1997). The seasonal cy-
cle of latent heat flux for the CCM3 (Fig. 24d) isin
excellent agreement both in phase and amplitude with
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ERBE and (b) CCM3.

the Large et al. results. Thus, for the North Atlantic
region the TOA and surface energy fluxes arein very
good agreement with observations, excluding the
shortwave at the surface.

b. North Pacific

The North Pacific region is defined as that bounded
by 30°-50°N and 150°E—140°W. This region is also
dominated by storm track cloudiness and is thus of
climatic importance (Weaver and Ramanathan 1996).

Asinthe North Atlantic region thereis excellent agree-
ment in both phase and amplitude of the top-of-at-
mosphere shortwave absorbed flux (Fig. 25a). For the
outgoing longwave flux the largest biases are within
the =7 W m~2 uncertainty of regional ERBE fluxes
(Harrison et al. 1990) including the largest bias of 7
W m~2in February. At the surface, similar to the North
Atlantic region, there is a significant bias in the net
shortwave flux (Fig. 25c), but there is excellent agree-
ment in both phase and amplitude for the latent heat
flux (Fig. 25d).
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et a. and (b) CCM3.

¢. Warm pool

The simulation of the annual mean energy budget of
the warm pool region (10°S-10°N; 140°-170°E) is dis-
cussed by Kiehl (1998). The focus here is on the sea-
sonal cycle of the dominant energy flux terms (Figs.
26a—d). At the top of the atmosphere, there is good
agreement (differences less than 10 W m~2) between
the CCM3 and ERBE absorbed shortwave fluxes. The
largest bias occurs between January and March, where
the CCM3 flux is too large. This bias is related to the

positioning of convective activity at thistime of theyear.
The CCM 3 places the convection too far east and south
of the observed position (Hack et al. 1998). The out-
going longwave fluxes agree to within 5 W m~2 for all
months except February, when the CCM3 OLR is al-
most 10 W m~2 larger than the ERBE value. Again this
is an indication of the lack of convective activity in the
warm pool region during this month of the year. At the
surface, the bias in net shortwave flux is quite large
(~35 W m=2), where CCM3 overestimates this flux
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FiG. 21. Geographic distribution of ensemble-mean, annual-mean latent heat flux (W m~2) from (a) Large et al.
and (b) CCM3.

compared to both Large et al. and direct measurements
(Kiehl 1998). The magnitude of the bias is similar to
that discussed by Ramanathan et al. (1995) for this re-
gion, which they attributed to enhanced cloud absorp-
tion. For the latent heat flux, Fig. 25d shows very good
agreement between the CCM3 and Large et al. This
order of agreement was also found by CO97 for the
western and central equatoria Pacific in comparisons
between CCM3 and TOGA-TAQO array-derived latent
heat fluxes.

d. Peruvian coast

Aspreviously discussed, the CCM 3 simulation of ma-
rine stratus clouds in CCM3 is deficient along the east-
ern boundaries of the Pacific and Atlantic coastal
regions. To explore this bias in more detail, we present
the seasonal cycle of terms in the TOA and surface
energy budget for a region off the coast of Peru (20°—
10°S, 90°-80°W) (Fig. 274). From June to December
there is a significant (20 W m~2) bias in the top-of-
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FiG. 22. Geographic distribution of ensemble-mean, annual-mean net longwave flux (W m-2) from (a) Large et al.
and (b) CCM3.

atmosphere shortwave flux, where the CCM3 flux is
larger than observed. This excess in absorbed flux is
due to a lack of stratus cloud during these months in
the CCM3. Figure 28 compares the seasonal cycle in
low-level cloud cover from CCM3 with the observa-
tional results employed by Klein and Hartmann (1993).
Note that the model has ittle seasonal cycleinlow cloud
cover, while the observations show a significant sea-
sonal cycle in cloud cover. There is very little seasonal
cycle in the outgoing longwave flux (Fig. 27b) in either

the CCM3 or the ERBE data, but there isa 15 W m~2
difference between the model and the observations. At
the surface, the bias in the net shortwave flux (Fig. 27¢)
islarge due to both the lack of cloud cover during June—
December and an underestimation in shortwave cloud
absorption. This can be seen by comparing the bias for
February-May to that of June-January. Figure 27d
shows the seasonal cycle in latent heat flux from the
CCM3 and the Large et al. data. The model agrees well
for most months with the Large et al. results.
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Fic. 23. Geographic distribution of ensemble-mean, annual-mean sensible heat flux (W m~2) from (a) Large et al.
and (b) CCM3.

e. Eastern United States

Over land regions we do not have access to a global
seasonal climatology of surface fluxes, so we limit the
comparison to top-of-atmosphere shortwave and long-
wave fluxes. In addition, regional seasonal analysis of
surface fluxes over land is discussed by Bonan (1998).
Figure 29a compares the seasonal cycle of these fields
from CCM3 and ERBE for a region in the eastern
United States (30°N, 50°N, 90°W, 70°W). The model
and observations agree to within 10 W m~2 for most

months. There is a one-month phase difference, where
the ERBE absorbed flux peaksin June, while the model
flux peaks in July. For most months the CCM3 flux is
lower than ERBE, indicating the model albedo is high-
er than the observations. This bias was noted by Zhang
et al. (1998) in their analysis of the shortwave fluxes
over continents. Figure 29b shows the seasonal cycle
of the outgoing longwave flux from CCM 3 and ERBE.
The one-month bias in phase is also apparent in the
OLR.
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Fic. 24. Seasonal cycle for the North Atlantic region of the (a) TOA shortwave absorbed flux, (b) outgoing longwave flux from CCM3

(——-) and ERBE (
Fluxes are in units of W m~2,

f. Central United States

The seasonal cycle in TOA fluxes for aregion in the
central United States (30°N, 50°N, 110°W, 90°W) is
shown in Figs. 30a,b. There is excellent agreement be-
tween the TOA shortwave absorbed fluxes between the
model and ERBE. The biases in the seasonal cycle of
the OLR (Fig. 30b) arefairly large (~25W m~2) during
June and July, where the observed OLR is less than the
model result. This result, combined with the shortwave

), (c) surface shortwave absorbed flux, and (d) surface latent heat flux from CCM3 (——-) and Large et d. (—).

result, suggests that the model is not simulating upper-
level cloud due to summer convective activity, but is
simulating total cloud cover (which strongly affectsthe
shortwave) reasonably well.

g. Central Europe

The biases in the seasonal cycle of TOA shortwave
and longwave fluxes for a region in central Europe
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Fic. 25. Seasonal cycle for the North Pacific region of the (a) TOA shortwave absorbed flux, (b) outgoing longwave flux from CCM3

(~—-) and ERBE (
Fluxes are in units of W m-2.

(40°N, 55°N, 10°W, 40°E) (Figs. 31a,b) look quite sim-
ilar to the those for the central United States. Thereis
very good agreement in the shortwave, while the agree-
ment in the OLR is not as good. Note that the disagree-
ment in the OLR (Fig. 31b) is mainly due to a one-
month phase lag between the CCM3 and ERBE. Since
the shortwave flux does not exhibit this phase shift prob-
lem, one possible explanation for thisisthat the seasonal
cycle in model surface temperature in this region is
phase shifted by one month.

), (€) surface shortwave absorbed flux, and (d) surface latent heat flux from CCM3 (——-) and Large et d. (—).

h. Amazon

In the Tropics, a region of particular climatic in-
terest is the Amazon (10°S, 0°, 70°W, 50°W), in view
of the rapid tropical deforestation in this region. Fig-
ures 32a,b show the seasonal cycle in TOA absorbed
shortwave and OLR from the CCM 3 and ERBE. The
observed fluxes exhibit a signature of the seasonal
cycle in convection for this region. During Southern
Hemisphere summer, convective activity is located
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Fic. 26. Seasona cycle for the warm pool region of the (a) TOA shortwave absorbed flux, (b) outgoing longwave flux from CCM3

(——-) and ERBE (
Fluxes are in units of W m~2,

over this region, while during local winter the con-
vection migrates north to central America. Thus, the
OLR islow (absorbed shortwave islow) during local
summer, whereas OLR is high (absorbed shortwave
is high) during local winter. A bias in OLR of ~20
W m~2 from January—August is indicative of the un-
derprediction of upper-tropospheric cloud properties
(e.g., condensate and/or cloud fraction). In the short-
wave, there is alarge bias in local summer absorbed
shortwave, where the model’s convective clouds are

), (c) surface shortwave absorbed flux, and (d) surface latent heat flux from CCM3 (——-) and Large et d. (—).

less reflective than observations indicate. This could
be related to the scale height assumption employed
for cloud condensate (Hack 1998).

i. Congo

Another tropical land region of great interest is that
of the central Africa (10°S, 5°N, 10°E, 30°E) (Figs.
33a,b). Except for July and August, there is very good
agreement in absorbed shortwave flux (<10 W m~2)
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Fic. 27. Seasonal cycle for the Peruvian coastal region of the (a) TOA shortwave absorbed flux, (b) outgoing longwave flux from CCM3

(~—-) and ERBE (
Fluxes are in units of W m-2.

between CCM3 and ERBE. The disagreement for OLR
is much larger, with differences from March through
June as large as 30 W m—2,

6. Transient response

The results presented so far have dealt with the time-
mean climatology of the model, from monthly, seasonal,
to annual timescales. The simulations of the CCM3 are
forced with observed monthly mean SSTs from 1979 to

), (€) surface shortwave absorbed flux, and (d) surface latent heat flux from CCM3 (——-) and Large et d. (—).

1994. During this time period, tropical sea surface tem-
peratures undergo significant interannual variability due
to the El Nifio—Southern Oscillation (ENSO) phenom-
ena, and the anomal ous SSTs provide significant forcing
for atmospheric models (e.g., Chen et al. 1995). The
responses in the TOA earth radiation budget have also
been documented from observations, so the ability of
an atmospheric climate model to reproduce these re-
SPONSeES is a necessary test.

We consider two measures of the response of the
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FiG. 28. Seasonal cyclein low cloud fraction (%) over the Peruvian
region from CCM3 ( ) and the observations from Klein and
Hartmann (1993) (X).

CCM3 to anomalies in tropical SSTs. First, Fig. 34
shows a Hovmoller diagram of anomaliesin OLR from
1979 to 1993 from the National Oceanic and Atmo-
spheric Administration (NOAA) polar-orbiting satellites
(Hurrell and Campbell 1992) and from the CCM3. The
strong 1982—83 warm event is seen in both observations
and the model. Notable is the positive anomaly in OLR
centered between 120° and 140°E and the accompanying
negative OLR anomaly between 160° and 120°W. This
pattern is a result of an eastward shift in convective
activity associated with the eastward propagation of
warm water in the tropical Pacific. The model shows
good agreement with this pattern for the 1982—83 warm
event, although the positive anomaly in the CCM3 is
slightly weaker than the observed. The reverse pattern
exists during 1984-85, which was dominated by a La
Nifia. The next warm event occurred in 1987, and the
model captures this response, but the positive anomaly
in the western Pacific is not as coherent as the observed
pattern. Thethird warm event occursin the 1990s, which
was a period of sustained warm anomaliesin SST. The
model simulatesthe response in OLR during this period.

A second way to study the response of the atmosphere
to anomaliesin SST isto consider the change in SWCF
relative to the change in LWCFE The observations of
this quantity in the Tropics show a strong linear anti-
correlation between these two cloud forcings (see Ra-
manathan and Collins 1991; Kiehl 1994b). Figure 35
shows this correlation for the entire equatorial Pacific
(10°S-10°N, 140°E-90°W) for both ERBE and the
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FiG. 29. Seasonal cycle for the eastern United States region of the
(@) TOA shortwave absorbed flux and (b) outgoing longwave flux
from CCM3 (——-) and ERBE. Fluxes are in units of W m=2.

CCM3. The change in cloud radiative forcing is ob-
tained by differencing March-May averages between
1987 (warm event) and 1985 (cold event). Linear fits
to these data are shown for both the observations and
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the CCM 3. The ERBE data indicate a strong correlation
between the 5SSWCF and sLWCEF, with aslope of —1.23,
that is, the change in SWCF is somewhat larger than
the change in LWCFE The CCM3 predicts a weaker cor-
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Fic. 31. Seasonal cycle for the central Europe region of the (@)
TOA shortwave absorbed flux and (b) outgoing longwave flux from
CCM3 (——-) and ERBE. Fluxes are in units of W m-2.

relation between 6SWCF and SLWCF, moreover, the
standard deviation is much larger than observed, and
the slope is only —0.5. This is in strong contrast to
CCM2 and a version of CCM2 that employs the diag-
nostic cloud water scheme (see Hack 1998). The major
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Fic. 32. Seasona cycle for the Amazon region of the (a) TOA
shortwave absorbed flux and (b) outgoing longwave flux from CCM3

(——-) and ERBE. Fluxes are in units of W m-2.
erties) has led to the degradation in the slope. Research

degradation results from the new deep convection

scheme, which shifted the vertical distribution of cloud is currently under way to test new cloud microphysics

cover to the upper-tropical troposphere. This shift in  schemesin the CCM3 in order to improve the relation-
ship between 6SWCF and sLWCFE

cloud cover (and associated shift in cloud optical prop-
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7. Conclusions

The present study provides a detailed assessment of
the energy budget of the latest version of the NCAR
Community Climate Model (CCM3). We have com-
pared both the top-of-atmosphere radiative flux of en-
ergy and surface energy fluxes with observational es-
timates of these fluxes. At the top of the atmosphere the
agreement between the zonal-mean incoming and out-
going longwave radiation is in excellent (<10 W m~2)
agreement with ERBE data. Perhaps the largest biasis
in the zonal-mean shortwave absorbed flux in the sub-
tropics, where the model clouds are too bright compared
to the ERBE data.

In terms of the geographic distribution there is in
general good agreement between model and observa-
tions. The largest regional biases occur in the Tropics
and areas of marine stratus in the subtropics. For ex-
ample, the position of convection in the western Pacific
is too far east compared to observations. In the eastern
Pacific, the cloud forcing is too large compared to
ERBE. The model simulation of cloudsalong the eastern
boundaries of the Atlantic and Pacific Oceans, that is,
marine stratus and stratocumulus, is deficient. This de-
ficiency leads to large biases in the top-of-atmosphere
and surface shortwave fluxes. The implication of this
bias to the simulation of SSTs in the coupled model is
discussed by Boville and Gent (1998).

At the surface, there is very good agreement over
oceans between the CCM3 latent heat fluxes and those

determined by Large et al. (1997). The largest bias at
the surface over oceans is in the net shortwave flux
reaching the surface. The Large et a. data indicate sig-
nificantly (~25-35W m~2) less shortwave flux reaching
the ocean surface compared to CCM 3. Given the much
smaller biases in shortwave absorbed flux at the top of
the atmosphere, the most probable explanation is that
the CCM clouds do not absorb sufficient shortwave ra-
diation. Thisisatopic of activeresearch at present (e.g.,
Ramanathan and Vogelmann 1997), and climate models
must await the determination of the reason(s) for this
enhancement of cloud absorption before implementing
a parameterization into climate models.

The seasonal cycle of the CCM3 energy fluxes, both
top of atmosphere and surface, for a number of regions
isin good agreement with observations, especially over
the oceans. Over midlatitude land, there is a biasin the
models ability to represent the correct cloud distribution
for summertime storm systems. In the Tropics, the dif-
ferences over land are larger in both phase and mag-
nitude.

The response of the top-of-atmosphere OLR to anom-
aliesin tropical SSTsis simulated quite well in CCM3
compared to the observations from the NOAA satellites.
This indicates that the shift in upper-tropospheric cloud
associated with shifts in convective activity is realisti-
cally represented by the model. A deficiency in the re-
sponse of the top-of-atmosphere energy budget to anom-
aliesin SST isevident in the slope relationship between
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changes in SWCF correlated against changes in LWCFE
The response of the SWCF to anomalies in SST is far
too weak. This could be related to deficiencies in the
cloud microphysics and/or shortwave optical properties
of upper-tropospheric cloud. Improvementsin this slope
relationship are currently an active area of research by
members of the NCAR Climate Modeling Section.

Overall the simulated energy budget of CCM 3 at both
the top of atmosphere and surfaceisin very good agree-
ment with observations. A measure of success in sim-
ulating the surface energy budget is the good agreement
between the implied ocean heat transport from the
CCM3 compared with the explicitly simulated ocean
heat transport from uncoupled ocean model. Opportu-
nities for additional improvement are related to better
parameterizations for convectively generated upper-tro-
pospheric cloud and marine stratus clouds. Thereisalso
a need to incorporate realistic geographic variation and
varying type of tropospheric aerosols.
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