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Abstract. The simulated mean January and July cli- 
mates of four versions of the National Center for At- 
mospheric Research (NCAR) Community Climate 
Model (CCM) are compared. The models include 
standard configurations of CCM1 and CCM2, as well 
as two widely-cited research versions, the Global Envi- 
ronmental and Ecological Simulation of Interactive 
Systems (GENESIS) model and the Climate Sensitivi- 
ty and Carbon Dioxide (CSCO2) model. Each CCM 
version was integrated for 10 years with a horizontal 
spectral resolution of rhomboidal 15 (R15). Addition- 
ally, the standard T42 version of CCM2 was integrated 
for 20 years. Monthly mean, annually repeating clima- 
tological sea surface temperatures provided a lower 
boundary condition for each of the model simulations. 
The CCM troposphere is generally too cold, especially 
in the polar upper troposphere in the summer hemis- 
phere. This is least severe in CCM2 and most pro- 
nounced in CCM1. CSCO2 is an exception with a sub- 
stantial warm bias, especially in the tropical upper tro- 
posphere. Corresponding biases are evident in atmos- 
pheric moisture. The overall superior CCM2 thermo- 
dynamic behavior is principally compromised by a 
large warm and moist bias over the Northern Hemis- 
phere middle and high latitudes during summer. Dif- 
ferences between the simulated and observed stationa- 
ry wave patterns reveal sizeable amplitude errors and 
phase shifts in all CCM versions. A common problem 
evident in the upper troposphere is an erroneous cy- 
clone pair that straddles the equatorial central Pacific 
in January. The overall January stationary wave error 
pattern in CCM2 and CSCO2 is suggestive of a reverse 
Pacific-North American teleconnection pattern origi- 
nating from the tropical central Pacific. During July, 
common regional biases include simulated North Pa- 
cific troughs that are stronger and shifted to the west of 
observations, and each model overestimates the 
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strength of the anticyclone pair associated with the 
summer monsoon circulation over India. The simu- 
lated major convergence and divergence centers tend 
to be very localized in all CCM versions, with a ten- 
dency in each model for the maximum divergent cen- 
ters to be unrelistically concentrated in monsoon re- 
gions and tied to regions of steep orography. Maxima 
in CCM-simulated precipitation correspond to the si- 
mulated outflow maxima and are generally larger than 
observational estimates, and the associated atmospher- 
ic latent heating appears to contribute to the stationary 
wave errors. Comparisons of simulated radiative quan- 
tities to satellite measurements reveal that the overall 
CCM2 radiative balance is better than in the other 
CCM versions. An error common to all models is that 
too much solar radiation is absorbed in the middle lati- 
tudes during summer. 

1 Introduction 

The National Center for Atmospheric Research 
(NCAR) Community Climate Model (CCM), a com- 
prehensive three-dimensional global atmospheric gen- 
eral circulation model (AGCM), has been utilized by 
many university and NCAR scientists to study the 
Earth's climate system. Williamson (1993) reports that 
over 200 CCM-related investigations have appeared in 
the published literature since the inception of the CCM 
(CCM0) in 1982. However, as a result of continual 
model development at NCAR (which culminated in 
the release of CCM1 in 1987 and CCM2 in 1992), as 
well as modifications by individual scientists and their 
research groups, these investigations are based on sev- 
eral different versions of the CCM. It is the purpose of 
this study to compare some aspects of the simulated 
climates of four versions of the model. A much more 
detailed comparison is given in Hurrell et al. (1993). 
The models include two standard versions, CCM1 
(Williamson et al. 1987) and CCM2 (Hack et al. 1993), 
and two research versions, the Global Environmental 
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Table 1. Resolution and major physical parameterization schemes in CCM2, CCM1, GENESIS and CSCO2 

Model Horizontal Vertical Convective Cloud Radiation Boundary- Semi-La- Diurnal Land SST 
resolution resolution scheme scheme scheme layer pa- grangian cycle surface 

rameteri- transport 
zation 

CCM2 T42 18 Mass flux Kiehl et & Yes Water Yes Fixed soil 
R15 (hybrid) Hack al. (1994) Eddington vapor + moisture 

(1994) solar arbitrary 
scheme number of 
Kiehl and fields 
Briegleb William- 
(1991) son and 
Briegleb Rasch 
(1992) (1989, 

1994) 

CCM1 R15 12 Moist Ramana- Kiehl et No No No Fixed soil 
(sigma) convective than et al. al. (1987) moisture 

adjustment (1983) 

GENESIS R15 12 
(sigma) 

CSCO2 R15 9 
(sigma) 

Plume Slingo and Thompson Yes Water Yes Land 
convection Slingo et al. vapor + surface 
Kreitzberg (1991) (1987) arbitrary transfer 
and number of model 
Perkey fields Pollard 
(1976) William- and 

son and Thompson 
Rasch (1994) 
(1989) 

Hybrid Ramana- Ramana- No No No 15-cm 
mass flux than et al. than et al. bucket 
Albrecht (1983) (1983) Washing- 
et al. ton and 
(1986) VerPlank 
Meehl and (1986) 
Albrecht 
(1988) 

Shea et al. 
(1992) 

Alexander 
and 
Mobley 
(1976) 

Alexander 
and 
Mobley 
(1976) 

Alexander 
and 
Mobley 
(1976) 

and Ecological Simulation of Interactive Systems 
(GENESIS)  model  (Thompson et al. 1987) and the 
Climate Sensitivity and Carbon Dioxide (CSCO2) 
model  (Washington and Meehl  1993). GENESIS  is de- 
rived from CCM1 and has been utilized in many paleo- 
climate and land-surface process studies, while CSCO2 
is based on CCM0 and has been used for coupled mod- 
el experimentat ion and carbon dioxide (CO2) sensitivi- 
ty studies. Thorough descriptions of each model  are 
given in Hurrel l  et al. (1993), and a summary of the 
main physical parameterizations and the horizontal 
and vertical resolutions of the four CCM versions is 
provided in Table 1. 

The validation and comparison of atmospheric 
model  output  are important  parts of modeling re- 
search. Most early efforts were made in connection 
with numerical weather  prediction forecasts, although 
recent  increased interest in climate and climate-change 
processes has made clear the need for systematic and 
comprehensive comparisons of atmospheric climate- 
model  simulations. The latter has generally been hin- 
dered by the greater  computat ional  resources required, 
as well as by the lack of clear experimental  strategies, 
so that many early studies compared climate simula- 

tions from uncoordinated and often dissimilar runs. 
Such comparisons are defined by the Working Group 
on Numerical  Experimentat ion (WGNE)  as level 1 
comparisons, whereas simulations made under  stand- 
ard conditions validated against common data are re- 
ferred to as level 2 comparisons (Gates 1992). The ad- 
vantages of level 2 comparisons are clear, and this ap- 
proach is becoming widely adopted. 

Boer  et al. (1991, 1992), for example, compared the 
climates simulated by 14 atmospheric models that had 
specified ocean surface temperatures  and sea-ice boun- 
daries based on climatological means. They  grouped 
models of similar resolution and numerics into four ca- 
tegories, examined a few of the most basic circulation 
variables, and commented  on apparent  dependencies 
of the simulated climates on resolution and specific 
physical parameterizations.  A similar comparison was 
performed by Gates et al. (1990, 1992) on global 
mixed-layer ocean-atmosphere  models as part of the 
Intergovernmental  Panel on Climate Change (IPCC) 
reports. Perhaps the most ambitious and comprehen-  
sive model  comparison to date is the ongoing interna- 
tional effort  of the Atmospher ic  Model  Intercompari-  
son Project (AMIP).  As part of AMIP,  approximately 
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30 different atmospheric climate models are simulating 
the decade 1979-1988 with specified but varying obser- 
vationally-based boundary conditions (Gates 1992). A 
project such as AMIP may well serve as a prototype 
for future comparisons of fully-coupled ocean-atmo- 
sphere climate system models. 

The results of comparisons are useful in that they 
can identify strengths and deficiencies common to dif- 
ferent models. Moreover, since the various models 
have different numerical schemes, horizontal and verti- 
cal resolutions, and physical parameterizations, infor- 
mation on the effects of these differences are implicit 
in the results, although they are often difficult to iden- 
tify clearly except in a most general way. Comparisons 
of different generations of models can also demon- 
strate evolutionary improvements, and those models 
that show favorable features in their simulated climate 
can be further studied to isolate and better understand 
the reasons for the improvements. Yet, given the enor- 
mous complexity of the models and the strong nonli- 
near coupling that exists among individual components 
of the models, the results of comparison projects may 
not readily translate into model improvements. Also, 
in order to judge properly the success of a model simu- 
lation, it is necessary that the validation examine many 
different fields since the success of any particular simu- 
lation can depend on the quantity chosen for compari- 
son. This requirement demands extensive global data 
sets of high quality, a criterion that is difficult to meet 
for fields such as moisture, clouds and precipitation 
over the oceans. Despite these difficulties, the model- 
comparison approach yields valuable information 
about model behavior, and with an ever-increasing em- 
phasis on the development of comprehensive climate 
system models, such evalutations are necessary to de- 
termine which atmospheric models are most suitable to 
serve as components of a climate system model. 

This study presents a comparison of four different 
versions of the CCM, and it serves as a brief summary 
of a much more detailed comparison given by Hurrell 
et al. (1993). The motivation behind their work was not 
only to validate the CCM versions, and thereby docu- 
ment common strengths and deficiencies as well as 
evolutionary improvements, but also to provide a 
benchmark against which future CCM versions could 
be measured. A benefit of their effort was that a docu- 
mentation of the circulation statistics of different CCM 
versions was provided under one cover for the first 
time. Currently, no comparable documentation of the 
climates of either CSCO2 or GENESIS exists, while 
some seasonal and perpetual January and July summa- 
ry statistics are given in Williamson and Williamson 
(1987) for CCM1. Some aspects of the CCM2 climate 
have recently been documeted by Hack et al. (1994) 
and Kiehl et al. (1994). 

Each CCM version was integrated for 10 years with 
a horizontal spectral resolution of rhomboidal 15 
(R15), including a low-resolution R15 version of 
CCM2. Additionally, the standard CCM2 configura- 
tion was integrated for 20 years with a horizontal spec- 
tral resolution of triangular 42 (T42). Some informa- 
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tion on the resolution dependence of the CCM2 cli- 
mate is, therefore, contained in the results, although a 
more detailed study of the impact of resolution on 
CCM2 simulations is presented by Williamson et al. 
(1994). Annually repeating climatological monthly 
mean sea surface temperatures (SSTs) provided a low- 
er boundary condition for each seasonal-cycle integra- 
tion. Because CCM2 utilizes the SST climatology of 
Shea et al. (1992), while CCM1, GENESIS and CSCO2 
utilize the climatology of Alexander and Mobley 
(1976), this comparison is not strictly a level 2 compar- 
ison as defined by the WGNE. 

2 Validation data 

2.1 ECMWF analyses 

Many different fields are examined in Hurrell et al. 
(1993) in an attempt to gain a fairly complete view of 
each simulation. The primary source of validation data 
is the European Centre for Medium Range Weather 
Forecasts (ECMWF) global analyses, which are be- 
lieved to be the best operational global analyses avail- 
able for general use (Trenberth and Olson 1988; Tren- 
berth 1992). For climate studies, a major concern is the 
impact of operational changes in the analysis-forecast 
system employed at ECMWF to produce the analyses. 
It is important to know in detail the effects of the 
changes and the resulting biases that may exist. A com- 
prehesive evaluation of the ECMWF global analyses is 
given by Trenberth (1992), who also discusses the use- 
fulness of the analyses for climate studies. 

Two archived data sets from ECMWF are used to 
verify the simulated climates, both of which are de- 
scribed in detail by Trenberth (1992). The first is the 
WMO 1 archive, which consists of twice-daily, initial- 
ized analyses at seven pressure levels in the vertical. 
Eleven-year (1979-1989) January and July climatolog- 
ies were constructed from this archive for fields that 
were minimally affected over this time by the opera- 
tional changes at ECMWF. Fields associated with 
moisture and the divergent component of the wind, 
however, clearly exhibit spurious trends over these 
years (e.g., see Figs. 35M1 in Trenberth 1992). For 
these variables, the WCRP/TOGA 2 archive was used, 
which begins in 1985 and consists of four times daily, 
uninitialized analyses at fourteen pressure levels in the 
vertical. Climatologies over the relatively short periods 
of January 1987-1989 and July 1986-1988 were con- 
structed from this archive. These periods, which were 
also shown by Trenberth (1992), come after a major 
change in May 1986 and before a major change in May 
1989. 

1 World Meteorological Organization 
2 TOGA (Tropical OceansGlobal Atmosphere) is a program un- 
der the World Climate Research Progamme (WCRP) 
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2.2 Satellite data 2.3 Precipitation 

Satellite data for climate monitoring have become in- 
creasingly available over the past decade and they pro- 
vide another important source for validating climate 
models. To examine the radiative budgets of the mod- 
els, data from the Earth Radition Budget Experiment 
(ERBE) are utilized. The ERBE is a multisatellite pro- 
ject that measures the broadband components of the 
earth's radiation balance to a high degree of accuracy 
with diurnal resolution (e.g., Barkstrom et al. 1989). 
Yet, because the ERBE data products are complex 
combinations of data and models, their uncertainties 
are difficult to assess. Barkstrom et al. (1989) estimate 
that regional monthly averages have uncertainties of 
+ 5 W m -2 for both the shortwave and longwave chan- 
nels. The uncertainty in the global annual average net 
radiation is also about +5  W m -2, an estimate based 
on the differences of four "validation" months that 
were intensively analyzed by the ERBE Science Team 
(1986). The fundamental radiometric accuracy of the 
individual radiances is high, but the need for radiance 
to flux conversion (inversion) and diurnal and monthly 
averaging leads to most of the error. The ERBE clima- 
tologies include the periods January 1986-1989 and 
July 1985-1988 and are obtained from the S-4 data 
products, which are monthly shortwave and longwave 
fields. 

The total cloud fields from the models are com- 
pared with total cloud-coverage estimates obtained 
from the International Satellite Cloud Climatology 
Project (ISCCP). ISCCP was established to use opera- 
tional satellite data to produce a calibrated and nor- 
malized infrared (IR) and visible (VIS) radiance data 
set from which global, reduced-resolution cloud prop- 
erties could be derived. Rossow and Schiffer (1991) 
and Rossow and Garder (1993a, b) describe the ISCCP 
cloud-analysis procedure in detail. The overall accura- 
cy of the cloud data is difficult to assess because the 
definition of a cloud is inherently an arbitrary ra- 
diance-threshold test. Other uncertainties are intro- 
duced by the movement and failure of satellites, limb 
darkening, and daily weather fluctuations that affect 
the monthly mean estimates of cloud amount. The glo- 
bal annual mean total cloud amount estimated from 
ISCCP data is ~63% (e.g., Hurrell and Campbell 
1992; Rossow et al. 1993), which is about 10% higher 
than simultaneous measurements obtained from the 
Nimbus-7 Cloud matrix (Stowe et al. 1988, 1989) clima- 
tology. Other older climatologies are in better agree- 
ment with the lower Nimbus-7 estimates (Hughes 
1984), although earlier measures of total cloud cover 
may be lower partly because of incomplete global cov- 
erage. The ground-based climatology described by 
Warren et al. (1986, 1988) reports a global annual 
mean cloud amount near 61%, which is closer to the 
ISCCP estimate. The climatologies of total cloud from 
ISCCP cover the periods January 1984-1991 and July 
1983-1990 and are taken from Stage C2 data, which 
consist of monthly averaged cloud properties. 

One variable of great interest is precipitation, which is 
extremely difficult to measure globally, especially over 
vast uninhabited areas such as the oceans. The data 
used are from the climatology of Legates and Wilmott 
(1990). Their monthly estimates of precipitation are 
made from nearly 25000 land stations, although the 
overwhelming majority are from the United States, 
southern Canada and Europe (see their Fig. 1). 
Oceanic precipitation was estimated according to Dor- 
man and Bourke (1978) by an empirical relationship 
between monthly rainfall totals and the "current 
weather" recorded on board ships. Comparisons be- 
tween the Legates and Wilmott precipitation estimates 
and the climatologies of Jaeger (1983) and Shea (1986) 
show generally good agreement over land, but differ 
considerably over the oceans, especially over the tropi- 
cal Pacific where direct measurements do not exist 
(Shea, personal communication). Thus, comparisons 
with model output over these regions are qualitative at 
best. 

3 Results 

Many results are presented in six-panel figures for both 
mean January and July simulated climates. The format 
is to present the validation data in the first panel, fol- 
lowed by fields from the CCM2 (T42 and R15), GEN- 
ESIS, CCM1, and CSCO2 simulations. Subtracting ob- 
served from simulated fields highlights the differences 
between them and the differences between individual 
models, so difference maps will be presented for most 
variables. The results shown here are only a sample of 
those presented in Hurrell et al. (1993), where many 
climate variables were examined in order to provide a 
better-balanced and more complete view of the mod- 
els' ability to simulate the observed climate. 

3.1 Temperature 

Perhaps the most basic of all climate parameters is 
temperature. All versions of the CCM simulate the 
broad structure of the observed zonal temperature dis- 
tribution with its strong variation with height and lati- 
tude. Of errors common to many AGCMs, the most 
notable is the general coldness of the simulated atmo- 
sphere. This is true of the CCM versions too, especially 
in the polar upper troposphere and lower stratosphere 
in the summer hemisphere. The cold polar tropopause 
represents a pervasive and persistent problem in atmo- 
spheric general circulation modeling (Boer et al. 1992). 
Although a characteristic feature in all versions of the 
CCM, it is noticeably smaller in the CCM2 simulated 
climate (Figs. 1 and 2). In the lower and middle tropos- 
phere in tropical and middle latitudes, CCM2 simu- 
lated temperatures are generally too cold by 1-2 ° C, 
compared with cold biases of up to 3-4 ° C in GENESIS 
and CCM1. An exception is the middle latitudes of the 
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Northern Hemisphere (NH) during summer where 
CCM2, GENESIS and CSCO2 exhibit a warm bias 
that is most pronounced over landmasses. CSCO2 also 
exhibits a pronounced warm bias at higher levels and 
throughout the depth of the tropics where simulated 
temperatures exceed ECMWF values by more than 
6 ° C near 300 mb. 

3.2 Mois ture  

Zonally-averaged profiles of precipitable water are 
shown in Fig. 3. Recall that for moisture variables, the 
ECMWF climatologies represent the relatively short 
periods of January 1987-1989 and July 1986-1988. Giv- 
en the large uncertainty in the analyzed moisture field, 
as evidenced by the large changes in the post May 1989 
analysis cycle (e.g., Trenberth 1992; Kiehl and Briegleb 
1992), the moisture biases reported in this section are 

useful for illustrating similarities in the behavior of the 
various CCM versions, but should not be viewed as a 
definitive quantification of model errors. 

In the tropics during both January and July, CSCO2 
is too moist and the other models are too dry, with 
CCM2 matching the ECMWF estimates the most 
closely and CCM1 being the driest (Fig. 3). Zonally- 
averaged cross-sections of specific humidity (not 
shown) reveal that all CCM versions are dry relative to 
the ECMWF data in the lower tropical troposphere 
(850 mb and below), and this bias is especially large in 
CCM1 where it extends to higher levels as well. In con- 
trast, most of the tropical troposphere above 850 mb is 
too moist in CSCO2, especially near 700 mb where 
specific humidities are too large by nearly 60%. CCM2 
and GENESIS are too moist near 700 mb in the tropics 
and subtropics, and both models are dry compared 
with the ECMWF analyses above that level. Also evi- 
dent in Fig. 3 is a moist bias in the middle latitudes of 
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the NH during summer. This error, which is largest in 
CCM2, is consistent with the warm biases noted ear- 
lier. 

Another way to examine moisture is through plots 
of relative humidity. Since the water-holding capacity 
of the atmosphere is strongly tied to temperature, pat- 
terns of specific humidity biases generally follow pat- 
terns of temperature biases. Moreover, through feed- 
backs associated with the greenhouse effect of water 
vapor, low values of specific humidity are associated 
with cold temperatures and vice versa. Thus, an exami- 
nation of relative humidity can reveal information not 
contained in plots of specific humidity, and relative hu- 
midity is a key parameter in diagnosing clouds. Rela- 
tive humidity is analyzed at and below 300 mb at 
ECMWF, so values in the upper troposphere are not 
presented. 

Zonally-averaged cross-sections of relative humidity 
are shown in Figs. 4 and 5. All CCM versions have si- 
mulated humidities that are generally less than ana- 
lyzed values in the lower troposphere over the tropics. 

The largest differences from the ECMWF climatologi- 
cal values are evident in CCM1 and CSCO2 at high la- 
titudes where simulated humidities are too low, espe- 
cially in the winter hemisphere. In the middle tropos- 
phere, CSCO2 significantly overestimates the relative 
humidity over the tropics, while the other CCM ver- 
sions tend to have lower simulated humidities than 
analyzed. Regionally, a common bias is that CCM rela- 
tive humidities are less than ECMWF values over ma- 
rine stratus regimes (not shown). These biases are 
most evident in CCM1 and are least pronounced in 
CCM2. Otherwise, there are relatively few features 
common to the simulations, although there is a re- 
markable similarity between January and July biases in 
each model. 

3.3 Sea-level pressure 

The mean sea-level pressure (SLP) pattern is a useful 
indication of a model's ability to simulate the atmos- 
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pheric circulation near the surface, and it represents an 
integrated measure of a model's thermodynamic and 
dynamic representations. The zonally-averaged SLP 
fields are shown in Fig. 6, and the spatial distribution 
of regional differences from ECMWF data are present- 
ed in Figs. 7 and 8. All CCM versions reproduce the 
basic observed patterns, the Siberian high and Aleu- 
tian and Icelandic lows during NH winter (Fig. 7), sub- 
tropical ridges, and the Southern Hemisphere (SH) cir- 
cumpolar trough. Large regional errors, however, are 
prevalent. January SLPs in CCM2 at T42 resolution 
are lower than the ECMWF analyses over most of Eu- 
rope, Asia, Noth America and the North Atlantic, and 
higher over North Africa. The Aleutian low is too 
weak and is displaced westward, which accounts for an 
SLP error of more than 12 mb over the eastern North 
Pacific. This pattern is consistent with regional temper- 
ature errors (not shown), with anomalous northerly 
cold advection over the west coast of North America 
and southerly warm advection over the central and 
western Pacific. The problem in the North Pacific is 
not as evident in CCM2 at R15 resolution. The Aleu- 
tian low is also poorly simulated in CSCO2 where, in 

this case, SLPs are erroneously high throughout the 
middle latitudes of the NH and are too low over high 
latitudes. SLPs in GENESIS are generally too high ev- 
erywhere, except the North Atlantic where the Icelan- 
dic low is too deep and is displaced to the southeast. 
The CCM1 January simulation also shows large re- 
gional differences from the ECMWF analyses, espe- 
cially in high northern latitudes and in the SH subtro- 
pics, where the subtropical ridges are too weak by 4 to 
8 mb. The SH subtropical ridges in CCM2 T42 are too 
strong and are displaced poleward, while pressures 
near the circumpolar trough tend to be lower than ob- 
served. 

The dependence of the simulation of the circumpo- 
lar trough on resolution has been noted in other com- 
parison studies (e.g., Gates et al. 1990; Boer et al. 
1991). The R15 resolution versions of the CCM se- 
verely underestimate the strength of the trough and 
place it too far equatorward, and these errors are pres- 
ent during both southern summer and winter. Tzeng et 
al. (1993) showed that the errors in the latitudinal loca- 
tion and intensity of the circumpolar trough simulated 
by the CCM1 were mainly due to the low horizontal 
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hatched. Differences are contoured in increments of 10% and ne- 
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resolution of the model, and the results of Williamson 
et al. (1994) corroborate this finding for the CCM2. 
The large CCM2 T42 SLP errors in high SH latitudes 
during July result from the circumpolar trough being 
too deep and too far equatorward. In the NH, the sum- 
mer subtropical ridges over the Pacific and Atlantic in 
CCM2 are too strong and pressures over the land- 
masses tend to be too low. Similar biases exist in 
CSCO2, and SLPs in the tropical western Pacific are 
too low by nearly 6 mb. As for January, GENESIS si- 
mulated SLPs are biased too high nearly everywhere. 
It turns out that this systematic bias in GENESIS is re- 
lated to an incorrect specification of surface topogra- 
phy. The globally-averaged surface height in GENE- 
SIS is 308.7 m, compared with 230.1 m in CCM1, for 
example, and an observed value of 237.3 m. Therefore, 
while the globally-averaged mean surface pressure is 
near 985 mb in both GENESIS and CCM1, the global 
value of mean SLP has a positive bias of nearly 9 mb in 

GENESIS. Moreover, this bias in SLP is reflected at 
500 mb by a global-mean geopotential height bias of 
nearly 70 m. 

3.4 Wind 

The horizontal wind distribution is closely linked geos- 
trophically to the temperature and pressure distribu- 
tions. The zonal wind, in particular, has traditionally 
been one of the fundamental climate simulation verifi- 
cation parameters. Regional features of the flow at 
200 mb are shown in Figs. 9 and 10. In January, the 
major features of the zonal flow are qualitatively well 
simulated by each model, including the westerly maxi- 
ma off the east coasts of Asia and North America, 
broad regions of tropical easterlies, the tropical eastern 
Pacific westerly maximum at 200 mb, and a summer 
westerly maximum in middle latitudes of the SH. The 
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Fig. 5. As in Fig. 4, but for July 

latter is generally too weak and too far equatorward, 
especially in the R15 models, and is slightly stronger 
and more extensive than observed in CCM2 T42. 
These errors at high latitudes of the SH are consistent 
with biases in the SLP (Fig. 7) and 500 mb height fields 
(not shown). In the tropical central Pacific, westerly 
biases of large amplitude are evident at 200 mb in all 
CCM versions. This error represents both an in-phase 
westerly bias and a westward shift of the models' trop- 
ical westerly flow regime relative to the ECMWF ana- 
lyses. In the NH extratropics, the largest regional 
biases are over the Pacific, in particular the east Asian 
jet being weaker and more contracted in the model si- 
mulations than in the analyses. In the lower tropos- 
phere at 850 mb (not shown), the easterlies across the 
tropical central Pacific are too strong in each CCM ver- 
sion, with easterly biases of more than - 7  m s -a in 
CCM2 and - 1 2  m s-1 in CSCO2. 

The westerly bias at 200 mb over the central tropical 
Pacific is also evident in each CCM version during July 
(Fig. 10). Another common error during northern sum- 

mer is that the easterlies over North Africa and Asia 
extend too far north and are too strong in each model. 
The simulated westerly maximum over Australia dif- 
fers among the models, and the general tendency is for 
an easterly bias to extend across central Australia into 
the Pacific and a westerly error over southern Austra- 
lia to extend across New Zealand where the local min- 
imum is not well simulated. At 850 mb (not shown), 
notable problems in the tropics include simulated east- 
erlies that are too strong across the Pacific, especially 
in CCM2 and CSCO2, and strong erroneous low-level 
convergence in CCM2 and GENESIS over Central 
America. The 850 mb SH westerly maxima in middle 
and high latitudes tend to be shifted equatorward in 
GENESIS, CCM1 and CSCO2, resulting in easterly 
biases centered near 55 ° S. 

3.5 Rotational f low 

The rotational component of the flow, as depicted by 
the streamfunction, is a well measured quantity. More- 
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over, by examining departures from the zonal symme- 
try (i.e., the eddy streamfunction), stationary wave pat- 
terns extending through the tropics can be examined. 
Regional differences between the simulated and ob- 
served eddy streamfunction at 200 mb are shown in 
Figs. 11 and 12. 

All CCM versions qualitatively reproduce the major 
circulation centers. In January in the upper tropos- 
phere, these include the low-latitude anticyclonic cou- 
plet that straddles the equator in the west Pacific, the 
tropical cyclonic centers over the east Pacific and At- 
lantic, and the major ridges and troughs in middle lati- 
tudes of the NH (Fig. 11). In July, the main upper-tro- 
pospheric features reproduced by all CCM versions in- 
clude the anticyclonic centers associated with the In- 
dian summer monsoon circulation and the subtropical 
troughs in the Pacific and Atlantic Oceans (Fig. 12). 
Phase shifts and sizeable amplitude errors, however, 
result in large regional biases; many of which are com- 
mon to the different CCM versions. 

One example of a common problem is an erroneous 
cyclone pair that straddles the equatorial central Pa- 
cific in January (Fig. 11). This feature, which is less 

pronounced in CCM1, results from a westward shift of 
the subtropical stationary wave troughs relative to ob- 
servations, and it is consistent with the large equatorial 
central Pacific westerly wind bias noted at 200 mb in 
Fig. 9. Moreover, the overall error pattern in CCM2 
and CSCO2 is suggestive of a reverse Pacific-North 
American (PNA) teleconnection originating from ano- 
malous heating in the central equatorial Pacific. GEN- 
ESIS, CCM1 and CSCO2 each exhibit different sta- 
tionary wave biases over the PNA region. Large re- 
gional biases common to the diferent CCM versions 
are also evident during July (Fig. 12). Examples in- 
clude the subtropical North Pacific troughs, which, as 
in January, are stronger and shifted to the west of ob- 
servations, and the overestimation and misplacement 
of the anticyclone pair associated with the summer 
monsoon circulation over India. 

3.6 Irrotational flow 

The divergent component of the wind plays a much 
more prominent role in the tropics than in higher lati- 
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tudes. The analysis of observed divergence is sensitive 
to the numerical prediction model used for the data as- 
similation and, in particular, to the parameterizations 
of convection used in the assimilating model. Biases in- 
troduced into the ECMWF analyses over time by 
changes to the forecast model and data-assimilation 
scheme have been documented by Trenberth (1992). 
Trenberth and Olson (1988) compared global analyses 
from the National Meteorological Center (NMC) and 
ECMWF, but since large discontinuities in time have 
also occurred at NMC, the interpretation of results is 
complicated. Nonetheless, it is generally true that, 
while the magnitude of the analyzed divergent wind 
(or vertical motion) has shown large changes over 
time, the general patterns of divergence are more ro- 
bust. With this in mind, the ECMWF climatology is de- 
rived from the relatively short periods of January 
1987-1989 and July 1986-1988. 

The local divergent wind component and velocity 
potential at 200 mb are shown in Figs. 13 and 14. Note 
that total fields are presented and not difference maps, 
and vectors are plotted every third gridpoint on the 
T42 maps and every second gridpoint on the R15 
maps. Perhaps the most noticeable feature is that the 
major convergence and divergence centers tend to be 
much more localized in the CCM versions than in the 
analyses, especially during northern winter. For exam- 
ple, the upper-tropospheric January tropical outflow in 
the ECMWF analyses extends zonally from the Indian 
Ocean to well east of the dateline, whereas each CCM 
version tends to limit very strong divergence to the 
New Guinea region (Fig. 13). The result is that, com- 
pared to the analyses, there is an enhanced Walker cir- 
culation resulting in upper-tropospheric convergence 
over the Indian Ocean and the central Pacific. These 
results also imply smaller heat sources over the central 
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Fig. 8. As in Fig. 7, but for July 

Pacific in the models, which would be consistent with 
the erroneous cyclone pairs and the stationary wave er- 
rors noted in the streamfunction fields (e.g., Fig. 11) 
and the westerly wind errors noted in Fig. 9. In gener- 
al, there is a pronounced tendency in each CCM ver- 
sion for the divergent centers to be unrealistically con- 
centrated in monsoon regions and sometimes tied to 
regions of steep orography. 

Similar problems are noted during July. In particu- 
lar, a broad area of upper-level divergence in the 
ECMWF analyses extends from the Indian summer 
monsoon region well across the central Pacific (Fig. 
14). In the CCM versions, the center of outflow is 
much more localized and is generally stronger than 
analyzed, again resulting in much weaker upper-tro- 
pospheric divergence over the tropical central Pacific 
and Indian Ocean. Excessive low-level convergence is 
evident over Central America in CCM2, GENESIS 
and CCM1 (not shown), and the upper-level outflow 

over this region is much stronger than in the ECMWF 
analyses, especially in the CCM2 simulation. CSCO2 
has a striking global pattern of erroneously strong 
200 mb outflow centered near 10 ° N, 130 ° E with strong 
convergence over South America. 

3.7 Precipitation 

Precipitation is not a well-measured quantity, especial- 
ly over the oceans, yet it is the result of links among 
the moisture, thermodynamics and dynamics. It is of 
particular importance for coupling issues and, because 
of its direct impact on society, it is a crucial variable in 
studies of climate change. Significant differences exist 
between the Legates and Wilmott (1990) estimates of 
tropical precipitation and climatologies derived from 
satellite measurements of outgoing longwave radiation 
(OLR) (e.g., Arkin and Ardanuy 1989). Given such 



Hurrell: Comparison of NCAR Community Climate Model (CCM) climates 

EC T42 January 
200 mb (m ' s  -~ )  

90N , , r , , L~ , I i i_l , , ~ , j I I , i ] i I , , I I I i , i , , 
- -  . . . . . .  _ - -  _ 

60N  " 10" ~ - - ~  . . ~ _  _ ~  

3 0 S  

60S  ~ 2 0  . . . . .  " 20 - -  

: o , o _ _ -  

90S  ,-"--~, i , , ~ , , i , , i , , i , , i , , i , , ~ , , i , , ~ , , i , , 
0 30E  60E  90E  120E  150E  180  150W 120W 90W 60W 30W 0 

( C C M 2 - E C )  T 4 2  
90N  , , i 1 1 1 , , 1 , , i ~ i . " ' " ,  I i i l / ' ~ " ,  i i , i , , 1 1 , 

~ - - - - ~  -~-.~',~ . 

30N  - . . - ,  / 0  

o~ 

3 0 S  - 

90S , , ~ 1 , i I 
30E  BOE 90E  120E  150E  180  150W 120W 90W 60W 30W 0 

( C C M 2 - E C )  R15 
90N  I , i , , i , , i , ~ ~ , , i = , i , r i , ~ I i , i ~ i r i i , , 

.-- " ~ - - -  - 'b ' - - -~-5 : ; -~  ~. ~ d /  
~ , ' ~ ~  ~ 0 ~  ~ ~-~ . . . .~0~, -  

9 0 S  

120E  150E  180  150W 120W 90W 60W 30W 

37 

( G E N E S I S - E C )  R15 
90N  ~ I i i ~ , , I i R i , , I i i I , , i i T r r r , , 

0 " ,  ", ( 

6 0 s  

0 30E  60E  90E  120E  150E  180  150W 120W 90W 60W 3OW 

(ccy -Ec) ms 
90N  i I I i T I I i I , r I i i r i i i i i r I i i i i P I , I ~ p 

30S  ' . - '= : "  0 _~ . . . . . . ~  

0os --.=::-~0 ......... :::::::::::::::::::: ........ 5 ....... _:::_:: . . t ~ - - - - : : : ~ . ~ :  ...... :...~:.::-,0--.~ ..... 

9 0 S  I - - T  , , , , , , , , , , , , , , , , , , , ~ , , , , , , , , ~ , , , , , "  

0 30E  60E  90E  120E  150E  180  150W 120W 90W 60W 3OW 

( C S C 0 2 - E C )  R I 5  
90N  i r ~ * I i , I i r I i i I i i 1 1 t I i 1 1 1 t 1 1 I i , r i i 

~._ .~ ~ ~  o o .  

. . . . . .  ~ . . . . . . .  :._:, =y.~-...=~ . . . . .  . ..... - ...... ~ - . - - ~  

~os. ~ '°" .~ ........ --z.°.._-:-2~--~___..~- ~ ~ '  

9 0 S  

30E  60E  90E  120E  150E  180  150W 120w  90W 6 ( ]W ' J ' 30W 
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uncertainties in the observations, difference maps will 
not be presented; however, it is noteworthy that differ- 
ences between observational estimates are mostly 
smaller than differences between observations and the 
CCM simulations. 

Zonally-averaged profiles of total precipitation are 
shown in Fig. 15. The spike in the observations near 
5 ° N in January results f rom a bullseye near 160 ° W of 
nearly 28 mm day -~ (see Fig. 16). This value is unreal- 
istic and the existence of this maximum is highly ques- 
tionable since no equivalent feature appears in satel- 
lite-derived or other  precipitation climatologies. In 
January, CCM2 T42 has a zonal-mean maximum of 
nearly 9 mm day -~ near 10 ° S, which is larger than ob- 
served and is consistent with a stronger Hadley circula- 
tion (e.g., Fig. 13). Excessive localized precipitation at 
low latitudes during northern winter is a feature of the 
other  CCM models as well, although less so for CCM1 

(see also Fig. 16). CCM2 simulated precipitation agrees 
fairly well with observed minima in the subtropical 
high-pressure belts, and all CCM versions exceed ob- 
served values over N H  middle latitudes and are lower 
than observed over the southern oceans [errors which 
are also common to most other  AGCMs,  independent  
of resolution (Boer  et al. (1991)]. The latter region, in 
particular, has very few direct observations, so differ- 
ences there are more uncertain. GENESIS  overesti- 
mates precipitation at nearly all latitudes. 

All CCM simulated precipitation distributions dur- 
ing July exceed the estimates of Legates and Willmott 
at nearly all latitudes, especially in the SH middle lati- 
tudes where the models place a maximum near 40°S 
(Fig. 15). Tropical precipitation rates are larger than 
observed in CCM2 and GENESIS  with maxima slight- 
ly further  north than in the climatology, while CSCO2 
and CCM1 zonally-averaged rates are smaller than val- 
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Fig. 10. As in Fig. 9, but for July 

ues from the observed climatology by roughly 
2 mm day -1. 

Area-averaged precipitation rates are presented in 
Table 2 for the globe (90 ° S to 90 ° N), the NH extratro- 
pics (20°N to 90 °N), the SH extratropics (90°S to 
20 ° S), and the tropics (20°S to 20 ° N). On such large 
spatial scales, the precipitation rates from the various 
versions of the CCM are generally within 10% of each 
other and the Legates and Wilmott climatology. The 
exception is the GENESIS model from which precipi- 
tation rates are about 30% larger than any of the other 
models. This has been found to be primarily due to an 
overly large value of prescribed ocean roughness 
length in GENESIS (Pollard, personal communica- 
tion). 

The local distributions of precipitation are shown in 
Figs. 16 and 17. The tendency for excessive precipita- 
tion in January over the monsoon regions and regions 
of high topography is evident in each CCM version, 

which is consistent with the erroneously strong diver- 
gent outflow centers noted in Fig. 13. These biases are 
especially evident in CCM2 and perhaps, to a lesser ex- 
tent, in GENESIS. In particular, CCM2 T42 has a local 
precipitation maximum of 36 mm day-1 over New 
Guinea in January, and CCM2 R15 has a maximum in 
excess of 24 mm day -1. This localized positioning and 
erroneous intensity of the deep convection in the west- 
ern Pacific apparently negative affect (through anoma- 
lous latent heating) the CCM2 stationary waves and 
appear to contribute to the reverse PNA teleconnec- 
tion pattern and the misplacement of the Aleutian low 
(Fig. 7) and the ridge over the west coast of North 
America (Fig. 11) (see Hoerling et al. 1993). Precipita- 
tion rates in CCM1 are smaller than in the other ver- 
sions and agree better with the climatological esti- 
mates, which may account for the generally smaller er- 
rors in the rotational and divergent wind components 
noted earlier. 
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Simulated July rainfall rates show considerable local 
variability among models and with observations (Fig. 
17). The observed zonally-elongated precipitation over 
the eastern tropical Pacific just north of the equator  is 
in good agreement  with measurements  of OLR  and is 
associated with the Intertropical Convergence Zone  
(ITCZ).  This feature is generally not well simulated in 
the CCM versions. Precipitation rates over the summer 
monsoon regions are too strong in the CCM versions, 
and each model except GENESIS  simulates a horse- 
shoe-shaped pattern that is not observed, with maxima 
over the Arabian Sea and southern Tibetan plateau 
and a minimum over much of central India. This same 
pattern was also noted in a recent Monsoon Numerical 
Experimentat ion Working Group ( M O N E G )  study of 
the simulation of interannual variability of monsoon 
activity in a large number  of AGCMs  (WMO 1992). 
Presumably, this pattern in the CCM versions is re- 

lated to the strong surface convergence noted in the 
models over southern India and the Arabian Sea (not 
shown) and the orographic effect of the Himalayas to 
the north. Over Central America,  excessive precipita- 
tion is notable in CCM2 and GENESIS,  reaching a 
maximum value of 36 mm day -1 in CCM2, that is con- 
sistent with the very strong upper-level outflow noted 
in Fig. 14. 

3.8 Clouds and radiation 

The definition of a cloud may differ from model to 
model  and between a model  and observations, espe- 
cially when comparing specific cloud types (e.g., low, 
middle, high, stratus, or convective clouds). Total 
cloud cover is perhaps more  comparable,  and area-av- 
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Fig. 12. As  in Fig. 11, but  for July 

eraged total cloud amount  from ISCCP and the CCM 
seasonal-cycle integrations can be compared in Table 
3. 

Globally-averaged estimates of total cloud from 
ISCCP data are near 62% for both January and July, 
which closely agree with estimates from the ground- 
based climatology of Warren et al. (1986, 1988) and are 
about 9% higher than seasonal values from Nimbus-7 
Cloud Matrix data. Rossow et al. (1993) report that the 
global annual mean cloud amount  from ISCCP has 
varied by about 4% on a time scale of 2 to 4 years over 
the 8-year data record. Globally-averaged cloud cover 
from the CCM simulations generally falls within the 
observational range. CCM1, CCM2 and CSCO2 total 
cloud amounts are lower than the ISCCP climatology, 
with CCM1 having the least cloud (47.4% in January 
and 47.8% in July), while GENESIS simulated total 
cloud cover is close to the ISCCP climatology. Region- 
al maps (not shown) indicate that the largest differ- 

ences from ISCCP in all CCM version occur in the SH 
middle latitudes during both January and July and 
over NH middle latitudes in July where simulated 
cloud amounts are lower than ISCCP values. These 
differences are most pronounced in CCM1 where total 
cloud cover is below ISCCP values by up to 45% local- 
ly over the middle latitude oceans of the summer hem- 
isphere. All CCM versions also underestimate total 
cloudiness in the stratus regimes over the subtropical 
eastern oceans. GENESIS total cloud amounts are 
generally higher than ISCCP values over tropical 
oceans. 

Given the uncertainty in the definition of clouds, 
however, it is easier and perhaps better to compare 
measurable radiative quantities. The earth's radiation 
balance constitutes the net forcing of the climate sys- 
tem, and it critically depends on many mechanisms that 
are internal to the system, for instance the hydrological 
cycle. Therefore, the ability of a model to correctly si- 
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are dashed. The scaling vector of the divergent wind is 8 m s - i  
and is given at the top of the figure 

mulate this balance is a measure of much more  than 
the radiative transfer algorithms employed. 

In the tropics, low values of O L R  are often used to 
indicate the presence of cold, high cloud tops asso- 
ciated with deep convection and precipitation. Spatial- 
ly-averaged values of O L R  are summarized in Table 4 
for the E R B E  observations and the CCM simulated 
values• Systematic differences in O L R  can be seen in 
these numbers, most notably in the tropics where the 
GENESIS  and CCM1 models exhibit biases around 
+ 14 W m -2, while the CSCO2 model exhibits a bias 
around - 1 5  W m -2. Biases are generally smallest in 
CCM2, although the N H  summer warm bias in middle 
and high latitudes of CCM2 is manifested as O L R  val- 
ues nearly 20 W m - a  larger than E R B E  values. 

The global spatial distribution of differences f rom 
E R B E  measurements  of O L R  are shown in Figs. 18 
and 19. In the tropics and subtropics, the negative bias 

of CSCO2 is pronounced  nearly everywhere,  with re- 
gional differences as large as - 4 5 W m  -2 in July. 
Equally large errors are seen in the other  CCM ver- 
sions as well, but  they are generally not as geographi- 
cally extensive. Nei ther  GENESIS  nor  CCM1 fully 
captures the minima in O L R  associated with the ITC Z 
and the monsoon circulations in either season, whereas 
the largest biases in C C M 2 0 L R  are related to the cen- 
tralized positioning of the deep convection over New 
Guinea in January and Central America in July and 
the warm bias over the NH during summer. In general, 
the CCM O L R  biases evident in the tropics and sub- 
tropics are consistent with regional errors noted in the 
simulated irrotational flow and precipitation fields, 
which are not as well measured as OLR. 

Spatially-averaged values of the solar radiation ab- 
sorbed by the ear th-atmosphere system are summar- 
ized in Table 5 for the E R B E  observations and the 
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CCM simulated values. As for the case of OLR,  syste- 
matic differences are evident in these numbers. Gener-  
ally, on a global scale the CCM1, GENESIS,  and 
CCM2 models exhibit similar radiative charcteristics (a 
+ 5 W m  -2 to + 1 1 W m  -2 bias) while the CSCO2 
model  exhibits a - 4  W m -2 to - 8  W m -2 bias. As 
before,  the tropical radiative characteristics differen- 
tiate the various models the most, where the GENESIS  
model  exhibits a + 8  W m -2 bias in January and the 
CSCO2 model exhibits a year-round bias of approxi- 
mately - 1 7  W m-2 .  Errors  common to all CCM ver- 
sions are that too much solar radiation is absorbed in 
the middle latitudes of the summer hemisphere (Table 
5) and locally in the subtropical eastern oceans in the 
stratus regimes (not shown), and these biases corre- 
spond well to biases in total cloud amount.  The middle 
latitude biases are most pronounced  in a zonal-mean 
sense in CCM2 during July, and they are consistent 
with the thermal biases noted earlier. 

4 D i s c u s s i o n  

Climate system models are needed to understand and 
consider simultaneously the wide range of complex in- 
teracting physical, chemical and biological processes 
that characterize the atmosphere,  ocean and land. Be- 
fore simulations from such models can be fully com- 
prehended,  it is necessary to understand the strengths 
and weaknesses of the component  models. Atmospher-  
ic modeling at N C A R  has a long history and the CCM 
has been an invaluable contribution to climate re- 
search for over a decade. Although various versions 
have been extensively used in the research community 
and work continues with these different models, no ex- 
tensive comparison of the CCM family o f  models ex- 
ists. This study summarizes a more comprehensive 
comparison given in Hurrel l  et al. (1993). Four  CCM 
versions were examined, including two standard CCM 
versions, CCM1 and CCM2, and two widely cited re- 
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search versions, CSCO2 and GENESIS. A documenta- 
tion of the strengths and weaknesses of each CCM ver- 
sion can illustrate evolutionary improvements as well 
as common biases and errors. The latter are especially 
important to note before using the CCM in a coupled 
interactive sense. 

Implicit in the results of this study is information on 
the effects of differences in the numerical schemes, ho- 
rizontal and vertical resolutions, and physical parame- 
terizations employed by the different CCM versions 
(e.g., Table 1). It is difficult to relate particular model 
biases to specific differences in model formulations 
without conducting carefully planned sensitivity ex- 
periments, and even then nonlinearities in the model 
can make results difficult to interpret. Nontheless, an 
interpretation of the some of the main differences in 
the simulated CCM climates is worthwhile, speculative 
though it may be. 

The parameterization of moist convection differs 
considerably among the different CCM versions. Early 
versions of the CCM (CCM0 and CCM1) used a simple 
moist convective adjustment procedure (Manabe et al. 

1965) that ignores the complexities of the physical 
processes that occur in the real atmosphere. The tem- 
peratures simulated by CCM0, for example, are 5-8°C 
lower than observed in the tropical upper troposphere, 
and the simulated water vapor mixing ratios exhibit a 
correspondingly large dry bias (e.g., Pitcher et al. 
1983). Biases of similar magnitudes remain in CCM1 
(Figs. 1-3). Albrecht et al. (1986) show that the inclu- 
sion of explicit penetrative eddy fluxes of heat and 
moisture into CCM0 largely alleviates the biases in si- 
mulated temperature and moisture, and several other 
aspects of the simulated circulation are significantly 
improved (Meehl and Albrecht 1988). The cumulus pa- 
rameterization scheme of Albrecht et al. (1986) is in- 
cluded in CSCO2; however, the excessively warm and 
moist upper tropical troposphere in CSCO2 (Figs. 1-3) 
suggests that changes made to other parameterizations 
have had an effect, for example through modifications 
made to the cloud and radiation scheme of Ramana- 
than et al. (1983) (see Washington and Meehl 1993). 

The NCAR CCM2 represents an entirely new 
AGCM for which most aspects of the CCM1 model 
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Fig. 16. Mean January total precipitation (ram d a y - l )  from Legates and Wilmott (1990) and each CCM simulation. The contour incre- 
ment is 5 mm day - l ,  except the 1 and 2 mm day-1 contours are included. Values greater than 10 mm day-1 are shaded 

Table 2. Area-averaged precipitation 
rates (ram d a y - l )  Global NH SH Tropics 

extratropics extratropics 
(90 ° S-90 ° N) (20 ° N-90 ° N) (90 ° S-20 ° S) (20 ° S-20 ° N) 

January 

LegatesT42 3.3 1.9 3.0 4.9 
CCM2T42 3.5 2.6 2.7 5.2 
CCM2R15 3.4 2.8 2.5 4.6 
GENESIS 4.5 3.4 3.6 6.2 
CCM1 3.2 2.6 2.5 4.3 
CSCO2 3.5 2.7 2.7 4.7 

July 

LegatesT42 2.7 2.1 1.3 4.8 
CCM2T42 3.8 3.5 3.0 5.0 
CCM2R15 3.8 3.5 3.1 4.6 
GENESIS 4.8 4.1 3.9 6.1 
CCM1 3.5 3.3 2.9 4.1 
CSCO2 3.6 3.0 3.2 4.5 
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Fig. 17. As in Fig. 16, but for July 

Table 3. Area-averaged total cloud 
amount (%). Values for CCM1 and 
CSCO2 differ from those presented in 
Hurrell et al, (1993) due to the correction 
of a processing error 

Global NH SH Tropics 
extratropics extratropics 

(90 ° S-90 ° N) (20 ° N-90 ° N) (90 ° S-20 ° S) (20 ° S-20 ° N) 

January 

ISCCP T42 62,0 58.0 67,7 60.2 
CCM2 T42 54.6 55,6 51.9 56.2 
CCM2 R15 58.1 58.9 54.0 60.8 
GENESIS 61.9 55,4 69,9 60.8 
CCM1 47.4 46.8 44,0 50.8 
CSCO2 51.3 48.4 50.3 54.5 

July 

ISCCP T42 62,4 58.7 68.9 59.7 
CCM2 T42 50.6 45.0 54.6 52.1 
CCM2 R15 54.4 48.1 56.8 57.6 
GENESIS 60.8 54.3 65.8 61.9 
CCM1 47.8 43.5 53.2 47.8 
CSCO2 51.2 43.5 57.8 52.1 
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Table 4. Area-averaged OLR (W m-a) 

Hurrell: Comparison of NCAR Community Climate Model (CCM) climates 

Global NH SH Tropics 
extratropics extratropics 

(90 ° S-90 ° N) (20 ° N-90 ° N) (90 ° S-20 ° S) (20 ° S-20 ° N) 

January 

ERBE T42 233.3 212.8 236.4 250.5 
CCM2 T42 236.9 215.4 239.6 255.7 
CCM2 R15 232.9 212.7 235.6 247.4 
GENESIS 239.3 216.9 231.7 263.9 
CCM1 240.6 214.4 237.6 264.7 
CSCO2 222.6 201.4 228.7 235.0 

July 

ERBE T42 239.2 249.7 214.0 253.8 
CCM2 T42 247.8 267.3 215.7 260.3 
CCM2 R15 244.4 266.3 212.9 252.4 
GENESIS 246.7 257.3 212.4 266.0 
CCM1 246.8 254.6 213.9 267.4 
CSCO2 227.7 244.1 198.4 238.4 
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Fig. 18. Mean January OLR (W m-2) from ERBE, and differ- 
ences from the ERBE climatology for each CCM simulation. The 
ERBE values are contoured every 25 W m -~, with values greater 
than 275 W m -~ hatched and values less than 225 W m -~ shaded. 
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Differences are contoured in increments of 15 W m-2, negative 
values are dashed, and the zero contour has been suppressed for 
clarity 
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Fig. 19. As in Fig. 18, but for July 

T a b l e  5 .  Area-averaged absorbed solar 
radiation (W m-Z) Global NH SH Tropics 

extratropics extratropics 
(90 ° S-90 ° N) (20 ° N-90 ° N) (90 ° S-20 ° S) (20 ° S-20 ° N) 

January 

ERBE T42 247.3 105.5 321.5 314.7 
CCM2 T42 256.1 108.8 341.6 317.6 
CCM2 R15 258.0 105.3 338.2 317.7 
GENESIS 254.8 101.8 325.7 322.3 
CCM1 254.7 99.8 339.6 312.2 
CSCO2 243.8 95.4 325.2 298.9 

July 
ERBE T42 233.6 316.4 95.5 288.7 
CCM2 T42 244.1 344.8 97.6 289.8 
CCM2 R15 240.7 344.2 86.2 282.6 
GENESIS 238.6 337.1 80.9 287.1 
CCM1 232.7 325.7 80.6 281.3 
CSCO2 225.0 319.0 75.2 270.9 



48 Hurrell: Comparison of NCAR Community Climate Model (CCM) climates 

formulation have been either extensively modified or 
replaced (Hack et al. 1993). A major change that had a 
positive impact on the CCM2 climate was the incorpo- 
ration of a semi-Lagrangian transport (SLT) scheme 
for advecting water vapor. Williamson and Rasch 
(1994), for example, show that the CCM2 has higher 
specific humidity in the troposphere compared to a 
version integrated with the spectral advection ap- 
proach used in earlier CCM versions. Presumably, the 
SLT scheme used in GENESIS has a similar positive 
effect. Another change made to the CCM2 formulation 
is the inclusion of a simple mass flux scheme developed 
by Hack (1994) that represents all types of moist con- 
vection. Hack (1994) contrasts the mean control cli- 
mate produced by the CCM2 with the climate simu- 
lated using a conventional moist adiabatic adjustment 
procedure. He shows that the new mass flux represen- 
tation of moist convective processes significantly mois- 
tens and warms the CCM2 troposphere at all latitudes 
but particularly in the tropics. Moreover, such changes 
apparently contribute to differences in the general 
structure and magnitude of the simulated precipitation 
field. The overall weaker and broader precipitation 
features of the simulation with moist adiabatic adjust- 
ment in CCM2 roughly parallel the differences be- 
tween CCM1 and CCM2 simulated precipitation seen 
in Figs. 15-17 and Table 2. 

Differences in precipitation between the CCM ver- 
sions, however, likely cannot be explained through dif- 
ferences in convective schemes alone. Other factors 
are important such as the parameterization of the at- 
mospheric boundary layer and differences in orogra- 
phy, vegetation, soil moisture and cloudiness. A recent 
paper by Fennessy et al. (1994) shows the sensitivity of 
the simulated Indian monsoon to the specification of 
orography in an AGCM. Meehl (1994) demonstrates 
the sensitivity of the Indian monsoon circulations of 
various AGCMs, including versions of CCM0 and 
CCM1, to land-sea temperature contrasts in the mod- 
els, and he further explores the contributions to those 
contrasts by external condtions related to surface albe- 
do and internal feedbacks involving soil moisture. For 
the experimental results presented in this paper, the 
land surface properties of CCM1 and CCM2 are speci- 
fied (but differ between the models), while GENESIS 
employs the land surface transfer model of Pollard and 
Thompson (1994) and CSCO2 makes use of model-de- 
rived rates of precipitation, evaporation and sublima- 
tion to simulate changes in soil moisture and snow cov- 
er (see Washington and VerPlank 1986). 

Biases in CCM2 simulated precipitation have been 
shown to be sensitive to additional factors as well. In 
particular, two factors which appear important are the 
diagnosis of cloud optical properties (JJ Hack and JT 
Kiehl 1994, manuscript in preparation) and the interac- 
tion between moist convection and the atmospheric 
boundary layer (which appears to have excessive wa- 
ter-vapor transport in deep convective regions, Hack 
1994). Hack et al. (1994) report that the incorporation 
of improved cloud diagnostics into CCM2 moves the 
maximum diabatic heating in the western Pacific north- 

ward, improves the Australian monsoon circulation, 
and results in a more realistic tropospheric stationary 
wave pattern across the North Pacific and North 
America (e.g., Fig. 11). The magnitude of the simu- 
lated precipitation (Fig. 16) remains unrealistically 
large, however, and the cause of this error is currently 
being studied. 

Improvements in the cloud optical properties of 
CCM2 have also had a large impact on the radiative 
budget of the model. Use of a different effective drop 
size over continents and oceans significantly reduces 
the amount of absorbed solar radiation in middle lati- 
tudes of the NH during summer (Table 5), which in 
turn reduces the warm and moist biases (Figs. 2 and 3) 
as well as the bias in OLR evident in Fig. 19 (see Kiehl 
1994). The inclusion in CCM2 of a diagnostic approach 
to specify the cloud liquid-water path as a function of 
the atmospheric state (JJ Hack and JT Kiehl 1994, 
manuscript in preparation) appears to further reduce 
the radiative and thermodynamic biases in the summer 
hemispheres. Moreover, these improvements do not 
appear to affect adversely other aspects of the CCM2 
simulated climate. Differences between the radiation 
and cloud parameterizations of the different CCM ver- 
sions are substantial (Table 1). The radiation budget of 
CCM0 is described in detail by Ramanathan et al. 
(1983), Smith and Vonder Haar (1991) and Kiehl and 
Ramanathan (1990) describe the radiation budget of 
R15 and T42 versions of CCM1, and Kiehl et al. (1994) 
describe the earth radiation budget simulation of 
CCM2. 

Another aspect that complicates the interpretation 
of some of the results presented in this paper is that 
the CCM integrations were performed with climatolog- 
ical SSTs. A clear impact of this can be seen in maps of 
the simulated and observed interannual variability of 
numerous quantities (Hurrell et al. 1993). The in- 
fluence of this lower boundary constraint on the mean 
fields is less clear, however. The localized nature of the 
precipitation maxima and divergence centers in the 
CCM simulated tropics may be due in part to the ab- 
sence of interannually varying SSTs which zonally ex- 
tend the heating and divergence patterns, for example 
in E1 Nifio/Southern Oscillation events. Changes in the 
distribution of tropical heating can then influence ex- 
tratropical circulations through teleconnections. Con- 
sider the significant CCM biases observed in the SLP 
(as well as the temperature and low-level winds) over 
the North Pacific. In CCM2 and CSCO2, these biases 
are related to a simulated Aleutian low that is weaker 
and farther west than observed in both models (Fig. 7). 
Trenberth (1990) and Trenberth and Hurrell (1994) 
have recently demonstrated that a substantial low-fre- 
quency change in the North Pacific atmosphere and 
ocean began in the late 1970s, and this change was 
manifested in the atmospheric circulation as a deeper 
and eastward shifted Aleutian low pressure center. 
Moreover, it appears as though this change is related 
to warmer tropical SSTs during the late 1970s and 
1980s compared with previous decades. It is possible, 
therefore, that some aspects of the poor CCM simula- 
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t ions  o f  the  A l e u t i a n  low are ,  at  leas t  pa r t i a l ly ,  the  re-  
sult  of  the  c l ima to log i ca l  SSTs used  as a l ower  b o u n d -  
a ry  c o n d i t i o n  in the  m o d e l  runs.  

W h i l e  it  is no t  poss ib l e  to  answer  such ques t ions  
comple t e ly ,  s o m e  ins ight  was  ga ined  for  C C M 2  by  ex- 
a m i n ing  the  m e a n  resul t s  f r o m  an A M I P  s imula t ion .  In  
this  case,  the  C C M 2  was i n t e g r a t e d  at  T42 r e so lu t i on  
us ing o b s e r v e d  SSTs ove r  the  p e r i o d  J a n u a r y  1979 
t h r o u g h  D e c e m b e r  1988. T h e  resul t s  of  the  A M I P  in te-  
g ra t i on  d id  show s o m e  smal l  r e d u c t i o n  in b iases ,  such 
as a s l ight ly  m o r e  e l o n g a t e d  r eg ion  of  p r e c i p i t a t i o n  and  
u p p e r - t r o p o s p h e r i c  ou t f low ove r  the  wes t e rn  and  cen-  
t ra l  Pacif ic  in J a n u a r y  and  a b o u t  a 20% r e d u c t i o n  of  
the  w e s t e r l y  wind  e r r o r  ove r  the  cen t ra l  Pacific.  H o w -  
ever ,  all  o f  the  p r i m a r y  b iases  i den t i f i ed  in this  s tudy  
and  H u r r e l l  e t  al. (1993) we re  still  p r e s e n t  in the  A M I P  
s imula t ion .  I t  does  a p p e a r ,  t he re fo re ,  t ha t  the  in f luence  
of  o b s e r v e d  SSTs on  the  l a rges t  b iases  n o t e d  in the  
C C M  m e a n  f ie lds  is small .  

C o m p a r i s o n  s tudies  a re  on ly  one  a p p r o a c h  to  im- 
p r o v e  o u r  u n d e r s t a n d i n g  of  the  w a y  m o d e l s  and  the  cli- 
m a t e  sys t em behave .  G i v e n  the  e n o r m o u s  c o m p l e x i t y  
of  a t m o s p h e r i c  gene ra l  c i r cu la t ion  mode l s ,  the  s imple  
iden t i f i ca t ion  of  d i f f e rences  f r o m  o b s e r v a t i o n s  does  
no t  eas i ly  t r ans l a t e  in to  m o d e l  i m p r o v e m e n t s .  M o r e -  
over ,  m a n y  o t h e r  i m p o r t a n t  aspec ts  of  the  ab i l i ty  of  the  
C C M  to s imu la t e  the  o b s e r v e d  c l ima te  we re  no t  p re -  
s en t ed  in this  s tudy  n o r  in the  m o r e  c o m p l e t e  w o r k  of  
H u r r e l l  e t  al. (1993). E x a m p l e s  inc lude  the  abi l i ty  of  
the  C C M  to s imu la t e  o b s e r v e d  va r i ab i l i t y  on a wide  ar-  
r ay  of  t ime  scales,  or  a m o r e  i n - d e p t h  d iagnos i s  of  the  
C C M ' s  s i m u l a t e d  hea t ,  m o m e n t u m  and  w a t e r  budge t s .  
T h e  resul t s  p r e s e n t e d  he re  a re  b r i e f  and  on ly  t ouch  on  
the  m o r e  obv ious  f ea tu re s  and  b iases  of  the  s imula-  
t ions.  In  this  sense ,  the  w o r k  of  H u r r e l l  e t  al. (1993) 
r e p r e s e n t s  an a t las  of  the  c l ima te  f ea tu re s  of  the  dif fer-  
en t  C C M  vers ions  tha t  p e r h a p s  can  be  usefu l  for  eval-  
ua t ing  the  su i tab i l i ty  of  the  m o d e l s  for  m a n y  d i f fe ren t  
app l i ca t ions .  
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