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Abstract We report results from the highest-resolution
simulations of global warming yet performed with an
atmospheric general circulation model. We compare the
climatic response to increased greenhouse gases of the
National Center for Atmospheric Research (NCAR)
climate model, CCM3, at T42 and T170 resolutions
(horizontal grid spacing of 300 and 75 km respectively).
All simulations use prescribed sea surface temperatures
(SST). Simulations of the climate of 2100 AD use SSTs
based on those from NCAR coupled model, Climate
System Model (CSM). We find that the global climate
sensitivity and large-scale patterns of climate change are
similar at T42 and T170. However, there are important
regional scale differences that arise due to better repre-
sentation of topography and other factors at high res-
olution. Caution should be exercised in interpreting
specific features in our results both because we have
performed climate simulations using a single atmo-
spheric general circulation model and because we used
with prescribed sea surface temperatures rather than
interactive ocean and sea-ice models.

1 Introduction

Typical state-of-the-art atmospheric general circulation
models (AGCMs) used in global climate change studies
have approximately 300 km resolution in the horizontal.
As computing power increases, many climate modeling
groups are exploring the possibility of enhancing the
resolution of AGCMs. In principle, high-resolution
models have several advantages. Dynamics, topography
and the land/sea mask are better resolved than in coarse

resolution models. More physical processes can be
explicitly represented, reducing dependence on semi-
empirical parametrizations. With a high-resolution
model, regional spatial scale details are simulated and
hence prediction of regional climate change becomes
more credible. Since high-resolution models simulate a
wider spectrum of spatial scales and their nonlinear
interactions, their simulation of larger scale features
should be also improved. This was found to be the case
by Williamson (1999) and by Duffy et al. (2003). Higher
resolution global models have the added advantage over
regional models that they avoid the numerical problems
associated with lateral boundary conditions. They also
avoid the scale separation issues that are faced by re-
gional models driven by coarse resolution global models.

In the past, many studies (e.g. Manabe et al. 1970;
Wellck et al. 1971; Rind 1988; Boville 1991; Sperber et al.
1994; Williamson et al. 1995; Déqué and Piedelievre
1995; Stephenson and Royer 1995; Boer and Denis 1997;
Stephenson et al. 1998; Pope et al. 1999; Williamson
1999) have investigated the influence of horizontal res-
olution on the simulated present-day climate. The broad
conclusions are:

1. Many climate statistics show a monotonic signal
with increasing resolution, with the largest variation
occurring from low (R15 or T21) to medium reso-
lution (T42 or T63).



response to increased greenhouse gases) will change
(May and Roeckner 2001). Kiehl and Williamson (1991)
found that the total cloud amount decreased monoton-
ically with increased horizontal resolution. The impli-
cation is that the response of the cloud distribution to
increased greenhouse gases may also depend on resolu-
tion. Explicit resolution of physical processes increases
as the model resolution increases; therefore resolved grid
scale precipitation increases and parametrized convec-
tive precipitation decreases (Williamson et al. 1995;
Duffy et al. 2003). Lal et al. (1997) obtained significant
improvement in the spatial distribution as well as the
total area-averaged Indian summer monsoon rainfall
with finer resolution. Higher resolution topography and
land/sea mask will lead to changes in the distribution of
snowfall, precipitation and surface temperature. There-
fore, it is likely that high-resolution models will have
different climate feedbacks, at least on the regional scale.

Here, we report on the simulation of global climate
change using the highest resolution (T170) yet per-
formed for the global domain with an AGCM. The
present-day climate simulated using T42, T170 and T239
is discussed in a companion paper (Duffy et al. 2003).
Here, our primary motivation is to investigate if climate
sensitivity on both global and regional scales depends on
the resolution of the model. This is an important issue in
global climate models whenever their resolution is
changed. Because of the high cost of computing, we
compare only two resolutions in this study, T42 and
T170, using time-slice experiments. In a time-slice
experiment, climate change is studied by forcing an
atmospheric GCM with sea surface temperature (SST)
anomalies produced by a coupled model. It should be
noted that the time-slice approach by itself could yield
climate sensitivity that is different from the coupled
model (Timbal et al. 1997).

Adopting the time-slice technique, Cubasch et al.
(1995) studied regional climate change for 2 · CO2 and
3 · CO2 conditions at T42 resolution using SST anom-
alies obtained from a T21 coupled model. Climate
change simulations using ECHAM3 at T42 and T106
resolutions predicted substantially different responses for
southern Europe (Cubasch et al. 1996). May and Roe-
ckner (2001) studied the climate response to increasing
levels of greenhouse gases at two model resolutions (T42
and T106). The large-scale changes in temperature, zonal
wind, sea level pressure and precipitation were similar in
their study. In general, except for precipitation, they
found that the response was weaker at higher resolution.
An important factor in generating different responses is
the substantial difference in the control simulations at
different resolutions (Wild et al. 1997); this leads to dif-
ferent feedbacks at different resolutions.

Other methods of investigating regional climate
change (downscaling techniques) such as regional cli-
mate modeling and statistical downscaling are discussed
in Chapter 10 of IPCC (2001) and the references quoted
there. Enhanced regional resolution is also possible
within an AGCM through the global variable-resolution

stretched-grid approach (e.g., Déqué and Piedelievre
1995; Fox-Rabinovitz et al. 1997) and we do not con-
sider such an approach in this study.

Caution should be exercised in interpreting our re-
sults because we have performed climate simulations
using a single atmospheric general circulation model and
because the model is driven by prescribed sea surface
temperatures and sea-ice. Therefore, it lacks the feed-
backs associated with a fully dynamically coupled ocean,
and those associated with ocean and land carbon cycles.
Traditional estimates of climate model sensitivity use
AGCM coupled to a mixed layer ocean. Instead, we
have used a simplified model formulation for our esti-
mate of climate sensitivity. Therefore, it is possible that
other atmospheric general circulation models coupled to
ocean and carbon cycle models would yield qualitatively
and quantitatively different results (Hansen et al. 1999).

2 The atmospheric general circulation model

We use the National Center for Atmospheric Research (NCAR)
CCM3 (Kiehl et al. 1996). CCM3 is a spectral model with a spec-
ified number of spherical harmonics to represent the horizontal
structure of prognostic variables. In the vertical, a hybrid sigma-
pressure coordinate system is used. For our experiments we used 42
and 170 waves in the horizontal: the horizontal resolution is �2.8�
(grid spacing of 300 km) in latitude and longitude for T42 and 0.7�
(�75 km) for T170. The model has 18 levels in the vertical. The
model has been extensively ‘‘tuned’’ to optimize results at T42. In
part as a result of this tuning, the standard configuration has now
very little systematic bias in the top-of-atmosphere and surface
energy budgets. The climate sensitivity of CCM3 is much lower
than that of an earlier version, CCM1 (Kothavala et al. 1999). We
adopted a version of CCM3 that uses prescribed sea surface tem-
perature and sea-ice as lower boundary condition.

3 The experiments

Two simulations are performed at each resolution (T42
and T170): (1) a control simulation with present-day
climatological SSTs and sea-ice extent, and (2) a ‘‘2100
AD’’ simulation with SST and sea-ice extent corre-
sponding to 2100 AD. The greenhouse gas concentrations
for these simulations are listed in Table 1. The mixing
ratios for the 2100 AD simulation are the average values
for the years 2090–2099 of the business as usual (BAU)
twenty first century simulation (Dai et al. 2001) of the
NCAR Climate System Model (CSM).

The SSTs for the 2100 AD simulations were obtained
as follows. Monthly mean SST differences between the

Table 1 Concentrations of greenhouse gases used in the simula-
tions

Experiment CO2

(ppmv)
CH4

(ppbv)
N2O
(ppbv)

CFC-11
(pptv)

CFC-12
(pptv)

Present
(control)

355 1714 311 280 503

2100 AD 710 2538 412 938 230
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2100 AD and control simulations are obtained from
average values for the years 2090–2099 of the BAU
twenty first century CSM simulation minus values for
1990–1999 of IPCC A1 scenario twenty first century
simulation of CSM. These were performed at T42. These
monthly mean SST differences were added to monthly
mean SST used in the control simulations to obtain the
monthly mean SST and sea-ice extent used in the 2100
AD simulations. The CSM simulations were performed at
T42. The SSTs for both control and 2100 AD simulations
at T170 resolution were obtained by interpolating the
T42 SSTs. When the model resolution is changed from
the standard T42 to T170, the only changes in the
parameters of the model are time step (1200 to 300 s)
and the diffusion coefficient for biharmonic diffusion
(1.0 · 1016 to 1.5 · 1014). Each simulation covered 12
simulated years, and the climate statistics are obtained
from the data of last 10 years. The statistical significance
of the differences in responses at the two resolutions is
assessed using the Student-t test (Press et al. 1989).

The energy imbalance at the top-of-the-atmosphere
and the surface at T42 was less than a W m–2 and close
to that of the atmospheric model component of CSM.
However, the energy imbalance changed to
) 6.70 W m–2 when the resolution was increased to
T170 (Duffy et al. 2003). We performed a first order
‘tuning’ to reduce the energy imbalance by changing
the parameters in cloud parametrization. Details are
given in Duffy et al. (2003). However, for the results of
T170 presented here, we used the ‘‘untuned’’ version of
the model. For the period 2090–2099, the net energy
imbalance at the top-of-the-atmosphere is 1.21 W m–2

for the transient simulation of NCAR CSM. The cor-
responding imbalance in our T42 ‘‘2100 AD’’ is
1.52 W m–2. The imbalance in T170 ‘‘2100 AD’’ chan-
ged to –5.49 from the control simulation value of
) 6.70 W m–2, a change of 1.21 W m–2. Therefore, the
energy imbalance change between our 2100 AD and
control simulations at both resolutions are nearly the
same as that of NCAR CSM from which we obtained
the SST anomalies for 2100 AD simulations.

4 Results

4.1 Global climate sensitivity

The concept of climate sensitivity is widely used to assess
the impacts of changes in atmospheric composition or
other external forcings on global climate (e.g., IPCC
1995). It provides a first order estimate of climate change
without the need to actually conduct time consuming
and computationally expensive simulations. It assumes
an approximately linear relationship between the equi-
librium temperature change DT, and the instantaneous
direct radiative forcing G0 adjusted for stratospheric
temperature adjustment (IPCC 1990, 1994, 1995):

DT ¼ kG0 ; ð1Þ

Values of k obtained from different climate models vary
between 0.3–1.0 K/(W m–2) (Hansen et al. 1997). The
climate sensitivity is typically assumed to be independent
of the radiative forcing mechanisms like changes in well-
mixed greenhouse gases, solar insolation and other
radiative perturbations (e.g. Manabe and Wetherald
1980; Hansen et al. 1984; Cess et al. 1985; Cox et al.
1995; Ramaswamy and Chen 1997). However, some
studies have shown that this is only true approximately
(Hansen et al. 1997; Bintanja et al. 1997; Christiansen
1999; Govindasamy et al. 2001).

Traditional estimates of climate model sensitivity
employ an AGCM coupled to a mixed layer ocean. Two
experiments are performed with different external forc-
ings (typically two different greenhouse gas concentra-
tions). After the solutions reach near-equilibrium, Eq. 1
is then used to obtain the model’s climate sensitivity. As
an alternative method, Cess and Potter (1988) and Cess
et al. (1989) adopted SST perturbations as a surrogate
climate change. This procedure was in essence an inverse
climate change simulation. Rather than introducing a
forcing into the model and then letting the climate re-
spond to this forcing, they instead prescribed the climate
change (DT) and the model in turn produced the forcing:

DT ¼ k½�DðQ� F Þ� ð2Þ

where Q and F are the net downward shortwave and net
outgoing longwave fluxes at the top-of-atmosphere
(TOA). D(Q – F ) is the net imbalance difference at the
TOA between the perturbed and unperturbed climate
simulations. Our climate change experiment is a hybrid
experiment where we introduce both a direct radiative
forcing as well as a climate change (via SST perturba-
tion). For these hybrid experiments, we make an esti-
mate of the climate sensitivity using the formula:

DT ¼ k½G0 � DðQ� F Þ� ð3Þ

Equation 3 is used normally to estimate the time
dependent ‘‘effective’’ climate sensitivity in coupled
ocean atmosphere model experiments (Senior and
Mitchell 2000) where it takes a long time to reach
equilibrium, and D(Q – F) and DT are functions of time.
For mixed layer model equilibrium experiments, D(Q –
F) is zero and Eq. 3 reduces to Eq. 1. For Cess-type
experiments, G0 is zero and Eq. 3 reduces to Eq. 2.

The standard IPCC definition of radiative forcing,
which includes stratospheric temperature adjustment, is
adopted here. In computing this adjustment, we assume
fixed dynamical heating (Ramanathan and Dickinson
1979; Fels et al. 1980; Forster and Shine 1997) in the
stratosphere. The concept assumes that the stratospheric
temperature quickly adjusts to a new quasi-stationary
state in response to the radiative perturbation before the
troposphere and surface response can provide a sub-
stantial feedback. This fixed dynamical heating
approximation, extended to 3-D GCM by Stuber et al.
(2001) by a new technical procedure, is adopted in
CCM3. The radiative forcing calculations are performed
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in line for 15 months and the first three months are
discarded while averaging.

The estimated global climate sensitivity of T42 (Ta-
ble 2) is higher than that obtained (0.68 versus 0.55 K/
(W m–2)) in a previous study (Govindasamy et al. 2001)
using CCM3 (also at T42) coupled to a mixed layer
ocean model. The difference is likely due to different
methods used to compute the instantaneous radiative
forcing and stratospheric temperature adjustments. It is
also likely that the feedbacks differ depending on whe-
ther the SST is fixed or allowed to change.

It can be noted from Table 2 that the global climate
sensitivity differs between the two model resolutions by
13% [0.68 versus 0.59 K/(W m–2)]. The clear sky sensi-
tivity is nearly the same at both resolutions. The impli-
cation is that different cloud feedbacks are responsible
for the slightly decreased sensitivity at the high resolu-
tion. The change in total cloud amounts and cloud
forcing, listed in Table 3, can qualitatively explain the
difference in global climate sensitivity: At both resolu-
tions, changes in cloud radiative forcing (cloud feed-
back) tend to reduce the warming due to increased
greenhouse gases (Table 3). On a global basis, this
negative cloud feedback at T170 is slightly larger (by
0.14 W m–2) than at T42. This difference 0.14 W m–2 in
cloud forcing change largely explains the lower climate
sensitivity of T170.

Over land, the cloud feedbacks differ by 1.53 W m–2

between the two resolutions (versus only 0.14 W m–2

globally). Therefore, we speculate that the larger cloud
amount change and hence larger negative net cloud
feedback (Table 3) simulated at the T170 resolution is

occurring primarily over land. We expect to identify the
cause for different behavior in cloudiness change in a
future study. Our results are in agreement with May and
Roeckner (2001) who also found weaker climate sensi-
tivity at higher resolution (T106 versus T42).

The global mean changes in other quantities such as
total precipitation, precipitable water, cloudiness and
snow depth are not significantly different at T42 and
T170 resolutions (Table 3). As discussed in the literature
(e.g., Mitchell et al. 1990; Kattenberg et al. 1996; Dai
et al. 2001) on modeling of global warming, Table 3
illustrates that the Northern Hemisphere (NH) warms
more than the Southern Hemisphere (SH) and land
warms more than the ocean surface in both T42 and
T170 models. In general, T42 and T170 show similar
changes in precipitable water, but the precipitation
change is more in T170 (Table 3). May and Roeckner
(2001) also obtained larger precipitation change at high
resolution even though the changes in other quantities
were smaller. Cloudiness increases everywhere (global,
NH, SH, land, ocean) more in T170 in comparison to
T42. Because of this, as discussed, the cloud radiative
forcing change is more negative at T170 (Table 3).

4.2 Large-scale changes in climate

Figure 1 shows the difference in annual mean surface
temperature response (difference between 2100 AD and
control simulations) between T170 and T42. The re-
sponse differences shown in this study are calculated on
the T170 grid. Over ocean, the temperature change is the

Table 2 Global- and annual-
mean longwave and shortwave
radiative forcing (LWF and
SWF) at the tropopause, energy
balance change at the TOA
(D(Q – F)), net forcing, surface
temperature change (DTs) and
climate sensitivity (k) for T42
and T170 climate change
experiments

Resolution LWF
(W m–2)

SWF
(W m–2)

D(Q – F)
(W m–2)

Net forcing
(W m–2)

DTs (K) k(K/W m–2)

Clear sky values
T42 5.33 –0.53 3.37 1.43 1.78 1.24
T170 5.35 –0.53 3.47 1.35 1.72 1.27
All sky values
T42 4.49 –0.53 1.36 2.60 1.78 0.68
T170 4.67 –0.53 1.23 2.91 1.72 0.59

Table 3 Climate statistics –
changes in annual mean surface
temperature (Ts), precipitation
(P), precipitable water (Q), total
cloudiness (CLD), cloud forcing
(CLDF) between 2100 AD and
control simulations

Resolution Ts (K) P (mm/day) Q (mm) CLD (%) CLDF (W m–2)

Global Mean
T42 1.78 0.089 3.89 0.00 –2.06
T170 1.72 0.107 3.87 0.24 –2.20
Northern Hemisphere
T42 2.00 0.123 4.34 0.29 –2.08
T170 1.96 0.155 4.31 0.41 –2.33
Southern Hemisphere
T42 1.56 0.056 3.44 –0.29 –2.04
T170 1.48 0.058 3.42 0.07 –2.07
Land
T42 2.45 0.160 3.73 0.31 –0.17
T170 2.26 0.179 3.65 1.02 –1.70
Ocean
T42 1.50 0.061 3.96 –0.13 –2.84
T170 1.49 0.076 3.96 –0.09 –2.42
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same in both cases because the same SSTs are prescribed
in T42 and T170. The mean warming is slightly less over
land areas in the T170 case because the global sensitivity
is slightly smaller at T170. Over most of the land areas,
the response differences are not significant at the 10%
significance level (Fig. 1a). The response differences are
significant over the Amazon, Australia, Tibet, and cen-
tral Africa at 10% or less. The differences are significant
over 26.4% of the land area at the 10% or less signifi-
cance level. The zonal mean changes of annual mean
surface temperature are similar in T170 and T42
(Fig. 2). As noted in previous studies, there is enhanced
warming in the high latitudes near the sea ice boundaries
(370� latitude) due to ice-albedo feedback. T170 shows
less warming over Antarctic than T42. We speculate that
differences in cloud feedback are responsible for this.

The change in zonal mean atmospheric temperature
is also similar at T42 and T170 (Fig. 3). In agreement
with previous greenhouse warming experiments
(Mitchell et al. 1990; Kattenberg et al. 1996), both tro-
pospheric warming and stratospheric cooling are found
at both resolutions. Also in agreement with previous
studies, relatively large warming is found in the lower

troposphere in the high latitudes and in the tropical
upper troposphere. Therefore, the vertical temperature
gradient decreases at the surface and lower troposphere
and increases in the upper troposphere in response to
increased greenhouse gases.

The precipitation response difference is significant
over 19.4% of the globe at the 10% or less significance
level (Fig. 4); the large-scale patterns of change in pre-
cipitation are generally similar at T42 and T170.

Fig. 1 Simulated difference in annual mean surface temperature
response (change between 2100 AD and present-day) a between
T170 and T42 models, and the b statistical significance level of this
difference. The differences are significant at the 10% significance
level over only 26.4% of the land area

Fig. 2 Simulated zonal mean of annual mean surface temperature
change (K) between 2100 AD and present-day by T42 and T170
models. The patterns of change are similar at both resolutions

Fig. 3 Simulated zonal mean of annual mean atmospheric
temperature change (K) between 2100 AD and present-day a by
T42 and b T170 models. The patterns of temperature change are
similar at both resolutions with tropospheric warming and
stratospheric cooling
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a similar amount in the T170 case. The changes are
positive everywhere over the domain in the T42 case
while at T170 it is negative from central USA to the
east. These differences are statistically significant at the
10% or less significance level. The large increase in

cloudiness over the eastern USA (Fig. 14) have
caused this decrease in net solar insolation in the T170
case. This decrease in net solar insolation is probably
the cause for the smaller warming in JJA in T170
(Fig. 11).

Fig. 14 Simulated difference in
total cloudiness response
(change between 2100 AD and
present-day) over USA a in
DJF and b in JJA between T170
and T42 models, and the
statistical significance of the
response differences c for DJF
and d JJA

Fig. 15 Simulated difference in
sea level pressure response
(change between 2100 AD and
present-day) over USA a in
DJF and b in JJA between T170
and T42 models, and the
statistical significance of the
response differences c for DJF
and b JJA

Govindasamy et al.: High-resolution simulations of global climate, part 2: effects of increased greenhouse case 401



5 Discussion

We have discussed results from the highest-resolution
simulations of global warming yet performed with a
state-of-the-art global atmospheric general circulation
model (AGCM). We compare the climatic response
(‘‘2100 AD’’ versus present-day) of NCAR Climate
model, CCM3 to increased greenhouse gases at two
different resolutions (T42 and T170). The ‘‘2100 AD’’
simulations use prescribed sea surface temperatures
(SST) based on those from NCAR coupled model, Cli-
mate System Model (CSM). We find that the global
climate sensitivity and large-scale patterns of climate
change at both resolutions are similar. This is consistent
with the findings by an earlier study (May and Roeckner
2001). However, there are important regional scale dif-
ferences, like the snow pack changes over the Rocky
Mountains, due to better representation of topography
at high resolutions. Other significant differences, e.g., in
the response of cloudiness to increased greenhouse
gases, are also observed.

We have not considered the impact of vertical reso-
lution on the simulated climate change. The need for
consistency between horizontal and vertical resolutions
in atmospheric models was first outlined by Lindzen and
Fox-Rabinovitz (1989) but little systematic study has
followed. Recent studies (Williamson et al. 1998; Pope
et al. 2000) have shown that increased vertical resolution
is beneficial to climate simulations. The improvements
are mostly due to the improved representation of the
tropopause as the resolution is increased. However,
Bossuet et al. (1998) conclude that increasing vertical

resolution produced little impact on the simulated mean
climate of their model. Increased vertical resolution in
the upper troposphere and stratosphere has generally
reduced model systematic errors in that region (Pawson
et al. 2000).

In our work, we have performed a relatively short
simulation of climate change experiments due to the
high cost of computing at high resolutions. It is hard to
say which resolution is predicting the climate change
more reliably, particularly regional changes. A longer
simulation of climate change performed at high and low
resolutions could improve the confidence in their pre-
diction and hence allow us to clearly identify the dif-
ferences due to higher resolution. For instance, while it
is clear that the surface temperature and snow depth
change predicted over the Rocky Mountains in DJF
(Figs. 10, 12) by T170 is more reliable due to its better
representation of topography, the reliability of cloudi-
ness change prediction (Fig. 13) cannot be assessed
without further model evaluation.

In this study, we have not investigated the resolution
dependence of simulated variability, severe weather
events, and extreme-value statistics. Our simulations do
not represent land use change, nor do they represent the
changes in aerosols, solar and volcanic variability, and
the transient effects of climate change. Our model lacks
sophisticated dynamical ocean and sea-ice components.
Nor were feedbacks in the carbon cycle considered in
this study. Nonetheless, there is no reason to think that
inclusion of these factors would change our conclusions.

We have performed climate simulations using an
atmospheric general circulation model driven by

Fig. 16 Simulated difference in
surface solar insolation
response (change between 2100
AD and present-day) over USA
a in DJF and b in JJA between
T170 and T42 models, and the
statistical significance of the
response differences c for DJF
and d JJA
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prescribed sea surface temperature, sea-ice extent and
sea-ice thickness (Kiehl et al. 1996). Simulations using a
coupled atmosphere, dynamic sea-ice, ocean general
circulation model and carbon cycle model would include
dynamical feedbacks that might amplify or diminish the
regional or global climate change. It is possible that
other models would yield quantitatively different results
(Hansen et al. 1997), because the results may be highly
sensitive to the formulation of the model and the
parametrization of various physical processes.
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