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ABSTRACT

Historical climate simulations of the period 1861–2000 using two new Geophysical Fluid Dynamics
Laboratory (GFDL) global climate models (CM2.0 and CM2.1) are compared with observed surface tem-
peratures. All-forcing runs include the effects of changes in well-mixed greenhouse gases, ozone, sulfates,
black and organic carbon, volcanic aerosols, solar flux, and land cover. Indirect effects of tropospheric
aerosols on clouds and precipitation processes are not included. Ensembles of size 3 (CM2.0) and 5 (CM2.1)
with all forcings are analyzed, along with smaller ensembles of natural-only and anthropogenic-only forcing,
and multicentury control runs with no external forcing.

Observed warming trends on the global scale and in many regions are simulated more realistically in the
all-forcing and anthropogenic-only forcing runs than in experiments using natural-only forcing or no ex-
ternal forcing. In the all-forcing and anthropogenic-only forcing runs, the model shows some tendency for
too much twentieth-century warming in lower latitudes and too little warming in higher latitudes. Differ-
ences in Arctic Oscillation behavior between models and observations contribute substantially to an un-
derprediction of the observed warming over northern Asia. In the all-forcing and natural-only forcing runs,
a temporary global cooling in the models during the 1880s not evident in the observed temperature records
is volcanically forced. El Niño interactions complicate comparisons of observed and simulated temperature
records for the El Chichón and Mt. Pinatubo eruptions during the early 1980s and early 1990s.

The simulations support previous findings that twentieth-century global warming has resulted from a
combination of natural and anthropogenic forcing, with anthropogenic forcing being the dominant cause of
the pronounced late-twentieth-century warming. The regional results provide evidence for an emergent
anthropogenic warming signal over many, if not most, regions of the globe. The warming signal has emerged
rather monotonically in the Indian Ocean/western Pacific warm pool during the past half-century. The
tropical and subtropical North Atlantic and the tropical eastern Pacific are examples of regions where the
anthropogenic warming signal now appears to be emerging from a background of more substantial mul-
tidecadal variability.
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1. Introduction

The earth’s mean surface temperature has warmed
by �0.6°C over the past century according to historical
temperature records, supported by other climate obser-
vations (Folland et al. 2001). The purpose of the
present study is to compare observed surface tempera-
ture changes to those produced by two versions of a
new global climate model forced by estimated historical
changes in a number of climate forcing agents. Such
comparisons assess our ability to interpret past climate
variations in terms of known climate forcing agents
based on our physical understanding of the earth’s cli-
mate system as embodied in the coupled climate mod-
els.

In this study, we use the Geophysical Fluid Dynamics
Laboratory’s (GFDL’s) new CM2 coupled climate
models (CM2.0 and CM2.1; Delworth et al. 2006) to
simulate surface temperature variations over the period
1861–2000. The climate forcing agents included in the
simulations include changes in well-mixed greenhouse
gases, ozone, anthropogenic aerosols (direct effect
only), solar irradiance, land cover type, and volcanic
aerosols. Ensembles of all-forcing experiments are run
for both CM2.0 (n � 3) and CM2.1 (n � 5) coupled
models, along with additional natural-only and anthro-
pogenic-only forcing experiments (n � 1 for CM2.0, n
� 3 for CM2.1). Multicentury control integrations with-
out external forcing are used to assess internal climate
variability and reduce impacts of any model drifts un-
related to external forcing changes.

Global climate model historical experiments using
similar sets of anthropogenic and natural forcings
(�1860–2000) have been performed previously (e.g.,
Tett et al. 1999; Stott et al. 2000; Broccoli et al. 2003;
Meehl et al. 2004; Hansen et al. 2005). These studies
provide model-based evidence that both natural and
anthropogenic forcings made significant contributions
to early twentieth-century surface temperature changes,
with anthropogenic forcings (e.g., greenhouse gases)
being the dominant cause of the warming in the second
half of the twentieth century. Delworth and Knutson
(2000) found that internal climate variability also could
have played a substantial role in the observed early
twentieth-century warming.

The present study represents a substantial step be-
yond previous work at GFDL on this topic (e.g., Knut-
son et al. 1999; Delworth and Knutson 2000; Broccoli et
al. 2003) in two important respects. First, the experi-
ments in this paper include a more comprehensive and
physically based set of climate forcing agents than our
previous studies. Second, we use two versions of a com-
pletely updated global coupled climate model devel-

oped over a period of several years at GFDL (Delworth
et al. 2006). The new models are substantially improved
over previous GFDL coupled climate models in that
they provide much-improved simulations of El Niño
variability (Wittenberg et al. 2006), and they do not use
flux adjustments. The new models include more realis-
tic treatments of sea ice, land surface processes, and
other physical processes in the atmosphere and oceans
(Delworth et al. 2006 and references therein) than the
previous models.

For comparing model-simulated and observed tem-
perature variations, one has the choice of using multi-
variate “fingerprint” detection and attribution tech-
niques (e.g., Hegerl et al. 1997) or simpler univariate
methods based on local trends (e.g., Knutson et al.
1999; Boer et al. 2000; Karoly and Wu 2005) or climate
indices (e.g., Karoly et al. 2003). A review of various
methodologies and conclusions obtained through their
application to previous coupled models is provided by
Mitchell et al. (2001) in chapter 12 of the Intergovern-
mental Panel on Climate Change (IPCC) Working
Group 1 Third Assessment Report (TAR; see also In-
ternational Ad Hoc Detection and Attribution Group
2005). Multivariate methods enhance one’s chances of
detecting and attributing climate change, while a uni-
variate analysis of the significance of local trends re-
tains the advantage of being relatively easy to under-
stand and communicate to nonspecialists. In addition to
the presentation of trend maps and their significance, as
in Knutson et al. (1999), we have also included an ex-
tensive set of figures showing time series case studies
for a number of regions of interest. This approach
avoids the dependence of the trends on the selection of
starting/ending dates. Concerning regional-scale analy-
sis, recent studies have applied formal multivariate de-
tection/attribution methods at decreasing spatial scales
and report evidence for detectable anthropogenic
warming signals down to the continental scale (Zwiers
and Zhang 2003; Stott 2003). Finally, while we focus on
surface temperature changes using a single pair of mod-
els in this report, a number of studies (not reviewed
here) have begun to assess twentieth-century climate
changes using multimodel ensembles and climate vari-
ables other than surface temperature.

The paper is structured as follows. In sections 2 and
3, we present a brief overview of the main characteris-
tics of the models and the climate forcing agents used in
the historical simulations. In section 4, characteristics of
the model control runs (without changes in climate
forcings) are examined. In section 5, we examine
changes in global mean temperature in the historical
forcing runs. In section 6, we compare the simulated
and observed surface temperature changes on a re-

1 MAY 2006 K N U T S O N E T A L . 1625



gional basis. Arctic Oscillation influences are investi-
gated in section 7. Section 8 contains our summary and
conclusions.

2. Model description

The two coupled models used for the present study
(CM2.0 and CM2.1) are described in detail in Delworth
et al. (2006) and references therein. Further informa-
tion is available online at http://nomads.gfdl.noaa.gov/
CM2.X/references/, and model output data for a large
portion of the experiments are available at http://
nomads.gfdl.noaa.gov/. These coupled models are com-
posed of four component models: atmosphere, land, sea
ice, and ocean. The coupling between the component
models (V. Balaji 2005, personal communication) oc-
curs at 1- and 2-h intervals in CM2.0 and CM2.1, re-
spectively, which couples the diurnal cycles of the at-
mosphere and ocean components.

The climate sensitivity of the models to a doubling of
CO2 is 2.9°C for CM2.0 and 3.4°C for CM2.1 (Stouffer
et al. 2006). This was determined from the global mean
surface air temperature difference between control and
2 � CO2 experiments in which the oceanic components
of the coupled models were replaced with a static
“slab” ocean model. In these experiments, the original
atmosphere, land, and sea ice components from CM2.0
and CM2.1 were retained. Heat flux adjustments were
specified at the air–sea interface such that a realistic
SST/sea ice climatology was maintained in the coupled
slab model control runs. Identical adjustments were
used in the 2 � CO2 experiments. Further details will
be reported elsewhere. The transient climate response
(TCR) of the coupled models (with full ocean dynam-
ics) was determined from the change in global mean
surface air temperature around the time of CO2 dou-
bling in �1% yr�1 compounded CO2 increase experi-
ments. The TCR was about 1.6°C for both models
(Stouffer et al. 2006).

The atmospheric model has a grid spacing of 2.5°
longitude by 2° latitude and 24 vertical levels. The
model contains a completely updated suite of model
physics compared to the previous GFDL climate
model, including new cloud prediction and boundary
layer schemes, and diurnally varying solar insolation.
The radiation code allows for explicit treatment of nu-
merous radiatively important trace gases (including tro-
pospheric and stratospheric ozone, halocarbons, etc.), a
variety of natural and anthropogenic aerosols (includ-
ing black carbon, organic carbon, tropospheric sulfate
aerosols, and volcanic aerosols), and dust particles.
Aerosols in the model do not interact with the cloud
scheme, so that indirect aerosol effects on climate are
not considered. A full description of the atmospheric

model is contained in GFDL Global Atmospheric
Model Development Team (2004) with updates as de-
scribed in Delworth et al. (2006). CM2.1 and CM2.0
have essentially the same horizontal resolution, but dif-
fer in several aspects including different dynamical
cores [finite volume (Lin 2004) in CM2.1 versus a
B-grid finite difference dynamical core in CM2.0], fur-
ther tuning of the cloud scheme for CM2.1, and a modi-
fied formulation of evaporation from land grid points
with frozen soil (see Delworth et al. 2006).

The land model used in both CM2.0 and CM2.1 is the
Land Dynamics model (LaD) as described in Milly and
Shmakin (2002). Surface water is routed to ocean des-
tination points on the basis of specified drainage basins.
The land cover type in the model uses a classification
scheme with 10 different land cover types.

The ocean model (Gnanadesikan et al. 2006; Griffies
et al. 2005) has a nominal grid spacing of 1° in latitude
and longitude, with meridional grid spacing decreasing
in the Tropics to 1/3° near the equator, and uses a tri-
polar grid to avoid polar filtering over the Arctic. The
model has 50 vertical levels, including 22 levels with
10-m thickness each in the top 220 m. A novel aspect is
the use of a true freshwater flux boundary condition.
The ocean components of CM2.0 and CM2.1 differ in
parameter settings for some subgrid-scale physics and
time stepping (Delworth et al. 2006).

The sea ice model, identical in the two models, is a
dynamical model with three vertical layers and five ice
thickness categories. The model uses the elastic viscous
plastic rheology to calculate ice internal stresses, and a
modified Semtner three-layer scheme for thermody-
namics (Winton 2000).

For comparison to observed surface temperatures,
the HadCRUT2v dataset (available online at http://
www.cru.uea.ac.uk/cru/data/temperature/) is used. This
dataset (1870–2004) combines the land surface air tem-
perature data of Jones and Moberg (2003) with the
HadSST1 sea surface temperature (SST) data of Parker
et al. (1995) and Rayner et al. (2003), where variance
adjustments have been applied to both land and ocean
data (Jones et al. 2001). Trends in this study refer to
simple linear trends computed using least squares re-
gression.

3. Climate forcings for historical runs

For the historical forcing simulations described in
this report, the models were integrated for a period of
140 yr using a time-varying specification of various cli-
mate forcing agents representative of conditions from
1861–2000. An ensemble of such integrations was cre-
ated for each model using initial conditions obtained
from widely separated (40 yr �) points in multicentury
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control integrations with fixed 1860 radiative forcing
and land surface conditions.

The time-varying forcing agents included CO2, CH4,
N2O, halocarbons, tropospheric and stratospheric O3,
anthropogenic tropospheric sulfates, black and organic
carbon, volcanic aerosols, solar irradiance, and the dis-
tribution of land cover types. The time variations were
based on a combination of observations and reconstruc-
tions for the late nineteenth and twentieth centuries.
The change in net radiative forcing at the tropopause
from 1860 to 2000 in the all-forcing experiments is 2.8
W m�2. Atmospheric dust and sea salt concentrations
are specified as a function of season but do not change
from year to year. A brief description of the land cover,
solar, and volcanic aerosol datasets is given below, as
well as some comments on the (omitted) indirect aero-
sol effects. A comprehensive discussion of the data
sources for the time variations and other details of all
the forcings and their uncertainties are provided in V.
Ramaswamy et al. (unpublished manuscript; see also
http://nomads.gfdl.noaa.gov/CM2.X/faq/question_
13html and http://nomads.gfdl.noaa.gov/CM2.X/
references/).

The land cover–type change history is based on the
Hurtt et al. (2006) global land use reconstruction his-
tory. Changes in land cover type affect the model’s sur-
face albedo, surface roughness, stomatal resistance, and
effective water capacity. Solar variations over the pe-
riod 1882–2000 are implemented as a function of wave-
length, using data provided by J. Lean (Lean et al. 1995;
J. Lean 2003, personal communication; see also Hough-
ton et al. 2001).

The volcanic aerosol dataset was developed based on
volcanic aerosol optical depth for visible band compiled
from different sources by Sato et al. (1993). This dataset
was subsequently improved by Hansen et al. (2002) and
the column-averaged zonal mean effective radius was
provided for the entire period. During the satellite era
the aerosol characteristics are mostly based on Strato-
spheric Aerosol and Gas Experiment (SAGE) obser-
vations. Using these data, the aerosol extinction, single
scattering albedo, and asymmetry parameter were cal-
culated for the entire spectrum following Stenchikov et
al. (1998).

As mentioned previously, the model runs do not in-
clude the indirect effects of aerosols [see Lohmann and
Feichter (2005) for definitions and detailed discussion].
While the first indirect effect (cloud albedo) likely leads
to a large negative forcing value at the tropopause or
top of atmosphere (�1 W m�2), the full indirect effect
(i.e., first � semidirect � second effects together) leads
to a flux change that could be substantially different
from �1 W m�2. Therefore, it is difficult to have con-

fidence in speculations on the response to the omitted
indirect aerosol effects, particularly since cloud feed-
backs are also involved in the indirect effect. However,
there is evidence that the forcing is likely to be negative
in Northern Hemisphere midlatitudes (Ming et al.
2005). Of equal or even greater importance than the
tropopause/top-of-atmosphere forcing could be the sur-
face forcing due to the indirect effect, but this too has
great uncertainty associated with it.

4. Control simulations

Multicentury control runs of both the CM2.0 and
CM2.1 models, with constant radiative forcing agents
and land cover type appropriate to 1860 conditions,
were performed as a preliminary step. For these inte-
grations, the model ocean was initialized from observed
(Levitus) conditions and integrated for 300 (CM2.0) or
220 (CM2.1) years using 1860 radiative forcing and land
surface conditions. The end of this spinup was used as
the initial condition for the control runs described here.
Further details of the initialization of the runs are given
in Stouffer et al. (2006) and Delworth et al. (2006), and
are similar to that described in Stouffer et al. (2004).
The control runs provide an estimate of the climate
model’s internal variability (variability in the absence
of external forcing changes) and an estimate of any
long-term drift in the model that results from the
coupled model’s climate not being fully equilibrated
with the 1860 forcing. The long control runs also pro-
vide widely separated initial conditions (particularly
three-dimensional ocean initial conditions) to use to
initiate independent ensemble members for the histori-
cal forcing scenarios. This statistical sampling of control
run ocean initial conditions is necessary because the
true three-dimensional state of the ocean from 1860 is
poorly constrained by observations. A separate pair of
control runs with constant 1990 climate forcings was
also completed, and is used in this paper only for the
maps comparing observed and simulated local interan-
nual variability. The 1990 control runs were used for
this comparison since the observations are from this
general time period.

a. Global mean temperature variability

Figure 1 summarizes a number of aspects of the
CM2.0 and CM2.1 control runs used in the study in
terms of global mean reference atmospheric tempera-
ture at 2 m above the surface (T_ref). The CM2.0 con-
trol run (Fig. 1a) consists of 500 yr of simulation, which
was preceded by a 300-yr spinup period (Delworth et
al. 2006), of which the last 90 yr is shown in Fig. 1a. The
time series of T_ref shows that the CM2.0 model con-
tinues to warm at a rate of about 0.2°C (100 yr)�1 for at
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least 100 yr past the initial spinup period. After about
year 100, the model continues to warm but at a much
slower rate. This latter period (years 101–500) of fairly
constant, more moderate drift is used as the trend
analysis period for the CM2.0 runs, except as described
in the text.

Figure 1a shows the three 140-yr periods of the
CM2.0 control run that correspond to the three 140-yr
all-forcing historical runs for that model (h1–h3). Note
that the first CM2.0 historical run (h1) was initiated

from a point in the control run (year 1) in which the
model was continuing to drift warm at a substantial
rate. In retrospect, a better choice of initial condition
for h1 would have been after year 100 of the control
run. However, the need to have several completed his-
torical scenario runs for an IPCC model intercompari-
son project necessitated the choices made. To adjust for
the effects of control run drift, the 140-yr time series
from historical run h1 are adjusted by subtracting the
trend of the control run over the same 140-yr time in-
terval. Historical runs h2 and h3 are adjusted by sub-
tracting the trend of the control run over the longer
subsequent period (years 101–500).

The evolution of global mean T_ref in the CM2.1
control run is shown in Fig. 1b. Following a precontrol
run spinup period of 220 yr (of which only the last 100
yr are shown), the model exhibits a moderate warming
trajectory of about 0.1°C (100 yr)�1 for years 1–300 of
the control run, followed by a more gradual warming
trend during years 301–1600. For our trends analysis in
this study, we consider these two epochs (years 1–300
and 301–1600) separately, and remove the long-term
drift from them separately. Note that all five all-forcing
historical runs for CM2.1 (H1–H5) were run during the
period in which the control run had a moderate but
relatively stable degree of drift. These historical runs
are adjusted for control run drift by subtracting the
trend of the control run over years 1–300.

The red curves in Figs. 1a,b are the observed global
mean annual mean temperature anomaly series based
on the HadCRUT2v dataset. An arbitrary vertical off-
set has been added to the anomaly series to display it
for reference alongside each control run annual mean
temperature series. The pronounced warming in the
observed global mean series clearly exceeds the inter-
nal variability of either the CM2.0 or the CM2.1 control
runs. This is evident in Fig. 1 after accounting for the
long-term adjustments mentioned above, by comparing
observations with the later (relatively low drift) centu-
ries of the control runs. This finding is consistent with
numerous previous studies (e.g., Stouffer et al. 2000),
which find that the observed global mean surface tem-
perature warming exceeds changes due to internal cli-
mate variability as simulated by long control runs of
several global coupled climate models.

b. Geographical distribution of interannual
variability

A preliminary assessment of a climate model’s inter-
nal variability can be made by comparing maps of the
local interannual standard deviation of surface tem-
perature between model and observations. The stan-
dard deviation of annual means includes variance on

FIG. 1. Time series of global mean reference temperature
(T_ref) from (a) CM2.0 control run and (b) CM2.1 control run
(black curves). The red curves in each diagram are the observed
surface temperature anomalies from HadCRUT2v (see text). The
observations are offset by an arbitrary constant and are presented
only as a reference trend comparison for the model results. The
straight line segments connecting “x” marks depict different seg-
ments of the control run, including the segments corresponding to
the historical forcing runs. The line segments superimposed on the
time series illustrate the periods used for detrending of the post
spinup segments of the control run. The spinup segments corre-
spond to preliminary parts of the integration that are not ana-
lyzed. Note that the two diagrams have time axes of different
lengths.
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