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ABSTRACT

Natural variability of the climate system imposes a large uncertainty on future climate change signals simulated by
asingle integration of any coupled ocean—atmosphere model. Thisis especialy true for regional precipitation changes.
Here, these uncertainties are reduced by using results from two ensembles of five integrations of a coupled ocean—
atmosphere model forced by projected future greenhouse gas and sulfate aerosol changes. Under a business-as-usual
scenario, the simulations show a global warming of ~1.9°C over the twenty-first century (continuing the trend observed
since the late 1970s), accompanied by a~3% increase in global precipitation. Stabilizing the CO, level at 550 ppm re-
duces the warming only moderately (by ~0.4°C in 2100). The patterns of seasonal-mean temperature and precipitation
changein thetwo casesare highly correlated (r = 0.99 for temperatureand r = 0.93 for precipitation). Over the midlatitude
North Atlantic Ocean, the model produces a moderate surface cooling (1°—2°C, mostly in winter) over the twenty-first
century. This cooling is accompanied by changes in atmospheric lapse rates over the region (i.e., larger warming in the
free troposphere than at the surface), which stabilizes the surface ocean. The resultant reduction in local oceanic con-
vection contributes to a 20% slowdown in the thermohaline circulation.

1. Introduction

Astheworld economy and population grow inthe
twenty-first century, atmospheric concentrations of
CO, and other greenhouse gases are likely to continue
to rise (Nakicenovi¢ and Swart 2000). Credible pro-
jections of future climate changesinduced by thesein-
creases have many practical applications (e.g., for
climate impact assessments and to guide future emis-
sions controls). Most previous simulations of such
changes using coupled ocean—atmosphere general cir-
culation models (GCMs; Manabeet al. 1991; Cubasch
et al. 1992; Mitchell et al. 1995; Roeckner et al. 1999;
Russell and Rind 1999; Boer et al. 2000; Meehl et al.
2000a,b; Dai et a. 2001a) have been carried out using
a single realization for each emissions scenario.
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However, itiswell-known that individual realizations
show considerable differences from run to run (e.g.,
Delworth and Knutson 2000), since each runincludes
its own specific realization of themode’ sinternal vari-
ability. These differences cause uncertaintiesin model-
simulated climate changes that are in addition to
uncertainties associated with a model’s climate sen-
sitivity and other intermodel differences (Allen et al.
2000) and with future emissions (Kattenberg et al.
1996). While areal and temporal averaging can partly
reduce uncertainties related to internal variability,
intraensemble differences can still make climate
changes on regional (L ~ 10°km) and smaller scales
from singleredlizations noisy and irreproducible (Dai
et al. 20014).

The preferred solution to this problem is to carry
out multiplerealizations (an ensemble) for each emis-
sions case (starting from different initial conditions),
and to average these. Ensembles have been usedin cli-
mate studies with GCMs (e.g., Cubasch et al. 1994;
Zwiers 1996; Hansen et al. 1997; Rowell 1998;
Deworth and K nutson 2000; Wehner 2000; Stott et al.
2000, 2001). Most previous work, however, has em-
ployed only relatively short ensemble simulations or
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has focused on ensemble variability (relative to sig-
nal) rather than on the prediction of future climate
changes under likely future emissions scenarios. An
exception isthe recent study by Mitchell et al. (2000)
who applied a coupled GCM (HadCM2) to examine
the effect of stabilizing atmospheric CO,on global and
regional climate changes. These authors used, as an
idealized baseline, an ensemble of four integrations
under a1% yr* CO, increase (with no sulfate agrosol
or other greenhouse gasforcings) and compared these
results with single integrations under two different
CO, stabilization scenarios.

Here, we present results from two ensembles of
fiveintegrations of acoupled ocean—atmosphere GCM
forced with projected concentrations of greenhouse
gases and sulfate aerosolsfor the twenty-first century.
We use aredlistic business-as-usual (BAU) scenario
asthe baseline and compare thiswith a CO, stabiliza-
tion (STA550) scenario (the scenario detailsare given
in Da et al. 2001a). Our study differs from previous
studies in the following ways: we use ensemble inte-
grations for both the BAU and STA550 cases, wein-
clude a full range of greenhouse gas changes in our
scenariostogether with sulfate aerosol effects, and we
use a model in which there are no artificial flux
adjustments.

2. Model, emissions scenarios, and
experiments

The coupled ocean—-atmosphere model used here
istheParallel Climate Model (PCM; Washington et al.
2000). The PCM is global in domain and consists of
an atmospheric GCM (T42 truncation, ~2.8° lat/long
resolution, with 18 vertical layers), an ocean GCM
(~2/3° average resolution with 32 vertical layers), a
land surface model, and a sea-ice model. The PCM
does not use flux adjustments. It produces a stable cli-
mate (except for the deep oceanswherethereisasmall
cooling with time) under current conditions that is
comparable to observations (Washington et al. 2000;
Dai et a. 2001b) and has near-observed El Nifio am-
plitude and spatia patterns (Meehl et a. 2001).

The development of the two future scenarios (BAU
and STA550) of greenhouse gas (CO,, CH,, N,O, O,
and CFCs) concentrations and SO, emissions is de-
scribed in Dai et al. (20014). The two scenarios were
designed to be a“matched” pair. The only difference
between the two scenariosisin the CO, concentration:
the CO, increase rate is substantially lower under the
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STAS550 scenario and CO, concentrations are projected
to stabilize at 550 ppmin 2150 following Wigley et al.
(1996). Internally consistent emissions for CO, and
SO, were generated (under the BAU scenario) using
an energy-economics model (Edmonds et al. 1997)
driven by regionally specific assumptionswith regard
to population growth, economic growth, energy use
per capita, technology development, etc. The CO, level
intheyear 2100is~710 ppminthe BAU case (which
is similar to the average of all concentration projects
under the Intergovernmental Panel on Climate
Change's (IPCC) Special Report on Emissions Sce-
narios (SRES) no-intervention-policy emissions sce-
narios (Naki enovi and Swart 2000) and is~540 ppm
under the STA550 scenario. Global SO, emissions
peak around 2005 (at 81 Tg Syr?, 1 Tg=10*g) and
then decline steadily until 2080 when they stabilize
at ~30 Tg Syr™. These SO, emissionslie well within
the range of SO, emissions in the SRES scenarios
(Naki¢enovi¢ and Swart 2000). Atmospheric sulfateload-
ings under the SO, emissions were taken from earlier
simulationsusing the National Center for Atmospheric
Research (NCAR) Climate System Model (CSM);
(Dal et a. 2001a). Our BAU scenario, whichwasdevel -
oped beforethe IPCC SRES scenarioswere available,
iscloseto the average behavior of all SRES scenarios.

The simulations started from 1870 using different
conditions obtained from acoupled spinup integration
for each ensemble run and were integrated through
1999 using greenhouse gas concentrations and sulfate
loadings based on observations (Dai et a. 2001b). The
climate conditions at the end of the historical smula-
tionsare comparableto recent observations. The simu-
lations were extended into the twenty-first century
using the projected greenhouse gas concentrations. A
230-yr control run with trace gas concentrations ap-
propriatefor 1870 was also completed. Two 5-member
ensembles of runs from 1870 to 2099 were used to
derive the ensemble mean and ensemble rangefor the
historical, BAU, and STA cases. The ensemblerange
was defined as the largest value minus the smallest
valueintheensembleat each year. For aGaussian pro-
cess, this minimum-to-maximum rangeis 2.475times
the standard deviation for 5-member ensembles.

3. Temperature and ocean circulation
changes

Figure 1 shows the ensemble mean and range for
globally averaged, annual-mean surface air tempera-
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ture. For the twentieth century, the 2.8

rapid warming since the late 1970s

was s mulated well whereas the warm- o

ing around 1940 was not captured by

any of the model runs. Increasing the ”o

number of the ensemblerunsto 10 for

the twentieth century also failed to

capture the peak warming around

1940. Thisisin contrast to an earlier

study (Delworth and Knutson 2000),
which found that 1 of 5 ensembleruns

using the Geophysical Fluid Dynam-

0.8

ics Laboratory (GFDL) model forced

with greenhouse gases and sulfate re-
0.4

produced both the peak warming

around 1940 and thewarming after the
late 1970s. Adding solar forcing (i.e.,

Global Mean Temperature Anomaly (deg.C)

0.0

changing the solar irradiance based on

observations) inour experimentspro-  _;,

1870

duced much better agreement between
the observed and simulated twentieth
century global-mean temperature
(Meehl et al. 2001, manuscript sub-
mitted to J. Climate).

The ensemble-averaged, global-
mean surface warming from 1990-99
to 209099 is ~1.9°C under the BAU
scenario and ~1.5°C under the STA550
scenario (Fig. 1 showsthefull time series). The BAU
and STA550 warmingsare very similar to those simu-
lated by the CSM (Dai et a. 20014a). Interdecadal varia-
tions of theensemblemeanin Fig. 1 are, asonewould
expect, smaller thaninthe CSM singleintegration. The
ensemble-mean temperatures under the BAU and
STABS50 scenarios start to diverge in the 2040s, but
become significantly different only after the mid-
2060s when the ensemble ranges no longer overlap
(Fig. 1).

The ensemblerange of the 20-yr smoothed global-
mean temperature is ~0.25°C during 1870-1980 and
becomes dlightly smaller (~0.20°C) after 2050 (under
both scenarios; Fig. 1). This ensemble range is simi-
lar to the peak-to-trough amplitude of 20-yr smoothed
variationsin the control run.! Thisresult suggeststhat
the ensembl e uncertainty of coupled GCM simulations

to 2099 simulated

whereas the thick

from a control run

The range shown in the control run over different time periods
may be considered as a measure of the model’ s internal variabil-
ity or the ensemble range of control runs since along and stable
control run can be sliced into several shorter (ensemble) runs.
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Fic. 1. Globally averaged, annual-mean surface air temperature change from 1870

by the PCM under the historical greenhouse gas and sulfate aero-

sol forcing (red solid curves) and the BAU (red dashed curves) and STA550 (green
dashed curves) future scenarios. The smoothed thin curves are ensemble ranges

curves are ensemble averages. The thick purple curve is observed

surface temperature from Nicholls et al. (1996 and updates). The black curves are

ariseslargely from themodel’ sinternal variability and
that this uncertainty may be estimated using control
run data.

The pattern of surface warming from 1961-90 to
2070-99 under the BAU scenario shows that the
warming ranges between 1° and 2°C over the oceans
and is above 2°C over many land aress, especialy in
northern high latitudes during winter wherethewarm-
ing isabove5°C (Fig. 2). (We use 30-yr mean hereto
reduce noise in the spatial patterns.) The ensemble-
averaged spatial patternsof seasonal- and annual-mean
surface warming are very similar under the BAU and
STA550 scenarioswith spatial correlation coefficients
around 0.990. The spatial patterns (Fig. 2) are gener-
aly similar to those from other transient experiments
using coupled GCMsforced by CO, or CO,-plus-aerosol
changes (Kattenberg et al. 1996; Mitchell et a. 1998;
Roeckner et al. 1999; Boer et al. 2000; Dai et al.
2001a).

The PCM produces a moderate surface cooling
(1°=2°C, mostly during winter) from 1961-90 to
2070-99 over the central midlatitude North Atlantic
Ocean (Fig. 2). Thiscooling islarger at the ocean sur-
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Fic. 2. Ensemble-averaged surface air temperature changes (°C) from 1961-90 to 2070~
99 under the BAU scenario for (top) DJF, (middle) JJA, and (bottom) annual mean. Almost
all the changes are statistically significant at the 5% level.

face than in the air (Fig. 3a). In most other similar
model simulations, thereis no such cooling, although
the warming is often reduced over the northern North
Atlantic compared to other regions. Two exceptions
are the Goddard Institute for Space Studies (GISS)
coupled model (Russell and Rind 1999) and HadCM 3
(Wood et a. 1999). The GISS model showed 2°—4°C
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cooling over the North Atlantic and South Pacific and
a 30% dowdown in the North Atlantic thermohaline
circulation at the time of the doubling of atmospheric
CO,. A small surface cooling (~1.0°C) is also seen
over the northern North Atlantic (associated with weak-
ening of convection in the Labrador Sea) in one of the
HadCM 3 experiments at thetime of CO, quadrupling.
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Russell and Rind (1999) suggested that, in their
model, theinitial cause of the cooling isrelated toin-
creased atmospheric poleward transport of latent heat
energy and dry static energy, which leads to are-
ductioninthe upward vertical fluxes of heat and mois-
ture from the ocean surface at high latitudes. This
stabilizes the ocean and reduces both convection (in
the North Atlantic) and the strength of the thermoha-
linecirculation. These changesresultin lesswarm wa-
ter brought up from below and less heat transport from
the tropical Atlantic, causing the cooling over the
North Atlantic.

In the PCM, the initial triggering cause for the
cooling over the North Atlantic is different: it results
from changesin the ocean circulation (Dai et al. 2001,
manuscript to be submitted to Climate Dyn.), and at-
mospheric lapse rates over the region as greenhouse
gas-induced radiative heating warms the free tropo-
sphere more than the surface (Fig. 4). The dlower re-
sponse of surface temperaturesto theradiativeforcing
during the late twentieth and early twenty-first cen-
turies (Figs. 3aand 4) results, in part, from rapid ver-
tical mixing in the midlatitude North Atlantic. This
oceanic mixing transports heat from the surface into
the deep ocean and thus keeps surface temperatures
relatively stable during the early stages of the green-
house gas-induced warming (Fig. 3a). The free-
tropospheric temperature, on the other hand, is not
closely coupled with the sea surface temperature and
risesfairly uniformly over northern midlatitudesin re-
sponse to longwave radiative heating from increased
water vapor (Fig. 4), CO,, and other greenhouse gases.

The lapse rate changesinitiate acomplex series of
processes. 1) By the 2040s, the change in lapse rates
exceeds athreshold where the lower troposphere over
the cooling region becomes so stable that atmospheric
moist convection, asindicated by convective precipi-
tation (Fig. 3b), surface sensible, and, more impor-
tantly, latent heat fluxes (Fig. 3c) begin to decrease
rapidly. 2) This reduction in surface latent heat flux
results in substantial decreases in net upward water
flux (i.e., evaporation minus precipitation or E-P;
Fig. 3c). 3) This reduces surface salinity from 1961—
90 to 207099 over the cooling region by about 0.5—
1.0 parts per thousand (not shown), which resultsin a
4%—-8% decrease in the density of surface water
(equivalent to the effect of awarming of about 3°-6°C;
Pickard and Emery 1990, their p. 18). 4) Thissurface
freshening, combined with freshening of coastal water
dueto melting of seaice, decreases deep water formar
tionin the North Atlantic and reduces the meridional
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overturning (i.e., the thermohaline circulation) in the
North Atlantic sector by ~20% from 1961-90 to
207099 (Fig. 5; similar percentage changes for the
global oceans). 5) Thischangein meridional overturn-
ing results in a reduction of northward heat transport
from the tropical Atlantic to the midlatitude North
Atlantic (Fig. 6, which also shows large decreasesin
northward heat transport in the tropical South Atlan-
tic). For the zone from ~45° to 57°N (where the cool-
ing occurs), thereisnet heat divergencein the surface
layer (top 50 m) from 1961-90 to 207099 (i.e., there
isan increase in the amount of heat being transported
to the south and north; Fig. 6). 6) It isthis heat diver-
gence, combined with reduced local vertical mixing
that causesthe cooling over the midlatitude North At-
lantic Ocean.
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Fic. 3. Area-averaged anomalies (relative to the 1871-1999
mean) over the North Atlantic Ocean (46°-56°N, 17°-38°W):
(a) surface air and seatemperature, (b) convective and large-scale
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anomalies were averaged over five ensemble runs.
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variationsin control runs. At the
end of the runs, the ensemble
ranges overlap only slightly,
4 which suggests that the differ-
encein the global-mean precipi-
tation signals under the BAU
and STA550 scenarios does not
become statistically significant
until late in the twenty-first
century.

Regional precipitation chang-
escan differ substantially among
the ensembleruns, especialy in
the Tropics and subtropics and
- for seasonal precipitation. The
regional patterns of ensemble-
averaged precipitation changes
are, however, very similar be-
7 tween the BAU and STA550
scenarios (with slightly smaller
magnitudes for the STA550
case) (Fig. 8). The pattern corre-

Air Temperature, Ta (deg.C)

Fic. 4. Ensemble-averaged lower-tropospheric temperature (T,) and specific humidity
(Q) for DJF averaged over the midlatitude North Atlantic Ocean (46°-56°N, 17°-38°W)
for 196069, 1990-99, 204049, 2090-99 (under the BAU scenario).

4. Precipitation, soil moisture, and
cloud changes

Figure 7 shows that from 1990-99 to 2090-99
under the BAU scenario, global-mean precipitation
increases from ~3.094 to ~3.195 mm day?, or by
~3.3%. Under the STA550 scenario, global-mean pre-
cipitation risesto only ~3.168 mm day, or by 2.4%.
The global-mean precipitation to temperature change
ratio (AP / AT) is~0.050 mm day ' K, or ~1.7% K1,
for the 1990-2099 period under both scenarios. This
may be compared with the average of 11 other mod-
els listed by Wigley (1999, his Table 2), which is
2.2% K (range 1.1%-3.0% K1).

The ensemblerange of the 20-yr smoothed global-
mean precipitation rate is ~0.020 mm day* (0.7%)
through the entireintegration period for both scenarios
(Fig. 7). Thisrangeiscomparableto (although dightly
larger than) the amplitude of the 20-yr smoothed varia-
tionsin the control run. Again, thisresult suggeststhat
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lation coefficients between the
BAU and STA550 panels in
Fig. 8 are 0.908 for December—
January—February (DJF) and
0.943 for JJA. These values are
substantially higher than those
(0.572 and 0.841) found by
Mitchell et al. (2000), who compared precipitation
patterns from an ensemble of four integrations under
al1% CO, increase with those from singleintegrations
under two different CO, stabilization scenarios. Our
results show that ensemble-averaged simulations can
provide reproducible estimates of regional precipita-
tion changes and that lowering the rate of future CO,
increaseswould not alter regiona precipitation change
patterns significantly.

In general, the ensemble-averaged precipitationin
the BAU case shows a20%-40% increase from 1961—
90to 2070-99 at high latitudes during winter (consis-
tent with other models; Kattenberg et al. 1996) and a
10%—30% decrease over the subtropical dry areas
(around 30° lat; Fig. 8). Other notable regiond changes
include a 20%—40% reduction in JJA precipitation in
the western United States, a 20%—40% decrease in
both DJF and JJA precipitation over the central
midlatitude North Atlantic, and a 20%—-40% increase
in JJA precipitation over eastern Australiaand over a
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region including western India, Saudi Arabia, and
Egypt (Fig. 8). Similar, but dightly smaller changes
occur in the STA ensemble mean.

The intraensemble variability at the gridbox level
can, however, be large even for annual-mean values of
temperature and precipitation. For example, annual tem-
perature changes can differ by 2°-3°C over the searice
areasat northern high latitudes among ensemble mem-
bers (>5°C for DJF temperature changes, not shown).
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Figure 9 shows a signal-to-noise ratio for annual-
mean temperature and precipitation changes from
196190 to 207099 defined by ensemble mean over
ensemble range. Thisratio isroughly 0.404 timesthe
ratio of ensemble mean over intraensemble standard
deviation (assuming a Gaussian distribution). It pro-
videsaguideto the statistical significance of thesimu-
lated changes—a value above 0.79 corresponds to a
mean-to-standard deviation ratio above 1.96 and thus
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is statistically significant at the 5% level. Under the
BAU scenario, the mean-to-range ratio for tempera-
ture change exceeds 4 over most areas except for re-
gionswith large variability (e.g., dueto seaice). This
signal-to-noise ratio is highest in the Tropics due to
smdl intraensemblevariahility there. Onthe other hand,
theratio for precipitationishighest (~1-7) at mid- and
high latitudes (Fig. 9) because of the small variability
and large changes for precipitation at these latitudes.
Soil moisture changesin the BAU ensemble mean
(from 196190 to 2070-99) are generaly small (+3%)
over most areas, with a2%—10% decrease over Europe
and western Asia, Canada, and Alaska; a 5%—10%
increase over eastern Chinaduring JJA; a2%-5% in-
creaseinnorthern mid- and high ltitudes; and a2%-10%
decrease over the southern United States and south-
eastern Australiaduring DJF (not shown). Changesin
the STAS550 case are similar to these over many aress.
Total cloud-cover changes are within £5% (of sky
cover) over most regionsin both the BAU and STA550
ensemble means, with a 2%—6% decrease over north-
ern mid- and high latitudes during DJF, and a 2%—6%
increase over northern high latitudes, eastern Asia, and
thetropical Indian Ocean during JA. Mid-level clouds
decrease while high-level clouds increase, asin pre-
vious GCM experiments (Kattenberg et al. 1996).

5. Discussion and summary

Ensemble averaging reduces the noise level in
model-simulated climate changes, especially on re-
giona and smaller scales. However, theresults of this
study still contain uncertainties resulting from model
deficienciesin simulating the climate response to any
given forcing and from uncertainties in future emis-
sions. The PCM has a climate sensitivity of ~2.1°C
global-mean warming for a doubling of atmospheric
CO,. Thissengitivity, whichisinthe lower half of the
1.5°-4.5°C range of most GCMs (Kattenberg et al.
1996), largely determines the magnitude of the simu-
lated global-mean warming by the end of twenty-first
century. It should be noted that the simulated global

warming over 1870-2099 is only ~70%? of the total
warming that will eventually occur dueto the forcing
over this period. This percentage is somewhat higher
than that (~50%) in the GFDL model (with 1% yr*
COQ, forcing), which hasamuch higher climate sensi-
tivity (~4.5°C) (Stouffer and Manabe 1999). The dif-
ference hereis consistent with the known dependence
on the climate sensitivity of the fraction of warming
that isrealized in time-dependent forcing simulations
(see, eg., Wigley and Schlesinger 1985).

Asaready noted, reduced levels of CO, reducethe
magnitude of the simulated changes (by the end of the
twenty-first century) only moderately® with no signifi-
cant differences in spatial and seasonal patterns of
change for both temperature and precipitation.
Compared with the BAU casg, the surface warming
under the STA550 scenario isreduced by afew tenths
of adegree over the oceansand tropical land areas, and
by 0.5°-1.0°C over mid- and high-latitudeland areas.
These reductions are somewhat smaller than those
obtained by Mitchell et a. (2000), partly becausetheir
simulations had higher forcing differences, and partly
because their model has a higher climate sensitivity
(2.5°C compared with 2.1°C for the PCM). Mitchell
et al.’ sresults also show similar patterns of changein
the BAU and stabilization scenarios, but the similari-
tiesarefar lessclear than in our simulations. Thismay
reflect the fact that they used only single realizations
for their stabilization runs.

Over the central midlatitude North Atlantic, there
isamoderate surface cooling (1°-2°C, mostly during
winter) from 196190 to 2071-99. Thiscoolingistrig-
gered by changes in the ocean circulation and atmo-
spheric lapseratesover theregion (i.e., larger warming
in the free troposphere than at the surface), which de-
creases surface evaporation and salinity and thus sta-
bilizes the surface ocean. The resultant reduction in
local oceanic convection contributes to a 20% slow-
downin thethermohaline circul ation and aheat diver-
gence in the top 50-m layer of the ocean over the
cooling region.

If the climate changes obtained here are redlistic,
our results show that the global warming trend since

This number was estimated as follows. The equilibrium or total warming for adoubling of CO, is ~2.1°C with aradiative forcing of
~3.5W m2 (Meehl et al. 2000a). The radiative forcing from 1870 to 2099 is~6.0 W m2 (Dai et al 20014), so the equilibrium warming
for thisforcing isabout 6.0 x (2.1/3.5) = 3.6°C. Therealized warming from 1870 to 2099 is~2.5°C (Fig. 1) or ~69% of the equilibrium

warming.

*The warming difference is, however, likely to increase substantially if the CO, trends of the two scenarios continue into the twenty-

second century (Dai et a. 2001c).
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thelate 1970s (see, e.g., Wigley 2000) islikely to con-
tinue through much of the twenty-first century. Efforts
to stabilize atmospheric CO, concentration at
~550 ppm will only slow down the warming moder-
ately, and the slowdown will only become apparent in
the mid-twenty-first century. Global precipitation un-
der the BAU scenario is likely to increase by ~3%
during the next 100 yr, with the largest (percentage)
increases over northern mid- and high-latitudes dur-
ing winter. Soil moisture changes by the end of the
twenty-first century are generally small (+3%) over
most areas. The CO, stabilization reduces these
changes by only small amounts.
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