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ABSTRACT

The observed climate trends over the United States during 1950–2000 exhibit distinct seasonality and

regionality. The surface air temperature exhibits a warming trend during winter, spring, and early summer

and a modest countrywide cooling trend in late summer and fall, with the strongest warming occurring over

the northern United States in spring. Precipitation trends are positive in all seasons, with the largest trend

occurring over the central and southern United States in fall. This study investigates the causes of the

seasonality and regionality of those trends, with a focus on the cooling and wetting trends in the central

United States during late summer and fall. In particular, the authors examine the link between the seasonality

and regionality of the climate trends over the United States and the leading patterns of sea surface temperature

(SST) variability, including a global warming (GW) pattern and a Pacific decadal variability (PDV) pattern.

A series of idealized atmospheric general circulation model (AGCM) experiments were performed forced

by SST trends associated with these leading SST patterns, as well as the residual trend pattern (obtained by

removing the GW and PDV contributions). The results show that the observed seasonal and spatial varia-

tions of the climate trends over the United States are to a large extent explained by changes in SST. Among

the leading patterns of SST variability, the PDV pattern plays a prominent role in producing both the

seasonality and regionality of the climate trends over the United States. In particular, it is the main con-

tributor to the apparent cooling and wetting trends over the central United States. The residual SST trend, a

manifestation of phase changes of the Atlantic multidecadal SST variation during 1950–2000, also exerts

influences that show strong seasonality with important contributions to the central U.S. temperature and

precipitation during the summer and fall seasons. In contrast, the response over the United States to the GW

SST pattern is an overall warming with little seasonality or regional variation. These results highlight the

important contributions of decadal and multidecadal variability in the Pacific and Atlantic in explaining the

observed seasonality and regionality of the climate trends over the United States during the period of 1950–2000.
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1. Introduction

The observed climate trends over the continental

United States during 1950–2000 exhibit distinct season-

ality and regionality. Figure 1 shows, for example, the

observed linear trends1 of the seasonal mean surface air

temperature and precipitation over the United States

during 1950–2000. The surface air temperature (Fig. 1a)

exhibits a prominent warming trend during winter and

spring with the strongest warming occurring over the

northern and western United States in spring. During

summer, the strong warming trend retreats, and a modest

cooling trend emerges over the southern and central

United States. The cooling strengthens and expands,

and covers almost the entire United States in fall. For

precipitation, most of the United States experiences an

increase for all the seasons except for a notable drying

trend over the northwestern coastal United States dur-

ing winter (Fig. 1b). The enhancement in precipitation

occurs mainly over the central and southern United States.

The positive trend is relatively steady from winter to sum-

mer but then increases substantially in fall.

The above results are summarized in Fig. 2, which

shows the regional average of the linear trend of the

surface air temperature over the continental United

States and the regional average of the linear trend of

precipitation over the central United States. While the

annual mean surface air temperature and precipitation

(the 14th bar) display general warming and wetting

trends during 1950–2000, the linear trends of these two

fields show distinct seasonal variations, as clearly illus-

trated by the spatially averaged results. The surface

warming (Fig. 2a) trend is prominent from winter to early

summer, achieving a maximum of 1.2 K in late winter and

early spring. A cooling trend is present from late summer

to fall with a peak amplitude of 20.3 K in early fall. The

precipitation (Fig. 2b) trend is positive for all seasons. The

amplitude of the precipitation trend is relatively steady

from midwinter to summer with a weak peak in late spring

and early summer. It then jumps markedly and reaches a

maximum in fall. The remarkable precipitation increase in

fall corresponds very well with the concurrent cooling

trend in surface air temperature. We note that the sea-

sonality based on a countrywide average (not shown) is

consistent with that based on the regional average over the

central United States for both surface air temperature and

precipitation in the Climate Research Unit (CRU) ob-

servations. Similar results (not shown) are obtained based

on other observational datasets, for example, the Global

Historical Climatology Network (GHCN) data.

While there is now considerable evidence for an im-

portant anthropogenic influence on annual mean sur-

face temperature trends during the latter half of the

twentieth century on continental and larger scales (Hegerl

et al. 2007), trends on subcontinental scales such as

those over the central United States, are less well un-

derstood. The regionality of the U.S. climate trends,

particularly the lack of a warming trend over the central

United States, has been investigated in several recent

studies. Based on a set of atmospheric general circula-

tion model (AGCM) experiments forced with observed

time-varying SST, Robinson et al. (2002) pointed to the

importance of tropical Pacific SSTs for an annual cool-

ing trend over the east-central United States during

1951–97, though it was unclear to what extent the tropical

Pacific SST changes are themselves related to natural

variability and to what extent they are associated with

global warming. In an analysis of the coupled models

simulations that were part of the Intergovernmental Panel

on Climate Change (IPCC) Fourth Assessment Report

(AR4) (2007) and were subjected to the observed evo-

lution of the external forcing, Kunkel et al. (2006) found

that, in contrast to the observed cooling trend over the

central United States, warming trends occurred through-

out the annual cycle in the coupled simulations. Fur-

thermore, they suggest that internal ocean–atmosphere

variability may have played a major role in determining

the surface temperature trends over the United States.

The observed linear trend of annual precipitation over the

United States was also not reproduced in most IPCC

AR4 coupled runs (C.-T. Chen 2007, personal commu-

nication). Using a regional climate model, Pan et al.

(2004) found that regional-scale land–atmosphere feed-

back processes may partly explain the observed ‘‘warm-

ing hole’’ in the central United States in the last 25 years

of the twentieth century.

While the above studies have made some progress in

understanding the nature of the surface temperature

trends over the United States, the causes for the sea-

sonality and regionality of the observed trends are still

not entirely clear. In particular, the seasonality of the

trends has not yet been systematically investigated. In

addition, the causes of the seasonal and regional varia-

tions of the observed precipitation increase over the

United States, particularly why the increase is largest in

fall, remain unresolved.

This study extends the above studies by further in-

vestigating the causes of the seasonality and regionality

of the observed climate trends of both surface air tem-

perature and precipitation over the United States dur-

ing 1950–2000, with a focus on the cooling and wetting

1 The linear trend of a field over a certain time period is defined

as the linear regression coefficient of the time series with respect to

time, multiplied by the length of the time period.
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trends in the central United States in late summer and

fall. The premise of our analysis is that the observed

U.S. trends during 1950–2000 are related to 1) trends in

the SSTs (and to external forcing to the extent the SSTs

trends are themselves forced), and 2) low-frequency

SST variability that is internal to the coupled ocean–

atmosphere evolution and that also projects onto the

U.S. trends.

As described in the next section, the linear trend of

the observed SST over 1950–2000 is decomposed into

FIG. 1. Linear trends of (a) surface air temperature (K) and (b) precipitation (mm day21) over the United States during

1950–2000 for seasonal means over December–February (DJF), March–May (MAM), June–August (JJA), and September–

November (SON). The data are from the dataset known as the CRU TS2.1 (Mitchell and Jones 2005).
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SST components associated with a global warming (GW)

pattern, a Pacific decadal variability (PDV) pattern, and a

residual pattern. By forcing the National Aeronautics and

Space Administration (NASA) Seasonal-to-Interannual

Prediction Project (NSIPP)-1 AGCM with various com-

binations of these SST anomalies both globally and over

specific oceanic basins, this study examines to what extent

the leading SST patterns explain the observed seasonality

and regionality of surface temperature and precipitation

trends over the United States during 1950–2000.

It is worth noting that the SST changes during 1950–

2000 are a superposition of the internal variability on

various time scales and the effects of both anthropo-

genic (e.g., greenhouse gases, aerosols, other man-made

forcings) and natural external (e.g., changes in the solar

irradiance and volcanic eruptions) climate forcings. Thus,

the AGCM simulations to be discussed below implicitly

include the effects of all of these external climate forcings

to the extent that their influences are part of the observed

SST time series.

Section 2 describes the observational datasets, the

model output, the methodology used to obtain the lead-

ing SST empirical orthogonal functions, and the design

of the AGCM experiments. In section 3 we examine and

evaluate the AGCM simulations, and assess the relative

roles of the leading SST EOFs in contributing to the

observed seasonality and regionality of the climate trends

over the United States. The summary and discussions

are given in section 4.

2. Data and AGCM runs

a. Data

The surface air temperature and precipitation obser-

vations used here are part of the CRU TS 2.1 dataset,

which is publicly available online (http://www.cru.uea.

ac.uk; see Mitchell and Jones 2005). The data have a

spatial grid of 0.58 latitude 3 0.58 longitude. We use

monthly mean fields over the period 1950–2000. The

CRU TS 2.1 data are consistent with the GHCN data in

representing regional and seasonal variation of the U.S.

climate trends (not shown), and the GHCN data are

known reliable observational datasets for long-term

climate trend detection (Solomon et al. 2007). We use

the CRU TS 2.1 data in this study mainly because of its

high spatial resolution. The observed SSTs are taken

from the Hadley Centre Global Sea Ice and Sea Surface

Temperature (HadISST) dataset (Rayner et al. 2003).

The monthly mean HadISST data over the period

1901–2000 are used to compute various leading patterns

(EOFs) of low-frequency SST variability and to provide

lower boundary conditions for a series of idealized

AGCM experiments described below.

b. NSIPP-1 AGCM and experiment design

For this study, the NSIPP-1 AGCM is run at hori-

zontal resolution 38 latitude 3 3.758 longitude and 34

unequally spaced s layers with high resolution (,200 m)

in the lower 2 km of the atmosphere. The dynamical core

of the model is described in Suarez and Takacs (1995).

The boundary layer scheme is a simple K scheme, which

calculates turbulent diffusivities for heat and momen-

tum based on Monin–Obukhov similarity theory (Louis

et al. 1981). The AGCM uses the relaxed Arakawa–

Schubert (RAS) scheme to parameterize convection

(Moorthi and Suarez 1992). The parameterization of

solar and infrared radiative heating is described in Chou

and Suarez (1994, 2000). The mosaic model (Koster and

Suarez 1996) is used to represent land processes. Veg-

etation is prescribed with a climatological seasonal cycle.

Details of the NSIPP-1 model formulation and its climate

are described in Bacmeister et al. (2000). The seasonal

predictability of the model is described in Pegion et al.

(2000) for boreal winter and in Schubert et al. (2002) for

boreal summer.

FIG. 2. Regional average of (a) the linear trend of surface air

temperature (K) over the continental United States (258–508N,

2358–2958E) and (b) the linear trend of precipitation (mm day21)

over the central United States (308–488N, 2508–2758E) during

1950–2000 for twelve 3-month running means and the annual mean

(the 14th bar).
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A number of long model simulations are used to

evaluate the performance of the NSIPP-1 AGCM in

simulating the observations, as well as for comparisons

with a series of idealized NSIPP-1 AGCM runs forced

by the leading low-frequency SST EOFs. The long

simulations, described in Schubert et al. (2004), consist

of an ensemble of fourteen 104-yr (1902–2005) runs

forced by observed monthly SSTs. These runs differ from

one another only in their initial conditions. The con-

centration of CO2 is fixed at the modern level, that is,

350 ppm. We focus here on the monthly mean surface air

temperature and precipitation for the period 1950–2000.

The SST anomalies for the series of idealized AGCM

experiments are obtained using the monthly Hadley

SST over 1901–2000. The 100 years of SST data allow us

to capture robust signals of natural long time-scale

variations, such as the PDV. Since we are primarily in-

terested in the low frequency signals that contribute to

the recent trends, we first linearly remove the higher

frequency El Niño–Southern Oscillation (ENSO) SST

signal at each grid point using a maximum lead–lag cross-

correlation analysis, described in Chen et al. (2008a).

The two leading EOFs (after removing the ENSO

signal) consist of a general warming pattern [referred to

as the global warming (GW) pattern] and a Pacific de-

cadal variability pattern (Chen et al. 2008a,b; see section

3b). The linear trend of SST for the period 1950–2000 is

then decomposed into the trends associated with the

principle components (PCs) of the first two EOFs, as well

as a residual trend computed as the difference between

the full linear trend and the sum of the trends associated

with the two leading PCs. Given that the linear trend of

the observed SST does not exhibit any distinct month-to-

month variations, all of the aforementioned linear trends

are computed over January 1950–December 2000, and

thus any seasonality of the SST trends is excluded.

We first carry out a control run forced with a SST

climatology that is computed for the years 1944–76, a

period during which the global mean SST does not ex-

hibit any significant trends. In an anomaly run, the

specified SST is the sum of the monthly SST climatology

(1944–76) and the linear trend of SST over 1950–2000

associated with one of the leading SST EOFs. Note that

the SST climatology varies from month to month, whereas

the SST anomaly is fixed throughout the entire integra-

tion. To ensure a robust response, all AGCM runs are

integrated for 100 years. The climatology of the runs is

obtained by averaging the data over the last 60 yr. Note

that the choice of averaging over 60 yr is rather arbi-

trary; averaging over any other time periods longer than

50 yr yields similar results. The difference between the

control run and the anomaly run is used to represent the

effect of the corresponding SST trend.

The idealized AGCM experiments are listed in Table 1:

they include the control run, and anomaly runs forced

with the full (1950–2000) linear trend of SST, the linear

trends associated with the GW EOF and the PDV EOF,

and the residual trend, over the global domain. To de-

termine the regional SST anomalies that have dominant

influences over the United States, we performed addi-

tional anomaly runs in which the AGCM is forced with

the leading SST EOFs and the residual trend over

specific ocean domains. They include the PDV EOF in

the Pacific only (608S–608N), the residual trend in the

Atlantic only (608S–758N), and the residual trend in the

Indian (608S–308N) and Pacific (608S–608N) Oceans. In

addition, to evaluate the importance of the spatial pat-

tern of the SST anomalies associated with the GW EOF

for the seasonality and regionality of the climate trends

over the United States, we also perform an experiment

in which the model is forced with a uniform SST warming

of 0.32 K. The value of 0.32 K is the latitude-weighted

average of the SST trend over 1950–2000 associated with

the GW EOF between 608S and 608N.

3. Results

a. AMIP simulations

Figure 3 shows the 1950–2000 linear trends of the

ensemble mean seasonal-mean surface air temperature

and precipitation over the United States computed from

the NSIPP-1 Atmospheric Model Intercomparison Pro-

ject (AMIP) simulations. The comparison of the climate

TABLE 1. List of the idealized AGCM experiments.

Expt SST

Control SSTClim (monthly SST climatology over 1944–76)

Total SSTClim 1 SSTA_Total (linear change of SST over January 1950–December 2000)

Global warming SSTClim 1 SSTA_GW (linear change of SST associated with GW EOF)

Uniform warming SSTClim 1 0.32 K

PDV SSTClim 1 SSTA_PDV (linear change of SST associated with PDV EOF)

PDV in Pacific SSTClim 1 SSTA_PDV_Pac (linear change of SST associated with PDV in Pacific)

Residual SSTClim 1 SSTA_Residual (SSTA_Total 2 SSTA_GW 2 SSTA_PDV)

Residual in Atlantic SSTClim 1 SSTA_Residual_Atl (linear change of residual SST in Atlantic)
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trends in the simulations with those in the CRU obser-

vations (Fig. 1) shows general consistency. In particular,

both simulated and observed surface air temperature

show a prominent warming trend in the central and

northern United States in winter and spring and a modest

cooling trend in the southern United States in spring.

The warming trend is particularly strong and extensive

during spring, with the maximum warming occurring

over the northwestern United States and the northern

plains. During summer, a strong cooling trend emerges

FIG. 3. Ensemble mean linear trends of seasonal mean (a) surface air temperature (K) and (b) precipitation (mm day21) over

1950–2000 in the NASA NSIPP-1 AMIP simulation for DJF, MAM, JJA, and SON. Note the use of a larger color scale for

precipitation in Fig. 3 relative to that in Fig. 1.
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and dominates over the central United States, with

weak regional warming to the west and east. During fall,

the strong cooling trend over the central United States

weakens slightly, shifts southwestward, and is surrounded

by significant warming trends in the southeast and north-

west portions of the United States.

The linear trend of simulated precipitation (Fig. 3b)

corresponds well with that of surface air temperature

(Fig. 3a), with an opposite sign, especially during the warm

season. Qualitatively consistent with the CRU observa-

tions, the simulated wintertime precipitation shows a no-

table reduction over the northwestern United States, and a

significant enhancement in the southern and southeastern

coastal United States. In spring, the drying trend over the

northwestern United States weakens notably, whereas

the precipitation increase in the southern United States

expands farther northward. During summer, a distinct

precipitation enhancement occurs over the central United

States, sandwiched between weak drying trends to the

west and east. There are regional wetting trends along the

east coast as well as the northern boundary of the United

States. During fall, the majority of the United States ex-

periences increasing precipitation, with the maximum

increase occurring over the southwestern United States.

The comparison between the model simulations (Fig. 3)

and the observations (Fig. 1) also shows some notable

differences. In general, the spatial distribution of the

climate trends over the United States in the AMIP en-

semble mean simulation is much more systematic and

organized than that in the CRU observations. This is

mainly because the 14-member ensemble mean filters

out the interensemble member noise and emphasizes

the signals forced by the SST. The relationship between

surface air temperature and precipitation trends is much

smoother in the simulation than in the CRU observa-

tions. In addition, the simulated climate trends of sur-

face air temperature and precipitation during the sum-

mer and fall months tend to be more localized and have

their maximum centers located to the east and/or south-

east of the Rockies, instead of farther east as shown in

the observations. Also, the amplitudes of the cooling

and wetting trends in the model simulation are sub-

stantially stronger than those in the observations (note

the use of different color scales). This likely reflects

an overall wet bias in the model’s precipitation clima-

tology (e.g., Lee et al. 2007). Despite these differences,

we conclude that the basic features of the seasonality

and regionality of the observed climate trends over the

United States are generally well reproduced in the

model ensemble-mean simulations.

The seasonality of the climate trends over the United

States in the NSIPP-1 AMIP runs and the comparison to

the CRU observations are more clearly illustrated in

Fig. 4, which shows the regional average of the linear

trend of surface air temperature over the United States,

and that of precipitation over the central United States.

The regional average over the central United States, in-

stead of the entire continent, for precipitation is chosen

mainly because, unlike for the observations, there is a

strong cancellation when averaging the model precipi-

tation trend over the continental United States. Figure 4

clearly demonstrates the general similarity of the trends

in the NSIPP-1 AMIP ensemble simulations and the

CRU observations. The CRU observations fall within the

spread of the NSIPP-1 ensemble simulations except for

surface air temperature during late winter and early spring

when the CRU observations show somewhat stronger

warming. Similar to what is found for the CRU obser-

vations, the simulated surface warming trend (Fig. 4a) is

present from winter to early summer, achieving its max-

imum intensity in late winter and early spring, whereas a

FIG. 4. Regional average of (a) the linear trend of surface air

temperature (K) over the continental United States (258–508N,

2358–2958E) and (b) the linear trend of precipitation (mm day21)

over the central United States (308–488N, 2508–2758E) during

1950–2000 for twelve 3-month running means, for each of the

14 members (thin colored lines), the 14-member ensemble mean

(thick black line with close circle) in the NSIPP-1 AMIP simula-

tions, and the CRU TS2.1 observations (thick black line with open

circle).
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notable cooling trend is present in late summer and fall

months, peaking in late summer. Despite considerable

intraensemble variability, most of the 14 ensemble mem-

bers show increasing precipitation trends throughout the

seasonal cycle, with the peak increase occurring in late

summer and early fall (Fig. 4b). There are some notable

differences between the ensemble mean simulation and

the observations, particularly in terms of the amplitude

of the climate trends. The ensemble mean simulation

significantly underestimates the magnitude of the ob-

served warming in winter and early spring, yet overes-

timates the observed precipitation enhancement for all

seasons. The simulated cooling amplitude in late sum-

mer and fall is somewhat stronger than that in the ob-

servations. Meanwhile, the amplitude of the precipita-

tion increase in the model simulation is at least twice as

strong as that in the observations for all seasons.

We conclude from the above results that the NSIPP-1

model, when forced with the observed SSTs, provides

a reasonably good simulation of the seasonality and

regionality of the observed climate trends over the

United States. The agreement between the NSIPP-1 en-

semble mean simulation and the observations highlights

the importance of the SST in forcing the observed spatial

and temporal distribution of climate trends over the

United States. Other factors, such as the direct effects of

external radiative forcings, coupled ocean–atmosphere

processes, observed trends of internal atmospheric vari-

ability (e.g., Arctic Oscillation), land use change, and

changes in sea ice, while potentially important, are not

included in the AMIP simulations. We note, however,

that Robinson et al. (2002) found that the annual mean

cooling over the east-central United States is present in

their AGCM runs forced by observed varying SST, re-

gardless of whether the increasing greenhouse gases and

other time-varying climate forcings are included. In the

following, we look in more detail at the role of SSTs in

forcing the seasonal and regional variations of the trends

in the U.S. surface air temperature and precipitation. We

begin by examining the 1950–2000 linear SST trends

associated with the leading low-frequency SST EOFs.

b. Leading SST patterns

Figure 5 displays the spatial distribution and temporal

evolution of the two leading EOFs of the monthly Hadley

SST (with ENSO linearly removed, see section 2b). On

the basis of their temporal evolution and spatial struc-

ture, which are detailed below, these two EOFs are re-

ferred to as the GW and PDV patterns, respectively

(Chen et al. 2008a,b). The GW and PDV EOFs explain

30% and 12% of the monthly SST variance, respectively.

The GW EOF (Fig. 5a) exhibits a general warming trend

over most of the oceanic regions. The largest warming

occurs in the Indian and Atlantic Oceans, whereas the

Pacific exhibits the weakest warming among the major

ocean basins. In addition, the SST warming in the extra-

tropics is stronger than that in the tropics. The time series

of the associated PC of the GW EOF (Fig. 5b) is similar to

the long-term change of global mean surface temperature

(Houghton et al. 2001). It is characterized by a significant

increase in the 1930s, a leveling off from the early 1940s to

1976, and a more pronounced warming trend afterward.

The distribution of the PDV EOF (Fig. 5c) is con-

sistent with that revealed in numerous previous studies

based on various statistical analyses (e.g., Zhang et al.

1997). In the warm phase, it is characterized by strong

warm SST anomalies in the central and eastern tropical

Pacific and distinct cooling in the North Pacific along

408N and the oceanic regions to the east and southeast

of Australia. There is a weak warming in the SH sub-

tropical Indian Ocean as well. The SST anomalies in the

Atlantic Ocean are generally small by comparison. In

contrast with the GW EOF where the main SST changes

occur in the Indian and Atlantic Oceans, the major

warming and cooling centers in the PDV EOF occur in

the Pacific. Moreover, from a zonal mean perspective,

the PDV EOF shows a strong tropical warming and a

cooling trend in the extratropics. The time series of the

PC of the PDV pattern (Fig. 5d) displays a positive

phase prior to the early 1940s, a phase change around

1944, a negative phase from 1944 to 1976, and then a

distinct phase shift around 1976–77, followed by a pos-

itive phase afterward. We note that the GW and the

PDV EOFs obtained using the Hadley SST are similar

to those computed from the Extended Reconstructed

SST (ERSST) and the NASA Goddard Institute for

Space Studies (GISS) Surface Temperature Analysis

(GISTEMP) data described in Chen et al. (2008a,b). A

detailed examination and discussion of the GW and the

PDV EOFs is given in Chen et al. (2008a,b).

Figure 6 shows (a) the total linear trend of the Hadley

SST, (b) the SST trend associated with the GW EOF, (c)

the SST trend associated with the PDV EOF, and (d)

the residual SST trend for the period from January 1950

through December 2000. The total linear trend (Fig. 6a)

is characterized by an El Niño–like change in the Pa-

cific, a strong warming trend in the Indian Ocean, and a

notable warming over the Southern Hemisphere (SH)

Atlantic Ocean. In contrast, the North Atlantic is cov-

ered by regional cooling off the southeast coast of the

United States, the tropical Atlantic, and the extra-

tropical Atlantic along 608N. The distributions of the

GW (Fig. 6b) and the PDV (Fig. 6c) patterns are the

same as those in Fig. 5 except that they show the am-

plitude of the linear trends of the SST anomalies asso-

ciated with these two EOFs over the period 1950–2000.
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The residual SST trend (Fig. 6d) exhibits regional cooling

over the Atlantic including a strong cooling trend over

the NH tropical Atlantic, a modest cooling off the

southeast coast of the United States, and a strong cooling

trend immediately south of Greenland and Iceland.

There are moderate warming trends over the tropical

Indian Ocean and the western Pacific, and regional

coolings that are off the west coasts of the American

continents. We note that the residual SST trend is basi-

cally the combination of the third (5.4%) and fourth

(5.0%) EOFs of the monthly Hadley SST that has ENSO

linearly removed (not shown). The features in the trop-

ical and the NH Atlantic project strongly onto the third

EOF, whereas the features in the other regions project

onto the fourth EOF. The PC of the former resembles

the Atlantic multidecadal variability (AMV) pattern

(Enfield et al. 2001), though the nature of the residual

SST trend is not entirely clear. The comparison among

the four panels in Fig. 6 indicates that the SST trends in

the Pacific, the Indian and SH Atlantic Oceans, and the

NH Atlantic Ocean are dominated by the PDV EOF, the

GW EOF, and the residual component, respectively.

These linear trends of SSTs provide the inputs for the

series of idealized AGCM experiments described next.

c. Contributions from the leading SST EOFs

Figure 7 shows the AGCM response of the surface air

temperature to the linear SST trends associated with (a)

the full SST, (b) the GW EOF, (c) the PDV EOF, and

(d) the residual SST field for each season. The com-

parison between the AGCM response to the specified

linear trend in SST (Fig. 7a) and the trends obtained

from the AMIP simulations (Fig. 3a) shows a striking

similarity, with only small differences. In particular, the

impact of having the full SST variability (inherent to the

AMIP run) is to only modestly enhance the surface air

temperature responses in winter and spring and con-

tribute to additional cooling over the far western and

eastern United States during summer and fall. Thus, our

idealized AGCM experiments with fixed SST anomaly

provide a useful framework for understanding the na-

ture of the U.S. trends.

The relative contributions of the SST EOFs are re-

vealed by comparing the AGCM response to the total

linear trend of SST to those of the various leading SST

EOFs. For all seasons, the AGCM response to the GW

EOF (Fig. 7b) differs significantly from the response to

the total trend in SST (Fig. 7a). The GW EOF mainly

FIG. 5. Spatial distribution (K) of (a) the GW and (c) the PDV SST EOFs, and the time series of (b) the GW and (d) the PDV SST EOFs.

The analysis is performed using the monthly HadISST over January 1901–December 2000.
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leads to a prominent warming over the entire country

with the maximum warming generally present over the

central United States. The spatial pattern does not re-

semble the AGCM response to the total trend in SST

overall. In winter, the strongest warming response is

over the Midwest and central United States. From

spring to fall, the GW EOF forces a strong warming re-

sponse over the central southern United States, in con-

trast with the AGCM response to the total linear trend

which displays a distinct cooling trend. The main con-

tribution of the GW EOF to the total trend appears to be

the notable warming trends over the western and eastern

United States during the summer and fall seasons.

In contrast with the GW EOF, the spatial pattern of

the AGCM response to the PDV EOF (Fig. 7c) shows a

considerable resemblance to that of the response to the

total trend (Fig. 7a) for all seasons. Similar to the results

shown in Fig. 7a, the PDV EOF forces a distinct

warming response over the northern United States and

a cooling trend farther south in winter and spring.

Nevertheless, the amplitude of the warming trend ap-

pears to be the strongest in winter. The cooling over the

southern United States is stronger and more spatially

extensive, especially in spring. During summer and fall,

the PDV EOF forces a distinct cooling trend over the

central United States. The cooling trend is slightly

weaker yet more widespread in fall than in summer.

There are, however, no significant warming responses on

the west and east sides of the cooling response in summer

and fall.

The response to the residual SST trend (Fig. 7d) is a

general cooling trend throughout the seasonal cycle.

During winter and spring, it mainly leads to a pro-

nounced cooling trend over western and central United

States and a warming response over eastern United

States. During summer, it forces a distinct cooling trend

over the central plains, though the response is weaker

and less extensive compared to that produced by the

PDV EOF. The cooling response extends westward in

fall, with a modest warming response to the east.

Figure 8 is the same as Fig. 7 except for precipitation.

The similarity of the precipitation response to the total

linear trend of SST (Fig. 8a) and the trend from the

AMIP ensemble mean simulation (Fig. 3b) is even

greater than that for surface air temperature, emphasiz-

ing the secondary importance of any seasonal variations

FIG. 6. Linear trends of (a) the HadISST, (b) the SST anomalies associated with the GW EOF, (c) the SST anomalies associated with the

PDV EOF, and (d) the residual SST component (K), over January 1950–December 2000.
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of the SST trend for the long-term changes of precipi-

tation over the United States.

The relative roles of the leading SST EOFs in pro-

ducing the trends of precipitation are similar to those

for surface air temperature. For all seasons, the pre-

cipitation response to the GW EOF (Fig. 8b) is gener-

ally opposite to the response to the total trend in SST

(Fig. 8a). Contrary to the general precipitation increase

shown in Fig. 8a, the GW EOF forces wetting trends

over the northwestern United States and drying trends

over the southern United States in winter and spring.

During summer and fall, there are drying responses over

the southern and central United States, with wetting

responses to the west. In contrast, the precipitation re-

sponse to the PDV EOF (Fig. 8c) is consistent with the

response to the total trend in SST in both spatial pattern

and amplitude, particularly for summer and fall. The

PDV EOF contributes to a modest precipitation re-

duction over the northwestern United States and a

rainfall increase over the southwestern and southeastern

United States in winter. In spring, the modest precipita-

tion reduction over the northwestern United States per-

sists, whereas the central and southern United States

shows a precipitation increase.

During summer, similar to the response to total SST

trend, the PDV EOF forces a distinct rainfall increase in

the central United States to the east of the Rockies and

modest drying trends to the east and southeast. The

rainfall increase weakens somewhat, yet becomes more

spatially extensive in fall, with the maximum precipi-

tation increase centered over the southwestern United

States. The residual SST trend makes a rather signifi-

cant contribution to the precipitation trends over the

United States in winter, summer, and fall as well. Dur-

ing winter, it contributes to the drying trend over the

northwestern United States and the wetting trend over

the southeastern United States. In summer, it forces a

notable precipitation enhancement over the central plains

surrounded by drying to the north and east. It also

produces a widespread wetting trend that centers over

the southwestern United States in fall. The precipitation

responses to the residual SST trend in summer and

fall are quite similar to the responses to the PDV EOF.

The contribution by the residual SST trend is, however,

somewhat weaker than that of the PDV EOF in sum-

mer, yet slightly stronger in fall.

To examine the relative roles of the leading SST

EOFs in accounting for the seasonality of the climate

FIG. 7. Surface air temperature (K) in the AGCM responses to the linear trends of (a) the total SST, (b) the SST anomalies associated with

the GW EOF, (c) the SST anomalies associated with the PDV EOF, and (d) the residual SST component, for DJF, MAM, JJA, and SON.
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trends over the United States, Fig. 9 shows the surface

air temperature response averaged over the United

States and the precipitation response averaged over the

central United States. The results of the AGCM re-

sponse to the Pacific component of the PDV EOF, the

Atlantic component of the residual SST trend, and the

uniform SST warming of 0.32 K are also included in

Fig. 9 for comparison. The AGCM response to the total

trend in SST is in good agreement with the AMIP en-

semble mean simulation, especially for precipitation.

The agreement between the AMIP and the AGCM

response to the total trend in SST over the central

United States is above the 95% statistical significance

for both surface air temperature and precipitation for all

seasons (not shown). Similar to the AMIP simulation,

the AGCM response to the total trend in SST exhibits

the maximum warming in spring and a cooling trend in

late summer and early fall. The precipitation response

shows a significant increase for all seasons with the

strongest increase occurring in late summer and fall.

However, the maximum warming in the response to the

total trend in SST occurs in spring instead of late winter

and early spring in the AMIP simulations. Moreover,

during summer and fall, owing to stronger cancellation

between the cooling trend over the central United States

and the warming trends in surrounding regions in the

AGCM response to the total SST trend (Fig. 7a), the

continental U.S. mean cooling trends are not as strong as

those in the AMIP simulation.

Figure 9 also shows that the GW EOF contributes to a

significant continental-mean warming of 0.8 K and a

drying trend that persists throughout all seasons. The

uniform SST warming of 0.32 K also leads to a general

warming and drying response over the United States for

all seasons, though the warming and drying amplitudes

are considerably weaker than those for the GW EOF.

The general similarity between the AGCM response to

the GW EOF and that to the uniform warming indicates

that the details in the spatial pattern of the GW EOF are

of secondary importance; they mainly contribute to a

modest warming and drying. In contrast, the AGCM

response to the PDV EOF resembles that of the response

to the total SST trend. The PDV EOF forces a warming

trend from winter to early spring and a cooling trend

from late spring to fall, with the strongest warming and

cooling trends occurring in winter and fall, respectively.

The PDV EOF forces a notable precipitation increase for

almost all seasons, the seasonality of which is qualita-

tively similar to that of the response to the total SST

trend in that the maximum precipitation increase occurs

FIG. 8. As in Fig. 7 but for precipitation (mm day21).
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in fall. Nevertheless, while the increase of precipitation in

spring is comparable to that in the AGCM response to

the total SST trend, the PDV EOF accounts for only

about half of the precipitation increase in the AGCM

response to the total SST trend during summer and fall.

The comparison in Fig. 9 between the responses to the

PDV EOF and to the Pacific-only part of the PDV

shows strong similarities for all seasons except winter

and early spring when the PDV EOF over the global

domain shows a stronger warming. This suggests that

the effect of the PDV EOF on the climate of the United

States mainly comes from the Pacific. The SST anom-

alies associated with the PDV EOF in other oceanic

basins mainly contribute to additional warming in win-

ter and early spring. In contrast to the GW and the PDV

EOFs, the residual SST trend leads to a country mean

FIG. 9. Distribution of (a) the surface air temperature (K) response averaged over the United

States, and (b) the precipitation (mm day21) response averaged over the central United States,

for twelve 3-month running means, in the NSIPP-1 AMIP ensemble mean simulation (black

line with open circle), the AGCM response to the total trend in SST (black line with close

circle), and the AGCM responses to the SST trends associated with leading SST EOFs over

global and specific ocean domains (colored lines).
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cooling of 20.18 K that persists throughout the year. Its

contribution to the enhanced precipitation over the

central plains is relatively insignificant from late winter

to midsummer and then increases dramatically in late

summer, reaches a peak in late fall, and gradually de-

clines afterward. The AGCM response to the Atlantic-

only residual SST trend shows a strong similarity to the

response to the residual SST trend for all seasons, in-

dicating that the influence of the residual SST mainly

comes from the Atlantic. It is noteworthy that the pre-

cipitation enhancement forced by the residual SST trend

is modestly stronger than that forced by the PDV EOF in

late fall and early winter. The effects of the PDV EOF

and the residual SST trend combine to give the maximum

wetting trend in fall. In addition, we note that, while the

nonlinearity in the AGCM responses is noticeable, it is

below the 90% statistical significance for the regional

mean surface air temperature for all seasons and pre-

cipitation for most seasons (not shown). Moreover, an

inspection of the spatial maps of the responses shows that

the nonlinearity is primarily in the amplitude, not in the

spatial pattern of the responses. Thus, any nonlinearity

that exists does not affect our main conclusions.

To compare the spatial pattern of the trends over the

United States among the various AGCM runs, Fig. 10

shows the spatial pattern correlation between the AGCM

response to the linear trend of total SST and other

AGCM simulations, including the idealized AGCM runs

and the NSIPP-1 AMIP ensemble mean simulation, over

the continental United States. Figure 10 clearly illustrates

the rather high spatial pattern correlations between the

AGCM response to the linear trend of total SST and the

trends in the NSIPP-1 AMIP ensemble mean simulation

for both surface air temperature (Fig. 10a) and precipi-

tation (Fig. 10b) throughout the seasonal cycle, and thus

highlights the inconsequential role of any seasonality of

the SST forcing in contributing to the spatial pattern of

the trends over the United States. The AGCM response

to the GW EOF has rather low correlation for surface air

temperature and notably negative correlation for pre-

cipitation for most seasons, emphasizing the secondary

role of the GW EOF in contributing to the spatial pat-

tern of the climate trends over the United States. The

insignificant pattern correlation for the uniform warm-

ing indicates that the general SST warming is unim-

portant for the spatial pattern of the U.S. climate trends.

In contrast, the AGCM response to the PDV EOF ex-

hibits rather high spatial pattern correlation for both

surface air temperature and precipitation, particularly in

summer and fall months. This further stresses the im-

portance of the PDV EOF in contributing to the spatial

pattern of the climate trends over the United States, es-

pecially in summer and fall. The correlation for the PDV

EOF limited to the Pacific is generally consistent with

that for the PDV EOF (over the global domain), though

with a slightly lower value, again suggesting that the ef-

fect of the PDV EOF mainly comes from the Pacific. The

contribution by the residual SST component is notable.

The correlation for surface air temperature is generally

low during winter and spring and then jumps to a value

as high as 0.7 in late summer and fall. The pattern cor-

relation for precipitation is also high (.0.6) for all sea-

sons except early spring. The correlation for the residual

SST component is even slightly higher than that for the

PDV EOF in winter and late summer. For both surface

air temperature and precipitation, the pattern correla-

tions for the residual trend limited to the Atlantic exhibit

strong similarity to those for the residual trend over the

global domain. This highlights the significance of the

residual SST component, particularly that in the Atlantic,

in forcing the spatial pattern of the cooling and wetting

trends over the central United States in late summer

and fall.

The above comparison of the AGCM response to the

total trend in SST and the responses to the leading SST

EOFs in Figs. 7–10 indicates that the PDV EOF, par-

ticularly the SST anomalies in the Pacific, plays a leading

role in producing the climate trends in both amplitude

and spatial pattern for all seasons. In contrast, the GW

EOF mainly forces a general warming and drying trend

throughout the seasonal cycle. This is partially offset by

the response to the residual SST trend, which consists of a

cooling trend for all seasons, and a significant enhance-

ment in precipitation over the central United States in

late summer and fall. The precipitation increases over the

central United States forced by the PDV EOF and the

residual SST trend peak in summer and fall, respectively.

The distinct wetting trend over the central United States

during summer is mainly forced by the PDV EOF and, to

a lesser extent, also by the residual trend, whereas the

strong precipitation enhancement in fall is comparably

maintained by both. Additional AGCM experiments

forced by residual SST trends limited to various subre-

gions of the Atlantic (not shown) show that the response

to the residual SST over the United States is mainly ex-

plained by the SST cooling trend over the NH tropical

Atlantic, a manifestation of the phase changes of the

AMV during the period 1950–2000.

4. Summary and discussions

The observed trends of surface air temperature and

precipitation over the United States during 1950–2000

exhibit distinct seasonality and regionality. This study uses

the NASA NSIPP-1 AGCM to investigate the causes of

these trends, particularly the cooling and wetting trends
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in late summer and fall. From model simulations forced

with the observed SST we find that the seasonality and

regionality of the 1950–2000 observed climate trends

over the United States can, to a large extent, be ex-

plained by the changes in SST. This relationship is fur-

ther explored by forcing the model with the trends

associated with the leading patterns of SST variabi-

lity consisting of a GW pattern, a PDV pattern, and a

residual pattern.

The results of the model simulations show that,

among the leading low-frequency SST EOFs, the PDV

EOF in the Pacific plays a prominent role in forcing the

spatial and seasonal variations of the climate trends

over the United States throughout the seasonal cycle.

The residual SST trend in the NH tropical Atlantic, a

reflection of the influences of the AMV, makes a com-

parable contribution to the cooling and wetting trends

during fall. In contrast, the SST changes associated with

FIG. 10. Spatial pattern correlation between the AGCM response to the total trend in SST,

and other AGCM simulations including the NSIPP-1 AMIP ensemble mean simulation (black

line with open circle) and the AGCM responses to the SST trends associated with leading SST

EOFs over global and specific ocean domains (colored lines), over the continental United

States, for (a) surface air temperature and (b) precipitation, for twelve 3-month running means.
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the GW EOF mainly provide a general warming and

drying response over the continental United States. In

fact, the effect of the GW EOF is similar to that of a

uniform oceanic warming, as one might expect from

greenhouse gases, the distribution and influence of which

are mainly uniform (Houghton et al. 2001; Solomon et al.

2007). In summary, our results highlight the essential

importance of decadal variability for understanding the

seasonal and regional variations of the climate trends

over the United States during the period 1950–2000.

The importance of the PDV for explaining the regional

variations of the U.S. climate trends revealed in this study

is consistent with Robinson et al. (2002). That study, using

a different AGCM (the NASA GISS model), found that

the annual cooling trend over the east-central United

States during 1951–97 is largely tied to the low-frequency

SST changes in the tropical Pacific. As a further assess-

ment of model dependence of our results, we have also

examined the 1950–2000 AMIP simulations made with

the National Center for Atmospheric Research (NCAR)

Community Climate Model 3 (CCM3) (Kiehl et al. 1998;

Seager et al. 2005) and the GFDL AM2.0 (Delworth et al.

2006) models (not shown). The results from those runs

regarding the seasonality and regionality of the U.S. cli-

mate trends (not shown) are in general agreement with

the current study. The main difference is in the season-

ality; the strongest cooling and wetting trends occur

in summer for the NCAR CCM3 and in late spring and

early summer for the GFDL AM2.0. In that regard, the

late summer and fall cooling and wetting trends in the

NASA NSIPP-1 model appear to be more faithful to

the observations. The general agreement between the

three models and the observations further supports the

important role of SST for the observed climate trends

over the United States during 1950–2000.

While we highlight the importance of decadal varia-

bility in determining the seasonal and regional charac-

teristics of the U.S. precipitation and surface tempera-

ture trends, our results do not contradict past studies

that have focused primarily on the area-mean annual

mean trends over continental and larger-scale regions.

In particular, they are not inconsistent with the IPCC

results showing the importance of anthropogenic forc-

ing in determining the warming trend over the United

States during the second half of the twentieth century

(Hegerl et al. 2007).2 Figures 11a and 11b show that the

observed area-mean annual mean warming trend over

the United States during 1950–2000 is, indeed, mainly

forced by the GW SST EOF, with the PDV SST EOF

and the residual SST component contributing to a

cooling trend. In contrast, the observed increasing area

mean annual mean precipitation trend over the central

United States is mainly forced by the PDV SST EOF

and the residual SST component, with the GW EOF

forcing a dry annual mean response. The contrast be-

tween the third bar and the seventh bar in Figs. 11a and

11b shows the extent to which the sum of the responses

to the individual forcing terms disagrees with the re-

sponse to the total trend forcing, that is, a measure of

the nonlinearity in the responses. The nonlinearity in

the responses has been tested to be statistically insig-

nificant for both U.S. mean surface air temperature and

central U.S. mean precipitation (not shown), and does

not affect our main conclusions.

As a further comparison between our results and

those from the IPCC AR4, we show in Figs. 11c and 11d

the seasonality of the surface air temperature and pre-

cipitation trends over the period 1950–99 from the 66

coupled simulations of the climate of the twentieth

century (20C3M, see Table 2) runs of the IPCC AR4

along with those from the CRU TS2.1 data and the

NSIPP-1 AMIP ensemble mean. Note that the choice of

1950–99 instead of 1950–2000 for the 20C3M runs is

because the former is the period when all 20C3M runs

have data available. The results show a considerable

spread among the various 20C3M ensemble members

for both surface temperature and precipitation trends.

While the annual-mean temperature trend of the 20C3M

runs is clearly positive, most of the runs tend to simulate

the strongest warming trend during late summer and

early fall. This is in contrast with the observations and the

AMIP ensemble mean simulations, which show the

strongest warming trend in winter and a moderate cool-

ing trend in late summer and fall. We note that the ob-

served precipitation trend over the central United States

is within the spread of the 20C3M runs throughout the

seasonal cycle (Fig. 11d). In addition, in contrast with the

NSIPP-1 AMIP ensemble mean, the ensemble mean of

the 66 20C3M runs shows considerable warming trends

and rather weak precipitation trends for all seasons, with

the strongest warming trend and weak drying trends

occurring in late summer and early fall.

The absence of the observed cooling trend in late

summer and fall in the 20C3M runs is not surprising in

view of our findings. Although some of the current gen-

eration of coupled general circulation models are capable

of simulating realistic PDV (Solomon et al. 2007), these

models need to reproduce the temporal phasing of the

observed decadal variability during 1950–2000 in order

to reproduce the observed seasonality and regionality of

2 We note that, while emphasizing the importance of changes in

SST, our study does not rule out other factors not considered here,

including the direct effect of changing greenhouse gases, aerosols,

and land use change as potential contributors to the seasonality

and regionality of the U.S. climate trends.
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the U.S. climate trends during that period. Given the

substantial internal variability and the fact that the

20C3M runs were not initialized with the observed at-

mospheric, land, and especially ocean states, it appears

unlikely that they would be able to reproduce the

temporal phasing of the observed PDV.

This study suggests that the climate trends over the

United States may be viewed as a superposition of in-

fluences from decadal variability and global warming.

The decadal variability alternately weakens and exag-

gerates the effect due to the anthropogenic warming.

For the period 1950–2000, the phase changes of the

PDV and the multidecadal variability in the Atlantic in

the 1970s significantly contribute to the cooling and

wetting trends over the central United States in the

summer and fall months, whereas the global warming

contributes to warming and drying. Over the central

United States, the effects of the former overwhelm that

of the latter, resulting in the observed net cooling and

wetting trends in that region. Thus, it appears that the

climate over the central United States during 1950–2000

was controlled more by decadal variability than by

global warming. The results also explain why the cli-

mate trends over the central United States, particularly

that of the surface temperature, differ from that of the

global mean as well as those over other continents

where the impact of global warming appears to be more

robust.

This study implies that, in the future, when the lead-

ing patterns of decadal to multidecadal variability in

the Pacific and Atlantic are in their negative and posi-

tive phases, respectively, they could lead to warming

and drying trends over the central United States dur-

ing summer and fall. This, in combination with global

FIG. 11. Regional average of linear trends of (a) annual-mean surface air temperature (K) over the United States and (b)

annual-mean precipitation (mm day21) over the central United States for the CRU TS2.1 observations, the NSIPP-1 AMIP

ensemble mean simulation, the AGCM responses to the total SST trend, the GW SST EOF, the DV SST EOF, the residual

SST component, and the sum of the AGCM responses to the GW SST EOF, the DV SST EOF, and the residual SST;

regional average of linear trend of (c) surface air temperature over the United States and (d) precipitation over the central

United States during 1950–99 for 66 20C3M individual runs (thin gray lines), the 66 20C3M ensemble mean (black line with

open square), the CRU TS2.1 observations (black line with close circle), and the NSIPP-1 AMIP ensemble mean simulation

(black line with open circle), for twelve 3-month running mean.
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warming, could result in even stronger warming and

drying trends over the United States, and thus more

frequent heat waves and drought events during summer

and fall.
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TABLE 2. List of IPCC AR4 CMIP3 20C3M model runs analyzed here. The IPCC AR4 coupled simulations of the climate of the

twentieth-century experiment are driven by external historical forcings, designated as ‘‘20C3M’’ runs in the World Climate Research

Program’s (WCRP’s) Coupled Model Intercomparison Project Phase 3 (CMIP3) data archive.

Model run Model Model indicators Model run References

1–5 Canadian Centre for Climate Modelling

and Analysis (CCCma) Coupled General

Circulation Model, version 3.1 (T47)

resolution [CGCM3.1(T47)]

cccma_cgcm3_1 1–5 Kim et al. (2002)

6 CGCM3.1 (T63) resolution

[CGCM3.1 (T63)]

cccma_cgcm3_1_t63 1 Kim et al. (2002)

7 Centre National de Recherches

Météorologiques Coupled Global

Climate Model, version 3 (CNRM-CM3)

cnrm_cm3 1 Salas-Mélia et al. (2005)

8–10 Commonwealth Scientific and Industrial

Research Organisation Mark

version 3.0 (CSIRO Mk3.0)

csiro_mk3_0 1–3 Gordon et al. (2002)

11 CSIRO Mark version 3.5 (CSIRO Mk3.5) csiro_mk3_5 1 Gordon et al. (2002)

12–14 GFDL Climate Model version 2.0 (CM2.0) gfdl_cm2_0 1–3 Delworth et al. (2006)

15–17 GFDL CM version 2.1 (CM2.1) gfdl_cm2_1 1–3 Delworth et al. (2006)

18–19 GISS Atmosphere–Ocean Model (GISS-AOM) giss_aom 1–2 Russell et al. (1995)

20–24 GISS Model E-H (GISS-EH) giss_model_e_h 1–5 Schmidt et al. (2006)

25–33 GISS Model E-R (GISS-ER) giss_model_e_r 1–9 Schmidt et al. (2006)

34–36 Flexible Global Ocean–Atmosphere–Land

System Model gridpoint version 1.0

(FGOALS-g1.0)

iap_fgoals1_0_g 1–3 Yu et al. (2004)

37 Institute of Numerical Mathematics Coupled

Model, version 3.0 (INM-CM3.0)

inmcm3_0 1 Volodin and Diansky (2004)

38 L’Institut Pierre-Simon Laplace Coupled

Model, version 4 (IPSL CM4)

ipsl_cm4 1 Marti et al. (2005)

39 Model for Interdisciplinary Research on

Climate 3.2, high-resolution version

[MIROC3.2(hires)]

miroc3_2_hires 1 Hasumi and Emori (2004)

40–42 MIROC3.2, medium-resolution version

[MIROC3.2(medres)]

miroc3_2_medres 1–3 Hasumi and Emori (2004)

43–45 ECHAM5/Max Planck Institute Ocean

Model (MPI-OM)

mpi_echam5 1–3 Jungclaus et al. (2005)

46–50 Meteorological Research Institute Coupled

General Circulation Model, version 2.3.2a

(MRI CGCM2.3.2)

mri_cgcm2_3_2a 1–5 Yukimoto et al. (2001)

51–58 Community Climate System Model,

version 3 (CCSM3)

ncar_ccsm3_0 1–7,9 Collins et al. (2006)

59–62 Parallel Climate Model (PCM) ncar_cpm1 1–4 Washington et al. (2000)

63–64 Third climate configuration of the Met

Office Unified Model (HadCM3)

ukmo_hadcm3 1–2 Gordon et al. (2000)

65–66 Hadley Centre Global Environmental

Model version 1 (HadGEM1)

ukmo_hadgem1 1–2 Johns et al. (2004)
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