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ABSTRACT

Building on recent observational evidence showing disproportionate increases in temperature and aridity
over land in a warming climate, this study examines simulated landÐocean contrasts in fully coupled pro-
jections from the Third Coupled Model Intercomparison Project (CMIP3) archive. In addition to the pro-
jection of disproportionate changes in temperature and moisture over land, the analysis reveals contrasts in
clouds and radiative ßuxes that play a key role in the eventual equilibration of the planetary energy budget in
response to forcing. Despite differences in magnitude, the nature of the feedbacks governing the landÐocean
contrast are largely robust across models, notwithstanding the large intermodel differences in cloud pa-
rameterizations, and suggest the involvement of fundamental constraints.

The model responses are consistent with previously proposed ideas maintaining that relative humidity
(RH) over land decreases with warming because precipitation and the hydrological cycle are governed pri-
marily by transports of moisture from the oceans, where increases in lower-tropospheric temperature and
saturated humidity fail to keep pace with those over land. Here, it is argued additionally that constraints on
RH imply systematic changes in the cloud distribution and radiative feedbacks over land, as decreased RH
raises the lifting condensation level, even as moist instability increases, and suppresses convective clouds. This
effect is shown to be particularly strong at low latitudes where the dynamical inßuence of competing sources
of maritime deep convection may further suppress convection. It is found that as a result of the coincidence
between strong warming and a muted net greenhouse feedback associated with decreases in RH and clouds,
the mean increase in outgoing longwave radiation (OLR) over land (1.0 W m2 2 K2 1) in transient simulations
at 2200 is almost double that over the ocean (0.6 W m2 2 K2 1), and a strong negative net top-of-atmosphere
(TOA) radiative perturbation emerges as the simulations approach and attain equilibrium. However, over the
oceans a positive radiative imbalance persists and the increase in water vapor and other greenhouse gases
does not allow a local TOA equilibration to occur. The contrast results in an increase in the transport of
energy from ocean to land relative to the twentieth century that is accompanied by lasting increases in both
OLR and absorbed shortwave radiation globally.

A conceptual model to describe the simulated variability is proposed that involves the following: 1) the
differing albedos and lower-tropospheric lapse rates over land and ocean, 2) the nonlinearity of the saturated
lapse rate in a warming environment, and 3) the disproportionate response in temperature, moisture, clouds,
and radiation over land versus ocean. It is noted that while the landÐocean contrast plays a key role in
achieving global radiative equilibrium, it entails disproportionate increases in temperature and aridity over
land and therefore is likely to be associated with substantial environmental impacts.

1. Introduction

Identifying and understanding the character of a cli-
mate systemÕs response to externally imposed forcing
remains an objective of chief importance, particularly
given the wide disparity that exists among coupled model
projections of anthropogenic climate change. Perhaps
chief among the responses that are robust across models
is the differential warming exhibited by land and ocean
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regions, a feature that is ubiquitous in both early and
modern coupled general circulation models (Manabe
et al. 1990, 1991; Joshi et al. 2008). Fundamental con-
straints governing the contrast have been suggested,
including the nonlinearity of the moist-adiabatic lapse
rate in a warming environment and its disproportionate
inßuence over the ocean (Joshi et al. 2008), as well as the
partitioning of the surface energy budget (Sutton et al.
2007). It has yet to be established, however, whether
landÐocean contrasts play an important role in the en-
ergy budget on a global scale or what role, if any, they
play in planetary equilibration. In this paper, the role of
landÐocean contrasts is highlighted as a key aspect of the
changes in the energy ßow through the climate system
and the equilibration of the planetary energy balance as
the radiative forcing and climate stabilize.

While individual processes can be scrutinized in eval-
uating their potential impacts on climate, it is useful to
evaluate the system holistically, using the ßow of energy
as a framework for establishing a hierarchy of various
feedbacks. The movement of energy through the climate
system is complex and is associated with a variety of
mechanisms involved in its absorption, transport, storage,
and emission (Trenberth et al. 2009). Energy enters the
system as solar radiation, approximately 70% of which is
absorbed by the atmosphere or surface. The sunÐearth
geometry, partly modiÞed by clouds and other factors
such as surface albedo and aerosols, contributes to large
latitudinal gradients in absorption. As a result, energy is
stored within, and transported and released by the at-
mosphere, oceans, and, secondarily, the land surface, so
as to reduce temperature gradients generally, thus con-
tributing to a more uniform emission of outgoing long-
wave radiation (OLR) than would otherwise occur. Large
landÐocean contrasts in this energy ßow also exist and the
net annual mean transport from ocean to land regions
exceeds 2 PW, though it is much greater in northern
winter (Fasullo and Trenberth 2008a). As the net ter-
restrial storage tendency is small on time scales greater
than 1 yr, the landÐocean exchange is balanced approxi-
mately by the net radiative ßux at TOA ( RT) over land.
Summaries of these ßows have recently been provided for
the globe (Trenberth et al. 2009), for global land and
ocean domains (Fasullo and Trenberth 2008a), for the
zonal mean (Fasullo and Trenberth 2008b), and for the
ocean (Trenberth and Fasullo 2008).

But how do these ßows change in response to forcing
and what role do landÐocean contrasts play? As green-
house gases increase in the atmosphere, the initial re-
sponse is a decrease in OLR (Randall et al. 2007; Levinson
2008; Murphy et al. 2009), which in turn drives warming,
a moistening of the atmosphere, and an enhanced hydro-
logic cycle (e.g., Trenberth et al. 2005). Among the most

robust model feedbacks, are those dealing with water
vapor; and under the assumption of constant relative
humidity (RH) (Wetherald and Manabe 1988; Cess et al.
1990), the feedback roughly doubles the warming re-
sponse (Randall et al. 2007; Murphy et al. 2009). Yet, the
water vapor feedback is also likely to be central to
changes in the transport of energy within the system as
well and, in particular, between ocean and land. Due to
landÐocean contrasts in albedo, the diurnal cycle, and
temperature, the cloud feedback is also likely to be cen-
tral and strong reductions in cloud amount are endemic to
the models (Trenberth and Fasullo 2009).

While the gross features of present-day landÐocean
transports are reasonably simulated in many models
(Shin et al. 2006), trends in the ßow have yet to be widely
assessed and the role of landÐocean contrasts in the
global energy budget generally is largely uncertain. Of
particular interest in this study is their role as the system
approaches equilibrium. It is known that the Planck
response to warming, whereby longwave emissions in-
crease in proportion to T 4, exerts a strong stabilizing
inßuence and is fundamental to equilibration. Yet, its
TOA manifestation is determined both by the magni-
tude of the warming of a given component of the climate
system, weighted by that componentÕs effective ability to
radiate to space. Many constituents of the climate system,
and particularly the land and ocean surfaces, are ob-
scured from TOA by intermediaries such as clouds and
water vapor, and thus while increases in emissions with
warming within the system are large, their impacts on
the planetary balance are often highly muted. Therefore,
higher temperatures must coincide with higher trans-
mission through the atmosphere in order to enable a net
cooling from the Planck response.

In this study, it will be shown that strong regional
contrasts in this coincidence between warming and trans-
mission exist generally, and that such contrasts are par-
ticularly signiÞcant between land and ocean. Lower land
heat capacity, higher temperatures, and other mechanisms
that persist though equilibrium, combined with a depen-
dence on oceans as a moisture source, are shown to re-
sult in muted water vapor increases and reduced cloud
over land, thus providing such a mix. SimpliÞed slab-
ocean equilibrium model runs are used along with fully
coupled multicentury simulations of the Third Coupled
Model Intercomparison Project (CMIP3; Meehl et al.
2007) archive, using the energy budget as a basis for di-
agnosing the role of landÐocean contrasts. Section 2 de-
scribes the models and methods, while section 3 examines
the temporal evolution of the global Þelds. Section 4
documents the regional patterns of the contrasts and ex-
plores the association of water vapor and clouds, through
diagnosis of their spatial and temporal relationships. In

4678 J O U R N A L O F C L I M A T E V OLUME 23

�8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������$�0���8�7�&



section 5, a physical basis for the observed variability is
proposed while further discussion and conclusions are
given in section 6.

2. Methods and model projections

To help gauge the net radiative effects of landÐocean
contrasts, the simpliÞed equilibrium (control and 2 3
CO2) and fully coupled transient simulations [climate of
the twentieth century, and Intergovernmental Panel on
Climate Change (IPCC) Special Report on Emissions
Scenarios (SRES) scenario A1b] of the CMIP3 archive
are examined (summarized in Table 1). The control sim-
ulation incorporates preindustrial CO 2 concentrations of
280 ppmv within a modeling framework that includes a
single-layer ocean model in order to expedite equilibrium.
The 2 3 CO2 scenario simulates the control conÞgura-
tionÕs response to an instantaneous doubling of CO2 from
preindustrial concentrations and is initialized with the
control runÕs equilibrium conditions. Both simulations are
performed long enough to produce stable statistics over
their last 50 yr, although as not all simulations provide a
full 50-yr record to the archive, only the last 30 yr of the
simulations are used here. While expediting the equilib-
rium, the slab-ocean component represents a signiÞcant
simpliÞcation of the climate systemÕs coupled response
and limits the realism of ocean variability and its associ-
ated airÐsea interactions. Cloud feedbacks are particularly
sensitive to the use of a slab model (Yokohata et al. 2008),
and, regionally, these issues are pronounced where the
role of ocean dynamics is large (Danabasoglu and Gent
2009). The use of carbon dioxide as a single greenhouse
gas forcing in these runs is also highly idealized.

To address these shortcomings, a more complete mod-
eling framework and set of forcing agents is used in the
twentieth-century and SRES A1b (A1b) simulations,
which include historical and idealized emission scenar-
ios of multiple greenhouse gases [CO2, CH4, N2O, and
chloroßuorocarbons (CFCs)] and sulfate aerosols. The
estimated variability in solar and twentieth-century vol-
canic forcings is also incorporated within many of the
simulations; however, given the wide range of individual
forcings imposed by the various modeling centers (Meehl
et al. 2007), it is nontrivial to discern the intermodel
contrasts in radiative feedbacks from that in the forc-
ings. The twentieth-century and emission scenario sim-
ulations are coupled to a full-ocean model and therefore
the nature of their coupled response is considerably
more complete than for the equilibrium simulations. For
the A1b scenario, several simulations extend to 2300 with
concentrations Þxed at 2100 levels (750 ppmv), which is
considerably larger than for the 23 CO2 runs (560 ppmv).
Despite extending simulations under Þxed forcing after

2100 for several centuries, the A1b simulations do not
demonstrate stable statistics by 2300, an indication of
the long equilibration time scale inherent in the fully
coupled system (Meehl 2005).

For purposes of compositing and comparison, all Þelds
are regridded from their native grid onto a T-63 grid
(192 3 96) using bilinear interpolation. Substantial dif-
ferences exist in the duration of simulations submitted
to the archive and, thus, of the 24 simulations included
in the general archive, only 12 continue to 2300 and are
therefore considered in this analysis. Twelve models are
also included in the control and 2 3 CO2 experiment
archive but not all of these submitted extended A1b
simulations. To consider as wide a range of models as is
possible, additional model screening is not employed in
the present analysis, though concerns exist regarding the
use of energy ßux corrections, missing and erroneous
Þelds, and the absence of ozone effects in some simu-
lations (Trenberth and Fasullo 2009, 2010). To remove
systematic biases, anomalies in the energy budget rela-
tive to the early half of the twentieth century, during
which time the external forcing is small (Trenberth and
Fasullo 2009), are considered in gauging feedbacks in
the A1b simulations. Further highlighting the challenge
of achieving an adequate sample size, several of the
models (Table 1) share a common lineage and physical
parameterizations. Thus, despite including 12 transient
and equilibrium simulations, the number of independent
realizations is probably not more than 10.

3. The perturbed global energy budget: 2000–2300

The evolution of surface temperature anomalies from
2000 to 2300 relative to the 1900 to 1950 mean for land,
ocean, and their difference, is shown in Fig. 1. During
the twenty-Þrst century, as forcing increases, land regions
warm by 4.76 0.8 K while the oceans warm by only 3.16
0.5 K and both the mean warming and its spread among
simulations are greater for land than for ocean. The landÐ
ocean warming contrast in 2100 is 1.56 0.4 K and while
the contrast increases dramatically during the twenty-Þrst
century, it is nearly constant afterward, despite continued
warming over both land and ocean. Thus, the growth in
the contrast coincides most directly with the forcing rather
than with adjustments associated with the warming itself.
Similarly, when the contrast is expressed as a ratio (e.g.,
Sutton et al. 2007; Lambert and Chiang 2007; Joshi et al.
2008), rather than an absolute difference, its largest values
occur in the twenty-Þrst century in most models. For all
models, the positive landÐocean differential is robust and
in no simulation does ocean warming exceed that over
land. In equilibrium runs (both Fig. 1 and Table 2),
warming and the contrast are similar in character but
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smaller in magnitude than that achieved by 2300 in the
A1b simulations, as may be expected from the weaker
imposed forcing in the equilibrium runs. The contrast in
warming has been studied extensively elsewhere (Manabe

et al. 1991; Sutton et al. 2007; Joshi et al. 2008) and in-
volves basic constraints on the surface energy budget, and
the disproportionate and nonlinear effects of the moist-
adiabatic lapse rate over ocean in a warming climate.

TABLE 1. List of models considered in this analysis. Simulation ÔÔrun1ÕÕ was used unless otherwise indicated. See Randall et al. (2007) for
details. The model data are available online (http://www-pcmdi.llnl.gov/).

Model Agency and country
Atmospheric

levels
Atmospheric

resolution
Ozone?/
Volcano?

Coupled General
Circulation Model,
version 3.1 [CGCM3.1(T47)]a,b,c

Canadian Centre for Climate
Modeling and Analysis
(CCCma), Canada

31 T47 No/no

CCCma T63a,b,c CCCma 31 T63 No/no
Coupled Global Climate

Model, version 3 (CM3)c
Centre National de

Recherches Me«te«orologiques
(CNRM), France

45 T63 Yes/no

Mark version 3.0 (Mk3.0)b Commonwealth ScientiÞc
and Industrial Research
Organisation (CSIRO), Australia

18 T63 Yes/no

CSIRO Mk3.5 c CSIRO 18 T63 Yes/no
Climate Model

version 2.0 (CM2.0)c
National Oceanic and Atmospheric

Administration/Geophysical Fluid
Dynamics Laboratory (NOAA/GFDL),
United States

24 28 3 2.58 Yes/yes

CM2.1c NOAA/GFDL 24 2 8 3 2.58 Yes/yes
Model E-R (GISS-ER) b,c National Aeronautics and

Space Administration Goddard
Institute for Space Studies (NASA
GISS), United States

20 48 3 58 Yes/yes

Coupled Model, version
3.0 (INM-CM3.0) b

Institute for Numerical
Mathematics (INM), Russia

21 48 3 58 No/yes

Model for Interdisciplinary
Research on Climate 3.2,
high-resolution version
[MIROC3.2(hires)] b

Center for Climate System Research,
University of Tokyo; the National
Institute for Environmental Studies;
and Frontier Research Center for
Global Change (JAMSTEC), Japan

56 T106 Yes/yes

MIROC(medres) b,c JAMSTEC 20 T42 Yes/yes
ECHAM and the global

Hamburg Ocean Primitive
Equation (ECHO-G) a,c

Meteorological Institute of the
University of Bonn, Germany,
and Meteorological Research
Institute of the Korea Meteorological
Administration (KMA), and the
Model and Data Group, Korea

30 T30 No/no

ECHAM5 b,c,d Max Planck Institute for
Meteorology (MPI), Germany

31 T63 Yes/no

Coupled General Circulation
Model, version 2 (CGCM2) a,b,c

Meteorological Research
Institute, Japan

30 T42 No/no

Parallel Climate Model,
version 1 (PCM1)c,d,f

National Center for Atmospheric
Research (NCAR), United States

18 T42 Yes/yes

Community Climate System
Model, version 3 (CCSM3)b,c,d,e

NCAR 26 T85 Yes/yes

Hadley Centre Global
Environmental Model version
1 (HADGEM1) b

Met OfÞce, United Kingdom 38 1.38 3 1.98 Yes/no

a Energy ßux corrections are imposed.
b Equilibrium control and 2 3 CO2 runs are used here.
c Climates of the twentieth-century and SRES-A1b runs are used here.
d Run2 of the archive was used due to insufÞcient data for run1.
e Net TOA ßux is not available in the A1b archive.
f OLR is not available to 2300 from the archive.
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Through the twenty-second and twenty-third centuries,
warming persists and climate adjustment continues (Meehl
et al. 2006), although the rate of warming is not large.
Thus, despite continued transient conditions, these sim-
ulations may also offer important insights into the even-
tual equilibration of the fully coupled system that are not
resolved by a slab-ocean conÞguration.

The warming of the climate system is associated with
a perturbed TOA energy budget, and the integrated
anomalies of these ßuxes provide broad insights into
the systemÕs response (Fig. 2). The integrated net TOA
radiative ßux anomaly (

Ð
RT9) is characterized by a gradual

increase from 2000 through 2300 between 4 and 5 YJ
(1 yottajoule 5 1024 J), approximately equivalent to a
1 W m2 2 mean imbalance over the period, which is
substantially smaller than for anomalies in shortwave
(
Ð
ASR9) and longwave (

Ð
OLR 9) ßuxes, which each at-

tain magnitudes approaching 10Ð15 YJ on average by
2300. The compensation of ASR and OLR anomalies is
a characteristic of the interspectral compensation that
is common among the climate systemÕs dominant feed-
backs, such as those involving clouds (Cess et al. 1990).
Similarly, the intermodel scatter in

Ð
RT9is also narrow,

and as for surface temperature (Fig. 1),
Ð
RT9 increases

for several centuries following the imposed forcing.
However, by 2300 the rate of change in

Ð
RT9 is small

relative to that during the twenty-Þrst century and it

continues to decrease, suggesting that planetary equili-
bration in the energy budget, while not reached, is being
approached.

The TOA imbalance in the twenty-Þrst century is driven
principally by shortwave feedbacks associated with clouds
and secondary effects related principally to surface snow
and ice extent (Soden and Held 2006; Trenberth and
Fasullo 2009). Increases in water vapor, which augments
ASR and reduces OLR, are also likely to be important.
Offsetting these positive feedbacks are the emission (i.e.,
Planck) and lapse rate negative feedbacks. In contrast toÐ
RT9, both

Ð
ASR9 and

Ð
OLR 9 continue to increase sub-

stantially through the twenty-third century. Their evolu-
tion is suggestive of a lasting shift in the partitioning of
ASR and OLR from early twentieth-century values.
Moreover, as both albedo and temperature anomalies
increase through 2300 and drive the moistening of the
atmosphere and the melting of snow and ice, a physical
basis exists for the expectation that the ASR and OLR

FIG . 1. Mean changes in land and ocean temperatures, and their contrast, from 2000 to 2300
for the 12 runs in the CMIP3 archive extending to at least 2300. Shading depicts the inter-
quartile range in the simulations. Also shown at speciÞed intervals are the mean and standard
deviation of the temperature distribution (Table 1) and equilibrium values (right column)
where lines span the interquartile range and circles are centered on the median. A 10-yr run-
ning smoothing has been applied.

TABLE 2. Global mean equilibrium TOA (W m 2 2) differences
between 23 CO2 and slab control experiments.

25% Median 75%

RT , 0.1 0.1 0.2
OLR 1.6 3.2 4.2
ASR 1.8 2.9 5.4
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