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[1] Atmospheric moisture content is expected to rise in response to global warming, but
climate models predict a much slower rate of precipitation increase. This muted
response of the hydrological cycle is investigated from a surface evaporation perspective,
using a multimodel ensemble of simulations under the A1B forcing scenario. A 90-year
analysis of surface evaporation based on a standard bulk formula reveals that the
following atmospheric changes act to slow down the increase in surface evaporation over
ice-free oceans: surface relative humidity increases by 1.0%, surface stability, as
measured by air-sea temperature difference, increases by 0.2 K, and surface wind speed
decreases by 0.02 m/s. As a result of these changes, surface evaporation increases by
only 2% per Kelvin of surface warming, rather than the 7%/K rate simulated for
atmospheric moisture. The increased surface stability and relative humidity are robust
across models. The former is nearly uniform over ice-free oceans while the latter features a
subtropical peak on either side of the equator. While relative humidity changes are positive
almost everywhere in a thin surface layer, changes aloft show positive trends in the
deep tropics and negative ones in the subtropics. The surface-trapped structure suggests the
following mechanism: owing to its thermal inertia, the ocean lags behind the atmospheric
warming, and this retarding effect causes an increase in surface stability and relative
humidity, analogously to advection fog. Our results call for observational efforts to monitor
and detect changes in surface relative humidity and stability over the world ocean.
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1. Introduction

[2] One of the important consequences of a rise in global
atmospheric temperatures is the increase of the atmos-
phere’s capacity to hold water vapor in accordance with
the Clausius-Clapeyron (CC) equation. Under the assump-
tion of constant relative humidity, this implies an increase in
specific humidity at the rate of �7% per Kelvin of atmo-
spheric warming, a prediction roughly borne out by obser-
vations and model simulations. If, in addition, the
atmospheric circulation remained approximately un-
changed, we would expect precipitation to increase at a
similar rate as water vapor. This, however, is not what is
predicted by a wide array of climate models, which put the
rate of precipitation increase at just 2%/K [Held and Soden,
2006]. One way the models can achieve this muted precip-
itation response is through a slowdown of the tropical
circulation so that the decrease in upward velocity partially
offsets the increase in atmospheric moisture [Emori and
Brown, 2005]. Such a slow down is confirmed for the

simulated Walker Circulation [Vecchi and Soden, 2007]
and, to a lesser extent, for the Hadley Circulation [Lu et
al., 2007].
[3] The muted precipitation increase and slowing of the

tropical circulation constitute a consistent response to
greenhouse gas (GHG) forcing among models but it is not
obvious why the climate system should behave in this
particular manner. In fact, recent observational studies by
Wentz et al. [2007] and Allan and Soden [2007] suggest that
the actual rate of precipitation increase might be signifi-
cantly higher than what is simulated by climate models.
Similarly, a recent analysis of surface heat flux using
merged satellite and reanalysis data [Yu and Weller, 2007]
indicates a rate of latent heat flux increase that is much
higher than in the models. While these observational studies
are still subject to measurement errors and natural variabil-
ity in short data records (see Lambert et al. [2008] and
Previdi and Liepert [2008] for a discussion of the results of
Wentz et al.), it is important to achieve a physical under-
standing of the reasons behind the muted precipitation
response in model simulations.
[4] The present study explores the simulated climate

changes from a global hydrological cycle perspective. Since
global precipitation and surface evaporation are nearly in
balance (on monthly and longer timescales), we can address
the problem of the muted precipitation increase from either
side. Here, we take an evaporation perspective because an
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analysis of precipitation would have to deal with the
complexities of different convection schemes amongmodels.
The formulation of surface evaporation, on the other hand,
is based on similar bulk formulae with only minor variations
across models. Thus we use a standard bulk formula as our
starting point, and, by means of decomposition, identify
factors crucial to the muted increase of surface evaporation
in global warming simulations. It will be shown that both
surface relative humidity and air-sea temperature difference
do not remain constant but rather exhibit small but robust
trends that significantly reduce surface evaporation and
thereby slow down the precipitation increase under global
warming. Du and Xie [2008] used a similar approach to
investigate the robust Indian Ocean warming observed
during the 20th century. While their study emphasized the
regional surface energy balance of the Indian Ocean, the
present study is global in scale and focuses on the hydro-
logical cycle under stronger GHG forcing, with an emphasis
on surface latent heat flux.
[5] Section 2 introduces the methodology for decompos-

ing the bulk formula of latent heat flux, along with a
description of the data used. Section 3 applies this method
to latent heat flux changes simulated for the 21st century
and identifies the major contributions. Section 4 examines
the processes associated with these contributions and iden-
tifies surface relative humidity changes as a major player.
This motivates an examination of relative humidity changes
over the entire troposphere in section 5. Section 6 is a
summary and discussion of our results. Details of the latent
heat flux decomposition are given in Appendix A, while
temperature and moisture contributions to tropospheric
relative humidity changes are analyzed in Appendix B.

2. Data and Methods

[6] This study analyzes fully coupled model simulations
performed for the Intergovernmental Panel on Climate
Change’s (IPCC) Fourth Assessment Report (AR4) and
archived by the Program for Climate Model Diagnostics
and Intercomparison (PCMDI). GHG and aerosol forcing
are prescribed according to the IPCC Special Report on
Emissions Scenarios (SRES) A1B scenario. This scenario
represents a cautiously optimistic estimate of future GHG
increases, with CO2 approximately doubling between 2000
and 2100, after which radiative forcings are held constant.
While most model integrations extend for another 100–200
years, our focus is on the period 2000–2100. In some of our
analyses, we calculate the 90-year difference between the
decadal averages centered on 2005 and 2095. For reasons to
be discussed below in this section, the latent heat flux
decomposition uses a shorter period (2046–2101). Changes
are calculated as the 45-year difference between the first and
last decades of this period. Zonal and global averages,
unless noted otherwise, are performed for ocean points only.
[7] All of the models consist of an atmospheric general

circulation model (GCM) coupled to an oceanic GCM and
include land surface models of varying complexity. Models
with flux correction schemes are not considered. A list of
the models selected for this study is given in Table 1. The
ensemble mean shown in Figures 2, 3, 5–10, 12, 13, and B1
refers to the mean over all these models, except for
Figures 5 and 6, which show the mean over models for

which the decomposition was performed (see footnote ‘‘a’’
in Table 1).
[8] Our analysis of surface latent heat flux changes is

based on the standard bulk formula

QE ¼ LvCEraW qs � qað Þ; ð1Þ

where QE is latent heat flux, Lv latent heat of evaporation,
CE the transfer coefficient, ra surface air density, W surface
wind speed, qs saturation specific humidity at the sea
surface interface, and qa surface specific humidity. This
can be rewritten as

QE ¼ LvCEraW qs Tð Þ � RH � qs T þ Sð Þ½ 	; ð2Þ

where T is sea surface temperature (SST), S = Ta � T, Ta is
surface air temperature, and RH is relative humidity. The
saturation specific humidity, qs, is a function of temperature
only, according to the CC equation

d ln es

dT
¼ Lv

RvT2
; ð3Þ

where es is saturation vapor pressure, and Rv is the gas
constant for moist air. Integrating (3) one arrives at an
analytic expression for es [e.g., Emanuel, 1994] that yields
the following equation for the saturation specific humidity:

qs Tð Þ ¼ q0e
b Tð Þ; ð4Þ

where q0 is a constant and b(T) is a function of T.
Substituting (4) into (2), we obtain

QE ¼ LvCEraWq0 eb Tð Þ � RH � eb TþSð Þ
� �

ð5Þ

and have thus expressed latent heat flux in terms of wind
speed, SST, surface stability, and surface relative humidity.
Surface latent heat flux changes can be approximated
through a Taylor expansion of (5). We illustrate the
technique for the SST contribution. The exact expressions
along with further details on the technique can be found in
Appendix A.
[9] If we assume, for the moment, that b(T) = aT, where

a is a constant, then the partial derivative of (5) with respect
to T is @QE

@T = aQE. The SST contribution may then be
expressed as aQE

0 T0, where QE
0 is latent heat flux of the

reference state. This represents a restoring term that is linear
in T0 and will thus be called Newtonian cooling. Note that,
more generally, Newtonian cooling usually denotes a re-
storing term that incorporates the effects of sensible, latent,
and radiative surface fluxes, while in our definition it
represents only a component of latent heat flux. In the
actual computations, we use a more accurate expression for
b, namely

b Tð Þ ¼ exp a� b=T � c lnTð Þ; ð6Þ

where a, b, and c are constants.
[10] Besides Newtonian cooling other major contribu-

tions to latent heat flux changes come from surface relative
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humidity, stability, and wind speed. Since the Newtonian
cooling term depends on SST changes only, it can be
interpreted as representing the oceanic response to latent
heat flux changes. By itself, this term would mandate an
increase of surface evaporation at the CC rate. The other
three terms, on the other hand, constitute atmospheric
adjustments that modify the actual latent heat flux. The
wind speed and Newtonian cooling terms interact in the
tropics, a feature known as the wind-evaporation-SST
(WES) feedback, which has been studied extensively in
the context of the northward displacement of the intertrop-
ical convergence zone (ITCZ) [Xie, 2004] and meridional
mode of tropical variability [Chang et al., 2006].
[11] A major benefit of our decomposition technique is to

separate the evaporation response to global warming into
oceanic and atmospheric terms. While the oceanic term
(Newtonian cooling) represents an increase of evaporation
at the CC rate, the atmospheric terms oppose this, as will be
shown in section 3. Thus our decomposition provides a
convenient framework to analyze the factors controlling the
evaporation/precipitation response. Moreover, the atmo-
spheric response is cast in terms of quantities that are of
general meteorological and climatological interest and are
routinely measured. Of particular interest are potential
changes in relative humidity as many observational [Wentz
and Schabel, 2000; Trenberth et al., 2005; Soden et al.,
2005; Dai, 2006; Willett et al., 2007] and modeling studies
[e.g., Cess et al., 1990; Held and Soden, 2000; Ingram,
2002] report that this quantity remains almost unchanged
under global warming. This might imply that changes of
relative humidity under global warming are inconsequential.
The present study, however, demonstrates that relative
humidity does change significantly under GHG forcing,
and that, at the surface, these changes strongly influence
the hydrological cycle.
[12] In the AR4 archive, SST is directly available, and the

air-sea temperature difference is readily calculated from

surface air temperature. Relative humidity is not available
as a surface quantity, and was therefore calculated from
monthly mean surface specific humidity and temperature.
Using monthly means might incur some errors due to the
nonlinear dependence of relative humidity on temperature
and specific humidity, particularly in the midlatitudes where
synoptic variability is pronounced. Our results from an
alternative derivation using daily temperature and humidity
values indicate that these errors are small.
[13] Scalar surface wind speed is not available in the

IPCC database and is therefore calculated from the zonal
and meridional components. To increase accuracy, this is
done by using daily rather than monthly means. The use of
daily output limits our latent heat flux decomposition to a
shorter period, 2046–2101.
[14] For some of the AR4 models not all the variables

necessary for the calculation were available. The models for
which the decomposition was performed are marked by
footnote ‘‘a’’ in Table 1.

3. Latent Heat Flux Changes

[15] We start by verifying the correspondence between
precipitation and surface evaporation in the AR4 simula-
tions. Figure 1 examines the temporal correlation between
global monthly mean precipitation and evaporation anoma-
lies (land points included) for the period 2040–2045.
Evaporation tracks precipitation very well with correlations
ranging from 92% to 95% among models. When a 7-month
running mean is applied, correlations increase to 98–99%.
Some degree of atmospheric storage is noticeable as both
positive and negative evaporation anomalies exceed those
of precipitation. This storage must have a positive trend
because atmospheric water vapor increases over time. To
estimate the importance of the storage trend we calculated
the precipitation minus evaporation (PME) difference for
the period 2000–2100. The trend is approximately 0.2% of
the precipitation increase and thus negligibly small for our
purposes. Evaporation can therefore explain precipitation
changes and is adequate for analyzing long-term trends.

3.1. Zonal Mean Evaporation Changes

[16] Figure 2a shows the latitudinal distribution of zonal
mean precipitation and evaporation (normalized by the
global mean increase in surface air temperature) over ocean
points. The precipitation increase is 1.8%/K in the global
and ensemble mean but displays large meridional variations.
The changes in precipitation (Figure 2a) feature a pro-
nounced peak around the equator and a subtropical mini-
mum on either side of the equator that is negative in most
models. In contrast, evaporation changes are distributed
more evenly and tend to peak at about 10� north and south
of the equator. The equatorial dip in evaporation is most
pronounced over the western Pacific warm pool, with most
models featuring an absolute decrease (not shown). This
meridional structure of evaporation and precipitation
changes implies increased moisture transport by the surface
trades toward the equator resulting in more intense precip-
itation there.
[17] Also shown in Figure 2a is the difference between

relative changes in precipitable water and precipitation.
Precipitable water increases significantly faster than precip-

Table 1. List of the Models Considered in This Study

Model Modeling Center

BCCR BCM 2.0a Bjerknes Centre for Climate Research, Norway
CNRM CM 3a Centre National de Recherches Meterologiques,

France
CSIRO Mk 3.5a Commonwealth Scientific and Industrial

Research Organization, Australia
GFDL CM 0a Geophysical Fluid Dynamics Laboratory, USA
GFDL CM 1a Geophysical Fluid Dynamics Laboratory, USA
GISS Model ERa NASA Goddard Institute for Space Studies, USA
IAP FGOALS g1.0a LASG Institute of Atmospheric Physics, China
INGV ECHAM4 Instituto Nazionale di Geofisica e Vulcanologia,

Italy
INMCM 3.0a Institute for Numerical Mathematics, Russia
IPSL CM 4a Institut Pierre-Simon Laplace, France
MIROC 3.2
(high resolution)a

Center for Climate System Research (CCSR),
Japan

MIROC 3.2
(low resolution)a

Center for Climate System Research (CCSR),
Japan

MPI ECHAM 5a Max Planck Institute for Meteorology, Germany
NCAR CCSM 3.0 National Center for Atmospheric Research, USA
NCAR PCM 1 National Center for Atmospheric Research, USA
UKMO HadGEM 1 Met Office Hadley Centre for Climate

Prediction, UK
aUsed for the detailed latent heat flux analysis.
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itation at almost all latitudes, even around the equator where
the precipitation trend exceeds 7%/K. This supports the
notion that upward motion in deep convective regions must
become less intense [Held and Soden, 2006] or less frequent
[Trenberth et al., 2003].
[18] Over land (Figure 2b), the increase in precipitation is

significantly lower than over the ocean, with a global mean
increase of only 0.58% in the ensemble mean (some models
even feature a precipitation decrease over land). All models
still exhibit a peak on the equator, but it is far less
pronounced than over the oceans. Changes of evaporation
and precipitation are highly correlated over land, suggesting
a high recycling rate and little contribution from moisture
transport.

3.2. Land Versus Ocean Contributions

[19] To get a sense for the relative importance of ocean
and land to the evaporation changes, we show zonally
summed land and ocean contributions for the period
2000–2100 (Figure 3). The amplitude of the changes is
typically 1 order of magnitude larger over oceans than over
land. Moreover, the changes over land are negative at many
latitudes for the majority of models so that the increase of
global evaporation is dominated by changes over oceans.

For this reason, the rest of the paper focuses on oceanic
evaporation changes and the factors controlling them.

3.3. Latent Heat Flux Decomposition

[20] The results of the latent heat flux decomposition for
the global oceans are shown in Figure 4. The largest
contribution comes from the Newtonian cooling term,
which is a function of SST warming only and closely
follows the CC rate. All other terms are negative (with the
exception of the GFDL CM 2.1 and IAP FGOALS wind
speed terms), opposing the increase of latent heat flux at the
CC rate. As a result, the actual evaporation increase is only
a fraction (�30–50%) of the CC prediction. The largest
negative contribution in many models comes from the
relative humidity term, which, in the ensemble mean, is
�1.4 W m�2 or about �1/4 of the Newtonian cooling term.
Assuming a mean relative humidity of 80% and latent heat
flux of 100 W m�2, values quite typical of the tropical
oceans, the relative humidity increase implied is 0.3%. This
is similar to the actual ensemble mean trend of 0.4% for the
45-year period. Thus a small increase in surface relative
humidity can have a considerable impact on latent heat flux.
[21] Of similar importance is the air-sea temperature

difference. Over most parts of the global ocean, SSTs are

Figure 1. Globally averaged precipitation changes (%, solid black line) and evaporation (%, dashed
green line) for the period 2040–2045. Changes are relative to the mean over 2040–2045. The correlation
between the two fields is indicated in the lower right.
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Figure 2
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higher than the overlying air temperature so that S, as
defined in section 2, is negative. Under GHG forcing, the
simulated SST increases more slowly than surface air
temperature, which increases surface stability. This acts to
suppress latent heat release from the ocean and appears as a
negative term in our decomposition.
[22] The increased surface stability is consistent with the

high heat capacity of the ocean as described in the follow-
ing. The GHG forcing warms the atmosphere, which acts on
the ocean through changes in surface fluxes. The coupled
adjustment of the ocean mixed layer and atmosphere takes a
few years while thermodynamic adjustment of the deep
ocean takes centuries [Broecker, 1991]. As heat is trans-
ported out of the mixed layer to warm the deeper ocean
[e.g., Gregory, 2000; Levitus et al., 2005], the upper ocean
warming lags that of the atmosphere.
[23] Surface wind speed forms another contribution to the

muted latent heat flux response, which is typically smaller

than the two other contributions discussed above. In most
models, the sign of this term is negative, which is consistent
with the slowdown of the tropical circulation as reported by
Vecchi and Soden [2007] and Lu et al. [2007].

3.4. Discussion of the Residuals in the Flux
Decomposition

[24] The sum of all contributions is shown as DQE
calc in

the bar graph (Figure 4) and juxtaposed to the actual change
in latent heat flux (DQE

act). The decomposition is quite
successful, with the residuals much smaller than the actual
fluxes. An exception to this is the IPA FGOALS model, for
which the residual is more than 50% of the actual flux
change. The sign of the residual is negative in two models
(MIROC 3.2 high resolution and GISS ER) and positive in
the others. Possible reasons for the residuals are discussed in
Appendix A.
[25] As another measure of how well our decomposition

captures actual latent heat flux variations, we show the

Figure 2. Relative changes (% K�1) between 2000 and 2100 (90-year period), normalized by global mean surface air
temperature change and plotted as a function of latitude for precipitation (solid black line), evaporation (dotted green line),
and precipitable water minus precipitation (dashed blue line). Zonal and global averages were calculated for (a) ocean
points only and (b) land points only. The global mean precipitation change is displayed in the bottom right corner of each
panel.

Figure 3. Contribution to the 90-year evaporation changes by latitude for ocean points (blue line) and
land points (dashed red line). The fields have been area-weighted and summed by latitude. Units are
mm d�1.
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temporal correlation between DQE
calc and DQE

act in Figure 5
(land areas have been masked out). The decomposition
works best in the tropical and subtropical regions with
correlations typically above 90%, except slightly lower
values over the western Pacific warm pool. In the midlat-
itudes, values drop slightly, sometimes below 80%, sugges-
tive of the importance of synoptic variability. The
decomposition works best for the high-resolution MIROC

model, for which the correlations between actual and
reconstructed evaporation are above 0.9 almost everywhere
over the global ocean.

3.5. Meridional Structure of the Decomposition Terms

[26] We further analyze the latent heat flux decomposition
by plotting zonal averages of the three major terms
(Figure 6). The relative humidity term shows two minima
of roughly equal amplitude at about 20�S and 20�N. The

Figure 4. Decomposition of the bulk formula for latent heat flux into the following terms: Newtonian
cooling (nc), surface wind speed (wspt), air-sea temperature difference (astd), and surface relative
humidity (rht). Also shown are the sum of the decomposition terms (dqe_calc), the actual change in latent
heat flux (dqe_act), and the residual (resid) defined as the difference between dqe_act and dqe_calc. The
units of the y axis are W m�2. Color shades indicate different models. The analysis period is 2046–2101.
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