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[1] Land precipitation trend from 1951 to 2002 shows
widespread drying between 10�S to 20�N but the trend from
1977 to 2002 shows partial recovery. Based on general
circulation model sensitivity studies, it is suggested that
these features are driven largely by the meridional SST
gradient trend in the tropics. Our idealized CCM3
experiments substantiate that land precipitation is more
sensitive to meridional SST gradient than to an overall
tropical warming. Various simulations produced for the
IPCC 4th assessment report demonstrate that increasing
CO2 increases SST in the entire tropics non-uniformly and
increases land precipitation only in certain latitude belts,
again pointing to the importance of SST gradient change.
Temporally varying aerosols in the IPCC simulations alter
meridional SST gradient and land precipitation
substantially. Anthropogenic aerosol direct solar forcing
without its effects on SST is shown by the CCM3 to have
weak but non-negligible influence on land precipitation.
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[2] How much and how exactly do the oceans influence
the global atmosphere and hydrological cycle? As far as
atmospheric variability, Charney and Shukla [1981]
demonstrated that tropical variability is largely forced by
boundary conditions including SST but not very much so
with extratropical variability. Limited to ENSO (El Niño
and Southern Oscillation) variability in the Northern Hemi-
sphere (NH) atmosphere, a review paper by Lau [1997]
showed with GCM (General Circulation Model) experi-
ments that tropical Pacific SSTs alone drive most of NH
ENSO variability. Another review study by Alexander et al.
[2002] clarified the nature of ENSO SST anomalies in the
North Pacific. They explained that SST anomalies in the
North Pacific are mainly a result of adapting to overlying
atmospheric forcing and the influence of these extratropical
SSTs on the atmosphere is rather small. Apart from these
modeling studies, Chung et al. [2002] statistically sought
the areas of the Atlantic and Pacific that actively force
atmospheric variability. They found that outside of the
equatorial Atlantic (10�S–10�N) and outside of the tropical
Pacific (30�S–30�N) the oceans passively respond to over-
lying atmospheric forcing.
[3] The main focus of this study is on decadal to longer

time scale trends in land precipitation in association with

SST trends. Numerous studies have already pointed to the
influence of changes in SST gradients on land precipitation.
The Sahelian drought, for example, Giannini et al. [2003]
attributed to the anomalous warming in the equatorial
Atlantic and tropical Indian Oceans, while Rotstayn and
Lohmann [2002] and Biasutti and Giannini [2006] to
changes in north–south SST gradient in the Atlantic.
Ramanathan et al. [2005] and Chung and Ramanathan
[2006] proposed that the summer-time weakening of the
north–south gradient in the tropical Indian Ocean since the
1950s has contributed to the weakening of the summer
monsoon in South Asia. Rotstayn and Lohmann [2002]
furthermore linked the relative N. Atlantic cooling to the
aerosol indirect effects. Likewise, Ramanathan et al. [2005]
attributed the weakening of the Indian Ocean SST gradients
to the large dimming by the absorbing aerosols (atmospheric
brown clouds) from South and Southeast Asia. In the
present study, we expand on these earlier studies, and seek
to understand the general relationship between SST and SST
gradients and land precipitation on tropical-to-global scales
and factor in the effects of aerosols and greenhouse gases.
[4] Figure 1 shows the linear trends of zonal mean SST

and land precipitation from observations and numerical
simulations. The trends are from 1951 to 2002 (Figures 1a
and 1b) and from 1977 to 2002 (Figures 1c and 1d). Note
that all of these and the following trends in this study are
calculated and displayed in units of change over the whole
trend period; i.e., if a 1951–2002 trend is +l.0 K it means
1.0 K increase from 1951 to 2002. For SST observation,
Hadley Centre SST [Rayner et al., 2003] is used. Precipi-
tation observation is from Climate Research Unit (CRU)
TS 2.1 [Mitchell and Jones, 2005]. Time series analysis
such as calculating linear trend might be subject to a lot
of spurious signals and artifacts in case of precipitation
observation analysis, but this problem is minimized as
zonal and annual averages are taken. To be sure, we
compared the zonal/annual mean time series of CRU product,
GPCC (Global Precipitation Climatology Centre) product
(B. Rudolf et al., Global precipitation analysis products,2005,
available at http://daac.gsfc.nasa.gov/interdisc/readmes/
gpcc.shtml#202), CMAP (CPC Merged Analysis of
Precipitation) [Xie and Arkin, 1997], GPCP V2 (Global
Precipitation Climatology Project Version 2) [Adler et al.,
2003], and precipitation analysis by Hulme et al. [1998].
Overall features were quite similar. For example, the zonal
mean trend from 1979 to 2002 is very similar between
the GPCP V2 and CRU. We chose the CRU product for its
period availability. In Figure 1, the observation trend
uncertainties are displayed with shading.
[5] The observed trends in Figure 1 (red line) provide

insight into the sensitivity of land precipitation to SST.
During 1951 to 2002, the SST increase between 0� to 30�N
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was much less than that from 0� to 30�S and the trend in
land precipitation is negative between 10�S to 30�N. The
observed regional precipitation trend during 1951–2002
(not shown) reveals that the drought between 10�S to
30�N was widespread across all the continents. The
mechanisms whereby meridional SST gradient changes
induce remote precipitation changes over land have been
suggested before [Ramanathan et al., 2005; Chung and
Ramanathan, 2006; Biasutti and Giannini, 2006]. Basically,
deep convection preferably occurs over warmer ocean
surface and pressure gradient in the mid and upper tropo-
sphere maintains the upper level divergent flow over warmer
water. A change in meridional SST gradient alters cross-
equatorial pressure gradient and weakens or strengthens
meridional moisture flux into land. Where wind direction is
mainly zonal, SST gradient change will redistribute
zonal moisture flux into land. Furthermore, local changes
propagate to other longitudes through the easterly jet.
[6] The SST trend during 1977 to 2002 wiggles without

salient gradient features in the tropics, and the precipitation
trend is positive in the equatorial region during this period.
The relationship between the trends in SST and land
precipitation is less obvious for the 1977–2002 period.
We conducted a series of numerical experiments with the
National Center for Atmospheric Research—Community
Climate Model Version-3 (CCM3) [Kiehl et al., 1998] to
further explore the relationship.
[7] Figure 1 also shows the CCM3 forced by the

observed SST trends (green line). The added observed
SST trends in the CCM3 are zonally symmetric with zonal
mean taken for each ocean basin. The reason for adding
basin symmetric SST is to elucidate the role of meridional
SST gradient with respect to land precipitation trend. The
CCM3 uses prescribed SSTs. In the control run, the CCM3
(T42/L18 resolution) was run with climatological cycle of
SSTs for 85 model years. 85 repetitions is to ensure
the statistical significance of the 85 year mean. In one
experiment, the basin symmetric trends from 1951–2002
Hadley Centre SST were added to the climatological SSTs.

In another experiment, the 1977–2002 trends were added.
Each experiment was run twice with two different initial
conditions, and each time for 25 model years with yearly
repeating SSTs. After removing the first 2 years, the two of
23 years was averaged to be compared with the 85 year mean
in the control run. Our estimates of the uncertainties of the
two 23-year run mean are indicated by bar in Figure 1.
[8] The CCM3 simulations correctly capture the drought

trend in the northern tropics during 1951 to 2002 (Figure 1a)
and its recovery in the equatorial region during 1977 to
2002 (Figure 1c). The CCM3 simulates these precipitation
trend features only with the SST forcing that varies
meridionally but not zonally. The implication is that land
precipitation trend has been driven largely by meridional
SST gradient trend. Another implication is the adequacy
of the CCM3 in investigating the relationship between
meridional SST gradient and land precipitation.
[9] In order to deepen insight into the precipitation/SST

relationship, a set of idealized CCM3 experiments were
conducted (Figure 2). In each experiment, idealized zonally-
symmetric SST anomalies were added to climatological
SSTs. The idealized SST forcings are: (1) global weak
gradient, (2) sharp gradient in the tropics, (3) sharp gradient
in the extratropics, and (4) uniform warming. A uniform and
large warming of 1.0 K over the entire global ocean
(Figure 2d) leads to rather smaller land precipitation
changes than those shown in Figure 1. The sharp sunken
SST gradient in the tropics (Figure 2b) produces larger land
precipitation changes than any other idealized SST forcing.
It is interesting to note that at the bottom of this gradient
(around 10�N; Figure 2b) slightly positive SST anomalies
are associated with huge negative precipitation changes,
confirming that land precipitation is sensitive to the
meridional SST gradient and not much to the SST value
itself. In the NH midlatitudes, all the 4 SST forcings
produce about 0.1mm/day of precipitation change
(equivalently about 5%). The NH midlatitude change
pattern by the extratropical sunken gradient (Figure 2c) is
quite similar to that by the uniform warming (Figure 2d),

Figure 1. Trends in zonal annual mean of land precipitation and SST. (a, b) The 1951–2002 trends. (c, d) The 1977–2002
trends. All of the trends are displayed in units of change over the whole trend period. We used Hadley Centre SST for SST
observations and CRU TS 2.1 for land precipitation observations. For land precipitation change simulations, CCM3 was
forced by basin-wide-zonal-mean Hadley SST trends. Along with the trends, their ±1.0 S.D. uncertainties are displayed by
either shading (observation) or error bar (CCM3). For observation uncertainty, the calculation is against a no real trend
scenario, while the CCM3 error calculation is derived from limited ensemble member runs.
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suggesting that this midlatitude feature came from the
tropical SST forcing since these two SST forcings are
identical in the tropics (Figures 2c and 2d). Our conclusion
from the idealized CCM3 experiments is that the global land
precipitation is influenced by tropical SSTs and tropical
precipitation is especially vulnerable to meridional SST
gradient in the tropics.
[10] How does tropical SST gradient forcing compare to

CO2 and aerosol forcing in influencing land precipitation? It
is understood that CO2 influences climate mainly through
warming the ocean [Ramanathan, 1981]. The mechanism
for the effects of aerosols on land precipitation is, to
our knowledge, poorly understood. Aerosols, through their
so-called direct effects, directly perturb solar radiation (and
longwave radiation in the case of dust and sea salt particles)
at the surface and in the atmosphere. The aerosol direct
forcing leads to a reduction in SST and, in view of regional
concentrations of aerosols, to a modification in SST
gradient. Aerosol direct forcing also reduces land surface
temperature, and enhances solar heating of the atmosphere
[Ramanathan et al., 2001]. Chung et al. [2005] derived
2001–2003 level global direct anthropogenic aerosol solar
radiative forcing by integrating aerosol/cloud observations
into a Monte-Carlo radiation model. In their aerosol forcing
estimate, the atmosphere heating is very substantial in
certain regions due to high regional aerosol concentrations
and high percentages of absorbing aerosols such as black
carbon (BC) particles. We address the effects of increasing
CO2 and anthropogenic aerosols on trends in tropical SST
gradient and land precipitation, with the coupled model
simulations produced for the Intergovernmental Panel on
Climate Change (IPCC) 4th Assessment Report (AR4). We
also address the extent to which anthropogenic aerosol
direct solar forcing impacts land precipitation without
perturbing SST. However, addressing the aerosol indirect
effects separately is beyond the scope of this study.
[11] Figure 3 shows zonal-mean SST change and land

precipitation change in the tropics by increasing CO2 only

(Figures 3a and 3b) and by varying greenhouse gases and
aerosols together (Figures 3c and 3d) in selected IPCC AR4
model simulations. In the increasing CO2 experiment
(Figures 3a and 3b), the CO2 level was increased from its
pre-industrial level by 1% per year for 70 years until
the level got doubled. In the 20th century experiment
(Figures 3c and 3d), greenhouse gases and aerosols were
prescribed to vary realistically in time while other climate
forcings were held constant. We selected 10 models for the
CO2 experiment as summarized in Table 1. The selection
was somewhat subjectively done by trying not to pick
similar models. Out of these 10 models, we further selected
5 models for the 20th century experiment. These 5 models
had fixed natural forcing and land usage while aerosols and
greenhouse gases were allowed to vary in time. Shown in
Figure 3 are the trends for the last 51 years from the 70 year
period in the CO2 experiment (Figures 3a and 3b) and the
trends from 1950 to 2000 in the 20th century experiment
(Figures 3c and 3d).
[12] The SST trends in the CO2 experiment are positive

in the entire tropics for all the IPCC AR4 simulations
(Figure 3a). Most of the models show extra warming
features in the equatorial region. The precipitation trends
conversely have negative values in certain latitude bands,
and in the case of some models (i.e., CSIRO MK3.0 and
HadGEM1) the negative pattern is dominating (Figure 3b).
The spread among the models is much wider for precipita-
tion trend than for SST trend. The precipitation trend
features in all the models appear explainable overall by
the trends in SST gradient, in that precipitation trend values
are more related to slopes and bell curves in SST trends than
to values. We hypothesize that correctly simulating tropical
SST gradient trend is one key element in narrowing down
the uncertainty for land precipitation trend prediction.
Observed 1951–2002 trends are shown by black solid line
in Figure 3. It is interesting to note that none of the
simulations in the CO2 experiment produces drought at
the observed magnitude.

Figure 2. Idealized CCM3 experiments. The CCM3 was forced by prescribed SSTs. In each experiment, idealized
zonally-symmetric SST anomalies were added to climatological SSTs. Shown in the panels are zonal annual means of
added SST anomalies (K) and simulated land precipitation anomalies (mm/day). The ±1.0 S.D. uncertainties are displayed
as well for the simulated precipitation.
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[13] The SST trends in the 20th century experiment differ
considerably from those in the CO2 experiment, in overall
warming amplitude and meridional gradient. Much weaker
warming amplitudes in the 20th century simulations are
believed to be due to exaggerated CO2 increases and the
neglect of aerosols in the CO2 experiment. Significant
differences in SST gradient, as evident from comparing
Figure 3a to Figure 3c, are much greater than the
uncertainties in SST gradient trend, and demonstrate that
aerosols alter SST gradient substantially. The equatorial
extra-warming feature in the CO2 experiment is not strongly
noticeable in the 20th century experiment and is absent in
the observed trend. In line with differing SST gradient, the
precipitation trends in the 20th century experiment

show substantial differences compared to those in the CO2

experiment. Note that simulated drought trend in one
model (i.e., HadGEM1) reaches the magnitude in the
observed 1951–2002 trend. This model is the only model
in Figures 3c and 3d that includes BC and OC aerosols as
well as sulfate, and also includes aerosol indirect effects.
The spread among the models is even far wider for
precipitation trend than for SST trend, compared with that
in the CO2 experiment, implying that different aerosol
treatments contributed to differences in simulated SST
gradient trend.
[14] Figure 3d also includes precipitation change

simulated by the CCM3 (black dashed line). In this
experiment, the global anthropogenic aerosol direct solar

Figure 3. Trends of zonal annual means of 10 selected IPCC AR4 coupled models, compared to the observed trend and
our CCM3 experiment. (a, b) The trends for the last 51 years in the increasing CO2 IPCC experiments are shown; in these
experiments the CO2 level increased by 1% per year for 70 years until the concentration was doubled. (c, d) The trends from
1950 to 2000 in the 20th century IPCC experiments. Figure 3d also includes our CCM3 experiment, where the global
anthropogenic aerosol forcing was prescribed while SSTs were held to their climatological values. Superimposed in all the
panels are the observed trends from 1951 to 2002. Note from Figures 3c and 3d that the results from BCCR BCM2.0 and
HadGEM1 are displayed with extra-thick lines, since only these two models include OC and BC aerosols out of 5 selected
IPCC AR4 models.

Table 1. IPCC AR4 Coupled Model Simulations Selected for the Present Studya

NF Land OC/BC IE Aerosol Source

BCCR BCM2.0 N N Y N sulfate from Boucher and Pham [2002]
CCCMA CGCM3.1 N N N N sulfate from Boucher and Pham [2002]
CSIRO MK3.0 N N N N sulfate from Penner et al. [1994]
GFDL CM2.1 Y Y Y N from MOZART simulation [Horowitz et al., 2003]
IPSL CM4 N N N Y sulfate from Boucher and Pham [2002]
MIROC3.2 (high res.) Y Y Y Y SPRINTARS simulation [Takemura et al., 2005]
MPI ECHAM5 N N N Y sulfate from Boucher and Pham [2002]
MRI CGCM2.3.2a Y N N N sulfate from Mitchell and Johns [1997]
NCAR CCSM3 Y N Y N from MATCH simulation [Rasch et al., 1997]
HadGEM1 N N Y Y Roberts and Jones [2004]; Woodage et al. [2003]

aNF: solar activity or volcanic forcing change; land: land use change; OC/BC: OC/BC aerosols included; IE: aerosol indirect effect. The simulations were
obtained from https://esg.llnl.gov:8443/index.jsp.
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forcing [Chung et al., 2005] was included while SST was
held to its climatological cycle. This experiment exposes the
effects of aerosols on land precipitation without affecting
SST. The result is precipitation change much weaker than
the observed, and also weaker than the difference between
the CO2 and 20th century experiments. However, the
overall precipitation change amplitude is not negligible.
These results support the findings of the Rotstayn and
Lohmann [2002], Ramanathan et al. [2005] and Chung
and Ramanathan [2006] studies that the most effective way
for aerosols to impact land precipitation is by perturbing
SST gradient.
[15] In summary, land precipitation is more sensitive to

trends in tropical SST gradient than to an overall tropical
warming. Aerosols, because of their spatial heterogeneity,
can potentially have a major impact on land precipitation by
perturbing SST gradient in the tropics.
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