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Influence of local and remote sea surface temperatures on
precipitation as inferred from changes in boundary-layer

moisture convergence and moist thermodynamics over global
oceans†
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ABSTRACT: A comprehensive method of estimating the influences of local versus remote sea surface temperatures (SSTs)
on precipitation is developed. The method was applied to two ten-year simulations made with a general circulation model
(GCM) and forced with prescribed SSTs. The simulation period spanned from 1 January 1982 to 31 December 1991. The
first simulation (called Cs) was forced with naturally varying SSTs taken from the analysis of observations and the second
simulation (called Cc) was forced with monthly mean climatology of SSTs used in Cs. Monthly data of evaporation,
precipitation, mean vertical velocity and atmospheric moisture convergence were binned by 1 °C SST intervals and plotted
as bin means and within-bin standard deviations. The plots showed that (i) binning captured the averaged trend of SST
influences on the monthly fields, but with large standard deviations; (ii) all bin-averaged SST dependences were remarkably
similar in the two simulations as well as in the single El Niño Southern Oscillation year of 1987; (iii) evaporation increased
monotonically with SST up to about 27 °C after which it plateaued; and (iv) precipitation correlated much more with the
vertical velocity than with the local SST.

Monthly precipitation fields were doubly binned with respect to SSTs and boundary-layer moisture convergence (BLqC);
data binned in this way were used to compute the partial derivatives of precipitation with respect to SST and BLqC. Together
with the total rate of change of BLqC with local SSTs, the rate of change of precipitation with local SST was computed.
The remaining precipitation differences were lumped together as all other remote effects. Simulation Cc was used to
infer the natural variability of the precipitation required for the statistical significance of the local SST and/or remotely
caused changes in precipitation. This analysis categorized all precipitation anomalies into four types: (i) where the local
SST influences were significant, (ii) where the remote SSTs influences were significant, (iii) where both influences were
significant, and (iv) where the natural variability was larger than both influences. Most of the precipitation responses to
SSTs were as expected, while their seasonal behaviour revealed that local SSTs contribute to a number of features of
the Intertropical Convergence Zone (ITCZ) including the double ITCZ in March–April–May. Published in 2008 by John
Wiley & Sons, Ltd.
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1. Introduction

The annual cycles of global sea surface temperature
(SST) fields and solar irradiation are central to the sea-
sonally evolving quasi-stationary structures of the atmo-
spheric circulation and precipitation. Rind and Rossow
(1984) found that, in their model simulations, SST forc-
ing was sufficient to maintain the basic structures of
the Hadley and Walker circulations, irrespective of the
solar irradiation. Their study has established the pivotal
role of SSTs for maintaining the fundamental structures
of the global circulation. Moreover, it is well known
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that the intensely rainy areas of the tropical oceans fol-
low the high SSTs (e.g. Giannini et al., 2001) during
the warm and cold phases of El Niño Southern Oscil-
lation (ENSO). Dozens of studies employing observed
and model-simulated data have shown how SST anoma-
lies drive the precipitation anomalies in the tropics (e.g.
Su et al., 2001; Chen, 2005). It is also well known
that ENSO-induced changes in tropical circulation affect
weather and climate of mid and high latitudes by modu-
lating the quasi-stationary wave trains. Evidently, in situ
SSTs, local SST gradients, and large-scale SST fields are
important for the precipitation; therefore distinguishing
their influences on precipitation is vital for understand-
ing the behaviour of precipitation anomalies on inter- and
intra-annual time-scales. On the other hand, some recent
work showed that regional SST anomalies can be forced
by circulation anomalies and emphasized the importance
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of two-way interactions, better represented in coupled
models, for realistic simulation of the air–sea interactions
(e.g. Wang et al., 2005).

The high nonlinearity between dynamics and thermo-
dynamics limits us to analyze only those scenarios in
which linearity can be assumed, i.e. where SST per-
turbations at individual grid cells are not so large as
to alter substantially the basic structure of the mean
monthly circulation and precipitation. Several aspects of
relationships between atmospheric circulation and SST
have been examined in both atmospheric and oceanic
circulation scenarios using simulated data as well as
observations (e.g. Yu et al., 1991; Harrison and Craig,
1993; Bony et al., 1997; Lau et al., 1997; Del Genio and
Kovari, 2002; Lohmann et al., 2002; Seager et al., 2003;
Gushchina et al., 2006; Lin et al., 2006). Specifically,
Del Genio and Kovari (2002) examined the relation-
ships between the rain-rate and storm radius and related
them to key atmospheric diagnostics and SSTs follow-
ing a regression technique. Lin et al. (2006) analyzed the
increase in boundary-layer moisture convergence (BLqC)
and precipitation efficiency as a function of local SST
for tropical deep-convective systems and thereby demon-
strated the need to include the BLqC contributions to
the SST–precipitation relationship. Bony et al. (1997)
illustrated use of SST and vertical velocity binning to
differentiate between local and remote SST effects on
precipitation in the Tropics, while Lau et al. (1997) used
the 200 hPa divergence fields for categorizing differ-
ent convective scenarios. Nevertheless, a comprehensive
methodology for understanding the influences of local
versus remote SSTs on precipitation remains elusive. Our
study aims to fulfill the above need. A multi-variable
data analysis employing two partial derivatives of dou-
bly binned fields was instituted to distinguish the influ-
ence of local SSTs on local precipitation due to changes
in atmospheric column thermodynamics and BLqC; the
remaining dynamic effects (namely remote SSTs, clouds,
cloud-radiative and hydrologic forcings) were obtained
as differences between the total precipitation and local-
SST-modulated precipitation. The methodology is limited
to small SST perturbations otherwise the nonlinearity of
SST–dynamics interactions voids the assumption of an
analysis using partial derivatives.

The 4-Dimensional Data Assimilation (4DDA) can
provide the observation-quality data for the proposed
analysis; however, the 4DDA process infuses substantial
data pollution of the vertical velocity and precipitation
fields; consequently, 4DDA data of these two fields is
unsatisfactory for our study. Moreover, data assimila-
tion involves resolving mismatches between observed and
simulated data fields because of (a) differences in time-
and space-scales of observations and grid-mean fields,
and (b) discernible biases of GCMs (the centrepiece of
all 4DDA systems) that interact with the assimilated
data. Alternatively, free-running GCMs yield internally
consistent data and also allow controlled simulations to
better isolate the influence of different physical interac-
tions. Nevertheless, if the chosen GCM has large biases,

its simulations would not be as credible as observa-
tions would be. In the multi-model study of Koster et al.
(2004), different GCMs produced widely different precip-
itation response(s) to soil moisture anomalies. Naturally,
one faces the proverbial dilemma – how to distinguish
between the model characteristics and the true behaviour
of the atmosphere. We feel that, if observations are used
as a guide, model-simulated data can provide reasonable
insight into the response of precipitation to SST changes.
We chose the model simulation route and employed one
of the operational GCMs at Goddard Space Flight Center
(GSFC) for the investigation. Regardless, our inferences
are data dependent and may change if better data from
coupled ocean–atmosphere models or 4DDA analyses
become available.

The Goddard finite volume GCM (called fvGCM or
GEOS4 GCM) was used for the present study. It uses
finite-volume hydrodynamics, and National Center for
Atmospheric Research (NCAR) land and boundary-layer
physics. It has been used at GSFC for weather and
climate simulation studies extensively (e.g. Betts et al.,
2003; Kim et al., 2006; Sud et al., 2006). The model has
very reasonable monthly circulation climatology (Chang
et al., 2001), but then it also has some discernible biases
in the regional precipitation patterns. Our version of
fvGCM uses NASA/GSFC indigenous cloud physics
and radiation schemes (see Section 2). The overall
structure of the simulated precipitation is quite reasonable
despite some biases in the magnitudes (see Section
4.1). The simulated seasonal cycles of precipitation (not
shown) also had several remarkable similarities with
the corresponding observations, even though the diurnal
cycle of precipitation over the oceans has large biases.
We also need the intrinsic variability of the simulated
precipitation to assess the statistical significance of the
local and remote SSTs on precipitation; these are easily
inferred from climatological SST simulations.

2. Model description

The fvGCM has a finite-volume (fv) dynamical core
that was extensively evaluated by Lin and Rood (1996)
while the theoretical basis of its fv hydrodynamics has
been comprehensively discussed by Lin (2004). Ini-
tially, the entire GCM physics (Hurrell et al., 1998) was
from NCAR. Specifically, the land–atmosphere inter-
action scheme was from NCAR CCM3.6 community
model version 2.0 – CLM2 (Community Land Model 2;
Hurrell et al., 1998). The GCM was initially named fv-
NCAR GCM. Its name was changed to fvGCM after
extensive tuning of its physics. It was subsequently
distinguished as GEOS4 GCM by the Global Model-
ing and Analysis Office (GMAO) at the GSFC. Micro-
physics of clouds with a Relaxed Arakawa–Schubert
scheme (McRAS; Sud and Walker, 1999a) was included
as an option to the original cloud physics. McRAS is
structured around the moist convection of the Relaxed
Arakawa–Schubert scheme (RAS; Moorthi and Suarez,
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1992) but it employs Sundqvist et al. (1989) cloud micro-
physics, Tiedtke (1993) cloud-mass and cloud-water
transport algorithms, and Del Genio et al. (1996) cloud-
top entrainment instability parametrization. McRAS sim-
ulates cloud amounts by solving prognostic equations of
cloud-mass and cloud-water substance in which cloud
and precipitation microphysics remain fully interactive
and prognostic for all cloud types, namely stratiform,
boundary-layer, and convective. Its algorithms and evalu-
ations have been discussed in papers by Sud and Walker
(1999a,b, 2003). McRAS also performed better in the
fvGCM (Sud et al., 2006) as well as in an earlier version
of NCAR GCM (Maloney and Hartman, 2001; Maloney,
2002; Sud et al., 2006), particularly in the Tropics.

The model’s radiative flux transfer schemes (Chou and
Suarez, 1994) were developed and extensively validated
at GSFC. Its several upgraded algorithms are discussed in
Chou et al. (1998, 1999). The schemes perform radiative
transfer calculations using cloud water, water vapour
and air temperature fields generated and/or modified
by McRAS. The fv-NCAR GCM modified in this way
will be called fvGCM2 hereafter. The model resolution
employed in the simulations is 1.0° latitude ×1.25°

longitude, with 55 vertical layers. The model covers the
atmosphere from the ground surface to an altitude of
approximately 75 km. More details of the model’s cloud
physics can be found in the papers referenced above.

3. Data and methodology

3.1. Model simulations

All model simulations were performed with the fvGCM2
and forced with the analyzed monthly SST and sea-ice
data fields provided by Rayner et al. (2002). The monthly
SST data were linearly interpolated to obtain daily SST
fields. The initial soil moisture fields were taken from
a 47-year ‘spin-up’ of the standard fvGCM integration
with several months of daily soil moisture updates using
observed circulation data. (This procedure may not pro-
vide observation-quality analysis, but it is a reasonable
alternative to performing an extensive soil moisture anal-
ysis with a crude land-hydrology data assimilation system
using in situ observations that in all likelihood would be
inconsistent with the GCM’s horizontal resolution and/or
land hydrology and physics of its biospheric processes.)
We needed at least 10-year integrations to encompass
the different phases of the multiple equilibria and/or to
capture various modes of chaotic variability of the atmo-
sphere. Hence we made two model integrations covering
the 10-year period, 1 January 1982 to 31 December 1991.
The first integration (named Cs) was forced with the nat-
urally varying SSTs, and the second integration (named
Cc) was forced with the 10-year mean SSTs that con-
tained the mean annual cycle but without the interannual
variability. The biosphere, with its phenology and mor-
phology, was also prescribed from monthly data. In the
upper atmosphere, the ozone fields were climatological

and prescribed as monthly data. All other physical inter-
actions, e.g. clouds and precipitation, cloud–radiation
interaction, soil moisture in association with land hydrol-
ogy, as well as the simulated circulation, were prognostic
and fully interactive. A number of studies, going back
to Waliser’s (1996) discovery of hot spots over tropical
oceans, have shown that SST anomalies can be caused
by feedback response to persistent quasi-stationary circu-
lation anomalies (Fu et al., 2007); however, prescribed-
SST simulations circumvent the additional complexities
of fully prognostic SSTs. Clearly, prescribed-SST sim-
ulations would be unable to respond to a myriad of
circulation-forced SST anomalies that emerge due to vari-
ations in mixed-layer humidity, or winds, or air–sea
contrast for otherwise similar descent in the Tropics
(Su and Neelin, 2002), warm or cold advection over
the ocean (Cayan, 1992) and short-time-scale cloudiness
variations influencing the net radiation into the ocean. On
the other hand, many simulations forced with the pre-
scribed SSTs have produced quite realistic relationships
between precipitation and SST. For example, Peña et al.
(2004) showed that most of the long-lasting atmospheric
anomalies are locally coupled with SST anomalies. Thus,
lack of ocean–atmosphere coupling may not be critical
for the outcome of our study as long as the SST-forced
circulation and its dependent precipitation fields are well
simulated. The most relevant criterion is the GCM’s abil-
ity to simulate the statistics of moisture convergence and
precipitation in response to global SSTs whose partial
derivatives with SST are central to our analysis. Such
statistics of the fvGCM have been analyzed by Chang
et al. (2001).

3.2. Methodology

Two sources of moisture for precipitation are surface
evaporation, Ess , and horizontal moisture convergence,

−
∫ pt

ps

∇p · Vhq dp,

where Vh is the horizontal velocity, q is water vapour
mixing ratio and ps and pt are the pressures at the
surface and the top of the troposphere. A small fraction
of the condensate is stored as cloud water but, on a
monthly time-scale, changes in cloud-water storage can
be ignored. One can subdivide the column moisture
convergence into two parts, one associated with the mass
convergence,

−
∫ pt

ps

q∇p · Vh dp (the so-called primary term),

the other related to the humidity gradient,

−
∫ pt

ps

Vh · ∇pq dp (the so-called complementary term).
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Both terms contain the dependence of moisture con-
vergence,

−
∫ pt

ps

∇p · Vhq dp,

on SST and humidity fields. On monthly time-scales, the
precipitation, P and its perturbation δP can be expressed
by

δP = ∂P

∂Ess

δEss + ∂P

∂Mb
δMb + ∂P

∂Mt
δMt, (1)

where Mb and Mt are moisture flux convergences in the
boundary-layer and upper regions of the column atmo-
sphere. This partitioning is physically defensible. Almost
all clouds rely on boundary-layer moisture convergence;
large-scale clouds in midlatitudes, often associated with
low pressure with air-mass ascent in the planetary bound-
ary layer (PBL), form in-cloud condensation and pre-
cipitation, while convective clouds rely on water vapour
from the cloud sub-layer (or the mixed layer) via the
cloud-base mass flux (Moorthi and Suarez, 1992). Our
goal is to determine each term of Equation (1) to isolate
the relative influences of the local and non-local SSTs
on precipitation. The surface evaporation change δEss is
primarily local-SST forced because the PBL buoyant sta-
bility, winds, humidity gradients in the vertical, and ocean
surface roughness can be assumed invariant. Hence, we
write

∂P

∂Ess

δEss = ∂P

∂Tss

δTss. (2)

Using (2) in a model with several layers in the PBL
and aloft regions, we recast Equation (1) as

dP

dTss
= ∂P

∂Tss
+

∑

PBL

∂P

∂Mb

dMb

dTss
+

∑

Top

∂P

∂Mt

dMt

dTss
. (3)

Often dMt/dTss is much smaller than dMb/dTss
because of its remoteness from the ocean surface and has
much lower saturation water vapour pressure at lower
temperatures above the PBL. Moreover, the top layers
contain a mix of converging and diverging air masses.
Our diagnostics based on the GCM-simulated data con-
firmed the reasonableness of this assumption; hence the
contribution of the term dMt/dTss was ignored. On sum-
ming up dMb/dTss through the PBL height and introduc-
ing ambient temperature Tamb into the chain rule applied
to derivatives being multiplied, we have

∑

PBL

dMb

dTss
= d

dTamb

[

−
{

∇b ·
∑

PBL

Vhqb

}]
dTamb

dTss
(4a)

=
[

−
∑

PBL

{
∇b · dVh

dTamb
qb

}
−

∑

PBL

{
∇b · Vh

dqb

dTamb

}]

dTamb
dTss

, (4b)

where ∇b, Vh, qb are the Del operator, horizontal wind
velocity, and specific humidity in the PBL. The summa-
tion reflects the fact that the PBL covers several model
layers. If we assume that the monthly relative humid-
ity of the PBL over the ocean does not change much
due to SST perturbations, and approximate the saturation
vapour pressure, q∗, by q∗ = C exp(A − B/T ), to get
dq∗/dT = q∗ B/T 2 , and also define dTamb/dTss = α, we
obtain

dq

dTss
= RH

dq∗

dTamb

(
dTamb

dTss

)
≈ B q

T 2
amb

α, (5a)

and that modifies (4b) to

∑

PBL

dMb

dTss
=

[

−
∑

PBL

{
∇b · dVh

dTamb
qb

}

−
∑

PBL

{

(∇b · Vhqb)
B

T 2
amb

}]

α. (5b)

Invoking an additional assumption (supported by the
simulated data of Cc and Cs) that horizontal velocity is
little affected by the local SST perturbation, we can drop
the first term of the right-hand side and reduce Equation
(5b) to:

∑

PBL

dMb

dTss
= −

∑

PBL

{

(∇b · Vhqb)
B

T 2
amb

}

α. (6)

Equation (6) was used to compute
∑

dMb/dTss. If the
partial derivatives ∂P/∂Tss and, ∂P/∂Mb are obtained
from doubly binned precipitation data as a function of Tss
and Mb, we have all the terms needed for computing the
thermodynamic influence of local SSTs on precipitation.
The dynamic or remote effects are simply equal to
the difference between the simulated changes in total
precipitation in the Cs integration minus the computed
thermodynamic influence of the local SST at every grid
cell.

4. Results

4.1. SST and precipitation fields

The 2D contour plots of 10-year mean precipita-
tion fields are shown along with the corresponding
prescribed-SST fields (background patterns) for observa-
tions (Figure 1(a); Huffman et al., 1997) and for Cs sim-
ulations (Figure 1(b)). The similarity between the simu-
lated and the observed precipitation fields is quite reason-
able. The precipitation patterns are quite similar although
the precipitation intensities have some discernible biases.
Only in the Tropics are the isopleths of SST parallel
to the isopleths of precipitation. The intersection angle
between them suggests the relative importance of remote
effects of SSTs. Although we do not show how SST
variations led to corresponding precipitation variations in

Published in 2008 by John Wiley & Sons, Ltd. Q. J. R. Meteorol. Soc. 134: 147–163 (2008)
DOI: 10.1002/qj
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Figure 1. Composite plots of prescribed SST (°C; shading, see key) and precipitation fields (mm d−1; contours) shown as 10-year averages:
(a) GPCP estimates and (b) GCM simulated.

different regions, the well-known relationships between
tropical SSTs and tropical precipitation was evident in the
comparisons. All the SST–precipitation relationships are
based on the Cs data; hence realism of its precipitation
climatology is vital for the accuracy of our inferences.
We probe into various aspects of SST–precipitation rela-
tionships in the subsections that follow.

4.2. Binned evaporation, precipitation, vertical
velocity and moisture convergence

The 10-year monthly data for evaporation, precipita-
tion, vertical velocity, and BLqC were binned by 1 °C
SST intervals and plotted. Figures 2(a)–(d) show the bin-
mean values of each of the four fields as a function of
SST along with an envelope of standard deviation (shown
only for the Cs simulation). Similar means and standard
deviation were produced for Cc simulation as well as

for a single ENSO year (1987) (called Ce). The stan-
dard deviations of the Cc and Ce simulations (not shown)
were very similar to those of the Cs simulation. Even the
bin-averaged values of each of the four quantities in the
Cc and Ce were very similar to those of Cs except for
SSTs larger than 29 °C (see Section 4.3 for discussion).
The large variations in the monthly means can be due to
remote contributions and/or intrinsic variability. It is well
known that there is very little precipitation over the hot
spots (Waliser, 1996), such as are found in the tropical
Indian Ocean. Consequently, the bin-averaged precipita-
tion decreases for SST >29 °C where our simulation data
also show more divergent and less convergent bin mem-
bers. Such a feature was also seen in the Lin et al. (2006)
study. The sample size for the highest SST bin of the cli-
matological SST simulation was also small. Hence the
differences between the Cs and Ce simulations for SST
>29 °C may be spurious (Section 4.3).

Published in 2008 by John Wiley & Sons, Ltd. Q. J. R. Meteorol. Soc. 134: 147–163 (2008)
DOI: 10.1002/qj



152 Y. C. SUD ET AL.

Figure 2. 10-year mean GCM-simulated fields of (a) evaporation, (b) precipitation, (c) 850–300 hPa upward vertical velocity (−ω), and (d) PBL
moisture convergence (BLqC or MC), binned by SST. The simulations are Cc (long dash), Ce (dotted), and Cs (solid), with Cs standard deviation

shown by light shading. Darker shading represents all 10 years of binned data.

Furthermore, the bin-averaged monthly evaporation
increases monotonically with SST up to about 26 °C;
after which it plateaus (or even reduces) for higher-
SST regimes (Figure 2(a)). This occurs primarily in the
rainy regions. Regions of reduced evaporation emerge
in strongly converging humid regions, e.g. the warm
pool. In these regions, the wind speed is relatively small
whereas the near-surface relative humidity is high, both
of which reduce evaporation. Chou et al. (2005) noted
similar SST–evaporation relationships in their analysis
of observations and found that its primary cause is low
wind speed. In fact, inability of moist convection to
remove water vapour efficiently from the boundary layer
also contributes to this outcome. According to Larson
and Hartmann (2003a,b), cooling by radiation in the
Tropics is the primary driver of moist convection that
must draw the humid air from the cloud sub-layer and

deliver condensation heating to mitigate the radiative
cooling. Since converging air at these temperatures is
sufficiently humid, surface evaporation serves a merely
complementary role of a water vapour supplier to the PBL
in case its humidity drops, e.g. by dry downdraughts.
Such PBL moisture constrains put an upper limit on
the amount of evaporation in high-SST regions of the
Tropics. Indeed, it would be even smaller, but for the
episodic dynamics, sudden wind bursts and convective
downdraughts leading to drying episodes.

The bin-averaged precipitation regimes are associ-
ated with four different dynamic regimes. In high lati-
tudes, with SST range 0–9 °C, the precipitation increases
only slightly with SST (Figure 2(b)). In the SST range
9–24 °C, the precipitation decrease with SST is mainly
associated with the sinking branch of the Hadley and
Ferrel circulation(s). For still larger SSTs, between 24
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and 29 °C, the precipitation increases very sharply with
SST in association with the relative increase of mois-
ture convergence. Finally, for SSTs higher than 29 °C, the
precipitation decreases again. The precipitation patterns
show a good correlation with the bin-averaged vertical
velocity (Figure 2(c)), except for the highest temperature
bin in the Cs simulation. One sees that positive corre-
lation of SST and precipitation corresponds to positive
850–300 hPa mean upward vertical velocity and the ris-
ing branches of the Hadley and Ferrel cells, while the
negative correlation of SST and precipitation corresponds
to negative 850–300 hPa mean vertical velocity and the
sinking branches of Hadley and Ferrel circulations. In
regions of large-scale subsidence, there is high surface
evaporation and moisture divergence (Figure 2(d)). The
tropical regime of the Hadley circulation is associated
with relatively smaller Coriolis force and abundant mois-
ture supply; it produces large condensation heating that
in turn draws extra tropical moisture due to thermally
induced convergence. The moisture loss and associated
precipitation reduction in the subsidence regions is an
outcome of the ability of the Tropics to utilize the conden-
sation heating. The highest SST bin with highest evapora-
tion and highest upward vertical velocity in the PBL has
reduced precipitation. The explanation of this is as fol-
lows. This SST bin has significant contribution from the
Red Sea and Persian Gulf regions where there is copious
evaporation. The air aloft is in descent while the near-
surface dry desert air is warm (low relative humidity and
high evaporation) and in a thermal low delivering rising
motion to the PBL. Together they cause mixing of the
PBL and dry diverging air to carry the moisture out and
suppress clouds and precipitation. This happens both in
nature as well as in our model, which makes the region
unique. Overall, large-scale organization of circulation
patterns that are coupled to large-scale SST patterns are
ubiquitous in the Tropics. These structures are manifest
through negative correlations between SST and vertical
velocity or precipitation in the medium-range SST of the
extratropical regions.

Strong SST–precipitation association occurs at SST
∼26 °C where the bin-averaged subsidence motion (seen
at lower SSTs) sharply changes into the bin-averaged
rising motion. Clearly, larger moist-static energy asso-
ciated with higher SSTs triggers moist convection. This
is roughly the regime where deep convection ensues with
significant condensation of the converging moisture caus-
ing the precipitation to exceed the evaporation. Its char-
acteristic behaviour was discussed by Sud et al. (1999)
using data from the Tropical Ocean–Global Atmo-
sphere Coupled Ocean–Atmosphere Response Experi-
ment (TOGA–COARE) and first principles of moist
convection (also see Zhang, 1993). Here, SST-binned
PBL moisture convergence closely corresponds to ver-
tical velocity. The increase of the moisture convergence
for SST between 26 and 29 °C is associated with con-
vergence in the Intertropical Convergence Zone/South
Pacific Convergence Zone (ITCZ/SPCZ) and is partly due
to the increase of PBL moisture content also noted by Lin

et al. (2006). The model’s response of zonal precipitation
to SSTs is in good agreement with Zhang (1993), which
gives confidence in the realism of our simulations.

Both large standard deviation and large reduction in
three of the four fields (Figures 2(b)–(d)) near the highest
SSTs reflect non-alignment of only a few high-SST cells
with the atmospheric dynamics associated with large-
scale circulation (see Section 4.3). Waliser (1996) sug-
gested that solar heating in non-precipitating regions is
the primary cause of hot spots; however, in the pre-
scribed SST simulations, there is no cloudiness–solar
radiation–SST feedback, whereas we still find reduced
precipitation for SSTs larger than 29 °C. In our prescribed
SST simulations, it represents the response of the scat-
tered warm regions to the atmospheric circulation systems
due to their geophysical juxtaposition in which large-
scale circulation systems are often out of phase with the
highest SSTs.

4.3. Grid-cell counts in SST bins subdivided by BLqC

Figure 3 shows a histogram of the population of grid cells
in 2 °C SST bins. Each SST bin is further subdivided
into 10 sections denoted by reducing shading density
(see bar-scale) for increasing moisture convergence. Each
of the 45 500 ocean grid cells of the GCM provided
120 data points (12 months × 10 years). Thus, we have
a total of 5.466 × 106 data points occupying 150 bins
(i.e. 15 bins to cover the SST range and 10 bins to
cover the moisture convergence range from −4 to 6 mm
d−1). However, we saw only 345 data points in the
highest (29–31 °C) SST bin. This population is very
small in comparison to the other bins, as is evident in
the histogram. Of these, roughly half the data points

Figure 3. Histogram for total number of grid cells in 10 years of
monthly data in each SST bin, which is further subdivided into ten

sections for BLqC (shading key, mm d−1).
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are in the divergent BLqC regime. We also found that
the 29–31 °C SST bin had a large number of grid cells
from the Red Sea–Persian Gulf–Gulf of Oman area
that experiences strong subsidence with very little rain
(see Section 4.2). Thus, this bin is unique. In most
of the SST bins in the 19–26 °C range, there is a
preponderance of negative BLqC data points, consistent
with precipitation decreasing with SST. In short, the bin
population as a function of SST and further subdivided on
the basis of moisture convergence or divergence provided
distinct relationships among SST evaporation, BLqC and
precipitation. Even though Cs simulation produced very
few hot spots (high SSTs with little rain) in the open
oceans, it is argued that hot spots can develop if the
SST region is under a divergent circulation with descent
and a cloud-free air column enabling the tropical sun
to increase the SST below. Potentially, these scenarios
can be better simulated with coupled ocean–atmosphere
models, in which the coupling enables the SST to increase
under cloud-free descent.

4.4. Global evaporation and column moisture
convergence

Surface evaporation (Figure 4(a)) and moisture flux con-
vergence in the troposphere (Figure 4(b)) are the pri-
mary sources of water vapour for precipitation. The latter
is further divided into the primary term due to mass

convergence (Figure 4(c)) and the complementary term
due to humidity gradient (Figure 4(d)). The similarity
of the patterns between the total moisture convergence
(Figure 4(b)) and the primary term (Figure 4(c)) shows
the dominant role of mass convergence as a moisture
source. It naturally leads to a strong relationship between
binned precipitation and vertical velocity as delineated by
Bony et al. (1997). The second term is negative over most
ocean areas. It shows that the humidity gradient fields of
the tropical and extratropical oceans work as moisture
sources for the few intensely precipitating regions such
as the ITCZ, the SPCZ and the warm-pool region. The
only exception is the cold-tongue region of the Equatorial
Eastern Pacific as well as small precipitating regions at
high latitudes. This humidity gradient will be enhanced
by SST perturbations and was utilized in our analysis of
local-SST influence on precipitation.

4.5. Evaporation, PBL moisture convergence (BLqC),
and precipitation analysis

Now we examine the doubly binned monthly evaporation,
PBL mass convergence (BLmC), and precipitation data
by equal intervals of SST and BLqC (Figure 5). The 2 °C
interval for the SST bins was adequate for (i) mitigating
the influence of SST variations around the monthly
mean value because of daily varying SST, and (ii)

Figure 4. Evaporation and different components of column moisture convergence: (a) oceanic evaporation, (b) − ∫∇ · V q, (c) − ∫ q∇ · V, and
(d) − ∫ V · ∇q of the 10-year simulation. Contours are in mm d−1, and negative contours are dashed.
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Figure 5. 10-year simulated fields (contours), binned by SST (1 °C bins) and BLqC: (a) surface evaporation, (b) PBL mass convergence, and
(c) precipitation, all in mm d−1. Shading (see key) denotes the standard deviation of the data in each bin.

distinguishing the SST-forced changes from the natural
variability of the analyzed fields. Evidently, an isopleth
of any analyzed field would reflect stronger dependence
on BLqC (SST) if its orientation is more horizontal
(vertical).

Figure 5(a) shows that, for SSTs below 10 °C, ocean
evaporation corresponds more with BLqC and less with
SST. For cold oceans, the influence of SST on sat-
uration vapour pressure and/or saturation humidity is
not as large as it is at high water temperatures. On
the other hand, mixed-layer relative humidity is larger
in ascent (or convergence) and smaller in descent (or

divergence). Hence the humidity gradient for evapora-
tion will be larger in descent and smaller in ascent.
Naturally therefore, evaporation at latitudes of relatively
lower SST correlates more with BLqC than with SST.
Thus negative (positive) BLqC is associated with sinking
(rising) and increased (reduced) evaporation, as seen in
Figure 5(a). In the SST range 10–28 °C, the ocean evap-
oration shows marked increase with SST, but its increase
with moisture divergence also remains valid up to about
20 °C. Above 20 °C, the dependence on moisture conver-
gence/divergence dwindles, while the influence of SSTs
starts to dominate as evidenced in the mostly vertical
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orientation of the isopleths of evaporation. This relation
supports the assumption that evaporation is proportional
to the SST perturbations. Indeed, it will also hold for
lower SSTs because the winds and PBL humidity are
assumed to be unaffected by local SST perturbations. In
our analysis, the assumption is used at the same grid
point where everything else (including winds) remains
the same.

Figure 5(b) shows horizontal orientation of BLmC
isopleths. This reflects strong correspondence between
BLqC and BLmC (also seen in Section 3); however,
the dependence of BLmC on SSTs is reflected by the
positive gradient of the isopleths with respect to the
SSTs (mostly for lower SSTs and large convergence or
divergence). Higher SSTs increase the moisture content of
the PBL and that would require less BLmC for the same
moisture removal by precipitation. Here again, for SSTs
of 29 °C or more (for the same moisture convergence), the
mass convergences or divergences decrease with SSTs
and that implies higher humidity and smaller spatial
humidity gradients, which indeed is true. The bin boxes
at high SSTs represent a mix of regions; some regions
are centres of high moisture convergence that are humid
with precipitation, and others are of discernible moisture
divergence (hot spots) with reduced precipitation. The
bottom half of Figure 5(b) represents both negative BLqC
and BLmC containing areas of large mass divergence
associated with lower SSTs. The asymmetry in the
patterns of moisture convergence and divergence regimes
in regions of 0–10 °C SSTs is inconsequential for the
present work and was not explored further. However, it
is related to differences in the high and low pressure
systems associated with mass and moisture convergence
or divergence patterns.

Figure 5(c) shows isopleths of precipitation. For the
same BLqC, the precipitation increases with SSTs
because of increased oceanic evaporation. However,
above 24–26 °C, the structure of isopleths of precipitation
is quite unique. The precipitation, for the same moisture
convergence, reduces with SST up to about 27 °C; these
represent sinking regions around the ITCZ. In the SST
range of 27–29 °C, there is a sharp increase in precipi-
tation that reaches a maximum at around 29 °C and then
starts to reduce again for still larger SSTs. Evidently,
because of the arbitrary choice of an SST interval, the
boundaries may not be precise, but the relationship of pre-
cipitation with respect to SST and moisture convergence
is internally consistent. Why do we see less precipita-
tion for the same moisture convergence above 29 °C?
It occurs because the reduced evaporation in a shallow
PBL together with moisture divergence above the mixed
layer in the regions of hot spots leads to the reduction of
averaged precipitation. Not all regions in the SST range
30 ± 1 °C and higher behave as above, but with a prepon-
derance of such grid cells among the small number of all
grid cells in the range 30 ± 1 °C, one notes a reduction in
the averaged precipitation with SSTs. This also suggests
how one can isolate the influence of SST perturbations in
regions with externally forced large-scale circulation. If

such regions experience large SST perturbations, only the
local moist static energy of the PBL will be affected (Sud
and Walker, 1999a), while the local moisture divergence
may not be enough to make an impact on the thermody-
namics of clouds and precipitation.

In the ITCZ regions, the precipitation is often less than
the sum of the PBL moisture convergence and surface
evaporation. The ratio defines the precipitation efficiency.
In some areas, it gets close to 100% because moisture
supply is enhanced by moisture-flux transports above the
boundary layer (ignored in this analysis). In the coastal
areas affected by the Andes, precipitation efficiency is
very low. Here, we get warm and dry air intrusion that
suppresses moist convection through dry entrainment.

4.6. Splitting precipitation by SST and PBL moisture
convergence

We follow the methodology outlined in Section 3.2
to compute the partial derivatives of precipitation as
a function of local SST. The effect of SST on local
evaporation is implicit in the first term, whereas the effect
of SST on moisture convergence was related primarily
to BLqC defined by the second term in Equation (6).
The partial derivatives are determined for the mean
values of the doubly binned precipitation data shown
in Figure 5(c). The two partial derivatives ∂P/∂Tss
and ∂P/∂Mb are computed along the abscissa and
ordinate, respectively, of Figure 5(c). The term dMb/dTss
was computed from Equation (6). Equation (3) yields
dP/dTss as ∂P/∂Tss plus ∂P/∂Mb × dMb/dTss. Results
of these calculations are shown in Figure 6; the contours
show that the rate of change of precipitation as a function
of local SST is mainly the thermodynamic effect whereas
the shaded background shows the influence of SST on
precipitation due to change in PBL moisture convergence.

Figure 6. Model-simulated fields binned by SST and BLqC. Con-
tours show dP/dTss (mm d−1 K−1); shading (see key) shows

(∂P/∂Mb) × (dMb/dTss), where Mb = BLqC.
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Typically, ∂P/∂Tss is mostly positive; however, if the
SST increases and moistens the PBL, that in turn forces
the PBL to mix its moisture into drier diverging air
aloft; hence ∂P/∂Tss can become negative, but not very
often. Under those conditions, the vertical mixing helps
the moisture to escape from the column atmosphere (the
classical Sahara desert scenario in July when the moisture
converging into the surface low escapes by mixing into
the dry diverging air aloft; Sud and Molod, 1988).
On the other hand, ∂P/∂Mb is almost always positive
while dMb/dTss is strongly positive in the Tropics and
discernibly negative in regions of the subtropical high.
In that case, the product will be negative in regions of
moisture divergence.

The inferred quantity, dP/dTss, contains local SST
contributions to precipitation by both the dynamic and
thermodynamic effects. The analysis assumes linearity;
hence there is a restriction on its application to small per-
turbations. The influence of SSTs on precipitation is large
in the Tropics (SSTs between 26 and 30 °C). Here, the
SST-induced evaporation and the near-surface moisture
convergence work in concert to increase the precipitation.
This is a well-known tropical phenomenon that led Bony
et al. (1997) and several others to focus on the Tropics,
seeking an SST–precipitation relationship. Interestingly,
its dependence on PBL moisture convergence is not so
critical for the overall outcome because the analysis is
valid for small changes that do not materially modify
the quasi-stationary circulation; the same outcome is evi-
dent in the verticality of the contours in Figure 6. The
dP/dTss is as large as 1.4 mm d−1 C−1 at higher SSTs,
which is supported by an increase in moisture conver-
gence of only 0.4 mm d−1 C−1 in converging regions.
This may appear counterintuitive, but recall that we are
computing δTss influences at a single grid cell under the
same mass convergence. Under strongly diverging condi-
tions, dP/dTss is negative, particularly over SSTs lower
than 22 °C, as seen in Figure 6. However, both partial
derivatives are small in the diverging regions of the sub-
tropics while the accompanying dMb/dTss is negative.
Thus their sum could be negative. In other words, small
increases in SST can lead to a reduction in precipita-
tion, an outcome consistent with Figure 2(b). Moreover
the circulation is consistent with warm regions transport-
ing moisture into the ITCZ or SPCZ regions. Howsoever
small, this is a positive contribution of both SST and
moisture convergence to precipitation except for highly
subsiding regions. Some areas of dP/dTss < 0 imply that
the increase in evaporation is mitigated by enhanced
upward mixing of moisture that subsequently escapes
with subsiding and diverging (often dry) air aloft. It rep-
resents the drying influence of shallow convection. In
high-latitude low-SST regions, BLqC plus evaporation
contributes to the majority of the precipitation, but with
precipitation efficiency limits. Precipitation yields larger
than 100% of BLqC plus evaporation imply moisture
supply at the upper levels (neglecting humidity change
of the PBL), which was evidenced in some regions (not
shown).

4.7. Precipitation change due to SSTs

Figure 7 shows the projection of dP/dTss onto the global
SST field for each of the four seasons. It illustrates
how different oceanic domains are affected by local
SST variations and moisture convergence on monthly to
seasonal time-scales. The data were averaged over the
entire 10-year simulation period, but separately for each
season. In most warm regions, dP/dTss fields are pos-
itive. In the tropical regions they parallel the ITCZ. In
March–April–May, we see a double ITCZ which is a
consequence of the ITCZ being in the southern (north-
ern) latitudes in the early (later) part of spring season.
The transition involves its demise in the South Pacific and
simultaneous emergence in the North Pacific (Goswami
et al., 1984) with the average giving the spurious appear-
ance of a double ITCZ, but it does not happen every year
because of the interannual variability of SSTs. SSTs also
contribute to the shape of the ITCZ because the precipita-
tion distribution around the ITCZ parallels the structure
of the local SST. A similar picture of SSTs is seen in
December–January–February climatology when there is
only one ITCZ. This suggests the need to examine the
local SST and all remote contributions to the total precip-
itation. Such an understanding can be useful for global
change scenarios and even understanding the influence of
sudden perturbations to the local SSTs in limited regions
due to anthropogenic activity or other natural cataclysmic
events.

4.8. Local SST-induced precipitation fraction

From Cs and Cc simulations and with the knowledge of
dP/dTss at a location, we computed the influence on the
local precipitation of interannual variations of the local
SSTs. The dynamic contributions to precipitation change
are simply the difference between the two. We produced
monthly data of precipitation anomalies but will show the
results of ten-year averages for each season. To estimate
the significance of the SST influence on precipitation at
any grid cell, we evaluated the simulated change against
the natural variability of precipitation, σp, computed from
the Cc simulations made with the 10-year mean SSTs
that are devoid of the interannual SST variability. The
precipitation anomaly budget relation is

&Pt = &Pl + &Pr ± σp. (7)

Equation (7) shows that the total precipitation
anomaly, &Pt, at any location (at the GCM grid-cell
scale) consists of precipitation anomalies due to (i) local
SSTs, as &Pl, plus (ii) all the remote influences, &Pr.
Both of these are associated with an uncertainty due to
σp. For n-year data with m months in each season, we
recast Equation (7) as:
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Figure 7. Seasonal mean dP/dTss (mm d−1 K−1) averaged over 10 years in Cs simulation. Seasons are marked on each panel.

wherein all elements are scaled by total precipitation,
&Pt and are averaged over n years and m months. The
standard deviation divided by the sample size is the
standard error, and twice the standard error,

2
∑

m

σp n0.5

∑

nm

&Pt

,

yields the 95% confidence level.
Equation (8) can be used to examine the seasonal

precipitation anomalies for La Niña SST anomaly year
minus El Niño SST anomaly year for the same season
(abbreviated as LME differences) as follows:
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(9)
We used Cs and Cc simulations, one with naturally

varying SSTs and one with prescribed SSTs (as described
in Section 3.1), to infer the local (thermodynamic)
versus all remote (dynamic) influences of SST fields

on precipitation employing the monthly mean fields,
and the above formulations were used to infer the
statistical significance on the change determined from
Equations (3)– (9).

Figure 8 shows the distribution of

1
nm

∑

nm

(
&Pl

&Pt

)

over the global oceans for each of the four seasons.
The local SST influence is larger in regions of higher
SST. It has some contribution to a double ITCZ in
March–April–May and a single ITCZ in the other three
seasons. It shows the well-known dipole character in the
tropical Atlantic in all seasons with the highest influence
in the June–July–August period, when small changes in
the local SSTs significantly affect the local precipitation
and convective intensification. The influence of warm-
pool and Indian Ocean SSTs on the local precipitation
is small. This represents relatively smaller interannual
variability of these SSTs with respect to the larger
interannual variability of precipitation in these regions.
It is large where the local fraction is small, but it can
be a major contributor in the Tropics, particularly in
regions where local SSTs do not change much. Indeed,
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Figure 8. Seasonal mean rainfall variability as a fraction of the total rainfall variability in Cs simulation. Seasons are marked on each panel.

we will see later that the remote or dynamic contribution
is significant almost everywhere.

4.9. Significance of local and remote SST
contributions

The standard error of normalized precipitation in the 10-
year ensemble (as defined in Section 4.8) is shown in
Figure 9. Wherever twice the standard error is less than
0.5, at least one (either local or remote) SST influence
is statistically significant at the 95% level. We find
that the standard error over most of the grid cells is
less than 0.25; accordingly most of the regions have a
statistically significant response to one of the forcings.
The calculation identified four types of region: (i) where
the local SST influences were significant; (ii) where
the large-scale SSTs and other remote influences were
significant; (iii) where both influences were significant;
and (iv) where natural variability was larger than both
influences. Figure 10 shows very small areas where
neither local nor remote effects are significant. Only the
dark regions, found mostly in the Tropics, with large
local SST–precipitation correspondence, show significant
response to both local and remote SSTs. Outside of the
dark regions, vast spans of Tropical and extratropical

oceans show a remote response. Encapsulated within the
dark regions, are small regions where the local SSTs
have a predominant influence. This picture is much more
revealing than those of the earlier studies and provides
an unambiguous answer to the fundamental question of
the influence of interannual SST changes on the local
precipitation on monthly time-scales.

4.10. El Niño (1987) and La Niña (1988) SST-forced
precipitation anomalies

One naturally wonders whether the analysis can distin-
guish between the responses of precipitation to local ver-
sus remote SST anomalies for precipitation differences
corresponding to El Niño and La Niña years. Our inte-
gration period had only one such event. The result of this
analysis is shown in Figure 11 wherein we again partition
each grid cell into one of the four categories as outlined
in Section 4.9. Even with huge local- as well as global-
scale SST differences, the statistical significance of local
versus global SST contributions (1987 minus 1988 dif-
ferences) for one single case cannot be as significant as
they would be for an ensemble of 10 cases (as seen in the
10-year data analysis). However, the methodology still
holds. As expected, we find vast areas in which the dif-
ferences are large but fail the statistical significance test.
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Figure 9. Seasonal mean standard error of rainfall in Cc simulation, shown as a fraction of the averaged total rainfall. Seasons are marked on
each panel.

One can see some dark areas over regions of large SST
anomalies in the Tropics and some grey areas at higher
latitudes; however there are many more regions in which
the precipitation anomalies fail the statistical significance
test at the 95% confidence level.

5. Conclusions and summary

In the past, several investigators have explored the
influence of local SST versus remote dynamics on
the local precipitation. Since local SST and large-scale
dynamics are interactive as well as intertwined, it is
difficult to distinguish between them. Pioneering studies
focused on the Tropics and resorted to binning and
categorizing the data by SST and vertical velocity at
500 hPa (Bony et al., 1997) and 200 hPa divergence
(Lau et al., 1997). Others have looked at the storm-scale
physical processes (Del Genio and Kovari, 2002). We
also followed the binning methodology, but then took a
couple of extra steps to isolate the local and remote SST
effects by invoking differential calculus for small SST
perturbations and some reasonable physical assumptions.
The new methodology is valid for the global domain,
even though the major SST impacts only emerged in the
Tropics, as expected.

Binning data by prudent selection of forcing functions
sorts the data into similarly forced groups and averages
out the influence of geographical juxtapositions of SSTs
and/or PBL moisture convergences. This type of aver-
aging is associated with uncertainty due to the physical
assumptions and natural variability of the climate system.
A straightforward binning by climatologically or natu-
rally varying SSTs showed that: (i) averages of binned
fields of evaporation, PBL moisture convergence, verti-
cal velocity and precipitation are very similar for the two
simulations, but both of them were enveloped by very
similar but large standard deviations; (ii) the evapora-
tion increased monotonically with SST up to about 27 °C
before it plateaued with another sharp increase in the last
bin 29–31 °C, (iii) the precipitation correlated much more
with vertical velocity than with the local SST or evapo-
ration; (iv) moisture convergence was largely associated
with mass convergence as opposed to humidity gradients
that are functions of SST gradients, and (v) the oceanic
hot spots, small regions of high SSTs but reduced precip-
itation, are out of phase with SST-organized large-scale
moisture convergence; consequently, they also emerge in
the prescribed SST simulations.

We analytically derived that local precipitation changes
are functions of change in evaporation and grid-scale
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Figure 10. Distribution of interannual variations of precipitation (at ≥95% confidence level of statistical significance) in association with local
and/or remote SST changes prescribed in the Cs simulation. Statistical significance of SST influences on precipitation are distinguished by four

shades of grey (see key): none, local SST only, remote SSTs only, and both local and remote SSTs.

moisture flux convergence (or divergence) in the PBL,
both of which are functions of the local SST. Using
two 10-year monthly prescribed SST simulations, one
using the analyzed SSTs with inter-annual variabil-
ity and the other using its monthly means, we were
able to obtain precipitation anomalies due to intra-
annual SST variations along with the natural variabil-
ity of precipitation from the climatological SST sim-
ulations. The changes of precipitation in response to
local SST were estimated from changes in air-column
thermodynamics of the grid cell plus the SST effects
on moisture convergence within the PBL. The remote-
SST effect was simply the total precipitation anomaly
in the control (Cs) simulation minus the local-SST-
induced precipitation anomaly (= {dP/dTss} × &Tss). A
comparison of the global distributions of the two fields
revealed the influence of local and remote SST on
precipitation.

The methodology needed doubly binned precipitation
fields with respect to SST and PBL moisture conver-
gence for determining partial derivatives of precipita-
tion with SST and PBL moisture convergence. This
together with dMb/dTss enabled us to compute the
influence of local SST on precipitation at each grid

cell. All other effects, including changes in far-field
SSTs, soil moisture, and clouds, were lumped together
as remote effects. The analysis helped to distinguish
between the local SSTs and remote effects on precipi-
tation anomalies over all oceanic grid cells. On project-
ing the influence of local SSTs on local precipitation,
we extracted several useful insights. We found that the
local-SST influence on the local precipitation was high-
est in the Tropics, but not everywhere. We also delineated
regions with significant local- and/or remote-SST influ-
ences on precipitation. Clearly the analysis is valuable
for climate change assessments and in deciphering the
influence of SSTs on precipitation in different climatic
regimes and seasons. Being physically derived, it has
the potential of providing quantitative assessments of
the consequences of small but realistic SST changes on
precipitation.

We reiterate two main limitations of the methodol-
ogy. First, if SST changes are large and alter signif-
icantly the mean monthly structure of the large-scale
circulation, the linear analysis involving partial deriva-
tives becomes inapplicable. Second, the use of fvGCM2
data warrants the usual cautions about the limitations
of model-simulated data. The value of our findings is
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Figure 11. Statistical significance of the 1988 minus 1987 precipitation fields simulated in Cs. Shading for statistical significance is as in
Figure 10, but the panels are arranged differently.

limited by the model’s ability to simulate realistically
the annual cycle of circulation and precipitation. More-
over, GCM simulations using the prescribed SSTs do not
allow two-way air–sea coupling, in which SSTs are also
modulated by the atmosphere and this can be significant
(Seager et al., 2003); such a coupling has been shown
to exert beneficial influences on tropical forecasts (e.g.
Wang et al., 2005). Nevertheless, how the prescribed SST
simulations affect the statistics of 10-year circulation and
precipitation climatology (and our inferences) was not
addressed. It depends upon the model’s systematic biases
that interact with and/or react to the observed SSTs. We
hope to reassess these findings using simulations per-
formed with a coupled ocean–atmosphere model. We
would also like to re-examine the inferences using the
analyzed data as soon as the analysis systems can pro-
vide observational-quality precipitation fields and mois-
ture fluxes, which is becoming a distinct possibility (Max
Suarez 2007, personal communication).
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