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ABSTRACT

This study uses the NASA Seasonal-to-Interannual Prediction Project (NSIPP-1) AGCM to investigate the
physical mechanisms by which the leading patterns of annual mean SST variability impact U.S. precipitation.
The focus is on a cold Pacific pattern and a warm Atlantic pattern that exert significant drought conditions
over the U.S. continent. The precipitation response to the cold Pacific is characterized by persistent deficits
over the Great Plains that peak in summer with a secondary peak in spring, and weakly pluvial conditions in
summer over the Southeast (SE). The precipitation response to the warm Atlantic is dominated by persistent
deficits over the Great Plains with the maximum deficit occurring in late summer. The precipitation response
to the warm Atlantic is overall similar to the response to the cold Pacific with, however, considerably weaker
amplitude.

An analysis of the atmospheric moisture budget combined with a stationary wave model diagnosis of
the associated atmospheric circulation anomalies is conducted to investigate mechanisms of the precip-
itation responses. A key result is that, while the cold Pacific and warm Atlantic are two spatially distinct
SST patterns, they nevertheless produce similar diabatic heating anomalies over the Gulf of Mexico dur-
ing the warm season. In the case of the Atlantic forcing, the heating anomalies are a direct response to
the SST anomalies, whereas in the case of Pacific forcing they are a secondary response to circulation
anomalies forced from the tropical Pacific. The diabatic heating anomalies in both cases force an anom-
alous low-level cyclonic flow over the Gulf of Mexico that leads to reduced moisture transport into the
central United States and increased moisture transport into the eastern United States. The precipitation
deficits over the Great Plains in both cases are greatly amplified by the strong soil moisture feedback
in the NSIPP-1 AGCM. In contrast, the response over the SE to the cold Pacific during spring is primarily
associated with an upper-tropospheric high anomaly over the southern United States that is remotely
forced by tropical Pacific diabatic heating anomalies, leading to greatly reduced stationary moisture
flux convergences and anomalous subsidence in that region. Moderately reduced evaporation and
weakened transient moisture flux convergences play secondary roles. It is only during spring that
these three terms are all negative and constructively contribute to produce the maximum dry response in
spring.

The above findings based on the NSIPP-1 AGCM are generally consistent with observations, as
well as with four other AGCMs included in the U.S. Climate Variability and Predictability (CLIVAR)
project.
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1. Introduction

It is known that recurring patterns of sea surface
temperature (SST) variability exert profound impacts
on a number of regional climates throughout the world
at interannual to decadal and longer time scales. For the
United States, the most important SST variations are
those associated with El Nifio-Southern Oscillation
(ENSO) and, at longer time scales, a decadal pan-Pacific
pattern related to the Pacific decadal oscillation (PDO)
(e.g., Zhang et al. 1997), and the Atlantic multidecadal
oscillation (AMO) (Enfield et al. 2001) in the North
Atlantic. Past observational studies, both instrumental
(e.g., McCabe et al. 2004) and paleoclimatic (e.g., Seager
et al. 2007), and modeling work (e.g., Schubert et al.
2004a) have suggested the importance of cold SST ano-
malies in the Pacific and warm SST anomalies in the
Atlantic in accounting for past droughts and drought
frequency over the United States. In addition, a global
linear trend pattern and SST variations in the Indian
Ocean appear to be important.

The linkages between the regional SST variations and
U.S. drought have been extensively investigated using
general circulation models (GCMs) and available ob-
servations. The use of the GCM modeling approach has
gained popularity because of the improving fidelity of
models in simulating U.S. hydroclimate variability. Re-
cent studies have shown that, when forced with the
observed SST, the current generation of atmospheric
GCMs (AGCMs) is capable of reproducing the major
U.S. droughts from the early twentieth century to the
present (e.g., Schubert et al. 2004a; Seager et al. 2005).
Atmospheric Model Intercomparison Project (AMIP)
type experiments (AGCM:s forced with observed SSTs)
have been used to investigate the causes of historical and
recent U.S. droughts (e.g., Hoerling and Kumar 2003;
Schubert et al. 2004b). In addition, idealized AGCM
experiments forced with fixed SST anomalies associated
with the leading SST empirical orthogonal functions
(EOFs) have provided a useful framework for isolating
and assessing the roles of the leading SST patterns of
variability in forcing U.S. hydroclimate variations (e.g.,
Schubert et al. 2004a; Wang et al. 2009). However, the
exact physical mechanisms by which the leading patterns
of SST variability affect the U.S. hydroclimate in the
GCMs, and the issue of model dependence of the results
has not been sufficiently addressed. A systematic in-
vestigation of these mechanisms in AGCM experiments
is necessary to improve our understanding of the model
behavior in representing the linkage between SST and
U.S. drought as well as the role of soil moisture.

The recent modeling efforts initiated by the United
States contribution to the World Climate Research
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Programme’s Climate Variability Study (USCLIVAR)
drought working group (Schubert et al. 2009) provide
an excellent opportunity to investigate the mechanisms
through which the leading SST patterns affect the re-
gional hydroclimate in the current generation of AGCMs
and to address the issue of the model dependence in
representing the linkages between the leading SST pat-
terns and U.S. drought. The participating AGCMs are the
National Aeronautics and Space Administration (NASA)
Seasonal-to-Interannual Prediction Project (NSIPP) ver-
sion 1 AGCM at the Global Modeling and Assimilation
Office (GMAO) (Bacmeister et al. 2000); the National
Centers for Environmental Prediction (NCEP) Global
Forecast System (GFS) (Campana and Caplan 2005); the
National Center for Atmospheric Research (NCAR)
Community Climate Model, version 3 (CCM3) (Kiehl
et al. 1998); the Geophysical Fluid Dynamics Labora-
tory (GFDL) Atmosphere Model, version 2.1 (AM2.1)
(Delworth et al. 2006); and the NCAR Community At-
mosphere Model (CAM3.5) (Oleson et al. 2008; Stockli
et al. 2008). The simulations include a series of idealized
AGCM experiments using different AGCMs forced with
SST anomaly patterns associated with the leading SST
variability. The leading SST patterns are those of the
leading SST EOFs of annual mean Hadley SST (Rayner
et al. 2003) over 1901-2004, consisting of a globally
warming trend pattern, a Pacific pattern, and an Atlantic
pattern. These SST patterns respectively represent a
global warming mode, a mixed decadal and ENSO vari-
ability in the Pacific, and an Atlantic multidecadal vari-
ability pattern that resembles the AMO.

This study focuses on the results of the USCLIVAR
simulations produced by the NASA NSIPP-1 AGCM.
In particular, we perform an in-depth investigation of
the physical and dynamical mechanisms through which
the cold Pacific and warm Atlantic SST patterns, the two
major U.S. drought-inducing SST patterns, influence
the U.S. precipitation in the NSIPP-1 model. We focus
on the NSIPP-1 AGCM experiments because we have
available to us a complete set of model outputs, including
daily data and three-dimensional (3D) monthly diabatic
heating fields, that are necessary for assessing budgets
and various dynamical forcing fields. We do, however,
address the issue of model dependence by comparing
with other AGCMs participating in the drought working
group modeling efforts those results that are available to
us from a common set of model output fields. In addition,
to the extent possible in an idealized setting, we compare
the results with observations.

This paper is organized as follows. Section 2 describes
the data and methods. Section 3 examines the regional and
seasonal characteristics of the precipitation responses of
the NSIPP-1 AGCM to the three leading SST patterns.
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Section 4 investigates the physical mechanisms by which
the cold Pacific and warm Atlantic SST patterns affect the
U.S. precipitation in the simulations. That section also
addresses the issues of model dependence, the significance
of seasonal variations of SST anomalies associated with the
leading SST patterns, and the comparison with observa-
tions. The summary and conclusions are given in section 5.

2. Data and methods
a. AGCM experiments and observational datasets

In the idealized AGCM experiments initiated by the
USCLIVAR drought working group, the SST anomaly
patterns are fixed and superimposed on the monthly
varying SST climatology (1901-2004). The amplitudes
for the Pacific and Atlantic SST patterns correspond to
two standard deviations of their principal components
(PCs) so as to strongly force the models to obtain robust
model responses, whereas the amplitude for the trend
pattern is one standard deviation. The simulations with
the NSIPP AGCM forced with the Pacific and Atlantic
SST anomaly patterns are each 99 years long, and the
experiments for the trend pattern are 50 years long. The
simulations with the NCAR CCM3, GFDL AM2.1, and
NCAR CAM3.5 are each about 50 years long, and about
35 years long for the NCEP GFS model. The model
responses to the leading Pacific and Atlantic patterns
in the NSIPP-1 AGCM are obtained as the mean dif-
ferences between the control run and the anomaly runs
averaged over the last 80 years, whereas those for the
trend pattern with the NSIPP AGCM and all SST pat-
terns with the other models are obtained by averaging
over the last 50 years (35 years for the NCEP GFS).
More details of the leading SST patterns, the AGCM
experiment design, the participating AGCMs, and an
overview of the model intercomparison results can be
found in Schubert et al. (2009). Details of the NSIPP-1
model formulation and its climate are described in
Bacmeister et al. (2000). The seasonal predictability of
the model is described in Pegion et al. (2000) for boreal
winter and in Schubert et al. (2002) for boreal summer.

In parallel to the primary idealized AGCM experi-
ments already described, a series of auxiliary experi-
ments were performed in which we disable the soil
moisture feedback by prescribing soil moisture to its
(geographically varying) climatological seasonal cycle.
In these simulations, soil moisture is not allowed to
increase in response to a given precipitation event, and
thus subsequent evaporation is also not allowed to in-
crease and thereby act to further enhance the pre-
cipitation. The comparison between these two series
of experiments shows the impact of land—-atmosphere
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feedback processes on the precipitation responses over
the United States.

To assess the impact of month-to-month variations of
SST anomalies associated with the leading patterns (the
idealized anomalies are fixed in time) as well as to fa-
cilitate the comparison with observations, we also ex-
amine an ensemble of 14 AMIP simulations made with
the same NSIPP-1 AGCM covering the period 1902—
2004. Details of these AMIP runs are described in
Schubert et al. (2004a). The observational data used for
comparison are the monthly Hadley Centre Global Sea
Ice and Sea Surface Temperature (HadISST) (Rayner
et al. 2003) over the period 1901-2004, monthly mean
precipitation over the period 1948-2004 computed from
a retrospective analysis of daily station precipitation
over the United States and Mexico (US-MEX) provided
by the NCEP Climate Prediction Center (CPC) (more
information about the data is available at http://www.
cpc.ncep.noaa.gov/products/precip/realtime/retro.shtml),
and monthly zonal and meridional wind fields from the
NCEP-NCAR reanalysis (Kalnay et al. 1996) for the
period 1948-2004.

b. Methods

To facilitate the investigation of the mechanisms by
which the leading SST patterns affect U.S. precipitation,
atmospheric moisture budget analysis and stationary
wave modeling diagnosis are performed.

The atmospheric moisture budget analysis reveals
how precipitation responses over the United States are
balanced by evaporation responses and changes in at-
mospheric transient and stationary moisture flux con-
vergences, a technique that has been widely used in the
past (e.g., Roads et al. 2002). The budget analysis is
based on the vertical integral of the equation for atmo-
spheric water vapor in pressure coordinates:

1 JPmp aq 1 Pmp
- —dp+V -7J qgVdp=FE — P, 2.1
glp, ot g @1

sfe

where ¢ is specific humidity, V is the three-dimensional
wind in pressure coordinates, E is evaporation, and P is
precipitation. Each variable, say A is separated into its
mean (A), that is, the climatology of the control run; and
deviation from the mean (A'), that is, the mean differ-
ence between an anomaly run and the control run.
Equation (2.1) then becomes

L— ! ! ! 1 Plop aq,
P'=FE’' 4+ qconv, +qconv —§ o dp, where

sfe
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In the above equations, V,, denotes horizontal divergence,
V,, denotes the horizontal winds, ” indicates transient
deviation from monthly mean, and the subscripts anom
and ctrl refer to an anomaly run and the control run,
respectively. Thus, the change in precipitation (P') is
balanced by the change in evaporation (E"), the vertical
integral of the change in transient moisture flux conver-
gences (qconv,, ), the vertical integral of the change in
stationary moisture flux convergences (qconv, ) which is
the sum of the contribution from change in mean at-
mospheric circulation (qconv,, .,,) and that from change
in mean atmospheric water vapor (qconv,, ), and the
vertical integral of the change in atmospheric water
vapor [—1/g Lf‘fw (9q'/at) dp]. This last term is at least
one order of magnitude smaller than the other terms and
can be ignored.

In computing the budgets for the Pacific and Atlantic
patterns, the vertical integrals of the transient and sta-
tionary moisture flux convergences terms are pressure
weighted, following Roads et al. (2002). The transient
term is obtained as deviation from monthly mean and
thus is of submonthly time scale. Note that the atmo-
spheric moisture budget analysis for the NSIPP-1 AGCM
is not strictly closed (Nigam and Ruiz-Barradas 2006)
because of model output limitations. The wind and spe-
cific humidity fields are given at pressure levels instead
of the original model coordinates and thus contain er-
rors associated with the spatial interpolation between
these coordinates. Furthermore, the model wind fields
are at spatial grids different from the water vapor fields,
potentially introducing additional errors to the moisture
budget. However, our experience is that any such errors
do not affect the basic conclusions we draw from the
budgets.

Since the leading SST patterns affect the U.S. climate
by forcing changes in atmospheric circulation over the
United States, a stationary wave model is used to di-
agnose the maintenance mechanisms of atmospheric
circulation changes. The stationary wave model is es-
sentially a dry dynamical core of another AGCM (Ting
and Yu 1998). It is based on the 3D primitive equations in
o coordinates and is time dependent and nonlinear. The
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model-generated transient disturbances are suppressed
by strong damping. The model has rhomboidal wave-
number-30 truncation in the horizontal and 14 unevenly
spaced o levels in the vertical (R30L.14). The stationary
wave model has been shown to be a valuable tool to
diagnose the maintenance of both climatological and
anomalous atmospheric circulation by evaluating the
relative roles of stationary wave forcings over specific
regions (Ting et al. 2001; Held et al. 2002; Lau et al.
2005). More details of the stationary wave model can be
found in Ting and Yu (1998).

In the stationary wave modeling experiments per-
formed in this study, the background state is the clima-
tological 3D seasonal mean flow of the control run. The
stationary wave forcings for the anomalous atmospheric
circulation include the 3D anomalous diabatic heating
and transient flux convergences that are obtained as the
mean differences between an anomaly run and the con-
trol run. The diabatic heating is taken from the model
output directly and linearly interpolated to a resolution of
R30L14 to be consistent with the stationary wave model.
Since the NSIPP-1 AGCM model output does not in-
clude a few terms necessary for the calculation of the
transient forcing as a residual, the transient forcing is
obtained by explicitly computing the major terms in the
3D primitive equations in pressure coordinates and then
linearly interpolated onto the R30L14 resolution. Such
estimates of the transient forcing are generally weaker
than those derived as a residual and contain errors that
lead to differences between the stationary wave model
simulation and the stationary wave anomalies in the
AGCM simulation, especially in cold seasons when
transients are more important. In addition, the anoma-
lous stationary wave forcings associated with the leading
SST patterns are not strong enough to lead to significant
stationary nonlinearity; the stationary wave modeling
solutions are largely linear.

3. Seasonal mean precipitation responses
to the leading SST patterns

Figure 1 shows the seasonal mean precipitation re-
sponses over the United States to the leading SST pat-
terns in the NSIPP-1 idealized runs. The response to the
cold trend pattern is not included because of its weak
response over the United States. Figure 1 shows that,
over the United States, a warm Pacific and cold Atlantic
lead to general pluvial conditions, whereas a cold Pa-
cific, warm Atlantic, and warm trend lead to general
drought conditions. The precipitation responses to the
Pacific pattern are considerably stronger than those to
the Atlantic and trend patterns. In a general sense, for
both the Pacific and Atlantic SST forcing patterns,
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changing the sign of the forcing patterns essentially acts
to change the sign of the precipitation responses over the
United States.

The precipitation response to the cold Pacific (Fig. 1b)
shows interesting seasonal and regional variations. Dur-
ing winter, the cold Pacific SST forces a strong and sig-
nificant precipitation reduction along the southern and
southeastern coasts of the United States and a precipi-
tation increase over the northwestern United States.
During spring, while there is a precipitation increase
over the northwestern United States, the majority of
United States experiences a precipitation deficit, with the
largest precipitation reduction centered on the southern
Great Plains and the Southeast (SE). The summertime
precipitation response is characterized by a strong pre-
cipitation reduction over the Great Plains, with pre-
cipitation increases to the west and east. In fall, while
the precipitation deficit over the central United States
weakens, much of the country again experiences wide-
spread precipitation deficits, with the maximum deficit
centered over the southwestern United States. These
deficits are accompanied by moderate but significant
precipitation increases along the northwestern and south-
eastern U.S. coasts. The seasonal mean precipitation re-
sponse to the warm Pacific (Fig. 1a) is generally opposite
to that of the cold Pacific (Fig. 1b), with the main dif-
ferences appearing over the northwestern United States
during fall and winter when the amplitude of precipi-
tation decreases in Fig. 1a are considerably stronger and
significant. While the Pacific pattern in the idealized
runs is fixed throughout the seasonal cycle, the model
results (Figs. 1a,b) are to a large extent consistent with
past observational studies of the impacts of ENSO and
PDO SST anomalies over the United States during winter
(Ropelewski and Halpert 1986; Higgins et al. 2000) and
summer (Ting and Wang 1997; Barlow et al. 2001).

The seasonal mean precipitation response to the
warm Atlantic (Fig. 1c) is to some extent similar to the
response to the cold Pacific, but with generally weaker
amplitudes, especially in spring. The U.S. wintertime
precipitation response to the warm Atlantic exhibits
a significant wet response over the Northwest and dry
responses along the southern and southeastern coasts. In
spring, the overall response is rather weak. The pre-
cipitation deficit over the central United States increases
in summer, together with a precipitation surplus to the
east. During fall, the majority of the United States is
covered with significant precipitation deficits centered
over the southwestern United States. Overall the pre-
cipitation response to a warm Atlantic is dominated by
the dry response over the central United States that
peaks in summer. The warm season precipitation re-
sponse to the warm Atlantic pattern in Fig. 1c is con-
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sistent with the observed effect of AMO in its warm
phase over the United States (Enfield et al. 2001). The
responses to the cold Atlantic (Fig. 1d) are generally
opposite to the responses to the warm Atlantic (Fig. 1c).

The responses to the warm trend pattern (Fig. 1e) show
a significant precipitation increase over the northwestern
United States in winter and spring and a notable dry re-
sponse over the central United States that persists from
spring to fall and peaks in summer.

Since the precipitation responses to the leading SST
patterns are mostly over the Great Plains and the SE
United States, we further examine the seasonality of the
precipitation responses averaged over these two regions.
Over the Great Plains (Fig. 2a), the warm Pacific and
cold Atlantic SST patterns force persistent pluvial con-
ditions that are rather weak in winter and become the
strongest in late summer. In contrast, the cold Pacific,
warm Atlantic, and warm trend SST force persistent
drought conditions, with the response to cold Pacific
peaking in summer, and the responses to the warm At-
lantic and warm trend peaking in late summer. The re-
sponses to the Pacific patterns are much stronger than
the other two patterns. The amplitudes of the pre-
cipitation responses to the Pacific patterns are at least
2 (4) times as strong as those of the Atlantic (trend)
patterns during late summer when the latter responses
are the strongest.

Over the SE United States (Fig. 2b), the response to
the cold Pacific SST is characterized by a distinct con-
trast between a strong dry response in winter and spring
and a moderate wet response in summer and early fall.
The response shows a distinct maximum precipitation
reduction in spring, a rapid recovery in early summer,
a moderate precipitation increase in late summer and
early fall, a return to near-normal conditions in fall, and
a moderate precipitation deficit in winter. The response
to warm Pacific SST is generally opposite to that to the
cold Pacific, with the amplitudes of dry response during
late summer and early fall considerably stronger than
those of pluvial response. Such a seasonality of the pre-
cipitation response over the SE United States to the
Pacific SST pattern is consistent with observations (Mo
and Schemm 2008) in that cold (warm) ENSO events are
associated with negative (positive) precipitation anom-
alies over the SE United States in winter but positive
(negative) anomalies in summer. The precipitation re-
sponses to the warm (cold) Atlantic and warm trend
patterns show a wet (dry) response during summer and
early fall and a dry (wet) response during the rest of the
seasons, though these responses are generally weaker
than the responses to the Pacific forcing.

In the rest of this paper, we will focus on those SST
anomalies that produce the largest and/or most extensive
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FIG. 2. Seasonality of precipitation responses (mm day ') averaged over (a) the U.S. Great
Plains (30°-50°N, 255°-265°E) and (b) the SE United States (24°-36°N, 267°-290°E) for the
warm Pacific, cold Pacific, warm Atlantic, cold Atlantic, and warm trend SST patterns in the
idealized experiments performed using the NASA NSIPP-1 AGCM. The lines for SST patterns
that induce general drought (pluvial) conditions are marked with closed (open) circles. Three-

month running mean values are shown.

precipitation deficits over the United States, namely, the
cold Pacific and warm Atlantic patterns.

4. Mechanisms linking SST anomalies to U.S.
precipitation deficits

Before looking in detail at the physical mechanisms
that link the remote SST anomalies to changes in the
U.S. hydroclimate, we take a brief look at the annual
cycle of the area-averaged moisture budget terms for the
cold Pacific (SE and Great Plains) and warm Atlantic

forcing (Great Plains). This should allow us to further
focus our analysis on those key seasons when the SSTs
have the greatest impacts.

a. The annual cycle of the atmospheric moisture
budget

Figure 3a shows that the peak precipitation deficit
over the SE United States in March-May (MAM) is
mainly explained by the reductions in stationary mois-
ture flux convergences over the southern United States,
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F1G. 3. Seasonality of precipitation response (black line with
open circle), evaporation response (blue line with closed square),
changes in vertically integrated transient moisture flux conver-
gences (qconv,,, ) (green line with closed circle), changes in ver-
tically integrated stationary moisture flux convergences (qconv,, )
(red line with open square) and those due to changes in atmo-
spheric circulation (qconv,,,,) (dashed magenta line with multi-
plication sign), and changes in atmospheric moisture (qconvy, )
(dashed dark yellow line with open circle) in response to the cold
Pacific SST pattern over (a) the SE United States and (b) the Great
Plains and (c) those in response to the warm Atlantic pattern over
the Great Plains. Three-month running mean values are shown.
Units: mm day ™ .
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with reduced evaporation playing a secondary role. The
large precipitation deficit in December—February (DJF),
however, is mainly explained by the weakened transient
moisture flux convergences. During winter, the model is
quite consistent with observations in that the cold Pacific
forces an upper high anomaly centered over the SE
United States that significantly alters the zonal flow over
the United States, weakens storm tracks over the SE
United States, and leads to dry conditions there (not
shown). The transients are rather weak in the rest of
seasons. The stationary moisture flux convergences con-
tribute to precipitation increases in winter and a moder-
ate increase in summer, but act to reduce precipitation in
MAM-—the season of maximum precipitation deficit in
this region. The evaporation shows weak reductions from
winter to early summer and weak increase in the rest of
the seasons.

Over the Great Plains, the precipitation reduction in
response to the cold Pacific (Fig. 3b) occurs throughout
the seasonal cycle with the peak in summer. During the
warm season, the precipitation reduction is mainly ex-
plained by reduced evaporation, with the reduced sta-
tionary moisture flux convergence playing a secondary
role. The contribution by changes in atmospheric sta-
tionary moisture convergence due to changes in atmo-
spheric circulation and that due to changes in atmospheric
moisture generally cancel each other, with the former
considerably overwhelming the latter. The contribution
by transients is rather minimal throughout the seasonal
cycle. The relative roles of individual terms in balancing
the precipitation response over the Great Plains to the
warm Atlantic (Fig. 3c) are generally similar to those for
the cold Pacific with, however, smaller amplitudes and the
peak appearing in late summer. We will return to the
similarity of these two responses in section 4d.

We next focus on those seasons for which the impacts
are the largest. In particular, we perform an in-depth
investigation of the physical mechanisms by which a cold
Pacific leads to precipitation deficits over the SE United
States in MAM and the Great Plains in June—August
(JJA), as well as the mechanisms by which a warm At-
lantic results in precipitation deficits over the Great
Plains in July-September (JAS).

b. A cold Pacific and precipitation deficits in MAM

Figure 4 shows spatial maps of the various compo-
nents of the atmospheric moisture budget for the pre-
cipitation responses to the cold Pacific in MAM for the
standard run (Fig. 4a) and the auxiliary run in which the
soil moisture feedback is turned off (Fig. 4b). As dis-
cussed below, Figs. 4a,b suggest that the precipitation
deficit over the Great Plains is primarily explained by
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a local reduction in evaporation, with some contribution
from changes in stationary moisture fluxes. Over the SE
United States, however, the precipitation deficit is
mostly the result of greatly reduced stationary moisture
flux convergence associated with a strong anticyclonic
anomaly over the southern United States. Such a circula-
tion anomaly induces strong subsidence over the southern
United States (Fig. 4a) and is likely to facilitate the drought
conditions there (Namias 1983). Meanwhile, the westerly
and northwesterly winds at the north flank of the high
anomaly result in weakened storm track along the south-
eastern United States and enhanced storm track farther
north (not shown). The associated changes in transient
moisture flux convergences contribute to a moderate pre-
cipitation reduction along the southern coast of the United
States and precipitation increase over the northern portion
of the eastern United States. The contribution to the
changes in atmospheric stationary moisture conver-
gence from changes in atmospheric moisture results in
a precipitation increase over the SE United States and
offsets the precipitation deficit there.

By design, the evaporation responses over the Great
Plains and the SE United States essentially disappear
when the soil moisture feedback is turned off. In effect,
the only difference between the sets of runs examined in
Figs. 4a,b is the lack of soil moisture feedback in the
latter set and thus an inability of the land surface to am-
plify precipitation anomalies through this feedback—low
precipitation cannot lead to reduced evaporation and
thus to a reduced source of moisture for subsequent pre-
cipitation. The fact that the cold Pacific pattern reduces
precipitation more in Fig. 4a than in Fig. 4b therefore
suggests strongly that soil moisture feedback does indeed
amplify the SST-induced anomaly. Soil moisture feed-
back, however, is not as important over the SE United
States, in agreement with previous results (Koster et al.
2000). The distributions of transient and stationary
moisture flux convergences are essentially unaffected by
the absence of the land surface feedback. The precipi-
tation change over the SE United States is mainly ex-
plained by changes in atmospheric circulation.

One caveat about soil moisture feedback is appro-
priate here. The NSIPP-1 model is known from a num-
ber of studies (e.g., Koster et al. 2003) to overestimate
the feedback present in nature, as inferred indirectly
from observations. Nevertheless, the observations-
based inferences do show that feedback in nature gen-
erally occurs in the areas highlighted by the model, if at
reduced levels (Koster et al. 2003; Koster and Suarez
2004; Koster et al. 2006b).

Given the prominent role of the anomalous high over
the southern United States for the dry response in the
SE United States as suggested by the lowest panels in
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Fig. 4, we investigate its maintenance using a stationary
wave model. An inspection of the 3D structure of the
high anomaly (not shown) indicates that it has a baro-
tropic structure and that it has the maximum amplitude
in the upper troposphere, suggesting that the atmo-
spheric circulation anomaly is remotely forced. In the
following we use the stationary wave modeling approach
to diagnose the MAM upper-tropospheric circulation
response to the cold Pacific.

Figure 5a shows that, in response to the prescribed
cold Pacific pattern, there is a strong diabatic cooling
response along the central and eastern tropical Pacific,
straddled by diabatic heating anomalies to the north and
south. Over North America, there is diabatic cooling
over the Great Plains and SE United States, associated
with the wide spread precipitation deficits shown in
Fig. 1b. Over the Pacific-North American (PNA) re-
gion, the upper-tropospheric stationary wave response is
characterized by a wave train emanating from the cen-
tral and eastern tropical Pacific. The circulation response
over the United States and surrounding regions features
an anomalous high centered over the Southwest, the key
feature of interest, as well as an anomalous low to the
north.

The stationary wave model simulation forced with the
total stationary wave forcing anomalies (Fig. 5b)—that
is, the sum of diabatic heating anomalies and transient
flux convergences anomalies—is in good agreement
with the AGCM simulations (Fig. 5a) over the PNA
region. The agreement west of the date line is not as
good and may be due to the inaccuracy in the computed
transient forcing as well as errors introduced when
performing spatial interpolation of stationary wave
forcings from the NSIPP model grids to the R30L14
resolution. The generally good agreement, especially
over the PNA region, suggests that we can use the sta-
tionary wave model to further diagnose the relative roles
of regional diabatic heating and transients in forcing the
high anomaly over the southern United States. The
comparisons between Figs. 5b—d show that the diabatic
heating anomaly plays a prominent role. It alone forces
a wave train that emanates from the tropical Pacific
across the North America, producing an anomalous high
over the southern United States and a northwest—
southeast-tilted low farther north (Fig. 5¢). An addi-
tional stationary wave modeling experiment forced with
the diabatic heating anomaly in the Pacific only (not
shown) shows that the response in Fig. 5c is mostly ex-
cited by a diabatic heating anomaly in the tropical Pa-
cific. While the transients contribute to only a weak high
over the central and eastern United States (Fig. 5d), they
act to shift the diabatically forced high and low re-
sponses over the United States farther eastward, closer
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FIG. 5. The MAM eddy streamfunction (m? s~ ') at o = 0.257 in (a) the AGCM response to the cold Pacific SST
pattern; the stationary wave model responses to (b) the sum of diabatic heating anomalies and anomalies in transient
flux convergences, (c) the diabatic heating anomalies only, (d) the transient flux convergence anomalies only, (e) the
MAM mean diabatic heating anomalies imposed on DJF mean 3D background state, and (f) the DJF mean diabatic
heating anomalies imposed on MAM mean 3D background state. The vertically integrated diabatic heating
anomalies (K day™') are shaded in all panels except (d). Contour interval of streamfunction is 1 X 10° m?s™!
(negative values are dashed and the zero line is the first solid contour).

to the locations in the AGCM simulations. Additional seasonal 3D background flow and seasonal diabatic
stationary wave experiments were done to assess the heating anomaly (Figs. Se,f) show that the aforemen-
sensitivity of the results to the heating and the basic state.  tioned stationary wave response over the PNA region in
In particular, runs forced with mixed combinations of the MAM is largely controlled by the 3D climatological

«—

FIG. 4. Atmospheric moisture budget analysis for MAM response to cold Pacific pattern in (a) the standard
idealized run and (b) the auxiliary run that has the soil moisture feedback turned off, performed using the NSIPP-1
AGCM. The responses of precipitation with vertical velocity (w) in pressure coordinates at 300 mb (contour),
evaporation, vertically integrated transient moisture flux convergences (qconv,, ), vertically integrated stationary
moisture flux convergences due to changes in atmospheric moisture (qconv, ), and those due to the changes in
atmospheric circulation (gconv/,, ;) superimposed with the corresponding vertically integrated stationary moisture
fluxes are shown. Note that the @ anomaly in MAM reaches its maximum at about 300 mb over the Great Plains.

(bottom) The reference vector is shown below (a). Units: mm day .
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springtime background flow, with the seasonal changes
in diabatic heating playing a secondary role. For exam-
ple, if the MAM tropical Pacific heating anomalies are
imposed upon the DJF mean background flow, the path
of the Rossby wave propagation is altered with the PNA
region dominated by northwest—southeast-oriented wave
train that results in a low anomaly over much of the-
United States (Fig. Se). By comparison, the response to
the DJF tropical Pacific heating anomalies imposed on
the MAM mean flow (Fig. 5f) shows the correct basic
wave structure over the PNA region (cf. Fig. 5c), al-
though the center of the key high anomaly over the
United States is displaced well to the south.

The above analysis suggests that the MAM precipi-
tation deficits that develop in the Great Plains in response
to the cold Pacific are initiated by the anomalous high
and associated subsidence that develops in that region as
part of an upper wave response to the Pacific SST forcing.
The subsidence leads to a precipitation reduction, which
is further amplified by local land-atmosphere feedback
processes and largely balanced by deficits in evapora-
tion. In contrast, the strong precipitation reduction over
the SE United States is mostly due to a reduction in the
stationary moisture flux convergences as well as the sub-
sidence induced by the high anomaly that extends across
the SE United States. The soil moisture feedbacks and
reduced transient moisture flux convergence in this re-
gion play a secondary role.

¢. A cold Pacific and precipitation deficits in JJA

Figure 6 shows components of the atmospheric mois-
ture budget for the AGCM response to the cold Pacific
pattern during JJA in both the standard run (Fig. 6a) and
the auxiliary run that has the soil moisture feedback
turned off (Fig. 6b). The comparison between the panels
in Fig. 6a shows that the precipitation deficit in the
central United States is largely balanced by an evapo-
ration deficit and reduced stationary moisture conver-
gences due to atmospheric circulation changes, whereas
the precipitation increases over the west and east United
States are mainly balanced by the latter. The low-level
atmospheric circulation changes are characterized by an
anomalous low over the Gulf of Mexico that acts to
weaken the Great Plains low-level jet (LLJ) and thus
reduces the low-level atmospheric moisture transport
from the Gulf of Mexico to the central United States. In
contrast, the northeastern flank of the low produces a
precipitation increase over the eastern United States by
converging moisture that enters the United States from
the Atlantic. This also explains the moderate precipi-
tation increase over the SE United States during sum-
mer (Fig. 2b).
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Figures 6a,b together suggest that soil moisture feed-
back processes in JJA greatly amplify the SST-induced
precipitation reduction over the central United States
even more than they do in MAM, consistent with the
idea that evaporation rates, and thus their impacts on
the atmosphere, should be the strongest during summer.
In the absence of land—atmosphere feedback, the am-
plitude of precipitation deficit over the central United
States is weakened by more than 50% (Fig. 6b).

We next turn to the maintenance of the JJA atmo-
spheric circulation anomalies, in particular the low-level
cyclonic anomaly over the Gulf of Mexico that appears
to be the key to the dry response over the central United
States (Fig. 6). Figure 7a shows that the response to the
cold Pacific SST pattern consists of strong cooling
anomalies over the central and eastern tropical Pacific
with heating anomalies to the west and south and strong
localized heating anomalies over the Gulf of Mexico with
moderate cooling anomalies to its west and north in the
United States. The stationary wave response in the lower
troposphere is characterized by a strong and localized
cyclonic response over the Gulf of Mexico (the key fea-
ture of interest here), a cyclonic response over South
America, and a pair of anticyclones straddling the equa-
tor in the western tropical Pacific. The strong similarity
between the stationary wave model response to the total
anomalous stationary wave forcing (Fig. 7b) and the
AGCM simulation (Fig. 7a) suggests that the stationary
wave model can be used to diagnose the AGCM response
in summer. The comparison between Figs. 7b,c indicates
that it is the change in diabatic heating (Fig. 7c) that ac-
counts for the overall circulation anomaly; the anomaly in
transients (not shown) plays a negligible role. We next
examine the relative contributions of the diabatic heating
anomalies in the remote Pacific and the local United
States and Gulf of Mexico in maintaining the low-level
cyclonic anomaly over the Gulf of Mexico. The compar-
ison (Figs. 7c—f) clearly shows the dominant contribution
by the local anomalous diabatic heating over the Gulf of
Mexico and the cooling anomaly over the central United
States, whereas the diabatic heating anomaly in the re-
mote tropical Pacific plays a secondary role. The Gulf of
Mexico heating anomaly forces a distinct low that centers
over the Gulf of Mexico (Fig. 7f), whereas the diabatic
heating anomaly in the Pacific contributes to a rather
extensive yet weak low anomaly over the entire North
Atlantic and southeastern North America (Fig. 7e).

Clearly, the aforementioned anomalies of atmospheric
circulation and diabatic heating over the Gulf of Mexico
and the central United States must originate from the
Pacific SST forcing. Our analysis suggests that the impact
of the strong diabatic cooling in the central tropical Pa-
cific induces local subsidence and, via its impact on the



1 APRIL 2010 WANG ET AL. 1827

(a) ColdPac JUA (b) ColdPac_fixedSM JJA

40N

130w 115w 100w 85w 70W 130w 115w 100w 85w 70W

130w 115w 100w 85w 70W 130w 115w 100w 85w 70W

50N

40N

30N

20N

130W 115W 100W 85W 70w

0.1 -1 -0.6 =02 0.1 0.4 08

FIG. 6. As in Fig. 4, but for JJA and (top) the vertical velocity (w) in pressure coordinates is not included.
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FIG. 7. The JJA eddy streamfunction (m” s ') at o = 0.866 in (a) the AGCM response to the cold Pacific SST
pattern; the stationary wave model response to (b) the sum of diabatic heating anomalies and anomalies in transient
flux convergences, (c) the diabatic heating anomalies only, and regional diabatic heating anomalies over (d) the Gulf
of Mexico and United States, (e) the Pacific, and (f) the Gulf of Mexico. The corresponding vertically integrated
diabatic heating anomalies (K day ') are shaded. Contour interval of streamfunction is 0.5 X 10° m? s~ ! (negative
values are dashed and the zero line is the first solid contour).

Walker circulation, anomalous ascent over the tropical
Atlantic. In the NSIPP-1 model, the anomalous ascen-
dance leads to a strong diabatic heating anomaly over
the Gulf of Mexico that excites a strong anomalous low-
level low in that region (Fig. 7f). The strong low-level
cyclonic flow anomaly in turn weakens the Great Plains
LLJ and reduces the moisture transport from the Gulf of
Mexico to the continental United States, leading to a
drying (cooling) over the central United States and in-
creased precipitation (heating) over the Gulf of Mexico.
Meanwhile, the easterly anomaly on the north flank of the
low-level cyclonic flow leads to increased precipitation
over the eastern United States by converging moisture
from the Atlantic. The strong soil moisture feedback
over the central United States in the NSIPP model greatly

enhances the SST-forced precipitation responses over
the Great Plains. The anomalous diabatic heating and
cooling anomalies over the Gulf of Mexico and the United
States in turn excite changes in atmospheric circulations
that further reinforce and strengthen themselves via
weakened northward moisture transport, closing a posi-
tive feedback loop.

d. A warm Atlantic and precipitation deficits in JAS

Figure 8a shows the terms of the atmospheric mois-
ture budget for the AGCM response to the warm At-
lantic in JAS. The distributions of individual terms are
remarkably similar to those for the cold Pacific (Fig. 6a),
but with somewhat weaker amplitude. The budget for
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FIG. 8. As in Fig. 6, but for the JAS responses to warm Atlantic.
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FIG. 9. Asin Fig. 7, but for the response to the warm Atlantic SST pattern in JAS and (d) the diabatic heating
anomalies over the Gulf of Mexico, United States, and the NH tropical Atlantic.

the auxiliary run with soil moisture feedback disabled
(Fig. 8b) is overall similar to that for the cold Pacific in
Fig. 6b as well. The precipitation response to the warm
Atlantic shows a strong drying over the central United
States and a significant precipitation surplus over the
eastern United States. The precipitation decrease over
the central United States is related to reduced stationary
flux convergence associated with anomalous cyclonic
flow over the Gulf of Mexico (Fig. 8a) and is greatly
amplified by the soil moisture feedback, as implied from
the auxiliary run (Fig. 8b). The precipitation increase
over the eastern United States is mostly balanced by an
increase in stationary flux convergence. The transients
play a supporting role over both the central and eastern
United States, whereas the changes in water vapor
convergence due to changes in water vapor tend to be of
opposite sign.

To better understand why the moisture budget over
the United States for the warm Atlantic is similar to that
for the cold Pacific, we compare the maintenance of
their circulation anomalies. Figure 9a shows that, in re-
sponse to the prescribed warm Atlantic SST anomaly,
there is a strong and zonally elongated diabatic heating
anomaly spanning from the Gulf of Mexico eastward to
the west coast of Africa at about 12°N, with the maxi-
mum centered over the Gulf of Mexico. To its west is
diabatic cooling that extends over Mexico and oceanic
regions to the south. Associated with the anomalous

ascent excited by the tropical Atlantic heating, there is
also a band of moderate diabatic cooling in the Northern
Hemisphere (NH) subtropical Pacific. The summertime
diabatic heating response to the warm Atlantic (Fig. 9a)
is broadly similar to that of the cold Pacific (Fig. 7a) in
the NH with, however, the heating anomaly over the NH
tropical Atlantic considerably stronger and the cooling
and heating anomalies in the Pacific considerably weaker
in the case of the Atlantic forcing. Similar to Fig. 7, the
stationary wave modeling results for the warm Atlantic
show a good simulation of the AGCM results, and again
highlight the dominant role of diabatic heating anoma-
lies over the Gulf of Mexico in maintaining the low-level
cyclonic flow there. Therefore, although the cold Pacific
and warm Atlantic are two distinctly different SST pat-
terns, they lead to similar diabatic heating and atmo-
spheric circulation responses over the Gulf of Mexico. In
the case of the Atlantic forcing, these responses are
largely local responses to the prescribed Atlantic SST
anomalies, while, for the Pacific forcing, these are sec-
ondary responses to the Pacific SST anomalies via the
forced changes in Walker circulation.

e. Comparisons with other models and observations

In this section we take advantage of the availability of
selected results from other AGCMs that participated in
the drought working group effort (see section 1), and
assess the model dependence of the responses to the
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FIG. 10. (left) The results based on the NSIPP-1 AGCM: (a) MAM mean responses of precipitation (mm day )
and eddy streamfunction (m? s~ 1) at o = 0.257 to the cold Pacific SST pattern, (b) JJA mean responses of precipitation
and eddy streamfunction at o = 0.866 to the cold Pacific SST pattern, (c) JAS mean responses of precipitation and
eddy streamfunction at o = 0.866 to the warm Atlantic SST pattern. (right) As in (left), but for the four-model
ensemble mean responses of the idealized runs by the NCEP GFS, the NCAR CCM3, the NCAR CAM3.5, and the
GFDL AM2.1. Contour intervals of streamfunction are 1 X 10° m? s !in (a) and (b) and 0.5 X 10° m? s~ ! in (c)(f)
(negative values are dashed and the zero line is the first solid contour).

idealized SST patterns for the seasons of relevance here.
Figure 10 shows that there is generally good agreement
between the NSIPP-1 and the four-model ensemble
mean of the NCEP GFS, the NCAR CCM3, the NCAR
CAM3.5 and the GFDL AM2.1. Such agreement is es-
pecially close for the MAM response to the cold Pacific
pattern. Similar to the NSIPP idealized runs (Fig. 10, left
panels), the four-model ensemble mean (Fig. 10, right
panels) shows dry responses over the United States in
MAM and JJA for the cold Pacific and in JAS for the
warm Atlantic. The wave train pattern over the PNA
region in MAM response to the cold Pacific, the pair of
cyclones over intra-America and the tropical Atlantic,
and the pair of anticyclones over the central tropical

Pacific in the warm season responses to the cold Pacific
and warm Atlantic are all clearly evident in the four-
model ensemble mean. The differences between the
NSIPP-1 and the four-model ensemble mean mainly
appear in the warm season responses. The amplitudes
of the model ensemble mean (Figs. 10d,f) are generally
weaker, partly because of the averaging over the four
models. In addition, the NSIPP-1 model tends to place
the strongest precipitation and low-level circulation re-
sponses over the Gulf of Mexico (Figs. 10c,e), whereas
the four-model ensemble mean (Figs. 10d,f) has the
strongest precipitation responses over the NH eastern
tropical Pacific and the Caribbean regions; the low-level
cyclonic anomalies over the Gulf of Mexico (Figs. 10d,f)
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are weaker and less localized. Despite these differences
in regional details, the overall good agreement between
the NSIPP-1 simulations and the four-model ensemble
mean suggests that our findings based on the NSIPP-1
runs, to a large extent, do not depend on the particular
model we use. The warm season precipitation and low-
level atmospheric circulation responses to the warm
Atlantic in Fig. 10 are also in good agreement with those
in Sutton and Hodson (2005).

We next make a limited comparison with observa-
tions. Here we turn to an ensemble of fourteen AMIP-
style simulations made with the NSIPP-1 model for the
period 1902-2004. The ensemble mean of the atmo-
spheric circulation and precipitation fields from those
runs are compared with the NCEP-NCAR reanalysis
and the US-MEX station precipitation, both of which
are available for the period 1948-2004. A compositing
technique based on the SST is used that allows us to also
compare the results to the idealized SST runs. Since the
leading SST patterns used to force the AGCMs were
obtained based on an EOF analysis of annual mean SST
data (see Schubert et al. 2009), we use the PCs of those
same SST patterns to perform a composite analysis of
the ensemble mean of the AMIP simulations and the
observations. While the Pacific and Atlantic patterns
used to force the idealized runs were given a weight of
two standard deviations, we use here a substantially
smaller amplitude (one-half standard deviation') to do
the compositing. This is a compromise between having
a sufficient number of cases to provide significant results
and keying on the most extreme SST forcing cases that
would provide a more consistent comparison with the
idealized forcing runs.

Figure 11a shows the composite ensemble mean pre-
cipitation and atmospheric circulation anomalies asso-
ciated with the cold Pacific and warm Atlantic SST
patterns. The results are very similar to those based on
the idealized runs shown in Fig. 10a though with weaker
amplitude. This indicates that any seasonal variations
in the SST anomalies associated with the leading SST
patterns do not play an important role in the precipi-
tation responses over the United States.

Figure 11b shows the composite analysis of the ob-
servations. In comparing these with the model results
(Fig. 11, left panels), it is important to remember that
the ensemble mean from the model provides a much
cleaner estimate of the SST response, whereas the single
realization from the observations is subject to consid-

! We note that the basic results are not overly sensitive to this
choice. For example, values ranging between 0.5 and 1 give fairly
similar results.
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erably more noise from variations that are unrelated to
the SST forcing. Nevertheless, the comparison shows
a broad consistency between the AMIP ensemble mean
and the observations, though there are differences in
details. Consistent with the AMIP results, the observed
MAM composite for the cold Pacific (Fig. 11b) shows
a wave train emanating from the tropical Pacific onto the
North American continent; this includes a weak high
over the southern United States. The observed precipi-
tation anomaly over the United States exhibits generally
dry conditions over the central and western United
States as well as over the SE United States. In JJA,
similar to the NSIPP AMIP ensemble mean (Fig. 11c),
the observed precipitation anomaly (Fig. 11d) shows
a dry response over the central United States and wet
responses over regions to the east and southeast. The
atmospheric circulation anomaly from the reanalysis is in
general consistent with that based on the NSIPP AMIP
ensemble mean in that there are a pair of cyclonic cir-
culation anomalies over the tropical Atlantic and a pair
of anticyclonic responses over the tropical Pacific, except
that the circulation features in the observations are some-
what weaker and are located about 30°-50° longitude to
the east of those in the NSIPP ensemble mean. The
agreement for the warm Atlantic in JAS is rather good.
The observations (Fig. 11f) show a widespread pre-
cipitation deficit over the central and northern United
States and a precipitation surplus over the eastern and
southeastern United States. Such a precipitation re-
sponse appears to be associated with the low anomaly
centered over the southeastern United States. Note that
the precipitation anomalies in the observations are con-
siderably weaker than those of the NSIPP AMIP en-
semble mean (note the use of different color scales). This
likely reflects an overall wet bias in the model’s pre-
cipitation climatology (e.g., Lee et al. 2007). Overall,
despite the difference in regional details, the general
agreement between the NSIPP ensemble mean and ob-
servations suggests that the model produces generally
realistic responses to the Pacific and Atlantic SST forcing.

5. Conclusions

This study examined the physical mechanisms by
which the leading patterns of annual mean SST vari-
ability impact U.S. precipitation in the NSIPP-1 AGCM.
The focus was on the cold phase of the leading Pacific
pattern and the warm phase of the leading Atlantic
pattern, both of which lead to significant drought con-
ditions over the U.S. continent. The precipitation re-
sponse to the cold Pacific is characterized by deficits
over the Great Plains that occur throughout the year but
that maximize in summer with a secondary maximum
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FIG. 11. The MAM mean precipitation (mm day ') and eddy streamfunction (m* s~ ') anomalies at o = 0.257
associated with the cold Pacific SST pattern in (a) the NSIPP-1 AMIP ensemble mean simulation and (b) the ob-
servations; the precipitation and eddy streamfunction anomalies at o = 0.866 associated with the (c) cold Pacific in
JJA and (e) warm Atlantic in JAS in the NSIPP-1 AMIP ensemble mean simulation and associated with the (d) cold
Pacific in JJA and (f) warm Atlantic in JAS in the observations. The threshold of one-half standard deviation of
the PCs of leading SST patterns is used. Note the use of different color scales for the precipitation in the NSIPP AMIP
ensemble mean and the observations. Contour intervals of streamfunction are 0.4 X 10° m* s~ ! in (a) and (b) and
0.2 X 10° m* s~ in (c)—(f) (negative values are dashed and the zero line is the first solid contour).

in spring, and weakly pluvial conditions over the SE
United States during summer. The precipitation re-
sponse to the warm Atlantic is dominated by persistent
deficits over the Great Plains with the maximum deficit
occurring in late summer. The warm season precipi-
tation response to the warm Atlantic is overall very
similar to the response to the cold Pacific with, however,
considerably weaker amplitude.

An analysis of the atmospheric moisture budget
combined with a stationary wave model diagnosis of the
associated atmospheric circulation anomalies was con-
ducted to investigate the mechanisms linking the SST
patterns to the anomalies in the U.S. hydroclimate. In

particular, the study addressed the reasons for the sim-
ilarity in the warm season precipitation responses over
the Great Plains to the cold Pacific and warm Atlantic
and the causes for the distinct seasonality in the SE U.S.
precipitation response to the cold Pacific.

The results show that, for both the cold Pacific and
warm Atlantic, the SST-forced precipitation deficits over
the Great Plains are associated with substantially reduced
atmospheric moisture transport from the Gulf of Mexico
to the central United States, a result of a low-level
anomalous cyclonic flow centered over the Gulf of
Mexico. The SST-forced precipitation deficits over the
Great Plains in both cases are greatly amplified by strong
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FIG. 12. The JAS mean precipitation (mm day ') (shaded) and sea level pressure (millibar) (contour) responses to
the warm Atlantic SST pattern in the idealized runs with the five AGCMs. Contour interval of the sea level pressure is
0.3 millibar (negative values are dashed and the zero line is the first solid contour).

soil moisture feedback in the NSIPP-1 AGCM. It is fur-
ther shown that the similarity of the responses over the
United States to the cold Pacific and warm Atlantic is the
result of the similarity in the diabatic heating anomalies
and low-level anomalous cyclonic flow that develop over
the Gulf of Mexico in response to these two spatially
distinct SST patterns. In the case of the Atlantic forcing,
these heating and circulation responses over the Gulf of
Mexico are a direct response to the local prescribed At-
lantic SST anomalies, while, in the case of the Pacific
forcing, these are a secondary response to circulation
anomalies forced by the remote diabatic heating anom-
alies in the tropical Pacific.

The precipitation response to the cold Pacific over the
SE United States is characterized by substantial seasonal
variations, with the largest deficit occurring during the
spring and weak pluvial conditions occurring during the
summer. The summer precipitation increase is the result
of the easterly anomaly at the north flank of the previ-
ously mentioned anomalous low-level cyclonic flow that
develops over the Gulf of Mexico, which in this region

acts to increase the moisture transport from the Atlantic
to the eastern United States. In contrast, during spring,
the SE United States is affected by an upper-tropospheric
anomalous high and subsidence that is excited by diabatic
heating anomalies in the tropical Pacific. The anomalous
high leads to reduced stationary moisture flux conver-
gences. The moderately weakened transient moisture
convergences (storm tracks) over the SE United States
and reduced evaporation play a secondary role. During
winter, the precipitation deficit over the SE United States
is mainly associated with reduced transient moisture flux
convergences. The above results help explain the obser-
vations that a persistent cold Pacific tends to produce dry
conditions during the cold seasons yet wet conditions
during summer over the SE United States, leading to the
difficulty of sustaining a drought beyond one year there
(Mo and Schemm 2008; Mo et al. 2009).

The above findings are, for the most part, based on the
results of simulations made with the NSIPP-1 AGCM.
They are, however, to a large extent similar to those made
with other AGCMs participating in the USCLIVAR
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project, and are generally consistent with the available
observations. The models differ most in simulating the
regional details of the precipitation responses over the
United States during warm seasons. For example, Fig. 12
shows that, when forced with the warm Atlantic, all five
models produce a general precipitation increase and an
anomalous low-level cyclonic flow” over the NH tropical
and subtropical Atlantic in JAS, but they differ in details
of the locations and amplitudes. The NSIPP-1 AGCM,
the NCAR CCM3, and CAM3.5 have the strongest pre-
cipitation increase over the Gulf of Mexico and Carib-
bean regions and a secondary precipitation increase over
the NH tropical Atlantic, whereas the NCEP GFS has
the strongest precipitation response over the NH east-
ern tropical Pacific and the NH central tropical Atlantic.
The GFDL AM2.1 model has the precipitation increases
over the Caribbean and the eastern NH tropical At-
lantic. Correspondingly, the low-level cyclonic anoma-
lies in the NSIPP AGCM, the NCAR CCM3, and the
NCAR CAM3.5 are more localized and well positioned
over the Gulf of Mexico, whereas those in the NCEP GFS
and the GFDL AM2.1 are centered over the NH tropical
Atlantic. This results in different regional atmospheric
moisture modulations over the United States that, in
combination with differences in the land—-atmosphere
feedback over the United States in these models (Koster
et al. 2006a), leads to substantially different regional
precipitation responses over the United States.

This study highlights the potential importance of the
Gulf of Mexico and more generally the intra-America
seas in shaping the precipitation responses to both Pacific
and Atlantic SST anomalies. The study also highlights the
need to substantially improve the current generation of
models in representing the warm season responses of
tropical convection and atmospheric circulations as well
as in representing the strength of the land-atmosphere
feedbacks.
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