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ABSTRACT

The dominant pattern of SST variability in the Pacific during its cold phase produces pronounced precipitation
deficits over the continental United States throughout the annual cycle. This study investigates the observed
physical and dynamical processes through which the cold Pacific pattern affects U.S. precipitation, particularly
the causes for the peak dry impacts in fall, as well as the nature of the differences between the summer and fall
responses.

Results show that the peak precipitation deficit over the United States during fall is primarily due to reduced
atmospheric moisture transport from the Gulf of Mexico into the central and eastern United States and sec-
ondarily a reduction in local evaporation from land-atmosphere feedback. The former is associated with
a strong and systematic low-level northeasterly flow anomaly over the southeastern United States that coun-
teracts the northwest branch of the climatological North Atlantic subtropical high. The above northeasterly
anomaly is maintained by both diabatic heating anomalies in the nearby intra-American seas and diabatic
cooling anomalies in the tropical Pacific. In contrast, the modest summertime precipitation deficit over the
central United States is mainly an intensification of the local dry anomaly in the preceding spring from local
land-atmosphere feedback; the rather weak and disorganized atmospheric circulation anomalies over and to the
south of the United States make little contribution. An evaluation of the NASA Seasonal-to-Interannual
Prediction Project (NSIPP-1) AGCM simulations shows it to be deficient in simulating the warm season tropical
convection responses over the intra-American seas to the cold Pacific pattern and thereby the precipitation
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responses over the United States, a problem that appears to be common to many AGCMs.

1. Introduction

The leading sea surface temperature (SST) patterns,
obtained as the three leading rotated empirical orthogo-
nal functions (REOFs) of annual mean SST over the pe-
riod 1901-2004, consist of a global trend pattern, a Pacific
pattern, and an Atlantic pattern (Schubert et al. 2009).
Among these, the Pacific pattern (Fig. 1) has the most
pronounced influence over the United States throughout
the annual cycle, with the other two SST patterns playing
secondary roles (e.g., Mo et al. 2009; Schubert et al. 2009;
Zhong et al. 2011). The Pacific pattern contains signals
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from both El Nino-Southern Oscillation (ENSO) and
Pacific decadal variability (PDV); its cold phase is char-
acterized by cold SST anomalies along the central and
eastern tropical Pacific and warm SST anomalies along
40°N in the North Pacific. The associated principal com-
ponent (PC) shows the ENSO signals superimposed upon
a negative PDV prior to mid-1920s, during 1947-76, and
after the late 1990s and a positive PDV during 1925-46
and from 1977 to the mid-1990s.!

Figure 2 shows the observed precipitation anomalies
over the continental United States associated with the
cold Pacific SST pattern, obtained by compositing the
Hadley Centre and Climate Research Unit (HadCRU)
TS3.0 precipitation data (Mitchell and Jones 2005) for
years that exceed one standard deviation of the PC of the

!'We note that the temporal correlation between the PC of the
Pacific pattern in Fig. 1 and the annual mean of the extended
multivariate ENSO index (Wolter and Timlin 2011) over the period
1901-2004 is 0.95.
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FIG. 1. (top) The cold Pacific SST pattern (K) and (bottom) its
normalized PC. The Pacific SST pattern is obtained as the second
leading rotated EOF of the annual mean Hadley Centre Sea Ice
and Sea Surface Temperature dataset version 1 (HadISST vl;
Rayner et al. 2003) over the period of 1901-2004. The amplitude of
the cold Pacific pattern reflects two standard deviations of the SST
forcing. Positive and negative values in the PC correspond to warm
and cold SST anomalies in the tropical Pacific, respectively.

cold Pacific pattern over the period 1901-2004. Associ-
ated with the cold (negative) phase of the Pacific pattern,
there are statistically significant precipitation deficits over
substantial regions of the continental United States
throughout the annual cycle. Such precipitation deficits
are more prominent during the transition seasons com-
pared with winter and summer. In particular, the peak
and spatially most extensive deficits occur during fall.
Figure 2 shows that, during winter, the precipitation
anomalies resemble those associated with La Nina, with
deficits along the southeastern and southwestern United
States, and positive anomalies along the Ohio valley and
the northwestern United States. The springtime pre-
cipitation anomalies show distinct dry anomalies over the
central United States as well as along the southeastern
and southwestern coasts of the United States, with some
wet anomalies farther north. During summer, the dry
anomalies mainly occur over the Great Plains with
moderate amplitude, though there is also a significant
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precipitation decrease over central Florida. While there is
an increase in precipitation over much of the southeast-
ern United States, it is for the most part statistically in-
significant. During fall, there are pronounced deficits over
the entire central United States, with precipitation in-
creases (though insignificant) occurring only along the
eastern coastal states. The strong precipitation deficit
during fall stands out among the four seasons. The con-
tinental United States mean precipitation anomalies for
December-February (DJF), March-May (MAM), June—
August (JJA), and September-November (SON) are
0.01, —0.10, —0.04, and —0.18 mmday ', respectively,
highlighting the peak dry conditions during fall.

While the effects of Pacific SST over the United States
during winter and summer have been extensively stud-
ied using observations (e.g., Trenberth et al. 1998; Ting
and Wang 1997; Dai 2012), the overall seasonality of the
effects of the cold Pacific SST, particularly the peak in
fall, has received far less attention. Past observational
studies that investigate the U.S. precipitation during fall
mainly focused on its trend and leading variability. The
largest precipitation trend over the United States during
fall has been associated with more frequent rain occur-
rence in that season (Small and Islam 2008, 2009). The
leading mode of fall precipitation variability over the
North America has been linked to a hemispheric-scale
circulation pattern that stretches from the western Pacific
to the North Atlantic (Small et al. 2010). The nature of
the relatively large fall precipitation anomalies associated
with the cold Pacific pattern, however, has not been ad-
dressed in any previous studies.

The seasonal effects of the cold Pacific SST over the
United States have been investigated using GCM sim-
ulations (e.g., Wang et al. 2010b), with the caution that
model-based findings are subject to possible model de-
ficiencies. Using the National Aeronautics and Space
Administration (NASA) Seasonal-to-Interannual Pre-
diction Project (NSIPP-1) atmospheric GCM (AGCM)
simulations, Wang et al. (2010b) has investigated the
physical mechanisms by which the cold Pacific pattern
impacts U.S. precipitation throughout the annual cycle.
Compared with the observations (Fig. 2), which have the
peak deficit in fall, the model shows the peak response in
summer (Fig. 2 of Wang et al. 2010b). The strong sum-
mertime precipitation deficit in the model is caused by
reduced moisture transport into the central United
States associated with an anomalous low-level cyclonic
flow over the Gulf of Mexico and further amplification
by strong soil moisture feedback over the United States.
The circulation anomalies are maintained by diabatic
heating anomalies over the Gulf of Mexico as a second-
ary response to circulation anomalies forced from the
tropical Pacific.
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FIG. 2. The observed DJF, MAM, JJA, and SON mean precipitation anomalies (mm day ') over the United
States associated with the cold Pacific pattern. The observational data are taken from the HadCRU TS3.0 (Mitchell
and Jones 2005). The precipitation anomalies are obtained by compositing the HadCRU TS3.0 precipitation using
a criterion exceeding one standard deviation of the principal component of the cold Pacific pattern over the period
1901-2004. The dots indicate significance at the 90% level based on a  test.

The objectives of this study are to investigate the
physical and dynamical processes through which the
leading cold Pacific SST exerts the peak dry impact over
the United States during fall and address the nature of
maintenance differences between the summer and fall
responses as they are related to seasonal changes in the
atmospheric circulation and land-atmosphere feed-
backs. Additionally, in light of the differences in the U.S.
precipitation responses found in the model (Wang et al.
2010b) and observations (Fig. 2), we evaluate the NSIPP-
1 AGCM in representing the above physical processes,
with the aim of identifying potential model deficiencies
in representing the effects of the cold Pacific pattern
over the United States. Addressing issues in GCMs for
their further improvement is especially important as
they are the major tools for seasonal climate predictions
over the United States.

The paper is organized as follows. Section 2 describes
the data and methods used in this study. Section 3 in-
vestigates the physical processes by which the cold Pa-
cific SST pattern affects U.S. precipitation, particularly
during fall, and examines the dependence of the results

on the observational (including reanalysis) data used. In
addition, the key processes revealed from the reanalyses
are compared with those found to be operating in the
NSIPP-1 AGCM simulations. The summary and con-
clusions are given in section 4.

2. Data and methods
a. Observations, reanalyses, and AGCM simulations

The precipitation observations used in this study
are the HadCRU TS3.0 (Mitchell and Jones 2005)
monthly data. These data have fine spatial resolution
(0.5° latitude by 0.5° longitude) and are available for
a sufficiently long time period (January 1901 through
June 2006) to accommodate our composite analysis.
While the quality of these data is limited by the sparse
coverage of the station observations over some regions
of the world, especially in the earlier time periods, it is
reliable over the United States because of the relatively
dense observational network throughout the entire time
period.



1JuLy 2014

To investigate the physical and dynamical processes by
which the cold Pacific pattern affects the United States,
we use the Modern-Era Retrospective Analysis for Re-
search and Applications (MERRA)-Scout reanalysis
data (Wang et al. 2010a) produced at the NASA Global
Modeling and Assimilation Office (GMAO). The Scout
reanalysis was generated using the same observations and
data assimilation system as MERRA (Rienecker et al.
2011), with the primary difference being the coarser (2°
latitude by 2.5°longitude) spatial resolution and that it
dates back to the year 19482

To investigate the dependence of our results on the
specific reanalysis used, we analyze atmospheric circu-
lation fields from two other reanalysis datasets that are
available over the period 1948—present: that is, the Na-
tional Centers for Environmental Prediction (NCEP)-
National Center for Atmospheric Research (NCAR)
reanalysis (Kalnay et al. 1996) and the Twentieth Cen-
tury Reanalysis (Compo et al. 2011). The NCEP-NCAR
reanalysis and the Twentieth Century Reanalysis are
based on data assimilation systems and input observa-
tions considerably different from that of the Scout re-
analysis. The NCEP-NCAR reanalysis, one of the so-
called first generation reanalyses, is described in Kalnay
et al. (1996) and has been widely used and shown to
be valuable for a wide range of climate research. The
Twentieth Century Reanalysis (Compo et al. 2011) as-
similates surface pressure observations only. It uses an
ensemble Kalman filter data assimilation method with
background “first guess” fields supplied by an ensemble
of forecasts from a global numerical weather prediction
model. The above three reanalyses have their advantages
and disadvantages. The Scout reanalysis and the NCEP-
NCAR reanalysis assimilate a wide range of input obser-
vations. Thus, both of them are likely to be influenced by
changes in the observing system. In contrast, by assimi-
lating surface pressure observations only, the Twentieth
Century Reanalysis is less impacted by input observation
changes; on the other hand, it may be more problematic in
representing atmospheric circulation and moisture, as the
observations of these fields are not assimilated. In this
study, we examine the atmospheric circulation in all three
reanalyses and consider features common to all of them as
more reliable and representative of nature.

The NSIPP-1 AGCM simulations consist of an ense-
mble of 14 Atmospheric Modeling Intercomparison

2 The Scout reanalysis was initially intended as a coarse resolu-
tion precursor to MERRA (available from 1979 to the present) to
allow addressing (scouting for) potential technical issues with the
input observations prior to the start of MERRA but was later ex-
tended back to 1948 to provide a resource for addressing decadal
variability.
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Project (AMIP) type simulations made for the period
1902-2004, as well as idealized AGCM experiments
performed for the U.S. Climate Variability and Pre-
dictability (CLIVAR) drought project (Schubert et al.
2009). The latter consists of a control run forced with
a seasonally varying SST climatology and an anomaly
run forced with the cold Pacific pattern (Fig. 1) super-
imposed onto the seasonally varying SST climatology:
both are 99 years long. The model response to the cold
Pacific in the idealized AGCM experiment is obtained
as the mean difference between the control run and the
anomaly cold Pacific runs averaged over the last
80years. For the above experiments, the NSIPP-1
AGCM is run with a horizontal resolution of 3° lati-
tude by 3.75° longitude. 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. The physical
mechanisms through which the cold Pacific pattern af-
fects the U.S. precipitation in the NSIPP-1 AGCM are
investigated in Wang et al. (2010b).

b. Analysis methods

Our investigation of the impacts of the cold Pacific
pattern includes the computation and analysis of atmo-
spheric moisture budgets and various diagnostics using
stationary wave modeling. In these analyses, anomalies
associated with the cold (negative) phase of the Pacific
pattern are obtained as a composite average of values
for years during which the PC of the Pacific pattern is
less than minus one standard deviation over the period
that both the PC and the anomaly fields are available.
For each selected year, the seasonal means are obtained
using months in the current year except the wintertime
mean, which also uses December from the previous
year. Varying the standard deviation criterion from 0.8
to 1.2 does not lead to any notable differences (not
shown). The use of a composite average for cold tropical
Pacific years (rather than contrasting cold and warm
tropical Pacific years) takes into account the notable
asymmetry between El Nino and La Nina in their spatial
structure, seasonal evolution, and effects over the
United States (Hoerling et al. 1997; Okumura and Deser
2010). Compared to El Nino, La Nina often has weaker
SST anomalies, yet lasts longer. While El Nino tends to
decay rapidly in the year subsequent to its development,
many La Nina events persist through the year following
their development and reintensify. Using the criterion of
cooler than minus one standard deviation of the PC, the
strong cold Pacific years selected for the composite
analysis over the period 1948-2004 are 1950, 1955, 1956,
1971, 1974, 1975, and 1999: most of which are not the
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years during which the La Nina events initially develop
but rather the subsequent years during which the La
Nina events persist and reintensify. We also note that,
while the PC of the cold Pacific pattern (Fig. 1) is ob-
tained using annual mean SST, it is solely used to select
the major cold Pacific years. Since the data used for
our composite analysis (including the observations, re-
analyses, and the NSIPP-1 AMIP simulations) contain
contributions from monthly varying SST, their com-
posite results contain contributions associated with any
seasonal variation of the cold Pacific pattern as well. The
seasonal variation of the SST anomalies associated with
the cold Pacific pattern is modest and mainly present in
magnitude (not shown). As will be discussed later, such
seasonal variation of the cold Pacific SST pattern is not
a critical factor in determining the peak dry impact
during fall.

The atmospheric moisture budget is used to examine
how the precipitation anomalies over the continental
United States are balanced by evaporation anomalies
and changes in atmospheric transient and stationary
moisture flux convergences. Such analyses, based on
reanalyses and GCM simulations, have proven useful for
investigating key processes affecting U.S. precipitation
(e.g., Mo and Higgins 1996; Mo et al. 2005; Wang et al.
2010b). The budget analysis is based on the vertical in-
tegral of the equation for atmospheric water vapor in
pressure coordinates:

w0 00 J op
Cap+v. ovd
gJP ot glp b

sfc sfc

=E-P+(Q

mc)only for reanalyses * (2'1)
where Q is specific humidity, V is the three-dimensional
wind in pressure coordinates, E is evaporation, and P is
precipitation. For the observations and GCM simula-
tions, the long-term mean of £ — P is balanced by the
mean vertically integrated atmospheric moisture con-
vergences. For the reanalyses, because of the assimila-
tion of observations and model errors, an analysis
increment term (Qjy,c) needs to be included to close the
budget. To investigate the budget for precipitation
anomalies, each variable in Eq. (2.1) is separated into its
mean (7) and deviation from the mean (). For the Scout
reanalysis, the mean refers to seasonal mean climatol-
ogy over the period 1948-2004, and the deviation refers
to the composite average of seasonal mean anomalies
relative to the corresponding seasonal mean climatol-
ogy. For the NSIPP-1 idealized AGCM runs, the mean is
the seasonal mean climatology of the control run (as
described previously), and the deviation from the mean
is the seasonal mean difference between the anomaly
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(cold Pacific) run and the control run. Equation (2.1)
then becomes

1 (P 00
P' = E' + QconVi,,, + Qconvg,, — —J Edp
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In the above equations, V;, denotes horizontal diver-
gence; V,;, denotes the horizontal winds; ” indicates the
deviation from monthly mean; and the subscripts
“anom” and “‘clim” refer to seasonal anomaly and cli-
matology, respectively. Thus, the change in pre-
cipitation (P’) is balanced by the change in evaporation
(E'), the vertical integral of the change in transient
moisture flux convergences (Qconvi,,,), the vertical
integral of the change in stationary moisture flux con-
vergences (Qconvg,,,), and the vertical integral of the
change in atmospheric water vapor

1 PlO /
_Z J 000 dp
glp at

sfe

and, for reanalyses, the contribution from the analysis
increment term. The term —g ™! P“’" aQ'latdp is at least
one order of magnitude smaller than the other terms and
can be ignored. The vertical integral of the change in
stationary moisture flux convergences (Qconvy,,,) can
be further separated into the contribution from change
in mean atmospheric circulation (Qconvyg,,) and that
from change in mean atmospheric water vapor
(Qconvgy,). The vertical integrals of the transient and
stationary moisture flux convergences terms are pres-
sure weighted, following Roads et al. (2002).

Since the objective of this study is to explore the main
physical processes for the precipitation anomalies
over the United States rather than pursuing a quantita-
tively closed budget, we focus our investigation on the
physical terms in the atmospheric moisture budget
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equation. In the Scout reanalysis, atmospheric wind
fields are strongly constrained by the observations while
specific humidity is potentially more strongly influenced
by any bias in the assimilating model; precipitation and
evaporation are not assimilated and are derived solely
from the model forced by the data assimilation. The
rather dense observational network over the United States
and nearby area throughout the period 1948—present, in-
cluding the dense conventional station observations during
the presatellite era, provides us with confidence in using the
Scout reanalysis for the atmospheric moisture budget
analysis over these regions.

Since the changes in stationary moisture flux con-
vergences due to changes in atmospheric circulation
often play an important role in explaining precipi-
tation anomalies, the maintenance of the atmospher-
ic circulation anomalies is further investigated using
a diagnostic stationary wave modeling approach. The
stationary wave model used in this study is nonlinear,
time dependent, and based on three-dimensional
primitive equations. It has rhomboidal wavenumber
30 truncation in the horizontal and 14 unequally spaced
sigma levels in the vertical. This model has been shown to
be a valuable tool to diagnose the relative roles of re-
gional forcing anomalies for atmospheric circulation
anomalies on various time scales (e.g., Lau et al. 2005;
Schubert et al. 2011). Ting and Yu (1998) and Held et al.
(2002) provide details of the stationary wave model.

In the stationary wave modeling experiments per-
formed for this study, the basic state consists of the
three-dimensional (3D) climatological seasonal mean
zonal and meridional wind, air temperature, and two-
dimensional (2D) surface pressure. The climatology is
for the period 1948-2004, when both the PC of the Pa-
cific pattern and the Scout reanalysis are available. The
stationary wave forcing consists of 3D diabatic heating
anomalies and anomalies in the vorticity, divergence,
and thermal transient flux convergences. Following
Wang and Ting (1999), the monthly diabatic heating in
the Scout reanalysis is derived as a residual based on the
thermodynamic equation in pressure coordinates: this
ensures that the diabatic heating fields are dynamically
consistent with large-scale reanalysis atmospheric cir-
culations. The monthly transient forcings are obtained
by computing the major terms in the vorticity, divergence,
and temperature equations in pressure coordinates. The
above stationary wave forcings are then linearly interpo-
lated onto the spatial grids of the stationary wave model.
The seasonal mean stationary wave forcing anomalies
associated with the cold (negative) Pacific pattern are
obtained as a composite average over those years (during
1948-2004) for which the PC of the Pacific pattern is
less than minus one standard deviation (Fig. 1).
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3. Results

In this section, the physical and dynamical processes by
which the cold Pacific SST pattern affects precipitation
over the United States, particularly during fall, are in-
vestigated using the Scout reanalysis. The dependence of
our results on the Scout reanalysis is investigated by an-
alyzing atmospheric circulation anomalies in two other
reanalyses. Finally, the NSIPP-1 AGCM simulation of
the seasonal effects of the cold Pacific pattern over the
United States is evaluated based on a comparison with
observations and the reanalyses.

a. Seasonality of the effects of the cold Pacific SST
pattern over the United States

Figure 3 shows seasonal mean precipitation anomalies
over the United States associated with the cold Pacific
pattern based on the Scout reanalysis for the period
1948-2004 (Fig. 1). Despite relatively coarse resolution
and not assimilating observed precipitation, the Scout
reanalysis (Fig. 3) captures the majority of the observed
features for all four seasons fairly well (cf. Fig. 2).
Consistent with the HadCRU TS3.0 results, during
winter, the Scout reanalysis shows precipitation deficits
over the southeastern and southwestern United States
and precipitation increases along the Ohio valley and
over the northwestern United States. Spring exhibits dry
responses over the central United States with wet re-
sponses farther north. We note that the absence of the
observed dry anomaly over California in the Scout re-
analysis is partly related to the different time period
used. The HadCRU composite results for the period
1948-2004 (not shown) show much weaker and in-
significant dry anomalies over California compared with
those for the period 1901-2004. The summertime pre-
cipitation anomalies show precipitation reductions in
the central and eastern United States and increases over
states along the northwestern U.S.—-Canadian border.
The Scout reanalysis differs from the observations over
the eastern and southeastern United States where the
Scout reanalysis shows dry anomalies, whereas the ob-
servations show wet anomalies: these features, however,
are not statistically significant. The fall season has the
largest precipitation deficits spanning the entire central
United States, with moderate precipitation increases over
the eastern coastal states. Given the above good agree-
ment between the Scout reanalysis and the HadCRU
observations, we next use the Scout reanalysis to examine

3 Note the composite results for HadCRU TS3.0 over the period
1948-2004 do not differ notably from those over the period 1901
2004 shown in Fig. 2.
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FIG. 3. The DJF, MAM, JJA, and SON mean precipitation anomalies (mm day ') over the United States as-
sociated with the cold Pacific pattern in the Scout reanalysis. The precipitation anomalies are obtained by com-
positing the Scout reanalysis precipitation using a criterion exceeding one standard deviation of the principal
component of the cold Pacific pattern over the period 1948-2004. The dots indicate significance at the 90% level

based on a ¢ test.

the atmospheric moisture budget over the United States
and nearby regions.

b. Physical and dynamical processes from the Scout
reanalysis

1) ATMOSPHERIC MOISTURE BUDGET ANALYSIS

The atmospheric moisture budget for seasonal cli-
matologies in the Scout reanalysis (not shown) is largely
consistent with those based on other reanalyses (e.g.,
Mo et al. 2005). During winter, the mean precipitation
over the northwestern United States is primarily associated
with atmospheric moisture transport by the mean atmo-
spheric flow, while the mean precipitation over the eastern
United States is mainly associated with moisture conver-
gence from transient process. The mean precipitation
during spring, summer, and fall is largely balanced by
evaporation, with moisture transport from the mean flow
and transient eddies playing secondary roles.

Figure 4 shows the atmospheric moisture budget for
the anomalies associated with the cold Pacific pattern
during all four seasons based on the Scout reanalysis.

During winter (Fig. 4a), the precipitation deficits over
the southeastern and southwestern United States are
mainly tied to anomalies in transient moisture flux
convergences. The contributions from other terms in-
cluding the analysis increment term (not shown) are
rather small. This is consistent with many previous ob-
servational studies (e.g., Trenberth et al. 1998). During
spring (Fig. 4b), the precipitation deficits over the cen-
tral and eastern United States are affected by all of the
budget terms. The deficit over the central United States
is maintained by weaker transient moisture flux con-
vergences. The weak precipitation decrease over the
southwestern United States is associated with a moder-
ate reduction in evaporation. The deficit over the eastern
United States is mainly due to weaker stationary mois-
ture flux convergences that are associated with a high
anomaly centered over the Gulf of Mexico: the southerly
wind anomaly to its west brings moisture into United
States, leading to a precipitation increase over the central
United States, while the westerlies to its north contribute
to dry conditions over the eastern United States. The
water vapor tendency from analysis makes a moderate
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FIG. 4. Atmospheric moisture budget (mm day ') analysis for (a) DJF, (b) MAM, (c) JJA, and (d) SON mean responses to the cold
Pacific pattern in the Scout reanalysis, based on the data over the period 1948-2004. The responses of precipitation (P), evaporation (E),
vertically integrated transient moisture flux convergences (Qconvy,,, — Tran), vertically integrated stationary moisture flux convergences
due to changes in atmospheric moisture (Qconvg,,, — StatQ), and those due to the changes in atmospheric circulation (Qconvg, —
StatV) superimposed with the corresponding vertically integrated stationary moisture fluxes are shown. The dots indicate significance at
the 90% level based on a ¢ test.

positive contribution over the Midwest (not shown). During fall (Fig. 4d), the relatively large precipitation
During summer (Fig. 4c), the moderate precipitation deficits over the southern United States are primarily
deficits over the central and eastern United States are linked to changes in stationary moisture flux conver-
mainly balanced by reductions in evaporation, which, as  gences owing to changes in the low-level atmospheric
will be discussed later, is a reflection of local land- circulation; the strong deficits over the central United
atmosphere feedback during warm seasons. The changes States are mainly the result of a reduction in local evap-
in both transient and stationary moisture flux conver- oration. The low-level atmospheric circulation anomalies
gences are weak. In particular, weak and disorganized are characterized by a strong and systematic northeast-
low-level flow anomalies produce vertically integrated erly wind anomaly spanning the southeastern United
stationary moisture flux convergence anomalies that States, the northwestern branch of a broad cyclonic flow
contribute little to the precipitation deficit over the anomaly over the Northern Hemisphere (NH) Atlantic,
United States. The negative anomaly in atmospheric and the eastern and southeastern United States. Coun-
moisture only contributes to weaker stationary moisture  teracting the climatological southwesterlies to the
flux convergence over part of the Midwest. While the northwest of the climatological North Atlantic sub-
analysis tendency term for water vapor is not negligible, tropical high, the northeasterly flow anomaly weakens
its spatial distribution is rather disorganized over the the climatological atmospheric moisture transport from
continental United States (not shown). the Gulf of Mexico into the United States, leading to dry



5044

JOURNAL OF CLIMATE

VOLUME 27

50N+

40N A

30N 4

30N S

40N A

30N -

-0.08-0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.01

0.02 0.05 0.04 005 0.06 0.07 0.08

FIG. 5. As in Fig. 3, but for the top soil layer wetness (unit: fraction).

anomalies over the United States. The analysis tendency
term provides a moderate correction for precipitation
over the southern central United States (not shown).
The good geographical and magnitude correspon-
dence between precipitation and evaporation anomalies
during warm seasons in Fig. 4 indicates the important
role of local land-atmosphere feedback. We next in-
vestigate the role of local atmosphere-land feedback for
the continental U.S. precipitation anomalies by exam-
ining surface soil wetness anomalies in Fig. 5. During
winter, positive and negative precipitation anomalies
respectively lead to wet and dry local land surface
conditions. Associated with the wintertime precipitation
anomalies (Fig. 4), there are wetter than normal land
surface conditions over the northwestern United States
and the Ohio valley and dry surface anomalies over the
southwestern and southeastern United States. During
spring, while the surface soil wetness anomalies over
the Pacific Northwest and southeastern United States
persist, the dry anomaly over the southwestern United
States intensifies and expands northeastward to the
central United States. During summer, there is notable
dryness over the central and eastern United States, with
wetness farther north. The close geographical and mag-
nitude correspondence among the precipitation (Fig. 4),

surface soil wetness (Fig. 5), and evaporation (Fig. 4)
anomalies suggests an important role of local land-
atmosphere feedback in sustaining the precipitation
deficit over the central United States. Given the rather
weak contribution from atmospheric moisture transport
(Fig. 4) during summer, the above suggests that the sum-
mertime dry anomaly over the central United States results
from an amplification of the local dryness from the pre-
ceding spring, owing to the effect of local land—atmosphere
interaction. During fall, the land feedback continues to
play an important role in sustaining the precipitation
anomalies over the continental United States.

2) STATIONARY WAVE MODELING DIAGNOSIS

Given the importance of the low-level northeasterly
flow anomaly over the southeastern United States for
maintaining the precipitation deficit during fall, we next
investigate its maintenance using a stationary wave
model (Fig. 6). When forced with the sum of diabatic
heating and transient flux convergence anomalies, the
stationary wave model (Fig. 6b) reproduces the Scout re-
analysis (Figs. 6a) fairly well. The low-level cyclonic flow
anomaly centered over the Gulf of Mexico and the Ca-
ribbean Sea that includes the northeasterly flow anomaly
at its northwestern branch, the key feature of interest, is
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well captured by the stationary wave model. Other major
features, including the low anomaly over central South
America, a pair of cyclonic flow anomalies straddling the
equator over the Indian Ocean (not shown), and the pair
of anticyclonic flow anomalies over the Pacific Ocean, are
all very well simulated by the stationary wave model. Such
good agreement not only suggests that the Scout reanalysis
data are dynamically consistent with the stationary wave
model but also shows the capability of the stationary wave
model in reproducing the reanalysis atmospheric circula-
tion features. We next further decompose the total re-
sponse into the responses to various regional stationary
wave forcing anomalies. The comparison of the stationary
wave model response to total forcing (Fig. 6b) with the
responses to diabatic heating (Fig. 6¢) and transient forcing
(Fig. 6d) anomalies shows the importance of the diabatic
heating anomalies in explaining the majority of the low-
level atmospheric circulation features in the NH Pacific
and over North America; the transient forcing anomaly
plays a negligible role over the southeastern United States
and the subtropical north Atlantic. The stationary wave
model response to global diabatic heating anomalies
(Fig. 6¢) is further decomposed into those due to heating
in the tropical Pacific (west of 110°W) (Fig. 6e) and
nearby heating over the tropical American regions (east
of 110°W) (Fig. 6f): the latter of which is further separa-
ted into the diabatic cooling anomalies over the eastern
tropical Pacific (Fig. 6g) and the heating anomalies over
the intra-American seas (Fig. 6h). The results show that
the low-level cyclonic flow anomaly over the Gulf of
Mexico is forced by diabatic heating anomalies in both
nearby areas and in the tropical Pacific. Among the
nearby diabatic heating and cooling anomalies, the pos-
itive heating anomaly over the intra-American seas plays
an important role in maintaining the low-level cyclonic
anomaly over the Gulf of Mexico, whereas the cooling
anomaly over the eastern tropical Pacific produces a high
anomaly over the NH tropical and subtropical Pacific,
which partly offsets the low anomaly owing to the heating
over intra- American sea regions thereby helping to shape
the northeasterly flow anomaly over the southeastern
United States.

In contrast to fall, during which the low-level atmo-
spheric circulation anomalies strongly contribute to the
precipitation deficits over the United States, summer
shows little contribution from atmospheric circulation
anomalies, as they are quite weak over the United States
and oceanic regions farther south (Fig. 7a). When forced
with the sum of global stationary wave forcing anoma-
lies (Fig. 7b), the stationary wave model reproduces the
summertime low-level atmospheric circulation anoma-
lies in the Scout reanalysis, including the weak and dis-
organized flow anomalies over and to the south of the
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United States. Further decomposition of the total re-
sponse (Fig. 7b) into those due to individual stationary
wave forcing anomalies shows the predominant role of
global diabatic heating (Fig. 7c). The separation of the
global heating anomalies (Fig. 7c) into those in the remote
tropical Pacific (Fig. 7¢) and those in the intra-American
sea regions (Fig. 7f) shows that neither of them exerts
notable circulation anomalies over the United States and
regions to its south.

An additional set of stationary wave modeling ex-
periments that use mixed combinations of basic state
and stationary wave forcing anomalies for summer and
fall (not shown) indicate that the strong low-level at-
mospheric circulation anomalies during fall are mainly
the result of the particular stationary wave forcing
anomalies during that season. The seasonal change in
the basic state from summer to fall does not appear to
be important in explaining the difference between
summer and fall.

c. Dependence of the results on the reanalysis

The mechanisms by which the cold Pacific pattern
affects the United States, revealed in section 3b, are
based on the Scout reanalysis over the period 1948-2004.
Since the quality of any reanalysis over the presatellite
time period (1948-78) is likely to be impacted by model
bias, especially over regions where conventional data are
limited, we next examine two other reanalyses that are
available over the period 1948-2004 (the NCEP-NCAR
reanalysis and the Twentieth Century Reanalysis). Given
that these three reanalyses are generated using different
data assimilation methods and models, we hypothesize
that, if the atmospheric circulation features of interest are
common to all three reanalyses, then they are more likely
to be realistic.

Figure 8 compares the low-level atmospheric circula-
tion anomalies for both summer and fall computed from
the three reanalyses. During summer, consistent with
the Scout reanalysis, the other two reanalyses also show
rather weak low-level flow anomalies over the United
States, the Gulf of Mexico, and nearby regions, in sup-
port of the result of a weak contribution from changes in
atmospheric circulations for precipitation changes dur-
ing that season. The three reanalyses are consistent with
each other over other regions as well, including the strong
equatorial westerly anomalies over the tropical Pacific,
a high anomaly over the north Pacific, and a localized low
anomaly off the northwest coast of North America.
During fall, the NCEP-NCAR and the Twentieth Cen-
tury reanalyses are remarkably consistent with the Scout
reanalysis in that they also show strong easterly flow over
the North Atlantic and northeasterly flow over the
southeastern United States that, further, turns southward
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into the Gulf of Mexico and then eastward over the Ca-
ribbean Sea. All three reanalyses also agree with each
other reasonably well over other regions, including the
high anomaly over the North Pacific and the strong
westerly anomaly along the equatorial Pacific associated
with the cold Pacific pattern. The good agreement be-
tween the three reanalyses supports our basic result that
during fall the cold Pacific pattern affects the U.S. pre-
cipitation through the strong northeasterly flow anomaly
over the southeastern United States.

Two additional sets of stationary wave modeling ex-
periments are performed to examine the role of diabatic
heating anomalies in the NCEP-NCAR and Twen-
tieth Century reanalyses in producing the northeasterly

anomaly over the southeastern United States during fall.
In this case, for simplicity the diabatic heating anomalies
are constructed using the reanalysis precipitation.* The
use of reanalysis precipitation to estimate the diabatic
heating is justified by the dominance of latent heat release
in the total diabatic heating in the tropics and subtropics.
Comparing Figs. 9 and 6, we see that there is indeed good

“The latent heating anomalies for the NCEP-NCAR reanalysis
and the Twentieth Century Reanalysis are estimated from the
precipitation anomalies using the equation for latent heat release
and assuming a vertical profile with the maximum at o = 0.5 that is
characteristic of the vertical distribution of diabatic heating
anomalies in the tropics and subtropics.
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agreement between the precipitation and heating anom-
alies in the tropics and subtropics for the Scout reanalysis.
We note our intention here is to confirm the importance
of diabatic heating for maintaining the atmospheric cir-
culation over the southeastern United States in the other
two reanalyses rather than to repeat the more detailed
analysis done for the Scout reanalysis, as this is rather
expensive computationally.

We next compare the tropical and subtropical pre-
cipitation anomalies in the three reanalyses (Fig. 9).
Given the close correspondence between tropical pre-
cipitation and diabatic heating as discussed above, the
precipitation comparison can tell us about how well the
diabatic heating anomalies compare. During summer and
fall, the reanalyses agree with each other in the large-
scale features of the precipitation anomalies. These in-
clude cold ENSO-like precipitation responses in the
tropical Pacific, and precipitation increases over tropical
America associated with anomalous ascent induced by
the cold Pacific SST anomaly. There are, however, nota-
ble differences in regional details. In the tropical Pacific,

compared with the Scout reanalysis, the NCEP-NCAR
reanalysis shows a noisier spatial distribution, and the
Twentieth Century Reanalysis has stronger precipitation
anomalies. Over the intra-American sea regions, the
Scout reanalysis has positive precipitation anomalies over
the Amazon and the oceanic regions off the west coast of
Mexico and the tropical Atlantic Ocean; the NCEP-
NCAR reanalysis has positive precipitation anomalies
over the Caribbean Sea and the western tropical Atlantic
and northeastern Brazil, whereas the Twentieth Century
Reanalysis has patched positive precipitation anomalies
over and to the west of Mexico, western and eastern
tropical Atlantic, and eastern South America. Given the
above similarities and differences in the precipitation
anomalies, we next use the stationary wave model to in-
vestigate whether the northeasterly flow anomaly over
the southeastern United States, the feature that is present
in all three reanalyses, also has similar maintenance
characteristics in the reanalyses.

Figure 10 shows that, even with such simply constructed
latent heating anomalies, the large-scale atmospheric
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circulation features in the tropics and subtropics, in-
cluding the low-level cyclonic flow anomaly over the NH
western tropical Atlantic, are well captured in both re-
analyses. The stationary wave response to the total
heating anomalies is further decomposed into those in the
remote tropical Pacific (west of 110°W) and those over
the United States and the oceanic regions farther south
(east of 110°W). Figure 10 shows that the low anomaly
over the NH western tropical Atlantic in the NCEP—
NCAR reanalysis is mainly due to heating anomalies over
the intra-American seas, whereas the low anomaly in the
Twentieth Century Reanalysis is mostly forced by heating
anomalies in the tropical Pacific. The different contribu-
tion from heating anomalies in remote and nearby regions
in these reanalyses is not surprising. When performing
composite analysis over the period 1948-2004, a number
of the cold Pacific years fall in the presatellite time period
(1948-78). The precipitation and diabatic heating com-
posites in the tropical and subtropical oceans in the re-
analyses therefore are likely affected by the poorer quality
of the data during that time period, as more limited obser-
vational coverage results in greater model dependencies.

Nevertheless, the above results suggest that the north-
easterly flow anomaly over the southeastern U.S during
fall is constructively maintained by the cooling anoma-
lies in the tropical Pacific and heating anomalies over the
Intra-American Seas regions, though their relative im-
portance is unclear.

d. The NSIPP-1 AGCM simulations

AGCM simulations have proven to be a powerful tool
for investigating the mechanisms responsible for U.S.
precipitation variations (e.g., Schubert et al. 2004; Seager
et al. 2005; Wang et al. 2010b). The impacts of the leading
SST patterns on U.S. hydroclimate have been extensively
investigated in a series of studies as part of a U.S. CLIVAR
Drought Working Group project (Schubert et al. 2009).
Our results based on reanalysis data (sections 3b and 3c¢)
suggest that, in order for a model to correctly simulate
the warm season precipitation response over the United
States to SST changes in the tropical Pacific, it must
correctly simulate the tropical convection response over
both the tropical Pacific and the intra-American sea
regions. It is of practical interest to examine how well
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AGCMs represent the key processes revealed in section
3b and identify potential model deficiencies so as to
improve these models. Here we focus on the NSIPP-1
AGCM (one of the models used in the U.S. CLIVAR

project), since the physical mechanisms through which
the leading SST patterns affect U.S. precipitation have
already been thoroughly investigated for this model in
Wang et al. (2010b).
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We begin by comparing the atmospheric moisture
budget and stationary wave modeling diagnosis results
from the NSIPP-1 AGCM produced in Wang et al.
(2010b) to the results in section 3b.” It should be kept in
mind that the results for the NSIPP-1 AGCM are based
on an idealized AGCM run forced with the persistent
cold Pacific pattern with a weight of two standard de-
viations, whereas the composite results from the re-
analysis (Fig. 4) are based on all the time periods for
which the cold Pacific pattern exhibits amplitudes greater

>We note that the seasonal mean atmospheric moisture budget
for the NSIPP-1 AGCM (not shown) is largely consistent with that
for the Scout reanalysis.

than one standard deviation. The results for the NSIPP-1
AGCM are thus based on a much larger number of
samples than those available for the Scout reanalysis and
are considerably more robust.® To facilitate a quantita-
tive comparison of atmospheric moisture budgets be-
tween the NSIPP-1 idealized AGCM runs and the Scout
reanalysis, we scale the budget results for the NSIPP-1
AGCM in Fig. 11 to correspond to 1.76 standard de-
viations, where 1.76 is the unweighted average of the

°The majority of the NSIPP-1 AGCM results are statistically
significant. The significance test results for the NSIPP-1 AGCM are
shown at 95% confidence level, rather than at 90% level used for
observations and reanalyses.



5052

normalized PC values for years that exceed minus one
standard deviation of the PC. Additionally, the effects of
any seasonal variations in the SST anomalies associated
with the cold Pacific SST pattern are not included in the
idealized AGCM run. Such effects however do not appear
to be important, as the precipitation responses from the
idealized AGCM runs exhibit strong similarity to the
composite results from the AMIP simulations, particularly
in spatial pattern (not shown). The strong similarity also
suggests that SST anomalies in other oceanic basins that
are generated in response to the cold Pacific SST through
atmospheric teleconnection and air-sea interaction only
play secondary roles.

The comparison of precipitation anomalies between
the NSIPP-1 AGCM (Fig. 11a) and the Scout reanalysis
(Fig. 4a) shows good agreement during winter. The
NSIPP-1 AGCM response to the cold Pacific pattern is
a precipitation deficit over the southeastern United
States and a precipitation increase over the northwest-
ern United States. The deficit response over the south-
eastern United States is mainly associated with changes
in transient moisture flux convergences. During spring,
when the large-scale features in the NSIPP-1 AGCM are
generally consistent with those in the Scout reanalysis,
the NSIPP-1 AGCM (Fig. 11b, bottom) shows a high
anomaly that is zonally too extensive over the southern
United States and the northwesterly flow to its northeast
leads to too strong a dry response over the eastern and
southeastern United States. Summer shows the most
distinct difference between the NSIPP-1 AGCM and the
Scout reanalysis. The moderate summertime precipitation
deficit responses in the Scout reanalysis are mainly
maintained by a reduction in evaporation. In contrast, the
rather strong precipitation deficits over the central
United States in the NSIPP-1 AGCM simulations are
maintained by not only an evaporation reduction from
local atmosphere-land feedback but also by reduced at-
mospheric moisture transport associated with a strong
low-level cyclonic flow anomaly centered over the Gulf of
Mexico, which is itself maintained by the strong local
heating anomaly (Wang et al. 2010b). The above differ-
ences between the NSIPP-1 AGCM and the Scout re-
analysis originate partly from their heating differences
over the intra-American seas and partly from the model
overestimation of observed land-atmosphere coupling
strength during summer (Koster et al. 2003).

During fall, the NSIPP-1 AGCM generally agrees
with the Scout reanalysis in the precipitation deficit re-
sponses over the central United States, except that the
deficits in the model simulations are somewhat weaker
and located farther west. While in both the NSIPP-1
AGCM and the Scout reanalysis the precipitation defi-
cits are primarily associated with changes in evaporation
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and stationary moisture flux convergences owing to
changes in low-level atmospheric circulations, the low-
level circulation pattern and maintenance is different. In
contrast with the Scout reanalysis in which the low-level
low anomaly resides over the NH western tropical At-
lantic and is maintained by both cooling anomalies in the
tropical Pacific and heating anomaly over the intra-
American seas, the NSIPP-1 AGCM has its low-level
cyclonic flow anomaly centered over the Gulf of Mexico
and is mainly forced by the strong and localized heating
anomalies there (Wang et al. 2010b). The differences
between the NSIPP-1 AGCM and the Scout reanalysis
during fall again result from the differences in the
heating in the intra-American seas.

The above comparison between the NSIPP-1 AGCM
and the Scout reanalysis suggests that the NSIPP-1
AGCM is deficient in simulating the remote warm sea-
son tropical convective responses over the intra-American
seas to SST changes in the tropical Pacific. Different from
the reanalyses (Fig. 9), the NSIPP-1 AGCM places the
enhanced precipitation and diabatic heating anomalies
over the Gulf of Mexico during warm seasons (Fig. 12). In
fact, Wang et al. (2010) has shown that all the AGCMs
participating in the U.S. CLIVAR drought working group
project exhibit rather large uncertainty (differences) in
representing tropical convection responses in the intra-
American sea region during the warm seasons.

4. Summary and conclusions

The leading pattern of SST variability in the Pacific (in
its cold phase) produces pronounced precipitation defi-
cits over the United States throughout the annual cycle,
with the peak reached in fall. Using observations and the
MERRA-Scout reanalysis, this study investigated the
physical and dynamical processes through which the cold
Pacific pattern affects the precipitation over the United
States, particularly the causes for the peak dry impacts in
fall, and how that differs from the response during the
summer. In addition, this study evaluated the quality of
the NSIPP-1 AGCM in simulating the effect of the cold
Pacific SST on U.S. precipitation.

The results show that the peak precipitation deficit
over the United States during fall is primarily due to re-
duced atmospheric moisture transport from the Gulf of
Mexico into the central and eastern United States and
secondarily a reduction in local evaporation from land—
atmosphere feedback. The former is associated with
a strong and systematic low-level northeasterly flow
anomaly over the southeastern United States that coun-
teracts the climatological low-level flow associated with
the northwest branch of the North Atlantic subtropical
high. The diagnosis of the results using a stationary wave
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FIG. 12. The (left) JJA and (right) SON mean precipitation anomalies (mm day ') over the United States associated with the cold
Pacific pattern in the NSIPP-1 AMIP ensemble mean simulations. The precipitation anomalies are obtained by compositing the AMIP
ensemble mean precipitation using a criterion exceeding 1 standard deviation of the PC of the cold Pacific pattern over the period 1948
2004. The dots indicate significance at the 95% level based on a ¢ test.

model shows that the northeasterly anomaly is con-
structively maintained by diabatic heating anomalies in
the nearby intra-American sea regions and diabatic
cooling anomalies in the remote tropical Pacific. By
comparison, the moderate summertime precipitation
deficit over the central United States is mainly the result
of an intensification of the local dry anomaly in the pre-
ceding spring due to local land-atmosphere feedback.
The negative anomaly in atmospheric moisture only
contributes to weaker stationary moisture flux conver-
gence over the U.S Midwest. The rather weak and dis-
organized atmospheric circulation anomalies over and to
the south of the United States lead to only small sta-
tionary moisture flux convergence changes over the
United States and make little contribution to the pre-
cipitation changes. Stationary wave model results show
that neither heating anomalies in the remote tropical
Pacific nor those in the nearby intra-American sea re-
gions exert much influence on the summertime atmo-
spheric circulation anomalies over the United States and
nearby regions.

The above results, based on the Scout reanalysis, are
supported by two other reanalyses that are available
over the period 1948-2004 (the NCEP-NCAR re-
analysis and the Twentieth Century Reanalysis). The low-
level northeasterly flow anomaly over the southeastern
United States, the key circulation features that account
for the U.S. precipitation deficit during fall, as well as the
weak and disorganized low-level flow anomaly during
summer, are present in all three reanalyses. The relative
roles of the diabatic heating anomalies in the tropical
Pacific and those in the intra-American sea regions in
the maintenance of the northeasterly flow anomaly
during fall nevertheless differs from reanalysis to re-
analysis. This suggests considerable uncertainties in the
representation of tropical convection. Such uncertainty
is not surprising as our composite results are strongly
affected by the cold Pacific years during the presatellite

period when these reanalyses lack sufficient observations
over tropical oceanic regions and are likely affected by
deficiencies in the AGCMs that are used to generate
them.

We also note that, while the SST anomalies associated
with the cold Pacific pattern exhibit moderate seasonal
variation, this does not appear important in explaining
why the peak impact occurs during fall. The factors that
determine the seasonality of the effect of the cold tropical
Pacific on U.S. precipitation consist of not only the
magnitude of the SST anomaly but also the spatial
distribution of seasonal climatological SST, which ulti-
mately determines the structure of diabatic heating
anomalies in the overlying tropical atmosphere, and the
three-dimensional climatological mean flow, which de-
termines the atmospheric teleconnection between the
tropical Pacific and the United States. In fact, while the
tropical Pacific SST anomaly during fall is comparable to
that during winter and moderately stronger than those
during spring and summer, the precipitation and diabatic
heating anomalies in the overlying tropical atmosphere
are comparable to those during summer and moderately
weaker than those during winter and spring (not shown).
This indicates that the seasonal variation of the cold Pa-
cific pattern does not notably contribute to the season-
ality of the impact on U.S. precipitation.

The results based on reanalyses suggest that, in order to
correctly simulate the precipitation response over the
United States to SST changes in the tropical Pacific,
a model must correctly simulate the convection response
not only in the tropical Pacific but also in the intra-
American seas. The NSIPP-1 AGCM appears to be de-
ficient in simulating the warm season tropical convective
responses in the intra-American seas to the cold Pacific
pattern and, consequently, the precipitation responses
over the United States. During summer, in contrast to the
results based on the Scout reanalysis in which the mod-
erate precipitation deficit over the central United States
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is mainly contributed by reduced local evaporation with
little contribution from the rather weak atmospheric
circulation anomalies over and to the south of the United
States, the NSIPP AGCM shows a rather strong and lo-
calized precipitation deficit response over the central
United States, and that is balanced roughly equally by
a local reduction in evaporation and reduced stationary
moisture flux convergences (Wang et al. 2010). The above
differences in the observational-based and model-based
atmospheric moisture budgets during summer, particu-
larly the contributions of atmospheric circulation changes
to U.S. precipitation, originate from the differences in the
tropical convection and diabatic heating responses over
the intra-American sea region. Associated with the cold
Pacific SST anomaly, the Scout reanalysis places the en-
hanced diabatic heating anomaly over the eastern NH
tropical Pacific and northern South America, which forces
rather weak atmospheric circulation anomalies over and
to the south of the United States. In comparison, the
NSIPP-1 AGCM places the positive heating anomaly
over the Gulf of Mexico (Fig. 7 of Wang et al. 2010), which
forces a rather strong low-level cyclonic flow anomaly
centered over the Gulf of Mexico that acts to reduce at-
mospheric moisture transport from the Gulf of Mexico to
U.S. land. This type of displacement of the heating re-
sponse found in the NSIPP-1 AGCM appears to also
occur in the other four AGCMs included in the U.S.
CLIVAR Drought Working Group project (Schubert
et al. 2009). In fact, the tropical convection response over
the intra-American seas to the cold Pacific SST anomaly
and the resultant impact over the U.S. precipitation dif-
fers considerably from model to model (Wang et al. 2010).
It remains to be seen if more recent AGCMs have im-
proved performance in this regard.
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