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ABSTRACT

Sea surface temperature (SST) linkages to central U.S. low-level circulation and precipitation variability are

investigated from the perspective of the Great Plains low-level jet (GPLLJ) and recurring modes of SST vari-

ability. The observed and simulated links are first examined via GPLLJ index regressions to precipitation, SST, and

large-scale circulation fields in the NCEP–NCAR and North American Regional Reanalysis (NARR) reanalyses,

and NASA’s Seasonal-to-Interannual Prediction Project (NSIPP1) and Community Climate Model, version 3

(CCM3) ensemble mean Atmospheric Model Intercomparison Project (AMIP) simulations for the 1949–2002

(1979–2002 for NARR) period. Characteristics of the low-level circulation and its related precipitation are further

examined in the U.S. Climate Variabilityand Predictability (CLIVAR) Drought Working Group idealized climate

model simulations (NSIPP1 and CCM3) forced with varying polarities of recurring modes of SST variability.

It is found that the observed and simulated correlations of the GPLLJ index to Atlantic and Pacific SST,

large-scale atmospheric circulation, and Great Plains precipitation variability for 1949–2002 are robust during

the July–September (JAS) season and show connections to a distinct global-scale SST variability pattern, one

similar to that used in forcing the NSIPP1 and CCM3 idealized simulations, and a subtropical Atlantic-based

sea level pressure (SLP) anomaly with a maximum over the Gulf of Mexico. The idealized simulations dem-

onstrate that a warm Pacific and/or a cold Atlantic are influential over regional hydroclimate features including

the monthly preference for maximum GPLLJ and precipitation in the seasonal cycle. Furthermore, it appears

that the regional expression of globally derived SST variability is important for generating an anomalous at-

mospheric low-level response of consequence to the GPLLJ, especially when the SST anomaly is positioned

over a regional maximum in climatological SST, and in this case the Western Hemisphere warm pool.

1. Introduction

The central United States is a hydroclimatically and

economically sensitive region given its agricultural

prominence and significant warm season precipitation

variability. The proximity of this region to the Rocky

Mountains, Gulf of Mexico, and Atlantic and Pacific

Oceans provide a unique combination of potential

climate influences, including large-scale atmospheric

circulation variations emanating over the adjoining

ocean basins and local land–atmosphere interactions.

As such, the central United States is prone to signifi-

cant interannual variations in precipitation, high-

lighted most recently by the flooding during the spring

of 2008.
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Pacific and Atlantic sea surface temperature (SST)

variability is widely reckoned to influence central U.S.

precipitation variations on multiple time scales. Using

an observationally based approach, Barlow et al. (2001)

and Ting and Wang (1997) found both tropical and North

Pacific SST anomalies to be influential on summertime

precipitation variations over the United States. GCM

experiments have also been used to diagnose the role of

tropical SST forcing on central U.S. warm season pre-

cipitation. Bates et al. (2001) show that the 1993 pluvial

over the Great Plains was related to tropical Pacific SST

anomalies; however, no such conclusion was drawn for

the 1988 drought. Decadal SST variability has also been

implicated in forcing drought and pluvial over the United

States (Schubert et al. 2004, 2008; Seager et al. 2005).

Given the dominance of the ENSO signal in generating

global-scale climate anomalies, Atlantic SST influences

on North American hydroclimate have only recently

begun to gain traction, especially in summer. Emerging

evidence suggests a significant role for the Atlantic in

generating intraseasonal-to-interannual warm season

precipitation anomalies over the continental United

States, including atmospheric North Atlantic Oscillation

(NAO) variability (Ruiz-Barradas and Nigam 2005;

Weaver and Nigam 2008; Weaver et al. 2009) and mean

SST in the Atlantic warm pool region (Wang et al. 2007).

A vitally important mechanism for warm season cen-

tral U.S. precipitation variability is the Great Plains low-

level jet (GPLLJ). Precipitation variations are extremely

sensitive to this dynamic low-level circulation feature (see

Fig. 4 herein) (Helfand and Schubert 1995; Higgins et al.

1997b; Schubert et al. 1998). As such, fluctuations in the

strength, placement, and timing of the GPLLJ exert

profound influence on the regional hydroclimate of the

central United States. Efforts to more fully understand

GPLLJ variability have uncovered interesting links to the

large-scale atmospheric circulation variations emanating

from the adjoining ocean basins (Byerle and Paegle 2003;

Ting and Wang 2006; Weaver and Nigam 2008; Weaver

et al. 2009), thermal and inertial characteristics produced

by North American topography (Holton 1967; Ting and

Wang 2006; Wexler 1961), and land surface features

(Bosilovich and Sun 1999). However, the extent to which

recurring modes of SST variability impact the GPLLJ has

yet to be clarified and is the primary goal of this study.

Unraveling basin-scale SST links to such an influential

driver of central U.S. precipitation variations facilitates a

more robust understanding of the mechanisms (i.e., the

pathway) through which SST anomalies generate warm

season hydroclimate variability, a notably difficult season

for hydroclimate prediction (Saha et al. 2006).

Recently a U.S. Climate Variability and Predictability

(CLIVAR) Drought Working Group was established in

an effort to enhance the understanding and prediction of

drought and pluvial from seasonal to decadal time scales

(Schubert et al. 2009). The multiagency collaboration

includes the National Aeronautics and Space Adminis-

tration (NASA), National Oceanic and Atmospheric

Administration/National Centers for Environmental

Prediction (NOAA/NCEP), National Center for Atmo-

spheric Research (NCAR), NOAA/Geophysical Fluid

Dynamics Laboratory (GFDL), Columbia University,

and many other government and university scientists.

These modeling centers have completed identical ideal-

ized SST-forced runs using their respective AGCMs.

These idealized simulations provide a unique resource

for assessing SST impacts on North American regional

hydroclimate features, including the GPLLJ, and are

utilized here. Additional analyses using observationally

constrained reanalysis systems and Atmospheric Model

Intercomparison Project (AMIP)-style GCM simulations

serve as a contextual reference for the idealized responses.

Section 2 describes the observational data and AMIP

and idealized SST model simulations. Section 3 dis-

cusses the structure of the seasonal cycle of the GPLLJ

and interannual variability of precipitation. Section 4

shows connections of the GPLLJ to SST variability and

the large-scale circulation. Section 5 highlights results

from the idealized SST experiments, while section 6 is

left for the summary and discussion.

2. Datasets and methodology

Several observationally based datasets are used to

establish GPLLJ linkages to SST and precipitation.

Atmospheric fields are gleaned from the NCEP–NCAR

reanalysis (Kalnay et al. 1996) and the North American

Regional Reanalysis (NARR; Mesinger et al. 2006) on

2.58 3 2.58 and 18 3 18 latitude and longitude grids, re-

spectively. The SST field is taken from the Hadley Centre

Sea Ice and Sea Surface Temperature dataset (HadISST)

on a 58 3 2.58 latitude longitude grid (Rayner et al. 2003),

while the precipitation comes from the 2.58 latitude 3 2.08

longitude gridded U.S.–Mexico precipitation dataset

(http://www.cpc.ncep.noaa.gov/products/precip/realtime/

retro.shtml). The coarser-resolution NCEP–NCAR re-

analysis is used more prominently because of its longer

time record (NARR begins in 1979, NCEP–NCAR in

1949), while the NARR is used to interpret GPLLJ

connectivity to the Gulf of Mexico precipitation, which is

unavailable in the U.S.–Mexico dataset. The NARR

precipitation field exhibits remarkable consistency with

precipitation observations, a result that apparently re-

flects the successful assimilation of precipitation obser-

vations in the NARR system (Mesinger et al. 2006).
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The two U.S. CLIVAR Drought Working Group

AGCMs used in this study are the Seasonal-to-Interannual

Prediction Project (NSIPP1) [NASA/Global Modeling

and Assimilation Office (GMAO)] and Community Cli-

mate Model, version 3 (CCM3) [NCAR/Lamont-Doherty

Earth Observatory (LDEO)]. The NSIPP1 and CCM3

model resolutions are on a 3.758 3 3.08 and 2.88 3 2.88

latitude–longitude grids, respectively. These two mod-

eling centers provided a complete suite of idealized

SST-forced simulations and 15-member (NSIPP1) and

16-member (CCM3) ensembles of AMIP-style runs.

The presence of multiple ensemble members over the

duration of the NCEP–NCAR reanalysis makes these

models the best choice for this study, as the ensemble

averages will enable the SST response to be more fully

characterized. The NSIPP1 model formulation and

its climate are described in Bacmeister et al. (2000),

while the summer season predictability is established

in Schubert et al. (2002). Details on the CCM3 model

formulation can be found in Seager et al. (2005).

The idealized SST patterns are gleaned from a rotated

EOF analysis of annual SST anomalies for the period

1901–2004 from the HadISST dataset (Rayner et al.

2003). The first three modes are retained and consist of a

global trend pattern (explains 27.2% of the interannual

variance), a pan-Pacific ENSO-like pattern (explains

20.5%), and an Atlantic pattern that resembles the At-

lantic multidecadal oscillation (AMO) (explains 5.8%).

Each GCM is forced with twice the standard deviation

of the associated principal components (PCs) of all

possible combinations and polarities (save the global

trend, which is forced with 1 standard deviation) of SST

variability on top of a monthly varying climatology for

50 years. Schubert et al. (2009) provide further details

about the SST forcing and experimental design. The

extreme forcing magnitude is meant to extract subtle

linkages of SST variability to U.S. climate and should be

taken into account when interpreting the results. Given

our interest in assessing the relative contributions of the

Pacific and Atlantic Oceans, we focus here on modes 2

(Pacific) and 3 (Atlantic). Table 1 adopted from Schubert

et al. (2009) displays the abbreviations for the various

SST forcing combinations used in the remainder of this

study. For example the abbreviation denoting a combi-

nation of a warm Pacific and cold Atlantic is PwAc.

Much of the regional analysis is geographically fo-

cused on areas exhibiting interesting warm season var-

iability in Great Plains precipitation and the GPLLJ

(defined as the meridional winds at 925 hPa), which is

maximum in the latitude and longitude bands of 358–

458N, 1008–908W and 258–358N, 1008–958W, respectively

(Ruiz-Barradas and Nigam 2005; Weaver and Nigam

2008; also see figures herein). As such these areas are

used to define the precipitation and GPLLJ indices. We

note that modest shifts or expansion of these areas

produced a negligible impact on the results.

In calculating climatological fields and their anoma-

lies (i.e., departures from the climatology) the base pe-

riod of 1949–2002 is used for the observational and

AMIP-simulated analysis except where the NARR is

employed because of its shorter record, beginning in

1979. For the idealized simulations 50-yr averages are

used to calculate the mean state and the first year is

discarded as the spinup period. The mean seasonal cy-

cles are calculated as the 50-yr monthly climatology and

standard deviation calculations are the 3-month mean of

the monthly standard deviations.

3. GPLLJ and precipitation structure

a. Seasonal cycle

Figure 1 shows the seasonal cycle of the monthly mean

GPLLJ in the NCEP–NCAR (solid), NARR (dashed),

and U.S.–Mexico precipitation (dotted). The mean

GPLLJ evolution is characterized by a spring inten-

sification reaching a maximum of ;5.5 m s21 in June

(NCEP) or July (NARR) and decaying throughout late

summer. The seasonal cycle of mean precipitation is

similar to the GPLLJ in terms of the spring intensifica-

tion with a maximum of ;3.5 mm day21; however, the

decay during late summer is less precipitous. The subtle

differences in the GPLLJ among the NCEP–NCAR and

NARR reanalyses are apparently not due to the time

period differences (i.e., 1949–2002 for NCEP–NCAR and

1979–2002 for NARR), as restricting the calculation to the

shorter NARR period still highlighted these differences.

b. Interannual variability

The seasonality of the interannual variability of pre-

cipitation is examined here by inspection of the standard

deviation of precipitation from the U.S.–Mexico dataset

for the April–June (AMJ) and July–September (JAS)

TABLE 1. The different combinations of the Pacific and Atlantic

SST anomaly patterns used to force the GCMs. Here w refers to the

warm phase of the pattern (with a 2 standard deviation weight) and

c refers to the cold phase (with a 2 standard deviation weight).

Also, n denotes neutral, indicating that the pattern has zero weight.

In particular, the PnAn experiment denotes the control run forced

with the annually varying climatological SST. Table adopted from

Schubert et al. (2009).

Warm

Atlantic

Neutral

Atlantic

Cold

Atlantic

Warm Pacific PwAw PwAn PwAc

Neutral Pacific PnAw PnAn PnAc

Cold Pacific PcAw PcAn PcAc
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seasons during 1949–2002 (Fig. 2). These seasons mark

the development and decay phases of the mean seasonal

cycle of precipitation and the low-level jet (LLJ) over

the Great Plains (Fig. 1). During AMJ the interannual

variability of precipitation is strongest over the Gulf

Coast states much like in the winter pattern of precipi-

tation variability, that is, the coherent large-scale eastern

two-thirds U.S. precipitation footprint. Summertime JAS

precipitation variability is stronger than in AMJ over the

Great Plains, with a maximum of 1.8 mm day21, and

exhibits a more focused regional pattern. The East and

Gulf Coasts of the United States and the North American

monsoon (NAM) region highlight other interesting areas

of precipitation variability.

4. Large-scale context

a. SST links

Many studies of the GPLLJ and related precipitation

variability focus on the months during jet development

[AMJ/May–July (MJJ)] or maximum [June–August

(JJA)]. While the early warm season is important for

central U.S. precipitation variability (Fig. 2), the influ-

ence of spring SST anomalies on central U.S. precipi-

tation variations is unclear, especially for the role of the

tropical Pacific (Bates et al. 2001; Schubert et al. 2008).

In fact, two of the most devastating early summer pluvial

episodes over the Great Plains in recent memory oc-

curred during anomalously warm (1993) and cold (2008)

tropical Pacific SST regimes.

Figure 3 shows the GPLLJ index (defined in section 2)

correlations to SSTs during 1949–2002 for the AMJ (left

column), MJJ (middle column), and JAS (right column)

seasons in the NCEP–NCAR reanalysis (upper), NSIPP1

AMIP ensemble mean (middle), and CCM3 AMIP en-

semble mean (lower), thus highlighting the seasonality

of interannual variability. In the observations the cor-

relations are quite weak during MJJ (save northwest

Pacific) and JJA (not shown); however, they are con-

siderably stronger during AMJ and JAS and reflect the

importance of the Pacific in influencing GPLLJ anom-

alies during the time of development and decay in the

mean seasonal cycle. During AMJ there is some agree-

ment among the observed and ensemble mean simula-

tions, however, in the Atlantic it is the NSIPP1 that is

more like observations. The Pacific ensemble mean

model simulations reflect the ambiguity in the GPLLJ–

SST correlations during MJJ with the NSIPP1 displaying

no coherent pattern and CCM3 showing a cold tropical

Pacific, while in the Atlantic the simulations exhibit robust

correlations regardless of the season. During JAS both the

observed and simulated correlations are stronger in

magnitude and exhibit a consistent pattern in the Pacific.

The Atlantic correlations, while stronger than in AMJ or

MJJ, are westward shifted in the simulations as compared

to the observations, highlighting some differences over

the Caribbean Sea and Gulf of Mexico. Overall the JAS

SST correlations to the GPLLJ in observations and en-

semble mean simulations are more coherent despite some

regional structural differences. These SST patterns sug-

gest that global-scale SST variability has the potential to

impact GPLLJ variations during late summer.

The correlations of the seasonal mean GPLLJ index

and SST in the NSIPP1 and CCM3 simulations (Fig. 3)

are based on a multiple-member ensemble mean. It is

not guaranteed that all ensemble members will exhibit

FIG. 1. Seasonal cycle of the GPLLJ in the NCEP (solid) and NARR (dashed) reanalyses and

precipitation (dotted) in the U.S.–Mexico dataset. The GPLLJ is the area averaged meridional

winds in the 258–358N, 1008–958W box, while precipitation is area averaged in the 358–458N,

1008–908W box. Precipitation is in mm day21 and the GPLLJ is in m s21.
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similar correlation structures. As an example, Fig. 4

shows the seasonal mean JAS GPLLJ index correlations

to SST for 1949–2002 for all 15 members of the NSIPP1

AMIP simulations. While the correlation structure

varies between the ensemble members, nearly all runs

show positive values through the eastern and central

Pacific flanked by negative correlations to the north and

south. The negative correlations in the North Atlantic

FIG. 2. The standard deviation of U.S.–Mexico precipitation for the period 1949–2002 during

(top) AMJ and (bottom) JAS. Precipitation standard deviation greater than 1 mm day21 is

contoured at 0.2 mm day21 intervals.
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show more consistency in magnitude and structure

among the ensemble members.

b. GPLLJ and precipitation variability

The coherent correlations of the GPLLJ index to

SSTs and the stronger and more regionally focused

Great Plains precipitation variability during JAS (Fig. 2)

suggest that this season is important for diagnosing SST

influences on the GPLLJ and its precipitation impacts—

notwithstanding the potential NAM influence in reducing

Great Plains precipitation in the mean seasonal cycle and

interannual variability (Higgins et al. 1997a, 1998). Fur-

thermore, the monthly correlation of the Great Plains

precipitation and LLJ indices during JAS (AMJ) is 0.62

(0.36). As such we will focus our attention on the JAS

months in the remaining analysis.

Figure 5 shows the regressions of the seasonal mean

JAS GPLLJ index on 925-hPa meridional winds (con-

toured) and precipitation (shaded) in the NARR (upper

left), the U.S.–Mexico (upper right), CCM3 (lower left),

and NSIPP1 (lower right). The placement of the NARR

and U.S.–Mexico precipitation regressions in the Mid-

west and southeastern United States are consistent with

those of the standard deviation of JAS precipitation in

the bottom panel of Fig. 2, although the magnitude is

approximately one-half. These regression patterns sug-

gest that GPLLJ and precipitation variations during JAS

are related to a coherent large-scale circulation pattern

that also has implications for southeastern U.S. precipi-

tation variability. An interesting difference between the

NARR and U.S.–Mexico precipitation variability is the

lack of a North American monsoon precipitation anomaly

in the NARR representation, which is not seen in the

U.S.–Mexico depiction. The cause is most likely related

to reanalysis/observing system deficiencies as similar pat-

tern differences emerge when the NCEP/U.S.–Mexico

FIG. 3. The correlation of the seasonal mean GPLLJ index with SSTs for (left) AMJ, (center) MJJ, and (right) JAS during 1949–2002.

(top) The GPLLJ indices derived from the NCEP–NCAR reanalysis; the ensemble mean simulated correlations for (middle) NSIPP1 and

(bottom) CCM3. The shading interval is 0.1.
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FIG. 4. The correlation of the seasonal mean GPLLJ index anomalies with SSTs for the 15 NSIPP1 AMIP ensemble members during JAS

for 1949–2002. Correlations are shaded beginning at 60.1 and the shading interval is 0.1.
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regression is restricted to the shorter NARR time period

(i.e., 1979–2002). It is widely known that during the JAS

period the North American monsoon is an important

climatic feature over the United States and is typically

characterized by an out-of-phase relationship between

precipitation over the Great Plains and NAM region,

(Barlow et al. 1998; Berbery and Fox-Rabinovitz 2003;

Higgins et al. 1997a, 1998, 1999). However, there is some

evidence that this phase relationship emerged only after

1962 (Kim 2002), further confounding its absence in the

more recent (1979–2002) NARR record.

The AMIP ensemble mean GPLLJ-related precipita-

tion anomaly is shifted to the south and west in both the

NSIPP1 and CCM3 models when compared to observa-

tions. The Great Plains precipitation anomaly is weaker

than its observed counterpart by about one-third, while the

negative precipitation anomaly (note the shading interval)

over the Caribbean Sea and Gulf of Mexico is nearly

double! Both NSIPP1 and CCM3 also show an anomalous

North American monsoon precipitation pattern, with the

NSIPP1 being significantly stronger, perhaps indicating

the inability to capture the negative phase relationship

between the Great Plains and North American monsoon

characteristics in the interannual variability.

c. Large-scale circulation variability

The global-scale SST pattern during GPLLJ strength-

ening suggests that large-scale atmospheric circulation

FIG. 5. Regression of the seasonal mean (JAS) GPLLJ index anomalies on precipitation (shaded) and 925-hPa meridional winds

(contoured) for (top left) 1979–2002 in NARR, (top right) 1949–2002 in NCEP/U.S.–Mexico, (bottom left) CCM3 AMIP ensemble mean,

and (bottom right) NSIPP1 AMIP ensemble mean. The meridional wind regressions are contoured at 0.2 m s21 intervals while precip-

itation is shaded. Note the varying shading intervals for negative precipitation values in the observed and simulated panels.
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variability may be related to regional GPLLJ variations.

To investigate this we perform correlations of the sea-

sonal mean JAS GPLLJ index to 200-hPa height and sea

level pressure (SLP) anomalies during 1949–2002 in the

NCEP–NCAR reanalysis and NSIPP1 and CCM3 en-

semble mean AMIP simulations (Fig. 6).

The late summer GPLLJ variability is associated with

an apparent upper-level wave train emanating from the

east Asia/tropical west Pacific region. Similar upper-

level patterns have been noted before in the context

of North American precipitation variability (Bell and

Janowiak 1995; Ding and Wang 2005) and more recently

with respect to observed springtime GPLLJ variability

(Weaver and Nigam 2008). The models are challenged

in reproducing this pan-Pacific feature in the ensemble

mean, although both place negative height anomalies

over North America. The NSIPP1 has a much stronger

response in the tropical upper-level height anomalies

FIG. 6. Correlation of the seasonal mean (JAS) GPLLJ index anomalies with SLP (shaded)

and 200-hPa height (contoured) in the (top) NCEP reanalysis, (middle) NSIPP1 AMIP en-

semble mean, and (bottom) CCM3 AMIP ensemble mean for 1949–2002. The 200-hPa heights

are contoured at 0.2 intervals. The SLP is shaded at 0.1 intervals beginning at 60.3 in the

observed panel shading and contoured at 0.2 beginning at 60.5 in the model panels.
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in both magnitude and coverage. Despite some differ-

ences in the upper-level heights the SLP field exhibits

more consistency among the models and observations,

especially over the Atlantic sector. The stronger mag-

nitude modeled correlations (note the higher shading

threshold) are likely due to the multiple ensemble av-

eraging of the simulations, which highlights the SST-

forced component of the variability. In general the

NSIPP1 AMIP simulation reproduces more closely

the observed SLP anomaly than in the CCM3. While

the CCM3 does place anomalous SLP over the Gulf of

Mexico, it is part of a large-scale positive anomaly over

the North American continent not seen in the NCEP or

NSIPP correlations.

5. Idealized SST

a. SST patterns

The previous sections established the link between the

GPLLJ, its related precipitation, and basin-scale SST

and atmospheric circulation patterns in observations

and AMIP climate model simulations. In this section we

turn our attention to characterizing the influence of

Atlantic and Pacific SST modes in generating GPLLJ

variability. This phase of the analysis will enable the

separation of Atlantic and Pacific basin influences to

understand their role in generating GPLLJ variability

during summer. The SST forcing patterns are derived

from a rotated EOF (REOF) analysis of annual mean

SST for 1901–2004 and are described in more detail in

section 2 and in Schubert et al. (2009).

The positive (warm) phases of the patterns used in this

analysis (modes 2 and 3) are shown in Fig. 7. The Pacific

pattern (REOF 2) clearly shows the presence of the

ENSO mode of variability in the tropical Pacific. Pacific

decadal SST structure is also evident given the meridional

broadening of the tropical SST anomaly and west coast of

North America focus. The Atlantic pattern (REOF 3) is

similar to the SST footprint associated with the AMO and

NAO. These SST patterns are similar in many respects to

the SST correlations associated with the GPLLJ variability

(Fig. 3). The following analysis will examine the responses

of the GPLLJ and large-scale circulation features to var-

ious polarities and combinations of these idealized SST

patterns in the NSIPP1 and CCM3 AGCMs.

b. Seasonal cycle of GPLLJ and precipitation

To assess the impact of the various SST forcings on the

central U.S. climate in Figs. 8 and 9 we show the seasonal

cycle of the GPLLJ (top panels) and precipitation

(lower panels) in the NSIPP1 (Fig. 8) and the CCM3

(Fig. 9). The colored lines denote the various idealized

SST forcing experiments (see inset key) and each panel

contains the observed and AMIP counterpart high-

lighted by the black and blue lines, respectively. The

mean seasonal cycle response is based on 50-yr monthly

averages. When comparing the AMIP runs (blue lines)

and observations (black lines) in Figs. 8 and 9 it is evident

that both the NSIPP1 and CCM3 underestimate the sea-

sonal cycle of the 925-hPa meridional winds throughout

the year (although NSIPP1 matches exactly in the

month of July) and are especially challenged in depict-

ing the fall decay of the mean GPLLJ. In fact, both the

NSIPP1 and CCM3 exhibit negative mean meridional

winds during fall. The seasonal cycle of precipitation

over the northern Great Plains is captured much better

in the winter and spring seasons; however, it is over-

estimated (underestimated) during summer (fall).

A striking aspect of the GPLLJ in the idealized model

simulations is the lack of sensitivity to the sign of the SST

forcing during spring and the robust response during the

summer and fall, especially in the NSIPP1, although it is

possible that this is due to model systematic errors. Both

models agree on the general aspect of GPLLJ response

in summer, that being a warm Pacific and cold Atlantic

(PwAc) strengthens the GPLLJ, while the opposite-

signed SST anomalies (PcAw) weakens it. The contri-

butions of the Pacific- and Atlantic-only runs [i.e., neutral

Pacific/warm Atlantic (PnAw), neutral Pacific/cold At-

lantic (PnAc), warm Pacific/neutral Atlantic (PwAn),

and cold Pacific/neutral Atlantic (PcAn)] fall within the

bounds of the most extreme SST forcing highlighting

that in the simulations a cold (warm) Atlantic (Pacific)

strengthens the GPLLJ while the opposite weakens it.

There are also implications for the timing of the peak

magnitude in the seasonal cycle with the PcAw exhib-

iting a maximum one month earlier than the PwAc

scenario. This undoubtedly would have significant im-

plications for the timing of peak moisture availability

and dynamic low-level convergence in the central

United States. The precipitation response exhibits sim-

ilar characteristics; however, the degree of sensitivity to

the prescribed SST is weaker than that seen in the

GPLLJ response, which is not surprising as the GPLLJ

and Great Plains precipitation do not necessarily exhibit

a one-to-one correspondence.

An interesting aspect of the spring response in the

CCM3 is the suggestion, although weak, that the same

SST anomaly could have opposite impacts on the

GPLLJ, however, not on precipitation. For instance the

PcAw scenario produces the strongest (weakest)

GPLLJ during the spring (summer) in the CCM3. On

the other hand, the relative precipitation response is

consistent throughout the spring and summer. This

feature is not inconsistent with the observed nature of
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the GPLLJ and precipitation where the spring correla-

tions are weaker (i.e., 0.36 in AMJ and 0.62 in JAS).

c. Regional and large-scale circulation

From the seasonal cycle and mean response of the

GPLLJ and precipitation to idealized SST forcing pat-

terns in two state-of-the-art climate model simulations,

it appears that oppositely signed SST anomalies in the

Atlantic and Pacific may be important for the GPLLJ

and Great Plains precipitation. This precipitation re-

sponse is also noted in Schubert et al. (2008). The ide-

alized model simulations afford a unique opportunity to

investigate the relative roles of the Atlantic and Pacific

SST modes on the spatial structure of the GPLLJ and

precipitation over the central United States and the

large-scale circulation. In the remaining sections the

responses are expressed as differences in the 50-yr

means.

Figure 10 shows the response of the GPLLJ and pre-

cipitation (upper panel, NSIPP-only; CCM3 is similar

and is not shown) and large-scale circulation (middle,

NSIPP1; lower, CCM3) under the warm Pacific and

neutral Atlantic scenario. The upper panel shows that

the GPLLJ and precipitation are markedly enhanced

under the warm Pacific (i.e., PwAn–PcAn) scenario. The

precipitation anomaly, while large, appears to be un-

derestimated, given the magnitude of the GPLLJ

strengthening. Both the NAM and Gulf of Mexico

FIG. 7. SST forcing patterns for U.S. CLIVAR Drought Working Group AGCM experiments.

The shading interval is 0.2. Only the positive polarity is shown.
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precipitation responses are quite strong. The large-scale

circulation response is characterized by a strong positive

upper-level 200-hPa height anomaly over the tropical

Pacific and a weaker negative anomaly over the northern

tier of the United State in both models. The low-level

SLP response is similar to the GPLLJ index correlation

AMIP response in Fig. 6, with a strong focus in the Gulf of

Mexico.

In the cold Atlantic scenario (Fig. 11) the GPLLJ re-

sponse is similar to that of the warm Pacific; however, the

precipitation anomaly is weaker. This model response is

consistent with the AMIP simulations (Fig. 5) where the

GPLLJ-related precipitation anomaly was weaker than

the observed. This is not surprising given the model

precipitation dependence on physical parameterizations.

The cold Atlantic upper-level height response differs

when compared to the warm Pacific counterpart. Both

the NSIPP1 and CCM3 place negative height anomalies

in a region encompassing the eastern subtropical Pacific

and most of the Atlantic. The SLP response is quite

similar in the CCM3 in both the warm Pacific (Fig. 10)

and cold Atlantic (Fig. 11) scenarios. The NSIPP1,

however, differs in the geographic extent and magnitude

of the SLP anomaly between the warm Pacific and cold

Atlantic scenarios. With a cold Atlantic, the SLP anom-

aly is stronger and more expansive, extending to the

FIG. 8. Mean seasonal cycle of the (top) GPLLJ and (bottom) precipitation in the NSIPP1

idealized SST experiments. The GPLLJ is in m s21 and the precipitation is in mm day21. Each

panel includes a key to discern the origin of the data and polarity of the SST forcing.
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African coast, and again with a Gulf of Mexico focus.1

The mean GPLLJ and precipitation values are all sig-

nificantly different from each other at the 1% level based

on a t test.

d. Physical mechanisms

The above analysis suggests the importance of SLP in

the Gulf of Mexico and Caribbean region in modulating

GPLLJ and precipitation variations over the central

United States. To be sure, there are certainly contribu-

tions to North American precipitation variations by

these large-scale SST anomalies from forced atmo-

spheric responses emanating from remote regions (i.e.,

teleconnection responses; see Fig. 6 top panel). While

the upper-level patterns in Figs. 10 and 11 hint at this

mechanism, the strong response in Gulf of Mexico SLP

is arguably a more enticing avenue of investigation, es-

pecially given its large magnitude. Large-scale Atlantic

and Pacific SST variability, and in particular a warm

Pacific/cold Atlantic, appears important in generating

this regionally focused SLP anomaly, as the response to

forcing from either basin shows a regional maximum

in the SLP response. Furthermore, correlations of the

FIG. 9. Mean seasonal cycle of (top) the GPLLJ and (bottom) precipitation in the CCM3

idealized SST experiments. The GPLLJ is in m s21 and the precipitation is in mm day21. Each

panel includes a key to discern the origin of the data and polarity of the SST forcing.

1 An inspection of the most extreme response to the SST forcing

patterns (i.e., PwAc–PcAw) is essentially a linear combination of

the responses in Figs. 10 and 11.
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FIG. 10. JAS mean response to warm Pacific idealized SST expressed as the difference

in the warm minus cold Pacific with the Atlantic neutral in the (top), (middle) NSIPP1

AGCM and (bottom) CCM3. NSIPP1 GPLLJ and precipitation (top) are contoured and

shaded at 1 m s21 and 1 mm day21, respectively. In (middle) and (bottom), SLP (shaded)

and 200-hPa height (contoured) responses are at 20 m and 1 hPa, respectively.
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FIG. 11. JAS mean response to cold Atlantic idealized SST expressed as the difference

in the cold minus warm Atlantic with the Pacific neutral in the (top), (middle) NSIPP1

AGCM and (bottom) CCM3. NSIPP1 GPLLJ and precipitation (top) are contoured and

shaded at 1 m s21 and shaded at 1mm day21, respectively. In (middle) and (bottom), SLP

(shaded) and 200-hPa height (contoured) responses are at 20 m and 1 hPa, respectively.
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observed and AMIP ensemble mean GPLLJ index with

SLP during JAS of 1949–2002 also establish this link

(Fig. 6).

Figure 12 shows the SST EOF forcing patterns

(shaded) and the JAS climatological SST (contoured)

(top panel) and the precipitation (shaded) and SLP

(contoured) (bottom panel) response from the difference

between PwAc and PcAw in the Western Hemisphere

warm pool region. This region encompasses the extreme

eastern Pacific, Gulf of Mexico, and Caribbean Sea. It is

quite apparent that even in globally derived SST vari-

ability there exist significant meridional and zonal SST

gradients in this area. The close proximity of the SLP

response to the SST gradients suggests that regional

circulation features related to the SST gradient may be

important, especially since no regional SST anomaly

exists over the Gulf of Mexico, thus providing marginal

direct thermodynamic forcing to the SLP anomaly. The

maximum precipitation (lower panel) anomalies are

located over the area of maximum warm SST climatol-

ogy as outlined by the 288C isotherm, suggesting that the

model response is to generate precipitation anomalies

where the area of warmest SST is perturbed.

Given that the idealized SST patterns and in particular

a warm Pacific and cold Atlantic appears important in

generating a regional SLP anomaly that can strengthen

the GPLLJ and central U.S. precipitation it is of interest

to analyze the regional moisture flux response. Figure 13

shows the column-integrated (1000–200 hPa) moisture

fluxes (arrows) and their convergence (shaded) for the

PwAn–PcAn (upper) and the PnAc–PnAw (lower) sce-

narios. The moisture fluxes and their convergences are

remarkably similar in the two idealized responses and are

generally collocated with the precipitation anomalies

(Figs. 10, 11, and 12). The only appreciable difference is

that there is weak anomalous moisture flux over the Pa-

cific west of 1058W in the PwAn–PcAn.

The similarity of the response suggests that enhancing

the interbasin SST gradient by either warming the Pacific

or cooling the Atlantic will lead to a similar precipitation

anomaly over the warmest climatological SST and an

enhancement of the easterly moisture fluxes (i.e., east-

erlies) between 58 and 208N. The placement of the SLP

anomaly to the northwest of the Atlantic precipitation

(i.e., latent heating) anomaly is consistent with the classic

regional atmospheric response to an off-equatorial

heating (or cooling) anomaly (Gill 1980).

6. Summary and discussion

The Great Plains of North America exhibit significant

precipitation variations during the warm season. Recent

studies have linked global SST variability to central U.S.

precipitation fluctuations on multiple time scales. In this

study the role of SST variability and its link to the

GPLLJ is investigated given the jet’s influence on Great

Plains summertime precipitation variability.

Interannual variability of the GPLLJ is shown to be

linked to global-scale SST variability during the summer

(JAS) over the period 1949–2002 in observationally

constrained reanalysis (NCEP–NCAR) and NSIPP1

and CCM3 AMIP climate model simulations. An in-

teresting finding is the seasonal dependence of the link

between SST and GPLLJ variability. The strongest

correlations of the GPLLJ index to SST are found dur-

ing the AMJ and JAS seasons, with MJJ and JJA being

weaker. However, given the stronger precipitation var-

iability and higher correlation of the GPLLJ and pre-

cipitation indices during JAS (0.62) when compared to

AMJ (0.36) we focus on the JAS ‘‘season.’’

By applying regressions of the GPLLJ index anoma-

lies it is found that NSIPP1 and CCM3 ensemble mean

AMIP simulations produce some characteristics of the

observed GPLLJ-related precipitation variability over

the United States, Mexico, and the Gulf of Mexico.

However, the AMIP response gives weaker precipita-

tion anomalies over the Great Plains and stronger ones

over the west coast of Mexico, Gulf of Mexico, and

Caribbean Sea as compared to those in observationally

constrained data. Correlations of the GPLLJ with SLP

and 200-hPa heights in the NCEP–NCAR reanalysis

reveal that the GPLLJ is related to a large-scale pan-

Pacific wave train pattern and an Atlantic-based sub-

tropical SLP anomaly. The CCM3 and NSIPP1 AMIP

ensemble mean correlations show varying 200-hPa

height anomaly structures; however, they agree on the

location of the SLP anomaly, especially the maximum

over the Gulf of Mexico.

The seasonal cycle of the GPLLJ and northern Great

Plains precipitation in idealized SST climate model

simulations indicates that a warm Pacific and cold At-

lantic enhances the strength of the GPLLJ and northern

Great Plains precipitation. Additionally, the timing and

sensitivity of the seasonal cycle of the GPLLJ and pre-

cipitation is impacted under this idealized forcing. In

particular the GPLLJ response is less sensitive to the

sign of the spring SST anomaly as compared to summer,

where the spread is large, and the peak timing of the

GPLLJ is a month earlier (June) in the PcAw case than

the PwAc (July), especially in the NSIPP1.

The idealized simulations offer an opportunity to also

examine the spatial structure of regional GPLLJ, pre-

cipitation, and SLP anomalies during JAS and the rel-

ative roles of the Pacific and Atlantic SSTs by examining

the model responses to forcing from one basin while

keeping the other neutral. Interestingly, the low-level
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circulation (i.e., the GPLLJ and SLP) and precipitation

were similar in the model simulations regardless of the

prescribed forcing (i.e., warm Pacific/neutral Atlantic or

cold Atlantic/neutral Pacific) and place a maximum in

SLP over the Gulf of Mexico. The intermodel depiction

of this feature is generally consistent, although the

CCM3 casts the Gulf of Mexico SLP maximum as part of

a large-scale SLP anomaly over North America, while

FIG. 12. (top) Regional expression of climatological SST (contoured) EOFs 2 (Pacific) and 3

(Atlantic) (shaded) and (bottom) SLP (contoured) and precipitation (shaded) for the PwAc–

PcAw idealized SST scenario in NSIPP1. SLP and precipitation is contoured at 2 hPa and

2 mm day21 intervals, respectively. The 288C isotherm is contoured in red to highlight the

Western Hemisphere warm pool.
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the NSIPP1 SLP response remains highly localized. The

upper-level 200-hPa height response varies among the

different SST forcing with the Pacific exhibiting a more

global reach, while the Atlantic is more regionally con-

fined. These features were largely consistent between

the two models.

An examination of moisture fluxes, their conver-

gences, and precipitation over the Western Hemisphere

FIG. 13. Vertically integrated 1000–200 hPa moisture flux (arrows) and convergence (shaded)

for the difference between (top) a warm minus cold Pacific and (bottom) a cold minus warm

Atlantic during JAS. The reference moisture flux vector is 300 kg m21 s21 and the moisture

flux convergence (divergence) is shaded green (brown) at 1 mm day21 intervals. The 288C

isotherm is contoured in red to highlight the Western Hemisphere warm pool.
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warm pool region in the NSIPP1 shows that the pre-

cipitation response (and thus latent heating) to an SST

anomaly is preferentially located over the area of max-

imum climatological SST (i.e., the Western Hemisphere

warm pool, Figs. 12 and 13). The location of the SLP

maximum over the Gulf of Mexico is consistent with the

Gill-type response to an off-equatorial heating anomaly

(Gill 1980). Interestingly this response is not sensitive to

the basin receiving the anomalous SST forcing, perhaps

implicating the importance of the anomalous zonal and

meridional SST gradients in generating this circulation

feature (i.e., the structure of the SST forcing).

Inherent in any discussion of summertime precipita-

tion variability over the continental United States is the

inclusion of features related to the North American

monsoon, particularly its influence on the upper-level

circulation and the attendant negative phase relation-

ship in precipitation between the southwestern United

States and Great Plains. This phase relationship is rec-

ognized as the primary reason for the decay in Great

Plains precipitation and LLJ during JAS in the mean

seasonal cycle (Higgins et al. 1997a) and interannual

variability (Higgins et al. 1998). However, the GPLLJ

can form and exert its influence under many governing

large-scale circulation regimes, including the presence

of upper-level anticyclonic flow anomalies, as produced

by the NAM. Notwithstanding the notable negative

NAM–Great Plains phase relationship it is plausible

that interactions of the NAM circulation features with

the Great Plains may help to explain the higher corre-

lation between the GPLLJ and precipitation during

JAS. Higgins et al. (1997a) found that the NAM upper-

level circulation features, which help to suppress pre-

cipitation over the Great Plains (i.e., the cause of the

phase relationship), had no appreciable impact on the

GPLLJ. So in effect it is conceivable that the GPLLJ

becomes a dominant forcing mechanism for precipita-

tion variability over the Great Plains during JAS as

suggested in this study by the higher correlation between

the GPLLJ and precipitation indices.

Of significant interest to the intra-American seas re-

gion is the presence of an SLP anomaly over the Gulf of

Mexico, shown here linked to the GPLLJ in observa-

tions, AMIP simulations, and idealized Pacific and At-

lantic SST forcing. Strengthening of SLP over the Gulf

of Mexico has been noted before in the context of

GPLLJ anomalies (Weaver and Nigam 2008). Given the

regional focus of this SLP anomaly it appears not likely

that a shift of the North Atlantic subtropical high

(NASH) is the primary reason for the enhanced SLP, for

a significant compensating effect (i.e., a comparable

negative SLP anomaly) would appear over the central

North Atlantic. While there exists a weak negative

correlation, the much stronger positive correlations over

the subtropical Atlantic and especially the Gulf of

Mexico allude to a mechanism producing a westward

extension of the NASH, perhaps of local origin as sug-

gested by the idealized SST experiments.

Given the limitations of relatively coarse-resolution

global climate models in representing regional circula-

tion features (i.e., the GPLLJ) and thermodynamic

quantities relying on physical parameterizations (i.e.,

precipitation) (Ghan et al. 1996), it is necessary to be

careful not to overindulge in attribution of physical

mechanisms, especially in such a highly idealized setting

with anomalous SST forcing at 2s. The purpose of im-

posing such highly anomalous forcing is to extract subtle

linkages between SST and the mechanisms producing

drought and pluvial over North America. Nevertheless, it

is impossible to escape the link between global SST var-

iability and regional low-level circulation features and

precipitation demonstrated herein through the combined

analysis of observations and model simulations.
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