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ABSTRACT

Intensification of regional springtime precipitation variability over the United States and the role of North
American low-level jets (NALLJs) are investigated for the 1950-2010 period. The analysis reveals that the
primary modes of NALLJ fluctuations are related to the strengthening of AMJ precipitation variability over
the northern Great Plains and southeastern United States during the last 60 years. Examination of the epochal
change in NALLYJ variations shows a stronger connectivity to SST variability during 1980-2010 than in the
1950-79 period. In the context of the first three NALLJ variability modes it appears that the role of decadal
SST variations (NALLJ mode 1) and the recent emergence of tropical Pacific connectivity (NALLJ modes 1
and 2) via SST-induced atmospheric heating and large-scale circulation changes may act to strengthen and
spatially shift the NALLJ variability modes southward and/or eastward, intensifying regional precipitation
variability in the recent epoch. Although notable NALLYJ variability also exists in the earlier epoch, the upper-
level height field is significantly lacking in meridional gradients, leading to weak upper-level zonal wind
anomalies over the United States and diminished NALLJ variability. Conversely, the intensified and spatially
shifted upper-level height anomaly in the recent epoch produces enhanced meridional height gradients in all
three modes, strengthening NALLYJ variability—highlighting that seemingly subtle shifts in hemispheric-scale
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atmospheric circulation changes can have important impacts on regional climate variability and change.

1. Introduction

The demand for regional climate information is in-
creasing within the national and international climate
science and user communities. An important aspect of
this need is an enhanced understanding of the physical
mechanisms that produce regional precipitation vari-
ability and whether this variability has changed. This
question is important for efforts to clarify the future
trajectory of regional climate variability and change and
is paramount for climate mitigation and adaptation
strategies, as enhanced understanding of these charac-
teristics will lead to improved predictions and projections
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of the magnitude of regional manifestations of warm
season drought, pluvial, and severe weather.

During the spring and summer large amounts of heat
and moisture are transported northward into the cen-
tral and eastern United States by the low-level atmo-
spheric circulation. Figure 1 highlights this feature and
shows the mean meridional 850-hPa wind and mean
precipitation (Fig. 1, top) for April-June (AMJ) over
1950-2010. While the climatological Great Plains low-
level jet (GPLLJ) is clearly evident by the strong wind
maxima over central Texas, the mean flow also extends
eastward to the southeast coast of the United States,
encompassing much of the eastern two-thirds of the
nation. Although the GPLLJ is the most well-known
feature of the warm season circulation over the United
States, and is the primary mechanism for warm sea-
son Great Plains precipitation, anomalous jetlike ex-
cursions to areas outside of the Great Plains are
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FIG. 1. (top) Warm season climatology of precipitation (shaded) and the 850-hPa meridional
winds (contoured) for 1950-2010. Wind anomalies >1ms ™! are contoured at 1 ms™ ! intervals
and precipitation >2 mm day ™! is shaded. The positive (negative) contours denote southerly
(northerly) meridional wind components. (bottom) The standard deviation of AMJ pre-
cipitation for the period 1950-2010. Precipitation standard deviation >0.6 mm day " is shaded
and contoured at 0.2 mm day ! intervals. The blue-outlined boxes are referenced in Fig. 2.
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commonplace [hence the term North American low-
level jet (NALLJ)] and have recently been recognized
for their significant impact on extreme precipitation
events, drought, severe weather, and temperature
trends (Ruiz-Barradas and Nigam 2005; Weaver et al.
2009, 2012; Weaver 2013).

In addition to clarifying the regional impacts of
NALLJ variability on the subcontinental scale, recent
efforts have uncovered NALLJ links to the large-scale
climate variability, highlighted by the connection be-
tween global-scale SST variability and NALLJ fluctua-
tions (Weaver et al. 2009), including their springtime
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(AMJ) epochal changes (Weaver et al. 2012 and Fig. 6
herein). Given that NALLJs are vitally important for
communicating the large-scale climate influences to re-
gional impacts, the link to climate boundary forcing (i.e.,
global SST), its epochal changes, and how this SST
variability is related to large-scale atmospheric circula-
tion anomalies in which NALLJ variability is embedded
is analyzed here. This is fundamental to understanding
how the large-scale remote climate influences are man-
ifested in the context of regional climate variability.

Changes in U.S. warm season regional climate vari-
ability are already being observed. Recent studies suggest
that during meteorological summer (JJA) the interannual
variability of precipitation over the southeastern United
States has intensified over the last six decades (Wang
etal. 2009; Wang et al. 2010; Li et al. 2011). These changes
are potentially the result of southward shifts in upper-
level atmospheric zonal jet stream activity (Wang et al.
2010) and westward expansion of the North Atlantic
subtropical high (NASH)—two influences that have also
been shown to be related to NALLDJ variations (Weaver
and Nigam 2008; Weaver et al. 2009). Additionally,
springtime tornadic activity has also undergone changes
in variability; however, the exact cause remains elusive
(Brooks et al. 2014).

Given the role of NALLIJs in generating spring season
precipitation variability and tornadic activity over the
U.S. Great Plains and southeastern United States, and
their linkage to global-scale SST and large-scale atmo-
spheric circulation variations, questions arise as to whether
these regions have similarly experienced intensification
of springtime precipitation variability and the role of
NALLIJs in these changes. As such, the goal here is to
employ an atmospheric circulation—centric analysis strat-
egy, focusing on the role of NALLJ variability in changes
to springtime interannual variability of precipitation over
the Great Plains and southeastern United States.

2. Data and methodology

NALLJ variability for the 1950-2010 period is assessed
by conducting an empirical orthogonal function (EOF)
analysis on the seasonal anomalies of 850-hPa meridional
wind field over the domain 20°-50°N, 105°-80°W in the
NCEP-NCAR reanalysis (Kalnay et al. 1996). As in
Weaver et al. (2012) a covariance-based analysis on the
latitudinally weighted field was performed. The EOFs are
not rotated given the limited analysis domain. The prin-
cipal components (PCs) obtained from this analysis are
used as indices in relating NALLJ variability to large-scale
climate features (i.e., SST, 200-hPa geopotential height,
and 200-hPa zonal wind) and seasonal precipitation
anomalies through correlation analysis and calculation of
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30-yr moving standard deviation time series. The epochal
comparisons are conducted by restricting the PC time se-
ries to the 1950-79 and 1980-2010 periods, and performing
regressions to 850-hPa meridional wind and precipitation,
as opposed to calculating the EOF loading patterns for
each period separately—highlighting the epochal changes
to the full 61-yr NALLJ modes. The rainfall data are from
the Precipitation Reconstruction (PREC) (Chen et al.
2002) updated by the NOAA/Climate Prediction Center
(CPC) (http://www.cpc.ncep.noaa.gov/products/precip/
realtime/GIS/USMEX/analysis.shtml). We also employ
the use of observed outgoing longwave radiation (OLR)
data from the NOAA Advanced Very High Resolution
Radiometer (AVHRR; Liebmann and Smith 1996). SST
linkages are facilitated by using the Extended Re-
constructed SST, version 3 (ERSST.v3) (Smith et al.
2008). NALLJ reconstructed precipitation anomalies
are formed by taking the product of the precipitation
regression pattern for each of the first three modes of
NALLJ variability and the PC value for each year to
make a reconstructed precipitation time series for each
mode, then summing those contributions to form the
NALLJ modes 1-3 reconstructed precipitation anomaly
time series.

As in Weaver and Nigam (2008) we employ the
Rossby wave source (RWS) to analyze the potential for
large-scale atmospheric circulation links to tropical
forcing. The RWS contains terms involving divergent
flow RWS = =V - (v{) = V- (vy{'), where v, is the
divergent component of the wind, ¢ is the absolute
vorticity (n + f), and primes and subscript ¢ denote
anomaly and climatology, respectively. The first term on
the rhs is generally dominant and can be expressed as
the sum of a tropical (—V, -V{.) and extratropical
(=¢.V-v,) RWS component. Given the meridional
reach of tropical divergent outflows (v} ), the RWS can
be large thousands of kilometers northward of an
equatorial diabatic heating anomaly, especially in the
western Pacific sector, where meridional vorticity gra-
dients (V{,) are large in the extratropics due to the
presence of the Asian-Pacific jet.

3. Precipitation variability
a. Spatial variations

The AMI precipitation variability (Fig. 1, bottom)
has similar characteristics to the mean precipitation
(i.e., decreasing magnitude to the north and west)
with a maxima along the Gulf Coast, and exhibits
substantial variability over much of the eastern two-
thirds of the nation. Using the geographical placement
of the mean meridional wind and spatial standard
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FI1G. 2. Normalized time series of AMJ precipitation anomaly indices for 1950-2010 for the (top)
NGP, (middle) SE, and (bottom) SGP regions. Area averaging is conducted within the latitude
and longitude regions shown in Fig. 1 and values are expressed in units of standard deviation.

deviation of precipitation as a guide, three key areas
may be defined for regional precipitation variability
analyses, as outlined by the boxed regions in the bot-
tom panel of Fig. 1. The areas comprise the northern
Great Plains (NGP; 37°-49°N, 104°-90°W), southern
Great Plains (SGP; 26°-37°N, 104°-94°W), and south-
eastern United States (SE; 26°-37°N, 94°~78°W). Fur-
thermore, all three of these regions are prone to
recurrent droughts, pluvials, and severe weather over
the last 65 years, highlighted most recently by the NGP
(SGP) flooding in 2008 (2015), the multiyear drought
over the SGP during 2011-14, and the major SE tor-
nado outbreaks and flooding in spring 2011.

b. Evolution of temporal variability

To understand the changes in springtime regional pre-
cipitation variability it is necessary to examine the time
series evolution of precipitation anomalies during the
spring. Figure 2 shows the AMJ standardized anomalies of
precipitation from 1950-2010 over the NGP (top panel), SE
(middle panel), and SGP (bottom panel). Splitting the time
series into early (1950-79) and recent (1980-2010) epochs
(as in Wang et al. 2010) shows that the interannual vari-
ability of AMIJ precipitation has increased markedly in all 3
regions, with precipitation anomalies exceeding one stan-
dard deviation increasing from 8 to 14 over the NGP, from 9
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to 14 over the SE, and from 4 to 12 over the SGP. Also
noteworthy is that in the early period there are only two
instances accumulated across all regions with a seasonal
precipitation anomaly exceeding two standard deviations,
while in the recent period that increases to five cases, and
includes one instance in the SE region where precipitation
exceeded three standard deviations during AMJ of 1991.
Statistical significance of the changes in regional precipitation
variability were assessed by conducting the Brown—Forsythe
test, with all regions passing at the 95% level.

To help identify the impact of individual outliers and
capture the temporal evolution of the variability changes,
Fig. 3 shows a moving centered 30-yr standard deviation of
precipitation (solid lines) and its linear trend (dashed lines)
for the NGP (top panel), SE (middle panel), and SGP
(bottom panel) beginning in 1950." The 30-yr moving stan-
dard deviation of precipitation increases in all regions during
AM]J (as does its linear trend line), consistent with the sim-
ilarly noted increases in interannual variability as a function
of epoch in the time series displayed in Fig. 2. To be sure,
there are fluctuations around the trend line, which is not
surprising given the potential for outliers to impact the 30-yr
moving standard deviations. For instance, the early period
spike over the SGP is likely due to the strong anomaly that
occurred during the spring of 1957 (Fig. 2). Had this exces-
sively strong anomaly not occurred, the trajectory of the
precipitation variability would have a weaker standard de-
viation over the SGP during the early portion of the record,
leading to an even stronger positive trend in its variability.

Attributes such as these highlight the importance of
conceptualizing variability changes in the context of
both the evolution of precipitation variability, as cap-
tured in the moving standard deviations, and their
epochal changes. Solely relying on either moving
standard deviation or epochal changes may potentially
lead to undue conclusions regarding the characteristic
change to the variability, because the moving standard
deviation is sensitive to outliers, while the one standard
deviation threshold count used in the epochal stratifi-
cation have the potential to understate or overstate
changes in variability.

4. NALLJ variability
a. Recurrent variability modes

Instrumental to warm season regional climate vari-
ability are NALLJ fluctuations, which play a critical
role in generating and focusing regional patterns of

! For instance, the value plotted for <1965 is actually the stan-
dard deviation for 1950-79, the value plotted for “1966” is the
standard deviation for 1951-80, and so on.
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precipitation variability during the spring and summer
months (Higgins et al. 1997; Schubert et al. 1998;
Weaver and Nigam 2008). Shown in Fig. 4 (similar to
Fig. 2 from Weaver et al. 2012) are the regressions of
meridional wind (contours) and precipitation (shaded)
against the time series of the first three modes of AMJ
NALLJ variability for 1950-2010 (left panels), 1950-79
(center panels), and 1980-2010 (right panels), high-
lighting the epochal changes as diagnosed from the
NCEP-NCAR reanalysis (Kalnay et al. 1996).> Recall
that the epochal comparisons are facilitated by sub-
setting the PC time series by epoch after conducting the
EOF analysis on the full 61-yr record. The regression of
the meridional wind onto the EOF’s for the full 1950—
2010 time period will by definition produce the spatial
structure of the EOF modes themselves. Together the
first three modes explain ~72% of the AMJ regional
850-hPa meridional wind variance with mode 1, mode
2, and mode 3 explaining 41%, 20%, and 11% of the
1950-2010 variance, respectively, and highlight wind
and precipitation enhancement and spatial shifting.’
All three modes play a critical role in the occurrence
of major U.S drought, pluvial, and severe weather ep-
isodes, including the Great Plains droughts (pluvial) of
1980 and 1988 (1993), the SE drought of 2006/07, and
the record-breaking tornadic activity over the SE in
spring 2011. The fraction of precipitation variability
explained by the three leading EOF modes varies from
10% to >80% over the 1950-2010 period depending on
region and epoch (not shown). Additionally, all three
modes and their precipitation impacts have undergone
epochal changes, characterized by the positive lobes of
modes 1 and 2 shifting south and the negative lobe of
mode 3 shifting east during the recent epoch. These
shifts may appear trivial upon first glance (i.e., when
viewed from a hemispheric large-scale climate per-
spective); however, they are quite relevant in the
context of regional hydroclimate variability and
change. Indeed, a comparison of the epochal pre-
cipitation changes (center and right panels of Fig. 4)
shows an expansion and strengthening of mode 1 and 2
precipitation anomalies, and for mode 3 an erosion of
the western edge of the positive precipitation anomaly
over the southern tier of the United States and the

2NALLJ variability was also assessed in NARR and the ERA-40
reanalyses and the patterns were found to be consistent among the
reanalysis systems, attesting to the stability of the modes across
multiple datasets (Weaver and Nigam 2008).

*The NALLJ modes and their precipitation impacts are dis-
played here in the context of enhancement of moisture and rainfall
generation, but they can also be considered in the opposing phase
(i.e., in the context of rainfall suppression).
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development of negative precipitation anomalies
extending from the SGP to the upper Midwest and
Ohio River valley regions. Local significance testing
of the 850-hPa meridional wind and precipitation
regression patterns, and their epochal changes, were
assessed using a ¢ test, with all major correlation
areas passing at the 95% level. Additionally, field
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significance was tested using the Livezey and Chen
(1983) Monte Carlo method. Both the 850-hPa me-
ridional wind and precipitation were found to be
field significant at the 95% level.

b. Evolution of reconstructed precipitation

A similar accounting of the time series of NALLJ
modes reveals only minor similarities across the two
epochs (1950-79 and 1980-2010) when compared to
changes in precipitation variability [see Fig. 5 in Weaver
et al. (2012) for PC time series]. Among these are slight
increases in the instances where the PC1 and PC2 time
series exceeds one standard deviation (not shown). The
PC3 time series has exactly the same number of extremes
in AMLJ for the early and recent epochs (10) (not shown).
Nevertheless, it is not necessarily expected that an indi-
vidual NALLJ PC would have similar increases and/or
decreases as the regional precipitation indices in the oc-
currence of seasons exceeding one standard deviation,
because each individual NALLJ mode contributes only a
portion of the total precipitation variability in a given
region, and because it appears that the epochal geo-
graphic shift may have as much (if not more) influence on
precipitation as does the PC magnitude.

Despite the modest changes from one period to an-
other in the extreme values (i.e., greater than one
standard deviation) of the individual NALLJ PCs (not
shown), an inspection of the 30-yr moving standard
deviation of the reconstructed precipitation anomaly
time series from NALLJ modes 1-3 (Fig. 5) reveals
some similarities to its total precipitation variability
counterpart in terms of the temporal evolution and
linear trends of reconstructed precipitation variability.
In particular, all NALLJ-reconstructed 30-yr moving
standard deviation precipitation time series show an
increase, albeit with varying degrees of intensity. The
NGP and SE show a stronger association between the
total precipitation variability changes and the NALLJ
reconstruction, especially over the SE. The NGP-
reconstructed variability change is weaker than the
total with apparent decadal shifts in variability, as op-
posed to a more consistent increase, which is not sur-
prising given that this mode has been shown to
temporally evolve on multidecadal time scales
(Weaver et al. 2012).

The reconstructed variability change over the SGP,
while positive, is extremely small compared with the
total precipitation variability changes (Fig. 3), in-
dicating the lack of a role for the first three modes of
NALLJ fluctuations in contributing to the increasing
precipitation variability over that region. This is con-
sistent with the AMJ NALLJ mode 1 and 2 regressions,
which show little influence on precipitation anomalies
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FIG. 4. Recurrent patterns of AMJ NALLJ variability (contours) and precipitation regressions (shaded) for (left) 1950-2010, (center)
1950-79, and (right) 1980-2010 and (top)—(bottom) for modes 1, 2, and 3. The EOF modes are contoured at 0.2ms ™" and precipitation
regressions are shaded at 0.1 mm day ' intervals. The epochal comparisons are facilitated by subsetting the PC time series by epoch after
conducting the EOF analysis on the full 61-yr record.

over the SGP (Fig. 4). The origin for the large increase 5. Large-scale climate variability
in SGP precipitation variability evidently resides in
other mechanisms, either lower NALLJ modes or
perhaps land—atmosphere interactions and the related It is important to assess the role of large-scale climate
interannual variability in land-atmosphere coupling boundary conditions such as sea surface temperature
strength (Guo and Dirmeyer 2013). (SST) in the changes in NALLJ-related precipitation

a. Sea surface temperature
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variability. The link is fundamental to understanding
variability changes given the important role that SST
variations have in the climate system, and may provide
insight into the operative mechanisms. To be sure, the
link between the NALLJ and SST has been previously
documented over 1950-2010 (Weaver et al. 2009,
2012), although NALLJ mode 3 was not included in
those analyses.
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Figure 6 shows the correlations between NALLJ PCs
and detrended global SST variability as a function of
epoch. The contoured areas indicate that the correlation
difference from one epoch to another is statistically
significant at the 70% (solid) and 90% (dashed) levels as
the result of applying randomized sampling 1000 times
to the 61-yr record and taking the difference in corre-
lations among these randomized samples for the first 30
and last 31 years of data.

The epochal changes reveal a notable decadal shift in
NALLJ mode 1 SST correlations highlighted by a lack
of a tropical SST component, but with stronger corre-
lations to the global SST footprints of the Atlantic
multidecadal oscillation (AMO) and Pacific decadal
oscillation (PDO) for the early and recent epochs, re-
spectively. For NALLJ mode 2 the recent epoch shows
the emergence of stronger SST correlations over the
tropical Pacific highlighted by an east—west SST gradient
(i.e., trans-Nifo like), where in the previous epoch there
was none. For NALLJ mode 3, there is a warm eastern
Pacific (i.e., El Nifio like) with much stronger AMJ
correlations in the recent epoch when compared to the
earlier one.

The importance of NALLJ mode 1 shifts during the
recent epoch notwithstanding, analyzing the evolution
of tropical Pacific SST linkages to the more strongly
interannually varying NALLJ modes 2 and 3 [see Fig. 5
in Weaver et al. (2012) for temporal variability of the
PC2 and PC3 time series] during the recent epoch is
targeted here given the focus on understanding recent
changes to the interannual variation in precipitation.* It
is further necessary to assess the SST connectivity in the
context of the evolving state of the tropical Pacific, as
opposed to only contemporaneously, given that recent
studies indicate a significant role for ENSO decay and/or
emergence in springtime precipitation variability over
the United States (Lee et al. 2014).

Shown in Figs. 7 and 8 are the five-season lag-lead re-
gressions (from —3 to +1 seasons) of the 1980-2010 AMJ
PC time series for NALLJ modes 2 (Fig. 7) and 3 (Fig. 8),
respectively. The evolution of the negative SST anomalies
for NALLJ mode 2 are focused primarily over the central
tropical Pacific with the strongest regressions occurring
during the preceding fall and winter, and a precipitous
decay in the central Pacific from January—-March (JFM) to
AM], culminating in the development of a warm far
eastern Pacific contemporaneous SST structure during
AMJ, which continues into July-September (JAS), and is
reminiscent of the trans-Nifio SST pattern (i.e., east-west

* Examining the weaker and/or lack of tropical Pacific SST cor-
relations in the earlier epoch is thus not insightful in this regard.
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AMJ NALLJ Detrended SST Correlations
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FIG. 6. Correlations of NALLJ modes to SST for (left) 1950-79 and (right) 1980-2010 for (top) PC1, (middle) PC2, and (bottom) PC3.
Correlations are shaded at 0.1 intervals and the statistical significance of the correlation difference between the 1950-79 and 1980-2010

periods are contoured at the 70% (solid) and 90% (dashed) levels.

SST gradient). This ENSO-transitioning SST pattern has
been linked to the enhancement of low-level moisture flux
into the SE region and resultant increases in severe
weather outbreaks on seasonal time scales (Lee et al. 2013;
Weaver et al. 2012) and is seen here directly in relation to
NALLJ mode 2. NALLJ mode 3 (Fig. 8) lag-lead SST
regressions exhibit similarities to mode 2 with regard to
the seasonal evolution of the related SST structure (i.e.,
preceding fall-winter maxima and subsequent decay);
however, the mode 3 warm SST regressions are much
stronger in all seasons and shifted toward the eastern Pa-
cific when compared to that of mode 2.

b. Atmospheric circulation

It is tempting to attribute the significantly weaker
contemporaneous (i.e., AMJ) SST connectivity when
compared to prior seasons as signifying a diminished role

for tropically induced impacts on the large-scale atmo-
spheric circulation, and its potential modulation of
NALLJ variability during spring. However, numerous
observational and modeling studies show a significant
atmospheric response over the tropics at a 1-2 season lag
from the wintertime maximum in SST anomalies associ-
ated with ENSO, despite the quickly weakening tropical
SST anomalies. This evidently occurs as the result of two
possible mechanisms. One is due to the delayed response
in tropical precipitation (and thus atmospheric diabatic
heating profiles) to the maximum in total SST, as the
result of the phase interaction between the SST anomaly
and the seasonal cycle, which despite the weakening SST
anomaly, maximizes during spring [Kumar and Hoerling
(2003) and references therein]. The other mechanism is
dependent upon how the winter ENSO phase transitions
into AMJ. Modeling studies have shown that an
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1200

FI1G. 7. (top)—(bottom) Five-season lag-lead (from —3 to +1 seasons) regressions of NALLJ
PC2 on seasonal SST anomalies (K) centered on AMJ (z = 0) for 1980-2010. The 95% (90%)
significance according to a ¢ test is contoured with a solid (dashed) line.

oppositely signed SST anomaly between the eastern and
central tropical Pacific (i.e., east-west SST gradient as
captured by the trans-Nifio index) forces a PNA-like
upper-tropospheric response over North America (Lee
et al. 2013).

Figure 9 shows the large-scale circulation context over
the Pacific and North American region and the nature of
potential tropical forcing mechanisms as diagnosed via
NALLJ PC regressions and correlations for 1980-2010.

The 200-hPa geopotential height (z200) correlations
(top panel) show a broad tropical-wide negative z200
anomaly with a tripole pattern across the Gulf of Alaska,
central Canada, and the southeastern United States, and
are reminiscent of the Pacific-North American (PNA)
teleconnection pattern. This pattern sets up a strong
pressure gradient across the United States that evidently
enhances low-level southerly flow and related pre-
cipitation anomalies over the southeastern United
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FIG. 8. As in Fig, 7, but for regressions of NALLJ PC3.

States. The question arises as to whether this PNA-like
pattern associated with NALLJ mode 2 is tropically
forced during AMJ in the midst of a decaying La Nifia
tropical Pacific SST pattern. While forcing attribution is
difficult to discern observationally, examining anoma-
lies of tropical heating, upper-level divergent outflows,
and wave emanation regions may provide some insight
in this regard.

Although tropical heating from SST-induced pre-
cipitation anomalies are widely viewed as generating
significant global climate anomalies, the underlying

circulation teleconnections are dynamically instigated
via the RWS from adjacent subtropical regions, as op-
posed to directly from regions of deep tropical outflow
(Sardeshmukh and Hoskins 1988). Given the meridio-
nal extent of tropical divergent outflows, the RWS can
be large thousands of kilometers poleward of an equa-
torial diabatic heating anomaly.

The middle and bottom panels of Fig. 9 show the AMJ
seasonal anomalies of the RWS and OLR (middle panel),
and 200-hPa divergent outflow (bottom panel) regressed
against the NALLJ PC2 index. Negative OLR anomalies
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200-hPa correlations are contoured at 0.1 intervals, and regressions of OLR are shaded at
2Wm 2 and of RWS are contoured at 1s™! (1 X 10'°) intervals. Orange (blue) shading in-

dicates areas of negative (positive) OLR.

(i-e., heating) are present in the far eastern and western
Pacific, while positive OLR anomalies (i.e., cooling)
are found over the central Pacific. Not surprisingly,
these OLR anomalies coincide with the AMJ SST
pattern (Fig. 7). Despite the presence of weak RWS
regressions (contoured) it cannot be clearly discerned
from this analysis if the RWS over the North Pacific
region is contributing to the PNA-like teleconnection

pattern. Perhaps more striking is the strong RWS re-
gressions over the United States and western Atlantic
sector, although this may be part of the quasigeo-
strophic response itself and may not be necessarily in-
sightful about the wave emanation regions.
Nevertheless, there are two tropical Pacific outflow
regions (Fig. 9, bottom) coincident with the negative
OLR anomalies in the far eastern and western tropical
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F1G. 10. As in Fig. 9, but for NALLJ PC3.

Pacific. Given the collocation of z200 anomalies over
eastern Asia, the RWS anomaly, and the broad area of
upper-level divergent outflow, it is possible that this area
may be contributing to the generation and/or mainte-
nance of the upper-level height pattern of consequence
to NALLJ mode 2. Additionally, the more robust
tropical outflow region in the eastern Pacific may also be
important for the generation of NALLJ mode 2. The
tropical eastern Pacific and eastern U.S. upper-level
divergence patterns provide an area of strong upper-
level convergence over the Western Hemisphere warm

pool region. This is consistent with a positive sea level
pressure anomaly over that region (not shown) that has
been dynamically linked to enhanced low-level jet ac-
tivity over the United States (Weaver and Nigam 2008;
Wang et al. 2008; Weaver et al. 2009). Despite these
intriguing notions, given these varied mechanisms of
influence on NALLJ mode 2, and their potential in-
terference, it is not possible to fully attribute their in-
dividual contributions without the use of targeted
climate model experiments, which are outside the scope
of this investigation.
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Figure 10 similarly shows the large-scale circulation
context for NALLJ mode 3. Positive 200z spans a large
area of the tropical and subtropical regions across the
Pacific and Atlantic with strong negative height anom-
alies over the high-latitude Pacific and much of the
United States. The OLR, RWS, and divergent outflow
anomalies in the Pacific are much stronger and more
coherent than that of NALLJ mode 2, suggesting a more
robust role for tropically induced teleconnections in
generating the large-scale circulation environment in
which NALLJ mode 3 is embedded.

6. Discussion

Recent studies indicate that interannual variability of
summertime (i.e., JJA) precipitation has intensified over

the southeastern United States during the last six de-
cades (Wang et al. 2009, 2010; Li et al. 2011). Upon
closer examination it is evident that changes in this
variability are more nuanced and expansive than pre-
viously thought. During spring the NGP, SGP, and SE
all show an intensification of interannual variability of
precipitation during 1950-2010.

Changes to NALLJ variability, characterized by
southward and/or eastward shifts in meridional winds in
the recent 30 years when compared to the earlier three
decades, reveal that the primary modes of NALLJ vari-
ability are related to the continual intensification of AMJ
precipitation variability over the NGP and SE during the
last 60 years. NALLJ precipitation reconstructions
highlight this connection by exhibiting similar changes in
interannual variability, and are especially noteworthy
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FIG. 12. As in Fig. 11, but for zonal wind anomalies.

over the SE during AMJ. While changes in NALLYJ var-
iability cannot fully account for the totality of all regional
precipitation variability changes (especially over the
SGP), they nonetheless are indicative of its vital impor-
tance to changes in the precipitation variability over the
NGP and SE.

In the context of the first three NALLJ variability
modes and their recent changes, it appears that the role of
decadal SST variations (NALLJ mode 1) and the emer-
gence of tropical Pacific connectivity via SST-induced
atmospheric circulation changes may act to spatially shift
the NALLJ variability modes (i.e., meridional winds shift
southward and/or eastward enhancing the precipitation

variability) in the recent epoch by modulating the large-
scale atmospheric circulation.

These epochal shifts are examined in Fig. 11 via
changes in the z200 correlations as a function of epoch.
During the early epoch (left panels) there is a noticeable
lack of z200 correlation for all modes over most of the
tropical Pacific, save weak correlations for mode 3.
However, there are strong z200 height correlations over
much of the Pacific-North American region, especially
in modes 1 and 2. Perhaps most revealing is the fact that
the z200 height correlations are significantly lacking in
meridional gradients over North America during the
early epoch. The zonally oriented height gradient is



5172

consistent with a weak positive 200-hPa zonal jet structure
as shown in Fig. 12 (left panels). Strong (weak) positive
upper-level zonal wind anomalies are related to stronger
(weaker) southerly NALLIJs as the result of direct and
indirect circulations into the exit and entrance regions of
upper-level zonal jet streaks, respectively (Uccellini and
Johnson 1979). The z200 height correlations during the
recent epoch include the emergence of connectivity to the
tropical Pacific, as seen in SST, and enhanced positive
meridional gradients in all three modes—a situation that
induces spatial shifts and strengthening in positive upper-
level zonal winds (Fig. 12, right) and concomitant shifts
and/or strengthening in the NALLJ variability modes
during this time period (Fig. 5).

One obvious result of comparing the large-scale at-
mospheric circulation during two epochs (Figs. 11 and
12) is that, despite the lack of a tropical SST link in the
early epoch, significant NALLYJ variability exists. This is
likely the result of midlatitude forcing internal to the
climate system and suggests that there are interdecadal
changes in the NALLIJ-tropical Pacific SST correlation.
In epochs when the connection is manifest, the result is
spatial shifting and/or strengthening of the low-level
meridional winds (and thus moisture transports into the
United States) leading to enhanced regional pre-
cipitation variability, on account of the enhanced upper-
level meridional height gradients (Fig. 11), which induce
stronger upper-level zonal wind anomalies (Fig. 12).

Despite the potential for interdecadal changes in the
SST-NALLJ correlation, the origin of the apparent
emergence of tropical Pacific SST linkages to NALLJ
variability in recent decades is elusive, observationally.
While it may be tempting to indulge in a potential role for
anthropogenic climate change on the intensification of
NALLIJ-induced changes in precipitation variability, the
observationally based analysis strategy employed here is
not sufficient to answer this question. In fact, it can be
proffered that the weak upper-level meridional height
gradients (Fig. 11, left panels) and resultant weakened
upper-level westerly zonal jet anomalies (Fig. 12, left
panels) related to all three NALLJ modes in the earlier
epoch argues against an anthropogenic influence, given
that one potential impact of global warming is to reduce
the equator-to-pole temperature gradients and thus
weaken upper-level zonal wind anomalies in the mid-
latitudes. In this scenario the height correlation patterns
in each of the recent two 30-yr epochs are expected to
oppose those shown in Fig. 11 (i.e., weaker upper-level
meridional gradients in the recent epoch), especially
since the strongest global warming has occurred over the
last 30 years (IPCC 2013).

An alternative argument is that this type of response
may have already been under way during the early

JOURNAL OF CLIMATE
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epoch and has simply been interrupted and/or over-
whelmed by more recent natural variability internal to
the climate system. In this scenario a return to a situation
more closely resembling the earlier epoch is likely and
springtime NALLJ-related precipitation variability
would begin to decrease. Questions such as these are the
focus of ongoing work, which is predicated on climate
model simulations to understand the relative roles of
natural climate variability and anthropogenic global
warming on the changes in interannual variability of
warm season precipitation.
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