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Abstract Droughts in the Southern Great Plains (SGP) have been attributed to the cold phase of
El Niño–Southern Oscillation or La Niña. While La Niña events have been clearly linked to winter droughts,
their link to summer droughts has remained unclear. We analyze the difference in precipitation between dry
and nondry summers over the SGP during La Niña years. Anomalously high geopotential height and
subsidence over the SGP occur in spring, along with an intensified northward moisture flux that advects
moisture away to the northern plains and Midwest. The dependence of SGP drought on La Niña is statistically
significant only in winter and becomes insignificant in spring and summer. The drought development in
La Niña years is related to an anomalous warming over the tropical North Atlantic in spring and an anomalous
negative North Atlantic Oscillation (NAO) in summer, both of which suppress precipitation by strengthening
the anomalous high over the SGP and displacing the subtropical jet streams. In years with relatively large
precipitation anomalies (i.e., the 27% driest and wettest La Niña years over the SGP), up to 45% of the
variances of summer precipitation can be explained by a linear combination of the Niño 3.4 sea surface
temperature (SST), Pacific Decadal Oscillation (PDO), tropical North Atlantic SST, and NAO indices. An
anomalously strong dry summer appears to be largely a result of a superposition of these factors.

1. Introduction

Drought is one of the most severe natural disasters as shown by the 1930s dust bowl, which reshaped the
economy and society of the Great Plains [Worster, 1979], and the recent severe 2010–2011 drought over
the Southern Great Plains (SGP) that caused about $12 billion in damage (http://www.ncdc.noaa.gov/bil-
lions/events.pdf).

Many efforts have been made to study and monitor the development of droughts and their underlying
mechanisms. One such mechanism, La Niña, has long been related to drought in the Great Plains [e.g.,
Trenberth et al., 1988; Ting and Wang, 1997; Dai et al., 1998; Schubert et al., 2004; Seager et al., 2005a;
2005b; Schubert et al., 2009; Seager et al., 2014]. In cold seasons, its abnormal sea surface temperature (SST)
and consequent diabatic heating excite wave trains from the tropical Pacific to North America, placing an
anomalous high over the southern U.S., shifting the Pacific storm track northward, and consequently redu-
cing precipitation over the Great Plains. For example, the 2010–2011 SGP drought has been related to a
strong La Niña event during the winter and spring, along with other factors such as atmospheric internal
variability [Seager et al., 2014]. Such a tropical Pacific midlatitude teleconnection is less well established in
summer, as the Rossby wave propagation can be trapped by tropical easterlies [e.g., Ting and Wang, 1997],
although several studies have suggested a connection between El Niño and anomalous wet northern
Great Plains in summer [e.g., Wang et al., 2012] and a moderate relationship between El Niño and the
Great Plains low-level jet during July–September [e.g., Weaver et al., 2009; Krishnamurthy et al., 2015].

However, La Niña is not always a good predictor of the droughts in the SGP. For example, the 1973–1975
La Niña event actually led to increased precipitation over the eastern Great Plains andGulf coast, but climatemod-
els failed to reproduce this precipitation change, probably due to their strong sensitivity to the El Niño–Southern
Oscillation (ENSO) [Schubert et al., 2004; Lau et al., 2006; Seager and Hoerling, 2014]. What factors could lead
to such variability in precipitation during La Niña years? Seager and Hoerling [2014] have articulated that
random atmosphere variability and other SST anomalies, e.g., of the tropical Atlantic and Indian Ocean,
may overcome the influence of the tropical Pacific. This issue is examined here by seasons and in more detail
in observations.
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Modeling studies have found that combined cold pan-Pacific and warm Atlantic Multidecadal Oscillation
(AMO) SST patterns would have stronger impact on droughts in the SGP than either alone. However, such
modeled precipitation responses are less robust to a warm Atlantic sea surface temperature anomaly
(SSTA) than that to a cold pan-Pacific SSTA [e.g., Mo et al., 2009; Schubert et al., 2009]. Mo et al. [2009] found
that AMO played an indirect role in drought by modulating the impact of ENSO. On the other hand, Nigam
et al. [2011] found in observations that northern Atlantic SSTs were important for the 1930s dust bowl and
1950s drought, accounting for up to 55% of the precipitation deficit observed in the latter. Kushnir et al.
[2010] found that during the warm season (April–September), the influence of the tropical North Atlantic
on U.S. precipitation (mainly in the SGP) per 1 standard deviation of SST anomaly is larger than that of
ENSO. However, whether Atlantic SST anomalies could be responsible for the differences between dry and
nondry La Niña years over the SGP has not been clear.

The SGP drought in the winter of 2010/2011 has also been related to the North Atlantic Oscillation (NAO) lead-
ing tomean flowdivergence [Seager et al., 2014]. Ruiz-Barradas and Nigam [2005] andWeaver and Nigam [2008]
found that the NAO is linked to the variability of Great Plains low-level jet in summer, influencing onshore
moisture transport, and thus precipitation in the Great Plains. Whether the NAO can also affect the occurrence
of dry or nondry conditions during La Niña events has been unclear. Thus, we analyze the SST patterns and
circulation conditions in the La Niña dry versus nondry years in the SGP from 1950 to 2013 to explore whether
other SST anomalies or NAO can account for their differences in associated precipitation anomalies.

2. Methodology
2.1. Data Sets

To understand how circulation patterns and moisture convergence differ between La Niña dry and nondry
years, winds, geopotential height, and specific humidity are analyzed from the National Centers for
Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis [Kalnay et al.,
1996, hereafter NCEP1] from 1948 to 2013. This reanalysis is chosen because of its long record. Its horizontal
resolution is 2.5° by 2.5°.

The monthly precipitation of the Climatic Research Unit (CRU) TS3.21 [Jones and Harris, 2013] on a 0.5° latitude
by 0.5° longitude grid from 1901 to 2012 is used to examine precipitation variations. These monthly precipita-
tion data are gridded from station observations on daily or subdaily time scales. CRU TS3.21 used the same
methodology as for its version TS 3.20 but with updated 2012 data and error corrections.

The Niño 3.4, Pacific Decadal Oscillation (PDO), and NAO indices from the NCEP Climate Prediction Center
(CPC; http://www.esrl.noaa.gov/psd/data/climateindices/list/) are used. The monthly Niño 3.4 index is calcu-
lated from the extended reconstructed sea surface temperature (ERSST, v3b) [Smith et al., 2008] averaged
over the tropical Pacific between 5°N–5°S and 120°–170°W and is available from 1950 to present. Themonthly
standardized PDO index derived from the leading principal component of SST anomalies in the northern
Pacific Ocean is available from 1948 to present. The NAO index normalized by its mean from 1981 to 2010
is available from 1950 to present.

The Hadley Centre sea ice and sea surface temperature (HadISST) data set [Rayner et al., 2003] from the UK
Met Office is used to examine SST patterns. Monthly SSTs on a 1° by 1° grid are available from 1870 to present.
The Niño 3.4 index calculated from the HadISST is highly correlated (0.87) with the CPC Niño 3.4 index, and so
the former is used to calculate regression and correlation patterns as it provides slightly longer time coverage
than the CPC index. The tropical North Atlantic (TNA) SST index is calculated by averaging Atlantic SST
between 0° and 20°N from the HadISST.

2.2. Criteria for La Niña Dry and Nondry Years

Three-month running mean ERSSTv3b SST anomalies in the Niño3.4 region from the CPC (http://www.cpc.
ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml) are used to identify La Niña years
from 1950 to 2013. Since we are interested in La Niña events that occur before or simultaneously with
SGP summer precipitation anomalies, the occurrence of one of the following two criteria is used to decide
the occurrence of such events: (i) During January–April (including December-January-February (DJF),
January-February-March (JFM), February-March-April (FMA), and March-April-May (MAM)) at least three
consecutive 3month running means show negative SSTA greater than �0.5°C, or (ii) during May–August
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(including April-May-June (AMJ), May-
June-July (MJJ), June-July-August (JJA),
and July-August-September (JAS)) there
are at least two consecutive running
means showing negative SSTA greater
than �0.5°C. Although our criteria are
different from those of the CPC for the
warm or cold episodes, the resultant
La Niña years would still generally meet
CPC’s criteria if we had included
November–December (i.e., October-
November-December and November-

December-January) from the previous year or extended to the fall of the same year as many La Niña events
develop from fall or winter and last to late spring, while other events develop from summer and last to the
end of the year or into the next year, e.g., 1970, 1998, and 2010. Twenty-six La Niña years are so identified
during 1950–2013 (Table 1). Since 2013 is not a La Niña year and CRU TS3.21 precipitation data ends in
2012, our analysis considers the period 1950–2012.

To understand different precipitation responses during these La Niña events, dry and nondry composites,
namely, LaDry and LaNonDry, are formed, corresponding to the seven (about 27%) driest and seven wettest
May-June-July-August (MJJA) precipitation anomalies of the 26 La Niña years. The MJJA average is chosen
because the total precipitation generally peaks fromMay to September with a mildly drier period in between,
mainly contributed by the “midsummer drought” [e.g., Magaña et al., 1999] in Mexico (Figure 1b), and MJJA
precipitation contributes to about 44% of the total annual precipitation. The precipitation anomalies over the
SGP also show strong persistence during this period.

Table 1. List of Dry and Nondry Years in the Southern Great Plains
(SGP) With La Niña Signal From Winter to Summer (See Text for
Details) From 1950 to 2013 Based On the Niño 3.4 Index From the
NCEP Climate Prediction Center (CPC)a

Years

All La Niña 1950, 1954–1956, 1964, 1968, 1970, 1971, 1973–1976,
1985, 1988, 1989,1996, 1998–2001, 2006, and 2008–2012

LaDry 2011, 1956, 1998, 1970, 2012, 1954, and 1964
LaNonDry 1950, 1975, 1989, 1968, 1996, 1999, and 1971

a“LaDry” and “LaNonDry” years are defined as the seven driest and
wettest years from the total 26 La Niña years.

Figure 1. (a) Time series of La Niña years May-June-July-August (MJJA) precipitation (mmd�1; turquoise and brown bars)
averaged in the SGP (see the black box in Figure 2) along with CPC 3month running mean Niño 3.4 SSTA (K) during JFMA
(i.e., centered in JFMA; blue) and MJJA (red) from 1950 to 2012. �0.5 K is denoted by a black dashed line, ± 27% level
of precipitation is denoted by green and brown dash dotted lines. The seven dry (nondry) years used in the composites
are marked in brown (turquoise) in x axis. (b) Climatological monthly SGP precipitation (yellow bars) along with the
differences of precipitation (blue; mm d�1, right y axis) and vertically integrated (from surface pressure to 300 hPa)
mass-weighted moisture convergence (green; mm d�1, right y axis) between the LaDry and LaNonDry composites. Here
monthly mean moisture convergence is shown but the daily transient contribution is not included.
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2.3. Pattern Correlation

The pattern correlation, i.e., the Pearson product-moment coefficient, is used in section 3.3 to compare the
spatial pattern of anomalous geopotential height in the NCEP1 reanalysis with the reconstructed height fields
of the LaDry and LaNonDry composites and their differences. Here centered correlation is used, i.e., the spa-
tial mean is removed, giving a better comparison of the pattern of height gradients. The height field in NCEP1
is denoted by Xij, and the reconstructed field is Yij, where i= 1, 2, 3, …, n and j= 1, 2, 3, …, m are the latitude
and longitude grids in the domain. The spatial means of Xij and Yij are removed. The correlation coefficient r is
calculated as the following:

r ¼
X

WGTiXijYij
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
WGTiX2

ij

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
WGTiY2

ij

q ; (1)

where WGTi= cos(lat(i)) is an area weight and the sum is over the North Pacific-North America-North Atlantic
region (5°S–75°N, 0°–180°W).

2.4. Bootstrap Test

The statistical significance of the differences between the LaDry and LaNonDry composites is examined by
Bootstrapping resampling. First, two 7 year composites are randomly selected from the 26 La Niña years,
and then the differences between the two composites are calculated. This process is repeated for 10,000
times to get the 5% and 95% levels for the differences. The differences between grid point values of the
dry and nondry composites are considered significant at the 90% confidence level if they exceed these levels.

2.5. Collinearity of the Indices

We examined the Niño 3.4, PDO, TNA, and NAO indices to establish whether as predictors they are highly cor-
related with each other when used in multiple linear regressions. For this purpose, we calculated the variable
inflation factor (VIF) [e.g., Abudu et al., 2011]. A large value of VIF (usually 5–10) indicates one predictor can be
largely explained by the other predictors, and thus the regression may be less reliable. Here the VIFs of these
indices are all smaller than 2.1 during both the 26 La Niña years and from 1950 to 2012.

Previous studies [e.g., Alexander et al., 2002] found that the cold tropical Pacific SSTA in winter would lead to
cold tropical Atlantic SSTA in spring and summer. Although the VIFs among spring PDO, TNA, NAO, and win-
ter Niño 3.4 indices are lower than 2.1, we also found a significantly positive (95% confidence level) correla-
tion between the DJF Niño 3.4 index and MAM and JJA TNA indices, respectively, indicating that when the
tropical Pacific is cold in winter, a cold SSTA is likely to develop in the tropical North Atlantic in the following
spring and summer. More discussion on this issue is presented in section 3.2. Due to the correlations between
the tropical Pacific and Atlantic SSTs, multiple linear regressions using both the TNA and Niño 3.4 indices are
thus applied to precipitation, wind, geopotential height, and moisture flux fields when examining the tele-
connection patterns associated with the TNA index (section 3.2). The patterns would be very similar to the
linear regressions calculated by the TNA index alone if the influences of the Niño 3.4 index on the tropical
North Atlantic SST were removed before calculating the TNA index.

2.6. Stationary and Transient Moisture Flux and Convergence

The total vertically integrated mass-weighted moisture flux (�∫ptopps
qV
!

g dp) and moisture convergence

( ∫
ptop

ps

∇ qV
!� �
g dp) are calculated from daily data of the NCEP1 reanalysis. We use ps and ptop to denote the bottom

and top pressure layers, i.e., surface pressure and 300hPa, respectively, while q is specific humidity, V
!
¼ u; vð Þ is

horizontal winds, and g is gravity. In the composite analysis, each variable can be written as the sum of three

terms, e.g., q ¼ qþ q′ þ q′, where q the is daily specific humidity, q is the composite mean of monthly specific

humidity,q′ is the monthly departure from the composite mean, and q′ is the daily departure from the monthly
mean. The integrated part of transient moisture flux can be written as follows:

q′V
!
’ ¼ q V

! � qV
! � qV

!
; (2)

where double overbar denotes averaging over 7 years within a composite, overbar denotes averaging over a
month, prime denotes daily departure, and overbar-prime ¯ ′

� �
denotes monthly departure. The composite
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total and mean flow (the first and second terms on the right-hand side of equation (2)) are shown in Figure 7.
Moisture convergence is calculated in the same way.

3. Analysis
3.1. What Are the Anomalous Precipitation and Circulation Patterns Associated With Dry
La Niña Years?

Figure 1a shows MJJA precipitation anomalies (turquoise and brown) over the SGP for La Niña years along
with the CPC Niño 3.4 seasonal SSTA in JFMA (blue) and MJJA (red) in chronological order. Precipitation
anomalies are defined relative to the 1971–2000 mean. Overall, more dry years (i.e., negative precipitation
anomaly) than wet years occurred (16 versus 10) when there was La Niña. Among these 16 drier years,
11 years are associated with La Niña in JFMA while 10 years are associated with La Niña in MJJA, with five
of these years associated with La Niña from JFMA to MJJA. As mentioned earlier, La Niña may occur at differ-
ent time of a year. The seasonal dependence of SGP drought on La Niña and other factors will be discussed in
detail in section 3.3. Anomalous dry conditions occurred in each decade from the 1950s to present, but fewer
during the 1970s, indicating some decadal scale variations of precipitation during La Niña years.

Figure 1b shows the seasonal cycle of SGP precipitation (yellow bars) and the differences of precipitation
(blue) and vertically integrated mass-weighted monthly moisture convergence (green) between La Niña

Figure 2. Precipitation anomaly (mmd�1) composites of (a–c) 26 La Niña years, (d–f) LaDry, and (g–i) LaNonDry years. All figures show differences from climatological
mean. Regions significant at the 90% confidence level (t test for Figures 2a–2c with reference to the climatology, bootstrap for Figures 2d–2i with reference to
26 La Niña years) are dotted. The black box denotes the SGP (95°–105°W, 25°–38°N).
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dry and nondry years. The SGP precipitation generally peaks during May–September, with relatively low pre-
cipitation during July–August, associated with the “midsummer drought” over Mexico. The precipitation dif-
ferences between the LaDry and LaNonDry composites also peak during MJJA, with the largest reduction of
about 1.4mmd�1 (~60%) in June. The decrease of vertically integrated moisture convergence is consistent
with this precipitation reduction, but with its greatest reduction in May, about 1month ahead of the maxi-
mum of precipitation reduction. From June to September, the reduction of moisture divergence is less than
that of precipitation, indicating a contribution from reduced evapotranspiration (based on column moisture
budget, precipitation is roughly equal to the sum of moisture convergence and evapotranspiration from the
land surface) and possibly a contribution from eddy moisture divergence.

The LaDry and LaNonDry composites characterize conditions of the 27% driest and 27%wettest La Niña years
over the SGP. To determine what causes their differences and how they relate to Niño 3.4 SST, we first exam-
ine the apparent effect of La Niña on precipitation and large-scale circulation patterns and then compare
these relationships for all La Niña years with those for occurrence of dry anomalies. Figures 2a–2c shows
the composite of precipitation anomalies (with reference to 1971–2000 mean) over the 26 La Niña years from
DJF to JJA, while Figures 2d–2f and 2g–2i show the composites of precipitation anomalies for LaDry and
LaNonDry years, respectively. The black box indicates the averaging area for SGP precipitation.

During winter, negative Niño 3.4 SSTs are related to negative precipitation anomalies along the southeast U.S.,
SGP, and southwest (Figure 2a), a pattern similar to that shown by Seager et al. [2009] and Kushnir et al. [2010].
These negative precipitation anomalies weaken over the southeast coast but extend into the northern plains in
MAM (Figure 2b). During JJA, a significant dry anomaly is centered in the Northern Great Plains and awet anom-
aly is located along the Gulf Coast and over Mexico (Figure 2c). In dry years, negative precipitation anomalies
develop in the SGP in MAM and intensify in JJA (Figures 2e–2f). The spring precipitation anomaly pattern for
dry years is similar to that of the all La Niña composite, but with a stronger magnitude over the eastern SGP,
and in summer, dry years have a very significant dry anomaly pattern over the SGP, different from that of
the all La Niña composite. Similarly, the wet anomalies in nondry years also set up in spring and strengthen
in summer (Figures 2h and 2i).

Figure 3 displays the SST anomalies that correspond to the precipitation anomalies in Figure 2. Overall, the
negative tropical Pacific SSTA in the composites for dry years (Figures 3d–3f) is weaker than that for the non-
dry years (Figures 3g–3i). In addition, in the dry composite, anomalous warming over the tropical North
Atlantic persists from winter to spring, while in the nondry composite, anomalously cold tropical Atlantic

Figure 3. SSTA (K) composites of (a–c) 26 La Niña years, (d–f) LaDry, and (g–i) LaNonDry years. Regions significant at the 90% confidence level (t test for Figures 3a–3c
with reference to the climatology, bootstrap for Figures 3d–3i, with reference to 26 La Niña years) are dotted.

Journal of Geophysical Research: Atmospheres 10.1002/2015JD023508

PU ET AL. DROUGHTS IN THE SOUTHERN GREAT PLAINS 6



SSTA lasts from spring to summer. How the SST differences between the dry and nondry composites
contribute to precipitation responses will be discussed in more detail in the following section.

Figures 4a–4c show anomalous 200 hPa geopotential heights (contours) and zonal winds (shading) in all
La Niña years, consistent with the precipitation patterns and indicating wave patterns related to La Niña. In
typical La Niña years, associated with the wave train developed from the tropical Pacific, a high anomaly is
located over the northern North Pacific in winter and spring that extends to the southern U.S. in spring
(Figures 4a and 4b). In summer, this high anomaly is shifted to the northern U.S., favoring dryness in the
northern plains (Figure 4c). The 200 hPa zonal wind anomalies show the change of subtropical jet streams.
La Niña has been related to a northward shift of the Pacific jet stream and storm tracks [e.g., Trenberth
et al., 1988; Liu et al., 1998], as is seen in the all La Niña composite in DJF and MAM, but is weaker in JJA
(Figures 4a–4c). Such a poleward shift of this jet stream can also affect the propagation of transient eddies
and the eddy-driven mean meridional circulation and result in eddy-driven descent in the midlatitudes that
suppress precipitation [Seager et al., 2003, 2005a, 2005b].

The LaDry composite shows rather different anomalous circulation patterns from those of the all La Niña
composite. In winter, an anomalous upper tropospheric low, instead of high, pressure center occurs over
the northern Pacific (Figure 4d). A strong anomalous upper tropospheric low and equatorward shift of the
jet stream also occur over the southern U.S. and middle latitude North Atlantic. In spring, the upper level
anomalous low center shifts to the north-central North American continent (Figure 4e), instead of over the
north-west North America and North Pacific as typically seen during La Niña years (Figure 4b). The jet stream
over North America and the anomalous high over the SGP are also much stronger than those of a typical
La Niña. In summer, the anomalous high over central North America dips down to the SGP (Figure 4f) and
presumably contributes to a stronger dry anomaly over the SGP. A strong anomalous low, stronger than that
in a typical La Niña summer, also appears over the eastern U.S.

Figure 4. Composites of 200 hPa geopotential height (gpm; contours) and zonal wind (m s�1; shading) anomalies in (a–c) 26 La Niña years, (d–f) LaDry, and (g–i)
LaNonDry years. Areas with zonal wind anomalies significant at the 90% confidence level are dotted (t test for Figures 4a–4c with reference to the climatology,
bootstrap for Figures 4d–4i with reference to 26 La Niña years). Contour interval is 15 gpm. Contours of zero (thick purple) and positive (negative) geopotential height
anomalies are potted in purple (navy).
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During the nondry years, the polarity of
the north-south dipole of anomalous
geopotential height over North America
in winter and spring seasons is the oppo-
site of that during LaDry years: An anom-
alous high dominates south-central and
southeastern U.S. in winter and an anom-
alous low dominates southern U.S. in
spring (Figures 4g and 4h), consistent
with wetter conditions over that region.
In summer, opposite to that of dry years,
an anomalous low is centered over the
SGP (Figure 4i), favoring precipitation.

To show more clearly the contrast
between the LaDry and LaNonDry con-
ditions, we evaluate their differences in
Figures 5–8. Figure 5 shows these differ-
ences in precipitation and circulation
anomalies. The precipitation anomalies
in Figures 5a–5c resemble those of dry
years (Figures 2d–2f) but with greater
magnitudes. In DJF, there is little preci-
pitation difference over the SGP, but a
large deficit in the Mississippi river basin
(Figure 5a), somewhat opposite to that

Figure 5. (a–b) Precipitation (mmd�1) and (d–f) 200 hPa geopotential height (gpm; contours) and zonal wind (m s�1; shading) differences between the LaDry and
LaNonDry composites from DJF to JJA. Areas with precipitation and zonal wind anomalies significant at the 90% confidence level are dotted (Bootstrap). Contours of
zero (thick purple) and positive (negative) geopotential height anomalies are plotted in purple (navy).

Figure 6. Time-pressure profile for the differences of (a) vertical velocity in
pressure coordinates (10�2 Pa s�1; positive anomalies denote downward
motion and negative values denotes upward motion) and (b) standardized
stream function averaged over the SGP between the LaDry and LaNonDry
composites.
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of all La Niña years (Figure 2a). The pattern in MAM is similar to that of Figure 2b, i.e., dryness along the Gulf
Coast from its eastern edge into the SGP (Figure 5b). JJA shows a large deficit centered over the SGP, south-
east U.S., and northern Mexico (Figure 5c). The differences of geopotential heights between dry and nondry
years (Figures 5d–5f) also resemble those of the dry composite (Figures 4d–4f), showing patterns that some-
what resemble those of typical La Niña years over the U.S. in MAM, but nearly opposite in DJF and also quite
different in JJA. In MAM, an anomalous high is located over most of the U.S. with a center over the East Coast
and an anomalous low over the West Coast (Figure 5e). In JJA, an anomalous high is centered over northern
Canada and extends to the western U.S. and SGP with a low centered over the eastern U.S. (Figure 5f), favor-
ing the dryness. Also, differing from typical La Niña years, geopotential heights are anomalously positive over
the tropical North Atlantic from winter to summer, suggesting an influence from the North Atlantic. The
North Pacific and Atlantic jet streams are shifted southward in DJF but displaced northward during MAM,
and again southward in the North Atlantic during JJA (Figures 5d–5f), displacing the storm track away from
the SGP and thus supporting the development and intensification of the dry anomaly.

Anomalously high geopotential heights are usually associated with subsidence. Figure 6 shows the differences
of downward vertical velocity in pressure coordinates (ω) and stream function averaged over the SGP box
between the LaDry and LaNonDry composites. Figure 6a shows that stronger subsidence from the surface to
upper levels occurs from March to September, consistent with reduced precipitation in this period. Figure 6b
shows a high pressure anomaly develops from May to October with initially an almost barotropic structure.
This high pressure peaks later than the vertical motion (in JAS versus MJJ), presumably a result of positive
feedbacks from lower troposphere and near surface, e.g., a reduction of soil moisture that amplifies the dryness
[e.g., Fernando et al., 2015; D. N. Fernando et al., submitted to Climate Dynamics, 2015].

Figure 7 shows differences of total andmean flowmoisture fluxes (vectors) andmoisture convergence (shading)
between the two composites from DJF to JJA. The contribution from transient moisture convergence weak-
ens mean flow divergence in winter but is relatively small in spring and summer as can be inferred from the
pattern resemblance of Figures 7b and 7c versus 7e and 7f. Anomalous total moisture divergence is seen
over the SGP from DJF to MAM (Figures 7a and 7b) but shifted to the central Gulf Coast in JJA (Figure 7c),

Figure 7. Anomalies of vertically integrated (from surface hPa to 300 hPa) mass weighted moisture transport (vectors; kgm�1 s�1) and moisture convergence
(mmd�1; shading, positive value for convergence) for the differences between the LaDry and LaNonDry composites from DJF to JJA. (a–c) total, (d–f) mean flow
moisture fluxes (from equation (2)), and convergence. Total moisture convergence/flux is calculated from daily NCEP1 reanalysis, mean flow convergence/flux uses
monthly mean values (see section 2.6 for details).
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while anomalous moisture convergence
is located over the southeast coast
in DJF, Midwest in MAM, and the north-
east in JJA. These anomalies of total
moisture convergence agree with preci-
pitation anomalies (Figures 5a–5c) but
with some differences. A discrepancy
between observed precipitation and
NCEP1 moisture convergence is also
noted by Seager et al. [2014]. The pattern
of anomalous mean flow moisture flux
(Figures 7d–7f) generally resembles that
of the total moisture flux but shows dif-
ferent gradients as revealed by moisture
convergence anomalies. Much stronger
mean flow moisture divergence occurs
over the SGP and the Gulf Coast in DJF
(Figure 7d), which is mainly balanced
by the anomalous transient moisture
convergence as can be inferred from
the weaker reversed value seen in
Figure 7a. In spring, mean flowmoisture
divergence is located over northeastern
Texas, while a strong anomalous conver-
gence is located over the northeastern
U.S. (Figure 7e). In summer, mean flow
moisture divergence to the east of the
SGP (Figure 7f) is stronger than that from
total moisture divergence (Figure 7c),
while weak convergence occurs to the
northwest of the SGP, perhaps due to
shallow cyclonic circulation anomalies
driven by surface heating. In short, mean
flow dominates the total moisture
convergence and flux in spring and
summer. Transient moisture flux is only
important for weakening the mean
flow moisture divergence in DJF but
has a relatively weak such effect in other
seasons.

To summarize, Figures 5–7 show that a
decrease of precipitation from nondry

to dry La Niña years in MAM is associated with a northward shift of the subtropical jet stream and anomalous
high and subsidence over the SGP that inhibit the convection. Local geopotential height gradients are
modified to reduce the moisture flux and convergence to the SGP. We now investigate what SSTA patterns
may be sources of these circulation anomalies between dry and nondry years.

3.2. Anomalous SST Patterns Associated With La Niña Dry and Nondry Years

Figure 8 shows the differences of SST between the LaDry and LaNonDry composites from DJF to JJA. These
SSTA pattern differences in the Pacific are mainly a consequence of the strong La Niña SSTAs that occur dur-
ing nondry La Niña years. The main differences in the Atlantic is an anomalously high SST over the tropical
and middle- to high-latitude North Atlantic Ocean, i.e., a pattern somewhat similar to a positive AMO pattern
but on an interannual time scale. This pattern persists fromwinter to summer but with a weaker magnitude in

Figure 8. Differences of SST (K) between the LaDry and LaNonDry compo-
sites. Areas significant at the 90% confidence level are dotted (bootstrap).
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summer. The SST over the Gulf of
Mexico and along the southeast coast
in DJF is lower for dry years but not in
other seasons, possibly contributing
to the anomalous northerly flow from
land to the Gulf at that time by
reinforcing the anomalous high at
lower latitudes over the southern
Gulf (Figure 5d). The South Atlantic
SST differences also decrease from
DJF to JJA, indicating a northward
shift of the Atlantic Intertropical
Convergence Zone.

Figure 8 shows a pattern of tropical
Pacific SSTs that is less La Niña like in
dry years than in nondry years but
mainly in DJF and MAM. This difference
over the Pacific would be smaller if
1998, which was El Niño from winter
to spring but switched to La Niña in
the summer, were removed from the
LaDry composite. The anomalous circu-
lation patterns between the LaDry and
LaNonDry composites would not other-
wise change much. An anomalous cold
SST over the midlatitude North Pacific
occurs in DJF (Figure 8a), resembling a
positive PDO pattern, but this SSTA
switched to a pattern resembling that

of negative PDO pattern in JJA (i.e., as indicated by the red region in the North Pacific and the surrounding blue
shading in Figure 8c).

An anomalous warming is also found over the Indian Ocean in winter (Figure 8) but weakens in spring and
summer (Figures 8b and 8c). The role of Indian Ocean SST on U.S. drought is inconclusive according to
previous studies. While warmer than usual Indian Ocean was found to contribute to the 1998–2002 U.S.
continental-wide drought [e.g., Hoerling and Kumar, 2003; Lau et al., 2006], Seager [2007] found that the
Indian Ocean was anomalously cold in the previous five multiple-year droughts in the United States. Here
we mainly focus on the contributions from the Pacific and Atlantic Oceans.

To further compare the SSTAs between dry and nondry La Niña years, seasonal cycles of Niño 3.4, tropical
North Atlantic and PDO indices in the LaDry (red) and LaNonDry (green) composites are displayed in
Figure 9, along with their climatological mean (black) and averages over 26 La Niña years (blue). Figure 9a
shows that the climatological Niño 3.4 SST is relatively warm from March to July, with a peak in May. A similar
seasonal cycle occurs in La Niña years but with cooler SST. Another interesting feature is the weaker La Niña
SST anomalies in dry years than in nondry years from January to June. The differences of Niño 3.4 SSTA
between the dry and nondry composites are indistinguishable in the latter half of the year.

Figure 9b shows the TNA index for La Niña years and the dry and nondry composites as anomalies with
reference to the seasonal cycle to better reveal the differences between dry and nondry years. The tropical
Atlantic SST index is also warmer in dry years than nondry years, and the differences are greater during late win-
ter to summer. Previous studies [e.g., Curtis and Hastenrath, 1995; Enfield and Mayer, 1997; Alexander et al., 2002]
pointed out that winter La Niña may lead to cold SSTA in the tropical Atlantic in spring and summer. In winter,
Niño 3.4 SSTAs in nondry years are colder than those in dry years, possibly resulting in colder tropical North
Atlantic SSTA in spring and summer in nondry years (Figures 3h and 3i) and favoring wet conditions in the SGP.

In La Niña years, the PDO index is negative on average (blue line, Figure 9c), consistent with the pan-Pacific
SST pattern found in previous analyses [e.g., Schubert et al., 2009]. However, there is no significant

Figure 9. Seasonal cycle of three oceanic indices in their climatological
means (black lines), averages over the 26 La Niña years (blue) and the
LaDry (red) and LaNonDry (green) composites. Shading shows ±1 standard
error. (a) Niño 3.4 SST and (c) PDO indices are from the CPC. (b) The TNA
index is calculated from HadISST.
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difference in the magnitude of the PDO between the LaDry and LaNonDry years except during the
August–September period.

How seasonal precipitation in the SGP in general relates to the tropical North Atlantic SST during La Niña
years is examined through teleconnection patterns. Multiple linear regressions using the TNA and Niño3.4
indices are applied to precipitation, 200 hPa geopotential height, and zonal wind fields. The regression pat-
terns in Figure 10 show how these variables are associated with variations of the TNA index when the
Niño 3.4 index is held constant. A positive SSTA is accompanied by a reduction of precipitation in the SGP
fromwinter to summer (Figures 10a–10c). Anomalously warm tropical North Atlantic SSTs are associated with
an anomalous low at 200 hPa over the middle North Atlantic and eastern U.S., and weaker southerly moisture
transport and stronger divergence over the SGP in spring (Figure 10e) and winter (Figure 10d). In summer, the
North Atlantic and the U.S. are influenced by anomalous highs associated with the warmer tropical North
Atlantic, and the jet stream shifts northward (Figure 10f).

3.3. Relative Influences of SSTs Versus the NAO

Figures 8 and 9 suggest that the different precipitation response to La Niña between dry and nondry years is
related to both tropical North Atlantic and tropical Pacific SSTs. Which is more important on an interannual
scale? What is the role of atmospheric internal variability such as that of the NAO in determining the dry or
nondry La Niña years? Figure 11 shows the regression coefficients (in absolute values) of SGP precipitation
onto the SST-based indices and the NAO index during 26 La Niña years. Among the four indices, Niño 3.4
SST is most important over a large portion of the domain in DJF (Figure 11a), while the tropical North
Atlantic SST dominates the precipitation anomalies over northeastern SGP and northwestern Mexico during
MAM (Figure 11b). The NAO has significant influence over central Texas in spring and dominates the SGP
precipitation anomalies in JJA (Figures 11b and 11c). The influences of the Atlantic in spring and of the
NAO on U.S. Great Plains precipitation have been reported previously, for example, by Nigam et al. [2011]
on the decadal scale. The influences of the NAO on the Great Plains low-level jet in summer have also been

Figure 10. The TNA component of regressions of (a–c) precipitation (mmd�1), (d–f) 200 hPa geopotential height (gpm; contours) zonal wind speed (m s�1;
shading), and vertically integrated mass weighted monthly moisture flux (vector; kgm�1 s�1, vectors significant at the 90% confidence level are plotted in blue)
onto the standardized TNA and Niño 3.4 indices during 26 La Niña years. Areas with precipitation and zonal wind anomalies significant at the 90% confidence level
are dotted (t test).
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reported [Ruiz-Barradas and Nigam, 2005;Weaver and Nigam, 2008]. However, their relative roles in determining
the occurrence of summer drought over the SGP during La Niña years have not been previously investigated.
Figure 11 suggests that tropical North Atlantic SSTA in spring and the NAO in summer could work in concert
with a La Niña effect on winter soil moisture to increase the risk of summer drought over the SGP.

Table 2 shows the percentage of total variance of SGP precipitation that can be explained by the Niño 3.4,
PDO, TNA, and NAO indices during La Niña years and all years, respectively. These four indices together
explain about 37% of the total precipitation variance in La Niña winters, 26% in spring, and about 18% in sum-
mer. Table 2 also indicates that in La Niña years more than 50% of the precipitation variance during winter to
summer cannot be explained by the above factors and may be related to random atmospheric variability,
land-atmosphere feedbacks, and other remote forcing that have not been examined here, e.g., influences
from the Indian Ocean. Precipitation variance in those La Niña years with relatively large precipitation
anomalies, i.e., the seven driest years and seven wettest years (Table 1), are better explained by these factors,
especially in winter and summer (Table 2). This better explanation suggests that strong SSTAs and NAO may
be important for the development of severe droughts and floods but less so for weaker events.

How does the NAO relate to dry and nondry La Niña years? Figure 12a shows that the NAO index does not
show a significant difference between the LaDry and LaNonDry years except for July–September, with a
negative NAO index associated with LaDry years. During MAM, although positive NAO appears to contribute
to four out of seven LaDry years, the composite NAO difference between LaDry and LaNonDry is insignificant
because of large variation of NAO phases among the LaDry years. Teleconnections between the NAO index
and precipitation, 200 hPa zonal wind speed, and geopotential height in MAM and JJA are shown in
Figures 12b–12e. In spring a positive NAO is associated with reduced precipitation over the northern plains,
western U.S., and central Texas (consistent with Figure 11b) and increased precipitation over the northeastern
U.S. Such a precipitation anomaly pattern is consistent with 200hPa geopotential height and zonal wind
anomalies (Figure 12d), i.e., an anomalous high is colocated with a dry anomaly over the U.S., along with a

northward shift of the jet stream over
the Atlantic. However, in JJA an anom-
alous negative NAO is associated with
reduced precipitation over the SGP
and southeastern U.S. (Figure 12c),
shifting the 200hPa jet stream
northward and increasing 200hPa
geopotential height over the SGP
(Figure 12e), both favoring drought
development in summer. Along with
these circulation changes, moisture

Figure 11. Multiple linear regression coefficients of precipitation onto the standardized 1-Niño 3.4, 2-PDO, 3-TNA, and
4-NAO indices for 26 La Niña years during (a) DJF, (b) MAM, and (c) JJA. Regression coefficients significant at the 90%
confidence level (t test) are dotted. Color denotes the index that contributes most to precipitation among the four
indices (i.e., largest coefficient in absolute value). Blue, maroon, brown, and green denote the Niño 3.4, PDO, TNA, and
NAO indices, respectively. Saturation of the colors shows the magnitude of the coefficient (0 to 0.8).

Table 2. The Total Variances of SGP Precipitation Explained (%) by the
Niño3.4, PDO, TNA, and NAO Indices Using Partial Least Squares
Regression (First Three Components) for All the Years During 1950–2012
and for 26 La Niña Yearsa

La Niña Years 1950–2012

DJF 36.6 (54.7) 33.8
MAM 25.5 (26.1) 17.4
JJA 17.5 (45.5) 8.1

aVariances explained in the 14 LaDry and LaNonDry years are shown in
brackets.
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fluxes are also modified to favor summer drought in the SGP, i.e., enhanced southerly flow from the Gulf to the
northern plains, resulting in moisture divergence over the SGP.

To what extent can the anomalous circulation pattern be explained by the SSTA and NAO indices? Figure 13
shows reconstructed (see figure caption for details) 200hPa geopotential height using different linear combina-
tions of the indices discussed above for the differences between the LaDry and LaNonDry composites.
Figures 13a–13c show the circulation patterns linearly associated with the Pacific SSTAs (i.e., reconstructed height
field using the Niño 3.4 and PDO indices). Figures 13d–13f show the anomalous height associated with the four
indices. The similarities of the spatial pattern between the reconstructed height field (e.g., Figures 13d–13f) and

Figure 12. (a) Seasonal cycle of the NAO indices for its climatological mean (1950–2013 average; black lines), an average
over 26 La Niña years (blue), and the LaDry (red) and LaNonDry (green) composites. Shading shows ±1 standard error.
Regressions of precipitation (mmd�1) in (b) MAM and (c) JJA, and regressions of 200 hPa zonal wind (m s�1; shading)
geopotential height (gpm; contours) and vertically integrated mass-weighted monthly moisture flux (vector; kgm�1 s�1,
vectors significant at the 90% confidence level are plotted in blue) in (d) MAM and (e) JJA onto the standardized NAO
index (multiplied by �1 for JJA) during 26 La Niña years. Areas with precipitation and zonal wind anomalies significant at
the 90% confidence level are dotted (t test).
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that in the NCEP1 (Figures 5d–5f) suggest that some large-scale circulation features are associatedwith the above
mentioned indices.

Including the TNA and NAO indices amplifies the geopotential height anomalies in winter (Figure 13d) and
places the anomalous high center to northeastern U.S. in MAM (Figure 13e), which is more similar to that
for the differences between LaDry and LaNonDry years in the NCEP1 (Figure 5e) than obtained only using
the Pacific indices (Figure 13b). In summer, the anomalous high over the southwestern U.S. and the SGP is
captured to some extent. The anomalous high centers in the northern North America and Atlantic and over
northern North Pacific are also captured (Figure 13f). Table 3 shows pattern correlations (centered) between
the reconstructed geopotential height fields and those for the differences between LaDry and LaNonDry
years. The height field in MAM and JJA is best represented when using the four indices. This best agreement
suggests that a large portion of circulation differences between the dry and nondry years are contributed by
the differences of the NAO and tropical North Atlantic SSTA in these years.

Figure 14 shows reconstructed precipitation for differences between the LaDry and LaNonDry composites
using the four indices and the percentage of SGP precipitation anomalies that is reconstructed using different
combination of the indices during MAM and JJA, when the dry anomaly is established and intensified. The
patterns of reconstructed precipitation anomaly (Figures 14a and 14b) resemble closely those observed
(Figures 5b and 5c), but their magnitude is only about one half. In JJA, the dry anomaly is located closer to
the Gulf Coast while the wet anomaly is located farther east. Averaged over the SGP domain (Figure 14c),
the precipitation differences (i.e., LaDry minus LaNonDry) associated with Pacific SSTA (Niño 3.4 and PDO)
are opposite in sign from that observed in spring (light purple). The TNA and NAO indices together contribute

63% of the precipitation differences
over the SGP between the dry and
nondry composites, with a roughly
equal contribution from the tropical
North Atlantic and NAO (33% and
30%, respectively). In summer (purple),
precipitation differences cannot be
reconstructed by the three SSTA
indices and only the NAO appears to
have some influence, contributing to
about 20% of the total precipitation

Figure 13. Reconstructed 200 hPa geopotential height differences (gpm) between the LaDry and LaNonDry composites
using (a–c) PDO and Niño3.4 indices, and (d–f) four indices during 26 La Niña years from DJF to JJA. Take Figure 13a, for
example, first, the multiple linear regression coefficients were obtained by regressing the 700 hPa geopotential heights
onto standardized Niño 3.4, PDO, TNA, and NAO indices during the La Niña years. Then the reconstructed height fields for
the LaDry and LaNonDry composites were obtained by multiplying the Niño 3.4 and PDO indices averaged over the
seven dry and seven nondry years with the corresponding regression coefficients, respectively. Finally, the differences of
reconstructed height between the LaDry and LaNonDry composites were calculated. Shading interval is 15 gpm, while
black contour interval is 30 gpm.

Table 3. Pattern Correlation (Centered) Between NCEP1 200 hPa
Geopotential Height (Figures 5d–5f) and the Reconstructed Geopotential
Height (Figure 13) Over the North Pacific-North America-North Atlantic
Region (5°S–75°N, 0°–180°W) Using Different Indices (Niño3.4, PDO, TNA,
and NAO) for the Differences Between the LaDry and LaNonDry Composites

Niño3.4 + PDO Niño3.4 + PDO+ TNA +NAO

DJF 0.80 0.96
MAM 0.69 0.70
JJA �0.12 0.73
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differences. Thus, Figure 14c also indicates that in summer internal variability, such as the NAO, has a stronger
influence on precipitation anomalies than the three SSTA indices, consistent with Figure 11c.

4. Discussion

La Niña has long been related to precipitation deficits in the SGP. This paper examines 26 La Niña events from
1950 to 2013 to understand the differences in circulation and SST anomaly patterns accompanying dry versus
nondry summer in the SGP. The dry summers over the SGP starts to establish in MAM, along with the devel-
opment of anomalous high geopotential height and subsidence. Their geopotential height gradients and
consequently wind and moisture fluxes show enhanced mean flow moisture flux and moisture convergence
into the northern plains and Midwest and reduced over the SGP. Transient moisture convergence in the SGP
has an opposite sign from that of the mean flow moisture divergence but is substantially weaker in spring
and summer. At 200 hPa, the subtropical jet streams are shifted northward, favoring drought development.
With these favorable atmospheric conditions, a negative precipitation anomaly is maintained and intensified
from spring to summer, leading to strong summer droughts.

We examine what SST anomalies may be related to these anomalous circulation patterns. One dominant
feature is the anomalous warming of the tropical North Atlantic. This SST anomaly is accompanied by an
increase of the geopotential height over the northern and tropical Atlantic, Gulf of Mexico, the southwestern
and northern U.S., but a reduction over the subtropical western Atlantic. Thus, the anomalous high centered
over the SGP is strengthened. In the upper troposphere, the jet streams are also weakened over the SGP in
winter and spring. Another feature is weaker La Niña-like SST anomalies in dry years than in nondry years.
Such a weaker La Niña perhaps allows warmer tropical North Atlantic SST to modify circulation and thus
favors the development of drought in the SGP in MAM. On the other hand, the stronger winter La Niña in
the nondry years combined with cold SSTA in the tropical North Atlantic in spring promotes wet conditions
in the SGP. A weakly positive anomalous PDO pattern is also found in DJF but switches to negative in JJA.

Figure 14. Reconstructed precipitation differences (mmd�1) between the LaDry and LaNonDry composites using four
indices (Niño 3.4, PDO, TNA, and NAO) for (a) MAM and (b) JJA, and (c) percentage of SGP precipitation anomalies can
be reconstructed by the different combination of indices (through multiple linear regressions, the same method as in
Figure 13 but for precipitation) in MAM (light purple) and JJA (purple). Negative values indicate that the sign of reconstructed
precipitation anomalies is opposite to observation.
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The NAO has been previously related to SGP drought development in winter [e.g., Seager et al., 2014]. Our
analysis shows that the NAO index in the summer of dry years is more negative than in nondry years. The
geopotential height in the SGP is correspondingly enhanced with this anomalous negative NAO, along with
a poleward displacement of the North Atlantic jet stream, both of which tend to reduce SGP precipitation. In
spring, a positive NAOmay also reduce precipitation over north central Texas, although the differences of the
NAO between the dry and nondry years are not significant in MAM.

The anomalous precipitation, circulation, and SST patterns discussed above are also consistent with those com-
posites for all dry SGP years (not shown), suggesting that they are robust in representing the characteristics of
anomalous circulation, SSTA, and atmospheric internal variability associated with a dry SGP. In individual dry
years, one or several of these factors combined to trigger or maintain the drought. For instance, the 2011
drought is associated with all of the above factors, i.e., a La Niña and a negative PDO in winter, warmer than
usual tropical North Atlantic SSTA in spring, and a negative phase of the NAO in summer. In the 1956 drought,
cold Pacific SSTAs occurred in winter favoring the drought development. Although in spring the tropical North
Atlantic was slightly colder than usual, in summer the NAO anomaly was negative and again favored drought.

During 26 La Niña years, the above factors together may explain about 26% of SGP precipitation variances in
spring and 18% in summer. The large (more than 50%) unexplained variance indicates a substantial amount
of contribution from some combination of random atmospheric variability, nonlinear interactions among
these factors, and nonlinear components of those positive feedbacks such as those involving land-
atmosphere interactions.

However, in the years with relatively large precipitation anomalies (i.e., the 14 dry and nondry La Niña years
listed in Table 1), up to 55% and 46% of precipitation variances can be explained by these indices in DJF and
JJA, respectively, suggesting that large-scale SSTA and circulation anomalies play important roles in severe
drought/flood development. This point is also supported by an examination of the differences of the SST
and circulation patterns between SGP dry and nondry years (not shown).

5. Conclusions

Droughts (i.e., strong negative seasonal precipitation anomalies) in the Southern Great Plains (SGP) tend to
occur in La Niña years, but La Niña alone does not necessarily lead to summer droughts. We look at what
distinguishes the La Niña years driest summers in the SGP from those with least dry summers by looking
at their pattern differences in circulation and precipitation and by examining tropical North Atlantic SST,
PDO, and NAO patterns. Our analysis indicates that the previously recognized dependence of SGP drought
on La Niña is only significant in winter.

The dependence of SGP drought on other contributing factors is seasonal. In particular, warm tropical North
Atlantic SST can contribute to droughts over the southeastern SGP in spring. A negative NAO circulation
anomaly becomes the only significant factor in summer during La Niña years.

Thus, the occurrence of strong drought in the SGP during the summer of La Niña years is contributed by a
combination of SST anomalies and atmospheric internal variabilities that randomly reinforce each other. In
particular, decrease of precipitation by La Niña and resultant drier soil moisture in winter followed by a
warmer tropical North Atlantic SST in spring and a negative NAO index in summer are found to maximize
the summer drought in the SGP. In individual drought years, one or several of these factors combined
together to result in favorable conditions for drought development.
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