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ABSTRACT: Although the influence of sea surface temperature (SST) forcing and large-scale teleconnection on summer
droughts over the U.S. Great Plains has been suggested for decades, the underlying mechanisms are still not fully understood. Here we show a significant correlation between low-level moisture condition over the U.S. Southwest in spring and
rainfall variability over the Great Plains in summer. Such a connection is due to the strong influence of the Southwest
dryness on the zonal moisture advection to the Great Plains from spring to summer. This advection is an important contributor for the moisture deficit during spring to early summer, and so can initiate warm season drought over the Great
Plains. In other words, the well-documented influence of cold season Pacific SST on the Southwest rainfall in spring, and the
influence of the latter on the zonal moisture advection to the Great Plains from spring to summer, allows the Pacific climate
variability in winter and spring to explain over 35% of the variance of the summer precipitation over the Great Plains, more
than that can be explained by the previous documented west Pacific–North America (WPNA) teleconnection forced by
tropical Pacific SST in early summer. Thus, this remote land surface feedback due to the Southwest dryness can potentially
improve the predictability of summer precipitation and drought onsets over the Great Plains.
KEYWORDS: North America; Advection; Drought; Moisture/moisture budget; Seasonal forecasting

1. Introduction
As the world’s largest exporter of grains, the United States
produces nearly 40% (35%) of the global maize (soybean).
Extreme summer droughts and rainy periods over the United
States can trigger large disruptions in the global crop yields,
international grain market, and global food security (Boyer
et al. 2013; Lobell et al. 2014). Yet, we cannot predict these
droughts, including the most recent extreme droughts that
occurred in 2011 over the southern Great Plains and in 2012
over much of the Great Plains.
The delayed response of a regional climate to slowly varying
oceanic forcing and land–atmosphere interaction provides the
foundation for seasonal prediction over many regions around
the world. State-of-the-art seasonal prediction models provide
relatively skillful predictions of winter hydroclimate over the
United States, but show virtually no skill in prediction of
summer rainfall anomalies over much of the North American
continent (Quan et al. 2012). Seasonal prediction of the U.S.
climate becomes especially difficult in summer as the jet stream
and the storm track move farther north and the precipitation
regime shifts from a dominantly frontal precipitation to a
tropical-like convective regime with a more regional and local
character and an enhanced influence of land surface conditions
(e.g., Myoung and Nielsen-Gammon 2010). Over the Great
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Plains, summer holds the largest share (.40%) of annual
precipitation and variability of its rainfall exerts a strong control on the U.S. water resources, agriculture, and food production, as well as the global grain market and food security
(Anderson et al. 2019; Boyer et al. 2013; Lobell et al. 2014).
Hence, a skillful prediction of summer precipitation is central
for mitigating drought impacts over this region.
Sea surface temperature anomalies (SSTA) have been
considered to be a main source of predictability of anomalous
precipitation over North America. Numerous studies have also
suggested a significant relationship between the Great Plains
summer precipitation and Pacific SSTs with two distinct
modes: a tropical Pacific mode acting at shorter time scales
(year-to-year) and consisting of positive correlations between
the Great Plains summer rainfall and SST in the El Niño–
Southern Oscillation (ENSO) region, and a North Pacific mode
acting at longer time scales (multiyear to decadal) and consisting of a positive correlation between the precipitation over
the Great Plains and the Pacific decadal oscillation (PDO); i.e.,
cold SSTA over the eastern North Pacific favor dry conditions
over the Great Plains (McCabe et al. 2004; Namias 1991;
Schubert et al. 2004; Wang et al. 2010; Zhao et al. 2017). The
influence of Pacific SSTs on precipitation over the Great Plains
is strongest when ENSO and PDO are in phase and weakest
when they are out of phase (Hu and Huang 2009). Warm
anomalies of the tropical Atlantic SST can also amplify the
impact of a cold ENSO phase on interannual to decadal scales
(e.g., Hu and Feng 2008; Mo et al. 2009; Pu et al. 2016). In
addition, warmer SSTs in the North Atlantic have been
shown to coincide with multiple dry indices in the long-term
observed precipitation data (McCabe et al. 2004; Sutton and
Hodson 2005), Palmer drought severity index (PDSI) and treering proxy drought records (Feng et al. 2011), and GCM
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simulations (Schubert et al. 2009; Seager and Hoerling 2014).
In spite of the previous research strongly supporting the influence of SSTA on the summer precipitation over the Great
Plains, the physical pathways behind this relationship are not
yet fully understood.
The relative importance of SSTA versus internal atmospheric variability on summer precipitation over the Great
Plains has remained an open question. Addressing this question is critical to skillful prediction of precipitation variability
and droughts over the region. A dynamical teleconnection,
through a Pacific–North American stationary wave train, has
been considered to be a major atmospheric driver of the Great
Plains drought onsets (Chang and Wallace 1987; Chen and
Newman 1998; Lyon and Dole 1995; Namias 1991; Trenberth
et al. 1988). However, during the warm season (May–August),
wave propagation is generally weaker than that during the cold
season. Hence, it was considered unable to explain the relation
between Pacific SSTA and precipitation during the major rainy
season in the Great Plains by some earlier research (Lyon and
Dole 1995; Ting and Wang 1997). More recent studies have
made significant progress on the time-varying influence of
Pacific SST forcing and planetary wave pattern on the North
America warm season precipitation and heat waves (e.g.,
Castro et al. 2007a,b; Ciancarelli et al. 2014; Ding et al. 2011;
Teng et al. 2013; Zhao et al. 2018). It is now more commonly
acknowledged that the western Pacific–North America
(WPNA; Ciancarelli et al. 2014) teleconnection and the circumglobal teleconnection (CGT; Ding and Wang 2005) are the
main large-scale atmospheric patterns that modulate the precipitation and surface air temperature over North America.
Ciancarelli et al. (2014) found that the well-known out-ofphase relationship between the central United States and
Southwest summertime precipitation, which explained ;25%
of the summer precipitation variability over the continental
United States (CONUS), can be strongly influenced by the
WPNA wave train, which is likely forced by Pacific SSTA in
early summer [June–July (JJ)] and Indian monsoon convection
in later summer [August–September (AS)]. The CGT pattern,
on the other hand, is more related to the south-central and
eastern U.S. precipitation and may be independent of Pacific
SST forcing. The role of SSTA as a main driver of precipitation
variability over the Great Plains has been further challenged by
numerous studies arguing that the atmospheric internal variability and land–atmosphere feedbacks are the dominant
drivers of the Great Plains summer drought for both short
(Fernando et al. 2016; Hoerling et al. 2013; Pu et al. 2016; Wang
et al. 2014) and long-term (Schubert et al. 2004) time scales.
The modeling study of Ferguson et al. (2010) revealed that SST
variability has no significant influence on drought frequency,
duration, and magnitude outside the tropics, and that severe
long-term droughts can occur over mid- and high-latitude regions in the absence of SSTA forcing. Correspondingly, the
drought of 2012, the most severe drought over the central
Great Plains since 1895, was also attributed to atmospheric
variability with no significant contribution from SSTA forcing
(Hoerling et al. 2014; Wang et al. 2014). Similar conclusions
were made for the relative contribution of the SSTA and
random atmospheric variability to the extreme drought of 2011
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over Texas (Fernando et al. 2016; Seager et al. 2014; Wang
et al. 2014).
One main source of potential predictability for summer
droughts are the land–atmospheric feedbacks (e.g., Dirmeyer
1994; Hong and Kalnay 2000; Karl 1983; Myoung and NielsenGammon 2010; Oglesby 1991; Oglesby and Erickson 1989;
Rind 1982; Schubert et al. 2004; Zhuang et al. 2020), though
most of these studies focus on local land–atmospheric feedbacks. Recently, numerical model experiments have shown
remote land impacts on atmospheric circulation (e.g., Koster
et al. 2016). Erfanian and Fu (2019) have evaluated the moisture budget over the Great Plains and found that anomalously
dry moisture advection in spring was the main contributor to
the onset of the summer extreme droughts over the Great
Plains in 2011 and 2012. They hypothesized that such an
anomalous dry advection was mainly due to the dryness of the
land surface and lower troposphere over the U.S. Southwest in
spring. Given the influence of ENSO on the Southwest dryness
during winter and spring (e.g., Cook et al. 2011; Mo et al. 2009;
Seager et al. 2008; Wang and Kumar 2015), we further hypothesize that the Southwest dryness can act as a springboard
for Pacific SSTA and that the resultant large-scale atmospheric
variability in cold season influences summer rainfall over the
Great Plains. To evaluate these hypotheses in this study, we
investigate whether there is a statistically significant relationship between antecedent precipitation and soil moisture in the
Southwest in spring and subsequent summer precipitation in
the Great Plains, and if so, whether this relationship from the
spring through the summer is attributable to land surface
feedback or to the evolution of large-scale atmospheric circulation responses associated with Pacific SSTs. We will also
explore the potential predictability provided by this hypothesized remote land surface feedback mechanism by comparing
the predictive skill for the Great Plains summer precipitation
provided by this mechanism to that provided by the previous
identified WPNA wave train forced by Pacific SSTA in early
summer, using simple linear regression models.

2. Data and methodology
a. Data
We used the European Centre for Medium-Range Weather
Forecasts (ECMWF) interim reanalysis (ERAI) (Dee et al.
2011) for the moisture budget analysis described in section 2c.
The ERAI reanalysis provides 6-hourly upper-air parameters
from 1979 to near-real-time and its data are available online
(http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype5
sfc/). The atmospheric model has a hybrid sigma-pressure vertical coordinate system with 60 levels and a T255 spectral horizontal resolution (;79 km).
The National Centers for Environmental Prediction (NCEP)
Climate Prediction Center (CPC) unified gauge-based analysis
of daily precipitation over the CONUS was used as the precipitation observation reference. Those data have a 0.258 3
0.258 resolution over the CONUS and are available from 1948
to present. For SST, the NOAA Extended Reconstructed SST
version 5 (ERSSTv5) is used in this study. ERSSTv5 data
have a 28 3 28 resolution and cover the period from 1854 to
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present. These two datasets are both provided by the
National Oceanic and Atmospheric Administration (NOAA)
Earth System Research Laboratory (ESRL), Physical Science
Division (PSD), Boulder, Colorado, at https://www.esrl.noaa.
gov/psd/.
For evapotranspiration (ET) and surface soil moisture, we
used the Global Land Evaporation Amsterdam Model
(GLEAM) product version 3.3a (Martens et al. 2017). The
GLEAM v3 provides an estimation of terrestrial evapotranspiration and root-zone soil moisture from satellite-observed
soil moisture, vegetation optical depth and snow-water
equivalent, reanalysis air temperature and radiation, and a
multisource precipitation product. The data are available from
1980 to 2018 and can be downloaded from the project website
(https://www.gleam.eu/).

b. Definitions of the Great Plains and the Southwest
The analyses in this study largely focus on the Great Plains
and the Southwest regions. Many previous studies have often
given their own definitions as to the spatial coverage of these
two regions for various research purposes. For example,
Erfanian and Fu (2019) used the region of 1058–958W, 308–
398N for the southern Great Plains and 1058–958W, 398–488N
for the northern Great Plains. A more traditionally recognized
spatial coverage for the Great Plains is that of Shafer et al.
(2014) which spans a large area west of the Mississippi River
tallgrass prairie and east of the Rocky Mountains. Here we use
the region of 1058–958W, 358–478N to represent the Great
Plains as summer precipitation and spring zonal thermodynamic moisture advection are most correlated over this area so
that it is suited for the research question in this study (as will
be discussed in section 3a and Fig. 2a). For the Southwest, we
use the region of 1128–1058W, 308–438N as spring precipitation over this region is most correlated with summer precipitation over the Great Plains (as will be discussed in section 3a
and Fig. 2c). Note that the traditional definition for the
Southwest usually just includes the states of Arizona and New
Mexico, which only covers the southern part of the region
defined here.

c. Atmospheric moisture budget
To derive individual moisture tendencies, we used the water
vapor budget equation for a unit mass of air (Yanai et al. 1973)
as shown in Eq. (1):
›q
›(qv)
1 =  (qv) 1
5 e 2 c,
›t
›p

(1)

where t, q, and p stand for time, specific humidity, and pressure,
respectively; v and v are the horizontal wind vector and vertical wind velocity in pressure coordinates; and e and c are the
evapotranspiration and condensation rates of the air parcel per
unit mass, respectively.
~ and a
Separating an arbitrary variable A into a stationary A
_
~
_
transient contribution A (A 5 A 1 A), implementing the cof
_ v),
_ and integrating it vertically
variance equation (f
qv 5 q~~
v1q
from Pt 5 0 to Ps, the moisture budget equation can be rearranged as the following:

2

ð Ps
0

2

u~›x q~ dp 2
ð Ps

ð Ps
0

~y ›y q~ dp 2

f
_ u_ 1 ›y q
_ y_ 1
›x qf

0

ð Ps
0

v
~

›~
q
dp
›p

!
_ v_
›qf
dp 5 grw (P 2 E) ,
›p

(2)

where u and y are the zonal and meridional components of the
horizontal wind v. Here, the first three integrals on the lefthand side (LHS) represent the mean zonal, meridional, and
vertical advection, respectively, and the last term represents
the eddy transient terms for all three advections. The stationary and transient terms were calculated for the monthly
mean and 6-hourly departure from the monthly mean, respectively. On the right-hand side (RHS), P and E are precipitation and evapotranspiration (ET) rates at the surface,
and g and rw stand for gravitational acceleration of Earth
and water density.
Similar to the breakdown of variable A into a stationary
and a transient term, we separate the individual terms in
Eq. (2) into a climatological mean and a monthly departure
~ 5 A 1 A0 ). The anomalous form of
from climatology (e.g., A
moisture budget equation can be rewritten as the following:
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where «0 is the residual term that accounts for the submonthly
transient eddy contribution.
More details about the derivation of Eqs. (2) and (3) can be
found in Erfanian and Fu (2019). The reanalysis parameters at
the pressure levels below the surface are set to ‘‘missing
values,’’ and the horizontal and vertical gradients shown in
Eqs. (2) and (3) were calculated using the ‘‘centered finite
difference’’ function in NCAR Command Language (NCL).
The individual moisture advection terms in both equations
were calculated using 6-hourly ERAI reanalysis on a regular
0.758 grid and at 14 selected pressure levels. The vertical levels
span from 1000 to 50 hPa with a resolution of 25 hPa for the
lowest six levels (from 1000 to 850 hPa), which contain most of
the atmospheric moisture, and relatively coarser resolutions of
50 and 100 hPa for the remaining levels in the middle and upper
troposphere. The vertical integrals were calculated by multiplying the moisture tendencies in each layer by the pressure
thickness of that layer (dP) and integrating the product from
the surface to the 50-hPa level. The accuracy of the numerical
calculations of moisture budget terms was evaluated against
the ERAI reported vertically averaged moisture convergence
in the work of Erfanian and Fu (2019). To ensure that the results were not sensitive to the choice of the reanalysis product,
the same moisture budget analysis was repeated (Erfanian and
Fu 2019) using the Modern-Era Retrospective Analysis for
Research and Applications version 2 (MERRA-2) (Gelaro
et al. 2017) and the results indicated a robust consistency between the two reanalyses.
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d. Linear regression modeling
Over a sufficiently large area, precipitation anomalies on the
LHS of Eq. (3) are balanced by a linear combination of
anomalous tendency terms on the RHS. For use in the next
section, to quantify the relative importance of individual tendency terms in estimating the summer precipitation over the
Great Plains, the statistical model we adopt here is based on
multiple linear regression, where the predictand is modeled
as a linear combination of the predictors [RHS terms of Eq. (3)
except the residual term «0 ]. The general format of the multiple
regression model is

å bk (i, j)Xk (i, j, t).

regression coefficients. A fivefold cross validation is applied to
estimate the mean squared error (MSE) for each regression
model with a specific l value. For the one with minimum MSE,
its predictors with nonzero regression coefficients will be selected for the final regression model without the penalty term.
The R2 and p value of the post-LASSO regression model are
used to assess the model performance: i.e., how much of predictand variance can be explained by the selected predictors
and is the model statistically significant. The regression coefficients bk will also be compared to determine the relative
contribution of the selected predictors.

e. Empirical orthogonal function analysis

n

P(i, j, t) 5 b0 (i, j) 1
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(4)

k51

Here P(i, j, t) represents the standardized anomalies of
seasonal [e.g., June–August (JJA)] precipitation spatially averaged over a 108 3 108 box centered at the grid cell (i, j);
Xk(i, j, t) is the standardized anomaly of any term from the RHS
of Eq. (3) spatially averaged over the same 108 3 108 box centered
at the grid cell (i, j) and k varies from 1 to n 5 10; bk(i, j) is the
spatially varying regression coefficient determining the sensitivity of precipitation to Xk(i, j, t) for each grid cell and b0(i, j)
is a constant. The monthly standardized anomalies of both
rainfall and moisture tendency terms were derived by first
subtracting the climatological annual cycle from the monthly
data, and then dividing the results by the standard deviation
of each month. All regression coefficients were calculated by
least squares fitting of the predictand and predictor time series
for the 1992–2017 period. This period was selected for the regression analysis to avoid the impact of the artificial trend in
the time series of ERAI moisture budget terms introduced by
the abrupt changes in the Special Sensor Microwave Imager
(SSM/I) observations and the retrieval of total column water
vapor in 1992 (Trenberth et al. 2011).
Traditional multiple linear regression models determine
regression coefficients by minimizing the loss function, which is
the sum of the squares of the residuals made in the results of
Eq. (4) (least squares). However, this is not the most suitable
approach for our application here because we have a relatively
small sample size compared to the number of predictors and
too many predictors will lead to overfitting, and also some of
the predictors may be correlated. To reduce multicollinearity,
we use the least absolute shrinkage and selection operator
(LASSO) regularization to perform variable selection. The
LASSO approach can force the regression coefficients of some
‘‘not so important’’ predictors to become zero through adding
n
an L1 penalty term (låk51 jbk j) to the loss function. In this
study, we simply use LASSO to reduce predictor number and
then perform traditional multiple regression with the selected
predictors. This post-LASSO technique was shown to perform
at least similarly as the LASSO regression in terms of convergence rate, and can achieve a smaller bias (Belloni and
Chernozhukov 2013). Maximum number of predictors is set to
be five. The regularization coefficient l in the L1 penalty term
controls the amount of coefficient shrinkage and various values
of l are used to construct LASSO regression models; larger
l means more regularization and results in fewer nonzero

Empirical orthogonal function (EOF) analysis has been a
widely used approach to extract individual modes of variability
from data with complex spatial–temporal structures. We perform an EOF analysis to determine the dominant spatial pattern of midtropospheric circulation with 2-month or 3-month
moving average monthly Z500 data during 1979–2017 from the
ERAI. Rotated EOF (REOF) is a technique adopted since the
mid-1980s (Richman 1986) to overcome some shortcomings of
traditional EOF, e.g., difficulty of physical interpretability. The
most well-known Varimax rotation method (Kaiser 1958;
Richman 1986) is used for REOF, which is an orthogonal
method, and the first five EOFs are chosen for rotation as the
dominant REOF modes are relatively insensitive to a larger
number of retained modes. Traditional EOF and REOF are both
performed to determine which is more appropriate as to reflect
the documented physical modes of climate variability, as will be
shown in section 3b. Principal component time series for each
EOF mode (PC) or for each REOF mode (RPC) are used for
further correlation and regression analyses. Two spatial domains
of input data will be used for different purposes: one smaller
domain (1808–208W, 208–808N) for identifying dominant modes
of seasonal circulation variability most related to the North
America region, and the other larger domain (1208E–208W, 208–
808N) to capture the summer WPNA wave train pattern.

f. Correlation map and its significance
We perform Pearson’s correlation analysis between an area
average variable A(t) (e.g., JJA precipitation averaged over
the Southwest) and a field variable B(i, j, t) (e.g., seasonal
precipitation, ET, SST). The field variable B(i, j, t) is spatially
averaged over a 108 3 108 box centered at the grid cell (i, j)
before the calculation of correlation coefficient. The significance of correlation coefficient r is determined using a twotailed Student’s t test with N 2 2 degrees of freedom.
Correlations with a p value smaller than 0.05 will be considered
statistically significant.

3. Results
a. Relationship between summer precipitation over the
Great Plains, spring zonal moisture advection, and
dryness over the Southwest
Summer is the major rainy season over the Great Plains with
more than 40% of the annual rainfall occurring during JJA.
According to the monthly climatology of 1979–2017, the
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FIG. 1. (a) The MAM climatology (1979–2017) and (b) the 2012 MAM anomaly fields of
700-hPa specific humidity (g kg21; color shading), geopotential height (gpm; contours), and
wind vectors from ERAI.

precipitation over the Great Plains increases from below
1 mm day21 in winter to near 3 mm day21 in late spring and
early summer (Figs. S1a,d in the online supplemental material). Our moisture budget analysis over the Great Plains region (Fig. S2) shows that, among all the moisture tendency
terms, the zonal advection tendency (ADVx) is the dominant
term of moisture flux convergence (MFC) above ;800 hPa
over the region year round, while the meridional advection
term (ADVy) is dominant below ;800 hPa during late spring
to early fall. The horizontal transient term (TRSh) is the main
contributor to moisture convergence from midfall to midspring
when frontal systems occur frequently, but has negative values
(moisture divergence) throughout the column during other
times of the year. Overall, comparison of vertical integrals of
these terms (third column of Fig. S2) and evapotranspiration
(Figs. S1b,e) show that, although ADVx is not the top contributor in terms of amplitude during spring to early summer
(i.e., it is smaller than evapotranspiration), it is the dominant
term for the MFC and has the largest variation among all terms
including evapotranspiration and is thus an important contributor for a moisture anomaly. A large departure of zonal
advection from its climatological mean can result in substantial
anomalies in the total MFC and thus precipitation over the
region. Erfanian and Fu (2019) first confirmed this relationship

and showed that the negative ADVx in spring sets the stage for
summer droughts in 2011 and 2012. By definition, the zonal
moisture advection term ADVx is the product of the zonal
wind and zonal gradient of qy. Figure 1 shows the March–May
(MAM) climatology (1979–2017) of geopotential height, specific humidity, and wind field at 700 hPa (Z700, q700, and V700)
over the North America and their 2012 MAM anomaly. As
indicated by the V700 in Fig. 1a, strong westerlies prevail (that
persist year around) over the entire North American continent.
The MAM climatological mean of q700 reveals a zonal gradient
with higher q700 values over the Rockies gradually decreasing
moving toward the Great Plains and Midwest. The larger
q700 over the Rockies is likely because the high elevation of
the Rockies places the surface level deep into the lower
troposphere (700 hPa) and thus it can draw moisture from
evapotranspiration of winter and spring precipitation more
efficiently. At these levels, the zonal advection tendency
becomes much larger than the meridional advection mainly
due to the larger zonal wind speed (and near zero meridional wind). However, the zonal gradient of moisture is small
and a strong decline of q700 over the Great Plains’ upwind
region can change the direction of the climatological west–
east moisture gradient and reverse the zonal advection
from its largely positive climatology to negative anomalies
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FIG. 2. Correlation maps between the standardized anomalous time series (1992–2017) of (a) the MAM zonal thermodynamic advection
at 700 hPa (THx-700-MAM) and JJA precipitation (PJJA) at each grid; (b) THx-700-MAM averaged over the Great Plains (THx-700-MAM-GP)
and MAM specific humidity at 700 hPa (q700-MAM) at each grid; and (c) PJJA averaged over the Great Plains (PJJA-GP) and MAM
precipitation (PMAM) at each grid. Grid points with correlation significant at the 0.05 level are marked with dots.

as large as those observed in the spring before the 2012 extreme
drought (Fig. 1b).
Figure 2 shows the correlation between 700-hPa zonal
thermodynamic advection (THx-700), specific humidity (q700),
and precipitation (P) during spring (MAM) and summer (JJA)
based on ERAI data for the period of 1992–2017. In Fig. 2a,
summertime precipitation (PJJA) is significantly correlated to
the springtime zonal thermodynamic term (THx-700-MAM) over
the area of 1058–958W, 358–478N. Because of its approximate
overlap with the U.S. Great Plains region, we define the spatial
coverage of the ‘‘Great Plains’’ (delineated in blue rectangle in
Fig. 2a) as previously stated in section 2b. Figure 2b further
shows that this THx-700-MAM term averaged over the Great
Plains (THx-700-MAM-GP) are positively correlated with specific
humidity (q700-MAM) in a vast region west of the Great Plains,
with the largest correlation coefficient over 0.8, suggesting that
low-level moisture variability over the upwind region of the
Great Plains is a main contributor to the low-level zonal
thermodynamic advection over the Great Plains in spring. In
addition, to explore whether the summer precipitation over the
Great Plains can be related to local or remote precipitation
condition in antecedent spring, we evaluate the correlation
between JJA rainfall anomalies averaged over the Great Plains
(PJJA-GP) and MAM rainfall anomalies over the CONUS
(Fig. 2c). MAM rainfall anomalies over the Southwest domain
show the highest correlation with the JJA rainfall anomalies
over the Great Plains (mostly 0.5–0.7). The JJA rainfall anomalies over the Great Plains show less correlation (from 0 to 0.4)
with the local MAM rainfall anomalies. The Southwest region
shown in the blue rectangle is defined based on the largest correlation coefficients shown in Fig. 2c, and differs somewhat
from the area commonly referred to as the ‘‘Southwest.’’
How do rainfall anomalies over the Southwest domain in
spring (MAM) and late winter (January–March; JFM) influence lower tropospheric moisture anomalies (q700-MAM) in the
upwind region and the thermodynamic zonal moisture transport to the Great Plains in MAM (THx-700-MAM)? Fig. 3
shows a strong correlation between the lower tropospheric
moisture anomalies in MAM and local evapotranspiration
anomalies in MAM (Fig. 3a) and JFM (Fig. 3c), respectively,
over the Southwest domain. The lower tropospheric moisture

anomalies are also correlated with soil moisture anomalies in
MAM (Fig. 3b), and JFM (Fig. 3d), respectively. The weaker
correlation with soil moisture than with evapotranspiration is
presumably because soil moisture varies more slowly than
specific humidity does. Additional analysis shows that anomalies of evapotranspiration over the Southwest domain during
drought years of the Great Plains were much stronger than that
of the MFC, which was close to zero in spring and significantly
negative throughout summer and early fall (Fig. S3).
Evapotranspiration also has larger variability (standard deviation) than the MFC as well as other terms in the moisture
budget equation [Eq. (3)] over the Southwest domain (Fig. S4).
Figure 3, together with these additional analyses in Figs. S3 and
S4, suggest that the lower tropospheric moisture anomalies
over the upwind region of the Great Plains, especially over the
Southwest, are mainly influenced by local evapotranspiration
and soil moisture anomalies induced by rainfall anomalies in
MAM and JFM, respectively. Such lower tropospheric moisture anomalies, in turn, affect the zonal thermodynamic
moisture transport to the Great Plains in MAM.
To further evaluate the relative importance and predictive
memory of zonal thermodynamic advection relative to other
atmospheric moisture tendencies for variability of the U.S.
summer precipitation, we construct a post-LASSO linear regression model between JJA precipitation and the moisture
tendency terms at various pressure levels (plus the evapotranspiration term). The regression result for 800 hPa is shown
in Fig. 4. For the Great Plains region, the post-LASSO regression model can explain up to ;60% of precipitation variance over much of the Great Plains domain (Fig. 4b). The
relative importance of different terms can be compared with
their corresponding regression coefficients. Figure 4 only
shows the coefficient for the zonal thermodynamic advection
term (THx; Fig. 4a), because the comparison between regression coefficients of all terms in the moisture budget equation
(Figs. S5a–j) reveals the dominant contribution of this term
over the Great Plains. In fact, a simpler regression model with
only THx as the predictor can explain well over 35% of precipitation variance (Fig. 4c) compared to ;60% explained by
all the moisture budget terms over the Great Plains (Fig. 4b).
Regression coefficients for all the other moisture terms
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FIG. 3. Maps of local correlation between the time series (1992–2017) of the MAM specific humidity at 700 hPa
(q700-MAM) and the (a) MAM evapotranspiration (ET); (b) MAM surface soil moisture (SM); (c) JFM ET; and
(d) JFM SM. Grid points with correlation significant at the 0.05 level are marked with dots.

indicate that the other two zonal advection terms (dynamic
term DNx and nonlinear term NLx) as well as the meridional
nonlinear term (NLy) play a secondary role as they have more
points with near zero coefficients (Figs. S5b,c,f). This analysis
indicates that the circulation anomalies have less influence on
the anomalous zonal moisture advection in spring than the
moisture gradient anomalies that are due to the drier surface of
the Southwest. Other advection terms do not have a significant
influence on JJA precipitation. Similar regression analysis on
other pressure levels show that the dominant role of zonal
thermodynamic advection term holds from 700 to 900 hPa (not
shown), but is most prominent at 800–850 hPa.

How does moisture transport anomalies in spring affect
rainfall in summer over the Great Plains? Could the anomalous
thermodynamic moisture transport persist from spring to
summer and directly influence the moisture budget and rainfall
in JJA over the Great Plains? Fig. 5 shows the evolution of the
correlation between JJA rainfall over the Great Plains (PJJA-GP),
and 3-month running means of the zonal thermodynamic
moisture transport to that region (THx-GP, Fig. 5a), the specific
humidity anomalies over the Great Plains (qGP, Fig. 5b), and
precipitation, evapotranspiration and soil moisture (Fig. 5c),
respectively, from DJF to JJA. The significant correlation
between JJA rainfall over the Great Plains and the zonal

FIG. 4. Post-LASSO regression analysis with MAM moisture terms as predictors and local JJA precipitation as predictand (1992–2017).
(a) Regression coefficients for zonal thermodynamic advection term (THx). (b) Coefficient of determination (R2) for the post-LASSO
regression model. (c) The R2 statistic for a simple regression model with THx as the sole predictor. Grid points with correlation significant
at the 0.05 level are marked with dots.
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FIG. 5. Correlation between the standardized anomalous time series (1992–2017) of JJA precipitation averaged over the Great Plains
(PJJA-GP) and (a) the zonal thermodynamic advection at different pressure levels averaged over the Great Plains (THx-GP); (b) specific
humidity at different pressure levels averaged over the Great Plains (qGP); (c) precipitation, evapotranspiration, and surface soil moisture
averaged over the Great Plains (PGP, ETGP, and SMGP) from winter (DJF) to summer (JJA). Grid points with correlation significant at the
0.05 (0.10) level are marked with solid (hollow) dots.

thermodynamic moisture transport to that region persists from
JFM to MJJ with p , 10% or from FMA to MAM with p , 5%
(Fig. 5a). The JJA rainfall over the Great Plains is not significantly correlated with local lower tropospheric moisture
(Fig. 5b), evapotranspiration, and rainfall (Fig. 5c) until late
spring. Its correlation with soil moisture is marginally significant during DJF to MAM, presumably because of stronger
persistence (autocorrelation) of the soil moisture anomalies.
During MJJ to JJA, the JJA rainfall over the Great Plains is
instead significantly correlated with the local lower tropospheric moisture (below 700 hPa, Fig. 5b), evapotranspiration,
soil moisture, and rainfall (Fig. 5c). Additional analysis of the
local relationships between all the contributing terms to the
moisture budget and rainfall in JJA over the CONUS (Fig. S6)
shows that the rainfall anomalies are most correlated with the
local evapotranspiration (Fig. S6j) and the vertical thermodynamic moisture transport (driven by the vertical moisture
gradient, Fig. S6g), instead of the horizontal moisture advection terms. Thus, Fig. 5 and Figs. S5 and S6 together suggest
that the zonal thermodynamic moisture transport in MAM
mainly influence moisture and rainfall in spring and early
summer (May–June) over the Great Plains. The rainfall
anomalies in early summer, in turn, influence the surface
wetness and evapotranspiration, and consequently the local
lower tropospheric moisture and rainfall over the Great Plains
through local land–atmospheric feedbacks.
The above discussed combined remote and local land–
atmospheric interaction inferred from our empirical evidence
is consistent with the processes that control rainfall variability
during spring and summer over the Great Plains suggested in
literature. In particular, the detailed moisture budget analysis
by Erfanian and Fu (2019) has suggested that an anomalous dry
zonal moisture advection in spring of 2011 and 2012 is responsible for reduced lower tropospheric humidity over the
Great Plains during spring and early summer, and suppresses
deep convection. Fernando et al. (2016) has shown that the

spring dry anomalies can trigger a positive feedback between
soil moisture and large-scale circulation pattern within the
Great Plains in summer. This local land surface feedback
process in summer is the primary contributor to summer
droughts over the Great Plains.
In summary, a springtime low-level moisture condition of
the Southwest domain affects summer precipitation over the
Great Plains through influencing the zonal moisture advection.
This low-level moisture anomaly is mostly determined by local
evapotranspiration anomalies induced by soil moisture and
precipitation anomalies instead of by moisture transported
from the Pacific. The remote land surface influence on moisture gradient in the lower troposphere between the Southwest
and Great Plains influences rainfall over the Great Plains in
late spring and early summer, which in turn continues to influence summer rainfall through local land–atmospheric feedbacks over the Great Plains. Thus, the combined remote and
local land–atmospheric feedbacks play an important role in
linking spring dryness over the Southwest and summer rainfall
deficit over the Great Plains.

b. Large-scale teleconnections and their links to precipitation
in Southwest spring and Great Plains summer
In this section, we evaluate whether the apparent linkage
between the Great Plains springtime zonal thermodynamic
advection and the spring dryness over the Southwest, and
the Great Plains summer precipitation shown in previous
section is a result of large-scale atmospheric circulation response to the Pacific SSTA, as well as the relative influence of
the remote land surface feedback and the large-scale atmospheric circulation response to the SSTA on the summer
rainfall anomalies over the Great Plains.
To determine the dominant circulation modes for the North
America region, we perform a REOF analysis for the 3-month
moving average Z500. The second REOF (REOF2) mode
displayed as correlation shown in Fig. 6a explains about 14%
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FIG. 6. Correlation maps between RPC2 in MAM and (a) Z500 in MAM; (b) SST in MAM; (c) SST in DJF; (d) precipitation in MAM;
(e) zonal thermodynamic advection term at 800 hPa in MAM; (f) precipitation in JJA for the period of 1992–2017. Grid points with
correlation significant at the 0.05 level are marked with dots.

of the variance. This wave-like pattern resembles the negative
phase of PNA pattern in both spring and winter, with positive
cells located over the southeastern United States and northern
Pacific Ocean, and negative cells in the vicinity of Hawaii and
western Canada (Wallace and Gutzler 1981). Correlations between the RPC2 in MAM and SST in both MAM and DJF
(Figs. 6b,c), respectively, show that this mode is strongly associated with cold season Pacific SST variability (ENSO and PDO), as
consistent with many previous studies (e.g., Wallace and Gutzler
1981). The correlations indicate an almost identical spatial pattern
for both spring and winter SSTs with very weak correlations over
the Atlantic and a cell of significant positive correlations over the
central North Pacific surrounded by a horseshoe pattern of
strongly negative correlations extending from the tropical Pacific
(especially the Niño-3.4 region) to the northern and eastern
Pacific and the western coast of the North America.
The RPC2 in MAM is further shown to be significantly
correlated to precipitation over the Southwest (Fig. 6d) and the
zonal thermodynamic advection downstream during MAM
(Fig. 6e), and with the JJA precipitation over the Great Plains
(Fig. 6f), possibly through the combined remote and local
land–atmospheric coupling discussed in section 3a. Overall,
these results suggest that during the cold season (from winter
to spring), the Pacific SST conditions that resemble the cool
phase of the PDO or the La Niña phase of the ENSO can lead
to a negative phase of PNA-like circulation pattern, which
favors a drier than normal spring over the Southwest and
summer over the Great Plains, consistent with previous statistical and modeling studies (Hu and Huang 2009; McCabe
et al. 2004; Schubert et al. 2009; Ting and Wang 1997).
Complete results for the top five REOF are listed in Fig. S7,
but none of them except the REOF2 mode is both associated
with Pacific SST forcing and related to the Southwest spring
precipitation.

Could the atmospheric circulation response to JJA Pacific
SSTA forcing explain the summer precipitation over the Great
Plains? Ciancarelli et al. (2014) identified the WPNA pattern
associated with Pacific SST forcing as the dominant mode for
precipitation variability over the central and northwestern
United States in early summer. To test if this ENSO-related
wave train circulation responses in early summer is responsible
for rainfall variation over the Great Plains, we first perform an
EOF analysis of the JJ Z500 (2-month mean) over the Pacific
and North American domain as discussed in section 2e. The
result of the second EOF (EOF2), which explains ;11% of the
Z500 variance, is shown in Fig. 7a. Complete results of the EOF
can be referred to Fig. S8. Here we only show the result for the
EOF2 because it is most similar to the WPNA pattern identified in Ciancarelli et al. (2014). It shows a very clear quasistationary Rossby wave train originating from the western
tropical Pacific (Fig. 7a). As expected, this ENSO-related circulation response pattern is significantly correlated to eastern
tropical Pacific SST in early summer (Fig. 7b). However, correlation between its PC2 and precipitation in JJ reveals that
this mode best explains the precipitation variability over the
northwestern United States (Fig. 7c), and correlation over the
northern part of the Great Plains is mostly less than 0.5, which
translates to less than 25% of explained variance. This precipitation predictability provided by the JJ PC2 (representing
WPNA pattern) is weaker that that provided by the previous
MAM RPC2 (representing PNA-like pattern; Fig. 7d), where
most of the Great Plains has the correlation up to 0.6 (36% of
explained variance). Could the evolution of the PNA-like circulation associated with RPC2 from MAM to JJ cause the
correlation between the lower tropospheric humidity and
thermodynamic zonal moisture transport, respectively, in
MAM and JJA rainfall over the Great Plains? We use the
correlation map between the MAM RPC2 and JJ Z500
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FIG. 7. Correlation maps between PC2 and (a) Z500 in JJ; (b) SST in JJ; (c) precipitation in JJ. (d) Correlation between RPC2 in MAM
from Fig. 7 and precipitation in JJ. All correlation coefficients are calculated for the period of 1992–2017. Grid points with correlation
significant at 0.05 level are marked with dots.

(Fig. S9) to represent such an evolution. This spatial pattern
does not resemble those of the five leading EOF patterns for
the JJ Z500 over the North Pacific–American–Atlantic sector,
except for the EOF2 (Fig. S8, left column). Despite some resemblance between this JJ Z500 spatial pattern related to the
MAM RPC2 (Fig. S9) and the WPNA (EOF2) pattern (Fig. 7a),
the low temporal correlation (;0.15) between MAM RPC2 and
JJ PC2 suggests that the WPNA in JJ is not evolved directly from
the PNA-like pattern in MAM. Thus, the evolution of the largescale circulation or the leading teleconnection patterns forced
by Pacific SSTA from MAM to JJ cannot explain the observed
temporal relationship between the lower tropospheric humidity
and thermodynamic zonal moisture transport, respectively, in
MAM and JJA rainfall over the Great Plains.
In summary, summer rainfall anomalies over the Great
Plains are more correlated to a PNA-like teleconnection pattern (RPC2, Fig. 6) in spring than to the WPNA pattern in early
summer (Fig. 7). Since the MAM PNA-like teleconnection is
not significantly correlated with the leading EOF patterns of
the JJ atmospheric circulation, the spring to summer evolution
of large-scale atmospheric circulation pattern, and the major
teleconnection patterns in summer such as WPNA pattern
cannot explain the temporal correlation between the lower
tropospheric humidity and thermodynamic zonal moisture
transport, respectively, in MAM and JJA rainfall over the
Great Plains. The latter seems to be best explained by the
combined remote and local land–atmospheric coupling mechanism, i.e., the PNA-like circulation forced by Pacific SSTA in
MAM induces anomalous rainfall and evapotranspiration over

the Southwest in spring, leading to anomalous zonal moisture
transport to the Great Plains. The latter, in turn, influences the
atmospheric moisture budget, rainfall and soil moisture during
May–June, during the onset of the summer rainy season
dominated by tropical-like thermodynamic driven deep convection. These anomalies can initiate a local positive land–
atmospheric feedbacks that can sustain and reinforce the
rainfall anomalies through the rest of the summer season.
Through such a chain of feedbacks, the rainfall anomalies over
the Southwest induced by the Pacific SSTA in spring serves as
a springboard for the cold season Pacific SSTA to influence
warm season rainfall over the Great Plains.

4. Conclusions and discussion
Drought over the U.S. Great Plains is mainly contributed by
its summer rainfall deficit. Our previous moisture budget analysis shows that the zonal advection dominates the moisture
convergence year round, and a large negative departure from its
climatology can lead to a strong precipitation deficit over the
Great Plains (Erfanian and Fu 2019). We further showed that,
for the 2011 and 2012 droughts over the Great Plains, a strong
sensitivity of zonal thermodynamic advection to the west–east
gradient of tropospheric moisture, facilitates a strong connection
between the summer precipitation over the Great Plains and the
atmospheric and land surface conditions over the upwind region,
the Southwest and Rockies, during the antecedent spring.
This work explores the influences of rainfall anomalies over
the Southwest and resulting changes of the zonal moisture
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FIG. 8. The schematic illustration of the role of the Southwest as a springboard that links
Pacific SST forcing in cold season to warm season precipitation anomalies over the Great Plains
through the combined remote and local land–atmospheric feedbacks.

transport to the Great Plains on predictability of the summer
rainfall anomalies over the Great Plains. Our correlation
analysis and regression modeling reveal that the spring
(MAM) zonal thermodynamic moisture advection anomaly in
the lower troposphere is the most important term influencing
the summer (JJA) precipitation over the Great Plains (Fig. 4),
and that this term alone can explain over 35% of the total
precipitation variance. This anomalous zonal moisture advection is mainly due to precipitation anomalies over the
Southwest in spring, as well as soil moisture memory from
winter to spring (Fig. 3). In contrast, the summer precipitation
over the Great Plains shows near zero correlation with that in
spring over the same region (Figs. 2c and 5c). While most of the
previous studies in the literature have emphasized the local
influence of land–atmospheric interaction on drought memory,
our results suggests that the nonlocal land–atmospheric feedbacks are more important in determining the potential predictability of the summer precipitation over the Great Plains
than are the local land–atmospheric feedbacks.

Our REOF analysis for Z500 shows that the variability of the
Southwest rainfall and the zonal gradient of the tropospheric
moisture between Southwest and the Great Plains in spring are
correlated to the RPC2 time series of the REOF2 mode
(Figs. 6d,e), a PNA-like teleconnection pattern (Fig. 6a), which is
likely forced by anomalous cold season Pacific SST (Figs. 6b,c).
Additionally, our analysis suggests that this PNA-like pattern in
spring forced by Pacific SSTA (Figs. 6f and 7d), and resultant
changes of the Southwest precipitation and the zonal thermodynamic moisture advection to the Great Plains in spring (Fig. 4c)
explain a higher percentage of summer rainfall variance over the
Great Plains than does a WPNA-like wave train in the early
summer (Fig. 7c). This stronger influence of the spring teleconnection pattern on summer rainfall is a result of the remote land
surface feedback mechanism identified in this study, especially
through the influences of rainfall and evapotranspiration anomalies
over the Southwest on moisture transport to the Great Plains.
Figure 8 provides a schematic illustration of how spring
dryness over the Southwest serves as a springboard to connect
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Pacific SST influences in winter and spring to the summer
drought over the Great Plains: La Niña–like cold SST anomalies in winter and spring induce a negative phase PNA-like
teleconnection pattern that results in rainfall deficits over the
Southwest, which in turn change the moisture gradient between the Southwest and Great Plains in the lower troposphere, leading to anomalously dry zonal thermodynamic
moisture advection in spring. This springtime zonal advection
further influences the Great Plains precipitation in summer via
the mechanism documented in Erfanian and Fu (2019). Thus,
the time-lagged response of the Great Plains precipitation to
that over the Southwest links the Great Plains summer precipitation to large-scale oceanic and atmospheric drivers in
winter and spring. This mechanism could serve as a potential
source for seasonal predictability of precipitation and so
onset of extremely wet/dry summers over the Great Plains.
Furthermore, given that future projections of global climate
models indicate a more robust signal of intensified droughts
over the Southwest as compared to the Great Plains (Cook
et al. 2015; Feng et al. 2017; Hoerling et al. 2012; Ting et al.
2018), the relationship between the Southwest and Great
Plains precipitation identified in this study implies an increased
drought risk in summer for the Great Plains. At the very least,
this mechanism will facilitate a better understanding of the
outlook for Great Plains hydrologic extremes under future
climate change scenarios.
Clearly, there are still uncertainties and unanswered open
questions that require further investigation. For instance, this
study, as well as Erfanian and Fu (2019), both show a strong
connection between zonal moisture advection in spring and
precipitation in summer over the Great Plains. We explained
this interseasonal linkage via the influence of zonal moisture
advection on the lower tropospheric humidity and convection
entrainment, and the positive land surface feedback between
precipitation and soil moisture. However, concrete evidence
for validating this hypothesis is still absent and would require
an analysis such as a moisture tracking model (e.g., Dominguez
et al. 2006; Martinez and Dominguez 2014) to determine the
source of Great Plains summer precipitation and more detailed
process studies on the subseasonal scale to clarify the interaction between moisture transport, humidity profile, convection
entrainment, surface soil moisture, and large-scale circulation.
Additionally, as pointed out in section 2, there are abrupt
changes in the SSM/I observations and the retrieval of total
column water vapor in 1992, so only 26 seasonal samples
(1992–2017) are used for most of our correlation and regression
analysis. Therefore, caution is needed when interpreting the
statistics from a regression analysis. Further research to verify
the robustness of our conclusions across this study would require analyses using different reanalysis products over a longer
time period.
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