
Space–Time Variability of Summer Hydroclimate in the U.S. Prairie Pothole Region

BENJAMIN D. ABEL,a BALAJI RAJAGOPALAN,a,b AND ANDREA J. RAYc

a Department of Civil, Environmental, and Architectural Engineering, University of Colorado Boulder, Boulder, Colorado
b Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, Boulder, Colorado

c Physical Sciences Laboratory, National Oceanic and Atmospheric Administration, Boulder, Colorado

(Manuscript received 9 February 2021, in final form 18 December 2021)

ABSTRACT: The Prairie Pothole Region (PPR) experiences considerable space–time variability in temperature and pre-
cipitation, and this variability is expected to increase. The PPR is sensitive to this variability—it plays a large role in the
water availability of the region. Thousands of wetlands in the region, sometimes containing ponds, provide habitats and
breeding grounds for various species. Many wildlife management decisions are planned and executed on subseasonal-to-
seasonal time scales and would benefit from knowledge of seasonal conditions at longer lead times. Therefore, it is impor-
tant to understand potential driving mechanisms and teleconnections behind space–time climate variability in the PPR.
We performed principal component analysis on summer precipitation of the southeastern PPR (SEPPR) to determine the
leading principal components (PCs) of variability. These PCs were used to establish teleconnections to large-scale climate
variables and indices. They were also used to determine potential mechanisms driving the precipitation variability. There
were teleconnections to Pacific and Atlantic Ocean sea surface temperatures (SST) resembling the Pacific decadal oscilla-
tion and El Niño–Southern Oscillation, low 500-hPa heights over the western United States, and the Palmer drought sever-
ity index over the SEPPR. A large-scale low pressure region over the northwestern United States and a pattern like the
Great Plains low-level jet, observed in the 500- and 850-hPa heights and winds, are a potential mechanism of the precipita-
tion variability by increasing precipitation during wet PC1 years. These findings can inform management actions to main-
tain and restore wildlife habitat and the resources used for those actions in the PPR.

KEYWORDS: Precipitation; Summer/warm season; Empirical orthogonal functions; Principal components analysis;
Climate variability

1. Introduction

The Prairie Pothole Region (PPR) encompasses nearly
800 000 km2 in the United States and Canada (Smith et al.
1964) and is the largest wetland complex in North America
(van der Valk 2005) with over 2.5 million ponds (Dahl 2014),
also known as potholes. The ponds range in permanence from
ephemeral to persistent. Over 50% of the North American
duck population breeds in this important habitat during
spring and early summer (Batt et al. 1989). Waterfowl and
other species depend on these wetlands to survive (Dyke et al.
2015; Steen et al. 2014; Balas et al. 2012; Batt et al. 1989;
Kantrud et al. 1989). These ponds also provide floodwater
storage (Gleason et al. 2011; Gleason and Tangen 2008).

Two of the most significant threats to the PPR’s wetlands
are 1) climate variability and change and 2) agricultural land-
use and land-cover change. Land cover/land use and climate
are inherently linked—change in land cover/land use can

influence changes in climate and vice versa (Sleeter et al.
2018). In the last half century, agricultural land use in the
PPR has shifted. In the 1980s, there was a large swing toward
restoring natural landscape from agriculture after the Conser-
vation Reserve Program was established. In the 2000s, natural
landscapes have again decreased, attributed to expansion of
agriculture (Sleeter et al. 2018), especially corn, oil and gas
development, and draining of wetlands for agricultural land
(Yocum and Ray 2019). Increased irrigation can cause a
reduction in surface air temperature in its vicinity (Diffen-
baugh 2009; Lobell et al. 2009; Sacks et al. 2009). Increases in
precipitation downwind of largely irrigated croplands has also
been observed (DeAngelis et al. 2010). Therefore, land-cover
changes can affect the climate signal and also the climate vari-
ability over a region depending on how widespread the
changes are.

Previous studies accentuate the importance and potential
impact of these threats (McKenna et al. 2017; McCauley et al.
2015; Anteau et al. 2016). These threats impact managers’
decisions on various conservation strategies to maintain and
improve habitat. These strategies are intended to maximize
waterfowl nesting success and are timed to avoid adversely
affecting migratory birds (U.S. Fish and Wildlife Service
2015). Many plans are developed and decisions are made
early in the year, such as habitat restoration and revegetation,
and would take advantage of knowledge of seasonal variabil-
ity. Resource managers in the region are aware that subseaso-
nal to seasonal climate information is important in their
planning and decision-making on this time scale (Yocum and
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Ray 2019). Examples include predicting wildlife numbers for
hunting quotas, informing decisions about prescribed burning,
and taking actions to manage invasive plant species. However,
they report that climate information at this time scale is lim-
ited or does not meet their needs to support these and other
decisions (Yocum and Ray 2019).

In the PPR, temperature and precipitation vary widely spa-
tially and temporally (Mushet 2016; Millett et al. 2009; John-
son et al. 2004; Rosenberry 2003). Its midcontinent location
exposes it to air masses of a wide variety of temperature and
moisture content. In the summer, competing continental
polar, maritime polar, and maritime tropical air masses con-
tribute to this variability (Bryson and Hare 1974; Brunnsch-
weiler 1952). A stark example of variability occurred in the
early 2010s when the Missouri River basin flooded in 2011
and then experienced drought in the following year (Conant
et al. 2018). Historical climate analysis and model projections
show the prairie wetlands are sensitive to climate variability
(Johnson and Poiani 2016; Johnson et al. 2010, 2005, others);
these varying annual weather conditions partially determine
water availability in the region (Hayashi et al. 2016; LaBaugh
et al. 2016; Liu and Schwartz 2012) and occurrence and extent
of the ponds (Huang et al. 2011; Sorenson et al. 1998).

There have been some notable changes in the historical
PPR climate since 1900. Millett et al. (2009) found that while
annual temperatures and precipitation have generally
increased, there are more nuanced spatial and temporal
changes. The minimum daily temperature has warmed while
the maximum has cooled. The prominent east–west precipita-
tion gradient (see Millett et al. 2009, their Fig. 3) steepened,
with the west receiving less annual rainfall and the east receiv-
ing more. Seasonally, the precipitation increase happened
mostly during winter, spring, and autumn (Ballard et al.
2014). Winter temperatures warmed after the 1980s, and
spring temperatures warmed until the 1980s before starting to
cool. The summers in the early twentieth century were slightly
cooler. Thus, to inform management, it is important to under-
stand and predict the temporal and spatial temperature and
precipitation variability because of the roles they play in
determining regional water availability and thus the availabil-
ity of wetland habitat.

There is a body of literature examining summer climate
variability and its teleconnections in the Great Plains (Ting
and Wang 1997; Ruiz-Barradas and Nigam 2005; Capotondi
and Alexander 2010; Flanagan et al. 2018, 2019; and others),
of which the southeastern PPR is a part, although these stud-
ies do not focus specifically on the southeastern PPR. Studies
of climate and pond variability focused on the PPR have tar-
geted climate change impacts (e.g., Niemuth et al. 2010; Sor-
enson et al. 1998; Larson 1995). Larson (1995) examined
pond-count variability accountable to precipitation and tem-
perature. Sorenson et al. (1998) found a strong correlation
between pond counts and Palmer drought severity index
(PDSI). Wet area of about 40 000 wetland basins sampled in
May from 1988 to 2007 were assessed spatially and temporally
in the U.S. PPR by Niemuth et al. (2010) identifying high vari-
ability in wetness. A study focused on the PPR in Canada
analyzed the variability of drought and wet seasons

(May–August) to establish large-scale connections and mech-
anisms (Shabbar et al. 2011). However, similar analysis has
not been performed on the southeastern PPR—the portion of
the PPR in the United States. These studies do not provide
information for predictions in the near term.

To understand climate variability of the PPR, it is impor-
tant to understand its potential driving mechanisms and large-
scale teleconnections. We address this need by employing a
novel method to connect the summer precipitation variability
in the southeastern PPR to large-scale teleconnections and
potential driving mechanisms thereby identifying them. We
focus on climate variability on a subseasonal-to-seasonal scale
due to its influence on management decisions and potential
for predictability (Yocum and Ray 2019; White et al. 2017).
Further, our analysis overlaps with the time period and
regions used in the U.S. Fish and Wildlife Service Waterfowl
Breeding Population and Habitat Survey, allowing our results
to assist PPR managers because they frequently use the sur-
vey data to assist in developing conservation strategies. The
results of our analysis can ultimately inform predictive studies
as has already been done in Abel et al. (2020).

We chose summer rainfall because it contributes approxi-
mately half of the annual precipitation in the southeastern
PPR (Vecchia 2008; Rosenberry 2003). Our own analysis cor-
roborates this (see section 4). This rainfall sustains existing
wetlands and therefore waterfowl nesting habitat. Ponds
receive their major inflows from snowmelt, which has contrib-
uted almost 90% of surface runoff in some years (LaBaugh
et al. 2018; Pomeroy et al. 1998), and summer precipitation
(Winter 2000), mainly due to the low hydraulic conductivity
of the glacial deposits that make up the bulk of the top layers
of soil (Hayashi et al. 2016). Even a small increase in annual
precipitation can result in a large increase in water to wet-
lands (Hayashi et al. 2016). In one representative wetland,
pond depth sharply increased during snowmelt season fol-
lowed by a period of sustained depth due to summer precipi-
tation (Hayashi et al. 2016). The highest amount of
evapotranspiration in the southeastern PPR occurs during the
summer, and without ample summer precipitation, a loss of
flooded wetland habitat can occur. This loss reduces renesting
propensity and brood survival (Howerter et al. 2014).

We begin by describing the study region and the datasets
used. We then discuss the novel methods used in our analysis.
The results discuss some observations about southeastern
PPR precipitation then describe large-scale climate telecon-
nections and potential mechanisms driving summer precipita-
tion variability. Last, we discuss the meaning and context of
these novel results.

2. Study region and data

This study focuses on the southeastern PPR located within
the United States (SEPPR; Fig. 1). Twenty-two climate divi-
sions were chosen to represent the SEPPR because they were
spatially coincident (Fig. 1). Temporally concurrent and spa-
tially conterminous data were retrieved from various sources
for this study, and these datasets are summarized in Table 1.
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We retrieved monthly precipitation data spatially averaged
by climate division (CD), gridded sea surface temperature
anomaly data (SST), gridded 500-hPa height anomaly data,
and PDSI. For these analyses, June–September (herein,
“summer”; JJAS) is used for summer seasonal averages for
all data. September is included because it is part of the peak
months of precipitation in the SEPPR (more discussion on
this is in section 4).

Data to plot composite maps of summer averages of 500-
and 850-hPa heights/winds, SST, and PDSI anomalies for
specific years were generated by the National Oceanic and
Atmospheric Administration’s (NOAA) Physical Sciences
Laboratory (PSL) Interactive Climate Analysis plotting tool
using the NCEP–NCAR reanalysis and other datasets. The
climatology used for these composite maps was 1981–2010.

3. Methods

a. Principal component analysis of summer precipitation

Principal component analysis (PCA), sometimes referred
to as empirical orthogonal function (EOF) analysis when per-
formed on meteorological data (Jolliffe and Cadima 2016),
finds vectors [principal components (PCs)] through a multi-
variate (e.g., n observations of p variables) dataset that collec-
tively explains the total variance within the dataset (von
Storch 1999; Jolliffe 2002). The vectors are linear functions of
the original variables and are orthogonal to one another. The
method of locating vectors is such that the PCs are arranged
from highest (the first PC) to lowest (the last PC) variance
explained—the first PC is the linear function explaining the
maximum possible variance, the second PC is the linear func-
tion explaining the maximum possible variance with the
restraint of being orthogonal to the first PC, and so on. The
amount of variance explained by each PC is contained in
the eigenvalues and can be visualized by a scree plot (Cattell

1966; Fig. S1 in the online supplemental material). There are
the same number of PCs as there are variables in the original
data. PCA is, therefore, a dimension-reducing technique
because a subset of PCs that explain a user-defined amount of
variance can be used for analysis purposes. There are numer-
ous methods to choose the number of PCs to retain for analy-
sis, but it is ultimately a subjective choice that is dictated by
the data and purpose of analysis. Further, when using PCA
on data with temporal and spatial components, such as daily
precipitation at various weather stations, the resulting PCs
retain these attributes allowing for temporal and spatial analy-
sis via PC scores and eigenvectors, respectively.

PCA was performed on the CD precipitation data averaged
temporally by summer—a multivariate dataset consisting
of 123 years of summer precipitation observations for
22 CDs. From the resulting 22 PCs, we chose the top two for
analysis. More discussion of our decision to use two PCs is in
section 4b, as well as in the online supplemental material:
“PCA of summer average precipitation—Scree plot” section
and Fig. S1.

Signs on PC scores are arbitrary in relation to the original
data (in our case the precipitation data). To determine how
the PC’s temporal trend relates to the original data, the corre-
lation between the two can be calculated. A positive correla-
tion indicates the trend of the PC is the same as the original
data, whereas a negative correlation indicates the opposite. In
our case, there was a positive correlation between PC1 and
the precipitation data, meaning that the highest PC scores are
each high-precipitation (wet) years; the lowest PC scores are
each low-precipitation (dry) years. The trend of the precipita-
tion data is therefore the same as the PC’s temporal trend.

b. Using PCA to find teleconnections to large-scale
climate and potential mechanisms driving variability

Teleconnections to large-scale climate and potential mecha-
nisms driving variability were determined using results from
PCA. PC1 and PC2 scores were correlated with each grid
point native to the SST anomalies, 500-hPa height anomalies,
and PDSI data to generate correlation maps. The locations
with highest-magnitude correlation represent regions with a
statistical, and therefore most likely a physical, connection
between precipitation variability and the correlated climate
variable. We also performed a regression analysis in a similar
manner (linear model fitted at each grid point) and verified
that regions with significant regression coefficients (at 95%)
coincide with the high-magnitude correlations. Plots of these
results can be seen in Figs. S2 and S3 of the online supplemental
material.

We chose to correlate PC scores with the aforementioned
variables to represent primary subsystems of the Earth sys-
tem—the lithosphere via PDSI, the atmosphere via 500- and
850-hPa heights and winds, and the hydrosphere via SSTs.
Although PDSI uses temperature and, more notably, precipi-
tation information in its calculation, we use it as a surrogate
for land because soil moisture data are lacking, both tempo-
rally and spatially (Quiring et al. 2016). In addition, PDSI is

FIG. 1. Map of the north-central United States showing the
SEPPR (in blue) and the U.S. CDs (thick outlines) used in this
study. The inset shows the location of the SEPPR within North
America.
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widely used, and therefore land-use managers and other
stakeholders in the SEPPR are familiar with it.

Potential mechanisms of variability were determined using
extreme values (i.e., years) of PC1 and PC2 scores. Using
quantiles, the years with the highest (.0.85 quantile) and low-
est (,0.15 quantile) values in the PC time series (1895–2017)
were determined, resulting in four subsets of 19 years. Table 2
shows the high and low years for both PCs. Recall that high
PC scores correspond to wet years and low PC values corre-
spond to dry years. Composite fields of 500- and 850-hPa
height and wind anomalies, SSTs anomalies, and PDSI anom-
alies were then generated using PSL’s Interactive Climate
Analysis plotting tool for the wet (high PC) and dry (low PC)
years. Note that the years used in the composites were
restricted by the years available in the datasets (see Table 1).
The composite maps for PC1 were then used to identify
potential mechanisms responsible for precipitation variability.
Composite maps for PC2 did not uncover new potential
mechanisms, so they are left to the online supplemental
material: Figs. S4 and S5. Composite fields of precipitable

water anomalies and soil moisture anomalies were also plot-
ted for PC1 and discussed (see the online supplemental
material “Potential mechanisms driving variability—precipit-
able water and soil moisture” section and Figs. S6 and S7).

4. Results

a. Summer precipitation in the SEPPR

Before we examine PCA of summer precipitation, we make
some observations of the CD precipitation (spatially averaged
by CD and temporally averaged by month). In examining the
monthly climatology using the most recent 30-year period
(1981–2010), it is seen that there is a clear seasonal cycle for
the SEPPR precipitation, with the maximum in June (Fig. 2,
black line). Rosenberry (2003) also found that June was his-
torically the wettest month at the Cottonwood Lake area in
North Dakota. The 22 CDs (Fig. 2, gray lines) generally fol-
low this trend, although some CDs receive higher precipita-
tion in August than in July. The summer wet period extends

TABLE 1. Datasets used in this study.

Variable(s) Dataset description Spatial resolution
Years

available
Months
covered

Precipitation analysis and PCA
Precipitation NOAA National Centers for

Environmental Information
(NCEI) nClimDiv (Vose et al.
2014); derived from
observations

U.S. CDs 1895–2017 All

Correlation maps
SST anomalies Kaplan et al. (1998) and Reynolds

and Smith (1994) from the
International Research Institute
(IRI) Data Library; derived
from observations

58 3 58 grid;
87.58S–87.58N,
27.58–22.58E

1896–2017 JJAS

500-hPa height
anomalies

NOAA Climate Data Assimilation
System I (CDAS-1; Kalnay
et al. 1996) from IRI Data
Library; reanalysis data

2.58 3 2.58 grid;
908N–908S, 0–2.58W

1949–2017 JJAS

PDSI Self-calibrated PDSI (Dai et al.
2004) from NOAA/PSL Climate
Data Repository; derived from
observations

2.58 3 2.58 grid;
58.758S–76.258N,
178.758W–178.758E

1850–2014a JJAS

Composite maps
500- and 850-hPa

heights/winds
NCEP–NCAR reanalysis monthly

means and other derived
variables (Kalnay et al. 1996)
from NOAA/PSL analysis and
plotting tools; reanalysis data

2.58 3 2.58 grid;
908N–908S, 08–357.58E

1948–2017 JJAS

SST NOAA Extended Reconstructed
SST V5 (Huang et al. 2017)
from NOAA/PSL analysis and
plotting tools; reanalysis data

2.08 3 2.08 grid;
88.08N–88.08S,
0.08–358.08E

1854–2020 JJAS

PDSI PDSI (Dai et al. 2004) from
NOAA/PSL analysis and
plotting tools; derived from
observations

2.58 3 2.58 grid;
58.758S–76.258N,
178.758W–178.758E

1870–2005 JJAS

a Data to 2014 were available at publication.
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into September (Fig. 2), so we include September in our anal-
ysis of summer precipitation.

In general, over one-half of the precipitation within the
SEPPR occurs during summer. During the period 1896–2017,
summer precipitation in CDs ranged from 49.5% to 57.4% of
the annual total (Fig. 3). This is why we chose to analyze the
summer season.

b. PCA of summer average precipitation

The first two PCs explain 66.1% of summer precipitation
variance (recall that this is derived from their eigenvalues),
with the first explaining 54.3% and second explaining 11.8%.
Having this much variance explained in the first PC is uncom-
mon for precipitation because of its innate variability. We
acknowledge that some of the natural variability in the

precipitation data may be averaged out by using the spatially
averaged CD data and by temporally averaging over the sum-
mer. However, we used CD data because they have a long
period of record and are well quality controlled. Also, the
SEPPR is generally flat, so using the spatially averaged CDs is
appropriate. It is common practice to examine the first two or
three PCs in climate analysis because it is usually difficult to
determine physical connections beyond these PCs. This was
true for our analysis, as PC3 (not shown) explained only 7.8%
of the variance and did not show significant patterns or corre-
lations. Thus, the first two PCs were used for analysis in this
study.

Spatial loading (eigenvectors) and temporal PC scores of
the first two PCs are shown in Fig. 4. Spatially, PC1 (Fig. 4a)
displays a homogenous sign (all positive) with a small range
of loadings (approximately from 0.16 to 0.23). This indicates a
spatially homogeneous correlation between the wet or events
across the SEPPR, as well as the dry ones. The second PC
(Fig. 4b), however, has a distinct north–south dipole in its spa-
tial loadings, indicating a heterogeneous correlation between
the north and south SEPPR. Temporally, PC1 (Fig. 4c) shows
a positive linear trend that is significant on a level of p 5

0.086 using the Cox and Stuart trend test (Cox and Stuart
1955). The trend in PC2 (Fig. 4d) is not significant.

c. Large-scale climate teleconnections

Maps of the correlation between the first two PC scores
(Figs. 4c and d) and concurrent summer SST anomalies, 500-
hPa height anomalies, and PDSI values are shown in Figs. 5
and 6. PC1 shows highest correlation (magnitude about 0.4)
to Atlantic Ocean SSTs and a smaller correlation (magnitude
of ∼0.2) to northern Pacific SSTs; there is a dipole in correla-
tion values in both regions (Fig. 5a). The equatorial Pacific
correlations resemble an El Niño–Southern Oscillation
(ENSO) pattern, albeit the correlations are weak for the
waters extending west from South America’s coast. PC1
shows highest correlation (magnitude of ∼0.3) with 500-hPa

TABLE 2. Wet and dry years determined from PC1 and PC2
scores used to generate summer composites.

PC1 PC2

Wet Dry Wet Dry

1900 1898 1902 1904
1901 1910 1906 1912
1905 1917 1908 1916
1914 1922 1915 1927
1915 1929 1917 1928
1928 1930 1919 1931
1941 1931 1923 1935
1944 1933 1929 1937
1957 1934 1933 1941
1962 1936 1934 1947
1965 1958 1951 1954
1968 1967 1960 1964
1977 1970 1967 1971
1986 1974 1979 1975
1993 1976 1984 1980
2005 1988 1992 1991
2010 1989 2006 2000
2014 2003 2010 2002
2016 2012 2015 2012

FIG. 2. Climatology (1981–2010) of the monthly precipitation for
the SEPPR. Gray lines represent the 22 CDs chosen to represent
the SEPPR. The black line is the SEPPR spatial average.

FIG. 3. Summer (JJAS) precipitation as a percentage of annual pre-
cipitation, by CD.
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heights over the northwestern United States, Siberia, and the
western Pacific Ocean (Fig. 5b). The highest correlation (mag-
nitude between 0.4 and 0.6) between PC1 and PDSI is in the
SEPPR (Fig. 5c). Positive correlations between PC1 and
PDSI cover the United States west of the Appalachian Moun-
tains (Fig. 5c). PC2 correlates most (magnitude between 0.1
and 0.4) with northern Pacific SSTs (Fig. 6a), Arctic 500-hPa
heights (Fig. 6b), and central United States PDSI (Fig. 6c).

d. Potential mechanisms driving variability

Extreme wet and dry years (determined from extremes
of PC1 scores) provide potential driving mechanisms as seen
in Figs. 7 and 8 . The geopotential height and wind wet-
year composites for PC1 (Figs. 7a and c) show an anomalous
500-hPa low over the northwestern United States and south-
central Canada. An anomalous low with associated anoma-
lous cyclonic (counterclockwise) winds (Fig. 7a) provides
moisture and a lifting mechanism conducive for the develop-
ment of thunderstorms. Composites of 850-hPa heights for
PC1’s wet years show anomalous low heights slightly east
and south of the 500-hPa low (Fig. 7c). The 850-hPa winds
(Fig. 7c) show a pattern like the Great Plains low-level jet
(GPLLJ). The GPLLJ is a region of low-level, southerly flow
from the Gulf of Mexico that brings moisture northward over
the Midwest to the central United States (Cook et al. 2008).
For the dry years (Figs. 7b and c), the 500-hPa patterns are
nearly mirror images of the wet years. There are anomalous
high 500-hPa heights with associated anomalous anticyclonic

(clockwise) winds in nearly the same location as the low and
cyclonic winds from the wet years (Fig. 7b). In contrast, the
850-hPa heights and winds show an asymmetrical pattern.
The 850-hPa heights for the dry years have a small high over
the SEPPR, one that is much smaller in size and magnitude
than the low seen in the wet years (Fig. 7d). Wind anomalies
at the 850-hPa level are weak with no predominant pattern
(Fig. 7d).

There are two regions of anomalous SSTs during the wet
years (Fig. 8a). The first is a sandwich pattern (low or high
values with the opposite immediately north and south) in the
North Atlantic Ocean, and the second is a pattern resembling
the Pacific decadal oscillation (PDO) in the northern Pacific
Ocean (Fig. 8a), both similar to the one seen in Fig. 5a. For
the dry years (Fig. 8b), there is no sandwich pattern in the
Atlantic Ocean SSTs (as seen in Fig. 8a). Most prominently,
there are negative SST anomalies in the equatorial Pacific
reminiscent of an ENSO pattern (La Niña, since they are neg-
ative anomalies) for these dry years, indicating a connection
to ENSO cycles (Fig. 8b).

There are anomalously high PDSI values (positive PDSI
values indicate wet conditions) in the SEPPR and south
and southwest of the SEPPR (Fig. 8c). Note that some of
the region with anomalously high PDSI values is coincident
with the highest values of PDSI correlation seen in Fig. 5c.
During the dry years, the PDSI values over the SEPPR are
a mirror image with them being negative (Fig. 8d). Nearly
all of the northern part of the United States (above

FIG. 4. Loadings (eigenvectors) and PC scores for PCA performed on CD-mean summer precipitation: spatial distributions of the eigen-
vectors for (a) PC1 and (b) PC2 and time series of (c) PC1 and (d) PC2 scores.
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408N) has negative PDSI anomalies during the dry years
(Fig. 8d).

5. Summary and discussion

Summer precipitation in the SEPPR is one of two major
water sources for wetland and pond habitat for waterfowl and
other species. Summer precipitation variability, therefore,
contributes to habitat availability in the SEPPR. With our
analysis of the summer precipitation variability in the SEPPR,
this study has identified large-scale teleconnections via SST,
500-hPa heights, and PDSI, and potential driving mechanisms
via 500- and 850-hPa heights and winds and PDSI. Our results
show a coupling between land (PDSI), atmosphere (500- and
850-hPa heights and winds), and oceans (SST) that potentially

drives climate variability in the SEPPR. Couplings such as
these provide predictability. This coupling is exploited in
Abel et al. (2020), which uses canonical correlation analysis to
predict regional pond counts from some of these large-scale
variables.

The first PC from our PCA on summer precipitation in the
SEPPR showed homogeneity in spatial loadings; they are all
the same sign and similar in magnitude. This means one or
more common physical mechanism(s) is causing the variabil-
ity. One possibility is storm systems associated with large-
scale patterns (such as the 500-hPa lows seen in our analysis)
that bring precipitation to the entire region. These large-scale
patterns could bring thunderstorms or squall lines to the
entire region over the course of the summer. Conversely, PC2
showed a north–south dipole—the north SEPPR has positive
spatial loadings, and the south SEPPR has negative loadings.
This might be explained by a storm track that shifts precipita-
tion from the northern part of the region to the southern part

FIG. 5. PC1 correlation with JJAS (a) SST anomalies, (b) 500-
hPa heights, and (c) PDSI. Positive contours are dashed lines, nega-
tive contours are dot–dashed lines, and the 0 contour is a solid line.
The contour interval is 0.1.

FIG. 6. As in Fig. 5, but for PC2.
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of the region or from the southern part to the northern part,
leading to inhomogeneous variability. The predominant jet
stream location during the summer months influences the
storm track, which in turn produces more precipitation in the
northern part and less precipitation in the southern part of
the region. Liu et al. (1998) show that the location of the jet
stream can be impacted by SSTs. Further, precipitation in the
Great Plains (southern and northern) is linked to the location
of the jet stream, which is tied to an anomalously negative
North Atlantic Oscillation (NAO; Pu et al. 2016). Therefore,
it is plausible that the precipitation variability is all tied
together via SSTs and its impact on the jet stream. Another
possibility is moisture and precipitation brought to the south-
ern part of the SEPPR by the GPLLJ, but not to the north.
Pu et al. (2016) found that moisture is moved northward from
the southern Great Plains by an intensified GPLLJ; this would
also potentially explain the dipole seen in the PC2 spatial
loadings. If precipitation (and its associated variability) is
brought only to the southern SEPPR, this would cause the
inhomogeneous variability signals in the northern and south-
ern SEPPR seen in PC2.

Commonly, the trend of the data (in this case the climate
change trend) is captured in the first (or sometimes second)
PC. We notice a statistically significant trend in PC1 and no
trend in PC2. The PC1 climate trend may be one explanation

of the homogeneity seen in PC1 loadings but is not large
enough in magnitude to explain it entirely. This positive trend
agrees with the findings of Ballard et al. (2014) that summer
precipitation in the region has been increasing since around
1990.

Our analysis finds large-scale teleconnections to Pacific and
Atlantic SSTs with signatures resembling climate indices such
as PDO and ENSO. Shabbar et al. (2011) found connections
between precipitation and Pacific SSTs including signatures
resembling ENSO, but these results are for the Canadian
PPR. Other studies have found that precipitation variability
in the Great Plains has teleconnections to Pacific Ocean SSTs
(Ting and Wang 1997; Ruiz-Barradas and Nigam 2005; Hu
and Huang 2009; Capotondi and Alexander 2010), although
they do not focus on the PPR. However, it should be noted
that the Great Plains studies do not fully agree on where
in the Pacific Ocean the teleconnections exist. One only
noted connections to equatorial/tropical SSTs (Capotondi and
Alexander 2010) while others noted connections to both
equatorial/tropical and northern SSTs (Ting and Wang 1997;
Ruiz-Barradas and Nigam 2005; Hu and Huang 2009). There
have been studies that have not found a connection between
Great Plains wetness and SSTs (Seager and Hoerling 2014;
Flanagan et al. 2019), but these have been focused on a subset
of years. One of the noted studies found connections to North

FIG. 7. Summer composites of the (left) wet and (right) dry years of PC1 for (a),(b) 500- and (c),(d) 850-hPa heights and wind anomalies.
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Atlantic Ocean SSTs (Ruiz-Barradas and Nigam 2005),
whereas other studies have found connections to tropical
Atlantic SSTs (Schubert2004; Kushnir et al. 2010). With that
context, we believe the presence of the Pacific SST correla-
tions in both PCs indicate a possible connection to the PDO,
with the PC2 pattern being very reminiscent of that climate
index. The small correlation of PC1 to equatorial Pacific SST
resembles the pattern of ENSO. Connections to both these
indices were noted by Hu and Huang (2009), and Ting and
Wang (1997) noted the connection to ENSO. We provide fur-
ther evidence of connections to ENSO and PDO by perform-
ing a wavelet analysis (Torrence and Compo 1998) on PC1,
the summer-averaged Niño-4 index, and the summer-aver-
aged PDO index. This brief analysis is in the online
supplemental material in the “Wavelet analysis” section and
Figs. S8 and S9.

We also noticed large-scale teleconnections to northwest-
ern U.S. 500-hPa heights and PDSI in the SEPPR and central
United States. The 500-hPa-PC1 correlations displayed over
the northwest United States could bring moisture from the
Pacific Ocean into the SEPPR and enhance storm develop-
ment; this negative correlation indicates a connection to
anomalous low 500-hPa heights. The general north–south pat-
tern seen in the correlation between PC2 and 500-hPa heights
is indicative of the common north–south distribution of
heights in the atmosphere. The correlations between PC1 and

PDSI (from 0.4 to 0.6) indicate a connection between precipi-
tation variability and PDSI in the SEPPR. This is not unex-
pected because precipitation is used in the calculation of
PDSI. PC2 and PDSI correlate over the central United States
(from 0.2 to 0.4), indicating a potential teleconnection. The
correlations of both PCs with PDSI may also indicate a con-
nection to soil moisture since it is also a part of calculating
PDSI.

We posit that mechanisms driving the variability are anom-
alous 500-hPa heights and winds over the northwest United
States and Pacific and Atlantic SSTs. Anomalous 850-hPa
heights in the north-central United States also possibly impact
variability, and 850-hPa winds during wet years display a pat-
tern like the GPLLJ. La Niña potentially plays a role in this
variability, as seen in the dry years’ SST composite map—La
Niña years may experience decreased precipitation.

The posited mechanisms that cause variability can be con-
cluded based on our results from our wet and dry year analy-
sis. Large-scale lows and their associated cyclonic winds are a
major ingredient in thunderstorm generation—this is a likely
mechanism of variability based on the 500- and 850-hPa com-
posites. The associated wind patterns indicate two possible
sources for moisture in the region: the Pacific Ocean and the
Gulf of Mexico (via the GPLLJ). These two potential mecha-
nisms for bringing moisture to the region would provide
another major ingredient in thunderstorm generation. The

FIG. 8. As in Fig. 7, but for (a),(b) SST and (c),(d) PDSI anomalies.
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GPLLJ wind pattern could also indicate that large systems
such as tropical storms persist and move as far north as the
SEPPR. Conversely, large-scale high pressure systems and
anticyclonic winds would inhibit thunderstorm generation in
the region. The positive PDSI values that are observed in
and to the southwest of the SEPPR could be indicative of a
storm track from the southwest that produces thunderstorms
over the regions of positive PDSI values. The positive values
could also indicate a third possible moisture source—land—
because soil moisture is incorporated in the calculation of
PDSI. Negative PDSI values indicate conditions that would
cut off this storm track by depriving potential storms of
moisture.

We hypothesize that the teleconnections and posited mech-
anisms are physically linked to influence SEPPR summer pre-
cipitation variability. The teleconnections discovered by our
analysis physically modulate the GPLLJ to ultimately
increase/decrease precipitation in the SEPPR. Reasoning for
our hypothesis comes from findings of a link between the
summer GPLLJ and PDO/ENSO (Malloy and Kirtman 2020;
Krishnamurthy et al. 2015; Yu et al. 2017; Song et al. 2005),
and work linking large-scale, upper-level heights over the
Pacific and Atlantic Oceans (Weaver and Nigam 2008). The
GPLLJ has been found to be stronger and occur more fre-
quently during La Niña (Malloy and Kirtman 2020; Krishna-
murthy et al. 2015; Song et al. 2005) and cool phase of PDO
(Song et al. 2005). Malloy and Kirtman (2020) also found that
opposite SSTs in the tropical Pacific and North Atlantic result
in low-level circulation patterns that favor a stronger GPLLJ.
Ultimately, they conclude that a strengthened Caribbean
LLJ, negative Pacific–North American (PNA) teleconnection,
El Niño, and a negative Atlantic multidecadal oscillation are
potential predictors of a strengthened GPLLJ highlighting the
first two as the strongest candidates for improving monthly
forecasts (Malloy and Kirtman 2020). Weaver and Nigam
(2008) specifically identified the strengthening and expansion
of the GPLLJ core and a meridional shift of the GPLLJ as
being linked to large-scale height patterns and ENSO vari-
ability. Our results and these previous studies imply that SSTs
are modulating the GPLLJ, and if so, would ultimately
affect precipitation. One possible mechanism involved is the
strengthening and expansion of the GPLLJ core causing more
precipitation, as found in Weaver and Nigam (2008), along
with the strengthening of the GPLLJ due to increased soil
moisture (Li et al. 2016, 2017). The insights from our study
and previous results lead us to conclude that the SST telecon-
nections are physically strengthening or weakening the
GPLLJ by affecting its core strength. The GPLLJ is further
strengthened by the underlying soil moisture content. Taken
together, these processes modulate the precipitation in the
SEPPR.

A further importance of this work relates to projected cli-
mate changes in the region, including increased variability.
The region will have a higher occurrence of both droughts
and heat waves (Conant et al. 2018) superimposed over
increasing annual average temperature and precipitation
(Kunkel et al. 2013). In the SEPPR, rainfall in summer will
decrease but will increase in other seasons (Ballard et al.

2014; Kunkel et al. 2013). This will alter the balance of precip-
itation and evaporation (Ballard et al. 2014). Temperature,
although projected to increase in all seasons, will have the
greatest increase in winter and the smallest increase in spring
(Ballard et al. 2014).

Our findings contribute to understanding the climate vari-
ability in the SEPPR. This study is novel in the literature on
SEPPR precipitation, which lacks investigation into the driv-
ing mechanisms of the precipitation variability. Our results
reinforce using PDSI as a predictor as was done in two predic-
tive modeling studies. Huang et al. (2011) integrated PDSI
into a physical model and were able to skillfully simulate sur-
face area of ponds. Sorenson et al. (1998) observed that PDSI
correlated well with both pond and duck counts in May and
used it to make predictions on pond and duck counts for
future scenarios. Just as our results imply, Ballard et al. (2014)
noticed a weak relationship between pond and duck numbers
and La Niña events. Our findings corroborate these previous
studies but also provide the potential driving mechanisms and
teleconnections. Future work could evolve these findings into
predictive studies as in Abel et al. 2020. These findings thus
can ultimately inform management actions to maintain and
restore wildlife habitat and the resources used for those
actions in the PPR. Our results imply that these large-scale
teleconnections and potential mechanisms have predictive
utility for waterfowl habitat.
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