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Abstract We present a novel approach to characterize the spatiotemporal evolution of regional cooling
across the eastern United States (commonly called the U.S. warming hole), by defining a spatially explicit
boundary around the region of most persistent cooling. The warming hole emerges after a regime shift in
1958 where annual maximum (Tmax) and minimum (Tmin) temperatures decreased by 0.83°C and 0.46°C,
respectively. The annual warming hole consists of two distinct seasonal modes, one located in the
southeastern United States during winter and spring and the other in the midwestern United States during
summer and autumn. A correlation analysis indicates that the seasonal modes differ in causation. Winter
temperatures in the warming hole are significantly correlated with the Meridional Circulation Index, North
Atlantic Oscillation, and Pacific Decadal Oscillation. However, the variability of ocean-atmosphere circulation
modes is insufficient to explain the summer temperature patterns of the warming hole.

Plain Language Summary The U.S. “warming hole” is a region in the eastern United States
that experienced a broad decline in temperatures beginning in the late 1950s. The warming hole is
fundamentally different than global temperature trends, which have been rising since 1880. There are several
ideas as to why the warming hole exists, but most cannot fully explain the observed temperature patterns.
Interestingly, there is also disagreement about the location and timing of the warming hole, which may
add to the difficulty in diagnosing its cause. Here we analyze temperature patterns since 1901 and present a
new way to define the location of the warming hole, thereby clarifying much of the variance in location
described in previous studies. We find that temperatures in the warming hole are associated with changes in
climate indices over the Pacific and Atlantic Oceans, which are likely related to changes in the waviness of the
jet stream over the eastern United States. We find evidence that the jet stream exhibited a shift in the late
1950s coincident with the start of the warming hole, resulting in a greater tendency of northerly winds to
bring cool air to the southern United States.

1. Introduction

While the average global surface temperature increased by approximately 0.85 °C between 1880 and 2012
(Hartmann et al., 2013), the temperature in regions of the southeastern United States (U.S.) decreased by
roughly 0.5 °C during the second half of the twentieth century following a sharp decline in 1958 (Rogers,
2013). While many studies have examined this regional phenomenon, commonly referred to as the U.S.
“warming hole,” there is not a consensus on its causal mechanisms (Vose et al., 2017). In part, this is because
descriptions of the geographic location of the U.S. warming hole vary in the literature between the south-
eastern United States (Ellenburg et al., 2016; Misra et al., 2012), south-central United States (Mascioli et al.,
2017; Wang et al., 2009), and eastern Great Plains (Kunkel et al., 2006; Pan et al., 2004; Robinson et al.,
2002). Each region differs climatologically and is governed by different physical and atmospheric processes.
For example, temperature and precipitation in the central United States is strongly influenced by the Great
Plains low level jet (Helfand & Schubert, 1995), while the southeastern U.S. climate is sensitive to the
strength of the North Atlantic Oscillation (NAO) and the position of summer storm tracks (Folland et al.,
2009; Visbeck et al., 2001). Thus, identifying the position and extent of the warming hole is critical to under-
standing its causes.

The warming hole likely exists due to both variability in large-scale ocean and atmospheric patterns and
changes in external forcings (Mascioli et al., 2017; Meehl et al., 2015; Yu et al., 2014). Fluctuations in
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Pacific (Kunkel et al., 2006; Meehl et al., 2015, 2012) and Atlantic (Kumar, Merwade, et al., 2013; Mascioli
et al., 2017; Rogers, 2013) ocean-atmosphere circulation patterns, along with changes in external forcing
from changing land use (Ellenburg et al., 2016; Misra et al., 2012) and aerosol emissions (Leibensperger
et al., 2012; Mascioli et al., 2017; Yu et al., 2014), have been shown to contribute, at least partially, to the
warming hole. This includes indirect changes in temperature from precipitation (Portmann et al., 2009),
cloud cover (Robinson et al., 2002; Rogers, 2013; Yu et al., 2014), soil moisture (Pan et al., 2004), and
evapotranspiration, which directly affect temperature by altering both the radiative budget and latent heat
transport.

In this paper, we explore the spatiotemporal dynamics of the warming hole, delineate the position
and extent of the warming hole through tracking persistently cool temperature anomalies, and assess
the causal mechanisms of the newly delineated warming hole. In section 3.1, we discuss how tem-
perature anomalies in the United States have moved during the twentieth century. We then define
a spatially explicit boundary around the core of the warming hole and compare the temporal evolu-
tion of Tmin and Tmax inside and outside the delineated boundary. In section 3.2, we explore how the
position and onset of the warming hole differs between seasons and correlate seasonal temperature
time series with various oceanic and atmospheric patterns to examine causal mechanisms of the
warming hole.

2. Methods
2.1. Defining a Spatially Explicit Warming Hole

We define the position and extent of the warming hole annually and seasonally by contouring the spa-
tial density of persistently cool stations, defined as stations with average 5 year Tavg anomalies in the
bottom quartile for at least 6 of the 11 pentads (5 year periods) from 1961 to 2015 using a bivariate
kernel density estimation function (Botev et al., 2010). We select the 0.0035 contour line as the boundary
of the warming hole core. We locate the largest changepoint in each time series using MATLAB’s
“findchangepnts” command, which returns the year dividing the time series into two parts while mini-
mizing the sum residual error of each local mean (Killick et al., 2012). We then perform a two-sample t test
to determine the significance of the differences between the pre-changepoint and post-changepoint
values. Additional information regarding persistently cool stations and our spatial density analysis is in
Text S1.

2.2. Temperature Data and Climate Indices

Daily minimum (Tmin) and maximum (Tmax) temperature and precipitation data were acquired from the
Global Historical Climatology Network (GHCN) (Menne et al., 2012) archived at the National Climate Data
Center. We select only stations in the contiguous United States that have an 80% complete record from
1901 to 2015, resulting in 1,407 temperature stations and 1,722 precipitation stations. For each station,
we limit our analysis to years that are at least 80% complete. Tavg values are calculated by averaging
Tmax and Tmin values. Monthly, yearly, and seasonally averaged Tmin, Tmax, Tavg, and precipitation values
are calculated by averaging daily values. We calculate Tmin, Tmax, and Tavg anomalies for each of the
1,407 stations relative to the 1901–2015 baseline period. We repeated our analyses with fully homogenized
monthly values from the U.S. Historical Climate Network (Menne et al., 2009) to ensure that observed
patterns are not substantially altered by choice of data set. Results presented below are independent of
the temperature data set used.

We use monthly averaged values for the Interdecadal Pacific Oscillation, principal component-based NAO,
Atlantic Multidecadal Oscillation, Pacific Decadal Oscillation (PDO), Bivariate El Niño-Southern Oscillation
(Smith & Sardeshmukh, 2000), and the Pacific North American pattern (PNA). Indices were downloaded
from the National Oceanic and Atmospheric Administration (www.esrl.noaa.gov). Descriptions of each
index and specific data source are provided in Text S2. We use the equation proposed by Francis and
Vavrus (2015) to calculate a monthly averaged Meridional Circulation Index (MCI) over the region
28°N–43°N and 75°W–100°W, denoted as the “warming hole MCI” or MCIWH. Monthly zonal and meridio-
nal wind data from 1901 to 2014 were obtained from the 20th Century Reanalysis V2c product (Compo
et al., 2011).
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3. Results and Discussion
3.1. Spatiotemporal Evolution of the Warming Hole

Decadal Tavg anomalies for the United States from 1901 to 2015 (Figure 1) highlight the progression of below
average temperatures culminating in the warming hole. Using anomalies avoids the start and end year issues
inherent with a linear trend analysis (Frei et al., 2015; Huang et al., 2017; Mascioli et al., 2017). Given a long-
termwarming signal, we would expect the coolest anomalies to be in the earlier part of a station’s record with
recent decades dominated by warmer anomalies. The western United States broadly follows this warming
pattern apart from the anomalously warm Dust Bowl period (Figure 1d). To ensure that the warming hole
is not a remnant of the Dust Bowl (i.e., reduced temperatures after an exceedingly warm period), we repeat
the analysis after excluding data from 1936 to 1940 and find similar results; thus, we present results with
1936–1940 included.

The 1960smark the beginning of cooler than average temperatures in the eastern United States (Figure 1g). We
use this decade as our first approximation of the emergence of the warming hole and define the spatial extent
of the warming hole based on the spatiotemporal patterns of temperature from 1961 to 2015 (Figure S1). A
spatially explicit annual boundary is defined in Figure 2b by contouring the spatial density of the 155 persis-
tently cool stations identified in Figure 2a. The annual warming hole (Figure 2b) spans east to west from
Georgia to Arkansas and south to north from the Gulf coast to Ohio. Annual time series for stations inside
(124 stations) and outside (1,283 stations) the warming hole defined in Figure 2b are shown in Figures 2c
(Tmin) and 2d (Tmax). Inside the warming hole, we find a changepoint in 1958 where multidecadal average
Tmin and Tmax abruptly decrease (ΔTmin = 0.46 °C, p < 0.001; Δ Tmax = 0.83 °C, p < 0.001), consistent with the

Figure 1. Average decadal Tavg anomalies from 1901 to 2015. Station anomalies are relative to the 1901–2015 average.
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1958 regime shift in Tavg identified by Rogers (2013). Similarities between the smoothed times series inside and
outside thewarming hole partially result from our focus on the core of thewarming hole. The 1957 changepoint
for Tmax outside the warming hole is not significant (p > 0.05), and the 1986 changepoint in Tmin reflects a
significant increase (p < 0.01) in temperature. Delineating the annual warming hole with Tmax produces a
similar result to using Tavg. However, using Tmin shifts the position of the warming hole to the southeast.
The 1958 changepoint is independent of which temperature metric is used to delineate the warming hole.

3.2. Seasonal Modes and Causes of the Warming Hole(s)

We repeat our persistent station and kernel density analyses for each season (Figure 3). The emerging warm-
ing hole pattern can be distilled into two modes: a warming hole positioned over the southeastern United
States during the winter (December to February, DJF; n = 191) and spring (March to May, MAM; n = 111),
and a midwestern to central U.S. positioned warming hole during summer (June to August, JJA; n = 167)
and autumn (September to November, SON; n = 189). The intensity of the warming hole also varies through-
out the year with winter exhibiting the coolest 1961–2015 average anomalies (Figure 3a). Time series of
seasonal temperature in the warming hole(s) (Figure S2) indicate that 1957 changepoints in winter Tmin

and Tmax and 1958 changepoints in spring and summer Tmax contributed to the sharp decrease in annual
temperatures in 1958 (Figures 2c and 2d).

We correlate seasonal Tmax and Tmin inside and outside the warming hole with climate indices and GHCN pre-
cipitation data to explore potential causal mechanisms (Tables 1 and S1). Precipitation and temperature
within the warming hole are significantly correlated in all seasons, suggesting that temperature responds

a: Persistantly cool stations 1961-2015 b: Annual WH boundary, contour of spatial density

d: Annual Average Tc: Annual Average T

Figure 2. (a) Annual average 1961–2015 Tavg anomalies (colors) from the 1901–2015 baseline. Persistently cool stations (defined in methods) are shown as outlined
circles (n = 155). (b) Contoured kernel density estimation of persistently cool stations with annual warming hole core boundary defined by the 0.0035 contour (green
line). Stations inside the warming hole boundary are shown as outlined circles. (c) Annual average Tmin for stations inside the warming hole (n = 124), lowess
smoothed annual average inside the warming hole, and lowess smoothed annual average outside warming hole (n = 1283). Pre-changepoint and post-changepoint
multidecadal average temperature anomaly within the warming hole shown as horizontal lines with values corresponding with μ1 and μ2, respectively. (d) As in c but
for annual average Tmax.
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to changes in cloudiness, which is associated with precipitation (Dai et al., 1999; Portmann et al., 2009).
During winter when there is less incoming radiation, increased cloudiness absorbs outgoing longwave
radiation, suppressing nighttime radiation loss and increasing Tmin, as indicated by the positive
correlations between winter temperature and precipitation. In contrast, during summer when there is
abundant incoming shortwave radiation, increased cloud cover likely suppresses incoming radiation,
leading to cooler Tmax values (Schneider, 1972). Precipitation over much of the central United States has
increased in the last century (Walsh et al., 2014) consistent with the position of the summer warming hole,
suggesting a concurrent increase in cloudiness. Increased soil moisture, as a result of increasing precipitation,
and the corresponding enhanced evapotranspiration, has also been shown to suppress Tmax values dispro-
portionately to Tmin values (Meehl et al., 2016; Seneviratne et al., 2013).

a: DJF b: MAM

c: JJA d: SON

 Seasonal Warming Hole Boundary

Figure 3. Seasonal warming hole locations. As in Figure 2b, the kernel density of persistently cool stations is contoured and stations within the green 0.0035 contour
line are inside the warming hole and outlined in black. Note: DJF = December to February, MAM = March to May; JJA = June to August, SON = September to
November.

Table 1
1901–2015 Correlation Coefficients of Seasonal Tmin, Tmax, and Tavg in the Warming Hole With Ocean-Atmospheric Indices and Precipitation

IPO AMO ENSO NAO PDO MCIWH PNA PRCP

MAM Tmax �0.27 �0.02 �0.20 0.27a �0.19 0.12a �0.43 �0.22a

Tmin �0.17 0.01 �0.08 0.28a �0.23 0.29 �0.53 0.20
Tavg �0.15 0.17 �0.08 0.22a �0.05 0.07a �0.23 �0.26a

JJA Tmax �0.01 0.10a �0.07 0.18a �0.02 �0.23 0.08 �0.65a

Tmin �0.02a 0.34a �0.05 0.05 �0.02 �0.01 0.20 �0.19a

Tavg �0.02 0.20a �0.07 0.14 �0.02 �0.15 0.14 �0.51a

SON Tmax �0.26a 0.22a �0.21a 0.04 �0.30a �0.29a �0.01 �0.39a

Tmin 0.00 0.09a 0.02 0.03 �0.05 0.06 0.09 0.31a

Tavg �0.24a 0.33a �0.21a 0.05 �0.26a �0.21a 0.05 �0.30a

DJF Tmax �0.33 0.14 �0.20 0.48a �0.38 0.52 �0.50 0.34
Tmin �0.15a 0.16a �0.02a 0.45a �0.31 0.58 �0.46a 0.48
Tavg �0.33 0.24a �0.23 0.44a �0.35 0.46 �0.46 0.32

Note: PNA and MCIWH have values from 1901 to 2014.
The bold values indicate significance at 0.05; the bold and italics indicate significance at 0.01.
aSignificant correlation (p < 0.05) with outside the warming hole time series.
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Consistent with previous studies, we find significant correlations
between winter Tmin and Tmax (inside the warming hole) and the winter
PDO (Tmin: r = �0.31, p < 0.001; Tmax: r = �0.38, p < 0.001), and winter
NAO (Tmin: r = 0.45, p < 0.001; Tmax: r = 0.48, p < 0.001). During the
PDO’s positive phase, warm sea surface temperatures in the eastern
Pacific stimulate a midtropospheric meridional wave pattern over
North America (Newman et al., 2016) represented by the PNA telecon-
nection pattern (Leathers et al., 1991). The corresponding enhanced
ridge over the intermountain west and trough over the southeastern
United States has been shown to result in below average wintertime
temperatures within the warming hole region (Meehl et al., 2015;
Rogers, 2013), consistent with the negative PDO and PNA correlations
in Table 1. Although the 1958 decrease in temperatures does not coin-
cide with a major phase shift of the PDO, the wintertime PDO index
shifted abruptly, albeit briefly, into positive values from 1958 to 1961
within the overall 1947–1976 PDO negative phase (Figure S3), poten-
tially contributing to the abrupt warming hole onset in 1958. Neither
the wintertime PDO nor the PNA are significantly correlated with Tmin

or Tmax outside the warming hole.

The wintertime NAO has stronger annual, decadal, and multidecadal
correlations with wintertime Tmax in the warming hole than the PDO (Table 1), which is apparent in the time
series (Figure S4). During the negative NAO phase, the pressure gradient over the North Atlantic decreases,
leading to weakened westerly winds, an enhanced trough in the eastern United States resulting from below
average geopotential heights, and a greater probability of cold northerly air traveling southward (Hurrell,
1995; Hurrell & van Loon, 1997; van Loon & Rogers, 1978). The wintertime NAO is also significantly correlated
with winter Tmin and Tmax outside the warming hole (Tmin: r = �0.28, p < 0.01; Tmax: r = �0.37, p < 0.001;
Table S1), suggesting that the effect of the NAO is not limited to the warming hole region and is therefore
likely insufficient in explaining the emergence and persistence of the warming hole.

We test the relationship between the suspected enhanced trough and persistently cool temperatures, as indi-
cated by the correlations between wintertime temperatures and the PDO, PNA, and NAO, by evaluating
changes in the eastern U.S. jet stream using the MCI. The MCI is a measure of jet stream waviness, calculated
as the ratio of meridional wind to total wind speed with values of 0 representing pure zonal flow and values of
�1 and +1 representing flow from the north and south, respectively (Francis & Vavrus, 2015). We calculate the
MCI over the warming hole region (MCIWH) to represent jet stream conditions local to the eastern United
States. The strong positive correlations between temperature and the MCIWH (Table 1) confirm that the
suspected trough in the warming hole region resulted in increased northerly meridional flow and cooler
wintertime temperatures. The time series of winter Tmax and the MCIWH (Figure 4) highlights a sharp decrease
in MCIWH during the late 1950s coincident with the warming hole onset. The winter MCIWH is significantly
correlated with the PDO (r =�0.39), PNA (r =�0.69), and NAO (r = 0.34), as shown in Table S2, indicating that
fluctuations in the Pacific and Atlantic basins manifest in the jet stream immediately over the warming hole
region. Tmin and Tmax in the warming hole exhibited the strongest correlations with the MCIWH, suggesting
that increased jet stream waviness associated with the PDO, PNA, and NAO is a critical mechanism driving
the winter warming hole.

The influence of the PDO and NAO on climate over the United States is most pronounced during the boreal
winter when there is an increased sea-air temperature gradient (Barnston & Livezey, 1987; Trenberth et al.,
2002), which is consistent with the correlation results in Table 1. Although spring correlations are not as
strong, they are still generally significant, and the spring warming hole is located in a similar position to
the winter warming hole (Figures 3a and 3b). During summer and autumn, our results show mostly modest
and nonsignificant correlations between large-scale climate indices and temperatures in the warming hole.
This suggests that the summer warming hole is not a result of large-scale oceanic-atmospheric modes of
variability and that spring represents a period during which processes in the Pacific and Atlantic basins
become less influential on temperature in the warming hole region, while the effects of external forcing
may become more influential.

Year

T
 A

no
m

al
y 

[°
C

]

D
JF

 M
C

I

DJF MCI  and DJF T

Figure 4. Time series of winter Tmax anomaly within the warming hole and
MCIWH. The dashed lines represent lowess smoothed data.
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Although a comprehensive analysis of warming hole contributions from external forcing is outside the scope
of this study, we evaluate previously proposed hypotheses for externally forced mechanisms against our
refined location of the summertime warming hole. Existing literature suggests that the effect of anthropo-
genic aerosols is largest during the summer and autumn (Leibensperger et al., 2012; Yu et al., 2014) and could
contribute to the summertime warming hole. However, the extent of aerosol contribution remains unclear.
Banerjee et al. (2017) report that the estimated cooling from aerosols is insufficient to explain declining sum-
mertime temperature trends, and conclude that internal climate variability is a contributing factor to the
observed negative summertime trends. In this study, we find mostly insignificant correlations between
ocean-atmosphere indices and summer temperature, suggesting that forcings besides aerosols and oceanic
and atmospheric modes in the Pacific and Atlantic Basin are contributing to the summer warming hole.
Besides aerosols, changes in external forcing could arise from changing land use, irrigation, and agricultural
intensification (Alter et al., 2017; Misra et al., 2012; Pei et al., 2016). In support of this hypothesis, we note that
there is considerable spatial coherence between the location of the summer warming hole and the region
within which cooler extreme temperatures are associated with agricultural intensification (Figure 3 of
Mueller et al. 2016). Multiple studies have demonstrated that irrigation can have a significant influence on
regional precipitation and can lead to cooler temperatures both locally through increased evapotranspira-
tion, and downwind of the irrigated region through enhanced moisture transport (Alter et al., 2015; Bonfils
& Lobell, 2007; Pei et al., 2014, 2016).

Recent studies have suggested that the warming hole disappeared around 2000, possibly as a result of the
Interdecadal Pacific Oscillation transitioning to a negative phase (Kumar, Kinter, et al., 2013; Meehl et al.,
2015). Our results show that temperature anomalies within the warming hole are still below temperature
anomalies outside the warming hole for all seasons (Figure S2). The pentad progression of annual tempera-
ture anomalies (Figure S1) highlights a clustering of bottom quartile stations in the central United States
from 1991 to present, potentially indicating a shift in the location of the annual warming hole.
Interestingly, the PDO has been in a predominantly negative phase (Figure S3) and the NAO has been in
a predominantly positive phase (Figure S4) in recent decades, which would weaken the winter warming
hole according to our analysis. However, the MCIWH indicates that the jet stream waviness has persisted,
suggesting that the jet stream trough remains a critical driver of the winter warming hole. Future work
could investigate the effects of other potential forcings on jet stream amplitude, such as declining Arctic
sea ice extent (Francis & Vavrus, 2015).

4. Conclusions

Although the warming hole has been studied extensively, minimal consensus exists about its genesis. Many
studies use differing definitions of the warming hole’s location, timing, and seasonality, potentially obscuring
the underlying mechanisms. In this study we develop a method to define a spatially explicit warming hole
boundary, demonstrate that the location of the warming hole consists of two seasonal modes, and document
how a spatially explicit warming hole informs causality.

During winter and spring, the warming hole is positioned over the southeastern United States, while during
the summer and autumn the warming hole is located in the midwestern United States. We demonstrate that
the forcings of the warming hole are seasonally dependent. During winter months, temperatures inside the
warming hole are significantly correlated with the PDO and NAO, supporting an influence of Pacific and
Atlantic oceanic-atmospheric circulation patterns on the formation and persistence of the warming hole.
Outside the warming hole, winter temperatures are not significantly correlated with the PDO and PNA,
highlighting the value of a spatially explicit definition of the warming hole. We show that the PDO and
NAO influence temperatures in the southeastern United States through changes in the jet stream, indicated
by the MCIWH. The winter MCIWH decreased sharply between 1950 and 1960 coincident with winter tempera-
tures in the warming hole, indicating that an increase in northerly meridional flow from a wavier jet stream
contributed to the emergence of the U.S. warming hole. Large-scale oceanic and atmospheric modes are only
modestly correlated with spring, summer, and autumn temperatures, suggesting that they are insufficient to
explain the warming hole during these seasons. Our results suggest that future work examining external for-
cings (e.g., aerosols, irrigation, and agricultural intensification) on the summer warming hole could benefit
from using a spatially explicit warming hole.
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