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Abstract: We analyzed summertime (June—August) cold-front activity via frequency and duration in
the southeastern USA during 1973-2020 to summarize and identify the temporal trends of the annual
and total number of hours associated with cold fronts, cold-front days, and multi-day cold-front
events. Using data from 34 ASOS Network stations, we defined summertime cold fronts as events
that lowered the dew point temperature below 15.56 °C (< 60 °F). Additionally, we examined 500 hPa
geopotential height anomalies associated with years with cold front frequency/duration deviations
of +/— 1.0 SD. The extent of the cold-front activity exhibited a north-south latitudinal gradient with
a more southerly latitudinal expression on the east side of the Appalachian Mountains and was
negligible south of the 30°N latitude. The cold-front activity was most prominent during the first
half of June. Our results suggest that all three metrics of summertime cold-front activity were stable
at a regional scale during the 48-year study period with a few (three—five) stations experiencing
significant decreases. A regional-scale stability was coincident with significant increases in minimum,
maximum, and average summertime temperatures in the southeastern USA. Years with either above-
average or below-average cold-front activity were concurrent with synoptic conditions that supported
either troughing or ridging in the southeastern USA. We conclude that the observed weakening in
the southeastern USA warming hole is the result of external and/or internal forcings unrelated to
reductions in anomalously cool summer weather.

Keywords: cold front; warming hole; synoptic climatology

1. Introduction

Many places on Earth have experienced significant air temperature increases since at
least 1900 CE [1]. However, certain regions, including the southeastern and central United
States of America (USA), have exhibited either no significant trend or even slight cooling
trends during the same period [2]. In recent decades, this “warming hole” has received
substantial research attention (e.g., [3,4], p. 1]. Several explanations for the warming
hole have been proposed, including cloud-precipitation—soil moisture [5], teleconnections
to sea-surface temperatures in the tropical Pacific Ocean [2], and anthropogenic aerosol
modifications of the surface radiation budget [6]. Summer temperatures in the southeastern
USA are uncorrelated to ocean—-atmosphere indices, supporting the notion that other
forcings play roles [3,7]. Ultimately, it appears that the warming hole phenomenon can
be explained by multiple approaches, and thus likely represents an internal atmospheric
variability triggered by multiple contributing factors [2]. More recent work indicates that
the warming hole varies seasonally and by the selected analysis period and that the causes
of the warming hole may vary in different seasons [7,8].
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A signal of the continued increase in the global average surface-air temperature, how-
ever, has emerged in the southeastern USA. For approximately the last five decades, warm-
ing has become evident in the region, with a decadal trend of 0.22 °C during 1973-2020
(https:/ /www.ncdc.noaa.gov/cag/regional / time-series, accessed on 30 May 2021). Annual
temperature trends are consistently positive across the region, accompanied by increases in
heat extremes and decreases in cold extremes [3,4]. Further, some analyses indicate that
since the late 1990s, the warming hole in the southeastern USA has disappeared (e.g., [2]),
possibly associated with a shift in the Interdecadal Pacific Oscillation.

One potential contributor to changes in the summertime temperature in the Southeast
could be variability in the frequency and/or duration of summertime cold fronts. Although
mid-latitude cyclones (MLCs) are least frequent in the study area during the summer season
when the polar front is relatively weak and displaced to high latitudes, transient eddies
and associated fronts occasionally affect the Southeast in the summer, bringing periodic
relief from the normal heat and humidity [9]. One set of expected responses to global
warming includes Arctic amplification, reduced low-level baroclinicity, and fewer cyclones
and fronts in eastern North America, which can contribute to increasing average summer
temperatures and possibly to summer heat extremes [9]. Over North America, summertime
cold-front activity occurs most frequently between the Rockies and Appalachia, with a
regional (secondary) maximum in our study area due to frequent cold-air damming on the
east side of the Blue Ridge/Southern Appalachian complex [9].

To evaluate summertime temperature trends in the context of the warming hole,
we examined and analyzed the summertime cold-front frequency and duration in the
southeastern USA during 1973-2020. Our specific objectives were to identify and analyze
temporal trends for the annual and the total number of (1) hours associated with summer
cold fronts; (2) summer cold-front days; and (3) multi-day summer cold-front events.
Additionally, we (4) evaluated the synoptic conditions associated with summers with either
anomalously high or anomalously low cold-front frequencies/durations.

2. Materials and Methods
2.1. Climate Data

Data were obtained from ASOS Network (available at: https://mesonet.agron.iastate.
edu/request/download.phtml, accessed on 30 May 2021) for 34 stations (Table 1) in the
southeastern USA that each had >99% completeness for hourly dew-point temperatures
during June-August (n = 92 days; 2208 h) 1973-2020 (n = 48 years). We analyzed the
effects of summertime cold-front activity, defined as events that lowered the dew-point
temperature to below 15.56 °C (<60 °F), as these conditions represent below-mean dew-
point temperatures during the summer months in the southeastern USA [10]. We confirmed
that each event producing < 15.56°C dew-point temperatures was associated with cold-
front passage by reviewing historic daily weather maps for three stations (i.e., DCA, GSO,
and MCN; Table 1) along a latitudinal gradient (available at: https://library.noaa.gov/
Collections/Digital-Collections / US-Daily-Weather-Maps, accessed on 30 May 2021).

Our criteria excluded other meteorological events that may cause temporary cooling
(e.g., mesoscale systems, such as downdrafts associated with thunderstorms) that are not
coincident with macroscale dew-point temperature reductions. Relative to air temperature,
the use of dew-point temperature to identify cold-front passage provides a better compari-
son between (1) locations at higher and lower elevations and (2) event durations because
dew-point temperatures express smaller diurnal variations. We assessed the potential of
missing data inhomogeneities by correlating the nearest stations to determine if outlier
observations occurred (i.e., the absence of a cold front when other nearby stations recorded).

We used multiple criteria to analyze cold-front activity, including cold-front hours,
cold-front days, and multi-day cold-front events. Cold-front hours were determined by
the mean number of hours with dew-point temperatures < 15.56 °C per summer with a
potential range of 02208 h (i.e., 24 h x 92 summer days). Cold-front days were defined by
the presence of dew-point temperatures < 15.56 °C for >12 h/day(s) of the event; thus, cold
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fronts that reduced dew-point temperatures for <12 h (i.e., <50% of a day) were excluded
from the analysis. Cold-front days represented both single- and multi-day events associated
with the passage of a cold front. Multi-day cold-front events were defined by consecutive
days with >12 h of dew-point temperatures < 15.56 °C.

Table 1. Yearly averaged data for cold-front hours, cold-front days, and multi-day cold-front events
for the 34 stations evaluated based on data from 1973-2020.

ASOS Station Code Station Name Latitude Longitude Cold-Front Hours Cold-Front Days C Multi-Day
old-Front Events
AHN Athens, GA 33.95 —83.33 179.46 6.29 1.58
ATL Atlanta, GA 33.63 —84.44 208.06 7.46 1.83
AVL Asheville, NC 35.43 —82.54 381.00 13.71 3.50
BHM Birmingham, AL 33.57 —86.74 150.94 4.83 1.35
BNA Nashville, TN 36.12 —86.69 281.48 9.96 2.75
CAE Columbia, SC 33.94 —81.12 155.81 4.98 1.40
CHA Chattanooga, TN 35.04 —85.20 201.81 6.56 1.81
CHS Charleston, SC 32.90 —80.04 55.21 15 0.44
CLT Charlotte, NC 35.22 —80.95 271.35 10.19 2.83
CSG Columbia, GA 32.52 —84.94 131.38 4.33 1.08
DAB Daytona Beach, FL 29.18 —81.06 6.83 0.15 0.04
DCA Arlington, VA 38.85 —77.03 476.25 18.21 5.04
EYW Key West, FL 24.56 —81.76 1.10 0.00 0.00
GNV Gainesville, FL 29.69 —82.28 14.54 0.19 0.06
GSO Greensboro, NC 36.10 —79.94 331.40 12.75 3.35
GSP Greenville, SC 34.88 —82.22 249.15 9.29 2.48
HOP Hopkinsville, KY 36.67 —87.50 308.04 11.13 3.42
HSV Huntsville, AL 34.64 —86.79 185.67 6.15 1.65
HTS Huntington, WV 38.37 —82.56 463.33 18.21 5.08
JAX Jacksonville, FL 30.49 —81.69 11.90 0.21 0.21
LEX Lexington, KY 38.04 —84.61 512.69 19.63 5.25
MCN Macon, GA 32.69 —83.65 103.92 2.98 0.79
MCO Orlando, FL 28.43 —81.31 5.38 0.04 0.02
MEM Memphis, TN 35.06 —89.99 193.31 6.96 2.00
MGM Montgomery, AL 32.30 —86.39 82.94 2.48 0.56
MIA Miami, FL. 25.79 —80.32 2.02 0.06 0.02
POB Fayetteville, NC 35.17 —79.01 214.27 7.58 2.15
RDU Raleigh, NC 35.88 —78.79 253.69 9.29 2.83
ROA Roanoke, VA 37.32 —-79.97 516.21 19.69 5.10
SAV Savannah, GA 32.13 —81.20 42.06 0.94 0.23
SDF Louisville, KY 38.17 —85.74 457.92 16.67 4.50
TLH Tallahassee, FL 30.39 —84.35 36.44 0.81 0.21
TPA Tampa, FL 27.96 —82.54 4.15 0.04 0.02
VPS Valparaiso, FL 30.48 —86.53 37.90 1.15 0.27
2.2. Mapping

We mapped cold-front hours, cold-front days, and multi-day cold-front events for
the region using ArcMap 10.7 [11]. Each station was represented by graduated circles
classified by natural breaks [12]. Values for the Southeastern USA region were interpolated
using ordinary kriging with a spherical semivariogram model [13] and mapped as a field
using nine equal-interval classifications. Stations with significant (p < 0.05) temporal
trends determined by using simple linear regression for cold-front hours, cold-front days,
and multi-day cold-front events were marked as open circles when using year as the
dependent variable.

2.3. Synoptic Data

We evaluated 500-hPa geopotential height anomalies to assess synoptic conditions dur-
ing years with above-average (>1.0 SD; n = 9) and below-average (<—1.0 SD;
n = 8) regional (i.e., all 34 stations) cold-front hours. We used seasonal climate com-
posites (https://psl.noaa.gov/cgi-bin/data/composites/printpage.pl (accessed on 30 May
2021)) to map the prevailing 500-hPa conditions during these years.
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3. Results and Discussion
3.1. Cold Front Hours

The mean cold-front hours by station ranged from 1.1 (Key West, FL, USA) to 516.2
(Roanoke, VA, USA) hours each summer with a regional mean of 192.0 h (Figure 1a, Table 1,
and Supplemental Figure S1). Thus, during the 48-year study period, the average number
of hours that a station was impacted by the passage of a summertime cold front (i.e., a
dew-point temperature < 15.56 °C) ranged from <1 day (7 stations) to >3 weeks (2 stations).
The north-south latitudinal gradient is modified by higher cold-front hours on the east side
of the Appalachians compared to comparable latitudes on the west side (Figure 1a, Table 1,
and Supplemental Figure S1). This pattern is produced by the north-south advection of
cold air along the east side of the Appalachians (i.e., a backdoor cold front; [14]) that is
initiated by a strong short wave east of Hudson Bay, followed by the development of an
anticyclone centered over the northeastern USA [15]. The cold-front hours were most common
during the first two weeks of June, representing over half the observations for all the stations,
but also occurred most years during July and August for stations north of 30°N.
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Figure 1. (a) Mean summertime cold-front hours during 1973-2020 by station and interpolated for the
southeastern USA. Circle size indicates magnitude while open circles indicate a significant decrease
in cold-front hours. (b) Regional annual mean values of cold-front hours with trendline (p > 0.05).
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There was no significant change in the regional mean of the cold front hours during

1973-2020 (Figure 1b). However, five stations (EYW, HOP, POB, DAB, and GNV; Figure 1a)
experienced significant (p < 0.05) decreases with three of these stations located in Florida,
where mean values are <15 h per summer (range 1.1-14.5). Thus, these changes are minor
from a climatic perspective. The decreases at HOP and POB were not consistent with the

other stations at similar latitudes that did not experience significant decreases (Figure 1a),
suggesting an overall stability in the cold-front hours in the southeastern USA (Figure 1b).

3.2. Cold-Front Days

During the 48-year study period, the average number of cold-front days by station
ranged from 0 (Key West, FL, USA) to 19.7 (Roanoke, VA, USA) with a regional mean
of 6.9 days (Figure 2a, Table 1, and Supplemental Figure S1). Similar to the cold-front
hour geographic distribution, a cold-air advection on the east side of the Appalachians
is prominent with an overall north-to-south orientation. Three stations (SAV, HOP, and
POB) experienced significant decreases in cold-front days during the study period, but a
geographical discontinuity (i.e., surrounding stations did not show significant decreases;
Figure 2a) suggests stability in the cold-front days in the southeastern USA (Figure 2b).
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Figure 2. (a) Summertime cold-front days as determined by the occurrence of dew-point temper-
atures < 15.56 °C for >12 h/day(s) per event by station (graduated circles) and interpolated for
the southeastern USA. Stations with open circles indicate a significant decrease in cold-front days.
(b) Regional annual mean values of cold-front days with trendline (p > 0.05).
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3.3. Multi-Day Cold-Front Events

The mean multi-day cold-front events (i.e., consecutive days with >12 h of dew-point
temperatures < 15.56 °C) by station ranged from 0 (Key West, FL, USA) to 5.3 (Lexington,
KY, USA) per year with a regional mean of 1.9 events (Figure 3a, Table 1, and Supplemental
Figure S1). Five stations (MGM, VPS, SAV, POB, and CHS) experienced significant decreases
in multi-day cold-front events. However, except for POB, these sites had low mean values,
which experienced deviations from the mean of approximately —1.0 SD, and did not
represent large absolute changes (i.e., >1 event per year). Conversely, stations with higher
frequencies of multi-day cold fronts did not have significant changes, again suggesting
stability for multi-day cold-front events in the southeastern USA (Figure 3b).
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Figure 3. (a) Multi-day cold-front frequency during June-August as defined by consecutive days
with >12 h of dew-point temperatures < 15.56 °C by station (graduated circles) and interpolated
for the southeastern USA. Stations with open circles each indicate a significant decrease in multi-
day cold-front frequency. (b) Regional annual mean values of multi-day cold-front events with
trendline (p > 0.05).

3.4. Synoptic Controls

An examination of the 500-hPa geopotential height data during years with above-
average (>1.0 SD; n = 9) and below-average (<—1.0 SD; n = 8) regional cold-front hours
demonstrates distinct synoptic patterns (Figure 4a,b). The years marked by above-average
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cold-front hours (1976, 1979, 1983, 1988, 1997, 2006, 2007, 2008, and 2012) experienced
the hours when an anomalously deep low was centered off the western Canada coastline,
ridging occurred in the northern Great Plains, and troughing occurred along the eastern
USA coastline (Figure 4a). Conversely, summers with below-average cold-front hours (1973,
1978, 1989, 1994, 2005, 2010, 2013, and 2018) were marked by a high pressure centered over
the North Pacific and the regions northeastern USA and southeastern Canada with a low
pressure centered east of Hudson Bay, Canada (Figure 4b).
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Figure 4. Geopotential height anomalies of 500 hPa during summers with above-average (n = 9);
(a) and below-average (1 = 8); (b) regional cold-front hours. Map source: NOAA Physical Sci-
ences Laboratory.

The synoptic pattern coincident with an increased summer cold-front activity in the
study area is not a recognizable pattern associated with a low-frequency feature of the global
atmospheric circulation. The pattern does resemble the short-term (days to weeks) positive
phase of the wintertime Pacific North America (PNA) index. However, the summertime
influence of PNA variability is minimal in our study area. The anomalous low pressure
off of Mid-Atlantic USA and the upstream ridge over southern Canada and central USA
(Figure 4a) and their associated circulations support the notion of a more frequent northerly
airflow and cold advection in the study area. Similarly, the synoptic pattern associated with
the least-active cold-front summers is not reflective of an obvious large-scale pattern forced
by a known mechanism. Rather, the ridging in the interior of the continent appears to
overlap with the spatial extent of the warming hole. This ridge position has been associated
with the Atlantic Multidecadal Oscillation, modulated by possible interactions with the
phase of the Pacific Decadal Oscillation (e.g., [16]).

4. Conclusions

Our results suggest that all three metrics of summertime cold-front activity (i.e., cold-
front hours, cold-front days, multi-day cold-front events) remained stable at a regional
scale during the 48-year study period. This regional-scale stability occurred during a
period (i.e., 1973-2020) marked by significant increases in minimum, maximum, and
average summertime temperatures in the southeastern USA. Trend analyses indicated that
at the individual weather-station scale, the only significant changes in summer cold-front
frequency/duration were decreases at a small number (i.e., three—five) of stations. These
decreases, however, were unsupported by surrounding station data. Further, the majority
of stations with significant decreases were those with the lowest total and mean annual
cold-front activity throughout the study region (i.e., lower-latitude stations). Thus, the
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instances of observed significant decreases suggest minimal absolute decreases in cold-
front weather. Additionally, the regional mean summer cold-front frequency and duration
exhibited no significant trend during 1973-2020.

Among the range of explanations proposed for recent changes in the southeastern USA
warming hole, variability in the warm-season cold-front activity has received little attention,
despite evidence that the recent warming in the region is associated with changes in
temperature extremes (reduced cool weather and increased warm weather; [4]). Specifically,
increases in the daily minimum temperatures appear to have driven a recent warming
in the southeastern USA. Thus, the near-absence of decreasing trends in the summer
cool-weather frequency/duration in our results indicates that regional reductions in the
summer cold-front activity are not key drivers of the observed regional-temperature trend.
Although this raises an interesting question about the role of severe weather events in
long-term climate trends, it also supports the notion that the warming hole arises from
multiple forcings and may respond to different forcings by time period, season, and region,
with anthropogenic aerosols as the primary driver of summer-temperature variability [3].
Based on our analyses, we posit that the observed weakening in the southeastern USA
warming hole is the result of external and/or internal forcings unrelated to reductions
in anomalously cool summer weather. Further research is needed to identify the specific
forcing mechanisms related to the weakening of the warming hole and related to the
anomalous synoptic-scale patterns identified here.
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