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Abstract

This study investigates convective and non-convective high-wind events

(CWEs and NCWEs) across the eastern U.S. during a 43-year climatological

period (1973–2015) for spatial and temporal variations in wind speed and

direction. Hourly surface wind observations were gathered from the National

Centers for Environmental Information Data Center Integrated Surface Data-

base (NCEI-ISD). This dataset includes quality-controlled wind observations

from 391 first-order weather stations in the eastern U.S. Findings show that

high-wind events (HWEs) meeting established National Weather Service

criteria were most concentrated in the West North Central and South regions

(High Plains) and fewer CWEs occurred during the study period compared to

NCWEs. Gust CWEs increased significantly (1.95 days year−1) while sustained

NCWEs decreased significantly (−0.58 days year−1). Mean wind directions

were observed primarily in the southwest and northwest quadrants. Mean

wind speed decreased at a statistically significant level for sustained CWEs,

gust CWEs, and sustained NCWEs. Developing an extensive climatological

understanding of convective and non-convective high-wind events is beneficial

to mitigate damage and fatalities caused by these events.

1 | INTRODUCTION

High-wind events (HWEs) have resulted in approxi-
mately $300 million in property losses during the last six
decades and nearly 1,500 fatalities from 1980–2005 (Ash-
ley and Black, 2008; Changnon, 2009). During 2006–
2015, 468 HWE fatalities were recorded in the NCEI
Storm Data database. High-winds (as determined by
National Weather Service classifications) occur in every
region of the United States and are associated with
almost every type of severe weather event, such as those
occurring in a convective or non-convective environ-
ments. Nontornadic convective HWEs (CWEs) and non-
convective HWEs (NCWEs) account for almost half of all
wind-related fatalities, following tornadic HWEs (Ashley
and Black, 2008). Seasonality and regional geography also

have an effect on HWE characteristics such as frequency,
speed, and direction (Kelly et al., 1985; Johns and
Hirt, 1987; Kapela et al., 1995; Klimowski et al., 2003;
Martin and Konrad, 2006; Lacke et al., 2007; Schoen and
Ashley, 2011).

HWEs can also be categorized by weather type: con-
vective, meaning thunderstorm conditions are present, or
non-convective, meaning thunderstorm conditions are
not present. CWEs and NCWEs produce similar hazards
at the surface, but occur during different atmospheric
conditions. CWEs can result from a variety of weather
phenomena such as disorganized and organized meso-
scale convective systems (MCSs) and supercell systems,
as well as derechos, downbursts, and bow echoes. Annu-
ally, CWEs result in an average of 84 fatalities in the
United States. (Schoen and Ashley, 2011). During 1980–
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2005, tornadoes were the leading cause of convective
wind-related fatalities, followed by thunderstorms and
their associated features (Ashley and Black, 2008). Of
these features, organized linear convective systems and
bow echoes resulted in the most thunderstorm-related
fatalities (Klimowski et al., 2003; Schoen and Ash-
ley, 2011). Convective weather systems occur most fre-
quently in the summer months when convection-
inducing parameters such as heat and moisture are
greatest. Studies have shown an increase of nontornadic
convective storms during summer, especially in the High
Plains region (Kelly et al., 1985; Klimowski et al., 2003;
Coniglio et al., 2004; Ashley and Mote, 2005; Chan-
gnon, 2011). Likewise, convective-related wind fatalities
have been observed more frequently in summer (Black
and Ashley, 2010; Schoen and Ashley, 2011).

Non-convective high-winds are most commonly asso-
ciated with extratropical cyclones (ETCs). Embedded
within these weather systems are other contributing fea-
tures like topography, dry slots or dry air intrusions, tro-
popause folds, and sting-jets (Browning and

Golding, 1995; Kapela et al., 1995; Niziol and Paone, 2000;
Browning, 2004; Crupi, 2004; Hultquist et al., 2006; Lacke
et al., 2007; Knox et al., 2011; Durkee et al., 2012). Fatali-
ties caused by non-convective high-winds were almost
equal to those caused by nontornadic convective high-
winds and represented over 20% of all wind fatalities dur-
ing 1980–2005 (Ashley and Black, 2008). In several stud-
ies analysing non-convective winds in the Great Lakes
and northeastern U.S. regions, the majority of NCWEs
indicated a southwesterly prevailing wind direction
(Niziol and Paone, 2000; Lacke et al., 2007; Durkee et
al., 2012). Additionally, NCWEs occur most frequently
during winter and transitional seasons when ETC fre-
quency is greatest and studies have indicated that HWE
frequency is directly affected by storm track patterns
(Lacke et al., 2007; Changnon, 2009; Booth et al., 2015;
Ma and Chang, 2017).

While CWEs and NCWEs have been studied sepa-
rately and on a regional scale, there is currently no clima-
tological comparison of these HWE types for the central
and eastern U.S. The purpose of this study is to

FIGURE 1 Spatial distribution of 391 first-order stations and NCEI climate regions used in the analysis [Colour figure can be viewed at

wileyonlinelibrary.com]
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investigate high-wind observations across the eastern U.
S. during 1973–2015 with specific regard to spatial and
temporal variations in frequency, speed, and direction
between sustained and gust CWEs and NCWEs.

2 | DATA AND METHODS

Automated surface wind observations from 391 first-
order weather stations in the eastern United States were
gathered from the NCEI-ISD database (Figure 1). The
database provided sustained and gust surface wind obser-
vations derived from hourly data and formatted in ms−1.
The 43-year period between 1973 and 2015 was chosen
based on the quality and completeness of hourly high-
wind observations via the National Centers for Environ-
mental Information Data Center Integrated Surface data-
base (NCEI-ISD). Lacke et al. (2007) identified the
presence of erroneous observation times and missing data
in the NCEI-ISD database between 1965 and 1972
(sustained wind observations were recorded every 3 hours
instead of hourly); thus, stations with numerous missing
records and observations prior to 1973 were excluded
from this study. Lacke et al. (2007) also found a lack of
gust observations in the NCEI-ISD database during the
study period. Due to the discrepancies in the NCEI-ISD
database, this study follows guidelines for high-wind
observations set forth by Lacke et al. (2007), Kurtz (2010),
and Gilliland et al. (2019) (Figure 2).

Likewise, inconsistent station anemometer heights
and locations can present a problem in the quality of the
data. Wind speeds increase in height due to a decrease in
friction, thus anemometers at higher altitudes report
faster wind speeds. Anemometers have been subject to
location or height changes during their operational
periods (Klink, 1999; Lacke et al., 2007; Pryor et
al., 2007). In the 1960s, rooftop anemometers were
repositioned to approximately 6.1 m above the ground
The World Meteorological Organization (WMO) stan-
dardized anemometer heights to 10 m above the ground
in the 1980s, thus changing anemometer heights once
more. Other changes took place during the 1990s as auto-
mated surface and weather observing systems were

deployed in the United States. Due to this potential dis-
crepancy in the data, the wind profile power law was
used to adjust all wind observations to the 10-m height:

V zð Þ=V zrefð Þ× z
zref

� �α

, ð1Þ

where V(z) is equal to the observed wind velocity, zref is
equal to the reference height of 10 m, and z is equal to
the new height, assuming neutral stability (α = 1/7)
(Klink, 1999; Pryor et al., 2007). Height records were
gathered from NCEI, as NCEI-ISD did not include meta-
data for all stations (Gilliland et al., 2019).

DeGaetano (1997) analysed data quality for hourly
wind speeds and directions across 41 first-order weather
stations in the northeastern U.S. Less than 0.1% of the
data records failed the quality control test or had inaccu-
rate observations. Observations in the dataset were
checked using online resources such as the NCEI Climate
Database Modernization Program (CDMP), Quality Con-
trolled Local Climatological Data (QCLCD) and Unedited
Local Climatological Data (ULCD) to confirm that they
met NWS sustained and gust criteria. For the first-order
weather stations used in this study, high-wind records
that had questionable or invalid observations were
removed from the dataset.

Wind observations were segregated into two high-
wind categories for sustained and gust HWEs according
to NWS criteria. The NWS classifies a high-wind as
sustained when wind speeds are at least 18 m·s−1 for an
hour or longer and gust when wind speeds are greater
than 26 m·s−1 for any length of time. Miller et al. (2016)
indicated NWS thresholds may not always represent
HWE climatology appropriately, due to the majority of
injuries and fatalities occurring below the high-wind
warning criteria. While future revisions may be neces-
sary, this study adhered to the currently accepted
sustained and gust high-wind thresholds.

The date, time, wind speed, wind direction, and cur-
rent weather conditions were included in the HWE
dataset. High-wind data were further classified by using
the provided weather codes to separate CWEs and
NCWEs, following Lacke et al. (2007). Specifically,

FIGURE 2 A flow diagram

showing the data and methods used

to characterize sustained and gust

CWEs and NCWEs for the eastern

U.S. (Gilliland et al., 2019)
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weather codes associated with lightning, thunderstorms,
or tornadoes were classified as CWEs. All other weather
codes were classified as NCWEs. This method provided a
conservative estimate of CWEs, although it is possible
that some events classified as NCWEs involved convec-
tion if weather codes were absent or miscoded. Sustained
and gust CWEs and NCWEs were analysed by station
and NCEI climate regions in the eastern U.S.

Mean wind direction and speed were calculated and
analysed for each station and region during the study
period to determine spatial and temporal high-wind ten-
dencies. Wind direction has been recorded on a 36-point
scale ranging from 10 to 360� since 1964
(DeGaetano, 1997, 1998; Gilliland et al., 2019). The mean
sustained and gust CWE and NCWE wind directions
were plotted on wind roses for determine directional
preferences in each region. Mean wind direction was cal-
culated by converting to u and v vectors to eliminate vec-
tor cancellation. Figures displaying mean wind direction
represent an average of all stations.

Different temporal and geographical analyses were
completed to describe the sustained and gust NCWEs
and CWEs patterns for the eastern U.S. from 1973 to
2015. Data were plotted linearly to display annual distri-
bution. Further, Kendall's tau (τ) and the Mann-Kendall
(M-K) test were performed to analyse annual HWE fre-
quency on a temporal scale to determine overall statisti-
cally significant positive or negative trends during the 43-
year study period (Mann, 1945; Kendall, 1975;
Wilks, 2011). These additional statistical tests provided
similar results as the initial linear analysis. Linear regres-
sion analysis may present possible biases due to outliers
in the dataset (Wilks, 2011); however, due to the agree-
ment between linear regression and Kendall's tau ana-
lyses, as well as results from previous high-wind studies

(Pryor et al., 2007; Gilliland et al., 2019), we chose to
include the linear results in this study. HWE frequency
per region and meteorological season was also consid-
ered. Lastly, mean wind direction and wind speed per
Julian day were examined to further investigate potential
seasonal trends and influence from weather systems,
such as tropical cyclones (TCs) (Gilliland et al., 2019).

3 | RESULTS

3.1 | Sustained CWEs

A total of 2,238 CWEs existed in the dataset. Sustained
CWEs were rare in occurrence, with only 271 events in
the dataset. 50% (163) occurred in the South and West
North Central regions (Figure 3a). Sustained CWEs were
least frequent in the Northeast with 4% (10) events
observed. Stations averaged two sustained CWEs during
the entire study period. Some stations recorded a
sustained CWE only once, and some not at all. Mean
direction was analysed by station and region to deter-
mine spatial patterns. 138 stations recorded at least one
sustained CWE during the 43-year period. 51% (49%) of
the stations recorded mean wind directions in the south-
westerly (northwesterly) quadrant. Sustained CWEs dis-
played both southwesterly (36.5%) and northwesterly
(36%) directional preferences (Figure 4a).

Frequency of annual CWEs was analysed using linear
regression and Kendall's tau test to determine temporal
trends in the dataset. Sustained CWEs decreased
(Zs = −0.04 days year−1) during the study period at a sta-
tistically insignificant level (p = .26; τ = −0.13). There
were approximately six sustained CWEs per year on aver-
age; however, oscillating periods of more or less frequent

FIGURE 3 Frequency of (a) sustained and (b) gust CWEs by station during 1973–2015 [Colour figure can be viewed at

wileyonlinelibrary.com]
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events can be observed (Figure 5a). Annual sustained
CWE direction displayed much variability during the
study period with alternating southerly and northerly
directional preferences, but remained in the southwest
quadrant (Figure 5b). Sustained CWE direction shifted
northward (0.75� year−1) at an insignificant level
(p = .45) and mean wind speed decreased at a rate of
−0.04 ms−1 year−1 (p = .02). Mean wind speeds were also
variable, but a noticeable oscillation was observed. Wind
speeds tended to increase until the early 1990s and then
decrease until the mid-2000s.

The majority of sustained CWEs occurred during the
spring (31%) and summer (55%) months in every region
(Figure 6a). The West North Central region recorded the
greatest number of sustained CWEs during summer (56).
Average sustained CWE direction and speed were plotted
per Julian day and displayed much variability throughout
the year. Sustained CWE directions fluctuated seasonally,
but displayed an average wind direction in the southwest
quadrant (180–270�) (Figure 7a). Due to the low fre-
quency of sustained CWEs, there were some Julian days
without the occurrence of an event, hence the missing
days on the timeline; therefore, a 30-day moving average
was plotted to show overall trends. Mean sustained CWE
speeds displayed a peak in the warm season.

3.2 | Gust CWEs

Gust CWEs were more dispersed across the United States
with 2,157 observations. 51% (1,094) were observed in the
South and Central regions while only 6% of gust CWEs
were observed in the Southwest region (Figure 3b). Stations
averaged six gust CWEs during the entire study period and
369 stations recorded gust CWEs. Southwesterly directions

were not as prominent for gust CWEs. 59% of the stations
recorded a mean wind direction in the northwesterly quad-
rant (Figure 4b). Regionally, five of the seven regions expe-
rienced north or northwesterly gust NCWE directions
more frequently. Both the East North Central and South-
east regions were divided between northwesterly and
southwesterly directions, while the Central region recorded
southwesterly directions more frequently.

Gust CWEs increased (Zs = 1.95 days year−1) at a sta-
tistically significant rate (p = .00; τ = 0.53). There were
approximately 50 gust CWEs per year on average. During
1973–1991, a steady increase of gust CWEs was apparent.
A sharp decline occurred between 1991 and 1993, but
then the frequency increased overall from 1993 to 2015.
Annual gust CWE direction remained within the south-
west quadrant for the study period and shifted northward
slightly (0.14� year−1) at an insignificant level (p = .54).
Mean gust CWE speeds decreased significantly at a rate
of 0.02 m·s−1 year−1 (p = .002) (Figure 5c).

Seasonally, gust CWEs displayed similar results as
sustained and were most frequent in summer (51%),
followed by spring (28%) (Figure 6b). The South recorded
the greatest number of gust CWEs in summer (347).
When Julian day was considered, a 10-day moving aver-
age of gust CWE direction and speed was plotted to show
overall trends. Average gust CWE direction were variable
with a shift from southwesterly to easterly during late
summer, fall, and early winter. Additionally, mean gust
CWE speeds increased during this period (Figure 7b).

3.3 | Sustained NCWEs

A total of 7,377 NCWEs existed in the dataset, which
accounted for 77% of the total HWEs. 5,015 NCWEs were

FIGURE 4 Mean (a) sustained and (b) gust CWE wind direction by station during 1973–2015 [Colour figure can be viewed at

wileyonlinelibrary.com]
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sustained and 55% (2,760) occurred in the West North
Central region alone (Figure 8a). Two stations in the
West North Central region, specifically Montana,
recorded more than 700 sustained NCWE events during
the period (CTB and LVM); excluding these two stations
yields an average of 12 sustained NCWEs per station dur-
ing 1973–2015.

41% of stations recording sustained NCWEs displayed
an average southwesterly (180–270�) directional prefer-
ence (Figure 9a). 39% displayed an average northwesterly

(270–360�) preference. Prominent southwesterly direc-
tions were observed for the West North Central, Central,
and Northeast regions, while north-to-northwesterly
directions occurred more frequently for the Southwest,
South, and East North Central regions. The Southeast
region experienced greater directional variability.

Sustained NCWE frequency decreased (Zs = −0.58
days year−1) at a statistically significant rate (p = .03;
τ = −0.24). There was an average of 117 sustained HWEs
per year, with periods of greater and lesser frequencies.
Sustained NCWE directions displayed slight variability
but remained in the southwest quadrant during the study
period (Figure 10b). Shifts in wind direction were negligi-
ble; however, sustained NCWE mean annual wind speeds
decreased (−0.01 m·s−1 year−1) at a significant
level (p = .00).

Seasonally, sustained NCWEs occurred most fre-
quently in the spring for the East North Central, South-
west, Central, and South regions (Figure 11a), and in the
winter months in the West North Central and Northeast
regions. The Southeast was the only region to observe a
fall maximum for sustained NCWEs. Average non-con-
vective sustained HWE direction and speed were plotted
per Julian day with 10-day moving averages displayed to
show overall trends. Non-convective sustained HWEs dis-
played southwesterly and northwesterly preferences
throughout the year with a directional shift to east/north-
easterly in summer and fall (Figure 12a). Mean non-con-
vective sustained wind speeds increased to approximately
27 m·s−1 near day 230.

3.4 | Gust NCWEs

5,703 of observed NCWEs were gust NCWEs, with 59% of
the events occurring within the West North Central and
South regions (Figure 8b). Once again, LVM recorded a
large portion (1,011) of the events. Excluding this station
yields an average of 12 gust NCWEs per station during
1973–2015. 53% of stations recording gust NCWEs dis-
played an average northwesterly preference and 32% dis-
played an average southwesterly preference (Figure 9b).
The West North Central, East North Central, Central, and
Northeast regions experienced frequent southwesterly
directions, although the East North Central region had a
prevalent northwesterly direction as well. Both the South-
west and South regions experienced northerly high-wind
directions most frequently. The Southeast region was
highly variable, thus no discernable pattern was evident.

Gust NCWEs increased (Zs = 0.63 days year−1), but
the rate was not statistically significant (p = .14; τ = 0.16)
(Figure 10a). There was an average of 133 gust HWEs per
year, with periods of greater and lesser frequencies. Gust

FIGURE 5 (a) Linear regression of annual sustained (black)

and gust (grey) CWE frequency during 1973–2015. (b) Mean annual

sustained and (c) gust CWE wind speed (black) and direction (grey)

during 1973–2015 for all stations
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NCWE direction remained in the southwest quadrant as
well, with the exception of a northerly mean wind direc-
tion in 2005 (Figure 10c). Any shifts in gust NCWE wind
direction or speed was not significant.

Gust NCWEs also occurred most frequently in the
winter months in the West North Central and Northeast
regions. In the East North Central, Central, and South-
east regions, a summertime maximum of gust NCWEs

FIGURE 6 Frequency of (a) sustained and (b) gust CWEs by NCEI climate region and season (spring – MAM, summer – JJA, fall –
SON, winter – DJF) during 1973–2015 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7 (a) Mean sustained CWE wind speed (black) and direction (grey) for all stations by Julian day during 1973–2015. A 30-day

moving average (dashed) is shown for wind speed and direction. (b) Mean gust CWE wind speed (black) and direction (grey) by Julian day

during 1973–2015. A 10-day moving average (dashed) is shown for wind speed and direction [Colour figure can be viewed at

wileyonlinelibrary.com]
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was observed while the Southwest and South regions dis-
played a springtime maximum (Figure 11b). Average gust
NCWE direction and speed were plotted per Julian day
with 10-day moving averages displayed to show overall
trends. Non-convective gust HWEs displayed similar
mean wind directions and speed with a shift to east/
northeasterly in summer and fall, as well (Figure 12b).
Peak non-convective gust mean wind speeds were
approximately 32 m·s−1 near day 300.

4 | DISCUSSION

This study has examined spatial and temporal character-
istics of sustained and gust CWEs and NCWEs during
1973–2015 across the eastern U.S. The spatial results

from this study are in agreement with Lacke et al. (2007),
Kurtz (2010), and Gilliland et al. (2019); the West North
Central and South regions (Great Plains) experience the
greatest frequency of HWEs. Sustained CWEs were most
frequent in the West North Central region and gust
CWEs were most frequent in the South. Both sustained
and gust NCWEs were most frequent in the West North
Central region. These regions that experienced the
greatest frequency of HWEs are typically prone to fre-
quent ETC storm tracks and consequently have a greater
probability of intense high-wind gusts (Letson et
al., 2018). The Northeast region observed the least
amount of sustained CWEs, Southwest observed the least
amount of gust CWEs, and East North Central observed
the least amount of sustained and gust NCWEs. Though
regions may record less frequent HWEs than others,

FIGURE 8 Frequency of (a) sustained and (b) gust NCWEs by station during 1973–2015 [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 9 Mean (a) sustained and (b) gust NCWE wind direction by station during 1973–2015 [Colour figure can be viewed at

wileyonlinelibrary.com]
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analysing frequency alone does not provide an appropri-
ate depiction of the effects. According to Chan-
gnon (2009), the most catastrophic wind-related loss
occurred in the northeast, central, and western regions of
the United States. These regions are more populated, thus
the damage risk is potentially greater in these areas.

Temporally, gust CWEs (sustained NCWEs) increased
(decreased) significantly during the 43-year period. Studies
have indicated a direct influence of synoptic atmospheric
patterns on HWEs. McCabe et al. (2001) analysed mid-lati-
tude cyclone frequency and intensity across the northern

hemisphere and the results showed a decline in the num-
ber of cyclonic systems over a 39-year period. The results
also showed an increase in cyclone intensity over the same
time period and a significant correlation of r = −0.58 (sig-
nificant at a 99% confidence interval) between wintertime
cyclone frequency and surface temperatures in the mid-lat-
itudes. Vose et al. (2014) also discussed changes in winter-
time ETCs, with a below-average frequency and intensity
of mid-latitude cyclones during the late 1970s and 1990s.
Likewise, the results from this study indicated less frequent
convective HWEs during similar periods (Figure 5a). Addi-
tional research is needed to study the possible correlation
between ETC intensity and HWEs.

Wind directions shifted more northerly for both
sustained and gust CWEs; however, little directional shift
was indicated by sustained and gust NCWEs. Mean wind
speeds decreased slightly for the majority of CWEs and
NCWEs. These findings align with a study of near-surface
wind speeds during 1973–2005. Pryor et al. (2007) con-
cluded that wind speeds were declining in the eastern U.
S. and were likely linked to synoptic patterns.

For all high-wind categories, southwesterly wind
directions were most common, followed by north-to-
northwesterly. Lacke et al. (2007) also found a southwest-
erly preference in a study on non-convective high-winds
in the Great Lakes which supports previous studies
(Niziol and Paone, 2000; Durkee et al., 2012; Gilliland et
al., 2019). Niziol and Paone (2000) suggested that high-
winds typically occur southwest of a surface low-pressure
system. As low-pressure systems track from west to east,
high-wind directions tend to follow similar motion.
Cyclonic systems that ultimately produce HWEs in the
eastern U.S. tend to follow the overall synoptic circula-
tion moving from west to east. Cyclones are typically
associated with upper-level troughs that have a north-
westerly or southwesterly projected track (Niziol and
Paone, 2000; Martin and Konrad, 2006; Lacke et
al., 2007). Typically, the strongest winds occur within
close proximity of cyclone centres, especially near the
cold front due to weak low-level vertical stability, which
leads to convective momentum mixing and possible
ageostrophic forcing. (Booth et al., 2015).

Convective high-winds – both sustained and gust –
were mostly recorded during summer. Edwards et
al. (2018) found similar results in a study comparing mea-
sured versus estimated convective gust reports in the
United States. In this study, the most concentrated areas of
mean annual gust CWEs included the South and Central
regions. Many studies have shown a peak in convective
activity in the warm season, which agrees with the regional
results in this study (Kelly et al., 1985; Klimowski et
al., 2003; Coniglio et al., 2004; Ashley and Mote, 2005;
Changnon, 2011).

FIGURE 10 (a) Linear regression of annual sustained (black)

and gust (grey) NCWE frequency during 1973–2015. (b) Mean

annual sustained and (c) gust NCWE wind speed (black) and

direction (grey) during 1973–2015 for all stations
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Non-convective high-winds occurred in the winter
and transitional months. McCabe et al. (2001) found
ETCs to be more numerous and intense during the cool

season and other studies have also linked high-winds
with cyclonic activity and storm tracks. The results are
also in agreement with studies that show an increase in
non-convective activity in the cool season (Niziol and
Paone, 2000; Lacke et al., 2007; Kurtz, 2010; Durkee et
al., 2012; Booth et al., 2015).

The results from this study support the hypothesis
that high-winds are directly influenced by synoptic and
meso-scale atmospheric patterns. When analysed by
Julian day, the majority of HWEs displayed a shift in
mean wind direction from westerly to east/northeasterly
in summer and fall. This could be caused by TC influ-
ence, as hurricane season stretches from June through
November. Gilliland et al. (2019) indicated that TCs rep-
resent a small population of HWE observations and
trends did not change significantly when TC-related
events were removed from the dataset. Other explana-
tions for wind shifts could include high-winds due to con-
vective storm outflow (RFDs, downbursts, etc.),
especially during the warm season. These outflows have
the tendency to create omnidirectional wind gusts (Fujita
and Wakimoto, 1981; Rose, 1996). Mean wind direction
and speed for convective sustained HWEs indicated
much variability throughout the year, but a larger dataset
may provide better information on the seasonality.

For any given HWE, it is possible for both a convec-
tive and non-convective HWE to be recorded concur-
rently. A situation such as this may result from pre cold-
frontal convective activity within the warm sector,
followed by post cold-frontal non-convective high-winds.
In this study, concurrent HWEs occurred in almost every
season and region. The majority of concurrent HWEs
occurred during the warm season months. The South
recorded the greatest number of concurrent HWEs
(N = 394, Gust = 95%). There were many more

FIGURE 11 Frequency of (a) sustained and (b) gust NCWEs by NCEI climate region and season (spring – MAM, summer – JJA, fall –
SON, winter – DJF) during 1973–2015 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 12 (a) Mean sustained NCWE wind speed (black)

and direction (grey) for all stations by Julian day during 1973–2015.
A 10-day moving average (dashed) is shown for wind speed and

direction. (b) Mean gust NCWE wind speed (black) and direction

(grey) by Julian day during 1973–2015. A 10-day moving average

(dashed) is shown for wind speed and direction [Colour figure can

be viewed at wileyonlinelibrary.com]
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concurrent gust HWEs than sustained, which may be
attributed to the correlation between strong cold fronts
and wind gusts discussed in Pryor et al. (2014). It is also
likely that HWEs occur across multiple regions in the
same day, which would create duplications in the obser-
vations of HWEs.

5 | CONCLUSIONS

Damaging high-winds occur in every region and during
every season in the United States. In the last few decades,
interest has grown for high-wind research and numerous
studies analysed regional high-wind characteristics
(Niziol and Paone, 2000; Klimowski et al., 2003; Martin
and Konrad, 2006; Lacke et al., 2007; Kurtz, 2010; Durkee
et al., 2012; Booth et al., 2015). Such studies concluded
that nontornadic high-winds produced similar damage
and fatality rates as tornadic storms. Understanding the
spatial and temporal tendencies of all types of high-winds
could eventually lead to better mitigation efforts in reduc-
ing fatalities and property damage.

This study contributes to current high-wind research
by providing a climatology of CWEs, and NCWEs across
the entire eastern U.S. during the last 43 years. It pro-
vides a spatial and temporal high-wind analysis that con-
tributes supporting results to other regional high-wind
studies. Previous work has focused on high-winds that
occur in a specific region or season and for shorter study
periods. Although past research has broadened the scien-
tific community's understanding and general awareness
of the hazards associated with HWEs, this study has
added an extensive climatology of sustained, gust, con-
vective, and non-convective high-winds during every sea-
son and in almost every region of the United States from
1973–2015. This study found that every region in the
study area has been affected by HWEs and that certain
types, namely convective gust HWEs, may be increasing
with time.

Future work would ideally analyse recognizable syn-
optic and meso-scale-level patterns associated with the
varying types of HWEs. In addition, future studies should
investigate possible teleconnection influences in the char-
acteristics and frequencies of high-winds. This dataset
should be updated regularly to monitor the potential
changes in gust CWEs and NCWEs, as well as how it
may affect the magnitude of catastrophic HWEs as dis-
cussed by Changnon (2009). While this study included a
basic climatological analysis of mean wind direction and
speed for the composite study area, future studies should
include a more thorough regional analysis for these
parameters. Furthermore, varied high-wind thresholds
should be considered in future HWE studies, as outlined

in Miller et al. (2016). More research is necessary to
determine long-term trends in a warming climate, as well
as recognize common atmospheric patterns and interac-
tions leading to the creation of a HWE. Understanding
how atmospheric parameters play a role in the climatol-
ogy of HWEs could result in better forecasts and eventu-
ally reduce wind-related damage and fatalities.

ORCID
Victoria A. Murley https://orcid.org/0000-0002-7953-
7091
Joshua M. Gilliland https://orcid.org/0000-0002-9548-
4145
Alan W. Black https://orcid.org/0000-0002-9336-6532

REFERENCES
Ashley, W.S. and Black, A.W. (2008) Fatalities associated with non-

convective high-wind events in the United States. Journal of
Applied Meteorology and Climatology, 47, 717–725. https://doi.
org/10.1175/2007JAMC1689.1.

Ashley, W.S. and Mote, T.L. (2005) Derecho hazards in the United
States. Bulletin of the American Meteorological Society, 86, 1577–
1592. https://doi.org/10.1175/BAMS-86-11-1577.

Black, A.W. and Ashley, W.S. (2010) Nontornadic convective wind
fatalities in the United States. Natural Hazards, 54, 355–366.
https://doi.org/10.1007/s11069-009-9472-2.

Booth, J.F., Rieder, H.E., Lee, D.E. and Kushnir, Y. (2015) The
paths of extratropical cyclones associated with wintertime high-
wind events in the northeastern United States. Journal of
Applied Meteorology and Climatology, 54, 1871–1885. https://
doi.org/10.1175/JAMC-D-14-0320.1.

Browning, K.A. (2004) The sting at the end of the tail: damaging
winds associated with extratropical cyclones. Quarterly Journal
of the Royal Meteorological Society, 130, 375–399. https://doi.
org/10.1256/qj.02.143.

Browning, K.A. and Golding, B.W. (1995) Mesoscale aspects of a
dry intrusion within a vigorous cyclone. Quarterly Journal of
the Royal Meteorological Society, 121, 463–493. https://doi.org/
10.1002/qj.49712152302.

Changnon, S.A. (2009) Temporal and spatial distributions of wind
storm damages in the United States. Climatic Change, 94, 473–
482. https://doi.org/10.1007/s10584-008-9518-6.

Changnon, S.A. (2011) Windstorms in the United States. Natural
Hazards, 59, 1175–1187. https://doi.org/10.1007/s11069-011-
9828-2.

Coniglio, M.C., Stensrud, D.J. and Richman, M.B. (2004) An obser-
vational study of derecho-producing convective systems.
Weather and Forecasting, 19, 320–337. https://doi.org/10.1175/
1520-0434(2004)019<0320:AOSODC>2.0.CO;2.

Crupi, K.M. (2004) An anomalous non-convective high wind epi-
sode over upper Michigan. National Weather Digest, 28, 3–12.

DeGaetano, A.T. (1997) A quality-control routine for hourly wind
observations. Journal of Atmospheric and Oceanic Technology,
14, 308–317. https://doi.org/10.1175/1520-0426(1997)014<0308:
AQCRFH>2.0.CO;2.

DeGaetano, A.T. (1998) Identification and implication of biases in
U.S. surface wind observation, archival, and summarization

MURLEY ET AL. 11

https://orcid.org/0000-0002-7953-7091
https://orcid.org/0000-0002-7953-7091
https://orcid.org/0000-0002-7953-7091
https://orcid.org/0000-0002-9548-4145
https://orcid.org/0000-0002-9548-4145
https://orcid.org/0000-0002-9548-4145
https://orcid.org/0000-0002-9336-6532
https://orcid.org/0000-0002-9336-6532
https://doi.org/10.1175/2007JAMC1689.1
https://doi.org/10.1175/2007JAMC1689.1
https://doi.org/10.1175/BAMS-86-11-1577
https://doi.org/10.1007/s11069-009-9472-2
https://doi.org/10.1175/JAMC-D-14-0320.1
https://doi.org/10.1175/JAMC-D-14-0320.1
https://doi.org/10.1256/qj.02.143
https://doi.org/10.1256/qj.02.143
https://doi.org/10.1002/qj.49712152302
https://doi.org/10.1002/qj.49712152302
https://doi.org/10.1007/s10584-008-9518-6
https://doi.org/10.1007/s11069-011-9828-2
https://doi.org/10.1007/s11069-011-9828-2
https://doi.org/10.1175/1520-0434(2004)019%3C0320:AOSODC%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2004)019%3C0320:AOSODC%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2004)019%3C0320:AOSODC%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2004)019%3C0320:AOSODC%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(1997)014%3C0308:AQCRFH%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(1997)014%3C0308:AQCRFH%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(1997)014%3C0308:AQCRFH%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(1997)014%3C0308:AQCRFH%3E2.0.CO;2


methods. Theoretical and Applied Climatology, 60, 151–162.
https://doi.org/10.1007/s007040050040.

Durkee, J.D., Fuhrmann, C.M., Knox, J.A. and Frye, J.D. (2012)
Ageostrophic contributions to a non-convective high-wind
event in the Great Lakes region. National Weather Digest, 36,
27–41.

Edwards, R., Allen, J.T. and Carbin, J.W. (2018) Reliability and cli-
matological impacts of convective wind estimations. Journal of
Applied Meteorology and Climatology, 57, 1825–1845.

Fujita, T.T. and Wakimoto, R.M. (1981) Five scales of airflow asso-
ciated with a series of downbursts on 16 July 1980. Monthly
Weather Review, 109, 1438–1456.

Gilliland, J.M., Black, A.W., Durkee, J.D. and Murley, V.A. (2019)
A climatology of high-wind events for the eastern United
States. International Journal of Climatology, 40(2), 723–738.
https://doi.org/10.1002/joc.6233.

Hultquist, T.R., Dutter, M.R. and Schwab, D.J. (2006) A re-examina-
tion of the 9-10 November 1975 “Edmund Fitzgerald” storm
using today's technology. Bulletin of the American Meteorologi-
cal Society, 87, 607–622. https://doi.org/10.1175/BAMS-87-
5-607.

Johns, R.H. and Hirt, W.D. (1987) Derechos: widespread
convectively induced windstorms. Weather and Forecasting, 2,
32–49.

Kapela, A.F., Leftwich, P.W. and Van Ess, R. (1995) Forecasting the
impacts of strong wintertime post-cold front winds in the
northern plains. Weather and Forecasting, 10, 229–244. https://
doi.org/10.1175/1520-0434(1995)010<0229:FTIOSW>2.0.CO;2.

Kelly, D.L., Schaefer, J.T. and Doswell, C.A., III. (1985) Climatology
of nontornadic severe thunderstorm events in the United
States. Monthly Weather Review, 113, 1997–2014. https://doi.
org/10.1175/1520-0493(1985)113<1997:CONSTE>2.0.CO;2.

Kendall, M.G. (1975) Rank Correlation Methods. London, UK:
Griffin.

Klimowski, B.A., Bunkers, M.J., Hjelmfelt, M.R. and Covert, J.N.
(2003) Severe convective windstorms over the northern High
Plains of the United States. Weather and Forecasting, 18, 502–
519. https://doi.org/10.1175/1520-0434(2003)18<502:
SCWOTN>2.0.CO;2.

Klink, K. (1999) Climatological mean and interannual variance of
United States surface wind speed, direction and velocity. Inter-
national Journal of Climatology, 19, 471–488. https://doi.org/10.
1002/(SICI)1097-0088(199904)19:5<471::AID-JOC367>3.0.CO;
2-X.

Knox, J.A., Frye, J.D., Durkee, J.D. and Fuhrmann, C.M. (2011)
Non-convective high winds associated with extratropical
cyclones. Geography Compass, 5, 63–89. https://doi.org/10.
1111/j.1749-8198.2010.00395.x.

Kurtz, J.T. (2010) A Climatology of Cold Season Nonconvective Wind
Events across the North Central Plains. Omaha, Nebraska:
Department of Atmospheric Science, Creighton University,
p. 108.

Lacke, M.C., Knox, J.A., Frye, J.D., Stewart, A.E., Durkee, J.D.,
Fuhrmann, C.M. and Dillingham, S.M. (2007) Climatology of
cold-season nonconvective wind events in the Great Lakes
region. Journal of Climate, 20, 6012–6222. https://doi.org/10.
1175/2007JCLI1750.1.

Letson, F., Pryor, S.C., Barthelmie, R.J. and Hu, W. (2018) Observed
gust wind speeds in the coterminous United States, and their

relationship to local and regional drivers. Journal of Wind Engi-
neering and Industrial Aerodynamics, 173, 199–209. https://doi.
org/10.1016/j.jweia.2017.12.008.

Ma, C. and Chang, E.K.M. (2017) Impacts of storm-track variations
on wintertime extreme weather events over the continental
United States. Journal of Climate, 30, 4601–4624. https://doi.
org/10.1175/JCLI-D-16-0560.1.

Mann, H.B. (1945) Nonparametric tests against trend. Eco-
nometrica, 13, 245–259.

Martin, J. and Konrad, C. (2006) Directional characteristics of
potential damaging wind gusts in the Southeast United States.
Physical Geography, 27, 155–169. https://doi.org/10.2747/0272-
3646.27.2.155.

McCabe, G.J., Clark, M.P. and Serreze, M.C. (2001) Trends in north-
ern hemisphere surface cyclone frequency and intensity. Jour-
nal of Climate, 14, 2763–2768. https://doi.org/10.1175/1520-
0442(2001)014<2763:TINHSC>2.0.CO;2.

Miller, P.W., Black, A.W., Williams, C.A. and Knox, J.A. (2016)
Maximum wind gusts associated with human-reported non-
convective wind events and a comparison to current warning
issuance criteria. Weather and Forecasting, 31, 451–465. https://
doi.org/10.1175/WAF-D-15-0112.1.

Niziol, T.A. and Paone, T.J. (2000). A climatology of non-convective
high wind events in western New York state. NOAA Technical
Memorandum. 44 pp, NWS ER-1.

Pryor, S.C., Barthelmie, R.J. and Riley, E.S. (2007) Historical evolu-
tion of wind climates in the USA. Journal of Physics: Conference
Series, 75, 012065. https://doi.org/10.1088/1742-6596/75/1/
012065.

Pryor, S.C., Conrick, R., Miller, C., Tytell, J. and Barthelmie, R.J.
(2014) Intense and extreme wind speeds observed by anemome-
ter and seismic networks: an eastern U.S. case study. Journal of
Applied Meteorology and Climatology, 53, 2417–2429. https://
doi.org/10.1175/JAMC-D-14-0091.1.

Rose, M.A. (1996) Downbursts. National Weather Digest, 21, 11–17.
Schoen, J.M. and Ashley, W.S. (2011) A climatology of fatal convec-

tive wind events by storm type. Weather and Forecasting, 26,
109–121. https://doi.org/10.1175/2010WAF2222428.1.

Vose, R.S., Applequist, S., Bourassa, M.A., Pryor, S.C.,
Barthelmie, R.J., Blanton, B., Bromirski, P.D., Brooks, H.E.,
AT, D.G., Dole, R.M., Easterling, D.R., Jensen, R.E., Karl, T.R.,
Katz, R.W., Klink, K., Kruk, M.C., Kunkel, K.E., MC, M.C.,
Peterson, T.C., Shein, K., Thomas, B.R., Walsh, J.E., Wang, X.
L., Wehner, M.F., Wuebbles, D.J. and Young, R.S. (2014) Moni-
toring and understanding changes in extremes: Extratropical
storms, winds, and waves. Bulletin of the American Meteorologi-
cal Society, 95, 377–386. https://doi.org/10.1175/BAMS-D-12-
00162.1.

Wilks, D.S. (2011) Statistical Methods in the Atmospheric Sciences,
3rd edition. Cambridge, MA: Academic Press.

How to cite this article: Murley VA, Durkee JD,
Gilliland JM, Black AW. A climatology of
convective and non-convective high-wind events
across the eastern United States during 1973–2015.
Int J Climatol. 2020;1–12. https://doi.org/10.1002/
joc.6690

12 MURLEY ET AL.

https://doi.org/10.1007/s007040050040
https://doi.org/10.1002/joc.6233
https://doi.org/10.1175/BAMS-87-5-607
https://doi.org/10.1175/BAMS-87-5-607
https://doi.org/10.1175/1520-0434(1995)010%3C0229:FTIOSW%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(1995)010%3C0229:FTIOSW%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(1995)010%3C0229:FTIOSW%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(1995)010%3C0229:FTIOSW%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C1997:CONSTE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C1997:CONSTE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C1997:CONSTE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C1997:CONSTE%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)18%3C502:SCWOTN%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)18%3C502:SCWOTN%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)18%3C502:SCWOTN%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)18%3C502:SCWOTN%3E2.0.CO;2
https://doi.org/10.1002/(SICI)1097-0088(199904)19:5%3C471::AID-JOC367%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1097-0088(199904)19:5%3C471::AID-JOC367%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1097-0088(199904)19:5%3C471::AID-JOC367%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1097-0088(199904)19:5%3C471::AID-JOC367%3E3.0.CO;2-X
https://doi.org/10.1002/(SICI)1097-0088(199904)19:5%3C471::AID-JOC367%3E3.0.CO;2-X
https://doi.org/10.1111/j.1749-8198.2010.00395.x
https://doi.org/10.1111/j.1749-8198.2010.00395.x
https://doi.org/10.1175/2007JCLI1750.1
https://doi.org/10.1175/2007JCLI1750.1
https://doi.org/10.1016/j.jweia.2017.12.008
https://doi.org/10.1016/j.jweia.2017.12.008
https://doi.org/10.1175/JCLI-D-16-0560.1
https://doi.org/10.1175/JCLI-D-16-0560.1
https://doi.org/10.2747/0272-3646.27.2.155
https://doi.org/10.2747/0272-3646.27.2.155
https://doi.org/10.1175/1520-0442(2001)014%3C2763:TINHSC%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3C2763:TINHSC%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3C2763:TINHSC%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3C2763:TINHSC%3E2.0.CO;2
https://doi.org/10.1175/WAF-D-15-0112.1
https://doi.org/10.1175/WAF-D-15-0112.1
https://doi.org/10.1088/1742-6596/75/1/012065
https://doi.org/10.1088/1742-6596/75/1/012065
https://doi.org/10.1175/JAMC-D-14-0091.1
https://doi.org/10.1175/JAMC-D-14-0091.1
https://doi.org/10.1175/2010WAF2222428.1
https://doi.org/10.1175/BAMS-D-12-00162.1
https://doi.org/10.1175/BAMS-D-12-00162.1
https://doi.org/10.1002/joc.6690
https://doi.org/10.1002/joc.6690

	A climatology of convective and non-convective high-wind events across the eastern United States during 1973-2015
	1  INTRODUCTION
	2  DATA AND METHODS
	3  RESULTS
	3.1  Sustained CWEs
	3.2  Gust CWEs
	3.3  Sustained NCWEs
	3.4  Gust NCWEs

	4  DISCUSSION
	5  CONCLUSIONS
	REFERENCES


