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ABSTRACT

Large-magnitude pressure signatures associated with a wide range of atmospheric phenomena (e.g., me-
soscale gravity waves, convective complexes, tropical disturbances, and synoptic storm systems) are examined
using a unique set of surface pressure sensors deployed as part of the National Science Foundation Earth-
Scope USArray Transportable Array. As part of the USArray project, approximately 400 seismic stations
were deployed in a pseudogrid fashion across a portion of the United States for 1-2 yr, then retrieved and
redeployed farther east. Surface pressure observations at a sampling frequency of 1 Hz were examined during
the period 1 January 2010-28 February 2014 when the seismic array was transitioning from the central to
eastern continental United States. Surface pressure time series at over 900 locations were bandpass filtered to
examine pressure perturbations on three temporal scales: meso- (10 min—4 h), subsynoptic (4-30h), and
synoptic (30 h-5 days) scales.

Case studies of strong pressure perturbations are analyzed using web tools developed to visualize and track
tens of thousands of such events with respect to archived radar imagery and surface wind observations.
Seasonal assessments of the bandpass-filtered variance and frequency of large-magnitude events are con-
ducted to identify prominent areas of activity. Large-magnitude mesoscale pressure perturbations occurred
most frequently during spring in the southern Great Plains and shifted northward during summer. Synoptic-
scale pressure perturbations are strongest during winter in the northern states with maxima located near the

East Coast associated with frequent synoptic development along the coastal storm track.

1. Introduction

Large-amplitude surface pressure perturbations are
produced by a wide variety of high-impact atmospheric
phenomena (Koppel et al. 2000; Nappo 2002; Sutherland
2010). Measurements of surface barometric pressure
have been used to identify and follow propagating
atmospheric systems on spatial and temporal scales
ranging from turbulence (e.g., Viana et al. 2010) to
multiyear oscillations (e.g., Jones et al. 2003). As sum-
marized by Mass and Madaus (2014), surface pressure
observations have fewer siting and measurement issues
than observations of temperature or wind. Surface
pressure is also more readily assimilated into research
and operational models (Whitaker et al. 2004; Dirren
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etal.2007; Wheatley and Stensrud 2010). As discussed
by Madaus et al. (2014), assimilating densely spaced
surface pressure observations shows promise for im-
proving future mesoscale analyses and forecasts.
Numerous studies have relied on pressure observa-
tions to catalogue and examine meteorological events.
Sea level pressure analyses derived from surface pres-
sure observations have often been used to produce cli-
matologies of synoptic storm tracks (Reitan 1974;
Zishka and Smith 1980). More recent climatologies of
synoptic storm tracks rely on pressure data derived from
numerical model reanalyses (Thomas and Martin 2007,
Nieto Ferreira et al. 2013). Pressure tendency (i.e., the
change in pressure over a specified duration) has been
used frequently to identify preferred geographical lo-
cations for cyclogenesis and anticyclogenesis (Sanders
and Gyakum 1980; Krueger and von Storch 2012).
While the pressure perturbations associated with in-
ternal waves are often viewed as noise for large-scale
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weather systems (Sutherland 2010), an extensive litera-
ture base exists on the theoretical, observational, and
modeling of pressure perturbations resulting from
a wide array of physical processes. The highest impact
pressure perturbations occurring over space and time
scales less than those of large weather disturbances are
usually gravity waves associated with intense convec-
tion, and many analyses of the spatiotemporal evolution
of these waves have occurred in the last several decades
following T. Fujita’s mesoanalyses of barograph traces
using time-to-space data reduction techniques (Fujita
and Brown 1958; Koch and Saleeby 2001; Johnson
2001). However, as reviewed by Wei and Zhang (2014),
gravity waves and their associated pressure perturba-
tions can also result from topographic effects, density
gradients, shear instabilities, and geostrophic adjust-
ments. In addition to gravity waves, localized or regional
pressure gradients are also generated by mesoscale high
and low pressure disturbances, differential heating of
land surfaces, diurnal tides, and persistent flow over
terrain.

The overlapping temporal scales within which these
pressure perturbations and associated phenomena occur
include the following:

e Less than 20min: high-frequency internal gravity
waves resulting from shear layers, horizontal con-
vective rolls, katabatic flows, and other boundary
layer phenomena (Tian et al. 2004; Adams-Selin and
Johnson 2010; Viana et al. 2010);

e Smin—4 h: propagating gravity waves associated with
individual convective storms and associated cold pools,
mesohighs and wake lows, bow echoes, derechos, and
other mesoscale disturbances (Crook 1988; Engerer
et al. 2008; Metz and Bosart 2010);

e 2-12h: differential heating of land and water surfaces
(Novak and Colle 2006), elevated terrain (Geerts et al.
2008), long-lived mesoscale gravity waves and inertia—
gravity waves, cold fronts, or drylines associated with
large synoptic disturbances (Jewett et al. 2003; Bosart
et al. 1998), or prolonged flow over a topographic
barrier (Gabersek and Durran 2006); and

e 12-24h: diurnal and semidiurnal migrating thermal
tides due to diurnal heating (Dai and Wang 1999; Li
and Smith 2010).

While many of the phenomena mentioned above tend
to occur largely unnoticed, large-amplitude gravity
waves, wake lows, and other mesoscale convective sys-
tems (MCSs) leading to severe weather have received
much attention during recent decades (Ramamurthy
et al. 1993; Coleman and Knupp 2009; Coleman and
Knupp 2010; Adams-Selin and Johnson 2013). A mix of
microbarograph traces and pressure observations at
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FIG. 1. Pressure sampled at 1 Hz (black), 5 min (blue), 20 min
(green), and hourly (red) from USArray station J41A (Loganville,
WI) during 0400-0900 UTC 11 Apr 2013.

hourly or longer intervals have been the most common
tools available to study such events (Bosart et al. 1998).

While extensive research has been conducted regarding
the dynamics and evolution of specific high-impact, long-
lived mesoscale gravity wave events, relatively few studies
have looked at the occurrence of pressure perturbations
over broader spatial and temporal scales. Koppel et al.
(2000) conducted a 25-yr climatology of large pressure
perturbations over the conterminous United States,
but were limited by 1-h sampling intervals, which likely
underestimated the frequency of occurrence of these
features. Figure 1 illustrates the importance of sampling
pressure perturbations at high frequency for a large-
amplitude gravity wave event on 17 April 2013 for
which sampling at 20-min or 1-h intervals fails to capture
the primary wave signature.

Various signal processing techniques have been relied
upon to isolate discrete or recurring pressure perturba-
tions. Harmonic analysis has been utilized to determine
the magnitude and phase of the diurnal, semidiurnal,
and terdiurnal cycles (Mass et al. 1991; Ray and Poulose
2005; Li and Smith 2010). Bandpass-filtering techniques
were utilized by Koch and O’Handley (1997) as well as
Koch and Saleeby (2001) to isolate pressure perturba-
tions coincident with mesoscale gravity waves using
pressure observations at 5-min intervals, which as shown
in Fig. 1, provide a reasonable reconstruction of gravity
waves in pressure time series. Wavelet analysis tech-
niques to extract discrete events in time and space are
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F1G. 2. USArray seismic station locations from 1 Jan 2010 to 28 Feb 2014. Marker colors denote
the (a) first and (b) last date of pressure observations.

common as well (Grivet-Talocia and Einaudi 1998;
Grivet-Talocia et al. 1999). However, wavelet tech-
niques rely on specifying the expected pressure fluctu-
ation pattern to cast as the mother wavelet, which is
difficult to define generally (Torrence and Compo 1998).

This research takes advantage of the deployment be-
ginning in 2010 of pressure sensors on the National
Science Foundation sponsored EarthScope USArray
Transportable Array (TA; Tytell et al. 2011; Vernon
et al. 2011; Vernon et al. 2012). Very high temporal
resolution (1 Hz) surface pressure data for roughly 2-yr
periods are available at stations separated by ~70km in
the central and eastern portions of the United States and
southern Canada. An extensive set of web tools have
been developed to interactively examine these data
(see http://mesol.chpc.utah.edu/usarray/).

The objective of this study is to analyze the frequency
and amplitude of pressure perturbations as a function of
location and season at each TA observing site. Bandpass
filters applied to the pressure data allow large-amplitude
mesoscale, subsynoptic, and synoptic pressure signa-
tures to be examined. Case studies of high-impact events
demonstrate the capabilities of the TA 1-Hz pressure

surface pressure network to capture the relevant spa-
tiotemporal evolution of these events.

2. Data and methods
a. USArray TA surface pressure observations

The USArray TA in situ network was developed
as part of an EarthScope project to study seismic
activity across the continental United States (Yang and
Ritzwoller 2008; Pavlis et al. 2012). The project began in
2004 with stations placed across the western United
States using a pseudogrid concept, with average spacing
of about 70km between locations. Stations report for
a period of 1-2yr, then are retrieved and redeployed as
new stations east of the existing grid. This method of
station deployment and retrieval produces a temporal
“rolling appearance” of the array over several years.
While only seismic sensors were installed as the array
progressed from the Pacific coastline across the
west, atmospheric pressure sensors were added to sta-
tions that were redeployed over the central United
States beginning in 2010 (Fig. 2). As described by de
Groot-Hedlin et al. (2014), stations were initially
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TABLE 1. Observation and quality control statistics for USArray
1-Hz pressure observations from 1 Jan 2010 to 28 Feb 2014.

Metric Value
Individual stations 997
Total 1-Hz observations collected 48358325315
Total 1-Hz observations retained post-QC 47200863231
Total 1-Hz observations retained post-QC 97.61%

percentage

Median station active period 615.5 days
Median percentage of expected observations 99.84%
Median percentage of observations retained 99.79%

post-QC

equipped with less expensive MicroElectro-Mechanical
(MEMS) pressure sensors (0.015-hPa resolution, 1.5-hPa
accuracy, 1.0hPayr ™ stability). Additional Setra-278 baro-
metric pressure sensors (0.01-hPa resolution, 0.5-1.0-hPa
accuracy, 0.1 hPayr ! stability) were installed from late
2010 into 2011. Both sensors were enclosed within the
main vault of the station that was placed slightly under-
ground for seismometer housing, with tubing extending
from the sensors to the surface to allow for adequate
sampling of the atmospheric pressure. Readings from
the MEMS pressure sensors were initially fetched until
the Setra-278 units were installed, with Setra-278 obser-
vations taking priority over the MEMS once they were
active due to their better accuracy, resolution, and long-
term stability.

The combination of high-resolution and fast response
time allows the pressure measurements to be collected
at high sampling rates (including 1 and 40 Hz) for seis-
mic applications. Real-time communications allow the
observations to be received by the Scripps Institution of
Oceanography Array Network Facility (ANF) and then
transmitted to the Incorporated Institutions of Seis-
mology (IRIS) with minimal latency. Through the IRIS
web service products, 1-Hz pressure observations from
1 January 2010 to the present have been retrieved for all
USArray stations.

Figure 2 depicts the first and last date within the
1 January 2010-28 February 2014 window during which
pressure observations were available for this study at the
over 900 unique station locations. In general, stations
across the central United States were active during
2010-11, the upper Midwest and Southeast from late
2011 to early 2013, and farther east toward New England
and southern Canada during 2013-14. Since 1 March
2012, the 1-Hz data have been processed into 5-min
averages, made available publicly with minimal latency
via MesoWest (Horel et al. 2002), and transmitted via
the NOAA Meteorological Automated Data Ingest
System (MADIS) to National Weather Service (NWS)
field offices and the National Centers for Environmental
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Prediction (NCEP) for nowcasting and operational nu-
merical weather prediction.
b. Quality control

Several steps were employed to flag the small amount
of erroneous 1-Hz pressure data and to avoid in-
troducing spurious signals resulting from filtering across
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station time series was subtracted from the 1-Hz data.
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data gaps. First, periods of missing data exceeding 5 min
were identified and no interpolation was performed
to fill in those missing periods. Second, large pressure
signals not plausible for atmospheric phenomena of
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interest in this study were identified. For example, short-
duration power outages, pressure sensor ‘“‘warm up’’
signatures, and external siting factors occasionally pro-
duced large discontinuous changes. Pressure changes
exceeding 2hPas™! were immediately flagged as sus-
pect, while rates exceeding 2 hPamin ' required further
subjective examination on a case-by-case basis. Al-
though pressure change rates exceeding these thresholds
could occur as a result of extreme local weather events
(e.g., tornadoes or dust devils), sampling such events
would be extremely rare, given the large horizontal
spacing of the sensor array. Third, bulk statistics (range,
variance, etc.) for each station time series over seasonal
and annual periods were examined for both pressure
and derived altimeter setting using available elevation
metadata. Seasons were defined as December—January—
February (DJF), March—-April-May (MAM), June—July—
August (JJA), and September-October—-November
(SON) periods. These statistics helped to identify stations
with problems ranging from improper installation, sensor
programming (voltage multiplier or offset issues), or
metadata inaccuracies. Finally, subjective quality control
was required for some blatantly spurious pressure signals
that were not flagged by the objective procedures.

Table 1 provides summary statistics for the total
number of 1-Hz observations collected and quality
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control of the 1-Hz data from 1 January 2010 to 28
February 2014. Over 48 billion observations were col-
lected during this time period. Stations had very little
missing data with a median loss of only 0.17% of the
possible observations per station. The quality control
procedures flagged a total of 2.39% of the 1-Hz data, the
majority from a few problematic stations or stations that
had extended periods of sensor problems that required
maintenance. For example, heavy rain events in some
instances led to water infiltrating the inlet tubes to the
pressure sensors resulting in wild, unphysical swings in
pressure. To maintain the integrity of the 1-Hz data

archive, suspect data were not removed but simply ig-
nored in subsequent analyses. The available web tools
were developed with the ability to view the observed
pressure time series with quality control filtering applied
or removed, so high-frequency fluctuations labeled as
suspect can be assessed visually on a case-by-case basis.

c. Temporal filtering

Since very high-frequency (>1min~"') perturbations
are not of interest in this study and to reduce processing
time, 1-min samples were derived from the 1-Hz ob-
servations. Three Butterworth bandpass filters (referred
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are circled and labeled.

to as the meso-, subsynoptic-, and synoptic-scale filters)
were applied separately to each 1-min pressure time
series after removing the period-of-record mean. These
second-order filters using five coefficients were applied
twice (forward and backward) to minimize unwanted
phase shifts. Figure 3 depicts the squared magnitude
response of each bandpass filter versus period. Follow-
ing the work of Koch and Saleeby (2001), the mesoscale
filter attempts to isolate mesoscale pressure perturba-
tions with periods between 10 min and 4 h, which cor-
respond to the micro-a and meso-y temporal scales
according to Orlanski (1975). The synoptic filter (30 h—
5 days) was chosen to identify pressure perturbations
associated with synoptic-scale weather features. The
middle filter (4-30h) partially overlaps the other two
(which introduces some ambiguity when interpreting its
specific temporal range) and focuses on pressure per-
turbations arising from a complex mix of processes in-
cluding frontal passages (particularly strong cold fronts)
and those leading to semidiurnal and diurnal tides.
Following Orlanski (1975), this filter encompasses the
meso-B temporal scale, and the longer time scales of
mesoscale phenomena according to Markowski and
Richardson (2010). We are in essence subdividing the
total variance of each pressure time series into four
bands: mesoscale, subsynoptic, synoptic, and low fre-
quency (i.e., periods longer than 5days). While the

filters are applied continuously to the entire record for
each station, the small portions of each time series in-
cluding and surrounding missing or suspect data are ig-
nored in the subsequent analyses.

Figure 4 illustrates these filtering techniques applied
to the 24-h period encompassing the mesoscale gravity
wave event shown in Fig. 1. The gravity wave signature
near 0600 UTC 11 April 2013 is clearly isolated by the
mesoscale filter, while the decreasing pressure trend
over the 24-h period is captured by the synoptic filter.
The small perturbations on the subsynoptic scale are of
less interest in this case. As a contrasting case, Fig. 5
shows pressure traces for a station in southern Texas
over a 2-week period during late February 2010. The
total range in pressure from +10 to —15hPa observed
during this period is explained in part by perturbations
within the synoptic band (8 hPa) with additional con-
tributions from the subsynoptic band (*3hPa) and
minimal contributions from the mesoscale band. In
particular, the subsynoptic band captures the diurnal
and semidiurnal fluctuations.

Large pressure rises and falls, hereby denoted as
pressure signatures, are identified from each filtered
time series. Consecutive local maxima and minima are
paired as pressure signature start and end points if they
occur within the nominal temporal duration defined for
the meso-, subsynoptic-, and synoptic-scale filters (i.e.,
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markers), and wind gust (green cross markers) for station KC29
(Middleton Municipal Airport, WI).

41, 30h, and 5 days, respectively). Events that occur at
the beginning or end of the time series as well as near
missing or erroneous data periods were checked manu-
ally. Metrics (e.g., duration and absolute and perturba-
tion pressure changes) for each event were calculated
and stored for later analysis.

Figure 6 illustrates how the variance in each filtered
time series for a particular station and season relates to
one another, to the unfiltered variance of the complete
time series, and to corresponding variances at other
stations. For this particular case, station T37A in
southeast Kansas during the 2011 spring (MAM) season,
the total variance about the period-of-record mean is
28.2hPa’. This value is substantively less than 80 hPa?,
which corresponds to a scaling value defined approxi-
mately from the 80th percentile for all unfiltered

JACQUES ET AL.

1479

variance values for all seasons and stations. The variance
in the synoptic period (30 h-5day) is 13.1 hPa® which
places it approximately near the 40th percentile of all
the synoptic-filtered time series (i.e., roughly half of the
scaling value of 25 hPa? for this band). The large pres-
sure perturbations after 3 May evident in the top time
series clearly arise from low-frequency (<0.2day ')
fluctuations rather than synoptic-scale disturbances that
were more common earlier in the spring. The seasonal
variances explained by subsynoptic and mesoscale fluc-
tuations during spring 2011 are small (0.82 and 0.058 hPa?,
respectively). However, some large mesoscale events
took place and, while small, the variance in the mesoband
during this season is greater than the ~80th percentile for
all the mesoscale-filtered time series. To allow compari-
son to other stations during other seasons, the ‘“final
marker” in the center right displays the magnitudes of the
four variance values as vectors in specified compass di-
rections. Interpretation of the marker relative to the 80th
percentile scaling vectors indicates that the unfiltered,
synoptic, and subsynoptic variances at this station for
spring 2011 were below average to average compared to
other stations during all seasons, but the mesoscale vari-
ance was quite large, indicating active mesoscale phe-
nomena at this station during this season.

3. Case studies
a. Overview

The web-based products (http://mesol.chpc.utah.edu/
usarray/) developed as part of this study to visualize the
USArray TA data allow detailed examination of thou-
sands of pressure signatures arising from a wide variety
of weather phenomena. For this study, three examples
were selected to highlight these analysis capabilities that
include relating the available USArray TA pressure
observations to surface wind observations and conven-
tional radar imagery. Two events with prominent me-
soscale perturbations and one synoptic-scale event were
selected to illustrate meteorological features that are
commonly studied. As described in section 2, the pres-
sure time series in Fig. 5 illustrates subsynoptic-scale
forcing resulting from diurnal and semidiurnal tides.

b. 11 April 2013 Midwest gravity wave event

One of the stronger mesoscale pressure signatures
found in this study was a solitary wave of depression on
11 April 2013 (Figs. 1 and 4). A strengthening synoptic
storm system over the central United States produced
several rounds of convection and mesoscale gravity
waves from 10-11 April 2013 over a large swath of the
country, stretching from the Gulf of Mexico through the
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FIG. 10. As in Fig. 7, but for two derecho events across the mid-Atlantic at 1245, 1445, 1940, and 2105 UTC 13 Jun 2013.

Great Lakes region. Similar to the 7 March 2008 solitary
wave of depression studied by Ruppert and Bosart
(2014), Fig. 7 depicts the wave propagation from Iowa
into Wisconsin. Circled markers show the locations of
the USArray stations, with the marker color denoting
the value of the mesoscale-filtered pressure perturba-
tion at the selected time. Large negative pressure per-
turbations trail the northern edge of the precipitation
complex from Iowa into Wisconsin, which is evident
in the radar imagery provided courtesy of the Iowa
Environmental Mesonet. Such large negative pressure
perturbations are a common signature seen in many
solitary mesoscale gravity wave structures with pre-
cipitation (Ramamurthy et al. 1993). According to
Ruppert and Bosart (2014), precipitation regions such as
the region depicted here also may contribute to the large
pressure reduction seen directly behind the precipitation

shield, and often these systems can further evolve into
mesohigh-wake low couplets.

Figure 8 focuses on the region near J41A (Figs. 1 and
4) at approximately the time of the wave’s peak intensity
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FIG. 11. As in Fig. 9a, but for station P60A (Greenville, DE) from
1000 to 1600 UTC 13 Jun 2013.
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FIG. 12. As in Fig. 8, but for the derecho event across the mid-Atlantic at 2120 UTC 13 Jun 2013.

(0600 UTC) over southern Wisconsin. Included are
surface wind observations with reported sustained or
gust values larger than 10ms ™. Stations with the largest
sustained winds and gusts were collocated with the back
edge of the precipitation. Time series of the mesoscale-
filtered pressure data for USArray station J41A and
K42A (Fig. 9) depict mesoscale pressure drops of
9.1hPa in 40min and 7.3hPa in 17min preceded by
negligible or small 0.5-hPa pressure rises, respectively.
Wind observations at Middleton Municipal Airport
(KC29, Fig. 9c) are predominantly from the east-
northeast at 5-8ms~ ' preceding the event. Sustained
wind speeds increase to ~15ms~' with gusts over
20ms~ ' during the wave passage and then lessen during
the next hour as the wave propagates eastward.

¢. 13 June 2013 mid-Atlantic derecho

Thunderstorms associated with a shortwave trough
over the Great Lake region late on 12 June 2013 led
to the eventual development of two long-lived MCS/
derecho events that produced widespread wind damage
from the Ohio Valley eastward. Both events meet the
definition of a derecho as described by Johns and Hirt
(1987), and the secondary complex was described as a
weak derecho by the Blacksburg, Virginia, NWS office
as a result of its continuity (wind damage extending
greater than about 400km) and extensive number of
severe (25.9ms” ! or greater) straight-line wind dam-
age reports along the damage swath (National Weather
Service Weather Forecast Office 2014).

The first complex formed over northern Indiana and
Ohio early on 13 June 2013 and moved east-southeast
through the mid-Atlantic region and eventually off the
coast by 1600 UTC. A second convective complex
formed over central Indiana at ~1000 UTC and
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FIG. 14. USArray synoptic-filtered pressure tendency (hPa 3 h™!) overlaid with radar reflectivity imagery for a northeast snowstorm
event from 1200 UTC 13 Feb to 0600 UTC 14 Feb 2014. Red (blue) filled circles indicate positive (negative) pressure tendencies according
to the color bar as used on the website (http://mesol.chpc.utah.edu/usarray).

propagated through Ohio, Kentucky, West Virginia,
Virginia, and North Carolina through the remainder of
the day. The first complex had a more classic bow-echo
structure, with convective cells along a bowed singular
line. The second system was more complex with several
small clusters of convection developing into a larger
squall line late in the duration of the event. The top
panels of Fig. 10 show the propagation of the first
complex off the coast from 1245 to 1445 UTC, while the
second complex is displayed in the bottom panels from
1940 to 2105 UTC. Both events produce large positive
perturbations at USArray stations at the leading edge of
the convection.

The largest mesoscale pressure rise associated with
these two complexes occurred at station P60A in

northern Delaware (Fig. 11). A 5.4-hPa rise in 11 min
was calculated from the mesoscale-filtered data, which
equates to a 29.56hPah™! rate of change. However,
surface observations near the station did not record any
severe wind gusts. The second complex produced nu-
merous severe wind observations as it reached the
southern Virginia coastline as seen in Fig. 12. Pressure
and wind time series for USArray station T60A and
Felker Army Field (KFAF) are shown in Figs. 13a and
13b, respectively. Station T60A had a 3.7-hPa increase in
11 min, while nearby station KFAF recorded wind gusts
near 30ms ' immediately after the passage of the pri-
mary gust front. Comparing the pressure time series
evolution between USArray station P60A (Fig. 11) and
T60A (Fig. 13) provides insight into the derecho
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evolution and spatial variability that would not be seen
using filtered or averaged pressure data. At P60A, the
5.4-hPa pressure rise was immediately followed by
a several hectopascal pressure drop 10 min later, with
several hours of more gradual pressure falls thereafter
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(Fig. 11). However, at T60A, the strengthening of the
cold pool behind the derecho resulted in a more pro-
longed pressure maximum (~30min) and a reduced
pressure fall (with a secondary pressure rise behind the
derecho likely associated with outflow).

d. 2014 Valentine’s Day Storm

A strong synoptic system, originating in the Gulf of
Mexico, moved up the East Coast of the United States
during 13-15 February 2014. The storm brought wide-
spread heavy snowfall for inland regions spanning from
northwestern North Carolina through Maine. Figure 14
shows the evolution of this event as an area of low
pressure developed off the mid-Atlantic coastline,
strengthened, and moved northeast toward Nova Scotia.
The shading of the USArray stations is derived from a
3-h pressure tendency based on the synoptic-filtered
dataset to lessen the impact of other time scales in the
unfiltered data. The dark blue circles indicated large
pressure falls on the synoptic scale, which were located
ahead of the propagating synoptic wave. The largest
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FIG. 16. USArray pressure perturbation variance during winter (DJF) seasons from 2010-11
to 2013-14. The variance values at each station are combined into station clusters as described
in the text. See Fig. 6 for the description of the markers with vector scaling lengths provided at

the bottom.
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FIG. 17. As in Fig. 16, but for spring (MAM) seasons during 2010-13.

falls were located across New England during 0000-
0600 UTC 14 February 2014. Behind the system,
pressure rises are seen, with the largest values located
along the coastline closest to the low pressure. The un-
filtered and synoptic-filtered time series for station
Q61A in Delaware are shown in Fig. 15. Whether eval-
uated on the basis of the unfiltered or synoptic-filtered
data, the pressure falls of 40 hPa or 29 hPa, respectively,
in 29h are impressive.

4. Perturbation pressure variance

To summarize seasonal and spatial differences in the
amplitude of the pressure perturbations, the variance
vectors introduced in Fig. 6 are now used as shown in
Figs. 16-19. Referring to Fig. 2, station clusters are used
to reduce the number of vectors displayed on the figures
as well as account for the eastward progression of the
array during the four years of this study (i.e., there are
four roughly north-south-oriented lines of clusters
available for each calendar season). Each cluster com-
prises 2-50 (median 23) stations within 2° X 6° latitude—
longitude bins during each season. The vectors shown in

these figures represent the median variance values de-
rived from the sample of time series available within
each cluster.

During the winter (DJF) months (Fig. 16), the un-
filtered (black vector pointing north) and synoptic-filtered
(green vector pointing east) variance increases with lati-
tude. When the array was located farthest west during the
2010-11 winter and along the East Coast during the 2013—
14 winter, the unfiltered variance tended to be larger in
the northern tier of clusters than during the 2011-12 and
2012-13 winters. Less longitudinal and interannual vari-
ance is evident in the synoptic-filtered data. A tendency
for subsynoptic variance (blue vectors pointing south) to
decrease with latitude is apparent, particularly during the
2010-11 winter with high subsynoptic variance evident in
southern Texas. Mesoscale variance (red vectors pointing
west) is largest in the center of the USArray during the
2011-12 and 2012-13 winters.

During the spring (MAM) months (Fig. 17), unfiltered
and synoptic variances are reduced from those found
during winter (Fig. 16), except for the 2010 and 2011
spring seasons over the upper Great Plains. The largest
subsynoptic variance remains over Texas. Substantively
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larger mesoscale variance during the 2011 spring season
is evident from Oklahoma northward to Iowa.

As shown in Fig. 18, the unfiltered and synoptic vari-
ances reach their minimum values during summer (JJA)
compared to other seasons. Large mesoscale variance is
evident over the central Great Plains during the 2010
and 2011 summers. The subsynoptic variance is lower
during the summer months across the southern United
States compared to that during spring.

The latitudinal increase in the unfiltered and synoptic
variance evident during winter appears as well during
autumn (SON) months (Fig. 19), particularly during the
2013 autumn with high values over southeast Canada.
Large subsynoptic variance is evident again over southern
Texas during the 2010 autumn. Mesoscale variance values
are small overall compared to other seasons.

5. Pressure signatures

Figures 20 and 21 summarize pressure signatures de-
rived from the synoptic bandpass-filtered data. As in-
troduced in section 2c, event start and end points are
defined by consecutive local maxima and minima in

a filtered time series if they occur within the nominal
maximum temporal duration defined for the synoptic,
subsynoptic, and mesoscale filters (i.e., 5 days, 30 h, and
4 h, respectively). The difference between the maximum
and minimum pressure divided by the time interval be-
tween the start and end times defines the pressure rate of
change. Using the case presented in Fig. 15 as an illus-
tration, the 29.2-hPa pressure fall over 29.4h corre-
sponds to a rate of —23.9hPaday ', while the
subsequent pressure rise of 21.7 hPa over 25.3 h leads to
a 20.6hPaday ! rate. Hence, two pressure signatures
often result from a single weather disturbance passing
over a station.

A total of 62482 synoptic signatures were discovered
to have a pressure rate of change larger than
8hPaday !, with 74.5% of signatures having a temporal
duration between 22 and 36 h (Fig. 20a). Large synoptic
pressure signatures are defined here as having pressure
rates exceeding 18 hPaday ', approximately the 95th
percentile of all synoptic signatures. This threshold also
falls within limits of other similar thresholds between 16
and 25hPaday ' (Alexandersson et al. 1998; Birring
and Fortuniak 2009; Krueger and von Storch 2012).
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FIG. 19. As in Fig. 16, but for autumn (SON) seasons during 2010-13.

Figure 20b indicates that very few large synoptic signa-
tures had temporal durations longer than 36h (1.2%),
indicating that stronger signatures were associated with
shorter-duration synoptic events.

Using the 18hPaday ' threshold, a total of 3269
large synoptic pressure signatures were detected dur-
ing the 4-yr period. Synoptic pressure signatures are
most frequent during the winter months (Fig. 21a).
Maximum values of ~20 synoptic large pressure sig-
natures per season occurred during the 2014 winter
along the northeast coast of the United States corre-
sponding roughly to ~10 strong weather disturbances
during that winter. A secondary maximum is evident
over the northern Great Plains during the 2011 and
2012 winters. The frequency of such large pressure
signatures drops substantively during spring (Fig. 21b)
with only a few evident across the northern tier of re-
porting stations. Very few such synoptic signatures
were seen during the summer months [e.g., the landfall
of Hurricane Isaac contributed to a 23.9-hPa drop in
27h near Chauvin, Louisiana (station 645A), in the
synoptic filtered data]. During autumn, an increase
toward the northeast is evident, in particular for the
stations over southern Ontario and Quebec provinces
(Fig. 21d).

The ubiquitous occurrence during all seasons of
modest subsynoptic-scale pressure fluctuations is evi-
dent in Figs. 22 and 23. Using an initial 0.5-hPa pres-
sure change threshold, 1 187 795 subsynoptic signatures
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FI1G. 20. (a) Synoptic pressure signature frequencies as a function
of signature temporal duration (h) for all signatures detected
(pressure rate magnitude exceeding 8.0 hPaday ™ }). (b) As in (a),
but for only large signatures (pressure rate magnitude exceeding
18.0 hPa day'). Signature count axis is given in log scale.
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(SON).

were discovered with a wide range of temporal dura-
tions (Fig. 22a). As shown in Fig. 5, many of these
signatures appeared to be associated with fluctuations
due to the superposition of diurnal and semidiurnal
tides. Large-magnitude subsynoptic signatures are
defined here by a pressure rate of change exceeding
1hPah™!. This threshold effectively removes routine
diurnal and semidiurnal pressure fluctuations, while
retaining strong signatures associated with cold
frontal passages and larger convective complexes. A
total of 5262 large subsynoptic pressure signatures
were found during the 4-yr period, with temporal du-
rations primarily between 3 and 8h. Figure 23 shows
that a peak of ~10 signatures occurred each season
during winter, spring, and summer, with a minimum
number occurring during the fall. The maxima during
winter occur in the Ohio Valley into the northeastern
United States while the peak number of signatures

occur in the central Great Plains region during spring
and summer.

From the mesoscale-filtered time series, 301294 sig-
natures were found using an initial absolute pressure
change greater than 1hPa within 4 h. The majority of
these signatures (82.7%) occurred within 1h (Fig. 24a).
Large pressure signatures are defined as those having an
absolute pressure change greater than 3 hPa within 4h,
corresponding to the 95th percentile of all mesoscale
pressure signatures computed. A total of 15 703 mesoscale
pressure signatures were found during the 4-yr sample,
again with the majority (83.2%) within 1 h (Fig. 24b). As
shown in Fig. 25, very few occurred during autumn and
winter. During the 201013 spring seasons, large pressure
signatures were more commonplace over the central
plains and upper Midwest regions, with 20-25 signatures
per season evident from Oklahoma northwestward to-
ward Wisconsin. A secondary smaller maximum is also
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evident in the southeast over Georgia during spring. A
pronounced maximum in mesoscale pressure signatures is
evident over the states of Nebraska and Iowa during
summer. Several stations recorded 3540 pressure signa-
tures per season from the 2010-12 summers when the
array was located in this region.

6. Summary and discussion

Surface pressure observations from the USArray
have been examined at meso- (10 min-4h), sub-
synoptic (4h-30h), and synoptic (30 h-5 days) scales.
This study is the first to look at the variance of pressure
signatures on multiple temporal scales over a broad
region at relatively uniform spacing. A unique data
source of 1-Hz sampled pressure observations from the
eastward-propagating USArray seismic project net-
work was used for this study. Bandpass filters at me-
soscale, subsynoptic, and synoptic frequencies were
applied to the pressure time series and the occurrences
of large-magnitude pressure signatures were identified
objectively. All of the resulting tens of thousands of
pressure signature events can be looked at individually
or collectively through a web interface (http://mesol.
chpc.utah.edu/usarray). Several representative case
studies were examined here in section 3 followed by
aggregate statistics in sections 4 and 5. The high tem-
poral resolution of the USArray pressure data provides
an enhanced perspective relative to other conventional
sources of pressure data for studying mesoscale
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phenomena, some of which exhibit sharp short-
duration pressure perturbations that can propagate
over hundreds of kilometers. It is not our intention to
imply that the USArray provides a great deal of added
value for studying longer-duration pressure perturba-
tions compared to hourly pressure reports available
from other meteorological networks. However, there is
considerable value in contrasting the characteristics of
pressure perturbations over a range of temporal scales
using a consistent dataset as is done in this study.

The relatively short deployment (~2yr) for each
pressure sensor limits interpreting the results of this
study as a long-term climatology of pressure perturba-
tions and signatures for a specific locale, although
gravity wave climatologies were estimated using even
shorter records by Einaudi et al. (1989) and Lee and
Barr (1998). This shortcoming is compensated for in
some respects by the rich detail afforded by the high
temporal sampling. For example, the long-term clima-
tology of mesoscale pressure signatures by Koppel et al.
(2000) based on hourly pressure changes larger than
4.25hPa misses, not surprisingly, the majority of meso-
scale pressure signatures (Fig. 24). In addition, we have
taken care to compensate as best as possible for the
year-to-year variability in pressure perturbations by
grouping stations as a function of their deployment
(Figs. 16-19). Hence, the larger synoptic variance evi-
dent in Fig. 16 in the northeastern United States and
southern Canada during the 2013-14 winter compared
to the smaller synoptic variance in the Great Lakes re-
gion during the previous two winters is likely due to
year-to-year variations in storm tracks embedded within
the planetary-scale circulation.

The cumulative statistics presented in sections 4 and 5
help to delineate several obvious patterns associated
with weather features that are accompanied by pressure
perturbations on time scales from minutes to seasons.
Foremost, as with nearly all geophysical phenomena, the
magnitude of the variance of pressure perturbations at
low frequencies (spanning beyond 5 days) is larger than
that for any of the filtered bands (synoptic, subsynoptic,
or mesoscale) and the variance within the mesoscale
band is the weakest of all. Hence, while the pressure
signatures associated with mesoscale severe weather
events tend to be quite distinct and frequent (Fig. 22),
their relative amplitude during all seasons is small
compared to the pressure changes associated with more
benign shifts in the large-scale circulation (note the
relative scales in Figs. 16-19). During winter and fall,
the pressure perturbations are most dominated by low-
frequency (longer than 5 days) and synoptic-scale
fluctuations (Figs. 16 and 19) with increasing synoptic
variance with increasing latitude.
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FIG. 23. As in Fig. 21, but for subsynoptic pressure signatures with pressure rate magnitudes exceeding 1hPah™'.

Phenomena on subsynoptic scales and mesoscales
tend to be more ubiquitous during the warm seasons
with mesoscale events prominent during the 2010 and
2011 spring and summer seasons over the central Great
Plains (Figs. 23 and 25). Climatologically, severe con-
vective events begin to peak in frequency across the
southern plains during the spring, suggesting the large
pressure signature maxima over Oklahoma and Ar-
kansas in Fig. 17 that shift northward to the central
Great Plains during summer in Fig. 18 are likely due to
organized convective activity. The seasonal variations of
the large-magnitude subsynoptic pressure signatures
evident in Fig. 23 highlight the diversity of mechanisms
capable of forcing them [e.g., sharp frontal passages
during the winter and mesohighs, wake lows, and se-
quences of organized convection during summer; Carbone
et al. (2002)]. Pressure variations in the southern half of
the United States exhibit pronounced diurnal and semi-
diurnal cycles in pressure during summer (Fig. 18). As the

USArray shifted east during the 2012 and 2013 warm
seasons, the number of large mesoscale pressure pertur-
bations diminished because of reduced convective activ-
ity (Figs. 23 and 25).

The over 48 billion pressure observations collected
by the USArray TA pressure network and analyzed
here are available for statistical analysis and graphical
display (http://mesol.chpc.utah.edu/usarray/). While
the period of this study ended on 28 February 2014,
USArray TA pressure data are still being collected
routinely and available via the web. Approximately
180 stations are being left in place to collect data for
several years across the eastern and central United
States. As part of the EarthScope initiative, another
subset of the USArray is to be deployed across Alaska
beginning in late 2014.

This study introduces the USArray TA pressure data
in part as a means to stimulate further research
whether at specific locales [e.g., Lee and Barr (1998)
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FIG. 24. (a) Mesoscale pressure signature frequencies as a func-
tion of signature temporal duration (min) for all signatures de-
tected (pressure change magnitude exceeding 1 hPa). (b) Asin (a),
but for only large signatures (pressure change magnitude exceed-
ing 3 hPa).

analyzed gravity waves within a forest] or simulta-
neously tracking multiple medium to large-amplitude
pressure signatures and their spatiotemporal in-
teractions (e.g., Adams-Selin and Johnson 2010). The
broad geographic coverage at ~70-km horizontal res-
olution afforded by the pseudogridded USArray TA
over the eastern United States during the 2010-14
period provides an excellent dataset for case-study
analysis of large-amplitude gravity wave propagation
dynamics within this region. These large-amplitude
gravity waves (both solitary and wave packets) are
known to propagate several hundred kilometers at
speeds of 10-35ms ™' (Adams-Selin and Johnson 2010;
Ruppert and Bosart 2014; Clark et al. 2014), which
extends beyond the geographic range of previous
moderate-density pressure networks that have been
used to study large-amplitude gravity waves (e.g., Koch
and Siedlarz 1999; Jewett et al. 2003).

The capability for researchers to examine individual
as well as sets of large pressure perturbations within
temporal bands (meso-, subsynoptic, and synoptic
scales) or simply from the unfiltered pressure time series
is an important outcome of this study. Since the tem-
poral evolution of some weather events does not fit
neatly into the filter windows selected here (e.g., the
multiple convective events described by Carbone et al.
2002), careful evaluation of the unfiltered and filtered
data is necessary as well as taking advantage of other
data resources. For example, vertical rawinsonde pro-
files at Green Bay, Wisconsin, and Davenport, Idaho,
confirm that the environmental conditions favorable for
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forming and maintaining ducted gravity waves (e.g.,
shallow surface mixed layer capped by a strong stable
layer and wind reversal with height) were present during
the 11 April 2013 gravity wave case discussed in section
3b (not shown).

Researchers may find the pressure data useful for
validating forecasts available from research and opera-
tional numerical weather prediction models. For ex-
ample, forecasts at lead times of 1-2 days from the
Global Forecast System model of the National Centers
for Environmental Prediction (NCEP) suggested in-
ternal gravity waves were likely to form within an
evolving northeast United States coastal low on 26 No-
vember 2014 (not shown). Researchers following this
event used the USArray pressure website to evaluate
the model guidance and to interpret the subsequent
development of banded precipitation features within the
storm evident in radar imagery (B. Colle 2014, personal
communication).

To develop high-resolution gridded fields of sea level
pressure over the USArray domain, we are now testing
a two-dimensional variational analysis technique to
create sea level pressure grids at 2.5-km horizontal res-
olution at 5-min intervals. These grids are being used to
examine the propagation of mesoscale pressure pertur-
bations that are difficult to detect from the widely
spaced USArray alone or from other conventional me-
teorological networks. Surface pressure 1-h forecasts
available every hour from the NCEP Rapid Refresh
model are downscaled by NCEP to a 2.5-km grid for the
Real-Time Mesoscale Analysis (RTMA; de Pondeca
et al. 2011). We interpolate the differences in these
pressure fields from one hour to the next using cubic
splines in the time domain at 5-min intervals. The cor-
responding 1-h differences in pressure at the USArray
locations are then used to adjust the background fields
using the variational approach described by Tyndall and
Horel (2013). Applying this approach to the 11 April
2013 case examined in section 3b demonstrates the
spatial and temporal continuity of the wave progressing
across the Great Lakes region.

Acknowledgments. Funding for this research was
provided by National Science Foundation Grant
1252315. Access to USArray pressure data was provided
by the Incorporated Research Institutions of Seismol-
ogy Web Services, as well as the Array Network Facility
at Scripps Institution of Oceanography, University of
California, San Diego. Web product radar imagery was
courtesy of the lowa Environmental Mesonet web ser-
vices. Wind observations were provided by develop-
mental API services courtesy of MesoWest. The au-
thors thank the University of Utah Center for High



APRIL 2015

JACQUES ET AL.

1491

45

35

25

20
15
10

. e | I3 .
) ::-&:n , 5

* Jessenoeeses
atae .:'z...

FIG. 25. As in Fig. 21, but for mesoscale pressure signatures with pressure change magnitudes exceeding 3 hPa.

Performance Computing (CHPC) for computational
hardware and software, as well as providing a host lo-
cation for developed web products.
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