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ABSTRACT: Though prolonged freezing rain events are rare, they can result in substantial damage when they occur.
While freezing rain occurs less frequently in the south-central United States than in some regions of North America, a large
number of extremely long-duration events lasting at least 18 h have been observed there. We explore the key synoptic—
dynamic conditions that lead to these extreme events through a comparison with less severe short-duration events. We
produce synoptic—dynamic composites and 7-day backward trajectories for parcels ending in the warm and cold layers for
each event category. The extremely long-duration events are preferentially associated with a deeper and more stationary
500-hPa longwave trough centered over the southwestern United States at event onset. This trough supports sustained
flow of warm, moist air from within the planetary boundary layer over the Gulf of Mexico northward into the warm layer.
The short-duration cases are instead characterized by a more transient upper-level trough axis centered over the south-
central U.S. region at onset. Following event onset, rapid passage of the trough leads to quasigeostrophic forcing for descent
and the advection of cold, dry air that erodes the warm layer and ends precipitation. While trajectories ending in the cold
layer are very similar between the two categories, those ending in the warm layer have a longer history over the Gulf of
Mexico in the extreme cases compared with the short-duration ones, resulting in warmer and moister onset warm layers.

KEYWORDS: Synoptic climatology; Synoptic-scale processes; Winter/cool season; Freezing precipitation; Mixed
precipitation; Thermodynamics

1. Introduction Gyakum 2003). Climatological studies of freezing rain over
North America (Rauber et al. 2001; Robbins and Cortinas
2002; Changnon 2003; Cortinas et al. 2004; McCray et al. 2019)
have found local maxima in freezing rain frequency proxi-
mate to valleys or mountain ranges. Examples include the
St. Lawrence River Valley in Quebec, Canada, east of the
Appalachian Mountains in the southeastern United States,
and in the Columbia basin region of the northwestern
United States.

McCray et al. (2019) developed a climatology of long-
duration (LD, =6h) freezing rain events in the United States
and Canada using surface observations from the NOAA
Integrated Surface Database (Smith et al. 2011). Freezing rain
and LD events are most common in the northeastern United
States and southeastern Canada. The south-central United
States (SCUS; Fig. 1), with more homogeneous terrain, expe-
riences freezing rain less often but has a notable regional
maximum in the frequency of the top 1% of events by duration
(those lasting =18 h). In this region, McCray et al. (2019) found
that LD events begin with particularly deep warm layers and
are commonly preceded by either liquid (32% of cases) or no
precipitation (43%). The warm layer cools and dries by event
end, resulting in freezing rain either ending or transitioning to
freezing drizzle (32% and 31% of events, respectively) or to
snow/ice pellets (25%). This evolution is in contrast to that of
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Canada.

Freezing rain events are an especially disruptive winter
weather phenomenon that can have substantial societal and
economic impacts, ranging from hazardous road conditions
to widespread tree damage and prolonged power outages.
Several of these events have been documented in recent de-
cades, from the United States and Canada (Rauber et al. 1994;
Gyakum and Roebber 2001; Roebber and Gyakum 2003) to
China (Zhou et al. 2011) and Romania (Andrei et al. 2019).

Freezing rain formation typically requires the coexistence
of a near-surface cold (=0°C) layer and a warm (>0°C) layer
aloft. Snow forming above the warm layer falls into this layer,
completely melts, and the resulting raindrops refreeze upon
contact with the surface (e.g., Brooks 1920; Meisinger 1920).
Freezing rain can also form via warm rain processes when
raindrops (or more commonly drizzle drops) form via collision-
coalescence with ascent in a zone lacking active ice nuclei (e.g.,
with temperatures = —10°C) (Huffman and Norman 1988;
Rauber et al. 2000).

The coexistence of the warm and cold layers is often aided
by local terrain features that trap or channel cold air at the
surface (Bernstein 2000; Rauber et al. 2001; Roebber and

rain to rain/drizzle evolution is the most common as the cold
layer erodes and warm layer warms/deepens.
McCray et al. (2020) compared surface observations and
Corresponding author: Christopher D. McCray, mccray. thermodynamic profiles measured at the onset of LD events
christopher_david@uqam.ca with those observed at short-duration (SD, 2-4h of freezing
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FIG. 1. Borders of (black box) and surface stations in (white dots)
the south-central United States (SCUS) focus region. Surface el-
evation (m) is shaded, with key geographic features discussed in the
text labeled.

rain) event onset. In the SCUS, LD events begin with deeper
and warmer warm layers aloft, with stronger warm-air advec-
tion (WAA) into the warm layer at LD onset than SD onset.
A deeper, warmer warm layer with stronger WAA facilitates
the layer’s persistence despite cooling due to the extraction of
latent heat of fusion during melting. Additionally, LD events
begin with deeper cloud layers than SD events and stronger
moisture advection into the warm layer. More saturated at-
mospheric profiles aloft prevent evaporative cooling from
eroding the warm layer, and the preponderance of events that
end in no precipitation or freezing drizzle suggests moisture
characteristics aloft are important to event persistence.

The ubiquity of surface cold-air advection (CAA) through-
out freezing rain events in the SCUS and the lack of substantial
differences in onset cold-layer characteristics between SD and
LD events suggest these conditions are not key to dis-
tinguishing LD from SD events. The key limiting factor to
event duration over this region is a sufficiently warm/moist
warm layer and deep cloud layer. Thus, synoptic-scale features
conducive to the maintenance of warmer and moister condi-
tions above the cold layer may lead to longer-duration events.
For example, Mullens (2014) examined trajectories during two
ice storm events in the southern Great Plains region and found
that parcels ending in the warm layer during these events had a
history in the marine planetary boundary layer (PBL) over the
Gulf of Mexico. McCray et al. (2020) suggested that LD events
in the SCUS were associated with synoptic patterns that al-
lowed for sustained flow of warm, moist air from over the Gulf
of Mexico into the warm layer aloft, preventing erosion or
drying of the layer and allowing freezing rain to persist.

Synoptic—dynamic conditions leading to ice storms over re-
gions overlapping the SCUS have been examined by Sanders
et al. (2013) and Mullens et al. (2016b). Sanders et al. (2013)
focused on major ice storms with at least 19.1 mm (0.75 in.) of
ice accretion at one or more locations in their study area from
1979 to 2009. Their domain comprised 10 National Weather
Service county warning areas centered on southern Missouri,
just east of our SCUS box. They found that significant ice
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storms over this region were associated with a 500-hPa long-
wave trough axis centered over the western United States,
with a surface anticyclone positioned over the northern plains.
The cold front at the leading edge of this surface anticyclone
becomes quasi-stationary to the south of the freezing rain area,
while a low-level jet advects warm, moist air from over the Gulf
of Mexico above the cold layer, sustaining the warm layer.

Mullens et al. (2016b) examined both snow and ice storms in
the southern Great Plains region from 1993 to 2011, over an
8° X 10° latitude—longitude box centered on Oklahoma. They
performed an empirical orthogonal function analysis on the
500-hPa geopotential height fields associated with each event
type, identifying five patterns for each. Each ice storm pattern
exhibited a surface anticyclone over the northern/central
Great Plains preceding event onset, most commonly with a
quasi-stationary surface front within the region. A primary
goal of their work was to compare patterns leading to a region
of freezing precipitation with those producing only snow. To do
this, short-duration/weak freezing rain events were either ex-
cluded entirely or grouped with snowstorms (Mullens et al.
2016b). Both Sanders et al. (2013) and Mullens et al. (2016b)
explicitly excluded short-duration cases. Sanders et al. (2013)
suggested the potential utility of comparing the conditions
leading to less severe freezing rain events to the more severe
ones examined in their study.

Our objective is to identify the synoptic—-dynamic conditions
distinguishing prolonged, potentially higher-impact freezing
rain events from weaker, shorter-duration events in the SCUS.
To achieve this, we compare the evolution of synoptic-scale
features (e.g., geopotential height fields, quasigeostrophic
(QG) forcing, surface cyclones and anticyclones) associated
with the two event categories in section 3. We then compare
the airmass origins and thermodynamic properties of parcels
ending in the warm and cold layers for each event type
through a trajectory analysis in section 4.

2. Data and methods
a. Freezing rain events

We select freezing rain events from the 1979-2016 database
of freezing rain observations developed in McCray et al. (2019)
using surface reports from the NOAA Integrated Surface
Database (Smith et al. 2011). We focus on the 43 surface sta-
tions in the SCUS box (Fig. 1), extending from 32° to 40°N and
from 91° to 102°W.

McCray et al. (2019) detected freezing rain events by first
identifying consecutive hours of freezing rain at a given sta-
tion, and then grouping any periods of freezing rain separated
by <24 h at the given station. Hourly freezing rain observa-
tions may contain mixtures with other precipitation types.
The event onset is the hour of the first freezing rain obser-
vation within the event, while the event end time is the hour
of the final freezing rain observation. The duration is the
number of hourly freezing rain observations during the event.
Details on the quality-control procedure used to identify
stations in this dataset are discussed in McCray et al. (2019,
section 2).
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b. Identification of grouped cases

Prior studies including composite analyses of freezing rain
events in this region have focused on severe events. Identifying
“weak” freezing rain cases is more challenging than identifying
severe cases, as weaker cases are less likely to generate public
reports of hazardous weather, such as those found in NOAA’s
Storm Data product used by Sanders et al. (2013) and Mullens
et al. (2016b) to identify ice storm cases. Additionally, public
measurements of ice accretion used in these studies often fail
to specify whether the measurement represents radial thick-
ness or depth on a horizontal surface, which is ~2.5 times
larger (Ryerson and Ramsay 2007; Sanders and Barjenbruch
2016). Our use of event duration allows us to easily categorize
events while avoiding these issues related to ice accretion
measurements.

To compare conditions among SD and LD events, we first
identify cases for compositing by grouping events that im-
pacted multiple stations. We group any events among all SCUS
stations that either occur simultaneously or within 6 h of each
other (i.e., the start time of one event is <6 h after the end time
of another event in the SCUS box). To narrow the sample, and
to avoid inclusion of spurious freezing rain events observed at
only one station, we limit our analysis to grouped events in
which freezing rain was observed at =4 SCUS stations.

Following McCray et al. (2020), we identify SD grouped
cases as those with a maximum duration among grouped events
of 2-4 h. For example, three stations with a 1-h freezing rain
event and one station with a 2-h event would be identified as an
SD grouped case. The SCUS region is noteworthy for its rel-
atively high frequency of the top 1% of events by duration
(=18h) (McCray et al. 2019; our Fig. 2). We are particularly
interested in the synoptic—-dynamic conditions that lead to
these extreme events. We therefore create a new category of
extremely long-duration (ELD) events, with grouped ELD
cases defined as those with at least four stations observing a
freezing rain event with at least one of duration =18h. We
identify 43 SD and 42 ELD grouped cases meeting these cri-
teria. Though shorter-duration freezing rain events are most
common at individual stations (Cortinas et al. 2004; McCray
et al. 2019, 2020), our ELD sample is enlarged due to its
broader duration criteria and the fact that events of such ex-
treme duration tend to affect multiple stations.

c. Composite analysis

Upon identifying grouped events, we produce synoptic—
dynamic composites using the ERA-Interim dataset (Dee
et al. 2011), with 6-hourly data starting in January 1979 on a
0.75° X 0.75° horizontal grid and 60 vertical levels. While the
ERA-Interim likely contains errors in near-surface tempera-
ture and wind fields, we primarily employ it for the synoptic-
scale flow features upstream of the eventual ice storm region
several days prior to event onset.

We define onset time for a grouped case as the median onset
of all of the individual station events composing it, and center
our composites on this time. This produces similar results to
centering composites at the onset of the first event in the
grouping but is less sensitive to outliers in onset times among
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FIG. 2. Number of freezing rain events of duration = 18 h ob-
served at each station from 1979 to 2016. Modified from McCray
etal. (2019, their Fig. 1d). The SCUS region is outlined in the black
dashed box.

the individual stations. We composite various metrics at SD
and ELD grouped event onset and in the days prior to and
following onset. These metrics include surface cyclone and
anticyclone life cycles, 500-hPa geopotential height, quasi-
geostrophic forcing, frontogenesis, and moisture transport.

To visualize the representativeness of the composites to the
individual cases, we calculate the percentage of cases exhibit-
ing anomalies of the same sign at each grid point and stipple
regions in which this occurs for at least two-thirds of cases. This
technique is analogous to stippling regions of statistically sig-
nificant anomalies, with the benefit of being more physically
intuitive and not suffering from issues related to the presen-
tation of multiple hypothesis tests (e.g., Wilks 2016) or re-
quiring the use of arbitrary p-value thresholds.!

Numerous tests were completed to identify the sensitivity of
our results to various selections in this methodology. These
included sensitivity to 1) criteria for event selection, such as
increasing or decreasing the minimum number of stations
necessary to include an event and changing the duration
thresholds for the SD and ELD events, 2) selection of onset
time for composites (i.e., using the median versus the first-
event onset), and 3) sensitivity to reanalysis dataset, for ex-
ample CFSR (Saha et al. 2010) versus ERA-Interim. Though 1
and 2 produced slightly different quantitative differences be-
tween the event composites, qualitative results did not change
based on any of these selections.

Multiple synoptic—dynamic settings may lead to freezing
rain events in a given region. For example, Ressler et al. (2012)
classified LD freezing rain events at Montreal into three cat-
egories based on the longitude of the 500-hPa trough axis in
each, while Mullens et al. (2016b) similarly classified southern
Great Plains ice storms based on the 500-hPa geopotential
height field. Here, we aim not to identify every pattern leading
to freezing rain events at each station, but instead to detect

! The presentation of results as statistically (in)significant based
on thresholds of p values is discouraged by the American Statistical
Association (e.g., Wasserstein and Lazar 2016).
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FIG. 3. Composites at 72 h prior to the onset of (left) SD and (right) ELD freezing rain events displaying (a),(c)
250-hPa geopotential heights (thin black contours, every 12 dam), winds (barbs, half barb = 2.5ms ™", full barb =
5ms” !, flag = 25ms™ "), wind speeds = 30ms ™' (thick black contours, every 10ms '), and zonal wind anomalies
(m s, shaded); (b),(e) 500-hPa geopotential heights (black contours, every 6 dam) and height anomalies (shaded)
and 850-500-hPa layer-averaged Q-vector convergence/divergence of magnitude = 3 X 10" Km 25! (red con-
tours, every 2 X 107 Km s, dashed contours denote divergence); and (c),(f) sea level pressure (solid black
contours, every 2 hPa), sea level pressure anomalies (shaded), and 1000-500-hPa thickness (dashed contours, every
4 dam). Stippling indicates grid points at which at least two-thirds of the cases composing the composite have

anomalies of the same sign. The SCUS region is outlined in the black dashed box.

common features of these events and, most importantly, ro-
bust differences in patterns that lead to brief and prolonged
events. Additionally, while the ice storm patterns examined
by Mullens et al. (2016b) had important variations, they were
substantially similar in terms of the large-scale flow regimes
leading to them. We examined the individual events making
up our composites and found coherent patterns associated
with each event type.

d. Trajectory analysis

To examine the source regions and airmass properties of the
parcels forming the warm and cold layers, we calculate tra-
jectories using the Lagrangian analysis tool (LAGRANTO;
Sprenger and Wernli 2015) with ERA-Interim data. At the
median onset time of each event, we compute 7-day backward
trajectories every 25hPa vertically from 1000 to 400 hPa at
equidistant grid points (Ax = Ay = 50km) in the SCUS do-
main (Fig. 1).

We identify criteria to select parcels representative of the
warm and cold layers based on statistics of these layers from
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McCray et al. (2019, 2020). Among freezing rain events in the
SCUS with observed onset sounding data in McCray et al.
(2020), the median level of the top (bottom) of the warm layer
is 727 (891) hPa, with the maximum temperature in the warm
layer found at 834 hPa in the median. In the cold layer, the
minimum temperature is found 52 hPa above the surface, while
the top of the cold layer is found 75 hPa above the surface in
the median.

Corresponding to these values, we identify warm-layer level
trajectories as those ending between 900 and 700 hPa (inclu-
sive) with parcel temperature 7 > 0°C. We also require these
trajectories to be at least 50 hPa above the surface, as surface
pressures < 900 hPa are possible particularly in the western
portion of the SCUS. Results are not highly sensitive to the
choice of the range of layers. However, differences are present
when comparing parcels ending at the lower part of this layer
with those ending at the upper part. These differences will be
discussed in section 4. We define cold-layer trajectories as
those ending within 100hPa of the surface with a parcel
temperature = 0°C. Cold-layer trajectory results were not
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FIG. 4. As in Fig. 3, but at 48 h prior to event onset.

highly sensitive to the exact choices of these criteria. Inclusion
of the 0°C temperature criteria allows us to more easily dis-
tinguish warm- and cold-layer parcels, as the cold layer can
extend into the 900-700-hPa layer and the base of the warm layer
can be within 100 hPa of the surface. Examination of warm- and
cold-layer trajectories excluding this temperature criterion does
not substantially change the results presented here.

3. Synoptic—dynamic characteristics distinguishing SD
and ELD events

We now compare the synoptic—-dynamic composites of SD
and ELD cases. To examine potential differences in mecha-
nisms for precipitation formation between the two categories,
we employ the Q-vector form of the QG omega equation
(Hoskins et al. 1978). Q-vector convergence (divergence) is
indicative of QG forcing for ascent (descent).

We also examine impacts of flow-field differences on mois-
ture characteristics of the events. Metrics examined include
integrated water vapor (IWV) or precipitable water depth,
calculated for the 1000-300-hPa layer:

1 (300hPa
wv=_f - gap. (1)
8P J1000nPa

where p is pressure, g is gravity, p is liquid water density, and ¢
is the water vapor mixing ratio (e.g., Milrad et al. 2015). Next,
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we examine integrated vapor transport (IVT) (e.g., Neiman
et al. 2008), calculated as

1 (300hPa
IVT = 7,[ (qv,)dp, ?2)
8J 1000nPa

where v, is the horizontal wind vector. Finally, the conver-
gence of IVT gives us the 1000-300-hPa vertically integrated
moisture flux convergence (MFC) (e.g., Banacos and Schultz
2005; Milrad et al. 2015), used to indicate regions where pre-
cipitation may be expected, with

MFC = —V - (IVT). 3)

a. Conditions preceding event onset

At 72h prior to event onset, both SD and ELD events are
characterized by anomalous 500-hPa ridging over Alaska
(Figs. 3b,e). The SD ridge axis is stronger and positioned
slightly westward of the ELD ridge. The stronger SD ridge is
associated with stronger negative u-wind anomalies in the exit
region of the North Pacific jet than in the ELD composite
(Figs. 3a,d). Positive SLP anomalies are present over the Gulf
of Alaska and downstream of this ridge, where a composite
surface anticyclone is present over northwestern Canada
(Figs. 3c,f).

By 48 h prior to onset, the ridge in both categories has am-
plified, with a coherent, positively tilted downstream trough
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FIG. 5. As in Fig. 3, but at 24 h prior to event onset.

stretching from the western United States into central Canada
(Figs. 4b,e). The anticyclone downstream of the ridge over
western Canada has strengthened in both cases and has moved
slightly southeastward (Figs. 4c,f). A large region of SLP
anomalies =+10hPa is present over western Canada in the
ELD cases, while comparably strong anomalies are confined to
the Gulf of Alaska in the SD composite. Positive SLP anomalies
extend into the U.S. northern plains in the ELD composite, but
are confined to western Canada in the SD composite (Figs. 4c,f).
The placement of the ELD anticyclone results in a stronger
baroclinic zone over the northern United States as evidenced by
the stronger composite 250-hPa u-wind anomalies (Figs. 4a,d).

At 24 h prior to event onset, the ELD surface anticyclone has
continued to travel southeastward into the northern plains, while
the SD anticyclone remains over western Canada (Figs. 5c,f).
The ELD anticyclone is favorably positioned in the confluent
poleward entrance region of a strengthening 250-hPa jet
streak (Fig. 5d), with a weaker composite jet and less con-
fluent flow evident in the vicinity of the SD anticyclone
(Fig. 5a). This confluent flow is also evident at 500-hPa, with a
split-flow pattern developing and a trough deepening over the
southwestern United States (Fig. 5e). The SD longwave
trough, with smaller amplitude and larger meridional extent,
extends from the southwestern United States northeastward
into Canada (Fig. 5b).

Downstream of these troughs, composite Q-vector conver-
gence, forcing ascent, is collocated with negative SLP anomalies
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over the Rocky Mountains (Figs. 5c,f). The SD composite
shows a stronger composite surface cyclone located northeast-
ward of the ELD composite cyclone. In both composites, posi-
tive SLP anomalies are present off the U.S. East Coast in the
equatorward jet exit region. The combination of these features
results in southerly to southeasterly geostrophic near-surface
flow into the SCUS region (Figs. 5c,f).

b. Conditions at event onset

At onset, the ELD composite strongly resembles those of
Sanders et al. (2013) and Mullens et al. (2016b) for ice storms in
this region. The surface anticyclones have traveled southeast-
ward, with a 1031-hPa composite anticyclone centered over
Minnesota at ELD onset and a weaker 1026-hPa composite
anticyclone in the SD composite (Figs. 6c,f). The SD composite
has a relatively small region of stippled grid points (indicating
at least two-thirds of cases with positive SLP anomalies),
compared with the ELD composite containing positive stip-
pled SLP anomalies throughout eastern North America. The
more coherent region of positive SLP anomalies in the SD
composite is off the U.S. East Coast. In both cases, the com-
bination of the anticyclones with cyclonic flow to the southwest
of the SCUS results in southerly low-level geostrophic winds
over the region at onset (Figs. 6c,f).

The differences evident at —24 h have amplified by event
onset. The ELD 500-hPa longwave trough is entirely confined
to the southwestern United States (Fig. 6e), and in some cases
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FIG. 6. As in Fig. 3, but at event onset.

becomes a cutoff low (not shown). The stronger ELD-composite
split-flow pattern also enhances 250-hPa confluence, helping to
maintain the surface anticyclone with tropopause convergence
(Figs. 6a,d). The SD composite trough, meanwhile, contains
negative height anomalies extending from the U.S.-Mexico
border northward into the Arctic (Fig. 6b). Both troughs are
associated with a coherent couplet of QG forcing for ascent
(descent), as evidenced by the Q-vector convergence (diver-
gence) downstream (upstream) of the trough axes (Figs. 6b,e).

Notable differences appear in the QG-forcing structure.
Though the SD-composite Q-vector convergence maximum
is stronger, it is centered over the eastern portion of the SCUS
box at onset, with Q-vector divergence present in the west-
ernmost regions of the SCUS (Fig. 6b). In the ELD com-
posite, the trough axis and its attendant upstream forcing for
descent are positioned well to the west of the SCUS; the re-
gion of Q-vector convergence is much more zonally elon-
gated (Fig. 6e).

We further examine the forcing for ascent by partitioning Q
into its cross- and along-isentrope components Q,, and Q.
Convergence of Q, represents synoptic-scale QG forcing for
ascent via differential (cyclonic) geostrophic vorticity advec-
tion and geostrophic warm-air advection, while Q,, conver-
gence is analogous to ascent due to geostrophic frontogenesis
(e.g., Keyser et al. 1988; Milrad et al. 2014). At onset, the
SD composite contains stronger convergence of both compo-
nents of Q, centered over the SCUS region’s eastern portion
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(Figs. 7a,b). While the ELD composite has weaker magnitudes
of convergence of both components, Q,, convergence is present
over a broad region from the SCUS eastward, indicating an
east-west band of geostrophic frontogenesis (Fig. 7c). The Qy
convergence is maximized over the western part of the SCUS
region, closer to the trough axis. Unlike the SD composite, no
composite QG forcing for descent is present from either
component in the SCUS box at onset.

Cold-frontal passage is evident in the 10-m wind field at both
SD and ELD onset, with surface frontogenesis bands present
within the SCUS (Figs. 8c,f). Northerly winds exist north of the
front, shifting to southerly to southeasterly south of the front.
This surface flow orientation is consistent with past studies of
freezing rain events in this region showing these events to be
associated with the passage of an arctic cold front below warm
air aloft (Sanders et al. 2013; Mullens 2014; Mullens et al.
2016b; McCray et al. 2019, 2020).

Variations in the orientation of the longwave troughs lead to
important differences between the moisture fields at SD and
ELD onset. Peak IVT magnitudes are >400kgm™'s ™! in the
SD composite and >350kgm™~'s™' in the ELD composite,
with IVT vectors demonstrating a clear moisture pathway from
the subtropical Atlantic, over the Gulf of Mexico, and into the
SCUS at both SD and ELD onset (Figs. 8a,d). However, peak
IWV and IVT values are centered to the east of the SCUS at
SD onset, but directly over the southern portion of the SCUS at
ELD onset. Importantly, a maximum MFC of >40 mm day ' is
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top right), convergence of each (Km %s™!

! are plotted, with a reference vector at

thickness (red dashed contours, every 4 dam). Stippling indicates locations where the sign of the plotted conver-
gence is the same for at least two-thirds of the cases composing the composite.

centered in the middle of the SCUS at ELD onset, compared
with a maximum of ~20 mm day ' positioned to the east of the
SCUS at SD onset.

Sanders et al. (2013) and Mullens (2014) discussed the role
of isentropic ascent of warm, moist air from the Gulf of Mexico
in developing the warm layer aloft during ice storms in the
SCUS region. For SD and ELD cases we analyze the 298-K
isentropic surface, positioned in the SCUS at a vertical level
(800-850-hPa) typically within the warm layer (Figs. 8b,e). In
the ELD composite, strong isentropic ascent is present as
indicated by the strong southerly winds of up to 30ms™"
perpendicular to the pressure contours (Fig. 8e). The SD
composite also suggests isentropic ascent, but winds and the
pressure gradient are both weaker, with maximum winds of
~15ms~! over the SCUS (Fig. 8b).

Consistent with the analysis of IVT, MFC, and IWV
(Figs. 8a,d), the ELD onset composite also suggests strong
298-K moisture advection into the SCUS, with winds advecting
moist air (water vapor mixing ratios =14 g kg~ ') from the Gulf
of Mexico surface layer northward. The SD composite suggests
298-K parcel trajectories from the Mexican Plateau, with
southwesterly winds advecting drier air (w ~ 4-8 gkg™') rel-
ative to the ELD composite.

McCray et al. (2020) found that SD events in the SCUS
begin with cooler warm layers and drier atmospheric profiles
than LD events, with the SD cases’ warm layers rapidly erod-
ing. The differences in moisture transport and the wind field in

Brought to you by MCGILL UNIVERSITY LIBRARIES | Unauthenticated | Downloaded 05/07/21 02:13 PM UTC

the warm layer appear to explain these findings. For example,
the observed wind profiles examined in McCray et al. (2020)
showed southerly to southeasterly flow at the base of the warm
layer at LD event onset, but southwesterly flow at this level at
SD onset (Figs. 8b,e). The southerly flow from the Gulf of
Mexico into the ELD warm layer likely advects warmer,
moister air into that layer than in the SD cases, in which flow is
predominantly from over land. The disconnection of the flow
field from the warm, moist air of the Gulf of Mexico appears to
be the key difference in the synoptic—dynamic features re-
sulting in erosion of the warm layer. This will be examined
further in the trajectory analysis in section 4.

c¢. Conditions 12 h after onset

The ELD composite’s more compact, higher-amplitude trough
progresses eastward more slowly than the lower-amplitude SD
trough, and the ELD composite fields change only slightly in the
12 h following onset. At +12h after ELD onset, the 250-hPa jet
streak remains centered over the Great Lakes region, while the
SD jet streak has shifted eastward over Quebec (Figs. 9a,d). The
500-hPa longwave trough remains centered over the southwest-
ern United States in the ELD composite, with associated
Q-vector convergence over the SCUS (Fig. 9e).

Composite values of both Q,, and Q, convergence remain
over the region (Figs. 10c,d). The surface anticyclone has
traveled slowly eastward, weakening by 2 hPa, with positive
SLP anomalies remaining over much of the northern and
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FIG. 8. Composites at (left) SD and (right) ELD event onset: (a),(d) composite mean 1000-300-hPa integrated
vapor transport (vectors, with a reference vector at top right), moisture flux convergence = 10 mm day * (blue
contours, every 5 mm day '), and integrated water vapor (shaded); (b),(e) pressure (solid contours, every 50 hPa),
winds (barbs, as in Fig. 3), and mixing ratio (g kg~ ', shaded) on the 298-K isentropic surface; and (c),(f) sea level
pressure (contoured, every 2 hPa), 2-m potential temperature (K, red contours, every 5K), and surface fronto-
genesis [K (100km) ' (3h) ™, shaded] calculated using 2-m potential temperature and 10-m winds.

eastern United States (Fig. 9f). Surface frontogenesis remains
over the southern portion of the SCUS (Fig. 11f), and the flow
of moist air northward into the region continues with a region
of MFC = 20 mm day ! over the eastern part of the SCUS.

The SD composite indicates the longwave trough axis has
traversed most of the SCUS. Behind the trough, Q-vector di-
vergence indicative of QG forcing for descent is present over
most of the region (Fig. 9b), with composite divergence of both
Q, and Q, (Figs. 10a,b). This suggests descent both from
frontolysis and differential anticyclonic vorticity advection
associated with the trough as well as low-level CAA following
the cold-frontal passage. Indeed, 850-hPa CAA is present over
most of the SCUS at this time in the SD composite, while WA A
persists in the ELD composite (not shown).

Positive SD-composite SLP anomalies are confined to the
western Atlantic, with the surface anticyclone over the plains
now located just north of the SCUS (Fig. 9c). The surface cold
front has progressed southward over the Gulf Coast as indi-
cated by the 10-m wind field (Fig. 11c). Consequently, in
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contrast with the ELD composite, SD-composite surface cold
frontogenesis is nearly absent from the SCUS (Figs. 11c.f).

The connection between the warm layer and the Gulf of
Mexico has been effectively eliminated by 12 h after SD onset,
with MFC = 20mm day ' shifted well to the east and very
weak westerly IVT vectors and IWV < 15 mm over most of the
SCUS (Figs. 11a,d). The SD-composite 298-K isentropic flow
advects dry air from the west-southwest across the region,
while the ELD composite shows more southerly isentropic
flow, suggesting a sustained Gulf connection advecting moister
air into the SCUS’ eastern region (Figs. 11b,e).

4. Trajectory analysis

McCray et al. (2020) suggested that differences in the source
regions of air parcels that form the warm layer may be key to
distinguishing SD and LD events in the SCUS. The analysis
presented in section 3 (e.g., Figs. 8b,e) supports this hypothesis.
However, Eulerian wind fields do not necessarily provide
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FIG. 9. As in Fig. 3, but at 12 h after event onset.

information about the Lagrangian history of air parcels, partic-
ularly for the more transient SD cases. Therefore, we examine
this parcel history through an analysis of 7-day backward tra-
jectories ending at the levels of the warm and cold layers for each
of the composited 43 SD and 42 ELD cases.

To illustrate representative warm- and cold-layer trajecto-
ries, a random sample of 10 trajectories of each for the
13 January 2007 ELD event is shown in Fig. 12. During the
7 days preceding onset, parcels ending in the warm layer follow
two primary trajectories (Fig. 12a). The first path involves
parcels descending southeastward across the central United
States before reaching the marine PBL and looping anti-
cyclonically over the Gulf of Mexico (Fig. 12a). Parcels warm
and moisten during this time, resulting in 6, values increasing
from ~300 to ~330K over a 2-day period (Fig. 12b). Parcels
continue their anticyclonic motion northward, eventually as-
cending up to the level of the warm layer. The second pathway
involves parcels arriving from the eastern Pacific, containing
parcels that already have 6, values of ~330K at the beginning
of the 7-day period that remain between 600 and 800 hPa
throughout the period. These parcels eventually form the up-
per portion of the warm layer. The parcels ending in the cold
layer originate in the low levels over the Arctic (Fig. 12c) and
remain cold and dry throughout the 7-day period (Fig. 12d).
Both the warm- and cold-layer trajectories strongly resemble
those identified by Mullens et al. (2016a) for their January
2010 case.
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a. Properties of cold-layer level trajectories

To gain a more systematic understanding of differences
between the source regions of air parcels ending at the warm
and cold-layer levels for SD and ELD events, we calculate the
spatial density of trajectories among all events of each category
at several times preceding onset. We perform this calculation
on a 1° X 1° grid and then divide by the area (km?) of each
grid box.

First, parcels ending in the cold layer follow a very similar
pathway for both SD and ELD events (Fig. 13), with a coherent
pattern of trajectories originating over northwestern Canada
between 5 and 7 days prior to onset (not shown). Cold layers
during SD and ELD events are thus comprising air with Arctic
origins, in agreement with the role of the Arctic anticyclone
found for both categories in section 3 and prior studies of
freezing rain events in this region (Sanders et al. 2013; Mullens
2014; Mullens et al. 2016b). The properties of these cold-layer
parcels (not shown) are also nearly identical between the SD
and ELD trajectories. As expected from their Arctic origins,
these parcels are cold and dry, with median temperatures
~255K and water vapor mixing ratios of ~0.5—1gkg ™' before
warming and moistening slightly in the three days prior to onset.

b. Properties of warm-layer level trajectories

While cold-layer trajectory properties for SD and ELD
events are nearly identical, warm-layer trajectory properties
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FIG. 10. As in Fig. 7, but at 12 h after event onset.

differ. At 7 days preceding onset, SD warm-layer parcels begin
at slightly higher altitudes than the ELD parcels (Figs. 14a,d).
During the —7- to —1-day period, both SD and ELD trajec-
tories descend and warm (Figs. 14a,b). Median 0 values are
nearly steady for most of this period, suggesting much of the
warming is attributable to adiabatic compression.

A strong signal in the warm-layer trajectory density patterns
appears at 72 h prior to onset (Figs. 13a,f). Although both SD
and ELD warm-layer trajectories are predominantly posi-
tioned over the Gulf of Mexico, the ELD trajectories are
broadly positioned over the open waters (Fig. 13f) while the
SD trajectories are confined primarily along the Mexican coast
(Fig. 13a). A substantial proportion of both SD and ELD
warm-layer trajectories descend below 1km above ground
level (AGL) by this time (Fig. 14d), though the ELD parcels
are preferentially closer to the surface than the SD parcels
(median altitudes of 931m AGL and 1106 m AGL, respec-
tively). Median mixing ratios begin to increase for both cate-
gories, but more rapidly for the ELD cases (Fig. 14e). Associated
with this moistening is an increase in 6, that is less pronounced
for the SD trajectories than in the ELD trajectories (Fig. 14f).

By 36 h prior to onset, the SD warm-layer parcels show two
frequency maxima: one along the east coast of Mexico and
another to the west over the Gulf of California (Fig. 13c). The
ELD parcels are more concentrated over the Gulf of Mexico,
with a much weaker signal to the west (Fig. 13h). These dif-
ferences suggest the parcels that form the warm layer in the
ELD cases reside longer in the marine PBL over the Gulf
of Mexico than do the SD trajectories. At 36 h prior to onset,
61% of SD parcels are located at pressure levels < 850 hPa
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compared with only 47% of ELD parcels. Consequently, the
ELD parcels are moister, with a median mixing ratio (6,) of
59gkg™! (318 K) compared with 4.1gkg™! (314K) for SD
parcels (Figs. 14e.f).

During the 36 h prior to onset, parcels ascend northward as
they approach the SCUS (Figs. 14a,d). This ascent is nearly
isentropic (Figs. 14b,c). During the final 24 h preceding onset,
the median SD (ELD) warm-layer trajectory ascends 210 m
(551 m) and cools 3.5°C (6.0°C), with a median temperature
change per kilometer of ascent of —8.8°C (—8.9°C ) km ™!
Particularly in the ELD cases, mixing ratio and 6, decrease
during the final 12-24 h before onset (Figs. 14¢,f). Both SD and
ELD parcels at 24 h prior to onset are primarily positioned
along the Texas coast, though SD parcels maintain a secondary
inland maximum over Mexico whereas ELD parcels are more
prominent over the open waters (Figs. 13d,i). The parcels then
progress northward, reaching the SCUS region during the 12h
prior to onset (Figs. 13e,j).

McCray et al. (2020) found that LD events in the SCUS are
associated at onset with warmer/deeper warm layers and
deeper cloud layers. Here, the largest difference in warm-layer
properties appears to be moisture-related, owing to the ELD
parcels’ additional residence time in the marine PBL over the
Gulf of Mexico compared with the SD parcels. Parcels ending
in the SD warm layer more often originate to the southwest
over the Pacific and track over Mexico before reaching the
SCUS. These parcels, lacking recent history over the warm,
moist marine PBL, are comparatively drier.

Comparison between the upper and lower portions of the
warm layer (not shown) show that the differences evident in
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FIG. 11. As in Fig. 8, but at 12 h after event onset.

Fig. 14 are most pronounced in this layer’s upper region. For
example, parcels ending at 850 hPa in both the SD and ELD
cases share very similar properties and spend the final three
days prior to onset near the surface. Conversely, the ELD
trajectories ending at 750 hPa generally track closer to the
marine PBL than the SD trajectories ending at this level.

c. Trajectories at 12 h after onset

In addition to the differences identified in onset character-
istics between SD and ELD cases in the SCUS, the rapid
passage of the SD longwave trough and relative stationarity of
the ELD trough described in section 3 suggest substantial
differences in the airmass properties over the SCUS following
event onset. To confirm this, we examine backward trajectories
ending at the warm- and cold-layer levels at 12 h after event
onset. Because many SD cases will have ended by this point, we
remove the 0°C criteria and instead identify warm-layer level
trajectories as simply those ending in the 900-700-hPa layer
and cold-layer level trajectories as those that end within
100 hPa of the surface.

The near-surface trajectories ending 12 h after SD and ELD
onset are both similar to each other and to the cold-layer tra-
jectories at SD and ELD event onset (not shown). In both
cases, these trajectories originate to the north, consistent with
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the composite northerly surface winds maintained 12 h after
both SD and ELD onset (Figs. 11c.f). Though the origins of the
parcels ending in the SCUS at onset +12h are more variable
than those ending at onset, cold-layer level parcels are most
commonly to the north of the SCUS during the final 24 h of
their history (Fig. 15).

Trajectories ending at the warm-layer level 12h after SD
and ELD onset are, however, quite different from each other.
First, 24 h prior to their arrival in the SCUS box, the SD tra-
jectories most commonly track over the Rockies and northern
plains (Fig. 15a), while the ELD trajectories are to the south
over Texas and the Gulf of Mexico (Fig. 15b). The ELD parcel
positions resemble those at 24 h prior to ELD onset (Fig. 131),
consistent with the stationary longwave trough found for these
events. Consequently, the ELD trajectories are substantially
warmer and moister than the SD trajectories (Fig. 16) and
strongly resemble the warm-layer trajectories at onset in
Fig. 14. For example, at 24 h prior to reaching the SCUS, the
SD (ELD) warm-layer level trajectories ending 12 h after onset
have a median temperature of 269 K (280K) and 6, of 298 K
(311K) (Figs. 16b,f).

The trajectory analysis presented in this section highlights
several differences between SD and ELD events. First, tra-
jectories ending in the warm layer at ELD event onset are
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F1G. 12. Examples of (a),(b) 10 randomly selected 7-day backward trajectories ending in the warm layer and
(c),(d) 10 ending in the cold layer for the ELD freezing rain case beginning at 0600 UTC 13 Jan 2007. White markers
indicate the position of one trajectory in each every 24 h preceding onset. (a),(c) Pressure levels and (b),(d)
equivalent potential temperature (K) of the trajectories are shaded.

primarily distinguished from those at SD event onset by their
increased moisture content and 6,. These differences are most
pronounced for the parcels ending near the top of the warm
layer, indicative of a deeper layer of flow from the Gulf of
Mexico into the SCUS at ELD event onset. This agrees with
the findings from section 3 and those from the observed-
sounding analysis of McCray et al. (2020), namely that south-
erly to southeasterly flow is present through the warm layer at
the onset of prolonged events compared with more south-
westerly, inland flow into the SD warm layer (Figs. 8a—e).
Following onset, the 500-hPa trough passage (Fig. 11b) in the
SD cases results in the advection of cold, dry air from the
northwest through a deep layer, eroding the warm layer.
Conversely, the near-stationary 500-hPa trough in the ELD
cases (Fig. 11e) allows for the maintenance of flow of warm,
moist air parcels with a history in the marine PBL over the Gulf
of Mexico. This flow acts to sustain the warm layer, contrib-
uting to prolonged freezing rain.

5. Conclusions

Though the south-central United States observes freezing
rain less frequently than other regions of North America, this
region has experienced several particularly prolonged freezing
rain events (McCray et al. 2019). We have compared the
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synoptic—dynamic features and airmass properties associated
with these ELD events and those associated with SD events
over this region.

Both SD and ELD events are preceded by anticyclogenesis
over northwestern Canada downstream of strong ridging over
the east Pacific. Large differences in synoptic-scale dynamical
structures leading to the two event types begin to appear
~2 days prior to event onset, with the ELD composite anti-
cyclone strengthening and traveling southeastward more rap-
idly than in the SD composite. ELD events are associated
with a deep 500-hPa longwave trough which in some cases
becomes a cutoff low over the southwestern United States,
leading to a split-flow pattern over the central United States.
SD events are characterized by a lower-amplitude trough ex-
tending much farther northward.

The more amplified, less progressive 500-hPa trough at ELD
event onset appears vital to maintaining several key features
supporting freezing rain. During SD events, the trough prog-
resses quickly through the SCUS, with CAA rapidly eroding
the warm layer following its passage. The ELD pattern
maintains a quasi-stationary front at the leading edge of the
Arctic anticyclone over the SCUS, unlike in SD cases where
the front traverses the region in the 12 h following onset. The
stationarity of the ELD trough also maintains QG forcing for
ascent over the SCUS, while in the SD cases coherent QG
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FI1G. 13. Density of parcels that end in the warm layer (red) and cold layer (blue) at (top) SD and (bottom) ELD event onset. Shading
and contours are plotted for grid points with densities = 0.1% (100 km) 2, with contours every 0.1% (100 km) 2 for the cold-layer parcels

and every 0.05% (100 km) 2 for the warm-layer parcels.

forcing for descent occurs by 12 h after onset. The orientation
of the ELD trough also preferentially sustains larger amounts
of vertically integrated water vapor and moisture flux conver-
gence over the SCUS at ELD onset and thereafter compared
with SD cases.

The high frequency of ELD freezing rain events in the SCUS
relative to the other regions examined in McCray et al. (2019)
is likely a result of the stationarity of the atmospheric fea-
tures leading to these events. While the northeastern
United States/southeastern Canada (NEUS/SECA) region ex-
periences freezing rain more frequently than the SCUS, freezing
rain events in the NEUS/SECA are typically associated with

more progressive shortwave troughs (e.g., Ressler et al. 2012;
Castellano 2012). Ressler et al. (2012) found that the longest-
duration freezing rain events at Montreal, Quebec (CYUL)
were associated with a 500-hPa height pattern resembling that
shown here for SCUS ELD events. However, this pattern was
the rarest among the three patterns they identified as responsible
for long-duration freezing rain events at CYUL.

Our backward trajectory analysis supports the findings of
McCray et al. (2020) that cold layers are very similar for
freezing rain events of all durations in the SCUS. Cold-layer
parcels for both categories track southward from the Canadian
Arctic in the week prior to event onset. In the warm layer, both

Warm layer trajectories ending at 900—700 hPa (SD n=73807 / ELD n=77952)
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FIG. 14. Airmass properties for 7-day backward trajectories calculated every 6 h for warm-layer parcels (parcels ending between 900 and
700 hPa, at least 50 hPa above the surface, and with temperatures >0°C) at SD and ELD onset. Median values for ELD trajectories are
displayed as solid purple lines and X markers and green dashed lines and points for SD trajectories, and the 25th-75th percentiles of each
field shaded. (a) Parcel pressure (hPa), (b) temperature (K), (c) potential temperature (K), (d) height above ground level (AGL, m),
(e) mixing ratio (g kg~ !), and (f) equivalent potential temperature (K).
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FIG. 15. As in Fig. 13, but for parcels ending in the warm and cold
layers at 12 h after median event onset.

types of events are associated with trajectories with pathways
over the Gulf of Mexico. However, ELD cases are associated
with a deeper layer of flow with a more prolonged presence
over the Gulf, with warming and moistening of these parcels
driven by sensible and latent heating in the marine PBL. SD
events have a larger proportion of drier warm-layer trajecto-
ries originating aloft to the southwest of the region and
tracking over Mexico. These differences are most pronounced
at the top of the warm layer. By 12 h after SD event onset,
warm-layer level parcels are cold and dry, and track northwest
to southeast following the passage of the 500-hPa trough. This
is in stark contrast to the ELD cases, in which the stationary
longwave trough supports sustained flow of warm, moist
parcels from over the Gulf of Mexico northward into the
warm layer.

Past studies of severe freezing rain cases in several North
American regions have noted the importance of warm sea
surface temperatures (SSTs) and trajectories with a history in
the marine PBL during these events, including Ramos da Silva
et al. (2006) for ice storms in the southeastern United States
and Fuhrmann and Konrad (2013) for events in North Carolina.
Mullens et al. (2016a) performed a modeling study and found
that as Gulf of Mexico SST increased, warm layers were
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deeper and more persistent during freezing rain events in the
U.S. southern Great Plains, generally leading to increased
freezing rain.

The importance of these marine trajectories also highlights
the sensitivity of the severity of freezing rain events to rela-
tively small variations in the low-level flow fields (e.g.,
Figs. 8b,e). These variations and the associated differences in
parcel trajectories over the SCUS can modulate the strength
of the warm layer and the moisture profile aloft, thus im-
pacting whether a freezing rain event will be prolonged or
brief. Such sensitivity was explored by Roebber and Bosart
(1998), who found that differences in low-level flow orienta-
tion in the vicinity of the Gulf of Mexico region resulted in
very different precipitation distributions under very similar
surface and 500-hPa height fields. Gyakum and Roebber
(2001) performed a similar analysis for the January 1998 ice
storm that resulted in over 100mm of ice accretion in
southern Quebec and also attributed the extreme nature of
this storm relative to analog cases to the more prolonged
parcel residence time in the marine PBL.

The relatively coarse ERA-Interim grid spacing and tem-
poral resolution are potential sources of error in our trajectory
analysis. In particular, biases in the near-surface temperature
and wind fields may result in erroneous identification of
cold-layer trajectories. The large agreement between our
trajectories and those examined in Mullens et al. (2016a)
lends confidence to our findings. Mullens et al. (2016a)
calculated 4-day backward trajectories for a case identified
here as an ELD event (28-30 January 2010) using 3-hourly
output from a 3.3-km Weather Research and Forecasting
(WRF) Model (Skamarock et al. 2008) simulation. They
identified cold- and warm-layer trajectories that closely resem-
ble the paths we have identified for ELD events (see Fig. 13 in
Mullens et al. 2016a). Still, additional analysis of trajectories
using reanalysis datasets such as ERAS5 (Hersbach et al.
2020) with finer horizontal and vertical grid spacing would
help to increase confidence in these results. Additionally,
application of the 10-member ERAS ensemble data would
allow for a detailed quantification of the uncertainties as-
sociated with analysis errors in our trajectory calculations.

Our diagnostic analysis highlights differences between weak
and severe freezing rain events that may assist in pattern rec-
ognition for forecasters in the SCUS. While beyond the scope
of this paper, additional process-oriented analysis would help
confirm these findings and establish causality between
synoptic-scale patterns and warm- and cold-layer characteris-
tics. For example, ensemble sensitivity analysis (Ancell and
Hakim 2007; Torn and Hakim 2008) could be used to relate the
intensity of the antecedent southwestern U.S. trough to the
downstream SCUS warm layer aloft and the availability of
moisture. Similarly, a modeling study employing potential
vorticity inversion (Davis 1992) could be undertaken to modify
trough characteristics and identify resultant changes to the
warm layer and freezing rain event duration.

Our results expand on those of several past studies on
freezing rain events in and around the SCUS region. The ELD
pattern identified here closely resembles that identified by
Sanders et al. (2013) and Mullens et al. (2016b) for ice storms
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Warm layer level trajectories ending at 900—700 hPa 12 h after onset (SD n=132523 / ELD n=129349)
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FIG. 16. As in Fig. 14, but only for trajectories ending in the 900-700-hPa layer at 12 h after SD and ELD event onset.

reaching certain ice accretion criteria in this region. This lends
additional confidence to the use of event duration as a proxy
for severity, and suggests our technique for identifying re-
gionally grouped freezing rain cases may be useful in other
regions for comparison of weak and severe events. This type of
comparison has historically been complicated by the lack of
public observations of less severe freezing rain events with
smaller ice accretion totals.

Finally, our results may help guide research on how freezing
rain events in the SCUS may change in the context of a
warming climate. Projected increases in Gulf of Mexico SST
(e.g., Biasutti et al. 2012) could enhance warm layers and
therefore the duration of freezing rain events over this region.
Moreover, Muiioz et al. (2020) found an increasing frequency
of cutoff lows over western North America. In the context of
our findings that ELD freezing rain events are associated with
deep troughs or cutoff lows over the southwestern United
States, this may increase the frequency of extreme freezing
rain events in the SCUS. A reduced frequency of <0°C sur-
face temperatures could, however, decrease the frequency of
freezing rain. Further study is therefore warranted to identify
the relative importance of each of these factors.
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