ABSTRACT

BURRIS, KEVIN DALE. Examining Winter Storm Structures with High-resolution Atmospheric
Soundings. (Under the direction of Dr. Sandra Yuter).

Frozen winter precipitation has major impacts on society, including freshwater resources
and transportation. Quantitative precipitation estimates for winter storms often have large
errors which reduce the utility of forecasts. Current research shows that mesoscale and con-
vective scale processes are important to the distribution of winter precipitation. Motivated by
in-situ observations of ice particles by aircraft, this study focuses on two small scale processes
affecting surface precipitation: ice mass loss from sublimation and ice mass growth from local
instability.

Observations of 701 winter storms (November 2005 - January 2023) which include surface
air temperatures less than 0°C in the Northeast United States are examined. Each storm has
an associated low pressure track at least 250 km in length and with a duration > 6 hours. The
primary data set is 1,590 high resolution (1 second, 5 mb) National Weather Service upper air
soundings. Complementary measurements from surface stations, radar, and sea level pressure
reanalysis are combined with the radiosondes into a powerful dataset to yield insights on
the vertical structures within storms. Radar reflectivity measurements concurrent with the
rawinsonde’s in-flight 4D position are analysed alongside the thermodynamic data. A rela-
tional database allows subsets of observations to be conditionally selected to focus on specific
environments and physical processes. To simplify analysis of storms in different geographic
locations, observations are placed in a low pressure centric framework. Compared to a classic
skew-T, a new visualization for sounding data tailored for winter storm processes facilitates
comparisons among profiles of temperature, thermodynamic stability, and wind stability.

Weather radar echoes greater than 0 dBZ, indicative of precipitation-sized ice, occurred
primarily below 4 km and rarely exceeded 6 km AGL, even though cloud often extended to 8-10
km. On average, about 11% of the storm’s cloud depth consisted of layers subsaturated with
respect to ice (< 85% R H;.,). Most of these dry layers sandwiched between moister layers are in
the upper portion of the cloud, above where falling precipitation-size ice was present. Signatures
of sublimating ice precipitation (radar echoes in layers that are subsaturated with respect to ice)
within the storms are very uncommon, occurring in less than 2% of the precipitation echoes.

Most of the storm extent is neutral or stable for conditional and potential local stability. As
expected, conditional and potential instability conditions are more common 1 km below cloud
top than 1 km above cloud top. Moist Richardson number values indicating possible presence

of Kelvin-Helmholtz waves occur about 15% of the time throughout the vertical extent of the



cloud. Commonly, there is a layer of enhanced wind shear near the cloud top boundary which
implies that cloud top entrainment of dry air is nearly always occurring. In the lowest 2 km
of the profiles, there is both more frequently occurring wind shear than higher altitudes and
more frequently occurring local conditional and potential stable layers compared to higher
altitudes. These competing factors imply the boundary layer wind shear instabilities will often

be damped.
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CHAPTER

1

INTRODUCTION

Winter storms and the precipitation they produce have critical impacts on society, affecting
transportation, natural resources, and the economy. Each year in the United States, over 1,300
traf ¢ fatalities occur during wintery weather, and transportation departments spend $2.3 bil-
lion attempting to control snow and ice on the road network (Federal Highway Administration
2022). Considering snow as a resource, around one sixth of the global population lives in regions
where snowmelt contributes over 50% of the water available in local stream ows (Barnett et al.
2005).

Many of the key impacts of winter storms depend on how much precipitating ice mass
reachesthe surface. Ice precipitation can sublimate below the cloud base of winter storms where
the relative humidity with respect toice (RH i) is less than 100%. Recent aircraft observations
during the NASA IMPACTS eld campaign (McMurdie et al. 2022) found many precipitation
particles in conditions with RH ;.. < 100% above the lowest cloud base (Allen et al. 2021; Peele
et al. 2021). Ice crystals in these layers will sublimate, reducing precipitation mass and cooling
the nearby environment. If layers with RH .. < 100% occupy a signi cant portion of the vertical
pro le between cloud base and cloud top, they will affect the stability pro le and possibly yield
enough sublimation to materially impact the surface precipitation.

Weather radar can detect precipitation-sized particles (> 0.2 mm diameter) but cannot
observe cloud particles or measure relative humidity. Upper air soundings observe the detailed



vertical pro le of temperature, dewpoint, pressure, wind direction, and speed. From these
quantities we can derive several stability metrics (potential instability, conditional instability,
and shear instability), as well as the locations of cloud using the relative humidity with respect
to ice and water. We use these complementary data sets to address questions about where and
how frequently sublimation (ice shrinkage) is occurring in winter cyclones. Additionally, we
infer potential regions of ice growth by examining the altitudes and frequencies of different
sources of instability and their occurrence within clouds.

We have developed a new way of displaying upper air sounding data in conjunction with
nearby scanning radar data tailored to focus on variables of interest within winter storms. This
new visualization improves comprehension of key relationships within the vertical pro le of
the atmosphere relevant for winter storms as compared to the traditional skew-T with its focus
on CAPE, CIN, and RH with respect to water (RH ;) Which are more relevant for warm season
convection than winter snow storms.

1.1 Background and Motivation

1.1.1 Overview of cloud structures of midlatitude cyclones

The structure of midlatitude cyclones arranges the cloud and precipitation features of winter
storms. Broad areas of ascending air de ne the extent of the cloud shield, and precipitation
is typically associated with the vertical motions in regions of surface frontogenesis (though
other lifting mechanisms can exists). Localized areas of increased instability yield enhanced
areas of precipitation down to the 1 km scale of generating cells (e.g. Keeler et al. 2016a).
The basic synopotic scale horizontal cloud extent, frontal positions, and air ows for a mature
midlatitude cyclone are shown in Figures 1.1 and 1.2. An example satellite observation of a
midlatitude cyclone is shown in Figure 1.3. The surface low and frontal positions are included.
Higher cloud tops (indicated by colder brightness temperatures) are clearly favored north of
the low pressure center's location associated with the "comma head".

Vertical cross-sections of clouds and precipitation associated with air ows over frontal
surfaces (Figures 1.4, 1.5, 1.6, and 1.7) traditionally depict saturated conditions for the full
extent of the storm between cloud base and cloud top (Hobbs 1978; Houze 1989, 2014; Matejka
et al. 1980; Wallace and Hobbs 2006; Ward 2023). Sublimation of ice precipitation particles is
typically only considered important between the lowest cloud base and the surface (Forbes
and Hogan 2006; Roebber et al. 2003).

Recent airborne radar observations from NASA IMPACTS reveal ne details of storm struc-
tures in vertical cross-sections of winter storms (Fig. 1.8). Radar re ectivity and horizontal



Figure 1.1: A schematic of warm (W) and cold (C) air ows in a mature midlatitude cyclone.
Surface low pressure center and fronts are annotated. Numbers inside the arrows indicate the
top of the ascending air ow in mb. Figure 3.1.24 from Bader et al. (1995), adapted from Carlson

(1980).



Figure 1.2: A diagram of a comma cloud in a mature midlatitude cyclone. Arrows indicate
system-relative synoptic ow. Surface low pressure center and fronts are annotated. Figure
3.4.11 from Bader et al. (1995).



Figure 1.3: Infrared brightness temperatures of a mature, deep occluded cyclone at 1000 UTC
27 Feb 2020. Data is from the Advanced Baseline Imager channel 13 of GOES-16; frontal analysis
derived from National Weather Service Weather Prediction Center surface analysis. ER-2 track
is high-altitude aircraft associated with NASA IMPACTS. Figure 9 from McMurdie et al. (2022)

Figure 1.4: Schematic cross section of clouds, vertical motions, and precipitation associated
with a stable warm front. Figure from Ward (2023).



Figure 1.5: Schematic cross section of clouds, vertical motions, and precipitation associated
with a slow moving cold front. Figure from Ward (2023).



Figure 1.6: Schematic cross section of clouds, vertical motions, and precipitation associated
with a cold occlusion. Figure from Ward (2023)



Fig. 1.7: Vertical cross section of clouds and precipitation associated with a cold front. Evapo-
ration and sublimation is only depicted below cloud bases, especially high cloud bases with
virga. Figure 8 from Matejka et al. (1980).

winds show that locally enhanced re ectivity features often appear as tilted features that are
advected by the horizontal wind. Falling precipitation particles can bend sharply through
layers of high wind shear. In different parts of a storm, regions with precipitation-sized ice
correspondingto Z > 0 dBZ can be more spatially continuous (Fig. 1.8 top panel), as well as
more spotty (Fig. 1.8 bottom panel). These mesoscale and convective scale details wash out at
synoptic scales. The sounding data set utilized in this analysis is at 100 m scale in the vertical
and could either hit or miss ne scale variability in the horizontal. While it is recognized that
mesoscale and convective processes are relevant for winter storms (e.g. Ganetis et al. 2018;
Keeler et al. 2016a), the research in this area is incomplete and the conceptual models have yet
to be updated to account for this.

1.1.2 Reductions in Ice Mass from Sublimation

Signi cant environmental latent heat energy is consumed during the sublimation of ice pre-
cipitation, which cools the nearby air and can affect the thermodynamic stability of the storm.
Harris (1977) modeled the sublimation of ice precipitation falling into a layer of still, RH ice <
100% air. Harris constructed different experiments of ice spheres falling into a subsaturated
layer using the Marshall-Palmer precipitation particle size distribution (Marshall and Palmer



Figure 1.8: Example pro les of NASA ER-2 airborne radar EXRAD re ectivity and derived
horizontal winds from NASA IMPACTS (McMurdie et al. 2022). (top panel) 200 km leg from
ight on 7 Feb 2020. (bottom panel) 200 km leg from ight on 5 Feb 2020. Winds are shown for
portions of ight legs with higher data quality. This airborne radar is more sensitive than NWS
WSR-88D radars. Re ectivity values < 0 dBZ would typically have few if any precipitation-sized
ice particles. Figure from Tomkins et al. (2022a)



Figure 1.9: Selected ice particle size distributions from Harris (1977) used in his sublimation
calculations. Ny=1 for each scenario.

1948):Np = Nge P D, where Dis the diameter of the precipitation particle,  Np is the number
of drops of diameter between D and D, and Ny is the value of Ny for D = 0. Marshall and
Palmer (1948) found that  is a function of rain rate (R). Harris (1977) computed the effects of
sublimation for several different scenarios of ice precipitation. Findings relevant to this study
can be summarized by three of his scenarios; the ice particle distributions for these are shown

in Figure 1.9.

Overall, the Harris calculations indicate that the most cooling occurs near the top of the
RH;.e < 100% layer (Figure 1.10), where the large number of small ice precipitation particles
completely sublimate shortly after entering the layer. For the light precipitation case (line
7, annotated green), this peak cooling occurs after 0.1 km of descent. There are signi cantly
more large particles in the heavy precipitation case (line 6, orange) and these larger particles
can descend further before this distribution reaches its level of maximum cooling around
0.2 km. From the experiments, the magnitude of cooling is shown to have the largest sensitivity
to precipitation rate (R, mm h ). Heavy precipitation in case 6 has the greatest temperature
reduction compared to the control (case 1), and light precipitation (case 7). Figure 1.11 shows
how the cooling from sublimation alters the thermodynamic stability. Within the dry layer,
layers above the level of maximum cooling have increased stability. Below this, stability is
decreased proportionally to the magnitude of cooling and the depth of the cooled layer.
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Fig. 1.10: Height pro les of air temperature de cit after 1 hr of sublimation for 8 experi-
ments. Figure 5 from Harris (1977) with colors added. Colors correspond to ice particle size
distributions from Figure 1.9.

Clough and Franks (1991) described how the sublimation of ice precipitation is different
from evaporation of rain. They also used the Marshall-Palmer precipitation particle size distri-
butions for both rain and snow falling into an environment with RH water = 60%. The depth over
which precipitation mass is lost is shown in Figure 1.12 where line “a” is constant density snow
and line “h” is rain.

Calculations show that 95% of ice precipitation mass is lost after only 700 m compared
to 7,000 m for rain. Clough and Franks found that the low density and low terminal velocity
of ice precipitation are the primary factors as to why ice precipitation can sublimate in a
shallower depth than rain. Clough et al. (2000) modeled the dynamical effects of the sublimating
ice precipitation, noting sublimation could enhance the descent of air parcels and create
circulations around a front, but they did not nd the stability changes predicted by Harris
(2977).

These studies demonstrate that the time and depth scales for sublimation are much smaller
than those for the evaporation of rain. Sublimation also occurs in conditions of very small
subsaturations with respect to ice. This indicates that signi cant ice mass can be lost in a
shallow layer of RH ;.. < 100%.
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Fig. 1.11: Height pro les of air temperature lapse rate after 1 hr of sublimation for 8 exper-
iments as in Figure 1.10. Larger lapse rates are less stable. Figure 6 from Harris (1977) with
colors added. Colors correspond to ice particle size distributions from Figure 1.9.

Aircraft observations during the NASA IMPACTS eld campaign (McMurdie et al. 2022)
used both in-situ and remote measurements and found precipitation particles in conditions
with RH .. < 100% (Allen et al. 2021; Peele et al. 2021).

Images of individual particles that had partially sublimated were captured. One example is
shown here in Figure 1.13. When the crystal formed it would have had sharp edges; the rounded
edges in this image indicate that some of its original mass had sublimated. The sublimated
crystal then experienced riming, as seen by the frozen droplets on the edges of the rounded
branches. In the IMPACTS particle imaging data sets, many precipitation-sized particles were
found in environments of RH .. < 100% at altitudes above the lowest cloud base. This suggests
that sublimation could play a critical role to reduce precipitation ice mass inside the vertical
extent of the storm, not just below the lowest cloud base.

Aircraft observation campaigns are limited in time and space and hence represent small
sample sizes. We desired to explore these RH;.. < 100% regions with another dataset: the
archive of upper air radiosondes. Though radiosondes have temporal and spatial limitations
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