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Abstract

Precipitation over the central Greenland Ice Sheet (GIS) is arguably not well-understood or
constrained. To understand current and future changes in precipitation occurrence and
accumulation patterns over the GIS, associated clouds and atmospheric processes must be
investigated. Comprehensive multi-instrument, remote-sensing and in-situ ground-based
observations can provide insight into local atmospheric processes. These observations can
be combined with reanalysis products to gain a regional perspective. This work focuses on
identifying, characterizing, and classifying ice hydrometeors primarily using passive
microwave radiometer data from Summit Station in central Greenland. The precipitation
observed over the GIS partitions into two distinct regimes tied to specific cloud
characteristics: deep, fully-glaciated ice clouds (IC) and shallow, mixed-phase clouds with
supercooled cloud liquid water (CLW). The occurrence and accumulation statistics of the
precipitation regimes are identified and quantified. Cloud characteristics from each
precipitation regime are illustrated using additional instrument data from five years of
observations from the Integrated Characterization of Energy, Clouds, Atmospheric state,
and Precipitation at Summit (ICECAPS) project. Additionally, regional meteorological
conditions are examined using reanalysis products and show different large-scale dynamics
corresponding to each snow type. Further work suggests that the IC snow events are likely
tied to individual storm tracks located in the Baffin Bay or interacting with the southern tip
of Greenland. In contrast, the CLW snow events are tied to regional conditions present
during the negative phase of the North Atlantic Oscillation, with onshore and upslope

winds from the south and southwest of Greenland and large areas of high 500 mb



ii
geopotential heights. These results help illustrate the origin of precipitating clouds and
how they reach the central GIS. Additionally, this work lends insight into the primary
mechanisms needed for producing precipitation from the coast of Greenland to Summit
Station. This work implies that accumulation in the central GIS is tied to both specific

storm tracks and climate oscillations, which may show different responses under climate

change.
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Figure 6.9 Panel a (top, left) shows the ERA-Interim derived average 500mb geopotential
heights and winds for 90 IC snow events. Panel b (top, right) shows the same, but for
84 CLW snow events. Both plots are on the same scale. Panels ¢ and d show the
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Figure 6.10 Panel a (top, left) shows the HYSPLIT calculated, 36 hour backtrajectories for
the air at 3 km AGL originating at Summit using GFS for the IC snow cases. The
backtrajectory AGL values represent the altitude above ground along each trajectory
path. Panel b (top, right) shows the same, but for the CLW cases. The bottom two
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Chapter 1

1 Introduction — Arctic response to climate change

The recent warming of the Earth’s atmosphere is well documented and amplification
of this warmth in the high latitudes is causing rapid regional changes (Serreze et al. 2007,
IPCC - Fifth Assessment Report, 2013). This warming already directly affects the state of
the cryosphere, which in turn further modifies the large-scale dynamics of the atmosphere
in the Polar Regions (Francis and Hunter, 2006; Kay et al., 2008; Stroeve et al., 2012). Sea
level rise (SLR) resulting from the melting of the Antarctic and Greenland ice sheets has
potential for devastating humanitarian and socio-economic impacts (Alley et al., 2005;
Rignot et al., 2011; IPCC — Fifth Assessment Report, 2013). Much of the global
population lives along coastlines and will experience increased flooding due to storm
surges and high tides, as well as damage to infrastructure and land through salt/other
contamination from higher sea levels (Nicholls and Cazenave, 2010).

SLR from the melting of the Greenland Ice Sheet (GIS) is of particular concern

with warming temperatures and changing climate conditions for several reasons:
primarily, model studies have indicated that presently loss of ice from the GIS is
accelerating and that the GIS will lose most of its mass under current climate change
predictions (van den Broeke et al., 2009; Rignot et al., 2011). The GIS contains 10 % of
the world’s freshwater and would contribute a destructive ~7.4 m SLR if fully melted
(Church, 2001). Secondly, the injection of large amounts of fresh water into the North

Atlantic could attenuate the Atlantic meridional overturning circulation, (AMOC) possibly



leading to widespread cooling in the mid-latitudes, especially in Europe (Alley et al.,
2005). Finally, the warming atmosphere that is driving much of the change in the Arctic
will be further modified by the changes manifesting in the cryosphere (Kay et al., 2008;
Stroeve et al., 2012). The resulting feedback mechanism of the interactions between the
cryosphere and atmosphere with a changing climate creates greater uncertainty for
predicting future possible scenarios (Stroeve et al., 2012).

The mechanisms behind the loss and gain of mass on the GIS are inextricably
linked to the atmosphere — specifically thermodynamic processes and cloud properties
(Lemke et al., 2007). To understand the current state of and future changes to the GIS, we
need precise observations of the clouds, precipitation, and thermodynamic characteristics
of the atmosphere, in addition to direct measurements of the cryosphere. Observations of
the atmosphere in the Arctic and over the GIS are obtained through networks of ground-
based, remotely-sensed and in-situ measurements, satellite instrumentation, and airborne
campaigns (for example, Shuman et al., 1996; Rignot et al., 2011; Morlighem et al., 2015;
McMillan et al., 2016; Uttal et al., 2016; Van Tricht et al., 2016). These observations aid
in enhancing our understanding of the cloud processes and atmospheric drivers, providing
constraints that increase the ability of models to more accurately predict future climate
conditions (Kay et al., 2016; Mcllhattan et al., 2017).

The already difficult task of forecasting the impacts of a warming atmosphere on
the GIS is further complicated by the apparent nonlinear response of the snowfall (Alley et
al., 1993; Kapsner et al., 1995; Hanna et al., 2008). Studies of ice core records indicate
that changes in atmospheric dynamics, not temperature, are the main drivers of mass

changes in the central GIS (Kapsner et al., 1995; Appenzeller et al., 1998; Hanna et al.,



2016). Studies of cyclone storm tracks and intensities under climate change scenarios have
indicated an increase of precipitation over the GIS (Rogers et al., 2004; Schuenemann and
Cassano, 2010; Serreze and Barry, 2014). Schuenemann and Cassano (2010) found that a
northern shift of the North Atlantic storm track could increase precipitation over Greenland
~28 % by 2100 with an associated 0.5 mm yr' decrease in SLR. Currently, mass loss from
the GIS due to melting at the coastlines and edges is only slightly outpacing the snow
accumulation at the center (Hanna et al., 2006; Hanna et al., 2013), however, models
predict that once the average warming reaches +3° C over Greenland, the surface melting
will eclipse the rate of snowfall gained over the central GIS (Gregory et al., 2004).
Improved characterization of precipitation in the Arctic is a fundamental part of forecasting

how climate change will impact the hydrological cycle and mass balance of the GIS.



Chapter 2

2 Greenland Ice Sheet mass balance

To understand how the GIS will respond to a changing climate we must have a
complete understanding of the factors that influence the mass balance. Examining the
patterns of ice sheet mass loss and gain in past climate conditions can aid in forecasting
possible future scenarios. Ice cores from the center of ice sheets are excellent proxy data
for obtaining information about accumulation of snow and ice patterns during past climates
(Alley et al., 1993; Grootes et al., 1997; Alley et al., 1997) and patterns of mass gain and
loss information for the central GIS are obtained through analysis and modeling of these
ice cores (Kapsner et al., 1995; Appenzeller et al., 1998). Connecting the ice, firn, and
snow on the GIS to the atmosphere is crucial to understanding how the precipitation
reaches central Greenland. Ground-based, airborne, and spaceborne remote sensing and
in-situ measurements of the atmosphere above the GIS can help illuminate the cloud
processes and characteristics associated with precipitation (Uttal et al., 2016; Van Tricht et
al., 2016). Additionally, reanalysis products can show the regional meteorological
conditions and dynamics that force water vapor rich air masses up and over the GIS

(Kalnay et al., 1996; Dee et al., 2011).

2.1 Historical data and recent trends
Historical records of temperature are inferred through the oxygen isotope
composition of ice (Grootes et al., 1997) and accumulation statistics are obtained through

visual measurements of the ice core annual structure produced by summertime insolation



(Alley et al., 1993). Melt events across the GIS can also be tracked with visual inspection
of the layer of the ice core (Meese et al., 1994). The Greenland Ice Sheet Project II (GISP-
2; Dansgaard et al., 1993; Alley et al., 1997) ice core, completed in 1997, yields relevant
information about the relationship between temperature and precipitation during the
Holocene (warm) and the Younger Dryas (Last Glacial Maximum) climate regimes
(Bromwich et al., 1993; Kapsner et al. 1995).

Clausius-Clapeyron predicts that with every 1 degree C increase in temperature,
there is a corresponding increase of about 7 % in the available precipitable water vapor
(PWYV), however only a 2 % globally averaged increase in precipitation accumulation
(Held and Soden, 2006). However, studies of the GISP-2 ice core find that temperature
and accumulation correlate weakly or not at all during periods of climate stability (for
example, times between ice age transitions). During these relatively stable periods
accumulation changes ~1 % change per °C (Reeh, et al., 1978; Kapsner et al., 1995). Ice
core analyses of the GIS find that individual storm track locations and intensities are the
dominant mechanism for the increases in accumulation over the central GIS and not
temperature (Kapsner et al., 1995; Bromwich et al., 1993) and that large changes in
accumulations are correlated with shifting climate states (Alley et al., 1993; Taylor et al.,
1993).

Though GIS accumulation and temperature are not linearly correlated, there is a
strong correlation between increased atmospheric temperature from greenhouse gases and
SLR due mainly to substantial losses in ice sheet volume (Huybrechts et al., 1991).
Currently, loss of mass is observed throughout Greenland, but is most extreme at the edges

of the GIS (Hanna et al., 2013). These rapid changes at the ice margins are mainly due to



surface melt water percolation accelerating the melting at the bottom of the ice flows and
ocean warming and erosion of the calving faces of glaciers (Zwally et al., 2002; Hanna et
al., 2013). The loss of mass from the GIS to the ocean is highly correlated to increased sea
surface temperatures and loss of Arctic sea ice (Gregory et al., 2004; Hanna et al., 2013).
In general, modeling studies show that as the climate warms there will be a northward shift
in cyclone locations and this is connected to a forecasted increase in precipitation over the
GIS (IPCC 4t assessment; Alley et al., 2007; Schuenemann and Cassano, 2010).

While historical data is useful for understanding mass gain and loss over the GIS
during past climate regimes and to fine-tune model output, it does not necessarily help
models tackle the non-linear climate change scenarios projected by the IPCC (Lemke et al.,
2007). This unpredictability is due in part to the occurrence of climatologically extreme
events, such as unusual warmth, and their yet unknown consequences on the GIS. Such
events can have large impacts on the gain and loss of mass over the GIS and are
complicated to model and predict (Abdalati and Steffen, 1997; Hanna et al., 2008; Ngheim

etal., 2012; Bennartz et al., 2013).

2.1.1 Extreme events

Recent studies of extreme events have helped to inform models and our
understanding of the long-term mass balance of the GIS. Hanna et al. (2006), found that
individual, strong storms lead to disproportionate accumulations on the central GIS, nearly
doubling the average annual amount for some regions of the GIS. The 1991 eruption of
Pinatubo resulted in a -2 C surface temperature anomaly observed by ground-based
instrumentation on the GIS (Shuman et al., 1996) and resulted in a temporary reversal of

the satellite observed trend in the mean melt extent of the GIS (Abdalati and Steffen,



1997). Warmer springtime temperatures in the Arctic have caused earlier melt in surface
snow and fern and leading to exposed areas of bare ice on the margins of the GIS, which
has a lower albedo and therefore leads to accelerated regional melt during the summer
(Tedesco et al., 2011). Current airborne and satellite observations overwhelmingly show
that the GIS is losing mass at a unprecedented rate, 269 +51 Gt yr'' between January 2011
and December 2014 (McMillan et al., 2016), with increasing melt trends throughout
Greenland in recent years when compared to historical averages (Mote, 2007; Kintisch,
2017).

On July 12, 2012 the GIS experienced a melt event over almost the entire surface
for the first time since 1889 (Ngheim et al., 2012). This extreme event was an excellent
opportunity to better understand both the dynamical mechanisms of the atmosphere as well
as the role clouds play in promoting melt extent over the ice sheet. An anomalous ridge of
warm air was advected up over the GIS where it remained for several days and satellite
observations measured the extent and duration of the surface melt (Ngheim et al., 2012).

In addition to the warm air advection, water vapor and supercooled cloud liquid water were
present over much of the central GIS (Neff et al., 2014). Optically thin supercooled liquid
water clouds augmented the surface warmth enough to raise temperatures above freezing in
high-altitude locations that would otherwise not have experienced surface melt under clear-
sky conditions (Bennartz et al., 2013).

Extreme events in the Arctic highlight two things: first, these events are non-linear
in their response to rising global temperatures and therefore it is difficult to predict their
effect on the GIS from models. And second, observations from satellites and ground-based

instruments aid in illustrating the regional cloud and atmospheric processes contributing to



these anomalous events. Using the ice core proxy data is helpful in informing parameters
for models, but limited in ability as current changes may lead to climate states that do not
resemble the historical record. Ground-based remote sensed and in-situ instrumentation
can elucidate in detail how changes in climate are manifesting at discrete points on the
GIS. These observations, when incorporated into reanalysis products can provide a
regional perspective and when incorporated into global models may improve our

understanding of how climate change will affect the GIS.

2.2 Precipitation over the central GIS

Snowfall on the interior of the GIS is a small net positive mass balance, but it is not
well constrained (Thomas et al., 2000). Summit Station is located in the central GIS and
was the site of the Greenland Ice Sheet Project 2 ice core project (GISP2; Dansgaard et al.,
1993) and continues to operate as a year-round research facility focused on atmospheric
processes and the cryosphere. Where precipitating clouds originate and the mechanisms
that result in precipitation over Summit Station are largely unknown (Shupe et al., 2013).
Improved characterization of precipitation and associated atmospheric processes in the
Arctic is fundamental to enhance our understanding of present and future manifestations of
the hydrological cycle and mass balance of the GIS. Accurate atmospheric measurements
and remote sensing precipitation retrievals from multiple instruments are essential to
resolving and refining precipitation estimates over the GIS.

As seen in Fig. 2.1, the topography of Greenland itself is a hindrance in precipitation
occurrence and accumulation atop the high plateau of the GIS: much of the central GIS is
higher than 2000 meters above sea level, with a summit of 3,216 meters, far from the

ocean and water vapor (WV) sources (400 km from the east and west coastlines; 1000 km



from the southern coasts; IceBridge data; Morlighem et al., 2015). The Greenland
topography with highlighted major ridge features are illustrated in Fig. 2.2, left panel, and
the accumulation patterns are shown in panel b (Ohmura and Reeh, 1991). Due to the
complex nature of the terrain, understanding the large-scale regional dynamics that advect
relatively warm, WV-rich air masses atop the GIS is key to predicting how precipitation is
deposited. Measuring attributes of the clouds and thermodynamic profiles specifically

associated with snow events over the GIS is similarly important.

2.2.1 Arctic Cloud Phase

Much of this study examines Arctic clouds divided into two classifications: fully-
glaciated clouds, which contain only ice hydrometeors, and mixed phase clouds, which
contain both ice and supercooled liquid water hydrometeors. Both of these cloud types
have been extensively studied in the Arctic as the phase partitioning of the cloud and
precipitation has implications for both the mass and energy balance at the surface of the
GIS: through surface processes and feedbacks and their impact on down and upwelling
radiative fluxes (Miller et al., 2015; Van Tricht et al., 2016; Mcllhattan et al., 2017).

Arctic mixed phase (AMP) clouds are comprised of both ice crystals and cloud
liquid water (CLW) and have been studied through numerous ground and airborne
instrument field campaigns (Curry et al., 2000; Intrieri et al., 2002; Verlinde et al., 2007;
Shupe et al., 2008; Shupe et al., 2013). Figure 2.3, top panel, shows ground-based cloud
radar observations of a typical AMP cloud at Summit Station. Characteristically, AMP
clouds are ~1 — 3 km thick and have a layer of supercooled CLW droplets at the top of the
cloud with ice crystals falling through the cloud below the CLW layer (see Fig. 2.4; Hobbs

and Rangno, 1998; Curry et al., 2000; Shupe et al., 2005; Shupe et al., 2008; Morrison et
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al., 2012). The supercooled CLW droplets radiatively cool to space, which has been shown
to induce small-scale turbulent motions that maintain the CLW layer characteristic of AMP
clouds (Rauber and Tokay, 1991; Shupe et al., 2011), in turn, this motion entrains water
vapor from above the cloud and sustains the CLW layer while water leaves the cloud
system in the form of ice falling below (illustrated in Fig. 2.4; Curry et al., 2000; Solomon
etal., 2011; Morrison et al., 2012). Observations have shown that AMP clouds are
particularly long-lived, persisting up to days (Curry et al., 2000; Shupe et al., 2006;
Morrison et al., 2012; Shupe et al., 2013) and occur commonly in high latitude regions
(deBoer et al., 2009; Shupe et al., 2011). Additionally, AMP clouds can persist under
weakly forced conditions and do not require synoptic forcing from frontal systems to occur
or propagate (Morrison et al., 2012). AMP clouds have been shown to create light to
moderate precipitation over the ice sheet (Verlinde et al., 2007; Shupe et al., 2008).
Though the precipitation associated with AMP clouds is generally light, they are abundant
and long-lived in the Arctic, and can therefore contribute substantial amount of the
accumulation over the central GIS (Shupe et al., 2008).

Similar to AMP clouds, fully-glaciated ice clouds have been extensively studied in
the Arctic through ground-based and airborne in-situ and remote-sensed instrumentation
(Intrieri and Shupe, 2004; Curry et al., 2000; Lawson et al., 2001; Lawson et al., 2006;
Schiller et al., 2008; Shupe et al., 2013). Ice clouds can produce virga, where the ice
hydrometeor evaporates before reaching the ground, or diamond dust, a cloudless ice
crystal precipitation (Intrieri and Shupe, 2004). Additionally, ice clouds above an AMP
cloud, can act as a source of moisture for the supercooled layers below (Curry et al., 2000).

Ice clouds can remain single phase throughout the column and precipitate ice crystals from
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cloud top all the way to the ground (Shupe et al., 2013). Figure 2.3, bottom panel, shows
cloud radar observations of a deep ice phase cloud at Summit Station. Arctic ice clouds
tend to be much deeper than AMP clouds, extending up to 4 — 7 km above ground level
(Curry et al., 2000; Lawson et al., 2006; Shupe et al., 2013). Cloud radar studies of ice
clouds find they have a characteristic uneven structure at the top of the cloud with fall
streak features extending from the top of the cloud to ground (Matrosov et al., 2001; Shupe
et al., 2013). The cloud radar studies also show narrow reflectivity spectra throughout the
column and increasing Doppler velocities closer to the ground, indicating that there is little
turbulence within the cloud and that the ice hydrometers are growing as they descend
(Curry et al., 2000; Shupe et al., 2013). Several in-situ studies of Arctic ice clouds have
yielded information about ice habits, in particular, that they are made up of a combination
of pristine and irregular ice crystals (Korolev et al., 1999; Lawson et al., 2001; Lawson et
al., 2006). These deep ice clouds are associated with the passage of frontal systems at

Arctic observing locations (Curry et al., 2000; Verlinde et al., 2013; Oue et al., 2015).

2.2.2 Precipitation relationship to climate indexes and storm systems

Studies have illustrated relationships between precipitation over the central GIS
and various climate indexes as well as certain storm tracks (Kapsner et al., 1995). The
impacts on precipitation over Greenland from phases of the North Atlantic Oscillation
(NAO), the Greenland Blocking Index (GBI), and, to a lesser extent, the Arctic Oscillation
(AO) have been examined (Appenzeller et al., 1998; Bromwich et al., 1999; Hutterli et al.,
2005; Hanna et al., 2016). Studies of the locations and strengths of individual storm tracks

around Greenland have also shown connections to positive precipitation anomalies over
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the GIS (Chen et al., 1997; Schuenemann and Cassano, 2009; Schuenemann et al., 2009;
Schuenemann and Cassano, 2010).

The NAO index is defined by the atmospheric sea level pressure (SLP) difference
and positions of the Azores High and the Icelandic Low (Fig. 2.5; Compo et al., 2011).
Early findings show that NAO positive (negative) phase is connected to drying
(precipitation) over the GIS (Hurrell, 1995). Appenzeller et al. (1998), used ice core proxy
data to show that precipitation accumulation in Western Greenland is historically been
correlated to the negative phase of the NAO. Bromwich et al. (1999), examined years of
reanalysis products to study the precipitation patterns over Greenland and found that
accumulation was higher in during months with weakening of the Icelandic low (negative
NAO phase). Hutterli et al. (2005) and Mosely-Thompson et al. (2005) found evidence
that the accumulation variability in western part of the GIS is influenced by a negative
NAO-like pattern. More recent studies indicate that the correlation of the NAO negative
phase and precipitation over Greenland are weak and only for the western part of the GIS
(Rogers et al., 2004; Schuenemann et al., 2009). Additionally, Mosely-Thompson et al.
(2005), found that correlation between accumulation and NAO at Summit Station is very
low and state that central Greenland ice cores should not be used in NAO reconstructions.

The GBI is defined as the average value of the 500 mb geopotential heights over
the whole of Greenland (see Fig 2.6 for defined region; Fang, 2004; Hanna et al., 2016).
High values of 500 mb geopotential heights over Greenland create a blocking feature
(ridge), which affects the location of the upper-level winds and jet stream and modifies the
precipitation and weather in the region and in the Northern Hemisphere (Hanna et al.,

2013; Hanna et al., 2016). Hanna et al. (2016) found that precipitation anomalies over
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most of Greenland are positive under high GBI values. During high GBI conditions, weak
and WV-rich winds are advected from the south onto the GIS and have associated high
precipitation accumulation anomalies (Hanna et al., 2016). However, this is contradictory
to some of the studies that show precipitation in parts of Greenland corresponding to
specific storm tracks and intensities (Schuenemann and Cassano, 2009; Schuenemann et
al., 2009).

Direct connections between precipitation over the GIS and the AO have not been
investigated, however the AO and NAO indices are highly correlated (Hurrell, 1995).
There are studies of the AO and loss or gain of Arctic sea ice (Rigor et al., 2002) as well as
connections between Arctic sea surface temperatures and AO (Thompson and Wallace,
1998). The AO can therefore influence the precipitation over the GIS indirectly through
the loss of sea ice resulting in more open ocean surface (Rigor et al., 2002). Reduced sea
ice cover and thickness enhances the warming in the Arctic and leads to an increase in
available PWYV near Greenland (Wang and Key, 2003; Francis and Hunter, 2006; Screen
and Simmons, 2010).

Studies of low-pressure storms from the North Atlantic show that certain locations,
storm tracks, and strengths create positive anomalies of precipitation over the GIS (Rogers
et al., 2004; Schuenemann et al., 2009). In particular, Baffin Bay low-pressure systems
and Greenland lee cyclogenesis are important for precipitation accumulation across the
entire GIS (Chen et al., 1997; Bromwich et al., 1998; Rogers et al., 2004; Schuenemann et
al., 2009). Additionally, lee cyclogenesis from the topographic ridge along the tip of
Greenland is a common storm track and could act as a positive feedback mechanism, as

more accumulation atop the southern GIS will further intensify these storms and resulting
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in increased precipitation accumulation (Chen et al., 1997; Rogers et al., 2004;
Schuenemann et al., 2009). It is important to distinguish the Greenland lee cyclones from
those cyclones that move through the Icelandic Low, as the latter is less important to
precipitation processes above the GIS and may actually reduce accumulation amounts
(Chen et al., 1997; Rogers et al., 2004; Serreze and Barry, 2014). Schuenemann and
Cassano (2009) and Schuenemann et al. (2009), used reanalysis products for 1961 — 1999
and demonstrated that the blocking, splitting, and intensifying of low-pressure systems by
Greenland topography is key in increased precipitation over the GIS, which reinforces
similar findings by Hutterli et al. (2005). Figure 2.7 illustrates the most common cyclone
tracks around Greenland (Chen et al., 1997). Chen et al. (1997), found that storm tracks B
and C in Fig. 2.7 lead to positive precipitation anomalies over the GIS; whereas storm
track A is connected to the Icelandic Low and results in reduced precipitation over the GIS.
Schuenemann et al. (2009), showed similar storm tracks result in positive precipitation
anomalies in Greenland (see Fig. 2.8). Additionally, Schuenemann and Cassano (2010),
used climate models to forecast that accumulation over the GIS would increase ~28 % by
2100 due to a northward shift of the North Atlantic storm tracks and increased available

PWV.

2.2.3 Remote-sensing of cloud and precipitation processes

As mentioned previously, Summit Station was the site of the GISP2 ice core
project in 1992, and has been expanded to a continuously operational science facility
dedicated to studying the atmosphere and ice sheet properties of the GIS (Dansgaard et al.,
1993). Summit Station is home to many atmospheric and snow science instruments,

including Integrated Characterization of Energy, Clouds, Atmospheric State, and
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Precipitation at Summit project (ICECAPS; Shupe et al., 2013). The ICECAPS project
aims to facilitate a better understanding of the cloud and atmosphere properties over the
GIS and their interaction with the cryosphere. Since 2010, the ICECAPS suite of
instruments has been monitoring a variety of atmospheric parameters to further our
knowledge of atmospheric processes above the GIS (Shupe et al., 2013). The ICECAPS
project will remain at Summit until at least 2018. Additionally, ICECAPS is expanding
the network of past and existing high-latitude atmospheric suites (i.e., Eureka, Canada and
Barrow, Alaska, Ny‘Alesund) already helping to characterize Arctic atmospheric and cloud
processes (Shupe et al., 2011; Uttal et al., 2016).

Included in the ICECAPS instrument suite are microwave radiometers (MWRs),
which are remote sensing instruments that make passive measurements of radiance at
specific frequencies. Typically, MWR measurements are used to retrieve atmospheric
and/or cloud properties, specifically temperature profiles, cloud liquid water path, and
precipitable water vapor. A frequently implemented technique for characterizing ice
hydrometers from satellites and aircraft is to use high-frequency microwave channels (89
GHz and greater) and look for depressed brightness temperatures (BT; Spencer et al.,
1989). The depression in BT is due to the scattering of the upwelling radiation by the ice
to and is often used to calculate an ice water path (Deter and Evans, 2000; Bennartz and
Bauer, 2003; Hong et al., 2005; Kulie and Bennartz, 2009). While liquid and gas in the
atmospheric column absorb and emit microwave radiation, ice hydrometeors scatter
surface radiation away from the satellite sensor and depress the observed BT. The same
technique can be used from the ground looking up with the opposite effect, as ice scatters

the upwelling radiation back towards the MWR sensor (Kneifel et al., 2010). Observations
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from the MWR are used to detect ice hydrometeors in the atmosphere and classify clouds
and precipitation through the detection of the presence or absence of CLW.

MWR detection and classification of CLW and ice hydrometeors in clouds above
Summit Station can be combined with measurements from other ICECAPS
instrumentation. For example, utilizing measurements of reflectivity, mean Doppler
velocity, and Doppler spectral width from co-located 35 GHz cloud radar for inferring
cloud and precipitation information. Ceilometer data can be used for information on the
cloud base height measurements. In-situ measurements of temperature, relative humidity,
and pressure are obtained from balloon-borne radiosondes. Complementary precipitation
detection and characteristics can be acquired from a surface-based X-band radar. A
scientific technician records information about ice crystal habits during select snowfall
events using a photographic method. Surface meteorological data (2 and 10 meter
temperature, relative humidity, and winds) and trained observer information are obtained
through the National Oceanic and Atmospheric Administration (NOAA) local observatory.
These co-located instrument observations are used in concert with the MWR data to lend
insight into the cloud characteristics and the associated atmospheric conditions coincident

with precipitation events.

2.3 Objectives of this work

This work focuses on detection and analysis of precipitation at Summit Station
primarily utilizing instrumentation from the ICECAPS project with adjunct analysis from
models and reanalysis products. Throughout this work the following questions are

addressed:
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* How can ice hydrometeors best be identified, characterized, and classified using
ICECAPS observations?

e What are the physical properties and characteristics of clouds associated with
precipitation; are they deep or shallow; calm or turbulent?

* Does precipitation partition into discrete regimes that are tied to specific cloud
characteristics and dynamics?

* What is the seasonality of the precipitation in both occurrence and accumulation?

*  Where do precipitating clouds come from? It is difficult to advect WV-rich air
masses over the GIS, so where do air masses that result in precipitation over the
central GIS originate?

*  What are the primary mechanisms for forcing precipitation observed at Summit
Station; is precipitation tied to major climate oscillations, specific storm tracks, or
both?

To address the above points, we present the following: Chapter 3 details the
ICECAPS and NOAA instruments used in this study, merged datasets, reanalysis products,
models, and methods used in this work. Chapter 4 focuses on the ice hydrometeor
signature from several high frequency MWR channels for the 2010 — 2013 Summer
seasons. Interpretation of the ice hydrometeor signature results, cloud characteristics, and
affects on retrieval products are discussed in Chapter 4. Chapter 5 introduces a unique
way of partitioning clouds and snowfall using the relationship between low and high
frequency MWR window channels. This precipitation partitioning method yields distinct
modes of snow regimes observed at Summit Station. Chapter 6 utilizes the novel MWR

snow regime classification method to examine characteristics of the associated cloud
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processes, using ICECAPS instrumentation and air mass source and dynamics, and surface
meteorological measurements and reanalysis products. Chapter 7 uses specific snow
regime events as a function of season to interoperate the major forcings — climate
oscillations or specific storm tracks. Chapter 8 alludes to future applications of this work —
highlighting the newly published MWR classification method of snow regimes as an

excellent resource to combine with models, reanalysis products, and satellite observations.
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Figure 2.1 Figure showing the surface height of Greenland was created using measurements taken during the
IceBridge campaign (Morlighem et al., 2015). The surface height combines the contributions from both the
bedrock and ice sheet topography. Data were collected between January and December 2007. Spatial resolution
is 150 by 150 meters.
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Figure 2.2 The left panel shows the complex terrain and major ridge features of the GIS, which influence the
accumulation (Figure 5, Ohmura and Reeh, 1991). The right panel shows the annual accumulation in mm liquid
water equivalent for Greenland (Figure 6, Ohmura and Reeh, 1991).
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SUMMIT, Millimeter cloud raodar data for September 1, 2017
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Figure 2.3 Example of an Arctic mixed phase cloud as observed by the cloud radar throughout the entire day on
September 1, 2017 at Summit Station (top panel). Example of a deep ice cloud system as observed by the cloud
radar on September 27, 2017 beginning at ~1200UTC at Summit Station (bottom panel). Figures from the
Summit Data Browser (https://www.esrl.noaa.gov/psd/arctic/observatories/summit/browser/).
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Figure 2.4 A schematic illustrating the primary processes and basic physical structure of Arctic mixed-phase
clouds (Fig. 3 in Morrison et al., 2012).
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Figure 2.5 SLP maps for examples of NAO positive phase (left) and NAO negative phase (right; Compo et al.,
2011; Figure from NOAA ESRL: https://www.esrl.noaa.gov/psd/data/20thC_Rean/timeseries/monthly/NAQ/)
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Figure 2.6 Map showing the Greenland Blocking Index region (60N to 80N and 80W to 20W; Figure 1 from
Hanna et al., 2016).
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Figure 2.7 Schematic diagram showing the primary (solid lines) and secondary (dashed lines) cyclone tracks
around Greenland. Dots de- note discontinuity influenced by orography. Track B is a major storm track into
Baffin Bay and Track C is a southern tip cyclone. Both of these tracks are linked to increased precipitation over
the GIS (Figure 8 in Chen et al., 1997).
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Figure 2.8 Sea level pressure anomaly patterns in the region around Greenland (contour lines, solid positive and
dashed negative) and the associated precipitation anomalies (shaded contours, blue positive and red negative).
The letters stand for W, weak; LC, Labrador cyclone; BB, Baffin Bay cyclone; ST, Southern Tip cyclone; NA,
North Atlantic cyclone; IL, Icelandic Low cyclone (Figure 6 from Schuenemann et al., 2009).
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Chapter 3

3 Datasets and Methods'

Studying the characteristics of the precipitation and clouds above the GIS is made
possible with observations from the ICECAPS instrument suite. Located at Summit
Station, Greenland, the ICECAPS project has been in operation since 2010. Observations
from specific instruments in the ICECAPS suite can be combined with reanalysis products
and models to aid in better understanding of the atmospheric processes above the central
GIS. The following sections describe the specific instruments and measurements used in
these studies. Additionally, the radiative transfer and scattering models are outlined. The

reanalysis products used to examine the regional meteorology are also summarized.

3.1 ICECAPS project and instrument suite

ICECAPS is modeled after other successful Arctic observatories and is similar in
scope to facilities run by the Department of Energy’s Atmospheric Radiation Measurement
(ARM) Program (Ackerman and Stokes, 2003; Shupe et al., 2013). The ICECAPS
instrument suite is supported by year-round technicians and support staff at Summit
Station and is updated with new instruments, upgrades, and repairs by researchers every
summer. Table 3.1 illustrates a brief overview of the ICECAPS instruments used in this
study, including key specifications, measurements, and retrieved parameters. Figure 3.1
shows the location of Summit Station atop the GIS and the ICECAPS instrumentation

setup. We employed data from a subgroup of the ICECAPS suite and a co-located 225

! Portions of this chapter are published in Pettersen et al. (2016) and in review Pettersen et
al. (2017) and are copyright of the European Geophysical Union.
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GHz MWR. The available measurements and retrieved values are further described in the

following sections.

3.1.1 Microwave radiometers

ICECAPS gathers observations from three different passive MWRs all built by
Radiometer Physics GmbH. The Humidity and Temperature Profiler (HATPRO) has
seven channels from 22-32 GHz (near 22.24 GHz water vapor absorption line) and seven
channels from 51-58 GHz (near oxygen absorption line; Rose et al., 2005). The high-
frequency microwave MWR (MWRHF) has two high-frequency channels: 90 and 150
GHz. The two radiometers are run in a master-slave configuration and make coincident
measurements every four seconds. Data from the third co-located MWR, which is
sponsored by the Academia Sinica Institute of Astronomy and Astrophysics (ASIAA)
group, observes downwelling radiation at 225 GHz and takes measurements every 4
seconds (Matsushita et al., 2013). Although all of the MWRs measure the downwelling
atmospheric radiance at several elevation angles, in this work we only use data from zenith
pointing.

Passive microwave radiometry is commonly used to derive liquid water path
(LWP; Crewell et al., 2009) and precipitable water vapor (PWV) in the column. By
combining the BTs observed from specific channels, PWV and LWP are derived.
Historically, LWP and PWV at ARM sites are derived using the 23.84 and 31.40 GHz
channels using a version of the MWR Retrieval MWRRET) algorithm (Turner et al.,
2007a). The physical retrieval method employs the Monochromatic Radiative Transfer
Model (MonoRTM; Clough, et al. 2005) and the Liebe91 liquid water model (Liebe,

1991). It was found that the addition of high frequency channels to the retrieval algorithm



29

improves LWP accuracy, particularly for low LWP amounts. By adding the 90 GHz
channel, the uncertainty is reduced from 20 — 30 g m™ to better than 12 g m™ (Crewell et
al., 2003; Lohnert et al., 2003). The four channel MWRRETvV2, which includes the
addition of the 90 and 150 GHz channels, calculates an uncertainty of 4-5 g m™ for typical
retrievals at Summit (MWRRETV2).

The reduced uncertainty at low LWPs is important as the cloud liquid water path on
average at Summit (and the Arctic as a whole) is small as 80% of liquid-bearing clouds in
the Arctic have less than 100 g m™> LWP (Turner et al., 2007b). However, the prior studies
(Kneifel et al., 2010; Pettersen et al., 2016) show that high-frequency channels have
enhanced brightness temperatures when ice is present in the column. Additionally, recent
studies have indicated that many liquid water absorption models do a poor job adequately
accounting for supercooled cloud liquid water (Turner et. al., 2015; hereafter TKC15). We
compared results from four channel MWRRETV2 retrievals using both the Liebe91 and
TKC15 models. We found that the MWRRET retrieval had improved convergence when
using TKC15 versus the Liebe91 cloud liquid water model, especially in the difficult to
resolve ice affected cases. To further mitigate the effect of the enhanced BTs in the high
frequency channel, we opted to use MWRRETV2 with the TKC15 model and only three
channels to compute LWP and PWV: 23.84, 31.40, and 90 GHz. Due to computational
expense, the MWRRET retrieval is run on the MWR data every 100 seconds.

Work in ice hydrometeor study outlined in Chapter 3 incorporates retrieved values
of LWP into radiative transfer models. However the precipitation categorization method

described in Chapter 4 purposely does not include any retrievals of LWP and relies purely
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on BTs measured by the MWR. Chapters 5 and 6 focus on precipitation events using the

methodology defined by Chapter 4 and does not use LWP.

3.1.2 Millimeter cloud radar

The Millimeter wavelength Cloud Radar (MMCR) is a zenith pointing, 35 GHz (Ka
band) radar with processed measurements provided every ten seconds at a height resolution
of 45 meters (Moran et al., 1998). The MMCR measures the profile of reflectivity,
Doppler velocity, and Doppler spectral width in the column above. For the MMCR,
hydrometeors with geometric diameters less than approximately 3 mm are in the Rayleigh
scattering region (Kneifel et al., 2011). However, for ice hydrometeors larger than ~3 mm
diameter the Rayleigh approximation breaks down (at this size, the MMCR starts to see
Mie resonance effects) and the backscatter cross-section depends on ice habit (Kneifel et
al., 2011; Petty and Huang, 2010).

The Doppler velocity measures the fall speed of particles toward the radar — this is
dependent on the mass and projected area of the ice hydrometer population, thus some
microphysical insight is gained from these fall speed values. However, the particles are
embedded with a vertical wind field that will affect the measured fall speed.

Finally, the variance of the velocity in a given pulse volume, the Doppler spectral
width, aids in determining turbulence and contains indicators of hydrometeor phase.

Strong turbulence or multiple phases/habits in a cloud layer leads to large Doppler spectral
width. On the other hand, uniform particle populations, such as for those precipitating out
of a cloud, exhibit relatively low Doppler spectral width. By combining these measured

quantities from the MMCR, we can infer many properties of the hydrometeors observed at

Summit.
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Retrieved values of snow rate (mm hr'') liquid water equivalent (LWE) were
calculated using an empirically derived relationship from Matrosov, 2007 defined as:

Z.=568 " (1)
Where Z. is the maximum reflectivity value found between 200 and 800 meters above the
MMCR and S is the snowfall rate in mm hr' LWE. Though there are differences in the ice
habits and distributions for the observed events, this relationship holds well for cases with
pristine crystals with negligible amounts of liquid water and riming. Such conditions are

often observed at Summit (Matrosov, 2007; Shupe et al., 2013).

3.1.3 Ceilometer

The MWRRET retrieval gives the integrated cloud liquid water amount but no
information about cloud altitude. Cloud base height (CBH) is estimated from a Vaisala
Ceilometer (VCEIL). The VCEIL is a vertically pointing 905 nm pulsed laser system with
15 meter height resolution and takes a measurement every 15 seconds. Cloud base heights
(up to three layers) are determined based on the backscattered signal received by the
instrument. We use the first cloud base height retrieved from the VCEIL to define the base

of the cloud liquid water layer in this study.

3.1.4 Radiosondes

This study also uses data from twice daily balloon-borne radiosondes
(manufactured by Vaisala, models RS-92K and RS-92SGP) launched at Summit Station.
The launches occur at approximately 1200 and 2400 Coordinated Universal Time (UTC),
and gather in-situ measurements of temperature, pressure, relative humidity, and, in some
cases, horizontal wind speed and direction. These thermodynamic profiles provide critical

input for the radiative transfer modeling (see Sect. 3.2).
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3.1.5 Precipitation Occurrence Sensor System

The precipitation occurrence sensor system (POSS) is a compact and deployable,
continuous wave, X-band Doppler radar (Sheppard and Joe, 2008). The POSS samples
approximately one cubic meter of air directly above the transmitter and receiver and is
used for surface observations of precipitation type, amount, and frequency. The POSS
measures the Doppler velocities and spectrum as well as reflectivities of hydrometers. We
utilize two products from the processed POSS data: the POSS power units (Ppu) and the
retrieved liquid equivalent snow rate. The Ppu is simply a value assigned to the zeroth
moment of the Doppler spectrum analogous to integrated reflectivity, and can be used as a
binary indicator of precipitation. The LWE snow rate retrieved by the POSS is based on a
precipitation estimation algorithm and associated catch ratio outlined in Sheppard and Joe

(2008).

3.1.6 Ice Particle Imaging Camera

The Ice Particle Imaging Camera (IcePIC) is similar to the snowflake photographing
apparatus developed by Libbrecht (2007). During a snowfall event, a scientific technician
captures falling ice onto a cold microscope slide (to limit snowflake melt) and then
photographs the slide with a Nikon D50 DSLR camera mounted on a ~5.6X magnifying
microscope body, which is stored in an outdoor shelter. Though these observations are not
quantitative, they are helpful in providing some qualitative evidence as to what ice habits

are falling during specific events.

3.1.7 Surface Meteorology Data and Observations
Surface meteorological data is acquired from the NOAA Temporary Atmospheric

Watch Observatory (TAWO), which is operated by the Earth System Research Laboratory,
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Global Monitoring Division. The observatory takes continuous measurements of
temperature, water vapor, and winds at 2 and 10 meters above the surface at Summit
Station. This work uses the 10 meter wind speed and direction data from the NOAA
TAWO tower. General weather observations from the on-site NOAA science technicians

are also used in this work.

3.2 Radiative Transfer Models

3.2.1 Clear Sky Radiative Transfer

Microwave emission and absorption of the dry gases and the water vapor (WV) are
modeled using the radiosonde in-situ measurements of pressure, temperature, and relative
humidity. The twice-daily radiosondes are linearly interpolated to the MWR observation
times. We then employ MonoRTMv5.0 (Clough, et al. 2005) using inputs of layer
temperature, pressure, and relative humidity from the interpolated dataset to compute the

clear sky radiance at the MWR observed frequencies.

3.2.2 Absorption coefficients for gas and liquid water

The emission and absorption of the gases and liquid water in the atmospheric
column are modeled using in situ observations of temperature and pressure and remotely
sensed values of integrated water vapor, liquid water content, and cloud base height from
the ICECAPS instruments. To compute the volume absorption coefficients of dry air and
water vapor in the atmospheric column, we employ the method described in Sect. 3.2.1.

The liquid water absorption and emission is modeled using the TKC15 Model
(Turner et. al., 2015) with inputs of liquid water content (LWC) at a defined cloud height

and temperature. For altitudes above the radiosonde profile, a subarctic standard
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atmosphere profile is assumed. The simulated emission is not sensitive to the details of the
upper atmosphere profile, but systematic biases would be present if the atmosphere was

artificially truncated at too low an altitude.

3.2.3 Successive Order of Interaction radiative transfer model

In ice cloud free atmospheres, the RT model need only consider the absorption and
emission of atmospheric gases and liquid water. When ice is introduced into the column,
multiple scattering can occur and we then must employ a radiative transfer model that
accounts for scattering. The Successive Order of Interaction (SOI) RT model accurately
simulates scattering for the infrared and microwave spectral region (Heidinger et al., 2006;
O’Dell et al., 2006). The SOI model combines the layer-averaged optical properties and
temperature in order to compute downwelling radiance at selected frequencies. The layer-
averaged optical properties are calculated from the gas and liquid water absorption models
(described above) and ice optical properties (further discussed in Chapter 4, Sect. 4.6.4).

The SOI modeled BTs can then be compared to MWR observations. For all cases
used in this study we employed the SOI radiative transfer model, even when modeling
non-scattering atmospheres that only include gases and cloud liquid water absorption. As
is further discussed in the subsequent section, comparing the measured and modeled BTs
at specific frequencies lends insight into the hydrometers present in the atmospheric

column.

3.3 Reanalysis Data Products
Chapters 5 and 6 tie the observations of snowfall events at ICECAPS to associated
dynamics over the GIS. Understanding the how the precipitation is advected over the GIS

is important in illuminating what processes affect the mass balance. Since ICECAPS is a



35

point source, we can use observations in concert with reanalysis data to illustrate what is
occurring over the GIS regionally. We examine surface and upper level patterns, as well

as back-trajectory calculations of the air masses through use of reanalysis products.

3.3.1 ERA-Interim Reanalysis

The ERA-Interim is a global reanalysis product provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF; Dee et al., 2011). The ERA-Interim
spans the past 38 years and has surface and pressure level profile data four times daily (0,
6, 12, and 18 UTC) with spatial resolution of 0.75° latitude and longitude. In Chapters 6
and 7, we use mean surface winds and sea level pressures for specific cases as well as
calculate anomalies based on the 38-year history. We also use the ERA-Interim to
examine upper-level mean winds and geopotential heights and their respective anomalies.
We use a sub-grid of reanalysis data from latitude 34.5 to 84.0 degrees north and longitude

115 degrees west to 52.5 degrees east.

3.3.2 HYSPLIT and the NCAR/NCEP 40- year reanalysis project

Back-trajectories were calculated for air masses during snowfall events at Summit.
Calculations were obtained using the NOAA Air Research Laboratory’s Hybrid Single-
Particle Lagrangian Integrated Trajectory (HY SPLIT) model, which computes simple air
parcel back-trajectories to determine the origin of an air mass for a specified time range
and location (Stein et al., 2015). HYSPLIT enables the visualization of the air as it moves
towards Summit Station as well as the vertical motions. We created HYSLPLIT back-
trajectories with gridded meteorological output from the National Centers for
Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR)

Reanalysis Project (Kalnay et al., 1996). The NCEP/NCAR reanalysis project incorporates
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data from 1948 through present, with a frequency output of every 6 hours, global coverage

at a spatial resolution of 2.5°, and 17 pressure levels.

3.3.3 Climate Indices

This work uses values for two climate indices: the North Atlantic Oscillation
(NAO) and the Greenland Blocking Index (GBI). The NAO index is calculated as the
difference between the mean sea level pressures of the Icelandic Low and the Azores high
(Barnston and Livezey, 1987). This work uses daily calculations from January 1950
through present of the NAO index from the NOAA Climate Prediction Center (CPC). The
GBI is a measure of the amount of blocking calculated by averaging the NCEP/NCAR
Reanalysis (Kalnay et al., 1996) 500 mb geopotential heights over the region
encompassing Greenland (60 to 80 degrees north and 20 to 80 degrees west; Fang, 2004;
Hanna et al., 2016). GBI used in this work are daily calculations from January 1948

through June 2015 and are from the NOAA ESRL data repository.
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Table 3.1 Subset of ICECAPS instruments used in this study (modified from Table 1 in Shupe et al., 2013).

Instrument Name Specifications Measurements Derived Parameters

HATPRO Frequencies: Downwelling Precipitable water
22-32 GHz (7 Brightness vapor, cloud liquid
channels) Temperature water path
51-58 GHz (7
channels)

2 to 4-second
resolution

MWRHF Frequencies: Downwelling Precipitable water
90 and 150 GHz. Brightness vapor, cloud liquid
2 to 4-second Temperature water path
resolution

MWRHF-225 Frequency: Downwelling Atmospheric opacity
225 GHz. Brightness
4-second resolution Temperature

MMCR 35 GHz (Ka band), Reflectivity, Cloud micro and
8-mm wavelength. Doppler velocity, macro-physics, cloud
45-meter vertical bin ~ Doppler spectral width dynamics, precipitation
size. rate, ice water path
2-second resolution

Ceilometer 905nm wavelength, Backscatter Cloud-base height
15-meter vertical
resolution. 15-second
resolution

POSS 10.5 GHz (X band), Reflectivity, Precipitation
single bin, near Doppler spectra occurrence and rate
surface,

I-minute resolution

RS-92K or Twice daily (00 and ~ Temperature, Cloud temperature,

RS-92SGP 127), relative humidity, tropospheric

Radiosondes 1-second resolution.  pressure, winds thermodynamic

structure

IcePIC Canon D50 DSLR, Digital photographs Ice crystal habit,

1.5 um resolution,
6.1 megapixels

Qualitative assessment
of riming, aggregation



38

'Microwave Radiometers; PWV, LWP, T |  Sodar: Boundary layer depth

= 2 ' - —
Precip Sensor: \ -\
. 4
Snowfall rate ‘ \ e
% [ % X Cloud base
) 0. [Cloud Radar: Cloud macrophysics, phase, microphysics, dynamics
S
3 [ AW (S ,
1%
s 6.
8
0 ¢ 9 ¥ )
=4 1%,
Depolarization Lidars: Cloud base,
N 563 o\ phase, microphysics, orientation
\ r— Spectral Infrared Interferometer:
Radiosonde: T, RH, Winds Cloud phase, microphysics, LW radiation
6o+ 80
3 2 3

Figure 3.1 The ICECAPS Suite location at Summit Station, Greenland (left) and instrument suite (right).
Instruments used in this study are highlighted with yellow outline (modified from Figure 1 in Shupe et al., 2013).
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Chapter 4

4 Microwave signatures of ice hydrometeors above Summit,

Greenland?

4.1 Introduction

Multi-instrument, ground-based measurements provide unique and comprehensive
datasets of the atmosphere for a specific location over long periods of time and resulting
data compliments past and existing global satellite observations. This study explores the
effect of ice hydrometeors on ground-based, high frequency passive microwave
measurements and attempts to isolate an ice signature for summer seasons at Summit,
Greenland from 2010 — 2013. Data from a combination of passive microwave, cloud
radar, radiosonde, and ceilometer were examined to isolate the ice signature at microwave
wavelengths.

By limiting the study to a cloud liquid water path of 40 g m™ or less, the cloud
radar can identify cases where the precipitation was dominated by ice. These cases were
examined using liquid water and gas microwave absorption models, and brightness
temperatures were calculated for the high frequency microwave channels: 90, 150, and 225
GHz. By comparing the measured brightness temperatures from the microwave
radiometers and the calculated brightness temperature using only gas and cloud liquid
water contributions, any residual brightness temperature difference is due to emission and

scattering of microwave radiation from the ice hydrometeors in the column.

* Portions of this chapter are published in Pettersen et al. (2016) and are copyright of the
European Geophysical Union.
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The ice signature in the 90, 150, and 225 GHz channels for the Summit Station
summer months was isolated. This measured ice signature was then compared to an
equivalent brightness temperature difference calculated with a radiative transfer model
including microwave single scattering properties for several ice habits. Initial model
results compare well against the four years of summer season isolated ice signature in the

high-frequency microwave channels.

4.2 Enhanced ice signature

MWRs are common remote sensing instruments, which make passive measurements
of radiance at specific frequencies (described in detail in Chapters 1 and 2). Kneifel et al.
(2010; hereafter K10) demonstrated the presence of an enhanced BT signature from ice
hydrometeors in downwelling microwave radiance observations for a case study of
snowfall in the Alps using ground-based MWRs. The high-frequency channels (90 and
150 GHz) are considered “window channels”, since these frequencies are free of strong gas
absorption lines. At these frequencies the clear sky downwelling radiance is very small, so
when ice or liquid water is present these channels see a warmer BT, as seen by the K10
study.

If there are ice hydrometeors present in the atmosphere column, they will have two
effects on the observed downwelling radiance at the surface: emission of radiation and
scattering of the surface-emitted radiation back to the instrument. In general, ice
hydrometeors have fairly high single scatter albedo (SSA) at high microwave frequencies,
regardless of habit and size distribution. Typically the SSA will be in the range 0.8-0.9
(Liu, 2008), which implies that scattered radiation is likely the larger effect, but there may

still be significant emitted radiation from the ice hydrometeors. Since some of the ice
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signature is scattered surface radiation, the magnitude of the effect is related to both the
surface temperature and emissivity. The surface emissivity of different types of snow seen
at Summit varies in the range of 0.60 to 0.91 for the higher frequency passive microwave
channels used in this study (Yan el al., 2008). This makes the ice signature challenging to
model because it depends on both properties of the ice hydrometeors (habit, size
distribution, amount, etc.) and the surface (temperature, roughness, emissivity).

We propose that the enhanced BT from the ice hydrometeors can be isolated and
quantified by combining the observed data from instruments in the Integrated
Characterization of Energy, Clouds, Atmospheric State, and Precipitation at Summit
project (ICECAPS; Shupe et al., 2013) with radiative transfer models of the gas and liquid
in the atmosphere. By doing this we are enhancing the K10 study by expanding it to
multiple years of data in an Arctic environment with very low amounts of liquid water and
precipitable water vapor, which present unique challenges. Additionally, since the
temperatures at Summit Station are below freezing, we are implementing a newly
developed cloud liquid water model for more accurate retrievals in the presence of
supercooled water (Kneifel et al., 2014; Turner et al., 2015). Because the ice signature is
also dependent on ice crystal habit and size distribution, relying on a small number of
precipitation events to derive the ice signature may bias the result toward specific
precipitation situations. The large dataset from the ICECAPS Project allows for the
average ice signature to be computed over many precipitation events, thus reducing this

potential sampling bias.
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4.3 Merged Data

For this work, we employed the ICECAPS instrumentation outlined in Chapter 3,
Sect. 3.1, to measure and isolate an enhanced signal from the HF MWR channels.
Observations from the MWR, MMCR, ceilometer, and radiosondes were merged together
to a common sampling time, defined by the MWRRET retrieval (every 100 seconds). The
slower datastream (twice daily radiosonde) is linearly interpolated to the common
sampling time, and the faster datastreams are simply subsampled at the MWRRET
retrieval times. We interpolate all the data to the fixed height grid defined by the MMCR.

For an example day, we use data from the prior day’s radiosonde launch (day -1,

2400 UTC) along with the two radiosondes launched for the given day (1200 and 2400
UTC) and linearly interpolate the temperature, pressure, and relative humidity of each
layer in the column throughout the day to the MWRRET temporal grid. The vertical
layering uses the MMCR vertical grid up to 7.5 km altitude above ground level (AGL).
Above this altitude, the layering becomes gradually coarser and extends to up 30 km AGL.
Next, the MWR retrieved PWV is used to scale the interpolated relative humidity from the
radiosonde — this is because the PWYV retrieved value is higher temporal resolution and
more accurate than the radiosonde data (Turner et al., 2003). Finally, a single layer cloud
is inserted into the vertical grid at the first cloud base height (CBH1) detected by the

VCEIL, with the MWR retrieved LWP value.

4.4 Ice hydrometeor behavior as observed by ICECAPS
Similar to K10, we compared the BTs in the high frequency channels of the MWRs to the
output from the radiative transfer model calculation. The K10 study employed a radiative

transfer model that included absorption/emission and scattering to simulate the behavior of
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the ice signature based on the habit, surface emissivity, etc. Different from K10, we do not
initially include an ice scattering model for the purpose of identifying the ice signature.

We instead attempt to isolate the ice radiative signature in the observations by accounting
for any other potential emission or absorption sources within the column. If we compare
the calculated BT using only gas and liquid water to the observed BTs from the MWRHF,
any difference should be due to the ice signature. Consequently, the average ice
hydrometeor radiative signature can be computed over many precipitation events by

extending the analysis to the full available ICECAPS dataset.

4.4.1 Characterization of ice precipitation at Summit

We can acquire statistics of different precipitation regimes at Summit by merging
all available MMCR data and plotting all data as a two-dimensional occurrence histogram,
with the vertical axis representing the height dimension and the horizontal axis
representing a radar measurement (for example, reflectivity). Figure 4.1a is a two-
dimensional histogram (2DH) of all the reflectivity values measured by the MMCR for any
given time within the summer months — June, July, August, (JJA) — 2010 through 2013.
We can highlight the types of hydrometeors observed during specific atmospheric
conditions by filtering the MMCR reflectivity 2DH, illustrated in Fig. 4.1a, as a function of
other ICECAPS instrument measurements or derived parameters.

Filtering the MMCR 2DHs by the corresponding MWR-derived LWP for the same
time period can identify regimes in which ice hydrometeors are likely present. We partition
the data with a threshold LWP value in order to select cases that have low LWP. The exact
threshold value is arbitrary, as the resulting 2DHs are not sensitive to the particular

threshold value. We tried values of 5, 10, and 40 g m™ and observed qualitatively similar
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2DHs. We selected a 40 g m™” LWP threshold for the remaining analysis, since this yielded
a larger number of cases for the study (as opposed to the lower LWP threshold values).

As depicted in Fig. 4.1b and ¢, the MMCR reflectivity 2DH for JJA has been
filtered by cases when LWP was less than and greater than 40 g m™, respectively. The
resulting 2DHs have different characteristics from each other and lend insight to the
behaviors of the hydrometeors in each case. For the case of LWP less than 40 g m™, the
2DH illustrates common ice hydrometeor behaviors: a fall-streak like pattern of increasing
reflectivity with decreasing height and peak near-surface reflectivities above 0 dBZ (see
Fig. 4.1b). In contrast, the reflectivity 2DH for the cases where LWP is greater than 40 g
m’ has a concentration of counts at a broader range of smaller reflectivities located at
lower altitude, likely indicating dominance of shallow mixed ice and supercooled water
cloud (though there is also a faint signal indication of some fall-streak behavior; see Fig.
4.1c). The reflectivities shown in Fig. 4.1b for less than 40 g m™ LWP cases have
characteristics of deep, precipitating ice cloud, while the greater than 40 g m™> LWP cases
show features similar to the shallow mixed-phase stratocumulus (Fig. 4.1c). Additionally,
Fig. 4.1 panels d through i, depict the Doppler velocities and spectral width measurements
from the MMCR as 2DHs for all LWPs, less than 40 g m™, and greater than 40 g m™. The
features seen in the Doppler velocity and spectral width 2DHs for the cases less than 40 g
m’> are consistent with the characteristics of deep, precipitating ice cloud (high fall speeds
and low spectral widths throughout the column, relative to greater than 40 g m™> LWP
cases).

Additionally, we illustrate the MMCR products depicted in Fig. 4.1 as a fraction of

counts when LWP was less than and greater than 40 g/m2, respectively (see Fig. 4.2, b and
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c, e and f, h and 1). The resulting partitioning of the 2DHs between the low and high LWP
conditions shows the different characteristics in the two regimes and lends insight to the
occurrences of the hydrometeor characteristics in each case. The broad pattern showing
increasing reflectivity with decreasing height, and peak reflectivities above 0 dBZ, is
primarily observed in less than 40 g/m* LWP conditions with 75 — 90 % of the
occurrences. The greater than 40 g/m* LWP conditions show higher relative occurrence of
35 — 50 % at smaller reflectivities located at lower altitude. Additionally, Fig. 4.2 panels e
and h, depict the Doppler velocities and spectral width measurements as 2DHs as the
percentage of occurrence for the less than 40 g/m* LWP conditions, and panels f and i
show the occurrence for the greater than 40 g/m® LWP conditions.

The frequency of cases in JJA where the LWP is greater than 40 g m™ is ~22%,
while the cases where LWP is less than 40 g m™ is ~63% of the time, and clear sky is the
remaining 15% of cases (i.e., where the MMCR reflectivity is less than —60 dBZ). To
maximize the likelihood of observing ice dominated cases, we limit our work to focus on
cases in JTA with LWP of less than 40 g m™. As stated above, the cases with LWP greater
than 40 g m™ show features consistent with the shallow mixed-phase stratocumulus and by
filtering out some of these events, we can better focus the study on the deeper,
precipitating ice clouds. Since cases with LWP of less than 40 g m™ represent the majority
at Summit during the summer months, we can use this filter to get an accurate
characterization of ice hydrometeor behavior while limiting interference from higher liquid
water path.

We argue that the large radar reflectivity values are directly correlated to ice

backscatter and cannot be from liquid precipitation, as Summit is never above freezing and
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thus large liquid hydrometeors (greater than 80 pm diameter) are highly unlikely to occur
(Pruppacher and Klett, 2000). Since we do not expect to see liquid hydrometeors larger
than cloud droplets at Summit Station, MMCR observed reflectivities greater than -15dBZ

should be indicative of ice (Frisch et al., 1995).

4.4.2 Enhanced brightness temperatures in the high frequency channels

As postulated from previous case studies in K10, the higher frequency channels in
the ground-based zenith-pointing MWRs will see an enhanced BT in the presence of ice in
the column. Thus, we examine the difference between the measured BTs from the 90 and
150 GHz channels and the SOI model outputs (with no ice included, gas and liquid water
contributions only) at that same frequency. As illustrated in the contour plot of the JJA
comparison in Fig. 4.3¢ and d, there is an increase in the difference of the observed minus
modeled BTs as a function of the MMCR reflectivity converted to what we refer to as
“Zpat”, though very small in the 90 GHz channel.

The Zpatn is simply the column-integrated reflectivities with units of mm® m2.
This MMCR Zpat measurement is related to the total amount of hydrometeor backscatter
in the atmospheric column. The use of Zpary is advantageous because it acts as a proxy
for ice water path (IWP) yet does not rely on conversions that are sensitive to ice habit
(Kulie et al., 2010). Zparn is defined as:
Zpatn = [ 10°1R®) dz, (1)
Where R(z) is the observed radar reflectivity profile in units of dBZ.

The observed minus modeled BT differences at 90 and 150 GHz have a clear
positive dependence on Zparu. As stated in the previous section, we do not expect to see

any liquid hydrometeors at reflectivities greater than -15dBZ at Summit since there is no
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“warm rain” process, which means that large Zpary values are indicative of ice. Therefore,
the relationship between the BT differences at 90 and 150 GHz and the MMCR Zparn

suggest that the enhanced BT signature is caused by ice hydrometeors.

4.4.3 Depressed brightness temperatures at 31.40 GHz

The lower frequency channels (23.84 and 31.40 GHz) should exhibit little to no
effect from the presence of ice hydrometeors in the atmospheric column, as the microwave
radiation at these frequencies is comparatively insensitive to ice hydrometeors (Johnson et
al., 2012). Thus we expect the histogram contours to be nearly vertical at the 23.84 and
31.40 GHz for the relationship between the BT differences and the integrated reflectivity
(Zpatn). However, as seen in Fig. 4.3b, the 31.40 GHz channel shows a clear negative
dependence on Zpary at the highest values. There is no physical mechanism by which ice
hydrometeors could decrease the observed downwelling radiance. This result implies an
issue with the input values implemented in the radiative transfer model, as it is unlikely for
the low frequency channels at 23.84 and 31.40 GHz to see much contribution from ice in
the column.

Two of the inputs for the radiative transfer model are retrieved values based on BTs
from the MWRs: the PWV and LWP. As explained in Chapter 3, Sect. 3.1.1, the retrieval
for the PWV and LWP employ a three-channel algorithm, which includes the 90 GHz
channel. Though we tried to mitigate the effect of the ice by using the three-channel
algorithm, the enhanced BT in the 90 GHz still has a significant impact on the retrieved
LWP and PWV. More precisely, the retrieval will tend to adjust the LWP and PWV in
order to account for the enhanced BT from the ice hydrometeors, leading to an

overestimate of LWP and underestimate of PWV.
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4.5 Liquid water path retrieval influenced by ice

As postulated in the previous section, we believe that the MWR retrieved LWP
(PWYV) values are biased high (low) when a significant ice signature is present in the
column due to the retrieval incorporating the 90 GHz MWR channel. However, if we use
only a retrieval based on the lower frequencies of 23.84 and 31.40 GHz, the random error
in LWP increases dramatically to 20 — 30 g m™, which is a large fractional error (>50%).
Thus, a relationship for the LWP and PWYV biases in the three-channel retrieval as a
function of the MMCR derived Zpatn must be determined to accurately distinguish the ice
signature. We developed a first-order correction of the estimated MWRRET retrieval
biases, where the intention of this correction is to recover the ice signature, not to produce

a formal correction to the ice-influenced LWP and PWYV retrievals.

4.5.1 Ice signature influence on retrieved liquid water
As illustrated in Fig. 4.3, the difference between measured and modeled BTs as a
function of Zpath, analogous to the amount of ice in the column, decreases in the 31.40

GHz. This effect is an artifact in the simulated BTs caused by the following chain of

events:
1. The presence of ice increases the observed BTs at 90 GHz but has little effect
on the lower frequencies.
2. Since the retrieval does not include effects from ice, the retrieval accounts for

this enhanced signal in the 90 GHz channel by increasing (decreasing) the
retrieved LWP (PWV) thus producing a positively (negatively) biased LWP

(PWYV) estimate.
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3. Since the spectral absorption for the three water states (vapor, liquid, ice) have
different shapes, the retrieval cannot reduce the modeled-measured BT bias to
zero for all channels.

To better illustrate this idea it is useful to look at Fig. 2 from K10, where the optical
thickness as a function of frequency is plotted for several absorption models — for example,
water vapor, liquid water, ice by habit, etc. The liquid water and ice total optical depths (1)
are less than 0.2 for these frequencies. Since the total T is low, we can make two
simplifying approximations: first, the transmission to any atmospheric layer in the column
is nearly 1; and second, the change in transmission through a layer is approximately the
change in 7 for that layer. This implies the BTs are a linear combination of t for each
atmospheric component.

The bias in the simulated BT, shown in Fig. 4.3, suggests that the MWRRET
retrieved PWV and LWP may be influenced by the presence of ice hydrometeor signature
in the 90 GHz channel used in the retrieval. Since the MWRRET does not include ice
hydrometeors in the radiative transfer calculation, it can only fit retrieval channel
observations by adjusting the PWV and LWP. The higher optical depth for liquid water at
90 GHz suggests that MWRRET adds extra LWP to account for the observed microwave
ice signature. This will increase the forward modeled BT for the 23.84 and 31.40 GHz
channels as well. Since there will be effectively zero ice signature at the low frequency
MWR observations, the extra LWP will cause the low frequency BTs to be biased high.
The retrieval partially compensates for the high BT bias at low frequencies by decreasing
the PWV, which will reduce the simulated BT primarily at the 23.84 GHz channel, which

is near the water vapor absorption line. Figure 4.4 shows these biases in a schematic
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fashion. Because the liquid absorption model uses the MWR retrieved LWP and PWV as
inputs to the SOI, a correction for the retrieved LWP and PWYV in the presence of ice is

necessary to accurately quantify the ice impact on passive microwave BTs.

4.5.2 Ice influenced liquid water path correction

The lower frequency channels are comparably insensitive to ice (Johnson et al.
2012), so we focus on the 23.84 and 31.40 GHz channels to derive a first-order estimate
for the MWRRET LWP and PWV biases from the ice signature. In order to correct for the
apparently biased PWV and LWP, we make an ad-hoc linear correction to the retrieved
values. We assume the PWV and LWP bias are linearly related to the Zpary. As described
in the previous section, the channels used in the retrieval, the RT is in the linear regime.
Thus, the PWV and LWP biases are linearly related to biases in the forward modeled BT,
with their relationships described by the forward model Jacobian (K). Formally, we if write
the coefficients relating the Zpay and the retrieval bias as epwp and epwy, then the forward

model perturbation can be expressed as:

[ OTB.; cucm, :l Koysicrzrwy  Kassacmniwe l: L wpLpath :l

6TB31 4GHz K3 1.4GHz, PWV K31 4GHz, LWP ePWVZPATH (2)
or:
6TB = KeZPATH (3)
Inverting Eq. 3 to solve for the e coefficients yields:
4 1
e=K 0TB
ZPATH (4)

The linear relationship between 6TB and Zpatn can then be estimated from Fig. 4.5a and c,

by measuring the slope of the point distribution. For the 23.84 GHz result, the slope is
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zero, which is due to compensating errors in LWP and PWV. For 31.40 GHz, the slope is
approximately —3.3 x 10—4 K per (mm® m™). Inserting these values into equation 4 yields a
value of —1.3 x 10-4 g m™ per (mm°® m™) for eELWP and 4.4 x 10°° cm per (mm° m™) for
Cpwv.

To utilize these corrections in our modeling framework, the Zpary from the MMCR
is multiplied by the scaling factor, and the PWV and LWP are adjusted accordingly (for
example, for a Zpary of 10 mm® m™, the correction would reduce the LWP by 1.3 g m™
and increase the PWV by 0.044 cm):

LWPcorrectea = LW Pretrievea + €Lwp X Zparn (%)
PWVcorrectea = PWVietrievea + €pwv X Zparu (6)
The corrected PWV and LWP are then used in the forward RT simulation with the SOI
framework.

Returning to Fig. 4.4, we show the effect of these corrections for a standard profile
at Summit with 0.1 cm PWV and 20 g m™ LWP. The top panel (a) shows the simulated
downwelling microwave radiance spectrum with no ice included in the simulation, and the
simulated spectrum with the biased PWV and LWP obtained by the retrieval. The second
panel (b) shows the same simulated data after subtracting the simulated spectrum with no
ice. The effect of the biased LWP and PWV on the microwave spectrum are shown
independently (blue and green lines, respectively) and combined (cyan line). The residuals
that are minimized by the retrieval (observed radiance minus forward model radiance) are
the differences between the cyan line and the black “X”’s. We see the compensating biases
at 23.84 GHz, which minimizes the magnitude of the residuals at 23.84 GHz, as well as the

opposite signs for the residuals at 31 GHz (negative) and 90 GHz (positive). The cyan line
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represents the retrieval’s solution to minimizing the residuals when it cannot correctly
account for the ice signature, which impacts the observations from high frequency
microwave channel (90 GHz).

Comparison of the MWR observed data with the radiative transfer model — using
the LWP and PWYV corrections for ice — for the JJA season from 2010 through 2013 for
LWP of less than 40 g m™ in the 23.84 and 31.40 GHz channels are insensitive with
respect to the integrated reflectivity (as seen in Fig. 4.5b and d). This correction is
successful in removing the high (low) LWP (PWYV) incorporated from the ice signal, as the
31.40 GHz channel comparison shows no dependence on moderate values of Zpary. With
this successful evaluation of the ice influenced LWP and PWV, we can rerun the model on
the other channels and characterize the signature from the ice hydrometeors because e wp

and epwy are frequency independent.

4.6 Observed Brightness temperature differences from ice

We present the LWP and PWYV corrected results for the 23.84, 31.40, 90, and 150
GHz channels. The lower frequency MWR channels exhibit insensitivity to the ice (Fig.
4.5b and d), while the higher frequency MWR channels exhibit enhanced BTs when ice is
present (Fig. 4.6). Additionally, we present data from a co-located 225 GHz MWR, which
exhibits even larger BT differences with respect to the ice. Finally, we recast the results
from these five MWR channels and compare them to each other. We also show
preliminary results from a simple radiative transfer simulation as a first-order comparison
of modeled results against the MWR observed ice signature enhanced BTs in the 90, 150,

and 225 GHz channels.
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4.6.1 Brightness temperature differences with corrected LWP and PWV

All data presented are events in JJA with LWP of less than 40 g m™. The measured
MWR observations are compared to the radiative transfer model including the LWP and
PWYV corrections for ice. The results for the lower frequency channels, shown in Fig. 4.5b
and d, no longer depend on the Zpati — they should be insensitive to ice for most Zpary. In
the high frequency channels, 90 and 150 GHz, there is clear relationship between BT
difference and Zpary indicative of ice enhanced BTs (Fig. 4.6a and b). At the highest
observed Zpary values (about 10° mm® m™), BTs are enhanced anywhere from 3 — 7 K in

the 90 GHz channel and 10 — 30 K in the 150 GHz channel.

4.6.2 Brightness temperature differences at 225 GHz

Co-located with the ICECAPS measurements is the ASIAA a very high frequency
MWRHF-225, which allows us to extend this study to include a 225 GHz channel. As the
effect of ice on this frequency from ground observations has not yet been explored, the
observed ice effect in the 225 GHz channel is a new application of this instrument. As
expected, the 225 GHz exhibits a large BT enhancement due to ice (Fig. 4.6¢). The
MWRHF-225 was deployed in mid 2011, so the dataset is somewhat smaller than the
ICECAPS dataset already described. In addition, the MWRHF-225 does have slightly
different time coverage (e.g., the instrument downtime and QC flags are disjoint from the
HATPRO and MWRHEF). The dataset with all 5 MWR channels covers only the union
where all instruments collected good data. At the highest Zpary values within the
combined datasets in JJA from 2011 to 2013, the 225 GHz has enhanced BTs of up to 50 K
at the highest Zpatn. The 225 GHz results continue the trend seen in the other high

frequency channels (150 and 90 GHz): the Zpatn value above which the BT enhancement
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occurs appears to decrease as the MWR frequency increases, implying increased sensitivity

to the ice (Fig. 4.6).

4.6.3 Multi-frequency comparison of brightness temperatures differences

By plotting the difference in the observed minus calculated BTs in the MWR
channels as a function of each other, one may gain insight about the spectral character of
the ice signature in the microwave. Figure 4.7 depicts the BT difference of four of the
MWR channels with respect to that of the 90 GHz: 23.84, 31.40, 150, and 225 GHz.
Additionally, the binned values of the BT differences are colored by logarithm of the
average Zpatn Within the bin, thus, providing a visual reference for the relative ice amount.

In the top of Fig. 4.7 (panels a and b), the 23.84 and 31.40 GHz BT differences are
plotted and binned on the y-axis versus the values for the 90 GHz. Though the Zpatn
values increase as a function of the difference in BT in the 90 GHz, both the 23.84 and
31.40 GHz have the same Zpaty values throughout most cases (i.e., the ZpaTy is neutral in
the y-axis for all but the highest Zparr), which is expected as the lower frequency channels
are comparatively insensitive to the ice. However, in panel ¢ of Fig. 4.7, the observed
enhanced BT at 150 GHz is plotted versus the 90 GHz and there is an approximately linear
relationship between the ice effects at the two frequencies — with a slope of about 4 K BT
difference in 150 GHz for every 1 K in 90 GHz. For both the 90 and 150 GHz, as the
difference in the BT increases the Zpary values do as well (though the 150 GHz is more
sensitive to the Zpaty than the 90 GHz and therefore the effect of the BT enhancement
occurs at a lower Zpaty value). In the last plot in Fig. 4.7 (panel d), we compare the
enhanced BT values in the 225 GHz channel to those in 90 GHz and again have a linear

relationship between the ice effects in the two channels. Additionally, the slope of the 225
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versus the 90 GHz BT differences is steeper than the 150 versus 90 GHz — for every 1 K in
90 GHz, there is a corresponding 10 K difference in the 225 GHz. As with the 90 and 150
GHz case, the 90 and 225 GHz multi-frequency plot shows increasing Zpaty values as a

function of larger BT differences in both channels.

4.6.4 Comparison of ice signatures observed with scattering model results

Now that we have an estimate of the passive microwave ice signature, we can
compare to modeled results with our SOI framework, described in Chapter 3, Sect. 3.2.3.
We can find the difference in modeled BTs in the presence of ice using SOI by running the
model twice: once including ice with contributions from the atmospheric gases and once
with only the gases. The difference between these two runs produce differences in BTs that
allow for direct comparison with our multi-frequency results (Fig. 4.7), and an assessment
of the ice microwave optical property models for the ice hydrometeors at Summit,
Greenland.

For a first-order ice habit study, we used the temperature-dependent ice particle
size distribution parameterization from Field et al. 2007 (hereafter FO7) for the particle size
distribution (PSD), which is developed from airborne stratiform ice cloud in-situ
measurements in the midlatitudes. Additionally, we used information from the Liu
database of microwave single-scattering properties for three-bullet rosettes (LR3), sectored
snowflakes (LSS), and dendrites (LDS) for ice habit characteristics (Liu, 2008; note that
these are the same ice habits used in the K10 study). The PSD, ice habit, and radar
backscatter cross-section information are used to convert the MMCR reflectivity
measurements to ice water content (IWC). This IWC is then recombined with the PSD and

ice habit information and the microwave optical properties at the specific MWR
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frequencies, yielding the layer optical properties needed to simulate the passive MWR
measurements (see Kulie et al., 2010 for further details). The SOI model uses these layer
optical properties to calculate BTs at MWR frequencies. Finally, the emissivity of the
snow surface is assumed to be 0.6, consistent with Yan et al. (2008) based on common
snow surface conditions at Summit Station.

For an initial test of the model, we generate a synthetic 1 km thick ice cloud with a
range in MMCR Zpaty (10° — 10° mm® m™), inserted at 1-2 km above Summit in a
temperature and water vapor profile typical for summer months at the site. We make no
distinction between precipitating ice and cloud ice in these simulations. The MMCR
derived Zpatn is evenly distributed throughout the 1 km synthetic cloud. No liquid water
cloud was included. The SOI modeled ice results with respect to the multi-frequency
observations are shown in Fig. 4.8. The modeled LDS, LSS, and LR3 ice habits are over-
plotted on the observations and show a similar slope for both the 150 versus 90 GHz and
the 225 versus 90 GHz cases (panels a and b, respectively). Though the slope is similar,
the equivalent Zpaty values for the simulations show slightly larger BT differences than
those seen in the measurements.

The small differences between the SOI model results and the observations with
regard to equivalent Zpaty may stem from the ice habit assumptions and/or the PSD used
for these initial results. First of all, we can run SOI for only a single habit at a time and the
model runs for these habits should bound the observations if assumptions made for the
PSD are correct. The FO7 parameterization may not adequately represent PSDs at Summit
as this parameterization is derived from midlatitude flight campaign measurements of ice

stratiform clouds and may very well be not at all applicable to the Arctic (Field et al.,
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2005; 2007). Additionally, the FO7, parameterization assumes a particle mass-size
relationship appropriate for aggregated ice particles, while non-aggregated, pristine ice
crystals are commonly observed at Summit (Shupe et al., 2013). Furthermore, the
temperatures observed in the FO7 parameterization are much higher than those at Summit
and therefore the growth mechanisms of the ice hydrometeors in this PSD may be different
than those in the Arctic. Future work will explore other PSDs and particle size
relationships, which will aid our understanding of the ice habits at Summit. A recent
installation of a Multi-Angle Snowflake Camera (MASC; Garrett et al., 2012) to ICECAPS

will gather more information on ice habits.

4.6.5 Future work on the LWP and PWYV estimate in the presence of ice

The above results are based on our first-order assessment of the ice-influenced LWP
and PWYV biases. Our current correction is defined in terms of the three-channel
MWRRET retrieved LWP. As noted in Chapter 3, Sect. 3.1.1, this retrieval is used for this
study as it is more sensitive to and has better precision for low LWPs. One possible BT
correction can be estimated by examining specific “dry snow” cases (i.e., extremely low
LWP and high ZpaTn), and by using the results from the present analysis. Additionally, we
can compare these “dry snow” cases with independent LWP measurements using the
mixed-phase cloud property retrieval algorithm (MIXCRA; Turner, 2007¢). By using the
TKC15 liquid water absorption model in MWRRET, which is more spectrally accurate at
cloud liquid water temperatures below 0°C, we were able to recover many high Zpatn
cases that we found were previously discarded using the Liebe91 model. We believe that
using TKC15 over the Liebe91 model reduced some of the small bias errors in our method

and is a more appropriate choice for modeling cloud liquid water at Summit. Ultimately,
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the goal would be to create a coincident, multi-instrument retrieval of the LWP, PWV, and

IWP under all atmospheric conditions.

4.7 Summary

This study first examined cloud and precipitation statistics derived from the
MMCR and partitioned the data with a specified LWP derived from the MWR. By
limiting our study to low LWP (less than 40 g m™), we identify likely precipitating cases
and then compared MWR BT observations against modeled BT contributions from gas and
liquid components. This comparison enabled us to isolate a signature from the precipitating
ice in the high-frequency MWR channels. The enhanced BT at the 90, 150, and 225 GHz
is the ice signature for the majority of precipitating cases at Summit Station for the summer
seasons of 2010 —2013.

We identified a bias in the current MWRRET retrieved LWP and PWV caused by
the ice signature and utilization of 23.84, 31.40, and 90 GHz channels as part of this study,
and developed and applied a first-order correction (described in Sect. 4.5). The bias
correction to the three-channel retrieval is not the focus of this study, but had to be
addressed to quantify the ice signature in at microwave frequencies. Overall, the LWP
and PWYV bias due to ice occurs in a small fraction of the total data, and is relatively small
in magnitude. For example, the high Zpars (>10* mm® m™) cases accounts for fewer than
2% of all available Summit MMCR data (4% if limited to JJA), and the LWP and PWV
adjustments are -1.3 g m™ and 0.044 cm, respectively, for Zpary of 10* mm® m™. Thus the
impact of the LWP bias on seasonal statistics will be minimal. However an accurate LWP

retrieval in the presence of ice is important for precipitation specific cases. In addition, the
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small number of high Zpary cases represents the heaviest snowfalls and thus are important
for capturing the annual snowfall (Castellani et al., 2015).

The multi-frequency relationships in the high frequency MWR channels, illustrated
in our results in Sect. 4.6.3, show a linear relationship between the 90 GHz channel versus
both the 150 and 225 GHz channels and increasing Zpati values as a function of larger BT
differences in each case. The initial SOI model runs for a synthetic ice cloud agree well
with the observations, in both the relative slope and in Zpaty magnitude. These results can
also act as a starting point to a more rigorous LWP and PWYV correction as described in
Sect. 4.6.5. In future work, it may be possible to combine the MWRRET algorithm with
data from the MMCR to create a robust joint retrieval of the LWP and the microwave ice
signature. This will recover data at the large Zpary values and should lead to unbiased
retrievals of LWP and PWYV directly. Ultimately, a joint retrieval of LWP, PWV, and Ice
Water Path (IWP) is desired.

To accurately retrieve IWP from the measured ice signature, we need accurate
descriptions of the ice habit, surface temperature and emissivity, and ice PSDs more
representative of conditions at Summit. For future work, we hope to employ a PSD with a
better fit to the Summit conditions and eventually have ICECAPS instrumentation capable
of measuring a PSD in-situ. The measured ice signature technique outlined in this work is
a novel approach to better understand ice hydrometeors and could prove to be a powerful

tool in future ground and remote sensing applications.
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Figure 4.1 2DHs of MMCR reflectivity for summer (JJA) at Summit, Greenland from June 2010 through August
2013 with a sample resolution rate every 10 seconds. Panel a) shows JJA reflectivity for all measured LWPs while
panel b) is filtered to reflectivities only when LWP is less than 40 g m~ and panel c) is filtered for cases greater
than40 g m™. Additional 2DHs of MMCR Doppler velocity and spectral width for summer at Summit, Greenland
for all LWPs (panels d and g), when LWP is less than 40 g m? (panels e and h), and when LWP is greater than 40
g m> (panels f and i), respectively. LWP less than40 g m* accounted for ~63% of cases, while greater than 40 g
m is 22% of cases, and the remaining 15% is clear sky (as determined by the MMCR).
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Figure 4.2 2DHs of MMCR reflectivity for summer (JJA) at Summit, Greenland from June 2010 through August
2013 with a sample resolution rate every 10 seconds. Panel a shows JJA reflectivity for all measured LWPs while
panels b and ¢ show the fraction of the total 2DH counts that occur below and above the 40 g m™ LWP threshold,
respectively The filtered cases are shown in percentage of total counts to highlight the differences in the
characteristics of the low and high LWP cases. Panels d, e, and f show the MMCR Doppler velocity 2DH, and the
count fractions below and above the LWP threshold. And finally, panels g, h, and i show the MMCR spectral
width 2DH and count fractions. LWP less than 40 g m accounted for ~63% of cases, while greater than 40 g m?
is 22% of cases, and the remaining 15% is clear sky (as determined by the MMCR).
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Brightness Temperature Differences for JJA with LWP less than 40g/m?
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Figure 4.3 Brightness temperature differences between observations minus the modeled gas and liquid
contributions in the 23.84, 31.40, 90, and 150 GHz channels as a function of Zp,ty for LWP less than 40 g m2
The count histogram is binned logarithmically in Zp, 1y and linearly in AT, shown as percentage of total
observation count per bin. The 150 GHz channel shows an enhanced BT difference with respect to Zp,ry (panel
d), while the 90 GHz has a slight enhanced BT, the 31 GHz exhibits a negative dependence, and the 23.84 GHz is
channel neutral.
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Figure 4.4 Panel a shows the simulated downwelling microwave radiance spectrum with no ice (black) and the
simulated spectrum with the biased PWV and LWP obtained by the retrieval (cyan). Panel b shows the simulated
data after subtracting the simulated spectrum with no ice. The effect of the biased LWP and PWYV on the
microwave spectrum are shown independently (blue and green lines, respectively) and combined (cyan line). The
“X” marks show the simulated ice influence at 23.84, 31.40, and 90 GHz.
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Figure 4.5 Histograms of the MMCR Zp,1y and the difference between the measured and modeled BT at 23.84
and 31.40 GHz before and after the linear correction are shown above. Contour levels are linearly spaced,
showing counts per factor of 100.05 in Zp,1y and per 0.05 K in BT difference. The y-axis is truncated to 6x10*
mm® m? Zp 1y to highlight the correction in the low ice optical depth cases. Red signifies 50 and higher counts
and blue signifies fewer than 5 counts. Plots are linear in both axes. The uncorrected 31.40 GHz channel (panels
¢) has a negative bias as a function of the Zp,ry. The slope of the uncorrected 31.40 GHz (panel ¢) histogram
yields the value of AT,/AZpaty used in the linear correction. For both low frequency channels, once the correction
is applied, no dependence on Zp,ty is present (panels b and d).
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Brightness Temperature Differences for JJA with LWP less than 40g/m?
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Figure 4.6 Brightness temperature differences between the HFMWR and the HFMWR-225 observations and the
modeled gas and liquid contributions after implementing the LWP correction for ice for the 90, 150, and 225 GHz
channels. The count histogram is binned logarithmically in Zp,1y and linearly in AT), shown as percentage of
total observation count per bin (same as Figure 4.3). The high frequency channels show a dependence of the
difference in brightness temperature and the Zp,ry from the MMCR - thus, indicating an increasing brightness
temperature in these channels with increasing total ice amount in the column. Additionally, the sensitivity to the
ice signature increases as a function of higher frequency. The Zp, 1y value where the ice signature BT
enhancement begins is lower in the 150 versus the 90 GHz channel (panels b and ¢, respectively) and lowest in the
225 GHz (panel ¢). We note that there is a clear sky bias in all three channels, but the magnitude of this bias is
smaller than the radiometric uncertainty of the HFMWR observations. We are unable at this time to determine if
this bias is due to calibration uncertainty in the radiometer or the result of forward model error.
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Multi-frequency Comparisons — JJA with LWP less than 40 g/m?
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Figure 4.7 Multi-frequency plots of the BT difference in channels 23.84, 31.40, 150, and 225 GHz as compared to
the 90 GHz channel. The binned values of BT difference are colored according to logarithm of the average Zpry
values. In the top two panels, the lower frequency channels are plotted against 90 GHz (a and b) and in the
bottom two panels, the 150 and 225 GHz are plotted against the 90 GHz (c and d).
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versus 90 GHz channels (panel a and b, respectively). In both examples, the slopes of the simulations agree well

with the observations.
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Chapter 5

5 Microwave Radiometer Snow Regime Classification Tool’

5.1 Introduction

A novel method for classifying Arctic precipitation using ground-based remote
sensors is presented. Using differences in the spectral variation of microwave absorption
and scattering properties of cloud liquid water and ice, this method can distinguish
between different types of snowfall events depending on the presence or absence of
condensed liquid water in the clouds that generate the precipitation. Microwave radiances
have differing sensitivity as a function of frequency to different atmospheric components.
For ground-based MWRs, the observed signals at all frequencies include contributions
from gases like water vapor and oxygen as well as from clouds (when clouds exist in the
field of view of the radiometer).

The emission from the gases is in the form of absorption lines, such as individual
water vapor lines at 22.2 GHz and 183.3 GHz, or as a cluster of many absorption lines,
such as for oxygen between 51.0 and 60.0 GHz. The spectral regions between these
gaseous absorption features are referred to as “windows”, where the contribution from the
gases is relatively small. Thus, radiometer channels in these spectral windows will have a
larger radiance contribution from clouds than channels situated on gaseous absorption
features. For example, in Fig. 5.1, simulations of the optical depth (OD) of the

atmospheric components are shown as a function of microwave frequency. The 23.84

3 Portions of this chapter are in review in Pettersen et al. (2017) and are copyright of the
European Geophysical Union.
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GHz channel is in a WV absorption line and thus measures a higher OD from the WV
contribution than the neighboring 31.40 GHz channel. The 31.40 GHz channel is not in an
absorption band for either the WV (cyan line) or the dry gases (grey line) and is therefore
considered a window channel. The 150 GHz MWR channel is also considered a window
channel, as it is free of absorption/emission bands from gases, similar to the 31.40 GHz
channel (see Fig. 5.1). Throughout this work, we designate the 150 GHz window channel
as “HF” and the 31.40 GHz window channel as “LF”.

In contrast to gas absorption, condensed cloud liquid water (CLW) exhibits
continuum absorption with much smaller spectral variation. When CLW is present in the
column, all channels observe emission from the condensed water, increasing the observed
BT. Figure 5.1, illustrates that the OD of the CLW grows larger as a function of higher
MWR frequency and therefore the 150 GHz channel is more sensitive and measures about
10 times the OD from CLW as compared to the 31.40 GHz channel. When ice
hydrometeors are present in the atmosphere, they will affect the observed downwelling
radiance at the surface in two ways: emission of radiation from the ice hydrometeors
themselves and scattering of the surface radiation back to the MWR. In the HF (150 GHz)
MWR channel, the ice hydrometeors have a high single scatter albedo of about 0.9 (e.g.
Liu, 2008), which suggests that scattered radiation the dominant effect. The extinction OD
from frozen water, in the form of ice hydrometers, also has a broad continuum shape. We
introduce a novel use of the ground-based MWRs to isolate IC snowfall from CLW
containing snowfall by employing the ratios of the spectral response from the HF and LF

window channels.
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5.2 Spectral Response from LF and HF “window” channels

In earlier work by Kneifel et al., 2010 and Pettersen et al., 2016, it was observed
that ice falling in the column scatters the upwelling radiation from the ground back to the
MWRs and results in enhanced BTs in the HF MWR channels. Thus, while the LF (31.40
GHz) MWR is insensitive to the ice hydrometeors in the column (Johnson et al., 2012), the
HF MWR channels observe an enhanced BT signature from ice. The enhanced BT is due
to the differences in the size parameter, which is the ratio of the hydrometeor size with
respect to the observed wavelength. We use ratios of the observed BTs from the HF and
the LF window channel to classify the snowfall by events that are coincident with clouds
containing CLW and those that are ice only. Kneifel et al. (2010) and Pettersen et al.
(2016) used the MWR retrieved PWV and LWP values in a radiative transfer model to
simulate the BT contributions of the gases and CLW. These contributions were subtracted
from the measured BT to isolate the enhanced ice signal in the HF MWR channels.
Pettersen et al. (2016) found that the MWR LWP retrievals often did not converge during
snowfall events at Summit, or were biased high due to ice-enhanced BT in the HF MWR
channels. Therefore, we do not use any retrievals or modeling of the CLW in this work.
Figure 5.2, illustrates this ratio approach with three scenarios and the accompanying

response from the MWR LF and HF channels.

5.2.1 MWR LF and HF response to clear-sky, CLW, and ice

In clear sky situations (Fig. 5.2, left), both the LF and HF MWR channels measure
small and quickly varying BTs. The fast variations are due to measurement noise, which is
uncorrelated in the two channels. Both radiometers are primarily measuring the cosmic

microwave background radiation from space with small contributions from dry gases and
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WV in the column. In the second example, there is a mixed-phase cloud with supercooled
CLW overhead, and both the LF and HF MWR channels measure a higher BT signature
and show similar patterns of amplitude as a function of time. This signature is due to the
emission of the CLW as a function of frequency, depicted in Fig. 5.1. In the final scenario,
we present observations from a fully-glaciated ice cloud and there is a markedly different
response in the HF channel as compared to the LF: The LF MWR channel shows a similar
pattern to that of clear sky as it is insensitive to the ice in the column. The HF channel,
however, observes a large BT signature during the time that the ice cloud and precipitation
is occurring. By using the differences in the ratios of the HF to LF MWR observations of
each scenario, we can, with a high degree of confidence, classify the snow into categories:
precipitation originating from a fully-glaciated ice cloud, i.e., “ice cloud (IC)” snow,
precipitation originating from a mixed-phase cloud — snow that is has some CLW layers
present, i.e., “CLW containing” snow, and precipitation that we cannot distinguish

accurately the cloud type, i.e., “Indeterminate snow.”

5.3 Application of classification tool to ICECAPS dataset

We apply the classification method to the entire 5-year dataset for the ICECAPS
MWRs. We first identify the times of precipitation using the POSS power units (Ppu), as
the POSS is the best indicator that ice hydrometeors reached the surface without
evaporating (the POSS is located within a few meters of the surface and within 10 m of the
MWRs; Shupe et al., 2013). However, the POSS data is susceptible to contamination from
blowing snow events. We evaluated cases of blowing snow, confirmed by observer reports,
wind speeds, and the MMCR spectral width, and determined that a threshold of 2 Ppu is

appropriate to identify precipitation events while excluding false positives from blowing
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snow. For all times when precipitation was identified, we use the available observations
for the 31.40 and 150 GHz MWR channels from July 2010 through the end of 2015.

Since this study compares snowfall events that occur over a span of 5+ years, there
is variance in the MWR BTs that depends on background temperature and WV profiles
and the seasonal variation. To facilitate comparison of events occurring at different times
of the year and with dissimilar atmospheric profiles, we use MonoRTM calculations (see
Chapter 3, Sect. 3.2.1) to account for this variation. We use pressure, temperature, and
relative humidity from the interpolated radiosonde data and the resulting MonoRTM
calculations to obtain clear-sky BT values at the HATPRO and HFMWR frequencies. For
altitudes above available radiosonde measurements, the U.S. Standard Atmosphere
(McClatchy et al., 1972) is used up to 30 km above ground level. We then subtract the
calculated clear-sky BTs from observations from the MWR. The resulting ABT values are
the CLW and/or ice contributions as a function of frequency. Due to the high and dry
location of Summit Station, the optical depths of the atmospheric components at the
microwave window channels are very low. Thus, the different contributions to the
microwave radiance are approximately additive, and we can employ this method with
decent accuracy across the time range of the ICECAPS dataset. The ABTs are composited
for all of the precipitation events and the results are shown in Fig. 5.3.

The ratios of the composited ABTs in the HF and LF channels determine if the
snow event is a product of a fully-glaciated ice cloud, i.e., IC snow, or if there is one or
more layers of supercooled CLW in the column, i.e., CLW snow. Figure 5.3 is annotated
to illustrate the regions of the different snow types as determined by the MWR

classification method. The IC snow cases are the group of points in the left lobe, where
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there is a strong response in the HF and minimal signal in the LF channel. These IC
snowfall events are depicted with the black arrow and are to the left of the purple, dashed
line. This line is empirically determined by the HF to LF ratio response of the ice versus
the CLW in the column and is used to separate the two regimes. For the cases where the
snowfall is coincident with CLW in the atmosphere, the HF and LF MWR channels both
measure a BT response and the slope is lower, resulting in the right lobe of points in Fig.
5.3. The CLW snowfall events are denoted with a blue arrow.

There are snowfall events, which are of indeterminate type, as shown in Fig. 5.3 in
the outlined cyan box. The indeterminate region was calculated using multiple clear-sky
days from a range of seasons and temperatures to look at the variance from computing the
ABTs. The variation of this method may arise from environmental changes that occur
between the 12-hourly radiosonde profiles. By using events categorized as clear sky from
MMCR observations, we composited the HF and LF ABTs by season. Under clear-sky
conditions, the ABTs maximum range for the MWR window channels was 0.5 K (0.5 K)
and 2.5 K (4 K) for the LF and for the HF for September through May months (during
June, July, and August; JJA). Snowfall events that have associated BTs that are less than
2.5K (4 K for JJA) in the HF and 0.5 K in the LF MWR channels cannot be
unambiguously assigned to either IC or CLW snow and these events are therefore
classified as indeterminate. This occurs when the conditions do not produce a total column
amount of ice or liquid that is large enough to produce a measureable signal over the clear-

sky modeled “background”.
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5.4 Summary

We introduced an MWR-based method for classifying the precipitation at Summit
to discriminate snow events originating from fully-glaciated ice clouds (IC) from those
associated with mixed-phase clouds (CLW). We are able to isolate IC snowfall from CLW
snowfall by employing the ratios of the spectral response from the HF and LF MWR
window channels. Key to this method is the HF (150 GHz) MWR channel, which is
shown to be an important tool for ground-based classification of precipitation regimes over
central GIS. We can now apply the MWR snow classification tool to concurrent
observations from various instruments in the ICECAPS suite as well as available surface
meteorological data and reanalysis products. This allows for better understanding of the
different snow types through: characterizing the general cloud and precipitation properties,
obtaining thermodynamic surface and profile information, and illustrating the large-scale
surface and upper-level dynamic processes. Chapter 6 examines the coincident
measurements and retrievals available at Summit Station, and explores the large-scale

dynamics and implications for regional impacts over the central GIS.



— Dry Air + WV + Liquid
| — Water Vapor (PWV = 1.1 mm)

— Liquid Water [40 g/m2]
* * |ce [40 g/m2]

75

=
o
N

=
o
—
T

¢’ N N
-1 HH*HHH'!{‘*”HH|||!{||H‘H‘
(3 : 5
1}

=

o
o
T

!-

Optical Depth []
=
S

107 “
103 A —
104 25 é .
0 50 100 130 200 250
Frequency [GHz]

31.40
GHz

LFMWR

150
GHz

HFMWR

Figure 5.1 A representation of modeled extinction optical depth as a function of frequency for the atmospheric
components under conditions relevant for Summit: both the liquid water path and ice water path are 40 g m?>, and
the WV and dry gas concentrations are from the Standard Subarctic Winter profile starting at 3 km. The red and
blue arrows highlight the microwave channel observations used in the study (low and high frequencies,
respectively). Note the different spectral slopes of the ice versus the liquid versus the WV contribution.
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Figure 5.2 A schematic representation of the spectral response of the low (red) and high (blue) frequency
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77

log

IC Show CLW Snow counts

~J
o]

()]
o

un
o

n
o

W
o

MJ
o

[
o

Indeterminate Snow
0 2 4 6 8 10 12 14
LF MWR (31.40 GHz) ABT (K)

Figure 5.3 All available MWR data for 2010 — 2015 during precipitation (as determined by the POSS Ppu
threshold). These values are delta BT where the clear sky forward model RT run is subtracted from the MWR
observations. The arrow annotations show the regions of IC snow (to the left of the dashed line), snow with
associated CLW in the column (to the right of the dashed line), and snow of indeterminate type (in the cyan
outlined region). The indeterminate region is defined by the sample distribution in clear sky, and captures the
residual variance due to uncertainties in the modeling of the gas absorption optical depth.

HF MWR (150 GHz) ABT (K)

o




78

Chapter 6

6 Snow regimes inferred from 5 years of ICECAPS

. 4
observations

6.1 Introduction

Using the method for classifying Arctic precipitation presented in Chapter 5, we
can distinguish between different types of snowfall events depending on the presence or
absence of condensed liquid water in the clouds that generate the precipitation. The
classification reveals two distinct, primary regimes of precipitation over the Greenland Ice
Sheet (GIS): one originating from fully-glaciated ice clouds and the other from mixed-
phase clouds. Five years of co-located, multi-instrument data from the Integrated
Characterization of Energy, Clouds, Atmospheric state, and Precipitation at Summit
(ICECAPS) are used to examine cloud and meteorological properties and patterns
associated with each precipitation regime. The occurrence and accumulation of the
precipitation regimes are identified and quantified. Cloud and precipitation observations
from additional ICECAPS instruments illustrate distinct characteristics for each regime.

Additionally, reanalysis products and back-trajectory analysis show different
synoptic-scale forcings associated with each regime. Precipitation over the central GIS
exhibits unique microphysical characteristics due to the high surface elevations as well as
connections to specific large-scale flow patterns. Snowfall originating from the ice clouds

is coupled to deep, frontal cloud systems advecting up and over the southeast Greenland

4 Portions of this chapter are in review in Pettersen et al. (2017) and are copyright of the
European Geophysical Union.
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coast to the central GIS. These events appear to be associated with individual storm
systems generated by low pressure over Baffin Bay and Greenland lee cyclogenesis.
Snowfall originating from mixed-phase clouds is shallower and has characteristics typical
of supercooled cloud liquid water layers, and slowly propagates from the south and

southwest Greenland along a quiescent flow above the GIS.

6.2 Characterization of snow types as observed by ICECAPS

Figure 6.1 is similar to the data illustrated in Fig. 5.3 as it shows a two-dimensional
histogram of the HF and LF MWR ABTs for all precipitation events from July 2010
through 2015, however divided into summer (MJJAS; Panel a) and winter (ONDJFMA;
(Panel b). Again, it is worth noting that the precipitation partitions into two lobes — the
steep HF to LF ratio indicating the IC process snow, and the lower slope mixed-phase
process CLW associated snow. The summers have many events in both snow types, while
the IC snow dominates the winters. This section will use concurrent observations and
retrieved properties from the POSS, MMCR, and IcePIC instruments to quantify and

characterize events within each of the snow classifications.

6.2.1 Occurrence and Accumulation Statistics

Figure 6.2 depicts the POSS-determined occurrence (Panel a) and accumulation
(Panel b) statistics throughout the year. Occurrence was estimated using the POSS power
threshold detection of precipitation outlined in Chapter 5, Sect 5.1, and the associated
accumulation was calculated using the Shephard and Joe (2008) algorithm for snow LWE
in millimeters. All of the data are shown in percentages for all available coincident POSS
and MWR observations from July 2010 through the end of 2015 (and accounting for any

instrument down time in a given month). Overall, the trend of precipitation occurrence
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and accumulation are similar, with slightly higher IC accumulation per event and lower
indeterminate accumulation per event. By occurrence, the IC snow is 31.5 %, CLW is
48.5 %, and indeterminate is 20 % of the time, and by accumulation the IC snow
contributes 35 %, CLW associated snow is about 51 %, and the indeterminate snow is 14
%. The indeterminate snow is a small fraction of the accumulation at Summit and we will
therefore focus the remaining work on the IC and CLW snowfall events.

Similar to previous studies of precipitation at Summit (Castellani et al., 2015), we
find that both the occurrence and accumulation of snow is higher in mid-summer through
early autumn. The largest accumulated snowfall period is during July, August, and
September comprising over 50 % of the cumulative snowfall annually, with each month
contributing 15 % or more to the annual total. The peak month for snowfall accumulation
is August, with ~22 %. CLW snowfall tends to increase starting in May and peaks in July
for occurrence and accumulation, and falls off rapidly after September. The IC snowfall
increases throughout the summer, peaks in September, and continues to have significant
mass contributions in the late fall with ~8 % of total annual accumulation during October
and November. Small accumulations of IC snowfall are seen throughout the winter and
spring in larger amounts than the CLW snow, and account for the majority of the
accumulation deposited at Summit Station outside the summer season. Figure 6.2, Panel c,
shows the POSS LWE snow rate (mm hr™") as a function of snow classification by month
in a box and whisker plot: means (horizontal line), 25th to 75th percentiles (box), and 5th
to 95th percentiles (vertical line). In general, the 25th to 75th percentile precipitation rates
for the IC and CLW snow overlap, however, for every month except June and May, the IC

snow has a higher average and maximum values of POSS snow rates. The indeterminate
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snow cases are largely associated with weaker precipitation rates, especially in the higher
snowfall months of June through November. Overall, the majority of the accumulation
deposited at Summit is from light precipitation events, with 75 % of the precipitation

occurring from rates less than 0.2 mm hr™',

6.2.2 Relationship of PWYV to snowfall types

Figure 6.3 illustrates the MWR retrieved values of PWV as a function of month in
box and whisker plots for all available data. Periods with snowfall at Summit have higher
coincident values of PWV as compared to the distribution for all times at Summit (see Fig.
6.3, Panel a). This indicates that the PWV is generally larger than the background state
when there is precipitation at Summit, regardless of snow category. The PWV values peak
in July/August for both all times and precipitating times and follow a general trend
correlated to the surface temperatures.

In Panel b of Fig. 6.3, the monthly annual averages of the PWV are shown for each
snow category as designated by the MWR snow classification tool. For the majority of the
months, the IC and CLW containing snow have similar PWV values, while the
indeterminate snow has a slightly lower associated PWV. However, for most months the
95th percentile of the PWVs for the CLW snowfall is larger, indicating that there are more
extreme PWV values coincident with these events. Figure 6.3, Panel c, shows the snow
rate determined by the POSS (mm hr™") scaled by the corresponding retrieved PWV (in
mm), which yields an approximation of the conversion rate of PWYV into precipitation.
Again, the CLW and IC snow have similar values for a given month, which suggests that
the CLW associated snow processes are not more or less efficient than the IC snow

processes. Thus, the differences in accumulation observed for a given snowfall type, are
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largely due to differences in the fractional occurrence frequency of the regime, not because
of significant differences in the PWV. However, for all snowfall types, October through
April is more efficient at turning available PWV into precipitation. From May through
September, there is much more PWV in general — coinciding with the warmer temperatures
— but less snow is deposited when scaled to the PWV. This annual pattern indicates that
when PWYV is available during the colder and drier months, it is capable of producing

relatively more snowfall when compared to the warmer summer months.

6.2.3 Radar and ice particle observations

We use the MMCR reflectivity and mean Doppler velocity observations to derive
features of the vertical structure of the cloud and precipitation for the IC and CLW snow
categories. We also look at retrieved properties from the MMCR of LWE snow rate, Zpatn
(analogous to ice water path), and cloud geometric thickness (Z depth) and superimpose
these on their associated ratios of the HF and LF MWR channel observations. Finally, we
add some qualitative information from IcePIC photographs gathered by scientific
personnel during distinct IC and CLW snow events. All of this remotely-sensed and in-
situ information aids in building a more complete picture of each of the snow types and
their defining characteristics.

Figure 6.4 illustrates vertical profile characteristics of the IC and CLW snow
through MMCR reflectivities and mean Doppler velocities. All of the identified IC and
CLW events are composited and corresponding MMCR properties are shown as two-
dimensional histograms of the measurement as a function of height. The profiles of
reflectivity for the IC precipitation cases are very deep, often 5 km or more, and have a

narrow range of reflectivities for a given height, with peak reflectivity of ~15 dBZ. Panel ¢
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shows the Doppler velocities for the IC snow and again has a narrow profile, which
indicates that there is ice falling and growing throughout the column as the velocities get
larger closer to the ground. The reflectivity and Doppler velocity profiles for the IC snow
events illustrate classic indicators of ice hydrometeor growth from the top of a cloud to the
ground (Pruppacher and Klett, 2012).

Figure 6.4, Panel b and d show the respective two-dimensional histograms for
CLW snow events. The CLW snow is associated with shallower clouds, often below 3
km, and a broader range of reflectivities, especially in the upper region of the clouds
(between 1.5 to 3 km), with a similar reflectivity maximum of ~15 dBZ. The broader
distribution of reflectivity may be due to the pulsed nature of the mixed-phase clouds, as
ice growth co-varies with in-cloud dynamics driven by the radiative cooling from the CLW
droplets at the top of the cloud. Additionally, the CLW cases coincide with broader and
weaker Doppler velocities in the lowest 2 km as compared to the IC cases. This feature
could be caused by CLW indirectly as efficient cloud top cooling from the CLW droplets
drives turbulent vertical motions throughout the cloud. The weaker mean Doppler
velocities may also be due to the ice habit associated with the CLW snow, i.e., particles
with larger surface area such as dendrites have slower fall speeds. These characteristics
observed by the MMCR for the CLW cases are consistent with features seen with shallow
mixed-phase stratocumulus (Shupe et al., 2008; Verlinde et al., 2007).

We calculated three retrieved parameters from the MMCR to better understand the
physical properties of the IC and CLW snow events. We use the MMCR Ze to snow rate
calculations outlined in Chapter 3, Sect. 3.1.2 to get a LWE mass value (these values differ

from the POSS snow rate, as we use a different Ze to snow rate relationship appropriate for
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the wavelength of the MMCR; Matrosov, 2007). The Zpatn is a useful alternative for ice
water path (IWP) but does not use conversions that are sensitive to particle size
distribution and ice habit (Pettersen et al., 2016; Kulie et al., 2010). Finally, we calculate
the depth of the cloud profile as a geometric thickness (AZ), from the MMCR. All of the
retrievals are used to differentiate characteristics of the IC from the CLW snow.

Figure 6.5 shows the HF and LF MWR ABTs as two-dimensional histograms as a
function of season (summer and winter), similar to Fig. 6.1. However, instead of binning
the histogram by counts, the color scales are the mean values of the MMCR properties
associated with the ABT ratios. Panels a, b, and ¢, depict the retrieved values for the
summer season: LWE snow rate (mm hr'"), Zpary (mm® m™), and geometric cloud
thickness (km), respectively; while Panels d, e, and f are the corresponding winter values.
The MMCR snow rate for both the summer and winter is noticeably higher during the IC
snow events, which is consistent with the monthly POSS-derived LWE snow rates (see
Fig. 6.2, Panel ¢). The Zparn, which is log-binned, is consistently an order of magnitude
higher during the IC snowfall versus the CLW in both the summer and winter. The clouds
tend to be geometrically thicker during the IC events while the CLW cases are
geometrically thinner.

In general, the retrieved properties obtained from the MMCR yield consistent
conclusions as the MMCR reflectivity and Doppler velocity observations: The IC snow
events are associated with deep systems with ice falling from the very top of the cloud and
growing throughout the column. Although they are less common, the strongest IC snow
events have higher potential mass deposition as evidenced by the correlated high snow rate

and Zpatn values. The CLW cases tend to be shallower with evidence of supercooled
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CLW at the top of the cloud, have lower Zparh, and slightly less deposition per event,
though they occur more frequently.

We looked at IcePIC photos during identified IC and CLW snowfall cases. Local
scientific personnel gathered ice hydrometeors sporadically to provide qualitative evidence
of differences in ice habit. Some example IcePIC photos for specific events from each
category of snowfall are highlighted in Fig. 6.6. For all the cases that were unambiguously
correlated with an IC snow event, the ice habits observed are mostly bullets, bullet rosettes
(of many number branches), and some columns and small plates (Fig. 6.6, left). This
provides additional evidence that the IC snow events have ice originating at the top of the
cloud growing throughout the column, as these habits are indicative of very cold and
pristine conditions devoid of CLW (Korolev et al., 1999). The IcePIC photos taken during
CLW snow events yielded mostly dendrites and sectored plates with occasional small
amount of riming, which is consistent with ice falling through CLW layers and warmer
temperatures (Fig. 6.6, right). It is worth noting that variability in the ice habit and the
particle size distribution (PSD) of the snowfall does impact radar reflectivity to snowfall
relationships. Studies show that different PSD and ice habit can impact the calculated
snow rate from reflectivity for both the POSS and MMCR frequencies (Liu, 2008; Dolan
and Rutledge, 2009; Kulie and Bennartz, 2009). Though we do have some evidence of
differing ice habits for the IC and CLW precipitation, we do not have any PSD information
and cannot adjust the radar to snow rate based on the snow category. Therefore we are
using a generalized, average relationship for all snow categories to acquire snow rate and

accumulation information from both the POSS and MMCR.
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6.3 Source air mass characteristics and dynamics associated with snow types
In this section we explore the origins of the air masses and their associated
dynamics for both IC and CLW snow events. First, the dynamics can help explain why
half the precipitation events are associated with mixed-phase clouds with layer(s) of
supercooled CLW, while another 35 % are coupled to deep, fully-glaciated ice clouds. We
find that there are distinct differences in the air mass behaviors for either type: The IC
snow events propagate quickly over the southeast region of the ice sheet, have very deep
layers of WV, and are likely advected over the GIS through large-scale vertical motion
associated with the regional meteorology and topography, but may have less small-scale
vertical motion (turbulence). The CLW events advect slowly across the southwest and
southern portions of the GIS, tend to be shallow, and follow a quiescent flow to Summit.
The CLW cases have calmer large-scale motion of the air mass, but much more small-scale
turbulence driven by the CLW itself, which is consistent with characteristics of persistent
Arctic mixed-phase clouds (Shupe et al., 2008; Morrison et al., 2012). Secondly, by
understanding how the precipitation gets to Summit through the large-scale dynamics, we
explain what is occurring regionally and, therefore gain broader knowledge of how the

point observations at Summit Station apply to the central GIS.

6.3.1 Surface winds at Summit

The location of Summit Station is nearly at the top of the GIS (indicated with
purple circle) and is both far from the ocean (400 km from the east and west coastlines and
over 1000 km from the southwest and southeast). Therefore, understanding from where
the air masses originate helps in illuminating how the precipitation arrives at Summit. We

first look at the 10-meter surface winds (NOAA Global Monitoring Division) coinciding
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with the IC and CLW snow events. Figure 6.7, Panel a, shows the wind speeds and
directions for all dates and times from mid 2010 through 2015 for Summit. In general,
precipitation occurs at Summit when the surface winds originate from south (though north
winds do occur, they rarely bring precipitation) and these winds are often stronger than the
mean winds (Fig. 6.7, Panels b and c).

By examining the coincident IC snowfall surface wind speeds and wind directions
(Fig. 6.7, Panel b), we see that there is a preference of these events to originate from the
southeast direction, however there is a distributed mode to the south and southwest as well.
The IC snow event winds are much stronger than the mean state winds for all times at
Summit, with most cases having winds stronger than 9 m s™'. This is interesting as the
majority of snow accumulation in Greenland is along the southeast coastal mountain range,
and the ocean to the immediate southeast is a region with one of the highest occurrence
snowfall locations in the Northern Hemisphere (Hanna et al., 2006; Kulie et al., 2016).
However, much of this snowfall does not make it up and over the steep orography along
the southeast coast of Greenland to the central GIS (Hanna et al., 2006). The direction and
strength of the surface winds associated with the IC snowfall indicate that strong dynamics
may be able to advect WV and precipitation-rich air masses from the southeast coastal
region atop the central GIS.

When considering the mixed-phase CLW containing snowfall cases, the winds are
predominately coming from the west-southwest to south-southwest directions (Fig. 6.7,
Panel ¢). Recent studies of long-lived mixed-phase clouds at Summit show that they
originate equivalently from the west, south, and east (Edwards-Opperman et al.,

submitted), however many of these clouds are either not precipitating or are precipitating
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below the POSS detection threshold (outlined in Chapter 5, Sect. 5.1), and therefore only a
subset are included in this work. Though there is a broader range of surface winds
coincident with the CLW snowfall cases, the majority are coming from a different
direction when compared to the IC snow, with 70 % originating from the west to the south
of Summit Station (though there is a small amount originating from the southeast). These
winds are not as strong as the wind speeds seen with the IC snow cases, but they are faster
than the average winds seen for all times at Summit. This is consistent with previous
studies, which showed that most clouds (of which the majority are mixed-phase and
contain layer(s) of CLW) and precipitation occur under winds with southern and south-
westerly flow (Shupe et al., 2013; Castellani at al., 2015). The surface winds indicate that
these air masses are traveling slowly up the comparatively gentle slope southwest of

Summit.

6.3.2 Regional meteorological conditions for snow type

In addition to the local meteorological conditions at Summit, we examined the
regional surface patterns and large-scale dynamics associated with each snowfall regime
using the ERA Interim Reanalysis. In general, it has been shown that precipitation over
the central GIS is associated with moisture coming from the south via onshore and upslope
flow (Bromwich et al., 1998; Hanna et al., 2006; Schuenemann and Cassano, 2009). We
use the mean and climatological anomalies of sea level pressures and surface (10 meter)
winds, as well as the 500 mb geopotential heights and upper-level winds to infer how the
precipitating air masses get to Summit and what processes may glaciate the clouds as
opposed to sustain layer(s) of CLW. Previous sections of this study included all identified

IC and CLW snowfall events, regardless of their duration. However, since the ERA
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Interim Reanalysis product has a four times daily resolution (at 00, 06, 12, and 18 UTC)
we wanted to include only those events long enough to say with confidence that they
occurred for most of an hour and at a time near the reanalysis product. We filtered the
snow cases and used events that were duration of minimum of 45 minutes of an hour and
within 2 hours of an ERA Reanalysis time step. We did not allow for more than one value
in the same day unless 12 hours or longer apart to avoid one storm biasing the results. This
method was purposefully conservative and yielded 90 IC and 84 CLW snowfall cases. The
majority of the IC snow cases are from August through November, and all of the CLW
snow cases are in May through September. To calculate the anomalies we used the 38-
year dataset of surface and pressure level values and averaged these into monthly means
for each longitude and latitude used in our study. Anomalies were then calculated by
subtracting these historical monthly means from specific cases of identified IC or CLW
snowfall.

We first look at the mean sea level pressure (SLP) patterns in the region around
Greenland for the composited IC snow events. Figure 6.8, Panel a, shows an extremely
deep low-pressure feature (SLP < 1000 hPa) wrapping around the horn of southern
Greenland. This cyclonic feature has accompanying strong winds that originate from
northern Canada and circulate counter clockwise, eventually towards the southeast coast of
Greenland, with surface winds at Summit from the southeast. The SLP and wind
anomalies for the IC snow cases are shown in Fig. 6.8, Panel c. There is a negative SLP
anomaly coincident with the location of the center of the cyclone, and an anomalously high
SLP anti-cyclonic feature to the east of Greenland. Previous work on synoptic forcing of

precipitation over the GIS by Schuenemann et al. (2009) showed a similar pattern of
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coupled low/high SLP anomalies generated precipitation both over Greenland and over the
central GIS. The cyclone feature near the horn of Greenland is potentially a product of lee
cyclogenesis, as it forms in the lee of the topographic ridge along the southern tip of
Greenland (Rogers, 2004; Schuenemann and Cassano, 2009). Greenland lee cyclogenesis
is also found to correlate with precipitation over the GIS, though most strongly in the
southern region (Bromwich et al., 1998; Schuenemann and Cassano, 2009; Schuenemann
et al., 2009).

In addition to the surface products, we examine the 500 mb geopotential height and
wind patterns, both the means and the anomalies (see Fig. 6.9). For the IC snow events,
the mean geopotential heights show a strong trough and ridge feature centered along the
long axis of Greenland. The upper-level mean winds follow this height structure and show
advection from the southeast coast to Summit Station. Just to the east of the trough is an
area of upper-level divergence that creates strong vertical ascent throughout the column
(Holton, 2004). This is located over a region of the North Atlantic Ocean with very high
occurrence of snowfall and accumulation along the Greenland coast (Bromwich et al.,
1998; Hanna et al., 2006; Kulie et al., 2016). Together, these features indicate that large-
scale lifting likely pulls precipitation and WV from low in the troposphere up into the
column and the upper-level winds then push this deep precipitation over the steep
topography and onto the central GIS. Figure 6.9, Panel ¢, show the 500 mb geopotential
height and wind anomalies for the IC snow events. Similar to the anomalies in the SLP
analysis, the IC snow events have a dipole structure centered over Greenland, with lower
than average heights to the west and a much higher than average ridge feature to the east.

The upper-level wind anomalies are originating from the southeast and are strong
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compared to the mean state winds. The dynamics implied by the 500 mb mean
geopotential heights and anomalies support the deep, characteristic ice clouds observed by
the MMCR at Summit. Additionally, according to the reanalysis temperature and relative
humidity profile, the column is saturated with respect to ice up to 300 mb where the
temperatures are below -40 C for the entire area over the central GIS. This indicates that
ice is forming at the top of these clouds, thus adding to the evidence that they are fully-
glaciated systems. Once ice has formed at the top of the cloud it will start to descend, and
in a WV rich environment it will grow and eventually precipitate out to the surface,
suggesting that these systems are snowing across the southeast central GIS as they move
quickly towards Summit.

The regional mean SLPs and winds for the CLW snow cases are depicted in Fig.
6.8, Panel b, and show a relatively uniform pressure pattern over Greenland. The surface
winds show weaker flow from the south approaching the Greenland coastline with stronger
winds from the southwest at Summit Station. The SLP anomalies for the CLW snow cases
are much weaker than those seen in the IC cases (Fig. 6.8, Panel d). In general, there is a
broad, weak anti-cyclonic anomaly over most of the GIS and to the south and southeast,
with a weak cyclonic anomaly near the United Kingdom. The wind anomalies show more
moisture is coming from the south and southwest when compared to the mean state, which
is consistent with studies of precipitation over the GIS (Bromwich et al., 1998; Hanna et
al., 2006). The SLP anomalies shown in Fig. 6.8, Panel d, are consistent with calm
conditions and weak forcing of vertical motions as there is a broad high SLP anomaly over
most of the GIS. These features are favorable for Arctic mixed-phase clouds (Morrison et

al., 2012; Shupe et al., 2006) and therefore consistent with the CLW snowfall cases.
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The 500 mb mean geopotential heights and winds for the CLW snowfall events
show a very different picture from that of the IC snow: the mean geopotential height is
fairly uniform across Greenland and the upper-level winds are calm and flowing over the
GIS from the south-southwest. This indicates a weak, quiescent flow that is slowly
traversing up and across the GIS from the southern and south-western coasts. As stated
previously, Arctic mixed-phase clouds are resilient in weakly-forced conditions such as
those illustrated in Fig. 6.9, Panel b, for the CLW snow events (Morrison et al., 2012).
Since the CLW snow is connected to these longer lived and slower mixed-phase cloud
systems, they are likely to periodically snow over the GIS on their way to Summit. Figure
6.9, Panel d, shows the 500 mb geopotential height and wind anomalies for the CLW snow
events. The CLW snow cases show that the mostly flat 500 mb mean geopotential heights
across Greenland are, on average, anomalously high over a spatially extensive region, and
even though the upper-level mean winds are fairly weak, they are anomalously strong
compared to the background conditions (Fig. 6.9, Panel d). This is consistent with studies
that have shown that higher than average 500 mb geopotential heights over Greenland are

coupled to precipitation over the central GIS (Hanna et al., 2016).

6.3.3 Back-trajectories for each snow type

Using data from the NCAR/NCEP reanalysis project and the NOAA HYSPLIT
modeling tool, we construct 36-hour back-trajectories for the IC and CLW events. We
present results from back-trajectories of air masses at 3 km above Summit Station —
although we looked at other heights, 3 km seemed to be the best compromise to capture
motions associated with each precipitation classification (top of the CLW and middle of

the IC snow cases) while minimizing localized artifacts from the GIS topography. Figure
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6.10 shows the spatial movement and vertical motions (mean and standard deviation) for
IC cases (left, top and bottom) and CLW (right). The backtrajectory above ground level
(AGL) values represent the altitude above the model terrain (or ocean) height respective to
the path of each trajectory. The IC snow events are mostly originating from over the North
Atlantic Ocean, these air masses are moving very quickly over the GIS (with respect to the
36-hour reanalysis period), and these events are lifted a total of 5 km on average (from a
mean of 1 km AGL over the ocean surface, to 3 km AGL over Summit) by the strong
vertical motions off the coast of Greenland. For the CLW snowfall cases (Fig. 6.10, right),
the back-trajectories originate to the south and southwest of Summit, these air masses are
moving slower than the IC events, and the mean vertical motion is only slightly upwards,
though the variance is larger with some air masses descending. In general, the HYSPLIT
modeled back-trajectories confirm the dynamics that were inferred from the SLP and
geopotential height maps, as well as the ICECAPS observations of cloud and precipitation

properties for each snow regime.

6.4 Summary

Observations from ICECAPS instruments demonstrate that the CLW snow is the
dominant regime of precipitation with 51 % accumulation, almost all of which occurs in
the summer months. The IC snow, however, is a large component of the accumulation at
Summit — accounting for about 35 % of the total. The IC snow is the main source of
accumulation during the non-summer months and is capable of producing relatively more
accumulation with less available PWV. IC snow events have higher than average winds,
predominately from the southeast, indicating that the events are likely coming over the

steepest part of the Greenland coast. The CLW snow events have moderate winds from
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the south and southwest, traversing up a gentler slope to Summit. The coincident MMCR
observations for the IC snow cases show deep clouds indicative of ice growth throughout
the column: the reflectivity and Doppler velocity distributions are both relatively narrow
and the mean values increase as the hydrometeors reach the surface. Contrarily, MMCR
observations for the CLW snow cases illustrate shallower clouds with broader ranges of
reflectivities and more frequent occurrence of lower Doppler velocities, indicating layers
of supercooled CLW droplets, the shallow dynamics associated with these clouds, and
different ice particle distributions.

The large-scale dynamics, as indicated by the ERA Interim reanalysis, find distinct
synoptic regimes associated with IC and CLW snow that are consistent with the
observations from the instruments at Summit. The mean SLP map for the IC snow cases
shows a strong low to the east of the southern tip of Greenland implying that these
topographical lee cyclones are a key mechanism for air mass advection during these
precipitation events (Rogers, 2004; Schuenemann et al., 2009). Additionally, the SLP
anomaly map for the IC snow shows two low pressure anomalies — one in Baffin Bay and
one wrapping around the horn of Greenland — implying that these storms are potentially
bifurcated by the Greenland ridge topography, a storm pattern which is correlated with
precipitation atop the GIS (Schuenemann and Cassano, 2009; Schuenemann et al., 2009).
The mean SLP map for the CLW snow cases show a calm, flat high pressure across most
of Greenland. The SLP anomalies are slightly positive over much of Greenland and there
is a large anticyclone feature from the southwest to the northeast over the North Atlantic
correlated with the CLW snow. The mean high SLP over Greenland promotes calm

advection of mixed-phase clouds from the southwest and south up and over the central



95

GIS, which is consistent with previous observations (Appenzeller et al., 1998; Bromwich
et al., 1999).

The 500 mb geopotential mean heights and anomalies and HYSPLIT back-
trajectories illustrate how precipitation is formed and how it may be affecting the central
GIS. The mean 500 mb geopotential height maps show how the IC and CLW snow
regimes are advected to Summit and are consistent with the observations from the
ICECAPS instruments. The mean 500 mb geopotential heights for the IC snow have a
large, coupled trough and ridge feature centered over Greenland. To the east of the trough
is an area of upper-level divergence, which induces large vertical updrafts throughout the
column. The IC snow is characterized by deep cloud systems where the ice can grow and
precipitate out over the GIS. The evidence of upper-level divergence implies that large-
scale upward motion creates low-pressure systems, which transport water vapor upwards
along the south-eastern slope of Greenland. These deep systems are then advected over the
central GIS and likely also precipitate over the southeast central GIS as they travel towards
Summit. The mean 500 mb geopotential heights associated with the CLW snow cases are
very flat and show a region of quiescent upper-level flow. The CLW snow is associated
with shallower systems with evidence of supercooled CLW at the top of the clouds. The
quiescent flow, slowly advecting up and over the south and southwest Greenland
topography is an environment favorable for long-lived mixed-phase clouds (Morrison et
al., 2012, Shupe et al., 2006). The vertical motions and relative speed of the air masses for
each snow regime from the HYSPLIT back-trajectory analyses illustrate similar

mechanisms.
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These dynamics have implications for both how precipitation is formed and how it
arrives at Summit. The patterns of the SLP and 500 mb geopotential height anomalies for
the IC and CLW are very different. Features seen in the anomaly maps may relate to
climate indices — particularly the North Atlantic Oscillation (NAO) and the Greenland
Blocking Index (GBI), as both have been linked to precipitation over the central GIS
(Bromwich et al., 1999; Hanna et al., 2016). The conclusions from this study warrant
further work investigating the dynamics of the IC and CLW snow cases by season and
comparing the resulting SLP and 500 mb geopotential height anomalies to the seasonal
NAO and GBL

This study illustrates that there are two distinctive regimes of snowfall at Summit
Station: snow from ice clouds and snow from mixed-phase clouds. The two identified
snow classifications have dissimilar dynamics governing how the precipitation reaches the
central GIS and may therefore have very different responses to a changing climate.
Historically, it is found that changes in atmospheric circulations and storm systems are the
dominant force for changes in precipitation over the GIS and not increases in temperature
(Kapsner et al., 1995). The distinct large-scale dynamical drivers for each snowfall type
suggest potential differences in response to climate change. If these precipitation regimes
respond in different ways to rapid climate change in the Arctic, the magnitude of the mass

balance of the central GIS over time is highly uncertain.
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Figure 6.1 These are the MWR observations minus the clear-sky contribution, for all available data during
precipitation events from 2010 to 2015. The summer precipitation is show in Panel a (left; summer is defined as
May through September), and the winter precipitation is shown in Panel b (right; winter is defined as October
through April). The summer MWR observations indicate both IC and CLW snow events occur through the
season, though more CLW events. The winter season tends to strongly favor the IC snow events.
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Figure 6.2 The POSS statistics from 2010 — 2015 for the MWR filtered precipitation events. Panel a (top) shows
snow amounts by Occurrence (POSS) for all data: IC —30.5 %, CLW - 48.5 %, and Indeterminate — 21 %. Panel
b (bottom) shows snow amounts by Accumulation (POSS) for all data: IC — 35 %, CLW - 51 %, and
Indeterminate — 14 %. The POSS snowfall amounts and snow rates were calculated using the Joe and Sheppard
(2008) Z to S relationship. (Note: Panel ¢ shows very high values for the CLW snow in May, which is due to an
unusually large storm dominating the results).
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Figure 6.3 Panel a shows the average annual PWYV as a function of the month for MWR data from 2010 -2015.
The PWYV values during snowfall events, regardless of type, are higher than that of the PWYV averages during all
times (precipitation and non-precipitating). Panel b shows the average PWYV associated with each MWR-
determined type of snowfall. Panel ¢ shows the ratio of the average snow rate measured by the POSS in LWE mm
hr!' to the associated PWV in mm, thus giving a rate of how efficiently the PWYV converts to precipitation for each
month and snow type.
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Figure 6.4 Composite two-dimensional histograms of MMCR properties for each MWR-determined snow type
are shown. Each histogram uses a linear color scale with a maximum value of 80,000 counts. Panels a (top, left)
and b (top, right) show the MMCR reflectivity as a function of height for all the IC and CLW snow cases,

respectively. Panels ¢ (bottom, left) and d (bottom, right) show the MMCR Doppler velocities as a function of
height. These composites of the IC and CLW precipitation highlight different characteristics between the two

snow modes.



Summer Snow Rate

100

75 1
50 1
25

a)

Surr"nmer ZI'Path

100

b)

Sulmmer'CIoud IThickrlless

HF MWR (150 GHz) ABT (K)

LF MWR (31.40 GHz) ABT (K)

101

mm h-! Winter Snow Rate mm h-1

1.2 0.8
d)
1.0 |
0.6
0.8
0.6 0.4
0.4 |
0.2

0.2

mm® m—2 Winter ZPath mm® m~—2
1033 1033

e)

1030 1030
102.5_ . 102.5
102.0 102.D
101.5 101.5

km Winter Cloud Thickness «km
7 7
6 f) 6
5 5
4 2 4
3 3
2 2
l T T T T l

0 5 10 15

Figure 6.5 Values of MMCR calculated snow rate, Zpty, and cloud thickness are calculated for all the
precipitation events and plotted with the associated HF and LF MWR observations. The top Panels (a, b, and c)
depict these characteristics for the summer months and the bottom Panels (d, e, and f) for the winter months.

Regardless of season, the IC precipitation has a higher instantaneous snow rate than the CLW cases.

Additionally, the Zp 1y values for the IC snow cases are much higher than the CLW cases. And the IC snow tends
to be associated with deeper clouds than the CLW snow.
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Figure 6.6 Examples images from the IcePIC camera of ice cloud (IC) originating snow events (left) and for
mixed-phase CLW containing snow events (right).
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Figure 6.7 Surface winds from the Summit NOAA meteorological data are shown. For reference, Panel a shows
all surface winds from 2010 —2015 for all times. Panel b (middle) shows the surface winds for the MWR-
determined IC snow cases. These winds tend to come out of the southeast with little variability and are much
stronger than the average winds. Panel ¢ (right) shows the surface winds for the MWR-determined CLW
containing snow cases. Associated winds tend to be from the west to south with a maximum amount from the
southwest direction. Though the CLW snow cases have stronger winds than average, they are not as strong as the
winds associated with the IC snow.
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Figure 6.8 Panel a (top, left) shows the ERA-Interim derived average SLP and 10 meter winds for 90 IC snow
events. Panel b (top, right) shows the same, but for 84 CLW snow events. Both plots are on the same scale.
Panels ¢ and d show the anomalies for the SLP and 10 meter winds for the respective cases. The persistent low
pressure and strong 10-meter winds are evident for the IC snow cases. In the cases for the CLW snow, there are
relatively calm winds and uniform mean SLPs. Both the cyclone and anti-cyclone structure features in the I1C
snow cases are quite anomalous, whereas the broad high-pressure field in the CLW cases is weakly anomalous.
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Figure 6.9 Panel a (top, left) shows the ERA-Interim derived average S00mb geopotential heights and winds for
90 IC snow events. Panel b (top, right) shows the same, but for 84 CLW snow events. Both plots are on the same
scale. Panels ¢ and d show the anomalies for the S00mb heights and winds for the respective cases. There is an
incredibly strong trough and ridge feature in the IC snow cases. This feature indicates diverging upper-level
winds just to the east of the trough, over the SE Greenland coast, which would induce strong vertical motions in
the column and the upper level winds up show strong SE flow over the GIS. The CLW cases depict relatively
calm and flat features, indicating quiescent flow of air up over the GIS from the S and SW.
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Figure 6.10 Panel a (top, left) shows the HYSPLIT calculated, 36 hour backtrajectories for the air at 3 km AGL
originating at Summit using GFS for the IC snow cases. The backtrajectory AGL values represent the altitude
above ground along each trajectory path. Panel b (top, right) shows the same, but for the CLW cases. The
bottom two Panels (¢ and d), show the mean vertical motions (dark line) and standard deviation (lighter fill) for
the IC and CLW cases, respectively. These are consistent with the previous figures: the IC snow cases being

vertically lifted and advected over the GIS from the SE. While the CLW cases come from the S and SW along the
mean flow.
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Chapter 7

7 Precipitation regimes, climate indices, and storm tracks

7.1 Introduction

Recent work has indicated a thinning along the edges of the GIS due to melt and a
thickening of the central region due to precipitation (Hanna et al., 2006; Hanna et al.,
2013). The interior thickening is not well constrained (Thomas et al., 2000). Previous
work has explored the connection of precipitation to both climate variability in the North
Atlantic (Appenzeller et al., 1998; Bromwich et al., 1999; Hutterli et al., 2005; Mosely-
Thompson et al., 2005; Hanna et al., 2013, Hanna et al., 2016) and the interactions of
cyclones with Greenland (Chen et al., 1997; Bromwich et al., 1998; Rogers et al., 2004;
Schuenemann et al., 2009). Historically, work has focused on connecting variations of the
North Atlantic Oscillation (NAO) with precipitation patterns over the GIS (Appenzeller et
al., 1998; Bromwich et al., 1999). More recently, a newer metric, the Greenland Blocking
Index (GBI), has been linked to precipitation patterns in Greenland (Hanna et al., 2016).
Additionally, there have been several studies of specific North Atlantic storm track
intensity and location and the resulting influence on precipitation variation over regions of
the GIS (Chen et al., 1997; Schuenemann et al., 2009; Schuenemann and Cassano, 2009).

We explore connections of precipitation at Summit Station to the NAO, GBI, and
storm tracks using the dataset available from the ICECAPS project. Using our novel snow
classification tool, introduced and described in Chapter 5, we can partition snow into two

regimes: snow from fully-glaciated clouds (IC) and snow from mixed-phase clouds
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(CLW). Prior work by Pettersen et al. (2017) found that IC snow accounted for 35 % of
the precipitation accumulation at Summit Station while CLW snow was about 51 %, and
found that each snow regime is associated with distinctive cloud characteristics and large-
scale dynamics (see Chapter 6). In this work, we aim to investigate possible connections
of each snow regime to either climate variability or storm tracks or both. We look at
longer duration IC and CLW events as observed by ICECAPS and their associated NAO
and GBI indexes. We then will look at the associated mean sea level pressure (SLP) and
500 mb geopotential height (GPH) anomalies for all events and as a function of the season
of occurrence. By combining the large-scale patterns with climate indices, we may be able

to attribute snow types to either climate indices or specific North Atlantic storm tracks.

7.1.1 Event selection and methods

The regional meteorological patterns were created using the ERA-Interim
reanalysis described in Chapter 3, Sect. 3.3.1. We are using the surface SLP, 10 meter
wind, and the height and wind values at the 500 mb geopotential level. The anomalies are
calculated by subtracting the all-times monthly mean value from the event specific value at
each latitude and longitude (i.e., the mean value for all other Junes would be subtracted
from the June 12, 2012 event). The NAO index values used in this work are from the
NOAA NCEP data repository, described in Chapter 3, Sect. 3.3.3 (Barnston and Livezey,
1987; Hurrell 1995). The GBI is calculated by averaging all the 500 mb GPH heights
within a region of 60 — 80 N and 20 — 80 W, and values are obtained from NOAA ESRL,
and are available from 1948 — 2015 (further described in Chapter 3, Sect. 3.3.3; Hanna et

al., 2016).
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For this work, we are using 6 years of ICECAPS data combined with the MWR
classification tool outlined in Chapter 5. The IC and CLW events used in the study are
identified using criteria of occurring for 50 minutes in a given hour and within 2 hours of
an ERA-Interim reanalysis time step. Additionally, since there is only one index value per
day, we do not used repeated hours within the same day. Using this method, we acquired
98 IC events and 82 CLW events. As illustrated in Table 7.1, the IC tend to occur in
September, October, November (SON). While the CLW events occur mostly in June, July,
August (JJA). There are a few IC snow events in December, January, and February (DJF),

and one CLW snow event March, April, May (MAM).

7.2 Climate index results

The relationship between the NAO and the IC and CLW events is shown in Fig.
7.1. The top panel of Fig. 7.1 shows the normalized counts of NAO for all times (black
solid line) and during the ICECAPS period from 2010 — 2016 (dashed black line) from -2.2
to 2.2. These two distributions are fairly similar indicating there is no relative shift in the
NAO index values for the ICECAPS time range versus the entire time range. The middle
panel shows the NAO index distribution of the 98 IC events in black and the bottom panel
shows the distribution of the 82 CLW events in blue. The IC events are distributed fairly
symmetrically about 0, while the CLW events are shifted towards the NAO negative phase
index values. The mean and standard deviation of the NAO index values for the IC events
are -0.05 + 0.77 and for the CLW events are -0.51 + 0.73. These results indicate that the
IC events are not correlated to a particular phase of the NAO, while the CLW events occur
typically for the negative phase of the NAO, though with a fairly broad range of index

values.



110

The GBI values vary as a function of season with the 500 mb geopotential heights
generally higher in the warmer months over Greenland as illustrated in Fig. 7.2 (grey,
small dots). The IC (black stars) and CLW (blue circles) snow events are over plotted to
illustrate their annual cycle as well. Due to the seasonal variation of GBI heights, we need
to consider the distribution of both the GBI heights and their anomalies (with respect to the
1948 — 2015 climatology) associated with each snow regime. To account for the
seasonality of the GBI heights, the anomalies are calculated for a given day by subtracting
the mean GBI height value for all other years for that same day (i.e., for June 12, 2012, we
would subtract a mean value from the June 12 date for all other years from 1948 —2015).
Since the GBI daily data is currently available only through June 2015, we have fewer
events: 65 IC and 72 CLW snow events. The majority of the CLW events are in JJA, the
season that tends to have the highest average geopotential heights, while the majority of IC
events are in SON.

Figure 7.3 shows the distribution of the GBI heights (left panel) and anomalies
(right panel). The left, top panel shows the GBI heights for all times (black solid line) and
during the ICECAPS period (black dashed line) and mostly shows a similar distribution,
however the ICECAPS time period shows slightly higher height values. The left, middle
panel shows the distribution of GBI heights for the IC events (black) and the left, bottom
panel shows the CLW events (blue). The CLW events have high corresponding GBI with
a fairly narrow range of heights. While the IC snow cases are broadly dispersed across a
range of GBI heights. The mean and standard deviation of the GBI heights for the IC

events are 5389 + 139 meters and for the CLW events are 5516 + 74 meters.
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The right, top panel shows the normalized counts of GBI height anomalies from
1948 to 2015 (black solid line) and during the ICECAPS time range (from 2010 — 2015;
black dashed line). In general, the GBI height anomalies are evenly distributed from -300
to 300 meters, however, there is evidence of a shift towards positive GBI anomalies during
the ICECAPS time period. The IC snow event associated GBI anomalies are in the right,
middle panel (black), and the CLW snow events are in the right, bottom panel (blue). In
general, the IC snow events are fairly evenly distributed from -100 to 100 meters, with a
few events greater than 100 meters. The CLW events tend to be associated with positive
GBI height anomalies with the majority being between 0 and 175 meters. Interestingly,
there are no events for either type with GBI height anomalies less than about -100 meters,
whereas the positive anomalies range up to 300 meters. The mean and standard deviation
of the GBI height anomalies for the IC events are 7.1 + 71.1 meters and for the CLW
events are 54.4 + 75.9 meters.

We also examined the NAO index, GBI heights, and GBI height anomaly values
compared to mean snow rate associated with an individual IC or CLW event. Figure 7.4
shows a scatter plot of mean snow rate versus NAO index (top), GBI height (middle), and
GBI height anomalies (bottom). The IC snow events are depicted with black stars and the
CLW events are depicted with blue circles. In general, there is little or no correlation of
mean snow rate and any of the indices for the IC snow events. There is a slight indication
of higher mean snow rates for the CLW events that coincide with the negative NAO phase,
however there is also very large variance in the values. There also seems to be a

connection of higher mean snow rates and GBI height for the CLW events. However, the
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mean snow rates and GBI height anomalies seem to have no correlation for the CLW

cases.

7.3 Sea level pressure and geopotential height anomaly results

Similar to Chapter 6, Sect. 6.3.2, we use the ERA-Interim Reanalysis products to
examine the regional meteorological patterns at the surface and the upper levels for the IC
and CLW events. We examine the anomalies of SLP and 10 meter winds, as well as the
anomalies of the 500 mb GPH and upper level winds for the IC and CLW events. In the
previous work, we looked at the anomaly patterns for all events in each classification as a
composited value, however we did not look at the anomalies as a function of season of
occurrence. Due to the general weakening of the NAO and the higher GBI height values
during the JJA period, we organized our reanalysis figures to illustrate the mean anomaly
patterns from: all events, those in JJA, and those in SON for both the IC and CLW snow,
respectively.

Figure 7.5 shows the patterns for the anomalies of SLP and 10 meter winds for both
the IC and CLW snow events. The top, left panel shows the mean anomalies for all IC
snow events, the top, middle panel shows the IC events that occurred in JJA, and the top,
right panel shows the IC events that occurred in SON. The mean SLP anomalies for the
JJA 1C events illustrate an anomalous weak to moderate low in Baffin Bay and over most
of the GIS, with a weak high anomaly to the southeast toward the United Kingdom. The
IC events in SON show a stronger low-pressure anomaly (<-8 hPa) through the Baffin Bay
and wrapping around the southern tip of Greenland to the southeast coast. There is also a
strong anti-cyclone anomaly just off the east coast of Greenland. The SLP anomaly map

for all IC events looks similar to the SON patterns, which is due to the majority of the IC
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events occurring in SON. In all three maps, the 10 meter wind anomalies at Summit
Station (denoted with the purple circle) are from the southeast, which is consistent with the
surface wind observations seen at Summit Station during the IC snow events (see Fig 6.7).

In the bottom panels of Fig. 7.5, the SLP and 10 meter wind anomalies for all CLW
events (bottom, left panel), the CLW events in JJA (bottom, middle panel), and the CLW
events in SON (bottom, right panel) are shown. In JJA, the CLW events are coupled with
a very weak mean SLP anomaly pattern over the majority of the GIS with slightly higher
SLP anomalies to the south of Greenland. The SON CLW events are coincident with a
large area of high SLP anomalies (>8 hPa) covering the majority of the selected region.
The composited result for all CLW cases shows a broad region of high SLP anomalies with
an anticyclonic anomaly feature just south of Iceland. In all the CLW cases, regardless of
the season, the wind anomalies are from the southwest at Summit Station. Again, this is
consistent with the surface wind observations for the CLW events at Summit Station (see
Fig 6.7).

Figure 7.6 shows similar maps, but for the upper-level conditions using the 500 mb
geopotential height (GPH) and wind anomalies. In the top panels of Fig. 7.6 the mean
anomalies for the 500 mb GPH and winds are shown for all IC events (top, left), the IC
events in JJA (top, middle), and the IC events in SON (top, right). In all three maps, there
is a dipole pattern with an anomalous trough to the west of Greenland and a ridge to the
east. This dipole is situated along the long axis of Greenland, though shifted east in JJA
and west in SON. The low and high 500 mb GPH anomalies in SON are larger than JJA,

ranging from -60 meters to >80 meters. In all the anomaly maps for the IC events, the
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upper-level wind anomalies are from the southeast, from off the southeastern coast of
Greenland to Summit Station.

The CLW events for all times are depicted in Fig. 7.6, bottom, left panel, while JJA
CLW events are in the bottom, middle panel, and SON CLW events are in the bottom,
right panel. In all three maps for the CLW snow, there is a broad high anomaly of GPH
over all of Greenland and most of the featured region. This anomalous ridge is slightly
lower in JJA, ranging 40 — 60 meters, while a much larger anomaly in SON with most of
the area over the GIS higher than 80 meters. In all the CLW events, regardless of season,
the 500 mb wind anomalies are from the south to southwest, and southwest over Summit

Station.

7.4 Discussion

The IC snow events identified are seemingly uncorrelated with the NAO index and
the GBI heights as depicted in the histograms in Fig. 7.1 and 7.3. This is consistent with
the SLP anomaly maps patterns for the IC snow events, shown in Fig. 7.5, as there is a
SLP anomaly dipole near Iceland, but no strong evidence of a weakened Icelandic Low.
The GPH height anomalies for the IC snow events illustrated in Fig. 7.6 again show a
dipole structure with a trough and ridge centered along the long axis of Greenland. The
GBI value is an average height over most of Greenland and would include both the
negative and positive GPH anomalies, therefore an average value would not be
representative of the dipole structure (GBI calculation region shown in yellow in left
panels of Fig. 7.6). Consequently, it is not surprising that there is not a correlation

between either the NAO or the GBI with the IC snow events.



115

The SLP anomaly maps indicate the presence of low-pressure storms in the Baffin
Bay and around the southern tip of Greenland during the IC snow events. Additionally, the
GPH height anomalies for the IC snow events indicate a trough and ridge dipole structure
that is consistent with frontal systems (Holton, 2004). Chen et al. (1997), showed that
cyclone tracks along the western coast of Greenland into Baffin Bay and along the
southern tip of the island lead to positive precipitation anomalies over the southern GIS
(see Fig 2.6 in Chapter 2). Additionally, Schuenemann et al. (2009), found that lows along
the Baffin Bay, low-pressure storms split by the topography of the southern tip of
Greenland, and cyclones adjacent to the southeastern coast all produced positive
precipitation anomalies over the southern and central GIS. Furthermore, studies find that
Greenland lee cyclogenesis is coupled to increased convection precipitation in the
southeastern part of the GIS (Chen et al., 1997; Bromwich et al., 1998; Rogers et al.,
2004). Schuenemann et al. (2009) found that the Baffin Bay lows in the summer months
were weaker while the intense cyclones were more frequent in fall and winter, which is
consistent with patterns seen in the JJA and SON IC events, respectively. The SLP and
500 mb GPH height anomaly patterns observed for the JJA and SON IC events are
consistent with previous studies of the North Atlantic storm tracks that lead to precipitation
over the GIS.

The CLW events are related to the negative phase of the NAO with a mean index of
-0.51 + 0.73, however this is somewhat weak and there is a large variance in the values.
The positive phase of the NAO has been connected to a general reduction of precipitation
over the GIS (Hurrell, 1995; Chen et al., 1997; Bromwich et al., 1999). While the negative

phase of the NAO is connected to weaker westerly winds, which generally leads to large
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scale atmospheric flow from the southwest coast of Greenland onshore advecting moisture
onto the GIS (Hurrell, 1995; Bromwich et al., 1999). The mean SLP anomalies for the
CLW snow events in Fig. 7.5 show positive SLP anomalies over most of Greenland and
just to the south of Iceland, which is consistent with the regional characteristics of the
negative phase of the NAO as the Iceland Low is weakened. The 10 meter wind anomalies
are mainly from south and southwest coast of Greenland, approaching Summit Station
from the southwest, implying that the mixed phase clouds associated with the CLW
precipitation likely advected over the GIS from the southwest of Summit Station. Previous
studies in western and southern Greenland linked ice core derived accumulations with a
correlation to the negative phase of the NAO (Appenzeller et al., 1998; Mosely-Thompson
et al., 2005).

The CLW events are co-located with a range of GBI heights on the high end of the
height climatology (see Fig. 7.3). This is not surprising as the majority of these events (80
%) occurred in JJA when the GBI heights are highest. However, the CLW events are also
related to phases of high GBI anomalies, when compared to the climatology from 1948 —
2015, with a mean value of 54.4 = 75.9 meters. This is consistent with previous studies,
which showed that GBI is anti-correlated with the NAO with higher than average 500 mb
GPH observed during the negative phase (Hanna et al., 2016). The GPH anomalies for the
CLW snow events are almost exclusively positive over Greenland and throughout the
region (see Fig. 7.6.). High GBI values are connecting to large regions of high surface
pressure and warmer than average temperatures over the GIS (Hanna et al., 2013). The
500 mb GPH anomaly maps also indicate large regions of calm conditions where mixed

phase clouds have been shown to persists and last long periods of time, possibly
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precipitating on the way to Summit (Morrison et al., 2012). Additionally, the occurrence
of long-lived mixed-phase clouds as detected by ICECAPS is show to be connected to the

negative phase of the NAO (Edwards-Oppenheim et al., 2017).

7.5 Summary

This work connects six years of observations from a single point in the central GIS
to the associated large-scale dynamics and anomalies; therefore we can comment briefly on
the implications of some of the well-used indexes and the impacts of major North Atlantic
storm tracks. We first examined the associated NAO indexes for the IC and CLW snow
cases. For the majority of the CLW cases, the NAO phase is weakly negative and this
parallels previous studies of snowfall over the GIS (Appenzeller et al., 1998; Bromwich et
al., 1999; Mosely-Thompson et al., 2005). The IC snow cases have no correlation with an
NAO phase. Hanna et al. (2016) found that during precipitation over the GIS, the GBI
index is high as “milder, moister southerly winds are advected over the ice sheet.” We
found that the calculated mean GBI for the identified CLW events was positive, which
agrees with findings from Hanna et al., 2016. However the GBIs that correlated to the IC
snow events were not especially high. Though GBI may accurately represent the
dynamical forcing for the CLW snow events, which do have a high anomaly over much of
the GIS, it is not representative of the dynamics in the IC snow events. The dipole structure
in the 500 mb GPH anomalies associated with the dynamics of the IC snow is centered in
the middle of the GBI determined region, and therefore a single height is not an accurate
representation.

Preliminary comparisons to precipitation predictions based on climatological

indexes shows that the GBI positive mode and NAO negative mode are consistent in the
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literature for describing the dynamics connected with CLW snow precipitation. CLW
snow events originating from mixed-phase clouds are coupled to slowly advecting air
masses from the south and southwest coasts of Greenland, which is consistent with current
literature for the GBI and NAO indexes (Hanna et al., 2016; Bromwich et al., 1999).
However, these index modes do not represent the dynamics of the IC snow cases. The
implication is that IC snow processes are more connected to specific storm systems that
interact with the Greenland ice sheet, in particular Greenland ridge lee cyclones, Baffin
Bay lows, and the bifurcation of Baffin Bay low-pressure systems. Previous work has
shown that these types of individual storms generate precipitation on the central GIS

(Kapsner et al., 1995; Chen et al., 1997; Schuenemann et al., 2009).



Table 7.1 The IC and CLW snow events as a percentage of occurrence for each season.

JJA SON DJF | MAM
IC Snow Events 30 % 63 % 7% 0%
CLW Snow Events | 78 % 20 % 0% 2%
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Figure 7.1 NAO index for all times (1950 — 2017), black solid line, and NAO index for ICECAPS time frame (2010
—2017), black dashed line. These are shown in fraction of counts. The middle black is a histogram of IC snow
events (98) and the bottom blue is a histogram of CLW snow events (82). The mean and standard deviation of the
NAO index for the IC events are -0.05 + 0.77 and for the CLW events are -0.51 + 0.73.
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Figure 7.2 Annual cycle of GBI values shown in height versus the day of the year. Each blue point is a value for
the days from 1948 — 2015. There is a large dependence on the height as a function of the season. For example,
the January mean GBI height is ~5100 meters, while in July it is ~5500 meters. There is the largest variance of
values in the northern hemisphere winter months. The IC events are plotted in black stars and the CLW events

are plotted in blue circles.
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Figure 7.3 The left panels show the GBI heights for all times (1948 — 2015), black solid line, and GBI heights for
ICECAPS time frame (2010 — 2015), black dashed line, shown in fraction of counts (top). The left, middle panel in
black is a histogram of IC snow events (65) and the left, bottom panel in blue is a histogram of CLW snow events
(72). The right top panel in green is the ICECAPS time range GBI anomalies (versus the days from 1948 — 2015).
The right, middle panel is the histogram of the GBI anomalies compared to the 1948 — 2015 time period for the IC
events (black). The right, bottom panel is the histogram of the GBI anomalies compared to the 1948 — 2015 time
period for the CLW events (blue).
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Figure 7.4 Scatter plots for the mean snow rate values and the various indices: NAO (top), GBI height (middle),
GBI anomaly (bottom). The IC events are depicted with black stars and the CLW events are depicted with blue

circles.



124

IC Snow Cases JJAIC Snow Cases SON IC Snow Cases
SLP, 10m Wind Anomalies SLP, 10m Wind Anomalies SLP, 10m Wind Anomalies hPa

50°N

40°N 1

300N ],

S

40°W

CLW Snow Cases JJA CLW Snow Cases SON CLW Snow Cases
SLP, 10m Wind Anomalies SLP, 10m Wind Anomalies SLP, 10m Wind Anomalies hPa

x — , " _ » - 2 % s

50°N

40°N ]

300N},

Figure 7.5 The SLP and 10 meter wind anomalies for the IC snow cases (top) and the CLW snow cases (bottom).
The left panels show the SLP and 10 meter wind anomalies for all IC cases (top) and CLW cases (bottom). The
middle panels show the SLP and 10 meter wind anomalies for the JJA events for each snow type (IC, top; CLW,
bottom). The right panels show the SLP and 10 meter wind anomalies for the SON events for each snow type (IC,
top; CLW, bottom).
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Figure 7.6 The 500 mb GPH and wind anomalies for the IC snow cases (top) and the CLW snow cases (bottom).
The left panels show the 500 mb GPH and wind anomalies for all IC cases (top) and CLW cases (bottom). The
middle panels show the 500 mb GPH and wind anomalies for the JJA events for each snow type (IC, top; CLW,
bottom). The right panels show the 500 mb GPH and wind anomalies for the SON events for each snow type (IC,
top; CLW, bottom). The yellow dashed lines outline the area used for averaging the 500 mb GPH heights to
calculate the single GBI value.
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Chapter 8

8 Conclusions

Using ground-based remote sensing and in-situ instrumentation, we are able to
better characterize the precipitation events at Summit Station. By utilizing measurements
from the ICECAPS suite and NOAA TAWO meteorological data, as well as implementing
radiative transfer models and using reanalysis products outlined in Chapter 3, we are able
to further our understanding of the precipitation processes in the central GIS. Adding
information about specific snow regimes occurring at Summit Station help to constrain the
mass balance of the central GIS and enable a better understanding of the regional
meteorological conditions that lead to precipitation over Greenland.

In Chapter 4, we outlined a method to isolate the ice hydrometeor signature in high-
frequency MWR channels and examined several summers of observations from the
ICECAPS data record. We found that the cloud and precipitation characteristics observed
by the MMCR for events with less than 40 g m™ LWP were very different from those
events with more than 40 g m™> LWP. Additionally, through this work we learned that the
LWP retrievals during precipitation events at Summit Station were biased by the ice
hydrometeors. This discovery led to the development of a novel tool, which uses the low-
frequency and high-frequency MWR window channels to partition precipitation events
into distinct snow regimes (see Chapter 5).

We find that precipitation observed at Summit Station can be broadly classified
into two regimes: snow originating from a fully-glaciated ice cloud (IC snow) and snow
originating from an Arctic mixed-phase cloud (CLW snow). In Chapter 6, we summarized

properties of each snow type: IC snow accounts for ~35 % of all accumulation at Summit
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Station and occurs throughout the year with higher accumulations in August through
November; while CLW snow accounts for about half the accumulated precipitation and
occurs almost exclusively from June through September. We found that IC snow is
coupled to deep clouds, while the CLW snow was associated with shallower clouds. In
general, the snow regimes originate from different directions with the IC snow associated
with stronger than average winds from the southeast and the CLW snow associated with
moderate winds from the south and southwest. Additionally, we found that very different
dynamics seemed to be driving each snow regime and in Chapters 6 and 7, we explored
further the dynamics associated with each snow regime. We found that IC snow events are
coupled to low-pressure systems tracking through Baffin Bay or across the southern tip of
Greenland, while the CLW snow events seem to be connected to the negative phase of the

NAO and anomalously high values of GBI.

8.1 Future work and applications
The snow regime classification tool has proved useful in illuminating some of the
questions concerning the origination and transport of air masses that produce precipitation
at Summit Station. However, there are many additional complimentary studies that could
be performed:
* The snow classification regime tool could be applied to similar Arctic ground-
based instrument sites, such as the DOE ARM sites at Barrow and Oliktok Point.
e Current work uses reanalysis products to capture a regional picture of the
precipitation processes, but satellite products could be explored as a means to

further augment and strengthen these findings.
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* The IC snow events identified in this work are ideal cases in which to test and
refine PSDs and ice habit assumptions in ice scattering models.

* Studies of the different snow regimes could lead to information about ice
nucleating particles and their origins.

As stated earlier, the ICECAPS suite of instruments is similar to those at DOE
ARM ground-based climate research facilities (Ackerman and Stokes, 2003). Currently,
there are two Arctic-based atmospheric observatories with similar instruments: a
permanent facility on the North Slope of Alaska (NSA), near Barrow, and a mobile facility
at Oliktok Point, Alaska (OLI). Both sites have MWRs with a low-frequency window
channel (31.40 GHz), the NSA facility has an MWRHF (90 and 150 GHz channels) and
OLI has an MWR with a 90 GHz channel. The MWR snow classification tool outlined in
Chapter 5 could be applied to the MWR data from both NSA and OLI with a similar
characterization of the snow processes. It would be interesting to see if similar snow
regimes exist in other regions of the Arctic, or if these precipitation events are unique to
the central GIS. There are potential challenges in employing the MWR snow classification
technique to other Arctic sites as the extremely dry environment at Summit Station is
unique, and it may be difficult to apply to NSA and OLI with similar success due to the
higher optical depths in a more WV-rich environment.

Studies of clouds in the Arctic using active and passive remotely sensed
measurements from satellites highlight these spaceborne systems as potential tools for
expanding this work beyond Summit Station. Recent work using observations from
satellite illustrated that Arctic clouds are enhancing GIS meltwater runoff when compared

to clear sky conditions (Van Tricht et al., 2016). Additionally, satellite-based studies of
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precipitation over the GIS, showed that the southeastern region of Greenland is dominated
by deeper snowfall structures (Kulie et al., 2016). We can use observations from the
CloudSat Cloud Profiling Radar (Stephens et al. 2002) coincident with identified snow
events from each regime to obtain a regional picture of the corresponding clouds and their
physical and spatial characteristics. By using the added spatial context from available
satellite observations, we can further connect the observations from ICECAPS to the
greater GIS.

Modeling the scattered microwave radiation from the ice hydrometeors in the
atmosphere is a non-trivial task and requires a-priori knowledge of PSDs and ice habits
(Kulie et al., 2010). This is further complicated by accurately modeling the emission from
the CLW present in the atmosphere. We can better test the likely PSDs and ice habits
present at Summit Station by using the ICECAPS observations during IC snow events.
During the IC snow events, we do not need to consider the effects of the CLW and this
simplifies the approach. In-situ measurements of the temperature, relative humidity, and
pressure from radiosondes and reflectivity profile data from the MMCR can both be
utilized as inputs into a radiative transfer model. We can use databases of PSDs available
and test their applicability to the environment at Summit Station during the IC events
(Matrosov et al., 2003; McFarquhar and Cober, 2004; Heymsfield et al., 2013).
Additionally, we can use IcePIC images to choose likely ice habits for modeling the ice
scattering. This modeling work can lead to a better understanding of likely PSDs and ice
habits present during IC snow events, which aids in creating more accurate values of ice

water path (IWP). Using these improvements, we can then create a joint MWR-based
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retrieval of the PWV, LWP, and IWP through improved modeling of the IWP combined
with the existing PWV and LWP retrieval method.

The amount of ice hydrometeors present directly affects the precipitation properties
and radiative characteristics of a cloud. The formation of ice hydrometeors within the
cloud is strongly modified by the availability of ice nucleating particles (INP) within an air
mass. INPs are aerosols that allow ice to heterogeneously freeze at higher temperatures or
lower relative humidity than would in a clean (aerosol free) environment, as CLW droplets
have been observed to remain liquid down to -40 °C. Understanding the sources of INP
and how they may be connected to the IC snow events at Summit Station is a worthwhile
study. For example, feldspar is an excellent INP and found in the Saharan Air Layer
(Atkinson et al., 2013) and it would be useful to know if there are particularly high
amounts concurrent with the IC snow events. Additionally, recent work by Wilson et al.
(2015) found a marine biogenic source of INP in high concentration around the southern
tip of Greenland and off the southeastern coast. Connecting the IC snow events with their
possible sources of INPs would be a key component in understanding in how these air
masses produce snow over the central GIS.

These are only a few examples of combining the available ICECAPS observations
and products with outside instrumentation or datasets to potentially enhance our
understanding of precipitation origin, formation, transport, and deposition over the GIS.
We aim to highlight the flexibility and worth of the ice hydrometeor and snow
classification method as a means to add to the expanding collective knowledge of Arctic

precipitation characteristics and processes. We feel that the body of work presented in this
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dissertation contributes to a better understanding of precipitation accumulation and

constraining the processes that lead to mass deposition in the central GIS.
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Appendix A: Acronyms

Acronym Name

2DH Two-Dimensional Histogram

AGL Above Ground Level

AMOC Atlantic Meridional Overturning Circulation

AMP Arctic Mixed Phase

AO Arctic Oscillation

ARM Atmospheric Radiation Measurement

ASIAA Academia Sinica Institute of Astronomy and Astrophysics
BT Brightness Temperature

CBH Cloud Base Height

CBH1 First Cloud Base Height

CLW Cloud Liquid Water

CPC Climate Prediction Center

DIJF December, January, and February

ECMWF European Centre for Medium-Range Weather Forecasts
GBI Greenland Blocking Index

GIS Greenland Ice Sheet

GISP2 Greenland Ice Sheet Project 2

GPH Geopotential Height

HATPRO Humidity and Temperature Profiler

HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory

IC Ice Cloud

ICECAPS Integrated Characterization of Energy, Clouds, Atmospheric State, and
Precipitation at Summit

IcePIC Ice Particle Imaging Camera

IPCC Intergovernmental Panel on Climate Change
IWC Ice Water Content

IWP Ice Water Path

JJA June, July, August

LDS Dendrites

LR3 Liu Three-Bullet Rosettes

LSS Liu Sectored Snowflakes

LWC Liquid Water Content

LWE Liquid Water Equivalent

LWP Liquid Water Path

MAM March, April, May

MASC Multi-Angle Snowflake Camera

MIXCRA Mixed Phase Cloud Property Retrieval Algorithm
MMCR Millimeter Wavelength Cloud Radar
MonoRTM  Monochromatic Radiative Transfer Model
MWR Microwave Radiometer

MWRHF High-Frequency Microwave Radiometer
MWRRET  MWR Retrieval
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NAO North Atlantic Oscillation

NCAR National Center for Atmospheric Research
NCEP National Centers for Environmental Prediction
NOAA National Oceanic and Atmospheric Administration
OD Optical Depth

POSS Precipitation Occurrence Sensor System

Ppu POSS Power Units

PSD Particle Size Distribution

PWV Precipitable Water Vapor

RT Radiative Transfer

SLP Sea Level Pressure

SLR Sea Level Rise

SOI Successive Order of Interaction

SON September, October, November

SSA Single Scatter Albedo

TAWO Temporary Atmospheric Watch Observatory
UTC Coordinated Universal Time

VCEIL Vaisala Ceilometer

VA% Water Vapor

ZPATH Integrated Reflectivity
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