HIGH AND DRY

New Observations of Tropospheric and Cloud
Properties above the Greenland Ice Sheet

BY MATTHEW D. SHUPE, DAVID D. TURNER, VON P. WALDEN, RALF BENNARTZ,
ADEDDU, BENJAMIN B. CASTELLANI, CHRISTm.'COX, Davip R. HupbAk,

ICECAPS is a new observational campaign to study how
the cloudy atmosphere impacts the energy and hydrological
budgets of the central Greenland Ice Sheet.

mass budget of the Greenland Ice Sheet (GIS) both as a source, via

precipitation, and a potential sink, via modulation of the surface energy
budget. The Arcticis changing rapidly (Stroeve et al. 2007; Zhang et al. 2008;
McPhee et al. 2009), and with it the GIS is losing mass at an accelerating rate
(Rignot and Kanagaratnam 2006; Tedesco 2006; Hanna et al. 2008). With a
total of 7 m of equivalent sea level rise captive in the GIS (Church et al. 2001),
any significant loss can have dramatic implications for P

c louds and the atmospheric state play fundamental roles in the cryospheric

The Mobile Science Facility housing ICECAPS instruments at Summit, Greenland.



global coastal ecosystems and communities
(FitzGerald et al. 2008; Nicholls and Cazenave
2010); may impact the thermohaline circulation,
which transports global heat (Fichefet et al. 2003;
Ridley et al. 2005; Jungclaus et al. 2006); and can
affect other regional and global climate processes.
To understand present and future manifestations of
change to the GIS requires an explicit understand-
ing of regional cloud and atmosphere processes,
including how these processes interact with the ice
sheet and how they might change as their environ-
ment changes.

Harsh conditions and remoteness have hindered
the kind of intensive, comprehensive multisensor
ground-based observations that are needed to well
characterize Arctic cloud and atmospheric processes,
particularly over the GIS. Sophisticated cloud-
atmosphere observatories have been established at
a few Arctic locations for long-term and short-term
campaigns. To date, however, there have been few
such observations over the GIS. For example, our
knowledge of GIS clouds is limited to periodic surface
observer records (e.g., Putnins 1970), approximately
one year of ceilometer measurements over the central
ice sheet (Starkweather 2004), and satellite measure-
ment records (Cawkwell and Bamber 2002; Griggs
and Bamber 2008). The first of these is limited in its
ability to characterize the details necessary to quan-
tify important radiative and precipitation processes.
Satellite observations, while an important additional
perspective, struggle to distinguish clouds from the
highly reflective ice sheet surface (e.g., Curry et al.
1996), have poor thermal contrast (Frey et al. 2008),
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suffer from attenuation (Vaughan et al. 2009), or fail
to detect frequent near-surface clouds (Marchand
etal. 2008). Additionally, satellite measurements are
generally temporally sparse and are unable to capture
the diurnal evolution of cloud and atmospheric struc-
ture. These various limitations, in the face of such an
important need, have motivated the creation of a new
cloud-atmosphere observatory at Summit Station, in
the center of the GIS.

THE OBSERVATORY. Covering 1.7 x 10° km?
of Earth, the GIS is a distinctive feature of Northern
Hemisphere topography. Its size and height have
a significant influence on regional and Northern
Hemisphere synoptic flow (e.g., Putnins 1970; Scorer
1988; Doyle and Shapiro 1999; Steffen and Box 2001).
Summit Station (72.6°N, 38.5°W) is located high atop
the GIS at an elevation of 3,250 m above sea level
(Fig. 1), making it a unique location for a cloud-
atmosphere observatory. The station is about 400 km
from the east and west coastlines and more than
1,000 km from the southwest and southeast coasts,
from which most of the flow impinging on Summit
originates (Steffen and Box 2001; Schuenemann
et al. 2009), making it a distinctly continental
environment. Additionally, the high altitude leads
to extremely cold and dry conditions and a relative
compression of the troposphere above the ice sheet.

Initially the site of the Greenland Ice Sheet
Project 2 (GISP2; e.g., Alley et al. 1996) ice core
drilling station in 1989, by the mid-1990s Summit
had transitioned into a hub for regional science
projects to study a variety of atmosphere and ice
sheet properties. Predominantly supported by the
U.S. National Science Foundation, Summit has
been a year-round observatory since 2003. The U.S.
National Oceanic and Atmospheric Administration
(NOAA) has maintained a long-term presence at the
site, conducting routine measurements there since
the mid-1990s. Recent and ongoing measurements
at Summit examine surface—atmosphere exchange,
near-surface chemistry, trace gases, surface energy
and precipitation budgets, low atmosphere structure,
ice core profiles, and others.

It is within this context that the Integrated
Characterization of Energy, Clouds, Atmospheric
State and Precipitation at Summit (ICECAPS)
project began as part of the U.S. Arctic Observing
Network (AON) in the spring of 2010. ICECAPS
represents the most comprehensive effort to date
to study the atmospheric structure and clouds at
Summit, or at any other location over the GIS. The
instrument suite has been intentionally modeled af-
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ter other long-term Arctic observatories (e.g., Fig. 1)
operated by the U.S. Department of Energy (DOE)
Atmospheric Radiation Measurement Program
(ARM) in Barrow, Alaska (Stamnes et al. 1999), and
the NOAA-Canadian Network for Detection of
Atmospheric Change (CANDAC) in Eureka, Canada
(Shupe et al. 2011). Additionally, similar observational
suites were deployed for shorter campaigns over the
central Arctic during the Surface Heat Budget of the
Arctic Ocean (SHEBA; Uttal et al. 2002) and Arctic
Summer Cloud Ocean Study (ASCOS; Tjernstrom
et al. 2012) projects. One strength of the instrument
suite installed at Summit, and the other Arctic obser-
vatories, is the complementary nature of the different
instruments that together provide observations to
characterize most important properties of clouds,
atmospheric thermodynamic state, and radiation
above the site. Year-round measurements from such
complex suites of instruments require the consistent
and continual support and infrastructure that is
provided by a facility like Summit Station. Instru-
ment specifications and operation considerations are
briefly outlined below and summarized in Table 1 and
pictorially represented in Fig. 2.

One objective of the ICECAPS campaign is to
characterize the atmospheric state. This is partially
accomplished by a twice-daily radiosonde program.
The first year of soundings measured only pressure,
temperature (T), and relative humidity (RH);
however, in summer 2011 the program added once-
per-day radiosonde measurements of horizontal wind
speed and direction. All soundings are automatically
uploaded to the Global Telecommunication System
for routine ingest by operational models and easy
access to consumers of sounding observations.
Atmospheric temperatures are also constrained by
measurements near 60 GHz from the Humidity
and Temperature Profiler (HATPRO) microwave
radiometer (MWR; Rose et al. 2005) and spectral
infrared measurements by the Polar Atmospheric
Emitted Radiance Interferometer (P-AERI; Knuteson
et al. 2004). These passive measurements contain
information on temperature and moisture profiles
at better than 5-min temporal resolution up to
heights of 2-3 km above ground level (Turner et al.
2000; Crewell and Lohnert 2007; Lohnert et al. 2008,
2009). Additionally, microwave measurements at
20-30 GHz are used to derive the column-integrated
precipitable water vapor (PWV) amount (Turner et al.
2007a). Information on the boundary layer depth and
structure is determined from atmospheric density
gradients observed using sound waves transmitted
by a bistatic sodar (Neff et al. 2008).
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Fic. |I. Map of the Arctic showing the location of
Summit, Greenland relative to other similarly instru-

mented Arctic observatories or campaigns.

Cloud properties are observed by a number of
active and passive sensors. Two depolarization
lidars are in operation: the MicroPulse Lidar (MPL;
Campbell etal. 2002; Flynn et al. 2007) and the Cloud
Aerosol Polarization and Backscatter Lidar (CAPABL;
Neely et al. 2012, manuscript submitted to J. Atmos.
Oceanic Technol.). Lidar backscatter is proportional
to the total area of atmospheric targets (i.e., cloud
particles), while the depolarization ratio contains
information on particle shape (i.e., Sassen 1974;
Intrieri et al. 2002), both of which are very useful in
identifying particle phase. In addition, lidar measure-
ments are used to derive cloud presence, base height,
optical depth in some conditions, and microphysical
properties such as particle size and water content
(e.g., Donovan and van Lammeren 2001; Turner and
Eloranta 2008). The lidar signal fully attenuates in
clouds with optical depths greater than ~3 (Sassen
and Cho 1992), preventing some upper-level obser-
vations. A ceilometer, which robustly measures the
cloud-base height, augments the other lidars.

Observations from a Doppler 35-GHz Millimeter
Cloud Radar (MMCR; Moran et al. 1998) nicely
complement those from the lidars. Radar reflectivity
and mean Doppler velocity provide information on
the size and vertical motions of hydrometeors, while
the Doppler spectrum width carries information on
atmospheric turbulence. Cloud radar measurements
contribute to the characterization of cloud presence,
boundaries, phase (Shupe 2007; Luke et al. 2010),
microphysical properties (Fox and Illingworth 1997;
Shupe et al. 2005), and some in-cloud dynamical
properties (Kollias et al. 2001; Shupe et al. 2008).
Augmenting the cloud radar is a Precipitation
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Occurrence Sensor System (POSS; Sheppard and Joe
2008), which is a bistatic, continuous wave, X-band
radar that measures backscatter within a single
sample volume a few meters above the surface. These
measurements offer estimates of both the ice particle
size distribution and snowfall rate.

Passive measurements of downwelling atmo-
spheric radiation at different frequencies add further
information on cloud properties. Microwave bright-
ness temperature measurements from HATPRO and a
high-frequency microwave radiometer (MWRHF) at
23,31,90, and 150 GHz are used to derive the column-

integrated liquid water path (LWP; Turner et al.
2007a), with the higher-frequency measurements
providing crucial information at the typical low liquid
water amounts in the GIS environment (Crewell
and Lohnert 2003). P-AERI infrared radiances
nicely complement the microwave measurements by
providing increased sensitivity and decreased un-
certainty for LWP retrievals in optically thin clouds
(Mahesh et al. 2001a,b; Turner 2005). For optimal
retrievals of LWP across the range of possible values,
these microwave and infrared retrievals are combined
(Turner 2007). The spectral infrared measurements

TasLE |. ICECAPS instrument specifications, measurements, and derived parameters. All instruments
other than the IcePIC and radiosondes are pointed approximately in the zenith direction. Instrument
resolutions are given as “res.”

Primary
Instrument name Key specifications measurements Derived parameters Institution

P-AERI 530-3,000 cm™' (3—19 ym), Downwelling spectral Cloud phase and University of
| cm™ res., <I-min time res. infrared radiance microphysics, Idaho

atmospheric temperature

MWRHF Frequencies: 90, 150 GHz, Downwelling brightness | Cloud LWP, PWV University of
2—4-s time res. temperatures Wisconsin

HATPRO Frequencies: 7 channels 22—-32 | Downwelling brightness | Cloud LWP, PWYV, University of
GHz, 7 channels 5|-58 GHz, |temperatures atmospheric temperature | Wisconsin
2—4-s time res.

MMCR Ka band (35 GHz), 8-mm Reflectivity, mean Cloud boundaries, phase, | NOAA Earth
wavelength, 2-s time res., Doppler velocity, microphysics; cloud-scale | System Research
45-m vertical res. Doppler spectrum dynamics Laboratory

width, Doppler spectra (ESRL)

MPL 532-nm wavelength, Relative backscatter, Cloud-base height, phase, | DOE ARM
5-s time res., 15-m vertical hybrid linear—circular microphysics
res., 2°-4° off zenith depolarization ratio

CAPABL 523-nm wavelength, Backscatter, linear Cloud-base height, phase, | NOAA/ESRL
15-s time res., 30-m vertical res., | depolarization ratio, microphysics
three-channel receiver, 2°—11° | diattenuation
off zenith

Ceilometer 905-nm wavelength, Backscatter Cloud-base height DOE ARM
|5-m vertical res., 15-s time res.

POSS X-band (10.5 GHz), |-min Reflectivity, Doppler Precipitation rate Environment
time res., single volume near | spectra Canada
surface

Sodar 2,100 Hz, <I-m vertical res., | Reflectivity Boundary layer depth NOAA/ESRL
I-s time res.

IcePIC Canon D50 DSLR, Digital photographs Ice crystal habit University of
~5.6 magnification, Idaho
I.5 um res., 6.1 megapixels

Radiosondes I-s time res., twice daily, Temperature, relative Cloud temperature, tro- | University
RS-92K or RS-92SGP sondes | humidity, pressure, pospheric thermodynamic | of Idaho and

winds structure University of
Colorado
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also contain information

on cloud phase (Rathke IR

et al. 2002; Turner et al.
2003; Turner and Eloranta
2008), emissivity (Mahesh
et al. 2001a,b), and some
layer-averaged microphysi-
cal and optical properties
(Turner 2005).

ICECAPS equipment
also includes an ice particle
imaging camera (IcePIC)
that was patterned after
one developed by Kenneth
G. Libbrecht. It is a manual
device with which falling
ice crystals are captured
on a microscope slide and s

hotographed using a = y
pNikon gDS(f DSLR camgera Lo i

Precip Sensor:

Ceilometer:
Cloud base

Spectral Infrared Interferometer:
Cloud phase, microphysics, | W radiation

mounted on a ~5.6X mag- Fic. 2. Collage showing the ICECAPS instrumentation installed inside, on
nifying microscope body.  top of, and near the Mobile Science Facility at Summit, Greenland. LW =
While not quantitative in longwave. (Photo credits: M. Shupe, M. Okrazewski.)

nature, these photos are
useful for determining pre-
cipitating crystal habits, which are related to specific
cloud conditions, and the occurrence of rime, or water
droplets that freeze onto ice crystals as they fall.
Many details of the ICECAPS raw observa-
tions, derived products, and data availability are
provided on the Advanced Cooperative Arctic
Data and Information Service (ACADIS; www
.aoncadis.org) data portal. Additionally, quicklook
imagery from all data streams is updated daily
on the ICECAPS website (www.esrl.noaa.gov/psd
/arctic/observatories/summit).

COMPLEMENTARY PERSPECTIVES. An
observational case from 21 September 2010 is used
to illustrate the complementary nature of ICECAPS
observations and derived products for characterizing
cloud, precipitation, and atmospheric structure. On
this day, a high pressure system sat directly over the
central GIS leading to weak (~5 m s™') southwesterly
winds at Summit. The synoptic structure is relatively
steady over the couple of days surrounding this
weather event, with low-level temperatures remaining
near —20°C for the duration.

Active and passive remote sensors (Figs. 3-5) paint
a consistent and detailed picture of cloud and atmo-
sphere structure for this day. First, it is apparent that
there are clouds overhead throughout the day. These
clouds are typically decoupled from the surface by

AMERICAN METEOROLOGICAL SOCIETY

a relatively weak (<5°C) surface-based temperature
inversion below 100 m. Initially, a mixed-phase strato-
cumulus cloud is present below 1 km while a thin cirrus
cloud, composed solely of ice crystals, develops over-
head. In time, the cirrus layer deepens and lowers and
by 1200 UTC the stratocumulus has diminished while
very light snow falls from the upper ice cloud down to
the surface. The deeper, precipitating ice cloud persists
until about 2100 UTC with periodic embedded layers
of supercooled liquid water. Finally, after 2100 UTC the
strongest, though still relatively weak, precipitation oc-
curs as a classic multilayer, mixed-phase cloud system
(e.g., Curry et al. 1996) and persists until the end of
the day. Here we highlight many of the specific obser-
vational signatures that support this general picture.

We first consider the identification of condensed
liquid during this case. Generally cloud liquid water
is characterized by high lidar backscatter, low de-
polarization ratio, and a cloud base that is readily
observed by ceilometer. As convection is limited in
Arctic environments, liquid water usually occurs as
stratiform layers. A number of these layers are clearly
visible throughout the case, including at the top of
stratocumulus layers at the beginning and end of
the case, as well as intermittent layers embedded in
a deeper cloud system in the middle (Figs. 3d,e). At
times signal attenuation in lower clouds prevents the
lidars from observing upper cloud layers.
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Other measurements support these lidar observa-
tions and provide additional insight. For example,
as the stratocumulus liquid cloud base slowly lifts
from 0.5 km at 0600 UTC to 1 km by 1100 UTC, it
thins geometrically (Fig. 3a). Over this same time,
the microwave-derived LWP decreases from 50 g m™
down to negligible values (Fig. 4d). P-AERI infrared
spectra indicate initial blackbody conditions with
11-pum emissivity near unity (Figs. 5b,c), but as the
cloud thins to LWP <~30 g m™ the atmospheric
“windows” at <600 and 750-1,250 cm™ slowly open

(Fig. 5a) and cloud emissivity decreases (Fig. 5b).
Similar radiometric signatures indicate that liquid lay-
ers in the latter half of the case are quite thin. Finally,
the 2320 UTC radiosonde profile clearly reveals
water-saturated layers at 0.7 and 2 km collocated with
temperature inversions at —-18° to —28°C (Fig. 6). The
upper cloud layer is associated with a shallow moisture
inversion and its top extends into the temperature
inversion (e.g., Sedlar et al. 2012; Solomon et al. 2011).
The complementary ICECAPS instrument suite
provides significant information on the atmo-
spheric thermodynamic

and dynamic structure,
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cooled liquid water layers
and their turbulence pro-
duction driven by cloud-
top radiative cooling (e.g.,
Pinto 1998). The 2320 UTC
sounding clearly shows
mixed layers—or layers
of approximately con-
stant equivalent potential
temperature—associated
with both liquid cloud
layers, while the 1114 UTC
sounding shows a remnant
of a mixed layer associ-
ated with the stratocumu-
lus that had just passed
(Fig. 6). Both soundings
indicate an energetic de-
‘ coupling between surface
A _B and cloud layers, charac-
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FiG. 3. Active remote-sensor measurements on 21 Sep 2010, including time-
height cross sections of (a) radar reflectivity, (b) mean Doppler velocity, (c)
Doppler spectrum width, (d) lidar backscatter, (e) depolarization ratio, (f)
diattenuation, (g) sodar reflectivity, and (h) a time series of POSS-derived
snowfall rate. The ceilometer-observed cloud-base heights are given as black
dots in (a). Orange stars along the abscissa designate the time of radiosonde
launches shown in Fig. 6. The orange bar along the abscissa designates the
time during which photos were taken using the IcePIC in Fig. 8.
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terized by surface-based
temperature inversions.
Water vapor mixing ratio
profiles show strong mois-
ture inversions above the
surface, suggesting that
advection aloft is the mois-
ture source for the cloud.
Indeed, forecast simula-



tions from the European Centre for
Medium-Range Weather Forecasts
(ECMWE) operational model reveal
a moisture plume extending from
the southern coast of Greenland
up onto the GIS toward Summit
(Fig. 7).

The sodar record (Fig. 3g) reveals
periods of increased, near-surface
static stability, characterized by
higher backscatter, with the de-
velopment of associated shallow
mixing layers up to 25-50 m above
the surface. At these times, measure-
ments at 2 and 10 m show cooling
temperatures and transitions from
near-isothermal conditions to an
inversion of about 2°C. These peri-
ods of increased static stability are
associated with decreases in down-
welling IR brightness temperatures
and diminishing cloud-driven tur-
bulence, both of which are directly
linked to the thinning and/or dis-
appearance of liquid cloud layers
aloft. These interactions suggest the
importance of cloud radiative and
dynamical processes in the near-
surface structure and surface energy
budget.

The remote sensors indicate
cloud ice crystals in two distinct
environments. First, ice forms in and
falls below the supercooled (~ -24°C)
liquid water stratocumulus layers, as
identified by high radar reflectivity,
relatively lower lidar backscatter,
and higher depolarization ratio
(Figs. 3a,d,e). The streaky nature of
radar reflectivity is a signature of
high variability in ice related to vari-
ability of in-cloud vertical motions.
Second, the higher clouds extending
above 5 km are composed of ice.

Fic. 5. P-AERI measurements and de-
rived products on 21 Sep 2010, including
(a) spectral IR brightness temperatures
as a function of time, (b) time series of
sky brightness temperature at 900 cm™'
and the derived cloud emissivity, and
(c) example IR spectra under different
conditions during the case.

AMERICAN METEOROLOGICAL SOCIETY

51 GHz
52 GHz
54 GHz

57 GHz
58 GHz

T [

&

o
e

1 22 GHz
23 GHz
- 24 GHz
25 GHz

31 GHz
90 GHz
150 GHz

10 15 20
Time [UTC]

Fic. 4. Microwave radiometer measurements and retrieved param-
eters on 21 Sep 2010, including (a) brightness temperatures from
HATPRO, (b) brightness temperatures from MWRHF, (c) atmo-
spheric temperature profiles derived from HATPRO, and (d) cloud
LWP and total PWY derived from MWRHF. Orange stars along the
abscissa designate the time of radiosonde launches shown in Fig. 6.
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Fic. 6. Radiosonde measurements at 1114 and 2320 UTC

21

Sep 2010 of (a),(b) water vapor mixing ratio and

equivalent potential temperature, and (c),(d) dry and
dewpoint temperatures. The single orange bar in (a)
indicates the location of a layer that was likely well
mixed at some point before the sounding. The two
vertical orange bars in (b) indicate well-mixed layers

as

identified by equivalent potential temperature.

Upper-level ice clouds typically have a jagged top,
smoothly increasing radar Doppler velocity as ice par-
ticles grow with descending height, and a narrow ra-
dar spectrum width that indicates
little turbulence and single-phase

minimal LWP at the time. For example, the capped
columns likely formed initially as columns near water
saturation at —20° to -25°C and then fell into some-
what warmer temperatures, supporting plate growth
(e.g., Bailey and Hallett 2009). Additionally, Hayman
and Thayer (2012) and Neely et al. (2012, manuscript
submitted to J. Atmos. Oceanic Technol.) have pre-
liminarily shown a correspondence between the lidar
diattenuation ratio and ice crystal orientation (Fig. 3f).
Higher diattenuation suggests horizontally oriented
particles, while lower diattenuation suggests particle
populations with randomly distributed orientation.
The highest diattenuation values are found in the
ice precipitating from supercooled liquid clouds, but
below the turbulent mixed layers associated with these
clouds. As opposed to the habits listed above that are
falling from the upper ice cloud, many of which have
no preferred fall orientation, it is likely that crystals
formed in the mixed-phase clouds are more dendritic
in nature. In nonturbulent environments, these crys-
tals fall in a preferred horizontally aligned orientation
as suggested by CAPABL. Additional work is required
to understand this new type of measurement before
further conclusions can be drawn (Neely et al. 2012,
manuscript submitted to J. Atmos. Oceanic Technol.).
Lastly, although the MMCR indicates ice crystals
falling to the surface all day, much of this precipitation
is so light that it is barely detectable by the POSS. Only
during the initial stratocumulus layer and at a couple
other short periods, including the period when IcePIC
pictures were taken, does the POSS observe measure-
able precipitation at the surface (Fig. 3h).

conditions. During the period ~ — 10
from 1200 to 1400 UTC,whenthe £ g
lidars identify no liquid layers, £ ¢
the LWP indeed shows no liquid =~ =
water in this 4-km-thick layer of %-. 4 E—
ice. Lastly, radiosondes suggest @ 2 S Sation
cloud-top temperatures colder 0 QEEENLAND SLBES et
than -40°C (Fig. 6), a tempera-  — 10
ture range in which liquid water 4 g
cannot persist (e.g., Mason 1952). E &
IcePIC pictures at 1740 UTC =
(Fig. 8) show unrimed hollow 3:; 4 = ;
capped columns, isolated bullets, I‘Il_:, 2 l 'ﬁg%;::gg:’eo;:gﬁf;ﬂ ;:t:;r:g 'slgied

bullet rosettes, plates, and 0
radiating plates. These crystals South g5
typically form at temperatures of

Left/Right are southword/northward flow

70 s
Latitude [deg N]

-18° to -30°C (Magono and Lee
1966), consistent with observed
cloud temperatures (Fig. 6) and

FiG. 7. 21-h forecast from the ECMWF operational model along a longi-
tudinal slice through Summit Station of (a) temperature and (b) specific
humidity and winds, valid at 0900 UTC 21 Sep 2010.
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Fic. 8. IcePIC ice crystal photographs taken at
1740 UTC 21 Sep 2010. In each photograph a reference
bar of 500-um length is provided for scale.

CHARACTERISTIC CLOUD AND
ATMOSPHERIC PROPERTIES. The ICECAPS
measurements can be used collectively to extend well
beyond specific case studies to provide a broader
characterization of cloud and atmosphere proper-
ties at Summit. Fine temporal sampling can be used
to develop statistical distributions of cloud and at-
mospheric properties over

monthly and seasonal time

scales. These distributions 1
can then be used to evalu-
ate output from numerical
models, compare cloud and
atmospheric state prop-
erties between different
Arcticsites, and validate re-
trievals from satellite mea-

meteorology over the GIS. While soundings have
been made sporadically over the ice sheet in the past
(e.g., Forrer and Rotach 1997; Helmig et al. 2002),
there has never been a sounding campaign with such
high temporal resolution over an extended period
of time. Atmospheric temperature and moisture
profiles from the first 600 days of radio soundings
are depicted in Fig. 9. It is clear that, due to the high
altitude at Summit, specific humidity is quite low
year-round, with near-surface summer values around
2 g kg™, and winter values sometimes an order of
magnitude smaller. Unique seasonal variability is
observed as the tropopause height descends from a
summer maximum around 6-8 km above ground
level to a late-winter minimum below 5 km. This cycle
is likely related to large-scale stratospheric pumping
circulations between the Arctic and tropics that are
strongest in winter but weaken in spring (Highwood
etal. 2000). Higher-frequency variability is observed
as relatively warm, moist air masses associated with
regional synoptic activity impinge upon the central
ice sheet every 7-10 days.

Probability density profiles representing these data
offer a statistical representation of the atmospheric
structure (Fig. 10). Bimodal distributions of tempera-
ture and moisture through most of the troposphere
are related to synoptic-scale variability seen in Fig. 9,
where warm, moist conditions are typically associ-
ated with the occurrence of clouds. In a mean sense,
for both cloudy- and clear-sky conditions, there are
surface-based inversions of temperature and mois-

surements. Analyses based
on the first 20 months of
observations offer many
first looks into this impor-
tant environment.

Height [km, AGL] Height [km, AGL]
ON A ® mOON & ® ®O

Atmospheric structure.
The twice-daily radio-
sonde program represents
an important contribu-

tion of ICECAPS toward Fic. 9. Radiosonde-measured (a) temperature and (b) water vapor mixing

|'|m
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bl LK
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understanding the basic ratio. Months are labeled along the top axis.
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Height [km, AGL]

Height [km, AGL]

Fic. 10. Radiosonde-measured (a),(d) temperature, (b),(e) water vapor mixing
ratio, and (c),(f) relative humidity. Top panels include average curves for all sky,
clear sky, cloudy sky, and cloudy sky with clouds below | km. Bottom panels
include probability density plots where probability distributions are calculated
at each height. Note that (d) and (e) also include the extreme soundings based
on low-level measurements: the coldest is from 17 Mar 2011, the warmest from
2 Sep 2010, the driest from 17 Mar 2011, and the wettest from 3 Sep 2010.

profile on 6 September
2010. While there are
typically two to four
temperature inversions
in the vertical, the first
inversion almost always
originates from the
surface from October
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ture up to 100-200 m. These inversions are typically
stronger under clear-sky conditions relative to cloudy
skies due to extreme low near-surface values at those
times. This average inversion structure, particularly
for moisture, points to the importance of advection
aloft as a moisture source for tropospheric processes.
Additionally, the region of highest relative humidity
(>95%) extends from the surface up to about 2 km,
with a particularly high frequency of occurrence at
30-100 m associated with common fog layers.

Monthly statistics reveal further insight into the
annual evolution of atmospheric properties (Fig. 11).
Near-surface temperatures reach an annual mini-
mum in March, with the coldest radiosonde mea-
surement of near-surface temperature of -63.7°C on
17 March 2011 (day 441 in Fig. 9a) associated with
a likely cold temperature record event at Summit.
Extreme summer maximum temperatures are typi-
cally below -10°C, while the warmest temperature
recorded by ICECAPS radiosondes was -2.6°C on
2 September 2010.

At least one tropospheric temperature inversion,
defined here as any layer deeper than 40 m where
temperature increases with height (or over any depth
when starting from the surface), has been observed
in every ICECAPS radio sounding except for a single
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through March, with a
gradual trend toward
more elevated inversions
in summer (Fig. 11b).
The lowest inversion’s
physical depth is mar-
ginally deeper in winter
relative to summer, yet
the inversion strength,
or temperature differ-
ence across the inver-
sion, is dramatically
stronger in winter,
reaching values typical-
ly greater than 10°C over
depths of about 200 m.
These inversions are
formed through strong
radiative cooling at the
surface combined with relatively warm advection
aloft through most of the year. The transition toward
more elevated inversions in the summer is likely due
to relatively more surface heating from solar radia-
tion and to the presence of thicker clouds that shape
the thermodynamic structure via radiatively driven
vertical mixing processes.

Moisture inversions are frequently concurrent
with temperature inversions in winter but become less
frequent in summer (Fig. 11e). In all months, it is more
common to observe moisture inversions associated
with surface-based temperature inversions than with
those that are elevated above the surface. On average,
moisture inversions stronger than 0.01 g kg™ occur
97% of the time when surface-based temperature
inversions are present and 47% of the time when
elevated inversions are present. Finally, the annual
evolution of total precipitable water vapor (Fig. 11f)
follows a distinct annual cycle with values less than
~1.5 mm from October through April and substantial
increases in the warmer months of the year.

These basic meteorological parameters reveal
unique atmospheric seasonal regimes that are
quite distinct from typical, lower-latitude seasonal
definitions. Winter is characterized by cold surface
temperature (<-35°C on average), frequent surface-

RH [%]



based temperature inversions (>90%) that are strong
(>10°C), and low PWV (<1.5 mm). In contrast,
summer is characterized by relatively warm surface
temperature (>-15°C), few surface-based temperature
inversions (<50%), weaker inversions (<5°C), and
high PWV (>3 mm). Between these two extreme
states there are relatively quick transitions. Defined
in this way, the “summer” at Summit comprises the
typical June-August time period. “Winter” is from
November through March but can extend into both

ors observed by ground-based sensors above about
100 m in the atmosphere, are most frequent in the rel-
atively warm and moist summer (Fig. 13b) when the
lower troposphere is generally less stable (Fig. 12b).
At this time of year, clouds are present more than
85% of the time with a typical maximum in cloudi-
ness near the surface and decreasing cloudiness with
increasing altitude (Fig. 13a). Annual minimum cloud
occurrence in late winter and early spring with total
monthly fractions approaching 65% under very cold

April and October. “Spring” is typi-
cally in May and part of April, while
“autumn” is September and most of
October.

The annual cycle of inversion
strength and frequency of surface-
based temperature inversions sug-
gest distinct seasonal regimes of
near-surface atmospheric static sta-
bility. Seasonal probability density
profiles of equivalent potential tem-
perature vertical gradient (Fig. 12)
exhibit signatures of this seasonal
trend. Constant equivalent potential
temperature in height (i.e., gradient
near zero) indicates statically near-
neutral conditions, while increases
in height, or positive gradients, are
a clear signature of statically stable
conditions. Winter radio soundings
reveal strongly stable conditions
near the surface up to at least 100-
200 m (Fig. 12d). In the transition
seasons, both of which reveal some
signatures of the winter structure,
probability density profiles suggest
periodic near-neutral conditions.
Summer radio soundings indicate
frequent low-level, near-neutral
conditions (values <0 K km™) with
only periodic near-surface stable
conditions.

Cloud structure. The cloudy atmo-
sphere is in many ways distinct from
the clear atmosphere above Summit
(e.g., Fig. 10). Factors such as atmo-
spheric static stability and moisture
availability impact cloud processes
and help to shape the seasonal
evolution of cloud occurrence and
properties over the central GIS.
Clouds, defined here as hydromete-
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Fic. I1. Monthly statistics of (a) surface (blue) and maximum (red)

atmospheric temperature, (b) base height (blue) and depth (red) of
the lowest temperature inversion, (c) strength of lowest temperature
inversion, (d) number of observed temperature inversions in the
vertical, (e) strength of moisture inversion associated with lowest
temperature inversion, and (f) PWYV derived from MWR (blue) and
radiosondes (red). Note that (b) includes the occurrence frequency
of surface-based temperature inversions (green), and (e) includes
the occurrence frequency of moisture inversions within the lowest
temperature inversion (red) and within surface-based temperature
inversions (green). In all cases, temperature inversions are defined
based on a minimum depth of 40 m for the change into, or out of, an
inversion layer. Box-and-whisker plots contain information on the 5th
and 95th percentiles (ends of whiskers), 25th and 75th percentiles
(ends of box), median (line in box), and mean (symbol).
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Fic. 12. Radiosonde probability density plots of the vertical gradient
of equivalent potential temperature broken into site-specific seasons.
Probability distributions are calculated at each height and therefore
are relative to other observations at the given height. Seasonal defi-
nitions are based on distinct regimes in low-level temperature and
inversion characteristics seen in Fig. 11 and discussed in the text. The
solid black curve in each panel is the median profile, while the white

since they are often not opaque in
the infrared, have radiative effects
that are very sensitive to changes in
cloud properties. Snowfall rate also
reaches a maximum in midsummer
and into fall (Fig. 13f), following
closely the monthly variability of
LWP. In all months, snowfall is
relatively weak and contributes to
the typical annual, water-equivalent
accumulation at Summit of about 24
cm (Alley et al. 1993; Hanna et al.
2006).

To provide a first-order me-
teorological context for the cloud
and precipitation observations at
Summit, a simple analysis is per-
formed that relates cloud and pre-
cipitation occurrence to observed
10-m wind direction measured by
NOAA meteorological sensors.
Clouds occur at least 60% of the
time independent of low-level wind
direction; however, cloud occur-

line shows where the vertical gradient equals zero.

and dry conditions. The relatively high occurrence
fractions in all seasons are similar to those observed
elsewhere in the Arctic (e.g., Shupe et al. 2011) but are
inconsistent with some past climatologies (e.g., Wang
and Key 2005) that have suggested lower cloud occur-
rence fractions over Greenland than elsewhere. This
discrepancy is likely due to the frequent occurrence
of optically thin ice crystal layers, sometimes many
kilometers thick, that may be difficult to detect by
surface observers and passive satellite measurements.

The highest cloud tops tend to loosely track the
tropopause height (Figs. 9a, 13¢), with a dip in cloud
top and total cloud depth in late winter and early
spring as the tropopause lowers. The lowest cloud-
base height is typically lower, on average, in sum-
mer and higher in winter, consistent with seasonal
changes in low-level static stability. Similarly, the
cloud liquid water path increases dramatically in
July-October, a cycle that slightly lags the total avail-
able PWV. While the average LWP is very small in
most other months of the year (Fig. 13e), liquid water
still occurs frequently (Fig. 13b), ranging from a 10%
occurrence fraction in late winter to a 40%-60%
occurrence fraction in summer. These results high-
light the importance of optically thin, liquid-water-
containing clouds (e.g., Turner et al. 2007b), which,
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rence is more frequent (typically

~80% of the time) for all incident

wind directions other than the
northeast quadrant (Fig. 14a). For wind direction
coming from this northeast quadrant, geometrically
thinner clouds comprise a higher relative fraction.
Precipitation, here defined based on cloud radar re-
flectivity thresholds, is most frequent under westerly
winds and again least frequent with winds from the
northeast quadrant (Fig. 14b). If surface pressure is
considered in this same way (Fig. 14¢), then relatively
more low pressure systems occur at Summit with
winds from the southeast quadrant, while gener-
ally few low pressure systems occur with westerly
winds, implying that low-pressure centers typically
occur to the south of Summit. Ultimately, the net
distribution of observed winds determines the
total amount of cloudiness that approaches Summit
from each direction. As winds over this time period
are strongly dominated by southwesterly flow
(Fig. 14f), most clouds and precipitation observed at
Summit also occur under winds from that direction
(Figs. 14d,e), presumably accompanying air masses
that originate in the North Atlantic.

Despite the unique environmental conditions
and regional topography around Summit, many
of the cloud results summarized in Fig. 13 and
qualitatively observed in the data are similar to
those found elsewhere in the Arctic. In particular,



low-level, stratiform mixed-phase clouds have a
very similar structure to those found elsewhere. For
example, Fig. 15 shows vertical probability distribu-
tions of equivalent potential temperature and specific
humidity for cases with low clouds present that have
a base below 1.5 km and a top below 3.0 km. Cloud
top extended above the temperature inversion base
in 87% of cases, while there was a moisture inversion
coincident with the temperature inversion in ~75%,
as has been observed at other Arctic locations (Sedlar
etal. 2012). The equivalent potential

temperature indicates a well-mixed

growing datasets and to coordinate the ICECAPS ob-
servations with ongoing observational and modeling
efforts in the region.

A first order of business is to develop a baseline
characterization of Summit’s atmosphere and clouds,
including detailed cloud microphysical parameters,
since little is known about these properties and their
annual variability. Such a characterization will help
place central Greenlandic conditions within the
context of those observed elsewhere in the Arctic.

layer usually encompassing at least

the cloud depth and sometimes ? 12 E:q) g SrReen ms 37 43— 3
extending all the way to the surface, E 6F 3
while more than 75% of the time the = A - . 3
profiles suggest that the cloud mixed T g E

layer does not reach the surface (i.e.,
the cloud layer is decoupled from the
surface). These basic structural ele-
ments are very similar to stratiform
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ways in which the atmospheric scene
over the ice sheet is similar to other
Arctic locations and other ways in
which the clouds and atmosphere
are unique. Initial analyses from the
first 20 months of observations sug-
gest a wealth of information that will
be pivotal toward making significant
advances in our understanding of
regional cloud and atmosphere pro-
cesses that are important to surface
energy and mass budgets over the
ice sheet. However, a great deal of
research and analysis is still needed
to harvest this information from the
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Fic. 13. Monthly statistics of (a) cloud occurrence fraction as a func-
tion of height, (b) total cloud occurrence fraction in the vertical
column (blue) and the occurrence fraction of liquid water (bars
indicate the range between values derived from lidar depolariza-
tion measurements and an MWR-derived LWP threshold of 5 g m?
in black), (c) low cloud-base (blue) and high cloud-top (red) heights
when clouds are present, (d) maximum depth over which clouds
occur (high top to low base, but not necessarily cloudy throughout)
when clouds are present, (¢) MWR-derived LWP in all conditions
(red) and in those conditions identified as cloudy with a LWP >5 g
m~2 (blue), and (f) POSS-derived snowfall occurrence fraction (red)
and liquid-equivalent snowfall rate when snow is occurring (blue).
Box-and-whisker plots contain information on the 5th, 25th, 50th,
75th, and 95th percentiles and mean (symbol).
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They will also serve as a
first means of evaluating
model simulations of these
properties and validating
satellite observations in a
complicated environment.
Further, the comprehensive
ICECAPS observations
offer possibilities to exam-
ine atmospheric processes
such as those related to
cloud maintenance and
phase partitioning mecha-
nisms to determine, for ex-
ample, the degree to which
long-lived stratocumulus
clouds over the ice sheet
are similar to their coun-
terparts that occur in other

Cloud Depth Precipitation Pressure Winds Arctic environments.
<1km Any precip <660 0-5 ; _
1-2km Heavier precip 660-670  5-10 Ultimately, the de
tailed cloud and atmo-
-1
>4km >680 mb  >15m s sphere information must
Fic. 14. Cloud and precipitation occurrence as a function of 10-m wind direc- be interpreted jointly with
tion. (a) Fractional occurrence of clouds in different thickness ranges when longer-term and ongoing
a given wind direction occurs. (b) Fractional occurrence of precipitation measurements at Summit
of different magnitudes when a given wind direction occurs. Precipitation related to the surface

is identified for radar reflectivities above -5 dBZ with heavy precipitation
identified above 5 dBZ. (c) Fractional occurrence of surface pressure regime . .
when a given wind direction occurs. (d) As in (a), but scaled by the actual wind §pec1f1c details regard-
rose in (f) such that this shows the total distribution of cloud occurrenceasa 18 collocated broadband
function of wind direction. (e) As in (d), but for precipitation. (f) The actual radiation, precipitation,
wind rose indicating the direction from which the wind reaches Summit in and atmospheric gas
different ranges of wind speed.

energy and mass budgets.

Fic. 15. Probability density profiles of
radiosonde-measured (a),(c) equivalent
potential temperature and (b),(d) spe-
cific humidity for stratiform cloud cases
where cloud base is lower than 1.5 km,
cloud top is lower than 3 km, and the
temperature inversion base resides
above cloud base but below cloud top plus
50 m. These conditions occur ~10% of

Height, norm

0O 10 20 30 40 50 0 1 2 i 4 i the time. Heights have been normalized

¢ [C] such that 0 is surface, 0.5 is cloud base,

1.4 ; 6 1.0 is temperature inversion base (which

o - in some cases is also cloud top), and 1.4

E 1.0 3 is cloud top if it extends above inversion
2 0.8 base. Horizontal black lines denote these
- layers. In (c) and (d), all profiles have been
:Ea - ] linearly adjusted such that the values at
2 0.4 the temperature inversion base (1.0) are
0.2 identical. Vertical black curves in (a) and
0.0 ; (b) represent the 5th, 50th, and 95th per-

15 20 25 30 3505 1.0 1.5 2.0 25 centiles, while in (c) and (d) they are the

8¢ [C], adjusted q, [g kg"], adjusted 25th, 50th, and 75th percentiles.
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measurements at Summit can be obtained at
the GEOSummit web page (www.geosummit
.org). Using the combined measurements, important
questions must be answered regarding the manner
in which clouds redistribute radiant energy verti-
cally within the system, a process that is integrally
connected to cloud phase and microphysical com-
position. Further, the surface cloud radiative forcing
should be examined to determine the extent to which
clouds are a net source of heat to the surface. In terms
of the mass budget, precipitation processes are not
well understood over the ice sheet. The ICECAPS
measurements provide a path toward characterizing
the relative contributions of different precipitation
mechanisms to the net accumulation observed at
Summit. They also offer a unique depiction of cloud
and atmosphere processes that will assist in inter-
pretation of water isotope measurements at Summit.
Finally, the broader meteorological context that influ-
ences the processes observed at Summit can be better
understood through coordinated interpretation and
evaluation of operational models, reanalysis data, and
regional mesoscale modeling.

At present the GIS is responding quickly and dra-
matically to the changing global climate. Detailed,
process-level observations, such as those provided
by the ICECAPS project at Summit, are essential to
understand how the atmosphere and clouds impact
these changes and responses. These detailed observa-
tions are critically needed to better constrain, evalu-
ate, and develop models that can accurately represent
climate processes in such extreme and unique envi-
ronments. In the end, it will be these models that are
relied upon to project the future fate of the ice sheet
and its implications for global climate and ecosystems.
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