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ABSTRACT

This study investigates cloud formation and transitions in cloud types at Summit, Greenland, during
16-22 September 2010, when a warm, moist air mass was advected to Greenland from lower latitudes. During
this period there was a sharp transition between high ice clouds and the formation of a lower stratocumulus
deck at Summit. A regional mesoscale model is used to investigate the air masses that form these cloud
systems. It is found that the high ice clouds form in originally warm, moist air masses that radiatively cool
while being transported to Summit. A sensitivity study removing high ice clouds demonstrates that the pri-
mary impact of these clouds at Summit is to reduce cloud liquid water embedded within the ice cloud and
water vapor in the boundary layer due to vapor deposition on snow. The mixed-phase stratocumulus clouds
form at the base of cold, dry air masses advected from the northwest above 4 km. The net surface radiative
fluxes during the stratocumulus period are at least 20 W m ™2 larger than during the ice cloud period, indicating
that, in seasons other than summer, cold, dry air masses advected to Summit above the boundary layer may
radiatively warm the top of the Greenland Ice Sheet more effectively than warm, moist air masses advected
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from lower latitudes.

1. Introduction and motivation

Understanding how changes in large-scale circulation
patterns impact the Greenland Ice Sheet (GrIS) requires
an understanding of how air masses are modified as they
are advected over the GrIS. For example, during North
Atlantic blocking events, air masses advected northward
are warmed and moistened by fluxes from the ocean
before they are advected over the GrlIS. The rising air
masses cool causing cloud ice and/or cloud liquid to form
and snow and/or rain to fall on the GrIS. Summit Station
(hereafter Summit) is an observatory located at the top
of the GrIS at 72°36'N, 38°25'W and an elevation of 3216 m.
The processes that modify the air masses along the tra-
jectories to Summit determine the phase of the clouds,
and therefore the radiative fluxes, precipitation, cloud-
driven mixing, and turbulent fluxes that impact the sur-
face energy and mass budgets of the GrIS. Understanding
the role these air masses play in the GrIS climate requires
accurate models of the timing, location, spatial organi-
zation, and phase of cloud and precipitation processes.

The North Atlantic Oscillation Index (NAO) is a
measure of the surface pressure difference between the
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subtropical Azores high and the subpolar Icelandic low
(Walker and Bliss 1932) and is the dominant mode of
atmospheric variability over the North Atlantic Ocean
(Wallace and Gutzler 1981; Hurrell 1995). The NAO index
is associated with changes in the intensity and location
of the North Atlantic jet stream and storm track, and
attendant fluxes of heat and moisture (Thompson et al.
2002; Vallis and Gerber 2008; Woollings et al. 2010;
Hall et al. 2015). A negative NAO pattern is typically
associated with a persistent high pressure system (or
“blocking” system) over the Greenland-Iceland region,
due to cyclonic wave breaking events, that causes warm
air to be advected into northeastern Canada and
Greenland and cold air to be advected into western
Europe (Benedict et al. 2004; Franzke et al. 2004; Strong
and Magnusdottir 2008).

The NAO pattern is strongly anticorrelated with the
Greenland blocking index (GBI; Woollings et al. 2008;
Davini et al. 2012; Hanna et al. 2015), which is a measure
of the low-frequency teleconnections that cause anom-
alous fluxes of heat and momentum into the Greenland
region. The GBI is defined as the mean 500 hPa
geopotential height averaged over 60°-80°N, 20°-
80°W (Fang 2004). Since 1991, the GBI has been signif-
icantly increasing in all seasons, with largest increases in
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summer and winter (Hanna et al. 2013, 2018). However,
correlations of the melt fraction from the Moderate Resolu-
tion Imaging Spectroradiometer from the Terra and Aqua
satellites with atmospheric circulation patterns indicate
that even though the number of melt days is correlated
with locally defined blocking events (Hakkinen et al. 2014),
they are only weakly correlated with the NAO and GBI,
indicating other significant atmospheric circulation patterns
and local conditions that influence melt (Vilisuo et al.
2018). For example, the east Atlantic circulation pattern,
can amplify or weaken blocking events during strong neg-
ative NAO periods (Lim et al. 2016). In addition, anoma-
lous regions of sea ice loss can impact the spatial structure
of the NAO and attendant fluxes of heat and moisture into
the Greenland region (Pedersen et al. 2016), which impacts
cloud phase and cloud feedbacks over the GrIS.

The challenge and significance of adequately simu-
lating cloud and precipitation processes associated with
advection from lower latitudes to the polar regions was
clearly demonstrated in studies of the 2012 extreme
GrIS melt event, when over 98 % of the GrIS surface was
observed to experience melt (Nghiem et al. 2012; Hanna
et al. 2014; Neff et al. 2014). Energy balance and me-
soscale limited-area models demonstrate that this melt
would not have occurred over such a large spatial extent
without the additional warming of the surface due to ra-
diative fluxes from low-level, thin liquid-bearing strato-
cumulus (Bennartz et al. 2013; Solomon et al. 2017).
These cloud systems are notoriously difficult to model,
due to the challenge of maintaining cloud liquid in models
in the presence of cloud ice (Klein et al. 2009; Morrison
et al. 2009b; Solomon et al. 2009). Another modeling
challenge is adequately representing precipitation pro-
cesses, since these processes compose the primary mass
input of these cloud systems to the GrIS mass budget
and control the longevity of cloud systems.

In this study we use a mesoscale regional atmosphere—
land model to study airmass modification and cloud for-
mation at Summit during September 2010 when a large
suite of instruments measured the atmosphere, pre-
cipitation, clouds, and surface conditions at the top of
the GrIS at Summit Station during the Integrated Charac-
terization of Energy, Clouds, Atmospheric State and Pre-
cipitation at Summit (ICECAPS) project (see Shupe et al.
2013). This period was unique due to its presence within the
longest period of sustained negative 3-month running-mean
NAO indices since 1950 (http://www.cpc.ncep.noaa.gov/
products/precip/CWlink/pna/nao.shtml).

We investigate how advection of heat and moisture
from lower latitudes in autumn impacts cloud forma-
tion and transitions in cloud types at Summit, Greenland.
We identify to what extent these cloud systems can be
represented in the state-of-the-art European Centre
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for Medium-Range Weather Forecasts (ECMWF; see
European Centre for Medium-Range Weather Forecasts
2009) interim reanalyses (ERA-Interim) and demonstrate
that low-level stratocumulus are frequently not simulated
at Summit in ERA-Interim, consistent with the under-
representation of observed boundary layer inversions.
We then use tracer studies to identify how air masses are
modified through mixing, cloud formation, and pre-
cipitation processes as they are advected to Summit and
demonstrate a methodology for understanding how air
masses evolve and interact, a methodology that could be
potentially expanded to longer-term analyses.

2. Observed conditions during 16-22
September 2010

Model simulations are validated with observations
taken at Summit Station from the ICECAPS project,
which has been measuring atmospheric, cloud, and pre-
cipitation properties at Summit since May 2010. Summit
is at 3216 m above sea level. All heights in this paper are
relative to sea level. Pressure, temperature, and relative
humidity measurements from twice-daily radiosondes are
used to validate the atmospheric structure.

Radar reflectivity and mean Doppler velocity from a
Doppler 35-GHz millimeter cloud radar (MMCR; Moran
et al. 1998) are used (along with the CR-SIM cloud radar
simulator) to validate the mass and vertical motions of
frozen hydrometers. A cloud-type classification that uses
cloud radar, depolarization lidar, microwave radiometer,
and temperature soundings developed by Shupe (2007)
is used to identify liquid and cloud layers.

This study is focused on 16-22 September 2010 at Summit.
During this time, high ice clouds (up to 10km) were ob-
served from 17 to 19 September 2010 (Fig. 1a). Liquid layers
are periodically embedded within the ice cloud (Fig. 1b). At
the end of 18 September 2010 there was a rapid transition
from high ice clouds to low-level mixed-phase stratocumulus
clouds that slowly descended from 5.8 to 4.2km and per-
sisted until the middle of 21 September 2010. Even though
ice mass variability can be seen in the stratocumulus cloud,
the radar reflectivity is more uniform than in the ice cloud,
with radar reflectivities generally above —15dBZ. From
hereon, 17-19 September will be referred to as the “ice
cloud period” and 19-21 September will be referred to as the
“mixed-phase stratocumulus period.”

The larger-scale context for this case involves a warm
and moist air mass advected into the Greenland region
from the North Atlantic (Fig. 2). At the start of the
analysis period at 0000 UTC 16 September 2010, the
air mass on the 296 K constant potential temperature
surface, or isentrope, at the southern tip of Greenland
is 2km high with a temperature ~277K and specific
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FIG. 1. (a) Summit MMCR 10-min averaged radar reflectivity
(interpolated to hourly values; dBZ) for 16-22 Sep 2010. Height is
with respect to sea level. (b) Observed cloud phase on 18 Sep 2010.
Height is with respect to sea level.

humidity greater than 5 gkg . This is the isentrope that
intersects the mixed-phase cloud top observed at Sum-
mit on 20 September and helps us to estimate the hori-
zontal motion of the air mass in the absence of diabatic
processes or cross-isentropic mixing. Note that the air on
this isentrope in the northwest of Greenland has a frozen
moist static energy (MSE; defined in section 3) that is
10K higher than in southern Greenland, an indication
of airmass modification due to moist diabatic processes
and/or different airmass sources.

3. Model setup and experiment design

The Weather Research and Forecasting (WRF) Model,
version 3.6.1 (Skamarock et al. 2008), is used for this study
with a 3000 km X 3000 km horizontal domain (shown in
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Fig. 2) with grid spacing of 24 km in the horizontal and
128 (x) X 128 (y) X 110 (z) grid points. The WRF with
Chemistry (WRF-CHEM) subroutines are used so that
passive tracers are vertically mixed by subgrid turbu-
lence and cumulus convection and can be tracked in
space and time. The boundary layer is well resolved in
the vertical by including 28 levels in the lowest 1 km. The
model is forced with lateral and surface boundary con-
ditions from the 6-hourly, T255 ERA-Interim dataset.
The model is spun up by integrating from 0000 UTC
14 September to 0000 UTC 16 September 2010. For
the analysis, 16-22 September 2010 is used. Gridpoint
nudging to the ERA-Interim temperature, winds, and
specific humidity above 400 hPa (above ~7 km) is used
to constrain the large-scale flow and to allow the
boundary layer to evolve without constraints.

The WREF configuration uses the National Center for
Atmospheric Research Community Atmospheric Model
longwave and shortwave radiation package, where
the longwave code allows for interactions with re-
solved clouds and cloud fractions (Collins et al. 2004).
Boundary layer mixing is parameterized with the Grenier—
Bretherton-McCaa scheme, which uses a 1.5-order tur-
bulent closure model with an entrainment closure at the
boundary layer top and has been tested for cloud-topped
boundary layers (Grenier and Bretherton 2001). The
surface layer is parameterized with the revised MMS5
surface-layer scheme, which includes modifications to
provide more suitable similarity functions to simulate
the surface-layer evolution under strong stable/unstable
conditions (Jimenez et al. 2012). The National Center
for Atmospheric Research Community Land Model,
version 4 (CLM4), is used to simulate the ice sheet and
surrounding land surfaces (Lawrence et al. 2011). The
CLM4 uses up to 5 layers for the snowpack and 10 layers
for the soil and ice sheet. The ice sheet mass balance can
change through snow accumulation and melt, water
transfer between snow layers, infiltration, evaporation,
surface runoff, and subsurface drainage. This scheme uses
the Snow, Ice, and Aerosol Radiative Model (SNICAR)
to calculate snow albedo and solar absorption within each
snow layer. This combination of CLM4-SNICAR has
been shown to well represent the temporal and spatial
variability of surface albedo over the GrIS (Solomon
et al. 2017).

Microphysics is simulated with the Morrison two-moment
scheme, which includes prognostic equations for mixing
ratio and number concentration for cloud droplets, cloud
ice, rain, snow, and graupel/hail. Cloud ice is initiated by
immersion freezing for temperatures greater than —40°C
and by homogeneous nucleation for temperatures less
than —40°C. Also, a parameterization for cirrus cloud
formation has been added to the model due to observations
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FIG. 2. Streamlines, (a) height (km), (b) temperature (K), (c) specific humidity (gkg™!), and (d) MSE (K) on the
296-K isentrope at 0000 UTC 16 Sep 2010 from ERA-Interim. The 296-K isentrope intersects the mixed-phase
cloud top at Summit on 20 Sep. Red crosses mark the location of Summit. Coastlines are indicated with thin

blue lines.

at Summit that indicate cloud ice can form in the ab-
sence of cloud droplets. However, adding this parame-
terization had a negligible impact on the simulations.
Cloud droplets are activated in regions of low cloud
water content using resolved and subgrid vertical mo-
tion (Morrison and Pinto 2005) and a lognormal aerosol
size distribution to derive cloud condensation nuclei
spectra following Abdul-Razzak and Ghan (2000). The
lognormal dry aerosol size distribution is given by

In?{ =
dN N \r

_ t m
dinr - Vonine P | 2o |

1)

where N is the number concentration of aerosols and r
is the particle radius. The parameters N¢, r», and o are
total number concentration, geometric-mean radius, and
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standard deviation of the particle mode, and are given
the values 30cm ™3, 0.188 pum, and 1.4, respectively,
based on CCN measurements made at Summit by A.
Nenes et al. (2017, personal communication). Aerosol
composition is assumed to be 30% insoluble by volume,
with the remaining soluble component consisting of
ammonium bisulfate. Morrison et al. (2009a) and
Morrison and Pinto (2005) provide details of the pa-
rameterizations used in this microphysical scheme.

A radar simulator is used to consistently compare the
model results to the radar measurements. The simulator
(CR-SIM) was developed by the McGill University
Clouds Research Group (radarscience.weebly.com) and
is freely available to the public. It uses input from the
WRF Model and can be setup to take into account all
microphysical options used to produce the model sim-
ulations, the modeled atmospheric turbulent state, and
the specific characteristics of the cloud radar.

We use frozen MSE to identify how air masses are
modified as they are advected to Summit. MSE is ap-
proximately conserved during moist adiabatic processes
and calculated as

MSE = ¢,T+Lg,+8Z~Lq;, 2)

where ¢, is the specific heat of dry air at constant
pressure, T is temperature, L, is the latent heat of va-
porization, g, is the water vapor mixing ratio, g is the
acceleration of gravity, Lis the latent heat of fusion, g;
is the total ice water mixing ratio, and Z is the geo-
potential height. MSE is conserved in the absence of
surface fluxes, radiative heating/cooling, and turbulent
mixing. Following a tracer trajectory, the moist static
energy tendency is written as
d

GMSE=LW+SW+SH+LH+MIX,  (3)

where LW is the longwave radiative heating rate, SW is
the shortwave radiative heating rate, SH is the surface
sensible heat flux, LH is the surface latent heat flux, and
MIX is subgrid-scale turbulent mixing.

Tracers are used to tag air masses coming from a speci-
fied column of air by distinguishing them into eight cate-
gories based on their MSE at 0000 UTC 14 September
2010 and set to one in the column every time step. This
creates a tracer plume emanating from the column.

Processes that cause airmass transformation can be
isolated by tracing the advected air masses backward in
time. This is done by tracking the location of the maximum
tracer concentration backward in time starting at Summit
at a specified height to the initial location of the air mass
at the start of the simulations (0000 UTC 14 September
2010). Once the primary trajectories are isolated, the
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F1G. 3. Comparison of 10-min averaged MMCR Doppler velocity
(ms™ 1) and reflectivity (dBZ) (interpolated to hourly values) to hourly
WREF simulated fields at Summit. (a) Time-height cross section of
MMCR Doppler velocity. Ice cloud and stratocumulus periods used
to form histograms are indicated with brackets. (b) Time-height
cross section of WRF simulated Doppler velocity. (c) Histogram of
reflectivity during ice cloud period (17.5-18.9 Sep). Observations are
shown with black lines; model results are shown with solid blue bars.
(d) Histogram of Doppler velocity during ice cloud period (17.5-18.9
Sep). (e) Histogram of radar reflectivity during stratocumulus pe-
riod (19.6-21 Sep). (f) Histogram of Doppler velocity during stra-
tocumulus period (19.6-21 Sep) Height is with respect to sea level.

approximate Lagrangian airmass properties can be cal-
culated from the initial location along the trajectory to
Summit. Tendencies along the trajectory can be calcu-
lated taking the large-scale vertical motion into account.

4. Results

a. Validation with ICECAPS measurements

The CR-SIM radar simulator is used to compare the
simulated hourly cloud properties at Summit to MMCR
cloud radar observations (Fig. 3). Figures 3a and 3b
show the close structural correspondence in space and
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FIG. 4. Comparison of (a) Terra MODIS true-color image of Greenland on 20 Sep 2010 and (b) cloud mask of
WREF simulation at 0700 UTC 20 Sep 2010. Summit is marked with a red cross in (b). The cloud mask indicates cloud
liquid water with cloud ice and snow below in yellow and cloud ice without any cloud liquid above in blue.

time of measured and simulated Doppler velocity at
Summit for 16-22 September 2010, even though the
simulation is started at 0000 UTC 14 September 2010
and the nudging is only applied above 10km. This high-
lights the controlling influence of the air masses above
7.5km on the structure and timing of the high ice
clouds and the transition to the stratocumulus period.
The transition to a stratocumulus cloud occurs at about
the right time but is 1 km too high on 19 September rel-
ative to the MMCR measurements. This error is due
to starting the simulation five days before the stratocu-
mulus period (as demonstrated by simulations started
on 16 and 18 September), but starting so early is necessary
to produce airmass source regions near the Greenland
coastlines for these events.

Mean Doppler velocities are estimates of ice fall speeds
plus vertical air motions. In the ice cloud the Doppler ve-
locities are observed to increase from ~0.2ms ™' at 9km
to ~0.7ms ' below 6km as particles grow when they fall.
Up and down drafts with shafts of high and low velocities
are clearly seen every 1-2h. Observed ice motions are
more pronounced in the stratocumulus cloud, as a result
of shallow convection in these clouds, with Doppler
velocities greater than 1 ms ™! in the downdrafts and

close to zero in the updrafts. The simulated Doppler
velocities are within the range of measurements but
more uniform due to the resolution of the model, both
in the ice and stratocumulus clouds. Figures 3c—f show
histograms of radar reflectivity (Figs. 3c,e) and mean
Doppler velocity (Figs. 3d,f) for the two different periods.
During the stratocumulus period the model correspon-
dence is striking, showing only a small tendency to
underestimate the periods of smallest ice mass, likely
related to differences in spatial resolution. For the ice
period, while the modeled range overlaps the observed
range, the model does not well capture the intermediate
ice masses and generally overestimates both reflectivity
and mean Doppler velocity, suggesting that modeled
ice particles are often too large.

Satellite imagery of the stratocumulus period on
20 September 2010 (Fig. 4a) shows stratocumulus clouds
covering the top of the GrIS with thin banded ice clouds
covering the southern tip below 68.5°N. A cloud mask of
modeled cloud properties over the GrIS at 0700 UTC
20 September 2010 (Fig. 4b) shows a similar pattern of
cloud systems. The modeled stratocumulus clouds ex-
tend too far north compared to the satellite image and
the ice clouds in the south are not as extensive as the
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observations; otherwise, the model is able to simulate
the observed horizontal cloud structure at this time.

The simulated atmospheric temperature and relative
humidity at Summit during the ice cloud and strato-
cumulus periods compared to radiosondes and the
ERA-Interim used to initialize and nudge the simulation
is shown in Fig. 5. The simulated atmospheric structure
during the ice cloud period deviates from the sounding
between 7 and 8 km, where relative humidity is observed
to be low, and at the surface, where a ~10-K surface
inversion is observed, but the high air mass (above 8 km)
that produces the ice cloud is well simulated. The
ERA-Interim field also fails to represent the dry air
mass between 7 and 8 km but has smaller temperatures
biases below 7 km than the simulation. It is important to
note that the Summit radiosondes were not available on
the global telecommunication system for assimilation
into ERA-Interim during this period.

The simulated atmospheric structure during the stra-
tocumulus period closely approximates the sounding
except that features such as the high relative humidity
at 10km and the stratocumulus clouds at 5km are dis-
placed vertically by 0.5 km. Interestingly, the simulation
is able to produce the layered cloud and boundary layer
structure up to 2 km above the surface, while ERA-Interim
is not. This is generally the case at Summit, with only 1%
of the observed boundary layer inversions represented
in ERA-Interim based on twice daily soundings at Summit
between June 2010 and December 2013 (results not
shown). This illustrates the motivation for constraining
the large-scale circulation with the ERA-Interim fields
above the tropopause and allowing the model physics
to determine the cloud and boundary layer structure.
Furthermore, this demonstrates the broader difficulty
in using reanalyses like ERA-Interim to understand
the interaction of stratocumulus (i.e., liquid containing)
clouds with the GrIS surface.

b. Tracer study

Passive tracers are used in this study to track the evolu-
tion of air masses that form ice and stratocumulus clouds at
Summit. A series of simulations were run to find where air
masses that make up the ice clouds and stratocumulus
clouds at Summit originate. It was found that tracers
starting on 0000 UTC 14 September in two 240km X
360 km regions are responsible for the majority of the air
below 10km at Summit during 18-21.5 September. These
two regions are the southwest (Fig. 6a) and northwest
coasts of Greenland (Fig. 6b).

To identify how the air masses from these two regions
are modified as they are advected to Summit, each region
is tagged with eight passive tracers using MSE intervals: in
the northwest, less than 298, 298-301, 301-304, 304-306,
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FIG. 5. Comparison of simulated atmospheric temperatures
(solid blue lines; °C) and relative humidity (solid red lines; %) at
Summit to radiosondes (dashed lines) and ERA-Interim (dotted
lines) at (a) 1200 UTC 18 Sep and (b) 0000 UTC 20 Sep 2010.
Height is relative to sea level.

306-308, 308-310, 310-312, and greater than 312K; in
the southwest; less than 296, 296298, 298-300, 300-302,
302-304, 304-306, 306-308, and greater than 308 K. In
addition, two model runs were done to identify if air masses
within the atmospheric boundary layer away from the
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FIG. 6. Tracer location at 0100 UTC 14 Sep 2010 (red boxes) and
streamlines on specified MSE surface. Tracer in these two locations
makes up 100% of the air at Summit on Sep 20. (a) Tracer from
south Greenland and streamlines on 310-K MSE (the MSE surface
that intersect the ice cloud on 18 Sep). (b) Tracer northwest of
Greenland and streamlines on 296-K MSE (the MSE surface that
intersect the liquid cloud top on 20 Sep). Summit is marked with a
red cross.

Greenland landmass reach Summit by setting a tracer
equal to one within the boundary layer and a different
tracer equal to one above the boundary layer every-
where in the domain except over Greenland. The tracers
are set to one within these regions at every time step
starting 0000 UTC 14 September 2010. This produces
tracer plumes emanating from the regions in specified
MSE ranges. These tracers show that air originating
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near the southwest coast of Greenland is advected up
over the GrIS producing the high ice cloud (Figs. 6a and 7a)
and air originating along the northwest coast of Greenland
produces the stratocumulus cloud-top/inversion struc-
ture (Figs. 6b and 7b). The air mass below the inversion
during the stratocumulus period is composed of approx-
imately equal tracer concentrations from the southwest
and northwest. The run with the atmospheric boundary
layer tagged with a tracer away from the Greenland
landmass shows that less than 10% of the air below the
inversion originates in the boundary layer; this air is
therefore advected into the domain above the boundary
layer (results not shown).

The air mass that produces the ice cloud originally had
MSE greater than 308K but as the air mass moves up
and over the GrIS to Summit the MSE is reduced by
more than 6K (Fig. 8a). Diagnostics to identify what
causes the MSE to decrease are presented in the next
section. For the stratocumulus period, the MSE of the
air mass that produces the cloud-top/inversion proper-
ties is essentially unchanged from the initial values until
it is mixed down into the boundary layer through cloud-
top entrainment (Fig. 8b). The cold, dry air mass from
the northwest (Figs. 8c,d) overlays moist air previously
advected in from the south (Fig. 6a). The dry air mass
at cloud top allows the cloud to radiate to space more
efficiently, driving stronger turbulence that maintains
cloud liquid water formation.

c. Airmass transformation along tracer trajectories

In this section we identify how air masses are modified
as they are advected from the southwest coast of Greenland
to Summit. We focus on two different tracers to examine
which air masses reach Summit within the boundary
layer (providing moisture for the stratocumulus clouds)
and which air masses reach Summit above the boundary
layer (forming the ice clouds). Two tracers are used to
illustrate the evolution of these different air masses. The
first is a tracer with initial MSE between 300 and 302K
(concentrations of this tracer at Summit are shown in
Fig. 9a, referred to hereafter as S1). The second is a tracer
with initial MSE between 306 and 308 K (concentrations
at Summit shown in Fig. 9b, referred to hereafter as S2).

Air in the boundary layer at Summit below the strato-
cumulus deck is primarily composed of air masses advected
in from south Greenland (Fig. 6a). Tracer S1 makes up
over 25% of this air mass (Fig. 9a). At Summit in the
region of maximum concentration the MSE is 2-5K less
than the initial MSE. To understand the evolution of
the air mass to this point, we examine the processes
modifying MSE along the airmass trajectory.

Trajectories are produced by following the loca-
tion of the maximum tracer concentration from Summit
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backward in time. The evolution of the air mass and
changes in the airmass properties are then calculated by
following the trajectory forward in time. The trajectory
for tracer S1 given in Fig. 9a is shown in Fig. 10a. A time—
height cross section of tracer concentration along the
trajectory is shown in Fig. 10c. Tracer S1 originates 1-2km
above sea level off the Greenland coast in the Labrador
Sea. The tracer does not extend before 16 September
because before then the tracer from that location is
advected southward out of the domain. MSE in S1 changes
by less than 0.5 K from the coastline to the top of the GrIS
(0000 UTC 17 September-0000 UTC 18 September); that
is, there is a general cancellation between moist MSE
changes and dry MSE changes: 4.5K from changes in
specific humidity due to precipitation and 4.5K from
changes in height and temperature. Snow continuously
falls through the saturated air mass as the air mass
moves to the top of the GrIS (Figs. 11a,c). It is in-
teresting to note that high liquid cloud formation pre-
vents the liquid clouds within the air mass from radiating
efficiently to space (Fig. 11e); this would have signifi-
cantly cooled the air mass by longwave cooling and pro-
duced cloud-driven mixing. The air mass with tracer
concentration greater than 70% is saturated with re-
spect to water between 17.1 and 17.6 September as it is
lifted up onto the GrIS and subsaturated with respect
to water after it reaches the top of the GrIS. As the air
mass moves along the top of the GrIS, the relative hu-
midity stays between 90% and 92% while the MSE de-
creases by 3K (0000 UTC 18 September-0600 UTC
19 September), 1K from a decrease in specific humidity
due to precipitation and 1 K from a decrease in temperature,

primarily due to subgrid mixing with drier air and nighttime
longwave radiative cooling of the surface (Figs. 11a,c.e).

The trajectory for tracer S2 given in Fig. 9b is shown in
Fig. 10b. A time-height cross section of tracer concen-
tration along the trajectory is shown in Fig. 10d. Tracer
S2 originates 5-6 km above sea level off the Greenland
coast in the Labrador Sea to the west of the initial
location of tracer S1. Tracer S2 follows a more direct
trajectory to Summit and arrives at Summit without a
change in height. From 0600 UTC 16 September to
0000 UTC 19 September, the MSE in S2 decreases by
4.5K: 0.5K from a decrease in specific humidity and
4K from a decrease in temperature. A strong step
change in the cooling of the air mass occurs due to the
longwave cooling impact of liquid cloud formation at
5-7km on 17-18 September. Snow continuously falls
from the air mass without significantly reducing the
water vapor mixing ratio within the trajectory.

d. Impact of high ice cloud on boundary layer and
stratocumulus dynamics

A model sensitivity study was run to determine the
impact of high ice clouds on boundary layer and stra-
tocumulus evolution. The sensitivity study removed
all frozen hydrometeors that form above 5.5 km after
1200 UTC 17 September. Air masses that form ice and
stratocumulus clouds at Summit are not modified before
1200 UTC 17 September. The most significant impact of
the high ice clouds is to limit the amount of cloud liquid
that forms below (Figs. 12a,b). This reduces the cloud
liquid water path (LWP) during times of ice shafts from
180gm 2 to less than 20gm ™2 and increases the peak
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cloud ice water path by a factor of 3. This dramatic
decrease in LWP reduces the elevated cloud-driven
turbulence (shading Fig. 12¢) and dries the lowest 3km
through increased vapor deposition (contours Fig. 12¢).
The reduction in cloud-top cooling and cloud-driven
turbulence warms the air above 6 km and cools the air
below, increasing the stratification of the elevated
cloud-driven mixed layer and reducing the stratification
at cloud top at approximately 7km height between
0000 UTC 18 September and 1200 UTC 19 September
(Fig. 12d). Also, the reduction in LWP causes less
downward surface longwave radiation, which cools the
surface by 1°C (not shown).

Interestingly, the significant changes to the atmospheric
boundary layer by the high ice clouds have a limited,

but nonnegligible, impact on the stratocumulus clouds
that forms after ~1800 UTC 19 September. There is less
than 5gm~? difference in LWP between the control
run and the run without high ice clouds for the period
1800 UTC 19 September and 1800 UTC 20 September.
This shows that the cooling due to the less turbulent
elevated cloud-driven mixed layer and the drying due to
increased vapor deposition have compensating effects
on the stratocumulus cloud formation.

To understand how the high ice clouds affect the sub-
sequent stratocumulus clouds, Fig. 13 shows hourly total
tracer tendency for tracer from the northwest (Figs. 13a,b)
and contributions from total advection (Figs. 13c,d)
and total diffusion (boundary layer plus diffusive mixing;
Figs. 13e,f) from both the control simulation (Figs. 13a,c.e)
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and the sensitivity run (Figs. 13b,d,f). Figure 14 similarly
shows the contribution to total advection from verti-
cal advection (Figs. 13a,b) and horizontal advection
(Figs. 13c,d) from both runs. The tracer that arrives at
Summit at an elevation above 4 km initially has MSE
greater than 294 K. Tracer tendencies in parcels with
MSE less than 294 K indicate airmass modification due
to radiative processes and turbulent mixing. The tracer
tendencies (Figs. 13a,b) show that in the sensitivity simu-
lation where high ice clouds are removed there is a large
increase in tracer tendency at the start of stratocumulus
period (0000 UTC 20 September) throughout the depth of
the cloud-driven mixed layer, primarily due to horizontal
advection (Figs. 13b and 14d). This is not seen in the control
run indicating that the stratocumulus layer forms earlier in
the sensitivity simulation (Figs. 13a and 14a), indicating
that the lack of upper-level ice in the sensitivity
simulation leads to differences in upstream processes
responsible for the formation of the stratocumulus layer.

Figures 13a and 13b show episodic increases in
tracer concentration in both runs that extend from
the inversion to below the cloud-driven mixed layer.
The increase(decrease) in tracer tendency is associated
with periods of more(less) rapid cooling and drying. As
expected, diffusion mixes tracer from the inversion at
cloud top into the mixed layer (Figs. 13¢,f). This mixing
is episodic and peaks after local maxima in cloud liquid
water. This mixing is modulated by mesoscale circula-
tion below the cloud layer. In addition, during periods
of maximum cloud liquid water, turbulent entrainment
can balance large-scale subsidence, reducing the rate at
which the cloud top lowers (Fig. 13f). The source of the

tracer below the mixed layer is due to episodic hori-
zontal advection of tracer below the well-mixed layer
(Figs. 14c,d), an indication of deeper cloud-driven mix-
ing upstream, which is mixed into the mixed layer at
Summit by resolved vertical advection (Figs. 14a,b). The
tracer that mixes into the mixed layer at the mixed-layer
base has MSE less than 294 K, which indicates that
the air mass has been modified by longwave cooling
and turbulent mixing. It is interesting to note that when
the cloud-driven mixed layer becomes coupled to the
surface layer after 1900 UTC 20 September, horizontal
advection is negative from the surface to the top of the
inversion, potentially due to the mixing of low tracer
surface layer air into the mixed layer. The decrease of
tracer on 20 September is larger in the sensitivity simula-
tion than in the control run due to a strong updraft (greater
than 4cms ') in the mixed layer, which increases vertical
advection and causes the increase in tracer due to total
advection to be less than the decrease in tracer due to
total diffusion (Figs. 13d,f). This limits the entrainment
of cold/dry air at cloud top that is potentially aerosol
limited due to the northern source. Given the different
sources of the air masses above and below the stratocu-
mulus deck, it would be interesting to see how enhanced
entrainment affects the cloud properties when prognostic
aerosols are included.

5. Summary and conclusions

In this study we investigate cloud formation and
transitions in cloud types at Summit, Greenland, during
16-22 September 2010, when a warm, moist air mass was
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FIG. 10. (top) Trajectories to Summit for tracers (a) S1 and (b) S2. (bottom) Tracer concentrations (%) and MSE (K) along (c) S1 and
(d) S2 trajectories. The tracer is advected south out of the domain before 16 Sep 2014.

advected to Greenland from lower latitudes. During
this period there was a sharp transition between high
ice clouds and the formation of a lower stratocumulus
deck at Summit. The net surface radiative fluxes during
the stratocumulus period are at least 20 Wm 2 larger
than during the ice cloud period (Fig. 15), due to the
close cancellation between upward and downward

longwave fluxes when a cloud system radiates as a
blackbody.

A tracer study is used to identify the origin of the
air masses that form the ice and stratocumulus clouds
and how they are modified as they are advected up
over the Greenland Ice Sheet. When initialized at
0000 UTC 14 September 2010 we find essentially all the
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air that reaches Summit originates above the boundary
layer and is advected in from outside the model domain.
Based on the results from this case study we find that
high ice clouds form when air masses are advected from
the southwest Greenland coast at least 2km above
Summit. The MSE of this air decreases by ~4.5K
before reaching Summit due primarily to longwave
radiative cooling, which causes ice formation due to
homogeneous nucleation.

The mixed-phase stratocumuli form at the base of cold,
dry air masses advected from the northwest overlying
warm, moist air masses advected to Summit from the
southwest 1-2 km above the boundary layer. Air masses
from the northwest are entrained into the cloud-driven

mixed layer at both the stratocumulus cloud top and the
mixed-layer base. The air entrained at cloud top con-
serves MSE until it is mixed down into the Summit
boundary layer through diffusive mixing, while the air
masses at cloud base are modified by deeper mixed
layers upstream. The air mass advected in from the
southwest to the Summit boundary layer conserves
MSE until it reaches the top of the GrIS, due to the
saturated air mass aloft, which prevents the lower air
mass from efficiently radiating to space.

A sensitivity study removing frozen hydrometeors
that form above 5.5km demonstrates that high ice
clouds act to limit the formation of cloud liquid water,
resulting in a less stable elevated cloud-driven mixed
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layer, a drying of the boundary layer through increased
vapor deposition, and a cooling of the surface due
to less downward surface longwave radiation. The
cooling and drying of the boundary layer compensate
to produce a limited impact on the stratocumulus
cloud formation. The evolution of the cloud-driven
boundary layer in both runs differs primarily due to
mesoscale variability below the cloud layer, which
can limit the entrainment of cold/dry and potentially
aerosol-limited air advected to Summit from the
northwest into the mixed layer. It would be in-
teresting to see how variability in the entrainment
of potentially aerosol-limited air masses advected
from the northwest affects the cloud properties when
prognostic aerosols are included.

Determining how moisture advection impacts cloud
formation over the GrIS is critically important for un-
derstanding the net impact of clouds on the GrIS sur-
face, and ultimately for projections of climate change.
If moisture advection causes ice clouds to form instead
of liquid or mixed-phase clouds this will have a dra-
matically different impact on the Greenland climate
through differences in precipitation, radiative fluxes
and cloud-driven mixing. Also, the results here sug-
gest that ERA-Interim does not produce the correct
cloud and boundary layer structure (likely related
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to difficulties in simulating liquid clouds), and thus
likely does not correctly represent the airmass trans-
formation processes explored in this paper. This de-
ficiency could have wide-reaching implications for
representations of the overall GrlIS climate.

Summit is a nexus for cold, dry air masses advected
in from the north and warm, moist air masses advected
in from the south. The results of this study show the
dependence of cloud formation at Summit on advection
of warm, moist air masses from the south and cold, dry
air masses from the northwest. During fall, warm, moist
air masses advected into the central GrIS region from
lower latitudes can cause ice clouds to form, which can
actually limit the formation of cloud liquid water.
Therefore, the results of this study suggest a mecha-
nism whereby stratocumulus clouds that form at the
base of cold, dry air masses can radiatively warm the
top of the GrIS more effectively than moist air
masses advected into the Greenland region from the
south. To what extent this is a more general result out-
side of the summer season needs to be determined.
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