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Abstract. Observations from the Arctic Summer Cloud nificantly interacted with the sea-ice surface. Instead, back-
Ocean Study (ASCOS), in the central Arctic sea-ice packtrajectory analyses suggest that these warm air masses ad-
in late summer 2008, provide a detailed view of cloud- vected into the central Arctic Basin from lower latitudes.
atmosphere—surface interactions and vertical mixing pro-Moisture and aerosol particles likely accompanied these air
cesses over the sea-ice environment. Measurements frommasses, providing necessary support for cloud formation. On
suite of ground-based remote sensors, near-surface meteorthte occasions when cloud—surface coupling did occur, back
logical and aerosol instruments, and profiles from radioson+rajectories indicated that these air masses advected at low
des and a helicopter are combined to characterize a weelevels, while mixing processes kept the mixed layer in equi-
long period dominated by low-level, mixed-phase, stratocu-librium with the near-surface environment. Rather than con-
mulus clouds. Detailed case studies and statistical analysdsibuting buoyancy forcing for the mixed-layer dynamics, the
are used to develop a conceptual model for the cloud and atsurface instead simply appeared to respond to the mixed-
mosphere structure and their interactions in this environmentlayer processes aloft. Clouds in these cases often contained
Clouds were persistent during the period of study, havingslightly higher condensed water amounts, potentially due to
qualities that suggest they were sustained through a combiadditional moisture sources from below.
nation of advective influences and in-cloud processes, with
little contribution from the surface. Radiative cooling near
cloud top produced buoyancy-driven, turbulent eddies that
contributed to cloud formation and created a cloud-drivenl Introduction
mixed layer. The depth of this mixed layer was related to
the amount of turbulence and condensed cloud water. Coul? fecent years it has become apparent that the Arctic cli-
pling of this cloud-driven mixed layer to the surface bound- Mate is changing more rapidly and extremely than other lo-
ary layer was primarily determined by proximity. For 75 % of cations on the globe (Holland and Bitz, 2003; Serreze et al.,
the period of study, the primary stratocumulus cloud-driven2009), a change that is embodied by drastic decreases in
mixed layer was decoupled from the surface and typically atS€a-ice amount (Stroeve et al., 2007, 2012; Comiso et al.,
a warmer potential temperature. Since the near-surface ten?008). Some of these changes have been either directly or
perature was constrained by the ocean—ice mixture, warnidirectly linked to clouds (Francis and Hunter, 2006; Kay et

temperatures aloft suggest that these air masses had not sigl: 2008; Liu etal., 2008; Perovich et al., 2008; Kay and Get-
telman, 2009; Vavrus et al., 2011), although the mechanisms
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and feedbacks involved in these linkages are not necessarilgetic and moisture linkages with the surface. For example, it
clear. Fractional cloud occurrence appears to also be changs unclear if the aerosol particles that are required for both
ing in some seasons (Wang and Key, 2003; Liu et al., 2007¢loud liquid droplets and ice particles to form are advected
Schweiger et al., 2008). Clouds, and particularly low-level, into the central Arctic from lower-latitude marginal ice zone
stratiform, liquid-containing clouds, strongly influence the or ice-free regions (e.g., Li et al., 1993; Leck and Persson
surface energy budget by modulating the flow of energy1996; Chang et al., 2011) or if local sources play a critical
through the atmosphere—surface system (e.g., Shupe and Imle (e.g., Levasseur et al., 1994; Leck et al., 2002; Leck and
trieri, 2004). For example, when opaque clouds occur ovemBigg, 2005; Orellana et al., 2011). Additionally, the impor-
sea ice there is typically a net increase in surface longwaveéance of surface sources of heat and moisture in promoting
radiation of 40Wm? or more (e.g., Persson et al., 2002; cloud processes relative to in-cloud or advective sources is
Stramler et al., 2011; Morrison et al., 2012). Thus, a rela-uncertain (e.g., Curry and Herman, 1985; Jiang et al., 2000;
tively small change in the fractional occurrence of opaqueMorrison et al.,, 2012). These unknowns comprise critical
clouds can significantly affect the surface energy budget andjaps in our process-level understanding of these important
thus the sea-ice mass budget. Using climate model simulaclouds and the manner in which they may respond to further
tions, Vavrus (2004) attributed about 40 % of Arctic warm- changes in sea-ice concentrations, moisture availability, tem-
ing resulting from CQ@-doubling experiments to changes perature, aerosol populations, and other factors. Importantly,
in clouds and cloud feedbacks. However, models strugglemany of these unknowns are intimately linked to the vertical
to faithfully represent Arctic clouds, particularly those that distribution, transport, and mixing of various quantities in the
contain liquid water (Tjernstrom et al., 2008; Karlsson and Arctic atmospheric system.
Svensson 2011; Barton et al., 2012; Birch et al., 2012; de Observations of low-level, stratiform clouds over the cen-
Boer et al., 2012). tral Arctic sea ice have been extremely sparse, particularly
The low-level, liquid-containing clouds that are of particu- those that are detailed enough to provide a simultaneous
lar interest here occur frequently in the Arctic. Observationscharacterization of the primary processes through which the
at Arctic coastal observatories and over the sea ice indicateloud, atmospheric boundary layer, and surface interact. A
that liquid water occurs in all seasons, reaching a maximumvariety of past aircraft campaigns over the sea ice have con-
occurrence fraction of 50—-90 % in autumn depending on lo-tributed significantly to our knowledge of this system (Her-
cation (Shupe, 2011; Cesana et al., 2012). These high occuman and Curry, 1984; Hobbs and Rangno, 1998; Curry et
rence fractions are in large part due to the persistent natural., 2000; Verlinde et al., 2007; McFarquhar et al., 2011).
of stratiform clouds (Shupe et al., 2006; Shupe, 2011), whichHowever, the aircraft perspective does not offer coordinated
are frequently mixed phase, containing both supercooled liginformation on the vertical atmosphere—cloud—surface struc-
uid water and ice. Thus, when considering the overall dis-ture and how it evolves in time. The Surface Heat Budget of
tribution of these clouds in the Arctic, it is critical to under- the Arctic Ocean (SHEBA, Uttal et al., 2002) project, with its
stand how and why they persist in a variety of locations andsuite of ground-based remote sensors operated from an ice-
whether the conditions that support this persistence are sulibreaker in the Beaufort and Chukchi seas, gave the first view
ject to change as the Arctic climate changes. into the evolving vertical structure of this system over an en-
Arctic low-level, stratiform, liquid-containing clouds per- tire year, and the properties of the clouds associated with it
sist via a complex web of interdependent processes, many dfShupe et al., 2006). However, SHEBA was also limited in
which are primarily internal to the cloud system (e.g., Morri- important ways, with measurements that were unable to suf-
son et al., 2012). Many of these processes comprise positivBciently characterize boundary layer winds, turbulence, and
feedbacks that sustain supercooled liquid water in spite ofvertical structure and had virtually no information on aerosol
a near-continuous sink of condensate via ice precipitationconcentrations or properties.
For example, due to its typical microphysical composition, More recently a pair of shorter-term research expeditions
cloud liquid water is effective at emitting longwave radiation targeting cloud and atmosphere processes in the central Arc-
to space (e.g., Pinto, 1998), which destabilizes the cloud-topic have been conducted using the Swedish icebreaken
environment and leads to bouyancy-driven, turbulent over-The Arctic Ocean Expedition of August 2001 (AOE-2001;
turning within a mixed layer associated with the cloud (e.g.,Leck et al., 2004; Tjernstrdm et al., 2004) involved many
Nicholls, 1984; Solomon et al., 2011). In turn these turbu- of the important instruments operated during SHEBA, with
lent motions promote further cloud growth. While processesthe addition of higher-resolution atmospheric sounding capa-
such as ice formation modulate the growth of cloud liquid, bilities and a full complement of near-surface aerosol mea-
ice growth from within the cloud itself is typically not strong surements. AOE-2001 provided a detailed characterization
enough to fully glaciate the cloud layer allowing liquid water of the shallow boundary layer over autumn sea ice, with fre-
to persist. guent moisture inversions contributing to persistent cloudi-
There exist a variety of unknowns in this low-level Arc- ness (Tjernstrom, 2005). Long-range transport was found to
tic cloud system related to the source and role of aerosobe an important source of heat and moisture aloft, but the
particles, the impact of large-scale advection, and the ener-
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Table 1.Instruments, with pertinent specifications and derived products.

Instrument Specifications Derived Products
Millimeter Cloud Radar (MMCR) 35 GHz; vertically pointing; Doppler Cloud top height, IWC, IWPw skew-
nessg, mixed-layer base
Ceilometer Vertically pointing Cloud base height
Microwave radiometer (MWR) 23 and 30 GHz; vertically pointing LWP
Microwave profiler 60 GHz; elevation scanning 6 upto1.2km
Wind profiler 449 MHz Winds to 2-5km
Radiosondes 6-hourly Temperature, R, gy
Meteorological tower Sonic anemometer, licor, and meteorolodlear-surface sensible and latent heat
ical measurements at multiple heights ugluxes
to 30m
Meteorological package Onboa@itien Temperature, RH
Marine-Atmospheric Emitted RadianceMulti-angle viewing; spectral IR radi- Temperature at surface and aloft
Interferometer (MAERI) ances
Twin differential mobility particle sizer 3—-800 nm size range; 25-m inlet height Aerosol concentration for sizes >100 and
(TDMPS) >300 nm
Cloud condensation nucleus counteContinuous-flow, stream-wise thermalCCN concentration at 0.2 % supersatura-
(CCNC) gradient; 25-m inlet height tion

Compact Lightweight Aerosol Spectrom-300nm-18 um size range; helicopterAerosol concentration for sizes >300 nm
eter Probe (CLASP) mounted

relatively strong boundary layer stratification buffered the amine these processes in depth. Moreover, the clouds ob-
surface environment from free-tropospheric influences. served at this time were structurally similar to Arctic mixed-
Building on, and expanding from, AOE-2001 was the Arc- phase clouds observed at SHEBA (Turner, 2005; Shupe et
tic Summer Cloud Ocean Study in August 2008 (ASCOS;al., 2006), Barrow, Alaska (Verlinde et al., 2007; Shupe et
Tjernstrom et al., 2012, 2013). ASCOS included arguablyal., 2008), Eureka, Canada (de Boer et al., 2009), Summit,
the most comprehensive suite of instruments to date that hav&reenland (Shupe et al., 2013), and elsewhere. Thus, insight
been deployed in the high Arctic sea ice for observing surfacegained from ASCOS complements information from these
processes and the vertical structure of the atmosphere anather sites towards developing a more comprehensive under-
clouds. In particular, these included enhanced cloud radar obstanding of these important clouds. Lastly, these low-level
servations, a tethered-sonde profiling system, a full aerosastratiform clouds at ASCOS happened to occur during the
suite near the surface, and aerosol and atmospheric profifall transition towards sea-ice freeze-up (Sedlar et al., 2011),
ing from a helicopter. While the full ASCOS cruise lasted such that the processes considered here had particular rele-
from 2 August to 9 September 2008, an ice camp was esvance to this important seasonal transition in sea-ice energy
tablished from 12 August to 2 September whereby@iden  budgets.
was moored to, and drifted with, an ice floe embedded in the
ice pack near 87N and between 1 and 1W (Fig. 1). All i
observations included in this paper were made towards thé ©OPservations and methods
end of the drifting ASCOS ice station, when a nearly contin-
uous deck of stratiform mixed-phase clouds persisted abov
the site for a full week (e.g., Sedlar et al., 2011).

The ASCOS instrument suite has been documented in de-

Bl by Tjernstrom et al. (2013). Key instruments used in this

By examining these stratiform mixed-phase clouds dur-StUdy are ;ummari;ed in Table 1, wh_ilg important measure-
ment details are discussed below within the context of de-

ing ASCOS, this study aims to elucidate many of the pro- . . .
. .. rived geophysical parameters. Many of these same instru-
cesses that link the cloud—atmosphere—surface system within . S
. . : . . ments have been deployed collectively at other Arctic sites,
the Arctic sea-ice environment. Of particular focus is the

. . . such that the methods used here have been employed suc-
role of clouds in vertical mixing processes that shape the L o : .
. . cessfully in similar conditions. These methods will be briefly
low-level atmospheric structure and transport atmospheric : . o . ) . ;
. L . - described, with additional support information contained in
constituents. While it is clear that observations from a sin- _.
. . o . cited references.
gle week in late August at a single location in the Arctic
ice pack are likely not representative of cloud—atmosphere—
surface processes across the Arctic Basin at all times of year,

the ASCOS observations provide a unique opportunity to ex-
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(Shupe et al., 2005). The vertical integral of IWC, or the ice
My o81s water path (IWP), is also considered here.

87.4

2.2 Cloud dynamics

87.3

85

For atmospheric volumes identified to contain liquid cloud
, droplets, vertical air motionuf) was estimated from 4s
¥h2 q0 s 6 4 2 o radar measurements by relying on the fact that small liquid
3 droplets have a terminal fall speed that is negligible relative
to vertical air motions. The slowest falling edge of vertically
pointing cloud radar Doppler spectra represents these liquid
droplets and provides an initial estimate of their motion, and
thus the air motion (Shupe et al., 2008). This initial estimate
® is biased from the true vertical velocity by Doppler spectrum
broadening due to turbulence and shear in the pulse volume,
and other factors. To minimize this bias, a running 30 min
mean velocity was removed under the assumption that over
30 min periods the vertical air motion at a given height will
be zero. This short-pass filter does not impact cloud-scale
motions, which typically occur on scales less than 10 min,
but does remove larger motions occurring at meso- to syn-
optic scales. These motions are typically <5 crh,svhich
is small relative to in-cloud turbulent vertical motions, and
the extent to which they were actually present will contribute
to uncertainty in vertical velocity estimates. From these esti-
Cloud base height was observed using standard Vaisalenates, the vertical velocity variance and skewness were com-
ceilometer measurements, while cloud top was measured ugputed over 30 min running windows of 3 adjacent vertical
ing a Ka-band, Doppler, Millimeter Cloud Radar (MMCR; range gates.
Moran et al., 1998). The shallow clouds considered here have In addition to vertical motions, the temporal variance of
a negligible attenuation effect on radar observations, sucliadar-measured Doppler velocity is related to the turbulent
that cloud top is relatively robust to within the radar range- dissipation rated; e.g., Bouniol et al., 2003; Shupe et al.,
gate length of 45m. Cloud base represents the base of th2008). This retrieval requires hydrometeors (liquid or ice) to
liquid cloud layer; only in cases of very heavy precipitation be present within the radar pulse volume and is only possible
and/or the presence of atmospheric ice without liquid waterabove the lowest observable radar height of 0.15 km. A com-
is there some ambiguity in the ceilometer-measured cloudparison of this retrieval witla derived from sonic anemome-
base. In those cases, the base is located at the point of sigers mounted on a tethered balloon and a meteorological
nificant obscurity of the signal. Cloud phase was determinedower at ASCOS indicates that differences between radar-
using the multi-sensor approach of Shupe (2007), although ifbased retrievals and tethered balloon-based estimates are no
this case the ceilometer cloud base height was used in pladarger than differences between estimates from tethered bal-
of depolarization lidar measurements. Fortunately, the cloudoon and tower-mounted measurements (Shupe et al., 2012).
structure during the period of study was relatively simple to Root mean square differences among these sources are a fac-
diagnose from other instruments and all phase classification®r of 4—6, which represents uncertainty in the derivation and
were manually screened to ensure consistency. differences over spatial scales of a couple hundred meters
Cloud liquid water path (LWP) was derived from mi- that separated the instruments. The radar-derivexdused
crowave radiometer measurements at 23 and 30 GHz. Thhere as a qualitative proxy for the vertical structure of atmo-
uncertainty for these retrievals is nominally 25 gf(West-  spheric turbulence. One benefit of the radar-based perspec-
water et al., 2001), which can be significant when observedive is that it offers continuous information on atmospheric
liquid water amounts are small (<50 g ). Vertical profiles  turbulence when hydrometeors are present and can be related
of cloud ice water content (IWC) were derived from radar re- to coincident information on cloud, atmosphere, and surface
flectivity using a season-specific, empirically derived powerprocesses.
law regression developed from similar observations over the An additional parameter derived from theproduct was
Arctic sea ice (Shupe et al., 2005). During this time period,the base height of the cloud-driven mixed layer. For in-
the power law used was IWC:0.0GQ@, where Z is in stantaneous profiles that contained precipitating ice crys-
mm®m~3 and IWC is in g nT3. The uncertainty for this type tals, the mixed-layer base was defined as the highest height
of retrieval is estimated to be approximately a factor of two below cloud base at whicla fell below a threshold of

87.2

Sy

Fig. 1. Cruise and drift (inset) track dddenduring ASCOS. The
sea-ice edge is denoted by the blue dots.

2.1 Cloud microphysical and macrophysical properties
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5x 10-°m?s 3. To capture the upper mixed layer in cases estimated using a bulk technique combining measurements
when near-surface fogs were present, the “cloud base” useftom the Marine-Atmospheric Emitted Radiance Interferom-
in this calculation was allowed to be no more than 0.4 km be-eter (MAERI) and a weather station, both locatedCmteris

low cloud top. The: threshold used here was designed, basedrth deck (see Tjernstrom et al., 2012). MAERI infrared radi-
on experience with multiple data sets, to distinguish turbulentances provided an air temperature at 21 m above the surface
environments from non-turbulent environments. Thresholdperpendicular to the ship and a surface temperature when
values over the range ofs3107°to 1x 104m?s~3 were  looking at an angle down towards the surface. When com-
tested and, while the mixed-layer bases changed accordinglfgined with observed humidity and wind speed, bulk momen-
the primary results from this study were not significantly tum, sensible, and latent heat fluxes were computed using a
affected. If the mixed-layer base was not identified abovebulk flux scheme adapted for Arctic sea-ice conditions (Pers-
0.15km, then it was assumed to be linked to the surfaceson etal., 2002). Surface relative humidity was assumed to be
based mixed layer below. For time series plotting purposes100 % with respect to ice. Bulk momentum and sensible heat
the mixed-layer base height has been smoothed over runninfijluxes agree reasonably well with their covariance counter-

6 min windows. parts, suggesting that bulk latent heat fluxes are reasonable.
Only the covariance sensible heat fluxes and bulk latent heat
2.3 Thermodynamic structure fluxes are used here.

Vertical profiles of conserved properties such as equiva- .
lent potential temperaturé£) can be used to identify at- 2.5 Aerosol number concentrations

mospheric layers that are well mixed. Radiosondes were

launched at least every 6 h during ASCOS, providing a high-Near-surface aerosol measurements were made from an inlet
quality, 6-hourly data set of temperature, moisture, and windwith an impactor 50 % cutoff diameter of 10 um (P#) at
profiles. Complementary potential temperat@edrofilesat  25-m height onboar@den(Tjernstrom et al., 2013). Aerosol

5 min time resolution were also derived from a scanning, 60-particle number size distributions at 10 to 20 min time reso-
GHz radiometer (Westwater et al., 1999)is not conserved lution were measured in 45 bins from 3 to 800 nm (all aerosol
in saturated adiabatic processes and will increase as condenizes are for particle diameter) using a twin differential mo-
sation occurs. This 60-GHz retrieval is strongly influencedbility particle sizer (TDMPS; Birmili et al., 1999). Using

by an a priori temperature field derived from interpolated ra-these size distributions, particle concentrations for all sizes
diosonde measurements. While the influence of the a priorlarger than 100 nmX- 100) and 300 nm §- 300) were calcu-
field is apparent in derived products, evaluations of the redated for use here. Aerosol particles that are active as cloud
trieval performed by removing specific radiosondes from thecondensation nuclei (CCN) were measured continuously us-
a priori data set indicate that the retrieval provides additionaling a CCN counter (Roberts and Nenes, 2005) operating at
information up to 0.7 km beyond simple interpolation of ra- a fixed supersaturation ef0.2 %. Generally, larger aerosol
diosonde measurements. Lastly, vertical profiles of horizon-particles are more active as CCN; inde®¥d109 was typi-

tal wind speed and direction were measured by a 449-MHzally similar to the independently measured CCN concen-
wind profiler; ASCOS was the first time that such a wind pro- tration. The quality of all ship-board aerosol sampling was
filer was deployed in the central Arctic. Measurements frommonitored using various tracers and thresholds to identify
the wind profiler were averaged over 30 min time windows potential contamination from local ship and snowmobile pol-
in order to get a sufficient signal at heights of up to 3km or lution. Further details on the quality and data processing of

more. ship-based aerosol and CCN measurements are available in
Heintzenberg and Leck (2012) and Martin et al. (2011), re-
2.4 Surface fluxes spectively.

Vertical profiles of aerosol concentrations were made us-
Surface turbulent heat fluxes were derived from tower-ing a helicopter (Kupiszewski et al., 2013). All helicopter
mounted sonic anemometers, open-path gas analyzers, asampling was designed to eliminate impacts from rotor down
high-resolution temperature measurements made at variousash, and flights were flown perpendicular to prevailing
heights up to 30 m over the sea ice adjacer®@tien(Sedlar  winds to ensure pollution-free sampling. Aerosol concen-
et al., 2011). Eddy covariance techniques were applied ustrations for particles in the size range of 300 nm to 18 um
ing standard data editing techniques with prescribed threshfi.e., N~ 300) were obtained using the Compact Lightweight
olds, producing 5 min values of stress and sensible heat fluxAerosol Spectrometer Probe (CLASP; Hill et al., 2008).
The surface-layer sensible heat flux was estimated as the m&vhile CCN were not measured onboard the helicopter, it is
dian of accepted heat flux values from six heights, produc-clear from near-surface measurements thiagoo is highly
ing a time series to which a 25 min running mean was ap-correlated with, albeit less than, CCN concentrations. Due
plied. Due to instrument problems, the covariance latent heato the risk of icing conditions, the helicopter was not flown
fluxes were unusable. However, near-surface fluxes were alsthrough cloud, although it often sampled up to, and slightly

www.atmos-chem-phys.net/13/9379/2013/ Atmos. Chem. Phys., 13, 93484 2013
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end of August are plotted. The black contour(@) and(c) desig- 2 3;2

nates a height of 0 km (i.e., no height change), while the black con- 02|
tour in (b) and(d) designates a latitude of 80!, which is the ap-

proximate sea-ice edge at the time of study. Color scales for height
and latitude are given to the right of the upper and lower panels,
respectively. Case study periods are given as blue lines along the & -

lower time axes. 0 2 4 6 8 10 12
Time [hours, UTC]
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Fig. 3. Remote-sensor-derived cloud and atmosphere dynamical
properties for 28 August 2008 (Case #1), includ{ayjlayer-mean
vertical velocity,(b) vertical velocity within the liquid cloud layer,

(c) skewness of vertical velocity over running 30 min windows,
(d) turbulent dissipation ratée) potential temperature, arff) sur-

hree-di . |, five-day backward ai | trai face turbulent sensible (blue) and latent (red) heat fluxes. Liquid
Three-dimensional, five-day backward air parce tI’a]ecto”escloud boundaries are given in black in the middle four panels, while

(Fig. 2) were calculated using the Hybrid Single Particle La- ihe pase of the cloud-driven mixed layer is given in blugdp

grangian Integrated Trajectory Model (HYSPLIT; Draxler | aunch times for radiosoundings in Fig. 4 are given as black stars
and Rolph, 2011; Rolph, 2011). The trajectories were base@long the top axis.

on data from the Global Data Assimilation System of the US

National Centers for Environmental Prediction. Vertical mo-

tion in the trajectory runs was calculated using the modelPeriods when the mixed layer extended down to the surface-

vertical velocity fields. The receptor point abo@elenwas  based boundary layer are referred to as coupled, while pe-

set at 0.5 km altitude. riods when the mixed layer was above the surface-based
boundary layer are referred to as decoupled.

within, the base of clouds. In broken clouds, profiles were
flown through the layer occupied by clouds.

2.6 Air mass trajectories

3 Case studies 3.1 Case #1: 28 August 2008, 00:00-12:00UTC

Using this sophisticated set of measurements and derive®uring this period an extensive deck of stratiform clouds was
products, example case studies are used to demonstrate irabserved by visible channels on the Moderate Resolution
portant ways in which stratiform, mixed-phase clouds at AS-Imaging Spectroradiometer (MODIS) satellite (not shown)
COS interacted with the boundary layer structure, aerosoto be advecting south and west around a slow-moving high-
concentrations, and surface fluxes. In all cases, ground-basqutessure center approachi@glenfrom the north. This case
remote sensor and radiosonde measurements consistently inicely illustrates a transition in the coupling state and bound-
dicated the same basic cloud structure, consisting of at leastry layer structure related to cloudiness. The transition at
one layer of supercooled liquid water from which ice crys- Odenstarted at about 05:00 (all times are inUTC) as the
tals formed and fell (e.g., Shupe et al., 2006). Cloud-drivencloud layer lifted over the course of a few hours (Fig. 3).
dynamics created mixed layers that usually extended fromA weak, low-level jet observed by the wind profiler, possibly
the cloud top down below cloud base. Of particular interestassociated with a weak mesoscale front, formed below cloud
here is the proximity of these mixed layers to the surface.base during this transition period (not shown). Additionally,
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i 0.8 top below a relatively dry free troposphere. During the tran-
g 08 Y 7777777777 sition, an additional moist layer was observed at 1 km, and
o S R N Sl by 127 a broader, and stronger, total water inversion existed
g;g 3 x / at 1.1 km. Specific humidity also increased below the cloud-
0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100 driven mixed layer at this time.

RH (%] RH [%] RH [%] To first order, there are two regimes in the derivefield

Fig. 4. Measurements from 0Z (left), 6 (middle), and 12Z (right) _(Flg. 3d): high values associated with act.|ve.tu.rbulent mix-
soundings on 28 August 2008 (Case #1). Panels in the top row conind and lower values where turbulence is limited. During
tain dry bulb (blue) and dew point (red) temperatures referenced tdhe first 5.5 h of the case, highextended through the cloud
the lower axis and equivalent potential temperature (green) referfayer and down to the surface, consistent with active mixing
enced to the upper axis. Panels in the lower row contain the relativehroughout this layer. However, coincident with the cloud—
humidity (red) referenced to the lower axis and specific humidity atmosphere transition suggested by other measurements, the
(green) referenced to the upper axis. In each panel, liquid cloud; strycture changed significantly. After this time, higlex-
boundaries are designated by horizontal solid lines, while the aPiended only a few hundred meters below cloud base with a
proximate base of the cloud-driven mixed layer is designated by &g hificant decrease below about 0.3-0.5 km. This interface
horizontal dashed line (and the mixed-layer base is assumed to be at . . . .
: . . IS the base of the cloud-driven mixed layer, consistent with
the surface during the 0Z sounding). Soundings are launched abou

30 min prior to the nominal sounding time. the 127 soundlng.. .
Cloud-layer vertical motions weakened for a couple hours

at 05:00 but increased again thereafter (Fig. 3a). Vertical ve-

back-trajectory model simulations suggest a subtle changocity skewness (Fig. 3c) was somewhat negative within the
in air mass origin. Five-day back trajectories for the 0.5 km cloud layer, indicating that the distribution was character-
height aboveDdenall descend as they approach (see Fig. 2),ized by relatively stronger, narrower downdrafts with weaker,
initially originating in the northern Canadian archipelago, but broader updrafts. This structure is consistent with the forc-
shifting towards ice-free regions in the Beaufort Sea at theing for these motions coming from above (e.g., Hogan et
time of transition. al., 2009), in this case being primarily driven by cloud-top
Other measurements revealed a consistent view of thigadiative cooling. Cloud LWPs remained between 50 and
transition. The initial, radiosonde-measureg profile ~ 120gnT? for this whole case, except for a brief decrease
(Fig. 4) was approximately constant from inversion base atduring the transition (not shown). For three hours during the
0.8 km down to the surface, indicating a layer of near-neutral transition the skewness became more positive, perhaps re-
moist static stability that was well mixed. In other words, lated to mesoscale circulations (i.e., weak low-level jet or
the cloud was coupled to the surface. Over the ensuing 12 Hyveak frontal lifting) near the leading edge of this transition.
while near-surfacé; remained relatively constartz in the For almost the entire case there was a distinct increase in
elevated cloud-driven mixed layer warmed byGt During w skewness near cloud top that provides insight into impor-
this transition, the mixed-layer top slowly lifted to 1.1km, tant cloud-top processes related to moisture inversions. Ra-
consistent with the transition in observed radar cloud topdiative cooling destabilizes cloud parcels below the tempera-
(Fig. 3). The 6Z sounding (05:35 launch time) showed step-ture inversion base leading to buoyancy-driven shallow over-
wise transitions iz near cloud top from the initial state to- turning (i.e., mixed-layer formation), with a negative skew-
wards the final state. Importantly, this warming aloft helped ness. However, this same destabilization does not occur when
create a near-surface, Statica"y stable |ayer in the |owe3§|OUd water that resides within the temperature inversion ra-
0.3km that decoupled the cloud-driven mixed layer from thediatively cools. Rather, it is expected that cooling in this rel-
surface. The 60-GHz radiometer-deriveghows this same  atively moist region directly forces condensation (Curry et
transition with higher temporal resolution (Fig. 3e). al., 1988; Solomon et al., 2011). As a result, these skew-
ness values suggest that thedistribution for these cloud
parcels within the inversion was unique relative to those that
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Fig. 5.Near-surface and helicopter aerosol measurements on 28 Au-
gust 2008 (Case #1), includirfg) helicopter profile of aerosol con-
centration for particles larger than 300 nm taken at about 9Z, and
(b) concentrations of CCN (blue), aerosols larger than 100nm (red) 3
and aerosols larger than 300 nm (green) measured onBaknal In 0 5 10 15 20
(a), the solid and dashed lines are the cloud base and mixed-layel Tis [hours, UTC]

base heights determined by remote sensors at the time, respectiveIFyig_ 6. Remote-sensor-derived cloud and atmosphere dynamical

Red ba_rs on the Ir?\l/verhams @) |ng|cate qhuestlonaple ﬁata dﬁe tp roperties for 29 August 2008 (Case #2), includ{ayjlayer-mean
contamination, while the orange bar on the top axis shows the imeq jo| velocity, (b) vertical velocity within the liquid cloud lay-

of the helicopter profile. ers,(c) skewness of vertical velocity over running 30 min windows,
(d) turbulent dissipation ratge) potential temperaturgf) LWP
(red) and IWP (blue) for clouds below 2 km, afg) surface turbu-

resided below the temperature inversion within the cloud- "t Sensible (blue) and latent (red) heat fluxes. Liquid cloud bound-
aries are given in black ifb—e), while the base of the cloud-driven

driven mixed layer. . mixed layer is given in blue ifd). The black line in panel a is for
Surface turbulent heat fluxes were small (Fig. 3f) and e iower cloud layer, while the red line is for the upper altocumulus

likely had little impact on cloud-driven mixed-layer dynam- |ayer. The orange bar along the top axis shows the time period when

ics. The latent heat flux was positive but variable. The sen-a second upper cloud had descended below 5 km. Black stars on the

sible heat flux appears to have responded to changes in thep axes designate the launch time for radiosondes shown in Fig. 7.

cloud—surface coupling state rather than force them. Prior to

the transition, the surface was warmed as the cloud-driven

mixed layer drove heat down towards the surface. After themixed-layer base identified using remote sensor measure-

transition, the sensible heat flux provided a small amount ofments. From that height up to cloud base at 0.66 Kaggo

heating to the now colder near-surface atmosphere. was constant and somewhat higher; it then decreased above
Near-surface aerosol measurements did not change apprehat height as many particles activated into cloud drops that

ciably as a result of the transition in the cloud—surface cou-were not sampled through the aerosol inlet. No information

pling state (Fig. 5). From 05:00 to 09:30 the near-surfaceis available on particle concentrations above cloud top, but

measurements cannot be fully trusted due to potential conit is clear that the highest particle concentrations at this time

tamination, although ship pollution mainly affects particle were associated with the decoupled, mixed layer as opposed

number concentrations at sizes smaller than 300 nm. Qualityto the near-surface boundary layer.

assured samples before and after this time showed nearly

identical aerosol and CCN concentrations. A helicopter pro-3.2 Case #2: 29 August 2008, 00:00-21:00UTC

file at 09:00 indicated a near-surfaie 300 that was in good

agreement with théddenbased aerosol measurements of The second case encompassed a transition from the decou-

the same size rang&l- 300 increased slightly with height pled cloud state described at the end of Case #1 back towards

until approximately 0.45km, which was the cloud-driven a cloud-surface coupled state, with an added complication
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Fig. 7. As in Fig. 4, but for 0Z, 6Z, 12Z, and 18Z soundings (moving left to right) on 29 August 2008 (Case #2).

of multiple cloud layers influencing the low-level cloud pro- from about 05:00 to the end of the case the cloud top and
cesses. As with the prior case, a persistent, low-level, mixedtemperature inversion base both descended slowly.
phase stratocumulus cloud occurred ab®@aen (Fig. 6), The ¢ and 6 fields (Fig. 6d, e) both showed clear tran-
being initially stationary under a weakening, stalled high- sitions from an elevated cloud-driven mixed layer prior to
pressure center, then in time moving slowly towards the eastabout 12:00 towards a mixed layer extending from cloud to
northeast. Back-trajectory analyses indicate that the cloudsurface thereafter (neglecting for the moment the period of
level air mass descended slowly (Fig. 2) as it advected frommultiple cloud layers from 11:00 to 17:00). Interestingly, the
ice-free regions of the eastern Beaufort Sea out over the profiles showed what appeared to be a turbulent layer grow-
central Arctic ice pack toward®denover 3—4 days. Two ing in depth from the surface upward at 13:00-15:00, consis-
types of upper layer clouds were also observed: a mixedtent with the 127 sounding. However, surface turbulent heat
phase altocumulus at1.5 km from 14:00 to 17:00 and upper fluxes were again weak (Fig. 6g). The trend in sensible heat
level, cirriform clouds during much of the case (not shown in flux was similar to Case #1, with slightly positive fluxes un-
Fig. 6). The remote sensor suite indicated that these cirrifornder a decoupled situation and a transition towards small neg-
clouds were primarily composed of ice and remained abovetive fluxes as the cloud-driven mixed layer began to drive
5km, except for the period of 11:00-14:00 when the upperheat towards the surface.
cloud base descended below 5 km and the cloud became sub-An additional aspect of this case is the influence that
stantially thicker. upper-level clouds had on this low-level stratocumulus. Be-
Many of the same signatures described for the previougween 14:00 and 17:00, the turbulent motions were greatly
case are again useful for this case. Radiosanderofiles  diminished (Fig. 6a, b, d) as the optically opague altocumu-
(Fig. 7) showed an initially decoupled, cloud-driven mixed lus at 1.5 km inhibited the stratocumulus cloud-top radiative
layer sitting atop a stable layer &0.4 km. Near-surfacég cooling. Since the altocumulus cloud was able to effectively
remained steady over time, while the mixed layer cooledcool to spaces values in that layer were similar to those in
under increasing, cloud-level winds from the northwest. By the unshaded stratocumulus. Subtle turbulence changes were
12:00 the surface-based mixed layer had deepened, and kalso seen in the stratocumulus starting at about 11:00, coin-
18:00 had joined with the cooling, cloud-driven mixed layer, cident with the lowering and deepening of the cirrus cloud
resulting in cloud—surface coupling. Moisture near and aboveabove 4 km (not shown). These highest clouds were appar-
cloud top was relatively high in the initial soundings, but de- ently not as optically thick as the altocumulus, and thus had
creased by 18:00. Cloud-tap inversions existed through- a smaller impact. While the skewness was typically neg-
out, with a very strong moisture inversion in the 12Z sound- ative in the stratocumulus, there was a marked transition to-
ing. During the entire case, the cloud top protruded into thewards a more neutral or positive skewness when upper clouds
temperature inversion at abou to —8°C, again accom- were present, as the cloud-top forcing of in-cloud turbulent
panied by a cloud-top increaseinskewness (Fig. 6¢), and motions was diminished.
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Thg cloud properties themselves _responded to changes in 0.7 o) 97 5) 1357 3 o7

coupling state, the presence of multiple cloud layers, and/or 0.6 »

the air mass transitions that accompany them. A general de-

crease in cloud top from 05:00 to the end of the case was ) 0.5

concurrent with drying throughout the lower troposphere. At X 04

the same time, and in spite of the drying, the cloud thickness Y=

increased as the stratocumulus transitioned towards the cou- w 0.3~ - -2~ %

pled state after 12:00, with a commensurate increase in LWP T 0.2

(Fig. 6f). On the other hand, cloud ice production decreased

with the transition to the coupled state. LWP was well corre- 0.1}.

lated with the total liquid cloud thickness throughout. There 0.0L ~ N ;

was also an unexplained feature from 03:00 to 07:00 where 1 10 1 10

periods of enhanced ice production coincided with skewness N, 300nm [cm™]

values that were more positive, indicating some relation be- __ 100F d) near—surface -

N>100nm CCN 1:

e

tween changes in air motions and ice processes at this time. F

There was a substantial LWP peak when the altocumulus
layer was present. While this set of remote sensors did not > 1 ,(
have sufficient information to distribute the LWP between :
multiple layers, this increase was presumably due to liquid 0 5 10 15
water present in both layers. Immediately after the altocu- Time [hours, UTC]

mulus advected away, the total LWP plummeted to 20¢,m Fi .

. . ig. 8. Near-surface and helicopter aerosol measurements on 29 Au-
suggestlng the approxmate LWP of the shaded stratocuml,qgust 2008 (Case #2), including helicopter profiles of aerosol con-
lus. This response was likely due to the fact that the altoCu<entration for particles larger than 300nm taken at alfay9Z,
mulus was advecting faster than the stratocumulus and cong) 13,5z, and(c) 192, and(d) concentrations of CCN (blue),
tinually exposing new portions of the diminished, lower-level aerosols larger than 100nm (red) and aerosols larger than 300 nm
cloud. Within 30 min, this newly exposed cloud again cooled (green) measured onboaddien In (a—c), the solid and dashed lines
effectively to space, cloud processes became active, and thae the cloud base and mixed-layer base heights determined by re-
LWP recovered. mote sensors at the time, respectively. Red bars on the lower axis

Aerosol measurements both near the surface and aloft sugf (d) indicate quegtionable data due to contam?na_\tion (ygllow bars
gested that aerosol concentrations were again largest withif12y also be questionable due to temporal proximity), while the or-
the cloud-driven mixed layer (Fig. 8). At 09:00, the near- ange bars on the top axis show the times of the helicopter profiles.
surfaceN- 109 was low, similar to the CCN concentration,
while N. 300 was even lower. Around 10:00-11:00 all con-
centrations started to increase, with a net CCN increase fro
10 to 85 cn2 by 21:00. Three helicopter profiles nicely cap-

AN N E

>300nm

20

mid-level cloud shaded the stratocumulus for the first cou-
nﬁle hours (Fig. 9). Satellite and wind profiler observations
. . i (not shown) both showed the mid-level cloud moving north-
tured the eyolutlon of vertical aerosol structure. Tr;e first of northeast, while the underlying stratocumulus advected west-
these at 09:00 showed near-surfabesoo below 1em=and =y Back-trajectory analyses indicate that the 0.5 km flow

an increase with elevation up to t_he base of the CIOUd'dri_VGrEtOdenpassed over the sea-ice edge in the Fram Strait about
mixed layer at 0.3km. Above this level, the concentration one day prior to the case. In contrast to other cases, this air

was constant up to cloud base near 0.55km, and then d%ass remained at or below 0.5 km for the prior couple of days

creased aloft due to cloud droplet activation. The 13:30 pro-g:ig 2)
file, after the cloud-surface coupling process had started, wa Initially, with the geometrically thin yet optically thick

significantly different. Low-levelN-.300 had increased, com- iy oyl cloud overhead, the low-level stratocumulus had
mensurate with the observed near-surface increase, and the&'ﬁninishingg with height (,Fig. 9c). Strong narrow updrafts
beriodically emanated from the surface (Fig. 9a), leading to
ositive near-surface skewness. At this time there was a
hallow surface-based mixed layer indicated by thes@z
sounding (Fig. 10) and retrieveti field (Fig. 9d). Surface
sensible heat fluxes were near neutral to weakly positive at
this time, and thus might have contributed to the forcing for
' : : - ... this mixed layer. Near-surface wind shear (not shown) as-
The final case study (.j'd not involve a distinct tran5|t|on sociated with a weak low-level jet likely also contributed to
in cloud—surface coupling state, although the coupling aP~hechanical mixing.
peared to be intermittent. In this case, a mixed-phase stra-

tocumulus below 0.7 km was present throughout, while a

0.4km. By 19:00, near-surfac¥- 3gp had again increased
and the concentration was approximately constant from th{
surface up to cloud base above 0.3 km.

3.3 Case #3: 25 August 2008, 00:00-11:30UTC

Atmos. Chem. Phys., 13, 937840Q 2013 www.atmos-chem-phys.net/13/9379/2013/



M. D. Shupe et al.: Cloud and boundary layer interactions over the Arctic sea ice in late summer 9389

* 0 [C 0 [C 0 [C
—2 o 575 hs 20 o 5K hs 20 o sk 20
£ 00% 06 122
=1 _ 20
B £ s
E ? g,, 1.0
= T 05 ‘ AN SO
=~

g 0.0 J/ g}s L L
— 2 -15 -10 -5 0 -15 -10 -5 0 -15 -10 -5 0
£, T[c] T(C] T[C]
; (11. o [gzkg & 40 [gzkg !1 410 [gzkg !i 4

X 00Z 06Z 12Z

g' .20 Y
E1 £1s
- 1' -
T . w® 1.0

0. s =

0.5
—_ 2.
.E 1 E 0.0 ra = }_ .Z L Z
: 1.0E 0 20 40 60 80 1000 20 40 60 80 1000 20 40 60 80 100
= g.g; RH [%] RH [%] RH [%]
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= 50: soundings on 25 August 2008 (Case #3).
S
e &
g 4f
E 2F
3 op : water amounts. Immediately after the stratocumulus became
= _20 2 2 6 8 10 unshaded, a burst of liquid was produced as cloud processes
Time [hours, UTC] became more active, with peak LWP reaching 190 tve-

a]ore settling back down to the typical range as ice production
properties for 25 August 2008 (Case #3), includfagvertical ve- mcrez_ased. After O4:0Q, cloud base height was variable, with
locity within the liquid cloud layer(b) skewness of vertical velocity VP increases occurring when the cloud base descended and

over running 30 min windows(c) turbulent dissipation rat¢d) po-  cloud layer thickened.
tential temperature(e) IWC, (f) LWP (red) and IWP (blue), and Near-surface aerosol concentrations demonstrated a
(9) surface turbulent sensible (blue) and latent (red) heat fluxesunique correspondence with cloud liquid water in this case
Liquid cloud boundaries are given in black in the upper five pan- (Fig. 11). First, there existed a strong consistency between
els, while the base of the cloud-driven mixed layer is given in blue CCN concentration aniy-. 1go. An increase of CCN occurred
in (c). Launch times for the radiosondes in Fig. 10 are given as starsyjthin the first hour, with a slow decline until 03:00. Between
across the top axis. 03:00 and 05:00 the CCN concentration increased from 10
up to 50 and then decreased back to 158in coordination
with the pulse of liquid water production. Shortly thereafter

At 03:30 the mid-level cloud advected away, eliciting CCN measurements were no longer available NoLitgo con-
a significant response in the stratocumulus layer (Fig. 9)tinued to increase and decrease in coordination with broad
About 30 min after being exposed, turbulence increased neancreases and decreases in LWP (with a correlation coeffi-
cloud top due to more effective cooling to space. Cloud-topcient of 0.6 when LWP was averaged to the aerosol measure-
w skewness became more neutral in time, consistent withment times). Increases in both aerosol concentrations and
the increased contribution of radiative cooling towards forc- LWP also coincided with a deepening of the cloud layer, a
ing vertical motions. An increased depth of mixing, extend- descent of cloud base, and a decrease in near-surface visibil-
ing from the surface to cloud top, was apparent in éhe ity. A helicopterN- 300 profile made three hours prior to this
field (Fig. 9d) and the 6Z radiosonde (Fig. 10). Soundingscase and prior to the low-cloud formation (Fig. 11a) showed a
also showed drying aloft after the mid-level cloud left and a large increase above 0.5 km relative to near the surface. Dur-
slightly decreased mixed-laygyrin time. Only after the mid-  ing the 09:00 flight, peak near-surfadg 3go was nearly as
level cloud was gone did the radiosoundings indicate cloudarge as the upper-level concentrations present before. While
top protruding into the temperature inversion, suggesting thatt was difficult to resolve the exact atmospheric structure in
strong radiative cooling was needed to promote this procesghe lowest 0.15 km, the variability and vertical structure of

LWP was typically within the range of 30—-120 ghfor these observations are consistent with aerosol concentrations
the duration of this case. For the first few hours, some por-being larger aloft than near the surface, and cloud-driven ver-
tion of the LWP was associated with the mid-level cloud, tical mixing periodically transporting some of these aerosols
while the lower stratocumulus likely had diminished liquid down towards the surface. In other words, the cloud-driven

Fig. 9. Remote-sensor-derived cloud and atmosphere dynamic
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' ' ' higher aerosol concentrations aloft might support hypothesis
2.5(8) -3z b) oz #1, although IN ions alof known. Th
.20 » although IN concentrations aloft are unknown. Thus, at
20 ' present, there is insufficient information to further constrain
T this phenomenon.
I+ 0.15
= 15[ —mins -
E
20 0.10
g 1.0 - _—
T 4 Statistical description of ASCOS stratocumulus
0.5 0.05 period
e ' 0.00 ' ' The principles used to characterize the individual case stud-
0.1 1.0 10.0 0.1 1.0 10.0 : :
N, 0o [cm-?] N, a0 [cm™?] ies were applied to the week—lqng, AS_COS stratocumulus
phase from 24 to 31 August (Fig. 12) in order to explore
g 100.0p.c) near—surface 3 the cloud-surface coupling state and its relationship to cloud
g 10.0f cC /\ properties and atmospheric mixing in a more general way.
= 1.0k N . N \l Periods having at least intermittent cloud—surface coupling
T E /N *'>300nm . N\ q . . .
Z IO\ NNV are characterized by layers with small and/or negatigea-

0 2 4 6 8 10
Time [hours, UTC]

dients from the surface up to cloud layer and mixed-layer
bases that periodically extend down to the surface (green
hatched periods in Fig. 12). Periods that show consistent

Fig. 11. Near-surface and helicopter aerosol measurements on 23|qud—surface decoupling generally have layers of positive

August_2008 (Cas_e #3), including helicopter profiles of aeros_ol con- gradient and a mixed-layer base at some height between
centration for particles larger than 3_00 nm takehabout 3 h prior cloud and surface (red hatched periods in Fig. 12). None of
to 0 and(b) 92, and(c) concentrations of CCN (blue), aerosols he specified time periods is homogeneous and there is some

larger than 100 nm (red) and aerosols larger than 300 nm reeni . .
9 (red) 9 (@ rossover in characteristics between these states. To pro-

measured onboar@den In (a—b), the solid and dashed lines are ~. N
the cloud boundaries and mixed-layer base heights determined bylde @ general characterization of the observed stratocumu-

remote sensors at the time, respectively. Red bars on the lower axi!S clouds, and to contrast coupled versus decoupled subsets,
of (c) indicate questionable data due to contamination (yellow barsstatistics are examined for all periods having a low-level,
may also be questionable due to temporal proximity), while the or-liquid-containing cloud with top between 0.5 and 1.5 km that
ange bar on the top axis shows the time of the second helicoptewas not shaded by an optically thick upper cloud layer (black
profile. Note the different vertical scales f(@) and(b) . line on top axes in Fig. 12). Moreover, cases are only consid-
ered where hydrometeors are present from cloud level down
to the surface, or to below the identified mixed-layer base,
mixed layer was intermittently coupled to the surface bound-to ensure that the mixed-layer base can be determined us-
ary layer (when LWP was high and cloud base was low), andng the methods presented here. Of these time periods, the

weakly decoupled at other times.

mixed-layer base is identified above 0.15 km, representing a

Another interesting aspect of this case was that cloud icedecoupled state, 75 % of the time.
production was minimal when the stratocumulus was shaded First, considering the full time series in Fig. 12, it is appar-
but ramped up significantly as cloud-top turbulence increaseent that cloud—surface coupled time periods are typically as-
(Fig. 9e, f). Between the 0Z and 6Z soundings (Fig. 10)sociated with lower clouds, while decoupled scenes are most

cloud-top temperature only cooled fron6 to —8°C, a dif-

often associated with clouds that are lifted further off the

ference that was likely not sufficient to explain the dramatic surface relative to surrounding time periods. This difference
change inice production. Unfortunately, little information on is borne out by examining probability distribution functions
local ice nuclei (IN), which are needed for ice particle nu- (PDFs) distinguished by coupling state (Fig. 13). In addition
cleation at these temperatures, is available. Potential explao being higher, decoupled clouds are often thinner and more
nations for this behavior include (1) IN being brought into frequently contain smaller LWP and IWP relative to surface-
the system via cloud-top entrainment (Fridlind et al., 2012),coupled clouds. The distribution af is similar in all cases,
which increases as cloud-top turbulence increases; (2) morwith extreme values reachingl mst. However,w skew-
active cloud motions leading to the formation of more large ness is most often negative in decoupled cases but more neu-
liquid droplets that are preferentially active in some freez-tral in coupled cases, including a tail towards highly positive
ing mechanisms (Lance et al., 2011); or (3) more activevalues that are related to stronger forcing from below. Distri-
cloud motions begetting higher peak supersaturations thabutions ofs are relatively more skewed towards low values in
support enhanced nucleation via certain mechanisms. Moddecoupled cases. However, when only considetingthin
erate correlation between LWP and IWP in this case couldhe mixed layer, it is more often larger in decoupled cases.
support any of these possibilities. Further, the suggestion ofor all parameters, the total distribution is closer to that of

Atmos. Chem. Phys., 13, 937840Q 2013
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Fig. 12. Time—height contour plots of (upper) turbulent dissipation rate and (lower) vertical gradient of potential temperature for the “stra-
tocumulus” time period of ASCOS. Two different 4-day periods are plotted. Cloud boundaries are given in black, while the base of the
cloud-driven mixed layer is given in blue in the dissipation rate panels. Periods where the mixed layer is identified as being predominantly
coupled (green) and decoupled (red) from the surface are noted with cross hatches. All time periods included in the statistical characterization
in Sect. 4 are noted with the thick black bars across the top axes. Case study periods are given as blue lines along the lower time axes.
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Fig. 13.Probability distribution functions af) vertical velocity,(b) vertical velocity skewnesgc) turbulent dissipation ratég) cloud base
height,(e) cloud thickness, (f) mixed-layer thicknegg) LWP, and(h) IWP. In all panels, the black curve is representative of all data noted

by the thick black bars at the top of Fig. 12, red curves are for predominantly decoupled time periods noted with red cross hatches in Fig. 12,
and the green curves are for intermittently coupled time periods noted with green cross hatches in Fig. 12. Additpimallydes the

PDF of ¢ for predominantly decoupled time periods but only within the mixed layer (orange), and the thin curves represent the PDFs of
layer-maximune.
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ever, decoupled, cloud-driven mixed layers are, on average,

;:g ~2-3°C warmer than coupled mixed layers and exhibit more
308 variability in part due to a larger sample size. The warmer
o7 temperatures aloft in decoupled states suggest that these ele-

0.6 vated mixed layers did not at any point upstream couple to, or

0.5 equilibrate with, the cooler sea ice—ocean surface below. For

either coupling state} increases near cloud top as does its
variability. This behavior shows that in many cases, although
not all, the cloud top extends into the temperature inversion
(e.g., Sedlar et al., 2012).

Profiles of e (Fig. 14c) offer a consistent picture. Tur-
bulence increases moving downward from the normalized
cloud top, reaching relatively steady values through the lower
part of the cloud. This transition towards higlaeyccurs over
the same depth at whighprofiles show influence from the
temperature inversion, implying a diminisheéh clouds re-
siding within the inversion. In the cloud layet,is slightly
larger in decoupled relative to coupled cases (Figs. 13c, 14c),
perhaps due to the absence of dissipative interactions with the

T, surface. Moving below cloud basedecreases in decoupled
8-7-6-5-4-3 -4-20 2 4 6 8 cases but remains high for coupled cases, showing a clear
logyo(e [m’s™]) o [C] relationship between well-mixetllayers and higla.

Fig. 14.Normalized statistical profiles ¢&) vertical velocity skew- Pr_Of'I_eS ofw-related parameters are only ava'lable_ within
ness,(b) vertical velocity variance(c) turbulent dissipation rate, the liquid cloud layer, but not below cloud base. Vertical ve-
and (d) 60-GHz radiometer-derived potential temperature. Black loCity variance (Fig. 14b) is smallest near cloud top and at a
curves represent all data noted by the thick black lines at the tognaximum in the lower cloud, often lower for coupled cases
of Fig. 12, while the red and green curves are for the predomi-versus decoupled cases. This profile shape is consistent with
nantly decoupled and intermittently coupled time periods noted ina typical eddy structure that extends from cloud to below
Fig. 12, respectively. Normalization is done relative to the cloud top cloud. Near cloud top (and mixed-layer base), eddy vertical
(1.0), cloud base (0.5), and surface (0.0) in steps of 0.1. At eactingtions naturally become smaller and less variable, while
normalized height level, box-and-whisker diagrams show the Sth’they are at a maximum in the middle of the eddies, which
25th, 50th, 75th, and 95th percentiles, whille.the continuous verti-COrresponds to a height that is typically in the lower part of
cal curves represent the mean values. Statistics are computed at ttee cloud.

same normalized heights for all data subsets, but are visualized a Vertical velocity sk Fig. 14a) sh ked diff
slightly different heights to facilitate comparisons. Since vertical ve- ertical velocity skewness (Fig. 14a) shows marked differ-

locity can only be determined within cloud layeta) and(b) only ~ €nces in the lower portion of the cloud. More negative values
show normalized height ranges within cloud. are present in decoupled cases, a signature of stronger, nar-

rower downdrafts that are forced by radiative cooling near

cloud top. On the other hand, more positiveskewness val-

ues are found in the coupled cases, implying a larger influ-
decoupled clouds, as these occurred three times as often asce from stronger, narrower updrafts forced from surface
coupled clouds during the ASCOS stratocumulus period. fluxes or wind shear below. In all cases theskewness

Normalized vertical profiles (Fig. 14) highlight some of tends to become slightly positive near cloud top. This fea-

these points in more detail and reveal how the parameters inture is likely related to clouds that protrude into the temper-
teract vertically. The gradient @fis used to classify coupled ature inversion, and indeed coincides with cloud-top signa-
versus decoupled conditions and thereférprofiles show  tures in bothd ande. When cloud parcels below the tem-
striking differences for these two subsets of data. Coupledberature inversion radiatively cool, they become negatively
cases have a semi-constant profile from just below cloud toguoyant, driving upside-down shallow convection. However,
down to the surface, consistent with this full layer being well when clouds that exist within the temperature inversion cool,
mixed. Recall that will increase slightly when condensa- they may not become negatively buoyant. Cloud-top positive
tion occurs in a cloud layer. Decoupled cases show a similarskewness numbers suggest that different turbulent motions
well-mixed profile separated vertically from the surface by occur in this region. Such a signature is consistent with large
a stable layer. In all cases, near-surfdceemains between eddy simulations (LES) of decoupled Arctic stratocumulus
—2 and—3.5°C, consistent with near-surface temperaturesthat show small-scale motions above the temperature inver-
at this time (Sedlar et al., 2011), due in part to the steadyingsion base and larger, overturning motions below (Solomon et
effect of the surface sea-ice and ocean water mixture. Howal., 2011).

Normalized height

All
Coupled
Decoupled]
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120f oy 75 507 where higher LWP typically contributes to enhanced cloud-
‘Z 10f 9 top radiative cooling, which increases turbulence production,
) and in turn supports further cloud condensation and mixed-
% layer growth. In this case, most LWP values are higher than

30gnT?2, which is the approximate value at which clouds
become opaque for infrared radiation. Additionally, LWP is
correlated with cloud thickness (correlation coefficient of
0.7), such that increases in LWP are generally due to in-
creases in cloud depth and not necessarily to substantial in-
creases in cloud water content, and thus cloud opacity, near
cloud top. Indeed the layer-mean liquid water content (LWP

Zoa tnp[km]

E divided by cloud depth) is relatively constant in this data set

7 at 0.23+0.10gn13 and shows no relationship with layer-

> maximume (correlation of—0.07). Thus, while cloud water,
= 0 depth of mixing, and turbulence are clearly related, it is diffi-
T cult to determine which is the primary driver of this system.
i3 —28F e =y Normalized aerosol concentration profiles for all heli-

g ~30f of ' copter flights during the period of study (Fig. 16) offer in-
% -35A N8 sight into the aerosol sources that influence the stratocu-
g —sobia T mulus clouds. During periods of intermittent cloud—surface

R WA g S 02 08 04 oy o7 coupling, N- 300 is approximately constant from cloud base

down to the surface, indicating that the cloud is exposed to
Fig. 15. Two-dimensional frequency distributions of the layer- the same large-size aerosols that are measured near the sur-
maximum turbulent dissipation rate vers@ LWP, (b) cloud-top  face. However, in the more frequent decoupled time periods,
height, (c) cloud thickness, andd) distance from cloud top to  n_ 34 is almost always higher within the cloud-driven mixed
the height of the maximl_Jm, and the mi_xed-layer depth versus layer than below it.N.300 minima (asterisks in Fig. 16b)
() LWP, (7 cloud-gop height/(g) cloud thickness, an¢h) Iayer_- are always observed at some height below the cloud-driven
maximume. Data included are only for cases where the mixed- mixed-layer base, suggesting that vertical transport from be-

layer base is identified to be above 0.15km and all data have bee‘r Id I tb f | (in t f
subjected to a 10 min running average. Each panel includes the co ow would generally not be a source of aerosol (in terms o

relation coefficient and the least absolute deviation best linear fit tonumber) to the mixed layer. Nearly all cases where the min-

the data. imum N300 iS not at the surface coincide with near-surface
fogs below this height.
There are four helicopter flights during this time period

It is useful to consider how the cloud-driven mixed layer that reach high altitudes either shortly before or after (<2 hr)
relates to cloud and turbulence properties. To do so, time pea low-level, stratiform cloud layer is present, providing some
riods are only considered when the mixed-layer base is aboveontext for the aerosol environment that likely influenced the
0.15km —i.e., decoupled —to ensure that the full mixed-layercloud. In all casesN- 3o0 is observed to increase just at, or
depth is accounted for. In this subset of data, there are modabove, the nearby cloud top (Fig. 16c). This profile shape,
erate positive relationships between the mixed-layer depthgcombined with those for decoupled cases, suggests that air
cloud depth, cloud-top height, layer-maximumand LWP  masses aloft are the primary source of these large aerosol
(Fig. 15). Additionally, the height of layer-maximugms typ- particles for the cloud layer and that cloud-driven turbulence
ically 0.1-0.4 km below cloud top and moves further below mixes these particles downward. One case, the 18:10 flight
top as peale increases (Fig. 15d). Together these relation-on 26 August (yellow in Fig. 16c), illustrates this system
ships indicate that the vertical depth of atmospheric mixingnicely. On this occasion the helicopter profile passes through
is strongly related to cloud thickness, and both are associated brief thinning of a cloud layer (see Fig. 12)..300 above
with, and likely determined by, the amount of turbulence. En-cloud top is nearly 2 crm?. Within the cloud itself (0.8-1.0
vironmental conditions such as low-level atmospheric stabil-normalized height units) there is a decrease due to cloud
ity may also play a role in determining the mixing depth. droplet activation, but below cloud base there is a relatively
However, when data from Fig. 15 are partitioned accordingsteady concentration of about 1.5chdown to 0.2 normal-
to stability below the mixed-layer base, no clear relationshipsized height units, below which is a decrease to less than half
are found. that value towards the surface. This structure is consistent

There is a weak positive relationship between layer-with an aerosol source at cloud top, with cloud processes
maximume and LWP and a somewhat stronger relationshipentraining and mixing these aerosols downward in a mixed
between mixed-layer depth and LWP (Fig. 15a, e). Thesdayer that extends to 0.2 normalized height units.
parameters all interact in a cloud-scale feedback process
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Fig. 16.Normalized vertical profiles of aerosol concentrations for particles larger than 300 nm measured during all individual helicopter pro-
files in the period of 24-31 August 2008. Profiles are distinguished by those tt{a) areermittently cloud—surface couple@) decoupled,

and(c) high altitude, reading above the nearby cloud top. Date and time stamps are color coded. Prior to normalization, profiles are created
where the median aerosol concentration in 40-m vertical range bins is determined. Normalizétjanii(b) is between surface (0.0) and

cloud base (1.0), with the mixed-layer base (0.5) includetb)nin (b) , the profile minimum below the mixed layer is designated by an
asterisk. Foi(c), normalization is from surface (0.0) to cloud top (1.0), and the “cloud top” height is from a cloud that occurs within two
hours of the profile.

Lastly, back-trajectory analyses for the full time period Thus, it is critical to understand mechanisms for maintaining
of study (Fig. 2) indicate that air masses generally descendupercooled liquid clouds in cold Arctic environments. In-
over the 3-5 days preceding their arrival at the 0.5 km heightdeed, stratiform clouds are observed to be persistent in many
aboveOden Within 2-5 days’ time, most trajectories also Arctic locations (Shupe, 2011; Cesana et al., 2012), suggest-
originate from latitudes south of 80I, the approximate lati- ing that in-cloud processes conflate to make these clouds re-
tude of the sea-ice edge at this time, where warmer temperasilient (e.g., Morrison et al., 2012). While some cloud pro-
tures are expected. Exceptions to this general picture are resesses are understood, there remain substantial uncertainties
lated to intermittently coupled periods on 24 and 25 August,with regard to the relative roles of long-range advection ver-
when trajectories remain at or below the 0.5km height forsus local surface-based processes for supplying clouds with
the 1-3 days during which they transect the sea-ice pack bemoisture, energy, and CCN. Additionally, the role that clouds
fore reachingDden These air masses likely interacted with play in vertical mixing processes that help shape the Arctic
the ocean and sea-ice surface along their trajectories. Alsdpwer troposphere is still being formulated.
for 30—31 August back trajectories generally remain over These cloud and atmospheric processes are examined in
the sea-ice pack for the previous 5 days and descend dowihe sea-ice pack of the central Arctic Basin using obser-
to heights of 0.35—-0.4 km prior to their arrival at 0.5km at vations from the ASCOS campaign in late summer 2008.
Oden Nonetheless, the cloud occurring near the start of 31In particular, this study focuses on a week-long period of
August is clearly decoupled from the surface. nearly continuous stratocumulus clouds observed in late Au-
gust near 87N, 10° W. An extensive suite of ground-based
and aerial observations is utilized to concurrently character-
ize the vertical structure of cloud properties, local-scale tur-
bulence, atmospheric mixing, and aerosol concentrations at

Low-level, stratiform, liquid-water-containing clouds are im- SiZ€s relevant for cloud droplet activation. o
portant for the surface energy budget of the central Arctic, K€Y findings from this study are summarized within the
imparting radiative effects that are significant with regard to CONtext of developing a conceptual model for late summer

sea-ice melt and freeze processes (e.g., Persson et al., 20(39ud—atmosphere processes over the central Arctic sea-ice

Stramler et al., 2011; Sedlar et al., 2011). As many of thesd@ck. While the observations used here are for a relatively
clouds are near opaque in the infrared, their first-order radiaShort period of time at one location, their ability to simul-
tive properties are controlled by their presence or absencd@n€ously characterize so many components of the climate

5 Conclusions
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system makes them particularly valuable. Many elements of
this conceptual model, listed below, are also supported by
other studies:

— Central Arctic low-level stratiform clouds appear to be
predominantly driven by in-cloud processes such that
the clouds are self-maintaining. A variety of evidence
supports this notion. First, clouds that are thermody-
namically decoupled from the surface are structurally
quite similar to those that are coupled to the surface,
both showing little influence from the local surface.
Indeed, surface turbulent heat fluxes over a predomi-
nantly sea-ice surface in late summer are weak (e.g.,
Persson et al., 2002; Sedlar et al., 2011), such that the
surface contribution to mixed-layer processes is lim-
ited, even in cases when cloud—surface coupling does
occur. Additionally, frequent moisture inversions aloft
(e.g.,Tjernstrdm, 2005; Sedlar et al., 2012) provide a
moisture source for cloud maintenance that is indepen-
dent of the surface. Lastly, during this period of study,
the decoupled cloud state was more prevalent and per-
sistent, occurring at least 75 % of the time.

— The depth of cloud-driven mixed layers is dependent
on the magnitude of turbulence and LWP. Mixed-layer
depths are observed to range from 0.3 to 0.8 km and
are strongly related to the cloud depth. Higher mixed-
layer turbulence, typically caused by cloud-top radia-
tive cooling, likely drives deeper mixing and thicker
cloud layers. Other factors such as atmospheric stabil-
ity below the mixed layer may also contribute to its
overall depth.

— Coupling between cloud and surface is primarily
driven by proximity of the cloud-driven mixed layer to
the surface. Coupling with the surface is more frequent
when the cloud-driven mixed layer is deeper and when
the cloud itself is lower in the atmosphere. These con-
ditions are likely related to the interplay of large-scale
processes and local atmospheric structure. Under cer-
tain conditions the primary Arctic stratocumulus layer
is low enough, and cold enough, to allow for suffi-
cient vertical mixing with the surface boundary layer,
resulting in cloud—surface coupling. These conditions
are supported by a general cooling of the cloud-driven
mixed layer in time related to cloud processes (e.g.,
Solomon et al., 2011).

— Surface-coupled, cloud-driven mixed layers equili-
brate with the near-surface environment. Late summer,
central Arctic, near-surface temperatures are relatively
steady because they are regulated by the freeze—-melt
process of sea ice in open water. When coupling oc-
curs, cloud-driven turbulence acts to form well-mixed
layers of conserved properties suchéasand g that
are in equilibrium with these near-surface conditions.

www.atmos-chem-phys.net/13/9379/2013/

Concentrations of cloud-active aerosol particles likely
also become vertically well mixed at these times.

Low-level air masses that are decoupled from the sur-
face originate from large-scale, warm and moist air ad-
vection over the cold central Arctic from lower lati-
tudes. Decoupled, cloud-driven mixed layers are gen-
erally observed to be warmer than the near-surface at-
mosphere, suggesting that these air masses have not
significantly interacted with the colder, sea-ice surface
along their upwind trajectory. Indeed, back-trajectory
analyses for the decoupled cloudy air masses observed
here indicate that they have generally subsided to the
height at which they are observed abdwden Ad-
ditionally, moisture reservoirs aloft help to sustain
cloud processes. This basic structure is consistent with
warm, moist air masses originating in ice-free regions
to the south, advecting into the central Arctic and rid-
ing over shallow internal boundary layers associated
with the relatively cold sea-ice surface. As these air
masses cool, approaching temperatures of the underly-
ing surface, coupling becomes possible.

Moderate differences are observed in coupled versus
decoupled clouds. Clouds that are thermodynamically
linked with the surface tend to be cooler and have
slightly weaker in-cloud turbulence, yet often have
higher LWP and IWP, possibly due to additional mois-
ture supply from below.

Cloud-top processes are often independent from the
mixed layer but serve a critical role. Cloud top is of-
ten observed to protrude into the primary temperature
inversion (e.g., Sedlar et al., 2012), supported there by
plentiful moisture. Due to the static stability in this en-
vironment, water vapor condensation is forced directly
by radiative cooling rather than via buoyant overturn-
ing processes. As a result, observations in this re-
gion suggest weak, shallow turbulent motions that are
distinct from the primary, mixed-layer eddies. These
weak motions and the slow sedimentation of cloud
water can both act to moisten the mixed layer below
(Solomon etal., 2011). Processes in this region are also
important for entrainment of aerosols.

Large aerosol particles that are important for stratocu-
mulus cloud formation predominantly advect into the
region within or above the cloud-driven mixed layer.
The concentration of large aerosol particles is typ-
ically observed to be higher within the decoupled,
cloud-driven mixed layer than at some height below.
For these cases there is either a surface minimum in
large aerosol concentration or a minimum between
the cloud-driven mixed layer and a secondary maxi-
mum associated with near-surface fog. When cloud—
surface coupling occurs, the concentration of large par-
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