Atmos. Chem. Phys., 11, 101218148 2011 iy —* -

www.atmos-chem-phys.net/11/10127/2011/ Atmospherlc
doi:10.5194/acp-11-10127-2011 Chemls_try
© Author(s) 2011. CC Attribution 3.0 License. and Phys|cs

Moisture and dynamical interactions maintaining decoupled Arctic
mixed-phase stratocumulus in the presence of a humidity inversion

A. Solomont2, M. D. Shupe-2, P. O. G. Perssoh?, and H. Morrison3

ICIRES, University of Colorado, Boulder, Colorado, USA
2Earth System Research Laboratory/NOAA, Boulder Colorado, USA
SMMM/NESL/NCAR, Boulder, Colorado, USA

Received: 20 April 2011 — Published in Atmos. Chem. Phys. Discuss.: 4 May 2011
Revised: 17 September 2011 — Accepted: 20 September 2011 — Published: 7 October 2011

Abstract. Observations suggest that processes maintainingty inversion to its base maintains the cloud layer, while the
subtropical and Arctic stratocumulus differ, due to the dif- mixed layer-entrainment zone system is continually losing
ferent environments in which they occur. For example, spe-total water. In this decoupled system, the humidity inversion
cific humidity inversions (specific humidity increasing with is the only source of water vapor for the cloud system, since
height) are frequently observed to occur near cloud top cowater vapor from the surface layer is not efficiently trans-
incident with temperature inversions in the Arctic, while ported into the mixed layer. Sedimentation of ice is the dom-
they do not occur in the subtropics. In this study we useinant sink of moisture from the mixed layer.

nested LES simulations of decoupled Arctic Mixed-Phase
Stratocumulus (AMPS) clouds observed during the DOE At-
mospheric Radiation Measurement Program’s Indirect and1
SemiDirect Aerosol Campaign (ISDAC) to analyze budgets

of water components, potential temperature, and turbulenjctic mixed-phase stratocumulus (AMPS) are observed to
kinetic energy. These analyses quantify the processes th@fecyr approximately 45% of the time on the North Slope
maintain decoupled AMPS, including the role of humidity ot Alaska, with a significant increase in occurrence during

inversions. Key structural features include a shallow UPPeI5pring and fall transition seasons (Shupe, 2011). Due to the
entrainment zone at cloud top that is located within the tem—presence of liquid water in these clouds, they play an im-

perature and humidity inversions, a mixed layer driven by ,ortant role in determining the structure of the Arctic atmo-
cloud-top cooling that extends from the base of the upper eNgpheric boundary layer (ABL) and magnitudes of surface en-
trainment zone to below cloud base, and a lower entrainmen{grgy budget terms. For example, Morrison and Pinto (2006)
zone at the base of the mixed layer. The surface layer begemonstrated that, in mesoscale simulations of a springtime
low the lower entrainment zone is decoupled from the cloudg,iface Heat Budget of the Arctic Ocean (SHEBA) case
mixed-layer system. Budget results show that cloud lig-gyqy in the Beaufort Sea area, it is necessary to adequately
uid water is maintained in the upper entrainment zone neagjmyate AMPS to produce well-mixed ABLs. In addition
cloud top (within a temperature and humidity inversion) due sjnce cloud liquid water causes an increase in downwelling
to a down gradient transport of water vapor by turbulent|qngave radiation and a decrease in incoming shortwave ra-
fluxes into the cloud layer from above and direct conden-gjation, inadequate simulations of Arctic clouds cause signif-

sation forced by radiative cooling. Liquid water is generated;cant errors in the modeled surface energy budget (e.g., Curry
in the updraft portions of the mixed-layer eddies below cloud ot 41 2000: Solomon et al. 2009).

top by buoyant destabilization. These processes cause atleastayps gre typically observed to persist for days in both

20% of the cloud liquid water to extend into the INVersion. gpring when the Arctic Ocean is essentially ice covered, and
The redistribution of water vapor from the top of the humid- fall, when the open ocean produces relatively large fluxes

of heat and moisture into the atmospheric boundary layer
(see Shupe et al., 2006; Shupe, 2011). The persistence of
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maintenance of these clouds, and that the relative contribu-
tions by these mechanisms may differ from spring to fall. '8 ]
This idea is supported by mesoscale model simulations of . 5 ]
AMPS observed during the fall Mixed-Phase Arctic Cloud
Experiment (MPACE, Morrison et al., 2008), where liquid
water paths (LWPSs) in AMPS during periods of open wa-
ter were found to be less sensitive to changes in cloud con- 03 -
densation nuclei (CCN) than for clouds in modeling studies o0
over sea ice (e.g., Pinto, 1998; Harrington et al., 1999; Jiang 270
et al., 2001). In addition, Morrison et al. (2008) found that
changes in LWP did not significantly impact large-scale cir-
culation, in contrast to modeling studies of ice-covered con- ‘
ditions during SHEBA (Morrison and Pinto, 2006). How- Rl
ever, AMPS forcing mechanisms involving cloud-top pro- 127
cesses are likely relatively insensitive to seasonal differences:
of surface characteristics. In cases with and without open ‘
water, Pinto (1998) observed entrainment near cloud top by 03 1-:
turbulent mixing (hereafter referred to as the upper entrain- 0.0 +——————+>— - - -
ment zone), and downdrafts in the boundary layer that were 292 300 308 00 20 40 60 80
forced by cloud top radiative cooling. K okg

AMPS have not been studied as extensively as stratocul-:i 1. Sounding of decoupled subtropical stratocumulus at 23:27 Z
muli that occur in regions of the descending branch of the, ?\Aay 2000 o?/er Gracio?sa Island,pAzores, Portugal (3005
Hadley circulation over relatively cool subtropical oceans 28.92 W). (A) Tem 1 . ite of X .

. . . . . perature, in units of K(B) Horizontal winds,

(Sc) (e.g., Norr|§, 19,98)' Obsgrvatlons lndlgate that the Pro3, units of msL. (C) Equivalent potential temperature, in units of
cesses that maintain subtropical and Arctic stratocumulugc (D) Specific humidity, in units of gkgl. Gray shading marks
differ due to the different environments in which they oc- the cloud layer.
cur. For example, specific humidity inversions (specific hu-
midity increasing with height) are frequently observed to oc-
cur coincident with temperature inversions in the Arctic (e.g., ] - o ] ) )
Curry et al., 1996; Tjernsdm et al., 2004; Sedlar and Tjern- cree_lse in specific humidity with height caus_,es eq_uwalent po-
stom, 2009). In a recent study, Sedlar et al. (2011) surveyedéntial temperaturedg) to also decrease with height, most
data from SHEBA, the Arctic Summer Cloud Ocean Study significantly within the inversion above cloud top. A sharp

(ASCOS) in the central Arctic Basin, and at Barrow, Alaska, decrease in humidity causes the .inversion to bg potentially
to find that specific humidity inversions occurred 75-80 % Unstable by the Cloud Top Entrainment Instability (CTEI)

of the time when low-level clouds were present. In addi- citeria (€.g., Randall, 1980; Deardorff, 1980). Longwave
tion, this study found a significant relationship between the€00ling at cloud top causes the sharp, strong inversion, cap-
existence of specific humidity inversions and AMPS that ex-Ping the cloud layer, and limits entrainment of warm, dry
tended into the temperature inversion, highlighting the differ-&i from above (e.g., Nichols, 1984). The weak inversion at
ence between AMPS and subtropical stratocumulus wherd km indicates that the cloud layer is decoupled from the sur-

the entrainment of dry air aloft prevents cloud liquid water face. In addition, horizontal winds indicate wind shear near
from forming in the temperature inversion. Other important ¢loud top and divergence that is approximately constant with

ways in which AMPS differ from warm Sc include more ef- height within the mixed layer that balances large-scale sub-
fective cloud top radiative cooling because of the cold, drySidence above cloud top (not shown). These conditions are
overlying Arctic free troposphere, and vapor diffusion onto typical of marine stratocumulus-topped boundary layers. For

ice (Bergeron process), which acts as a potential large singxample, see composites in Albrecht et al. (1995) and Norris

of water vapor even when there is limited liquid water. In (1998).
contrast, in warm Sc drizzle grows by collision-coalescence There have been many studies of decoupling in subtropical
of droplets, so as liquid water decreases, drizzle productiorSc. The decoupling of warm moist surface air from the cloud
shuts off (see Morrison et al. (2011) for a detailed discussiorayer in a subtropical sounding is due to cloud layer warming
of this point). by solar absorption, which limits the extent of turbulent mix-
To highlight differences between Arctic and subtropical ing within the cloud layer generated by longwave cooling at
stratocumulus, we first plot fields from a sounding taken dur-cloud top (e.g., Nichols, 1984). However, decoupling also
ing the springtime over Graciosa Island in the Azores of aoccurs by evaporation of drizzle below the cloud (e.g., Brost
single layer stratocumulus deck (Fig. 1). This subtropicalet al., 1982) and advection of the Sc cloud deck over warmer
sounding indicates an inversion of 6K at 1.6—-1.8km. A de-SSTs (e.g., Wyant et al., 1997). Decoupling in subtropical Sc
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mixed layer (the layer between 0.5-1.1 km, which contains
most of the cloud layer and extends 400 m below the cloud).
A temperature inversion of 4 K at 1.1 km makes the cloud top
stable relative to the overlying atmosphere and defines the
lower boundary of an upper entrainment zone that is approx-
imately 50 m in depth. We have estimated the boundaries of
entrainment zones by changes in theslope, which yields
similar results to assuming the top of the entrainment zone
is located at the top of a region of negative buoyancy (see
Deardorff (1979) for a discussion on this point). Specific
humidity decreases with height from the surface to the base
of the temperature inversion, where there is a coincident hu-
midity inversion that suggests horizontal advection of warm,
moist air aloft. Specific humidity at the top of the inversion is
nearly equal to its value at the surface. Horizontal winds in-
dicate significant shear at the inversion (similar to subtropical
Sc, the base of the mixed layer, and near the surface. Winds
are relatively weak and uniform within the mixed layer.

In this study we examine many details of AMPS using re-
sults from nested LES simulations during the DOE Atmo-
spheric Radiation Measurement (ARM) Program’s Indirect
and SemiDirect Aerosol Campaign (ISDAC, McFarquhar et
al., 2011). We specifically focus on structures and processes
that distinguish AMPS from subtropical Sc, such as the role
Fig. 2. Soundings of mid-day decoupled stratocumulus at that a cloud top humidity inversion plays in cloud mainte-

Barrow, Alaska. (A) Measured 17:34Z 8 April 2008 at Nance.

Height (km)

Height (km)

(71.32 N,156.6F W). (B) 50 m LES simulation 20 Z 8 April 2008 In Sect. 2 we outline observations of the environmental
at (71.33 N,156.97 W; red star in Fig. 6). Gray shading marks the conditions and cloud properties during ISDAC. In Sect. 3 we
extent of the cloud layer. describe the model and experiment design. Model results

are compared with retrievals and soundings taken at Barrow,
Alaska, in Sect. 4. In Sect. 5 we present budgets of cloud
can cause a cloud to evaporate unless cumulus clouds forigater ), cloud ice g;), water vapor 4y), total water §),
below the subcloud mixed layer and transport moisture uppotential temperature}, and turbulent kinetic energy (TKE)
ward to the cloud layer (Nicholls, 1984). Idealized model to quantify the processes that maintain the AMPS. Finally,
studies have been used to examine the impact of precipitatiofe discuss our findings relative to previous studies of Arctic
on these clouds. Sedimentation causes a decrease in clogghd subtropical stratocumulus clouds in Sect. 6.
water in the upper entrainment zone, decreasing longwave
cooling and turbulent mixing of dry warm air aloft into the
cloud layer, ultimately increasing the liquid water path (e.g.,2 Observations
Ackerman et al., 2004; Bretherton et al., 2007). Drizzle sta-
bilizes the boundary layer by latent heating in the cloud layer2.1  Synoptic-scale features
and evaporation below cloud base, potentially depleting the
boundary layer of water if drizzle is strong enough to reachin April 2008, ISDAC was conducted to measure mixed-
the surface (e.g., Stevens et al., 1998). phase clouds in both clean and polluted environments over
In contrast to the warm Sc, a sounding containing a singlethe North Slope of Alaska and adjacent Arctic Ocean (see
layer Arctic mixed-phase stratocumulus is plotted in Fig. 2a.McFarquhar et al., 2011). Two “golden days” were identi-
This sounding was taken in spring when the Arctic Oceanfied where persistent, single-layer mixed-phase stratocumu-
was essentially ice-covered. However, satellite images shovus were extensively observed by aircraft and ground-based
regions of open water providing a possible source of low-sensors. This study focuses on the 8 April 2008 case. Dur-
level moisture. A detailed discussion of this Arctic case ing this time, the Beaufort Sea was generally ice covered
study is provided in Sect. 2. The sounding indicates a surand roll clouds were not observed, in contrast to fall con-
face temperature of —8°C and surface specific humidity ditions in the area (for example, see MPACE case study
of ~1.7gkg . Thed, profile monotonically increases with of Solomon et al., 2009). However, visible images taken
height up to 500 m where the slope changes, indicating a deen 8 April by the Terra satellite indicate that significant ar-
coupling between a stable surface layer and a cloud-drivereas of open water east of Barrow may have impacted cloud
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Fig. 3. Observationally retrieved one-hour running mean cloud ligifiand ice(B) water content, in g m®, at Barrow, Alaska from
8-24 7 8 April 2008 (color). Hourly output of liquid waté€) and ice(D) from WRF 1 km nest. Temperature isopleth€) are interpolated
from soundings at 4:22Z 8 April 2008, 17:34Z 8 April 2008, 5:32Z 9 April 2008. Ne18°C and—15°C contours are red to highlight
inversions. Black dashed lines(A) and(C) indicate the validation period. The gray dashed linfAjindicates the time of the sounding.

formation and boundary layer structure during this period.2.2 Cloud and boundary layer properties
Two soundings were made at Barrow on the 8th at 4:227

and 17:34 Z. The first sounding shows that the initial wind
direction was northerly at the surface, gradually veering to
easterly at 1.4km and thereby indicating warm air advec-
tion. By the second sounding (see Fig. 2a), occurring af-
ter a marked surface wind shift at 08:00 UTC, winds were

At Barrow, measurements taken with a ground-based verti-
cally pointing 35-GHz cloud radar, a micropulse cloud lidar,

and a dual-channel microwave radiometer were combined
(Shupe, 2007) to reveal multi-layered mixed-phase and ice

east-southeasterly throughout the lowest 2.0km indicatin clouds extending from the surface to 3 km that persisted from

no thermal advection as a northward-moving high pressure Z~8Z until a warm frontal passage when the cloud top de-

scended to 1 km (Fig. 3b). At 17:34 Z, the temperature profile
system was located NE of Barrow (McFarquhar et al., 2011).ShOWS a sharp{él(K)ginve)rsion at~1 km (Figs. ga 3a) V\I/:;th
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cloud top extending up into the inversion by approximately 164°W 162°W 160°W 158°W 156°W 154°W 152°W 150°W
100 m (Fig. 3a). The AMPS persisted until 12 Z 9 April with * * * * * * * *
cloud top slowly descending from 1 km to 500 m over this pe-
riod. The large scale forcing for our model simulation (that is
applied at the lateral boundaries of the 25 km nest) has a time
delay of approximately two hours relative to observations.
Therefore, the cloud that was observed to start descending at
18 Z at Barrow begins to descend in the model simulation at
20 Z. Ice precipitated from the base of the AMPS, but only
trace precipitation was observed at the surface by the US.
Climate Reference Network gauge near Barrow. Indications
of a lower secondary cloud layer were observed at 10, 12,
and 16 Z. The sounding at 17:34 Z (Fig. 2a) indicates that
the surface and primary cloud layer were decoupled, with a
well-mixed layer within and below the cloud (static stabili-
ties close to neutrahfe/0z = g0) and a stable layer below
(static stabilities greater than 2K/km below 500 m). Water
vapor mixing ratios decreased from 1.7 gkat the surface 164°W 162°W 160°W 158°W 156°W 154°W 152°W 150°W
to 1.2gkg?! at cloud top, above which a secondary maxi- 1 1 1 1
mum of 1.6 gkg ! was observed.

Microphysical properties for these clouds were also de-
rived from ground-based remote sensors. First, a cloud
phase classification (Shupe, 2007) was used to determine
the vertical distribution of cloud phase. Cloud ice wa-
ter content (Fig. 3b), and its vertical integral the ice wa-
ter path (IWP), were derived from cloud radar reflectivity
measurements with an uncertainty of up to a factor of two
(Shupe et al., 2006). Cloud liquid water path (LWP) was
derived from dual-channel microwave radiometer measure-
ments with an uncertainty of 20-30 g (Turner et al.,
2007), while the cloud water (Fig. 3a) was distributed ver-
tically with a scaled, adiabatic calculation using observed
cloud boundaries and interpolated radiosonde measurements. %™ ~1 I I I I I I
Finally, in-cloud vertical air velocityw) was derived from O ————— o
cloud radar Doppler spectra (Shupe et al., 2008a). Between 50 40050 60 70 80 90 100 110 120 130
12-24Z, IWP exceeded LWP and liquid fraction (LF, ra- Fig. 4. Surface skin temperature (top) and liquid water path (bot
tio of LWP to LWP +IWP) was generally below 0.4. IWP tom), in units of°C and gnT2, respectively, at 20 Z 8 April 2008
generall% exceeded 60 g_'% and LWP ranged between 20— for the 50 m, 200 m, 1 km and 5 km nests. Barrow, Alaska is located
100_9 e, IWP a”O_' Lwp were S|gnlflc_antly co_rrelated over directly to the east of the 50 m nest southeast corner.
2min to 1 h averaging periods, which is meaningful because
of the vertically coherent nature of the ice content shafts
within the cloud mixed layer where the ice content is great-
est, (Fig. 2b). Unlike AMPS observed during fall at Bar- 1km, 200 m, and 50 m (Fig. 4). The 50 m nest has 241
row, IWP was not depleted in downdrafts (see Shupe et al.horizontal gridpoints (12 knx 12km) and is placed just to
2008b). Cloud-averaged, LWP, and IWP had maximum the northwest of Barrow. The boundary layer is well re-
correlations at zero lag (results not shown). solved in the vertical by including 85 pressure levels below

800 hPa. In order to better resolve entrainment and mix-
ing in the mixed-layer and upper entrainment zone, the ver-

162°W  160°W  158°W  156°W 154°W  152°W  150°W
-18 -17 -16 -15-14 -13 -12-11-10 9 -8 -7 6 -5 -4

73°N
— 73°N

72°N
~ 72°N

71°N

— 71°N

— 70°N

3 Model setup and experiment design tical grid spacing Az) is 16 m in the cloud-driven mixed
layer (0.6—1.5km) and 8 m in the upper entrainment zone
3.1 WRFV3.1 (1.2-1.4km). Below 0.6 km and above 1.5 ktvx =50m.

Second order diffusion with a 1.5 order TKE prediction
The Weather Research Forecast (WRF) V3.1 model (Skascheme is used to parameterize subgrid turbulence in the
marock et al., 2008) is used for this study with five two-way 1 km, 200 m and 50 m nests. The model is forced with lateral
nested grids with horizontal grid spacings of 25km, 5km, and surface boundary conditions from the European Centre

www.atmos-chem-phys.net/11/10127/2011/ Atmos. Chem. Phys., 11, 10P48-2011
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Table 1. Packages used in WRF model setup.

Radiation package National Center for Atmospheric Research Community
Atmospheric Model longwave and shortwave radiation package.
The longwave code allows for interactions with resolved clouds and cloud fractions Collins et al. (2004).

Surface layer physics package  Monin-Obukhov with Carlson-Boland viscous sub-layer and standard similarity
functions following Paulson (1970) and Dyer and Hicks (1970). Surface exchange
coefficients for heat, moisture, and momentum computed following Webb (1970).
Four stability regimes are defined following Zhang and Anthes (1982).

Land surface package Noah Land Surface Model; the unified NCEP/NCAR/AFWA scheme with soil temperature

and moisture in four layers, fractional snow cover and frozen soil physics Chen and Dudhia (2001).
Planetary boundary Yonsei University scheme (non-local-K scheme with explicit entrainment layer
layer mixing package and parabolic K profile in unstable mixed layers)

in 5 and 25 km grids Hong et al. (2006).

Microphysics package Morrison two-moment scheme including prognostic cloud droplets, cloud
ice, rain, snow, and graupel/hail Morrison et al. (2009).

for Medium-Range Weather Forecasts’ (ECMWF) 4X daily, 165cnT3, 1.3um, and 1.4, respectively. Aerosol composi-
T255 ERA-Interim dataset. The model is spun-up by inte-tion is assumed to be 30 % insoluble by volume, with the re-
grating from 00:00 UTC 8 April to 12ZUTC 8 April. The maining soluble component consisting of ammonium bisul-
200m and 50 m nests are started at 18 Z and spun up bghate.
integrating for 2h. The subsequent 90-min period 20:00— The microphysical cloud scheme used in this study in-
21:29 UTC 8 April is used in the analysis. cludes two-moments for cloud droplets, rain, ice, snow, and
Radiation, surface layer, land surface, and planetarygraupel. This means a prognostic equation for mixing ra-
boundary layer options used in the model runs are describetio and number concentration is integrated for each of the 5-
in Table 1. Ice is initiated by deposition nucleation, contacthydrometeor classes. Morrison et al. (2009) provide details
freezing, and immersion freezing (see Morrison and Pintoof the parameterizations used in this microphysical scheme.
(2005) for details on parameterizations used in the model).
Homogeneous freezing of cloud droplets is negligible for3.2 Experiment design

temperatures observed during ISDAC. The concentration of _
ice nuclei (IN) acting in deposition and condensation freez-~ Significant amount of open water was observed during IS-

ing modes is specified from observations using the contin-PAC @long the eastern Alaskan coast. However, this model-

uous flow diffusion chamber from the MPACE campaign "9 study is focused on the maintenance_of decoupled stra-
(Prenni et al., 2007), with a mean of 0.161. Further dis- tocumulus. We therefore remoyed all reglons.of open water
cussion of the treatment of IN in deposition freezing mode2nd Set the ocean surface uniformly to sea ice. However,
is included in Sect. 5.2. Cloud droplets are activated in re-"€M0Ving the open water had a negligible impact on the sim-
gions of low cloud water content using resolved and subgridUlations presented in this study.

vertical motion (Morrison and Pinto, 2005) and a log-normal In this model study, WRF ISTun with h'g,h enough res:olu?
aerosol size distribution to derive cloud condensation nuclefion to resolve turbulent eddies that contain the most kinetic
spectra following Abdul-Razzak and Ghan (2000). The log-&n€rgy and transport the most heat and momentum, i.e. as a
normal dry aerosol size distribution was fit to in-situ mea- 1ar9€ eddy simulation (LES). However, different from tradi-
surement from the National Research Council of Canaddional LESS, this study does not use periodic boundary con-
Convair-580 (personal communication, Peter Liu, Environ_ditions, where an eddy that is advected out one side of the

ment Canada, 2010) with a size distribution given by domain enters through the other side of thg domain. Rather,
eddies from the 200 m nest are advected into the 50 m nest

dN Ny In2(r/rm) and variability with scales finer than 200 m evolve within the
= ex 1 . : )
dinr ~ Vanino p oInlo 1) 50 m nest. This modeling strategy has been successfully ap

plied to simulations of boundary layer clouds in heteroge-
where N is the number concentration of aerosols anid neous conditions that are directly linked to synoptic systems
the partic|e radius. The parameteys rm, ando are total (for example, see Zhu et al., 2010) In the 50 m nest, it takes
number concentration, geometric mean radius and standar@Pproximately 1km for the turbulent structures to spin up
deviation of each particle mode, and are given the valuegresults not shown).

Atmos. Chem. Phys., 11, 101218148 2011 www.atmos-chem-phys.net/11/10127/2011/
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Table 2. Constants used in this study.

cp  Specific heat at constant pressureGQB5x 1033 (kgK)~1
g Gravitational acceleration =9.81 m}

L  Latent heat of condensation 585x 108 Jkg~1

Latent heat of freezing =.898x 10° Jkg~1

Standard reference pressure =1000 hPa

R Specific gas constant =287 JkhK —1

In this study we analyze the budgets of quasi-conserve

moist variables, such a%& and total water {;), as well as
potential temperatur@} and turbulent kinetic energy (TKE)

to understand the processes involved in the maintenance an

10133

ve _ éw/e;_(mal +W8l>—3'”—e—3i”—” )
at 6o 0z 9z 0z 00z —~
—_ —— D
E B [ T P
where e¢=05(u'u’+v"v' +w'w’), (5b)
Oy =6(1+0.61gv —gi —qc), (5¢)
and buoyancy flux= w’6), (5d)

dl'he term E is storage, B is buoyancy production, S is shear

production, T is turbulent vertical transport, P is pressure
fransport, and D is viscous dissipation.

persistence of observed springtime Arctic mixed phase stra-
tocumulus (constants used in this study are provided in Tagq  validation of 1 km nest at Barrow

ble 2).
The quasi-conserved variables used in our studyzsaed
qt, wherede is equal to

Oe= <T+ £qv> (@> v =0+ (£QV> <@) v (2)
Cp P Cp P

and the prognostic equations #band water constituents are

R
20 p a6
LT_( ,Ql—u~Vt9—w— 3)
ot p 9z
a a
%:Qz*—zLVq*—wai; (4)

The model simulates the vertical extent and ice water content
(IWC) of the predominantly ice cloud that was observed be-
tween 0-8 Z (results not shown). The model also simulates
the mixed phase stratocumulus that was observed starting at
87, with maximum liquid water content (LWC) at 1.3 km,
and the slow descent of the cloud from 8Z 8 April to 12Z
9 April (compare Fig. 3a, b, c, d). At times, multiple lay-
ers of liquid are produced within the model, consistent with
ground-based observations. Modeled IWC in the AMPS is
underestimated by a factor of 3—4, a difference that is some-
what larger than the expected uncertainty in retrieved IWC.
However, qualitatively, the model does tend to show a rela-

whereQ; is diabatic heating, composed of radiative heatingtive increase in IWC in a layer near the surface, which is con-

(Qr) and condensational heatin@§), and Q», is diabatic

sistent with the radar-derived IWC profiles. The 1 km, 200 m,

moistening due to phase changes. Sedimentation, or gravitaznd 50 m nests produce AMPS with equivalent structure and

tional settling, is included in th@», term. In Eq. (4)g4. can
be vapor §v), liquid (gc), ice + snow + graupelg), or total
water gt =qv+qc+qi).

magnitude (figure not shown). Cold temperatures aloft (esti-
mated from the soundings) descend more slowly in the sim-
ulation causing a single-layer AMPS to form at 1.2 km from

To separate mesoscale and turbulent variability, all turbu-18-22 7, while observations show cloud tops closer to 800 m
lent fluxes are calculated with 15 min averaged fields. Fifteergt this time. However, this difference in inversion base height
minutes is approximately the time scale between mesoscalgetween the model and sounding does not change the quali-
variability and the “energy-containing” scales in the retrieved tative, mean state characteristics, i.e. both have cloud layers

vertical velocity spectra (results not shown).
ple, for vertical fluxes, the turbulent vertical flux is/q. =

For exam-that are decoupled from the surface layer.

In Fig. 5 we comparev, LWP, and IWP power spectra at

wqx — W g5, Where primes denote deviations from the tem- Barrow for the 2-h period 2022 Z from retrievals, the 1 km
poral averages and overbars signify temporal averages ovefest and 50 m nest (50 m nest values are taken to the west
15min (equal to the average over 1800 time steps). Verti-of Barrow at 71.33N, 156.92 W; red star in Fig. 6). The

cal profiles are calculated by horizontally averaging (denoted,, time series used in this analysis are vertical averages over

with angled brackets) across a 6.5 kn6.5km square do-

the layer containing cloud liquid water, as vertical velocity

main, 1km away from horizontal boundaries. The budgetsstructures were typically vertically coherent in nature. Look-
expressed in Egs. (3-4) are also averaged over updrafts anflg at thew spectra first, the 50m nest is reproducing the
downdrafts separately to investigate the turbulent dynamicsariability well into the inertial subrangev(>~ 0.01s1),

that maintain the mixed layer and cloud layer structures.

while the 1 km nest can only resolve time scales longer than

In a nearly horizontally homogenous system (where the~10min v <~ 2x 10-3s~1), which is consistent with the
length scale of the most energetic turbulent eddies is mucty m s-1 horizontal wind speed and ar4 resolution. It is
smaller than the characteristic scale of the eddy correlationsjteresting to note that the 1km nest can simulate similar

the TKE-budget can be written as (see Garratt, 1992, pg. 33goarse-scale variability and structure as the 50 m nest despite

eqn 2.74a):

www.atmos-chem-phys.net/11/10127/2011/
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102 +--r--=50m---| location of vertical profiles plotted in Fig. 2 and the 50 m spectra
; [ 1 —Retrievals in Fig. 5. The red dashed line marks the diagonal slice plotted in
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5 4n4d 4n3 402 4n1 40 . . .
10 1?req1u%nc1y°(1/;)° 10 5.1 Comparison with a sounding at Barrow

In this study we focus our analysis on the single layer AMPS
Fig. 5. IWP (top), LWP (middle), anab (bottom) spectra at Barrow  that persisted from 18-22Z in the model. In Fig. 2, we
forthe 2 h period 2022 Z 8 April 2008 from retrievals (black), 1km compare the environmental conditions to the west of Barrow
nest (blue) and S0m nest (red), in units dfrg %, ?m~*, and 21207 in the 50m nest (hereafter referred to as the LES)
cm’s~, respectively. The spectra for the 50 m nest are Obta'.nedto the nearest-in-time sounding taken at Barrow at 17:34 Z.
%g?:egrees&(? km) west of Barrow, marked by the red star in Note that these vertical profiles are for different times at dif-

ferent locations since the modeled cloud structure evolves

slightly later than observed, and this study focuses on the

LWP; both the 50 m and 1 km nests have similar variability 'égion to the west of Barrow with uniform surface condi-
on 10-20 min time scales while only the 50 m resolves thetions. The red star in Fig. 6 shows the location of vertical
finer scale variability. IWP spectra show that the 50 m nestProfiles plotted in Fig. 2b. The LES simulates a well-mixed
is underestimating variability on small scales, even thoughsurface layer up to~400m and a second mixed layer as-
these scales are better simulated in the LWP argpectra, sociated with the cloud (referred to hereafter as the cloudy

suggesting difficulties with initiation and/or growth of cloud Mixed 'ayer or simply mixed Iaye_r) as in the sounding; how-
ice and snow in the model. ever, the intervening stable layer is somewhat deeper and off-

set vertically in the LES relative to the observations. The
simulated cloud-top temperature inversion strength of 5K is
slightly greater than the observed 4 K inversion; however, the
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simulated humidity inversion of 0.4 g kg is slightly weaker  higher thresholds lead to glaciation of the cloud. Since
than observed. Cloud water extends into the temperature inthe aircraft observed NI was actually slightly smaller than
version by approximately 50 m in both the LES and sound-0.7 "1, depositional thresholds higher than this value are not
ing. On average, the cloud water maximum is at the humid-justified. Therefore, the IN concentrations of about 8|

ity inversion base and 23 % of simulated cloud liquid water measured during the 8 April flight (McFarquhar et al., 2011)
is located within the inversion. Unfortunately, this vertical must be representative of concentrations in the free tropo-
structure cannot be validated since the remote-sensor obsesphere but not those accessible to the cloud layer itself. The
vations do not contain sufficient information on the vertical relative consistency between modeled and observed NI sup-
distribution of liquid water in mixed-phase clouds. Observed ports a low threshold value for the deposition freezing param-
winds indicate shear in the surface layer and weaker wind®terization. Small concentrations of IN within the cloud layer
within the cloudy mixed layer. While qualitatively similar in  relative to those measured above cloud top may be explained
many regards, the LES shows larger shear at cloud top; patty a large sink of IN through precipitation versus a much
of this difference may be due to vertical smoothing of the smaller source through entrainment at cloud top (Fridlind et
radiosonde measurements during data acquisition. al., 2011).

5.2 Comparison with aircraft measurements 5.3 \Vertical structure along mean wind in cloud layer

A research flight was conducted on 8 April with the National The spatial distribution of LWP in the LES at 20Z is plot-
Research Council of Canada Convair-580 (McFarquhar et alted in Fig. 6. The square in the figure marks a region that is
2011). Between 22:27 and 23:00 UTC a series of ramped ast.0 km away from any boundary and consistently has single
cents and descents through the cloud layer were executed bgxyer AMPS with cloud tops at-1.29 km for the 20-22 Z pe-
tween Barrow and 71°8\,160° W. Comparisons are made riod. This region is used for statistics discussed in the follow-
for this space and time between measured (see Avramov &hg sections. Figure 7 shows the vertical structure of various
al., 2011, Fig. 10) and modeled (see Supplement Fig. 1) verfields along the red dashed line in Fig. 6, which is approx-
tical profiles of horizontally averaged droplet number con-imately parallel to mean winds in the cloud layer. This fig-
centrations (NC), LWC, ice number concentration (NI) for ure depicts a single layer cloud with top-af..29 km, base
sizes larger than 100 microns, and IWC. The modeled NCat ~1km, and cloud water extending into the inversion by
is essentially determined by the aerosol concentration speciabout 50 m. The inversion base is at 1250 m. Cloud ice forms
fied in the model and is within the range of observed valueswithin the liquid cloud layer (Fig. 7b), sometimes very near
Modeled LWC is at the high end of the observational esti-the top, and precipitates below the cloud layer. The precipi-
mate and mean values are 50 % larger than measured measing ice sublimates to some degree in a dry layer below the
values. Modeled NI is~0.751 from the base of the cloud to cloud, but tends to grow again in the relatively moist near-
0.5km, which is larger than the observational estimate butsurface layer.

within a factor of two of the mean. Our mean peak IWC val-  Characteristic subgrid vertical velocity is estimated from

ues of~0.018gnT3 above 500 m are lower than the base- predicted subgrid turbulent kinetic energy, assuming isen-
line IWC observational estimates; however, as discussed by

Avramov et al. (2011), IWC calculations from measured sizelropic turbulence, a gy = (%TKE) . Subgrid vertical ve-
distributions can vary by at least a factor of five when ice locity is seen in three physically distinct regions: at the inver-
crystal habit assumptions are taken into account. With thission top, in a layer encompassing the cloudy mixed layer, and
significant observational uncertainty, the degree to which thenear the surface (Fig. 7c). The magnitude of the subgrid ver-
model underestimates IWC, if at all, cannot be determinedtical velocity in the mixed layer is-4X smaller than the re-
In general, considering the observational uncertainties andolved vertical velocity but still significant. Resolved down-
the difficulty in comparing data sets with differing spatial and drafts are stronger and narrower than updrafts (Fig. 7d), con-
temporal sampling, these comparisons indicate that the LESistent with generation by cloud-top cooling. The strongest
results are not inconsistent with in situ measurements. vertical motions are generally confined to the cloud layer
These comparisons with aircraft observations provide fur-itself. Small-scale variability is seen within and above the
ther insight into the modeled ice nucleation processes. Deiversion. Generally weak vertical motions also occur below
positional freezing is parameterized to only be active if NI 0.7 km.
drops below a fixed threshold value (Morrison et al., 2009). Figure 7e, f showde and total water ;) along the diag-
In our primary simulation, NI generally exceeded the speci-onal slice. Since these two fields are quasi-conserved dur-
fied threshold of 0.1611, meaning that contact and immer- ing adiabatic changes including vapor-liquid phase changes
sion freezing dominated the modeled ice nucleation. In sen{fe is not conserved during liquid-ice phase changes), they
sitivity simulations, deposition freezing only became signif- are commonly used to identify mixed-layer structure and de-
icant when the threshold was greater tha®.7 -1, or the  fine idealized mixed-layer models. A mixed layer is seen in
approximate average modeled NI. Simulations with muchFig. 7e, f to extend from the base of the inversion at 1250 m
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(just below cloud top) to 800 m, 200 m below cloud base. To-and bottom of the mixed layer are clearly seen in Fig. 7e, f.
tal water maxima are seen at and above the inversion and &the role of these fluctuations in maintaining the mixed layer
the surface, with a region of drier air below the mixed layer. is described in the next section.

Small-scale fluctuations penetrating the interfaces at the top
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5.4 Total domain averages K

266.0 268.0 270.0 272.0 274.0 276.0 278.0 280.0
5.4.1 Buoyancy fluxes 15 ot

Figure 8 shows the vertical buoyancy fluxp,,, andde aver-
aged temporally over 90 min and horizontally over the square
domain in Fig. 6. Positive buoyancy flux occurs in the mixed
layer from about 0.9 to 1.24 km and near the surface below
0.2km. Weak negative buoyancy flux is present between
these two layers. The cloud top is capped by a layer of neg- S ‘ ‘
ative buoyancy flux, associated with the damping effect of osd i N wet o Los
entraining air from the temperature inversion. This entrain- ‘ ‘ ! | 1 0
ment is forced by radiative cooling. The peak negative flux 00 ;
occurs at 1.27 km (Fig. 8b), 30 m above the top of the mixed -0.030 -0.020 -0.010 0.000 0.010 0.020 0.030
layer. Motions in regions with positive buoyancy flux are sta- Km/s
bilizing, producing TKE at the expense of potential energy. K o s ZSQOKW oo o
Motions in regions with negative buoyancy flux are destabi- s foioero o L0 2P g
lizing, reducing TKE to produce potential energy. Note that
the cloud top actually resides in a region of negative buoy-
ancy flux. The small difference between the buoyancy flux § 1z |-
and potential temperature fluxw(’, red curves) indicates
that water variations are making a negligible contribution to
the buoyancy flux. 125
Figure 8Db, c are the same curves as in Fig. 8a enlarged to b N 120 05 42 3 3 o
show the Correspondence between buoyancy flux ag-a -0.030 -0.020 -0.010 0.000 0.010 0.020 0.030 -0.0060  -0.0030 00000  0.0030
based layer definition for the upper entrainment zone (8b) Kmis Kmis
and the lower entrainment zone (8c). The dash-dot gray lines

indicate thede slopes in the mixed layer and thedry adi- Fig. 8. Buoyancy fluxes averaged over the square box, where

; . black(red) lines show’#, (w’#’) and equivalent potential temper-
abatic lapse rate above (below) the upper (lower) entrain- v
P ( ) pper ( ) ure 6e>) is shown with a dashed line, in units of K msand

ment zones. The depth of the entrainment zones is estimat respectively. Cloud layer top and base indicated by red dashed

as the region where the slope @f deviates from the con- lines. (A) Surface to 1.5km. Entrainment zones indicated with

stant slopes marked with the gray dash-dot lines; specifi—gray shading.(B) Cloud top entrainment zondC) Below mixed

cally, 1.24-1.3km (depth =60 m) for the entrainment zone aljayer entrainment zone. Long dashed gray lines show conggant
cloud top and 0.62-0.82 km (depth =200 m) for the entrain-sjopes used to estimate the depth of the entrainment zones: 1.24—
ment zone at the base of the mixed layer. Thereforeg¢he 1.3km=60m at cloud top and 0.62—0.82 km =200 m below mixed
profile indicates that there are effectively two mixed-layers, layer.
one being the actual boundary layer from the surface up to
about 400m and the other being the cloud-driven mixed-
layer. Thus, the cloud is decoupled from the surface and doe8ially cancel such that the total advective tendency is smaller.
not derive much (or any) of its energy from surface forcing. The total advective term is highly variable in time, with the

standard deviation of 15-min horizontally- and vertically-
5.4.2 Potential temperature tendencies averaged advective tendencies being 26.6 Kdaympared

to only 2.9K day ! for longwave cooling. This variability
Longwave radiative cooling dominates over condensationis primarily due to advection by mean fields, as the ratio of
and advection warming tendencies within the upper entrainstandard deviations for vertical mean and eddy advective ten-
ment zone, causing the net potential temperature tendencgencies is 16/5. Contributions # tendencies from solar
in this zone to be a cooling of up te40K day ! (Fig. 9a).  radiation are negligible.
The maximum cooling tendency is located somewhat higher Longwave cooling effects extend 80 m down into the
in the entrainment zone than the longwave cooling peak duenixed-layer (130 m into the cloud), with average values near
to the turbulent vertical divergence 6§ fluxes (a cooling) —80K day ! at the mixed-layer top (Fig. 9a). However, the
between 1.27-1.35km (WTP in Fig. 9). The total advec-effects of this cooling are largely offset by turbulent vertical
tive tendency is also significant within the upper entrain- convergence ofe flux (a warming) between 1.18-1.27 km,
ment zone, where values of +20—-40 K dayoccur (ADV  which is due to entrainment of sensible heat from above the
in Fig. 9). Contributions from both horizontal and vertical temperature inversion. In this case, the surface is warmer
flow exceed 30 K day! (results not shown), but tend to par- than the cloud, causing a net longwave warming at cloud
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5.4.3 Turbulent kinetic energy tendencies

Potential Temperature Tendencies

TKE tendency terms are calculated following Eq. (5) and
then averaged horizontally across the total square domain.
The shear (S), buoyancy (B), TKE transport (T), and residual
(R=P+D) terms are plotted in Fig. 10. The storage term is
negligible so B+S+T+R<0. The gray shading in Fig. 10
marks the entrainment zones. The mean resolved TKE is ap-
proximately constant 0.4—-0.5%a~2 within the mixed layer,
decreasing to below 0.198~2 above 1.32km and below
0.7 km.

In the upper entrainment zone, negative TKE tendencies
due to buoyancy effects associated with the temperature in-
version, are largely balanced by TKE generation by pressure
transport, as the dissipation contribution to R can only be
negative. At the base of this entrainment zone, TKE is
primarily produced by shear and is transported downward
into the mixed layer. Within the mixed layer, TKE is pro-
duced by buoyancy effects resulting from radiative cooling
above 1.15km and evaporative cooling plus advection be-
low 1.15km (see Fig. 9). This buoyancy, combined with
shear, produces TKE within the mixed layer, much of which
is also dissipated within the mixed layer. Buoyancy con-
tributes to negative TKE tendencies near the mixed-layer
bottom; however, this term is small relative to TKE trans-
port from mixed-layer top to bottom. All TKE tendencies
approach zero just below the mixed-layer bottom, consistent
with this layer being energetically decoupled from the lower
troposphere and surface .
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Height (km)
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5.4.4 Averaged water tendencies and mean fields

0.60 -

Vapor, liquid water, and ice tendencies, as well as mean verti-
K/day cal velocity,fe, vapor, and cloud water profiles averaged over
the square domain in Fig. 6 and temporally averaged over the
Fig. 9. Potential temperature tendencies averaged over the squaré0-Min period are plotted in Fig. 11. Figure 11a shows the
box, in units of K day'L. (A) The upper region of the mixed layer contribution of cloud water, cloud ice, and water vapor to the
and cloud top entrainment zonéB) Mixed layer and lower en- total water tendency. The entrainment zones are indicated
trainment zone. Tendencies plotted are total tendency (TOTAL,with gray shading. Water vapor decreases throughout the up-
black), condensation/evaporation (COND, blue), longwave radia-per entrainment zone, partially due to condensation, result-
tion (LWRAD, red), total advection (ADV, green), and vertical eddy ing in positive cloud water tendencies in this zone. Small
advection (WTP, black daSh). Tendencies are horizontally aVerage%()sitive ice tendencies start just below the top of the upper
across the square domain and then temporally averaged over thentrainment zone. The loss of total water in the mixed layer
Eon:t?;fr;a:tzfoigse{r'](;‘?éath;eV;?ﬁg?aey'gh?;fgbect‘l“éﬁ?ﬁ;y‘giﬁp ndS refatively constant with height, resulting from loss of both
- . : cloud liquid water and water vapor above 1 km and only va-
base indicated by red dashed lines. .
por below 1km. Below the lower entrainment zone, vapor
increases due to sublimating ice precipitation, surface mois-

base (0.97-1.14km) (Fig. 9b). This warming is largely bal- U fluxes, and mean horizontal advection. L
anced by cooling from evaporation afg flux divergence. On average a weak subsidence-e9.4+0.4cms = oc-
The general compensation of terms within the mixed-layercurs atand above cloud top (Fig. 11b). A mean subsidence of

leads to a relatively uniform totak tendency profile at about Up t0—2.5cm s occurs within the mixed layer, with large
—4Kday L. variability. Weak upward motion occurs below the mixed

layer. At the top of the upper entrainment zone, mean ver-
tical velocity goes to zero with relatively limited variabil-
ity (< +0.5cm s 1), suggesting little movement through this
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Fig. 10. Horizontally and temporally averaged profiles of turbulent %
kinetic energy (TKE) and TKE tendencies. (Left) Resolved TKE =

tendencies in units of As~3, with terms defined in text. Resid- 0s 1 [ oa
ual = pressure transport plus dissipation. (Right) Mean resolved P P T N
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zones indicated with gray shading. Cloud layer top and base indi- K g/kg

cated by red dashed lines.

Fig. 11. Tendencies averaged over the square box calculated from

15-min averages. Entrainment zones indicated with gray shading.
interface. Vertical velocities in individual up- and down- (A) Cloud water, vapor, ice, and total water tendencies, in units of
drafts within the mixed layer are often 100 times larger than9 k_g_l day*. Gray dash lines denote boundaries of cloud top en-
these mean values. Twenty three percent of the Vertica”);rqlnm.ent. zone, mixed Iayer, lower entrainment zone. Positive (neg-
integrated cloud liquid water is located within the inversion 21ve) indicates water gained (lost) by the layer. Cloud layer top and
(Fig. 11c). Maximum liquid water occurs at the water vapor bas_e indicated by_red dashed lin¢B) Mean r_es_olved vertlcgl ve-

e S . . - locity (blue, dash lines ar¢one standard deviation) and equivalent
minimum, which is at the inversion base. Significantly larger potential temperature in black, in units of cisand K, respec-
values of water vapor occur above and below the cloud layerjely. (c) Mean total water, cloud liquid water, cloud ice water,

Time series of 15-min averaged water content tendencieand water vapor, in units of gkd. Note that the cloud layer is
in the upper entrainment zone and mixed layer are plottecprimarily in the mixed layer and extends approximately 50 m into
in Fig. 12. A close compensation between cloud liquid wa- the upper entrainment zone.
ter and water vapor tendencies is seen in the upper entrain-
ment zone, always resulting in a net loss of total water of ) ] ] o
between—50 to—200 g nT2day L. The ice tendency in this €S respectlvelly. Since advective tendencies in the model
zone is negligible. In the mixed layer, the large negative total2'® formulated in flux form, mean flow and eddy contribu-
water tendency-(300-900 g m2 day 1) is dominated by a tions to the advective tendency are calculated offline as:
loss of water vapor. Loss of cloud water has much less vari- . <ﬁ> B (ﬁ) <ﬁ> B (W)
ability than water vapor, and contributes betweeh00 to 724 4 594x 594 L ™. w T Ju o (6)

~500gnT2day! during each 15-min period. Positive ice %% % e v In s
UvM WM UVP

tendencies counteract some of the general loss. While the
height of the mixed-layer top remains steady over the 90- w/_q;>
min analysis period, the mixed layer base moves downwardt ——— %@/y/
at a rate of 50mh' (results not shown), possibly affecting —2X A
the evolution of these layer integrals. Wp

Water content tendencies are given by (4), wheret@an  where ADV is the total advective tendency calculated in the
represents diabatic moistening or microphysical processemodel, u,v,w,g, are 15-min averaged zonal wind, merid-
(which include both phase transitions and sedimentation andbnal wind, vertical wind, and water constituents, respec-
is indicated by “MICROPHY” in the figures), and the last tively, andu’q,,v'q,,w’q’, are resolved turbulent fluxes cal-
two terms represent horizontal and vertical advective tendeneulated from total flux and mean fields,,x,,, y,,ys are
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100 Fig. 13. (A)Processes that contribute to 15-min averaged total wa-
ter content tendencies above the surface layer for the square box,
in units of g n3 day_l. Note that the net contribution due to mi-

) ) . . . crophysics for total water (MICROPHY) is equal to sedimentation,

Fig. 12. Time series of 15-min averaged water content tendencies;q ¢ondensational terms cancel. “ADV(flux)” is total flux estimated

from 20:002-21:29Z n, upper entrainment zof&) and mixed qing Eq. (6). “ADV” is total advection output from the model.

layer(B), in units of gnT = day . “TOTAL" is total water tendency. Entrainment zones indicated with

gray shading(B) Cloud liquid water and ice microphysical tenden-

o ) ) ) cies divided into contributions due to phase change and sedimenta-
zonal and meridional boundaries of the domain, with- tion, in units of gnT3day 1. Cloud layer top and base indicated

Xy = yn — ys = 6.5 km. The notation below (6) indicates ab- py red dashed lines.
breviations used for the advection terms. The difference be-
tween total tendency and the sum of advective and micro- :
physical tendencies is equal to subgrid-scale mixing plus dif- Tot_al water content tendenC|_es above the base of the lower
fusion, which are not represented in (4). This difference will entrainment zone are plotted in Figs. 13 and 14. The net

be referred to as the residual (RES) hereafter. The residuaqOntribUtion of microphysical processes to the total water

is calculated using instantaneous total, advective, and microt_endency is equal to sedimentation because phase-change

physical tendencies output every minute. Layer budgets aréerms c:?mcel for total water. Since total, advective .a nd mi-
calculated by vertically integrating (4) and (6) from 0.82— crophysical tendency terms averaged over every time step

1.24 km for the mixed layer and 1.24-1.3 km for the upperWere not available for analys_ls, Fig. 13a Sh.OWS these ten-
entrainment zone. dency terms averaged over instantaneous fields output ev-

ery minute. The ADV(flux) tendency term is the sum of

minute
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Fig. 14. Processes that contribute to 15-min averaged water contenfig. 15. Horizontally and temporally averaged vertical water con-
tendencies above the surface layer for the square box, in units ofent fluxes, in units of g mem s~1. Entrainment zones indicated
gm~3day 1. Note net contribution due to microphysics for total with gray shading.(A) Eddy fluxes. (B) Mean fluxes.(C) Mean
water in(A) is equal to sedimentation, as condensational terms canfluxes as in(B) except mean water vapor vertically averaged be-
cel. The residual is equal to subgrid scale mixing plus diffusion. tween 0.7-1.4 km is removed before calculating mean water vapor
Mean advection terms (denoted with WM, UVM) are calculated flux. (D) Vertical derivative of modified mean water vapor flux
by horizontally averaging tendencies. Horizontal eddy advection(WQv*) from (C) compared to water vapor tendency due to ad-
(UVP) is calculated as the divergence of fluxes across the domainvection by mean vertical velocity (WM in Fig. 14b). Cloud layer
Vertical eddy advection (WP) is the divergence of the vertical eddytop and base indicated by red dashed lines.
flux. Note change in scale {#\). Entrainment zones indicated with
gray shading.(A) Total water. (B) Water vapor.(C) Cloud liquid
water. (D) Clpud ice water. Cloud layer top and base indicated by from the inversion into the mixed layer is liquid condensa-
red dashed lines. tion in the entrainment zone (Fig. 14c) and its sedimentation
(Fig. 13b). While ice sedimentation into the mixed layer is
relatively large, most of this ice is actually mixed upward into
the advective tendencies in Eq. (6), while ADV is the exactthe entrainment zone by turbulent eddies while little is actu-
advective tendency output from the model. The differenceally formed there (Figs. 13b, 14d). At the lower boundary
between the ADV and ADV(flux) curves is an estimate of of the upper entrainment zone a positive (negative) tendency
the error in the post-processed advective tendencies relativef water vapor (cloud liquid water) due to vertical turbulent
to tendencies output from the model, and is generally smalfluxes is balanced closely by condensation/evaporation and
throughout the profile. sedimentation.

At the top boundary of the upper entrainment zone there From 1.1km to the top of the mixed layer, total water
is a decrease in total water eflgm3day ! (Fig. 13a), tendencies due to sedimentation and eddy vertical advec-
with the dominant term being the vertical turbulent advec-tion tend to cancel (Fig. 14a), such that the total mixed-layer
tion of water vapor (WP in Fig. 14a, b). Within the entrain- tendency is a drying of approximately2 g m~3day! that
ment zone there is down gradient mixing of both water va-is essentially independent of height (Fig. 13a). Within the
por and cloud liquid water such that turbulent vertical ad- lower cloudy portion of the mixed layer, the largest tendency
vection increases (decreases) cloud liquid water (water vaterm is the increase (decrease) in water vapor (cloud liquid
por) above 1.27 km and opposite below (Fig. 14b, c). Sedi-water) due to evaporation.
mentation, which is the microphysics term in Figs. 13a and Figure 15a, b shows vertically resolved turbulentq(,)
14a because phase transitions conserve total water, is a maand mean¥gq,) water fluxes, respectively. In Fig, 15b it
imum within the upper entrainment zone due to the falloutis clearly seen thatvgy is an order of magnitude larger
of primarily liquid water and some ice into the top of the thanwgcandwgj. This is due to large vertical mass fluxes
mixed layer. Thus, one significant process for moving water(gyow/dz) that do not contribute to vertical mean advective
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tendencies of water vapowpgy/dz, WM in Fig. 14b). Fig-  entrainment zone loses99gnt?day ! on average over
ure 15b indicates that there is a mean larger-scale (larger thahe 90-min period, although this rate varies fron30 to
the 6.5x 6.5 km square domain used in the analysis) circula-—200 g nt2day ! for 15-min averages (Fig. 12). This net
tion within the mixed layer and upper entrainment zone pro-loss of total water is primarily due to a net cloud liquid wa-
ducing a horizontal mass flux into the entrainment zone ander gain of 100 gm?2day ! offset by a water vapor loss of
upper mixed layer, a downward mass flux within the mixed 203gnT?day!. Because water vapor has no sedimenta-
layer, and a horizontal mass flux out of the lower mixed layer.tion, the 379 gm?day ! of water vapor loss due to micro-
The largest vertical mean mass flux is located near the cloughhysics implies a liquid water gain of 379 g¥day ! due
base 1 km), which suggests that this larger-scale circula-to condensation, assuming minimal ice formation. Thejpet
tion is driven by the cloud layer itself. In order to isolate gain of 208 g m day! from microphysics then implies cloud
the part ofwgy that contributes tardgy/d., the mean wa-  liquid water sedimentation of 30 gTAday ! from the upper
ter vapor used to calcula@@gy in Fig. 15b is modified by  entrainment zone. Mean and eddy vertical advection produce
subtracting its vertical average between 0.7—1.4 km, thereby 100 g nt2day ! loss ofgc, but a 181 gm2day ! gain of
using only the vertical perturbations of water vapor in the water vapor. There is a relatively neutral ice tendency in this
mean flux calculations. This modified mean water vapor fluxzone, as the 71 gnfday ! gain due to lofting by eddy ver-
better represents the smaller-scale contribution to the vertitical advection from the mixed layer is offset by sedimenta-
cal water vapor mass fluxgy, and is much smaller in mag- tion. A small amount of cloud ice is produced through phase
nitude (Fig. 15c¢) than that found in Fig. 15b. Figure 15d changes (deposition, freezing; Fig. 13b). Hence, the water
shows the extent to which the mass flux contribution has beetbudget in the entrainment zone consists of a net loss of to-
eliminated from the modified g, by comparingwdgy /9, to tal water primarily due to liquid water condensation and a
dwgqy /9, from Fig. 15c. Differences between the two curves loss of 72 % of this liquid water to the mixed layer through
in Fig. 15d indicate thafvgy is overestimated near the top sedimentation and vertical advection. The vertical profiles
and bottom of the mixed layer. (Fig. 14) additionally show that water vapor is primarily re-
Comparing Fig. 15a and c, it is seen that at the top ofdistributed from the top of the entrainment zone to the base
the upper entrainment zone both turbulent and mean verticabf the entrainment zone by vertical mixing due to resolved
fluxes are essentially zero. Therefore, the decrease in totatddies.
water by turbulent eddies in the upper part of the entrain- Table 4 shows the contributions of advection and mi-
ment zone is primarily due to a downward transport of watercrophysics to water content tendencies integrated over the
vapor from below the top of the upper entrainment zone. Inmixed layer from 0.82-1.24km. The mixed layer loses
addition, the turbulent flux of total water at the mixed-layer —696 g n2 day ! of water averaged over the 90-min period.
top is positive, primarily due to positive fluxes of cloud liquid The rate of total water depletion from the mixed layer varies
water and ice. The mean flux of total water is approximatelyfrom —300 to —950 g nT2day ! over the 15-min periods,
equal to zero at the mixed-layer top, with a positive meanwhile liquid water loss is-281 g nT? day~! and ranges from
flux of vapor balancing a negative mean flux of cloud wa- —100 to—4509g nm2day 1. The mixed layer is 7X deeper
ter (Fig. 15¢). The slightly negative total water flux at the than the upper entrainment zone and loses 7X as much to-
base of the mixed layer is primarily due to a negative flux of tal water, with 43 % of this loss due to horizontal advection.
water vapor by the mean flow, which is partially offset by a Mean vertical advection, sedimentation, and upward trans-
small positive turbulent vapor flux. However, its magnitude port by eddies each contribute between 15% and 21 % of
is about—0.0003 g nm2s~1, which is an order of magnitude this loss. In the cloudy portion of the mixed layer, evap-
smaller than the vertical flux due to ice sedimentation at theoration and collection reduces the cloud liquid water at a
mixed-layer base (results not shown). Thus, the net flux ofrate of —523g nm2day 1, while ice and water vapor both
water through the mixed-layer base is primarily 16 due toincrease through these processes (Fig. 13b). A substantial
sedimentation and not to mean or turbulent vertical motions.amount of the water vapor increase is converted to cloud ice
through deposition (i.e., the Bergeron process). There is also
5.4.5 Layer budgets a substantial loss{136 g n2day 1) of cloud liquid water
due to mean horizontal advection and loss of water vapor due
Following Curry et al. (1988), we calculate vertically in- to mean vertical advection (Fig. 14b). Within the cloud in
tegrated water content budgets in the mixed layer and upthe mixed layer, sedimentation produces decreases of ice and
per entrainment zone with Eq. (4 and 6). Table 3 showssmaller increases in liquid water (Fig. 13b). Below cloud
the contribution of advection and microphysics to water base within the mixed layer, ice amounts increase weakly
content tendencies in the upper entrainment zone. Not&ue to both sedimentation and vapor deposition, while weak
that the microphysics term (MICROPHY) in total water losses of water vapor occur from all terms, including mean
tendencies is equal to sedimentation. There is a net dehorizontal advection (Fig. 14b).
crease in total water in the upper entrainment zone as Considering total water alone, the cloud should eventu-
sedimentation out is greater than net advection in. Theally dissipate due to net loss of water in both the upper
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Table 3. Mean & one standard deviation) contribution of advection and microphysics to time and horizontally averaged water content
tendencies in the upper entrainment zone, in units ofé day 1. Advection by the mean flow is calculated from 15-min averaged fields.
Eddies are defined as deviations from the 15-min averages*Tstéle sum of advection terms plus microphysics and is not exactly equal

to total tendency due to errors incurred by calculating the advection terms offline (see discussion of Fig. 13).

Upper Entrainment Zone UVM UVP WM WP  MICROPHY Total
Total Water —114+45 -6+3 34+54  117+14 —233+10 —99+85
Cloud Water —-5+77 -3+4 -—78+£33 -22+64 208+ 29 100+ 152
Water Vapor —2+111 -3+6 113+88 68+45 —379+28 —203+226
Cloud Ice —44+3  +0+0 —0+1 71+16 —62+13 5+3

Table 4. The same as Table 3 except for the mixed layer budget.

Mixed Layer UvM UvpP WM WP  MICROPHY Total

Total Water —301+192 —-8+6 —141+74 —-101+£25 —1454+49 —696+ 256
Cloud Water —136+110 —-6+3 363+ 158 21464 —-523+169 —281+137
Water Vapor —1404+295 3+4 —484+217 —-56+33 222+185 —455+341
Cloud Ice —24+73 —-5%5 —21+14  —-65+13 156+ 23 41+ 87

entrainment zone and mixed layer. Transport of water va-main averages (Fig. 11) only occur above downdrafts. Above
por into the lower part of the upper entrainment zone is largeupdrafts, the opposite, yet somewhat weaker, tendencies are
enough to cause continual liquid condensation that is transpresent. In downdrafts, mixed-layer cloud water decreases
ported or sedimented downward into the mixed layer. In thewhile water vapor, ice, and total water increase. Compensat-
mixed layer, loss due to microphysics exceeds this injectioning effects occur in updrafts, where mixed-layer cloud liquid
of cloud liquid water from the entrainment zone, resulting in water increases (within the cloud) while a decrease of wa-

a continual net loss of cloud liquid water. ter vapor, ice, and total water occurs throughout. Note that
the base of cloud liquid water increases in the updrafts oc-
5.5 Downdraft and updraft averages curs above the base of cloud liquid water decreases in the

downdrafts, suggesting a modulation of cloud base height by
Vapor, liquid, and ice water tendencies averaged over in-vertical motions.
cloud updrafts and downdrafts separately in the square do- Tendencies in water vapor and cloud liquid water in up-
main and temporally averaged over the 90-min period aredrafts and downdrafts are due to compensating large micro-
plotted in Fig. 16. Also shown in Fig. 16 are mean verti- physics and advection tendencies that sum to a smaller resid-
cal velocity andd, profiles averaged over downdrafts and ual (see Fig. 17). Within the cloud layer, in downdrafts, op-
updrafts separately. Downdrafts are defined as gridpointgosite vertical gradients of cloud liquid water and water va-
where minimum vertical velocity within the cloud layer is por cause an increase in cloud liquid water and decrease in
less than—30cm st (see Fig. 16c). Updrafts are defined water vapor by vertical advection, with the cloud liquid water
as gridpoints where maximum vertical velocity within the then decreasing by evaporating and thereby increasing wa-
cloud layer is greater than 20 cm's(see Fig. 16d). Out of ter vapor. In this process the microphysical tendencies are
16 900 gridpoints, approximately 3000-4000 gridpoints at aslightly dominant, resulting in small residuals of opposite
given time are classified as downdrafts and 4000-5000 gridsign for liquid and vapor (Fig. 17a, c). Approximately the
points are classified as updrafts. These numbers are consispposite is true in updrafts, although advective and micro-
tent with cloud dynamics forced by radiative cooling at cloud physical tendency magnitudes are smaller and more nearly
top, which result in narrower yet stronger downdrafts relative balanced leading to smaller total tendencies of opposite signs
to updrafts. Vertical velocity above the cloud layer is approx- relative to downdrafts (Fig. 17 b, d). Ice tendencies are dom-
imately —0.4cms? in averages over updrafts and down- inated by advective tendencies in both updrafts and down-
drafts (Fig. 11b). Figure 16a and b show the contributionsdrafts, while sedimentation and total microphysics terms are
of cloud water, cloud ice, and water vapor to downdraft andquite small (Fig. 17 e, f).
updraft total water tendencies, respectively. Itis clearly seen It is important to note that condensation occurs in the
that within the upper entrainment zone, the decrease in watempper entrainment zone in both updrafts and downdrafts
vapor and increase in cloud liquid water seen in the total do{Fig. 17a, b, c, d). This process of “radiative encroachment,”
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Cloud layer top and base indicated by red dashed linés,iB). Fig. 17. Processes that contribute to water content tendencies be-
tween 0.6—-1.4 km averaged over downdrafts and updrafts, in units

of gm—3day 1. (A) Cloud liquid water tendencies in downdrafts.
e(B) Cloud liquid water tendencies in updraft§C) Water vapor

or forcing of direct condensation by cooling that cannot b
g y 9 tendencies in downdraft§{D) Water vapor tendencies in updrafts.

balanced by convection, is a process that contributes to th ) Cloud ice water tendencies in downdrafi@) Cloud ice wa-

pqsmve Cloud water tendency in the upper entralnr_n_ent ZOQ er tendencies in updrafts. The contribution of sedimentation to the

(Fig. 11). This process occurs because of the specific humidxicrophysical tendencies is shown with a green dashed lig&)in

ity inversion that is coincident with the temperature inver- (g) (), (F). Entrainment zones indicated with gray shading. Cloud

sion. We also emphasize that this radiative condensationahyer top and base indicated by red dashed lines.

processes, occurring above both updrafts and downdrafts, is

quite different from the adiabatic cooling process simultane-

ously producing condensation in the mixed-layer updrafts asA mean temperature inversion of 5 K and humidity inversion

seen in Fig. 17b. Lastly, while cloud liquid condensation andof 0.4 g kg™! with a base at 1.2 km was simulated in the LES

evaporation occur in mixed-layer updrafts and downdrafts,at 20 Z, similar to the radiosounding taken at 17:34 Z that

respectively, deposition on cloud ice occurs in both updraftsshowed a mean temperature inversion of 4 K and humidity

and downdrafts (i.e., the difference between sedimentationnversion of 0.5 g kg* with a base at 1.1 km.

and microphysics terms in Fig. 17 e, f). Slightly more ice. The model-simulated atmosphere below 1.3km is com-

deposition occurs in updrafts. posed of five distinct layers; a turbulent surface layer, a sta-
ble layer from 200—600 m, a lower entrainment zone between
0.62-0.82km, a cloud-driven mixed layer between 0.82—

6 Summary and discussion 1.24km, and a (partly) cloudy upper entrainment zone be-
tween 1.24-1.30 km. The inversion height remains at 1.3km

In this paper we use high-resolution nested LES simulationsover the 90 min analysis period while the mixed layer base

to quantify the processes involved in the maintenance ananoves downward at a rate of 50 mh Different from sub-

persistence of a single-layer, decoupled AMPS that was obtropical stratocumulus, cloud liquid water in these Arctic

served near Barrow, Alaska, during ISDAC on 8 April 2008. stratocumulus extends into the inversion layer.
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Longwave radiative cooling peaks within the temperaturewater path of 50 g m?, assuming no change in the dynami-
inversion and upper entrainment zone but also extends 80 mal balance, a cloud could persist at this rate for 6.7h. The
down into the mixed layer, coincident with turbulent vertical net loss of cloud water is only 23 % of the loss of total water,
potential temperature fluxes. The average potential temperd-e. the mixed layer plus entrainment zone is losing vapor 3.5
ture tendency due to longwave cooling at the mixed-layer toptimes faster than it is losing cloud liquid water.

is approximately-80 K day . There is a relatively uniform Interestingly, mean subsidence above the upper entrain-
net cooling of—4 K day~* within the mixed layer. ment zone is of the same order as mean subsidence in
Buoyancy, shear, pressure transport, and TKE transporgybtropical cloud-topped boundary layers (see Wood and
make significant contributions to the vertical distribution of Bretherton, 2004) and other LES simulations of AMPS (see
TKE tendencies. In the upper entrainment zone, TKE pro-K|ein et al., 2009). However, mean subsidence goes to zero
duction is dominated by pressure transport and shear but limat the upper entrainment zone top, resulting in no net vertical
ited by buoyancy. At the top of the mixed layer shear is flux of water into the upper entrainment zone. Essentially all

the dominant production term. Moving down into the mixed yertical transport of water into the mixed layer initiates in the
layer, shear remains important along with buoyancy producypper entrainment zone.

tion. TKE is advected downward to the base of the mixed o study has shown that sedimentation plays a domi-

layer where TKE production by other terms IS small. Al nant role in vertical transport and depletion of water from a
progiuctlon terms_ become small below the mixed layer, ef'decoupled AMPS cloud system. This sedimentation is due
fectively decoupling the cloud from the lower troposphere ¢, gravitational settling of liquid water in the mixed

and surface. i layer and continuous precipitation of ice out of the mixed
. At the top b_oundary of the “ppe_ge””al'”m_e”‘ zone thereIayer. In this model study, ice mass production might be un-
ISa decreas_e in total Wgtereflg m" day” prlmar_lly due derestimated relative to retrievals and aircraft observations
to eddy vertical advection of water vapor. Within the en- ;ihq,gh there is uncertainty to these comparisons). It is
trainment zone there is down gradient mixing by turbulent nclear what impact greater ice production would have on
eddies that causes an upward (downward) transport of cIouvLﬂ)1e simulation. For example, in subtropical boundary lay-

liquid water (water vapor) aboye the liquid water mMaximum s sedimentation removes water near cloud top resulting in
at the base of the_ upper entrainment zone (top of the m'xeiss entrainment of dry, warm air and a more persistent cloud
layer), and oppositely below. In terms of total water, entraln'(Ackerman et al., 2004, Bretherton et al., 2007). Sedimenta-
ment.moistens the c!oud layer in the lower part of the UPPETion in AMPS at cloud top may have the opposite effect, as
entrainment zone (Fig. 14b). The increase (decrease) in Waspainment acts to further moisten the cloud. Also, produc-
ter vapor (cloud liquid water) due to turbulent fluxes in the tion of more ice would cause more condensational heating to
lower part of the entrainment zone is closely balanced by g, e longwave cooling and thereby modify vertical mo-
decrease (increase) by condensation and liquid sedimenta: < i the mixed layer. In addition, more ice production
tion, withssedinlentation exceeding advection of total we_ltermay cause more moistening of the surface layer.

by 2gnm*day™ at the lower bounday. The upper entrain In both updrafts and downdrafts, vertical velocity above

ment zone loses an average-e89 g ni 2 day ! of total wa- . .
g g y the cloud layer is approximately0.4cms?. The decrease

ter to the mixed layer. ) X ) T .
The mixed layer loses total water at a rate of in water vapor and increase in ck_)ud I_|qU|d water in the up-
—696gnT2day1. This tendency is primarily due to hori- per entrainment zone occurs primarily above mixed-layer
downdrafts. Above mixed-layer updrafts, the opposite oc-

zontal advection by the mean flow, while887 g ° day * curs. Similar opposing tendencies among the water phases in
f total water loss i imatel Ily divided bet ) . : )
ot fotalwarer 1oss Is approximately equally divided be Weenupdrafts and downdrafts are seen in the mixed layer. Of pri-

losses due to turbulent vertical fluxes, mean vertical advec-

tion, and sedimentation (Table 4). Neglecting tendencies duemary.importance is that condensation occurs within the upper
to mean horizontal wind, net loss of cloud liquid water is entrainment zone above both updrafts and downdrafts due

due to microphysical processes that are partially offset bytoldiabatic radiative coo!ing, while condensa_tion \_/vithin .the
mean vertical advection at the mixed-layer top. Turbulentm'xed layer occurs only in updrafts due to adiabatic cooling.

and mean fluxes of total water at the mixed-layer top are pos- Results of this nested LES study form a relatively simple

itive and larger than fluxes at the base. conceptual model of decoupled AMPS where the essential
The average loss of cloud water from the upper entrain-Structures and processes are:

ment zone plus mixed-layer system-481 gnr2day 1, or

7.5gm2h~1. However, over this 90-min period the upper 1. A humidity inversion at cloud top provides a weak

entrainment zone gains cloud liquid water while continually source of moisture to the cloud layer via entrainment
losing total water. This is due to the continuous source of wa- caused by cloud-generated turbulence. This continual
ter vapor provided to the cloud layer by turbulent down gra- down gradient transport of water vapor into the cloud
dient mixing and condensation forced by radiative cooling layer supports its persistence and represents a positive

that cannot be balanced by convection. For an initial liquid feedback.
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2. The primary and necessary source of energy for theunder cooperative agreement ATM-0425247. Observational data
system is longwave radiative cooling at, and near,used in this study were provided by the Department of Energy’s
cloud top. Radiative cooling does at least two things: Atmospheric Radiation Measurement Program. ECMWF datasets
(1) Forces direct condensation in non-buoyant parceI§Jsed as boundary conditions for the mpdel gimqlatioqs were
near cloud top that are inside the temperature and moisgownloaded from the Research Data Archive, which is maintained

ture inversions; (2) Forces turbulence and buoyancy-by t_he Computational and Infor.matlon Systems Labo_ratory at the
. . oy . National Center for Atmospheric Research. The National Center
driven overturning of parcels within a cloudy mixed

. o . . . for Atmospheric Research is sponsored by the National Science
layer, with additional condensation occurring in up- ,,ndation
drafts. '

3. Cloud ice depositional growth occurs primarily in the Edited by: T. Garrett

mixed layer in both updrafts and downdrafts, although
slightly more in the latter.
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