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ABSTRACT

More studies on the dynamics of marine stratus and stratocumulus clouds have been performed than
comparable studies on continental stratocumulus. Therefore, to increase the number of observations of
continental stratocumulus and to compare marine and continental stratocumulus to each other, the approach
of large-eddy observation (LEO) was applied to a case of nocturnal continental stratocumulus observed over
the Atmospheric Radiation Measurement Program (ARM) Climate Research Facility (ACRF) in the central
United States on 8 April 2006. The stratocumulus occurred in cold-air and dry-air advection behind a surface
cold front. LEOs were obtained from millimeter-wavelength cloud radar and micropulse lidar, whereas
traditional meteorological observations described the synoptic environment. This study focuses on a 9-h
period of a predominantly nonprecipitating stratocumulus layer 250-400 m thick. A slight thinning of the
cloud layer over time is consistent with dry-air advection. A deep layer of descent overlaid a shallower layer of
ascent from the surface up to 800 mb, providing a mechanism for strengthening the inversion at cloud top.
Time series of Doppler velocity indicate vertically coherent structures identifiable throughout much of the
cloud layer. The magnitude of turbulence, as indicated by the variance of the vertical velocity, was weak
relative to typical marine stratocumulus and to the one other case of continental stratocumulus in the liter-
ature. Conditional sampling of the eddy structures indicate that strong downdrafts were more prevalent than
strong updrafts, and negative skewness of vertical velocity in the cloud implies an in-cloud circulation driven

by longwave cooling at cloud top, similar to that in marine stratocumulus.

1. Introduction

Much of the considerable uncertainty in simulations
of future climate change scenarios can be attributed to
differences in how low-altitude clouds are represented
in global climate models (e.g., Bony and Dufresne 2005;
Medeiros et al. 2008; Williams and Webb 2009). Spe-
cifically, extensive regions of stratocumulus located in
eastern oceanic basins significantly impact the short-
wave radiation budget (e.g., Ramanathan et al. 1989;
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Klein and Hartmann 1993). These low-level marine stra-
tocumulus clouds predominantly exist under the subsid-
ing branch of the Hadley circulation in quiescent regions
of high pressure. As such, the lower-tropospheric envi-
ronment is characterized as largely horizontally homoge-
neous, subsiding, and very nearly barotropic (or equivalent
barotropic).

Stratocumulus clouds are not solely associated with
surface high pressure systems but also can accompany
midlatitude cyclones. Field and Wood (2007) compos-
ited satellite and reanalysis data to construct mean fields
characteristic of midlatitude oceanic cyclones. Although
their analysis was performed over the ocean, presumably
much of their basic cyclone structure applies over conti-
nental regions as well. Among other conclusions, their
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FI1G. 1. Adapted from Field and Wood (2007, their Figs. 4b and 5).
Solid lines are sea level pressure every 4 mb. (a) Average stratocu-
mulus cloud fraction. (b) Average surface divergence.

results demonstrate that midlatitude cyclones are accom-
panied by broad areas of stratocumulus located behind the
cold front, west and north of the low center (Fig. 1a). The
synoptic environment of these clouds is fundamentally
different from that of classic marine stratocumulus de-
scribed by Klein and Hartmann (1993).

Thus, we suggest that there might be a distinction
between marine and continental stratocumulus, where
the characteristic scale of horizontal variability near
midlatitude cyclones is smaller than that near marine
subtropical anticyclones. For example, much of the
composite stratocumulus cloud cover in Fig. 1 is located
under surface divergence, although closer to the low
center, convergence dominates (Fig. 1b). Stratocumu-
lus accompanying extratropical cyclones are therefore
present in regions of upward, downward, and near-zero
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vertical motion.! Because of this variability, the approxi-
mate balance between entrainment and subsidence found
over marine boundary layers (Wood and Bretherton 2004;
Faloona et al. 2005) may not generally apply.

The vast majority of the literature aimed at understand-
ing boundary layer cloud dynamics applies to maritime
clouds, with comparatively little explicitly addressing con-
tinental clouds. Employing satellite and surface-based re-
mote sensing, Del Genio and Wolf (2000) assessed the
similarities and differences between continental and ma-
rine boundary layer clouds. Although their terminology is
somewhat different from ours (what we term stratocu-
mulus they refer to as “thick stratus’), they concluded
that much of what is known about boundary layer stra-
tocumulus over oceanic regions applies over the con-
tinent, with some exceptions. They cite differences in
surface characteristics, specifically the constant mois-
ture source of the ocean and the short thermal-response
time scale of the land surface, and point out that conti-
nental stratocumulus clouds are transient relative to their
maritime counterparts. In a mixed-layer budget study of
stratocumulus over the southeastern Pacific, Caldwell
et al. (2005) found that the magnitude of the surface
moisture flux was 2-3 times that of horizontal advection,
and of opposite sign. The absence of the oceanic mois-
ture source in the continental cases implies that the
boundary layer water budget is dominated by advection
rather than surface fluxes.

The installation of a millimeter-wavelength Doppler
cloud radar (MMCR) in the mid-1990s at the Atmo-
spheric Radiation Measurement Program (ARM) Climate
Research Facility (ACRF) Southern Great Plains (SGP)
site in northern Oklahoma has been a boon to cloud
studies, since the radar is capable of sensing multilayer
cloud structures that passive radiometric techniques
cannot. Clothiaux et al. (1995) discussed how MMCRs
might be employed for retrievals of cloud properties. Many
subsequent studies explored these and other specific
methods to retrieve cloud system properties from radar
data and employed these retrieved quantities to focus
on cloud structure or climatology [e.g., Frisch et al.
(1995a); Babb et al. (1999); Sassen et al. (1999); Chin
et al. (2000); Kato et al. (2001); Dong et al. (2005); Kim
et al. (2005), which is by no means an exhaustive list].

Whereas these previous studies focused on the mean
properties of cloud behavior, boundary layer clouds in
reality are an intrinsic part of the turbulent flow con-
sisting of updrafts, downdrafts, and entrainment. Past

! Recent results suggest that significant horizontal variability in
subsidence divergence accompanies marine boundary layer clouds
as well, even where the cloud fields are visibly homogeneous from
satellite (e.g., Fig. 3 in Stevens et al. 2007).
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studies thus generally documented cloud properties with
little concern for cloud dynamics associated with (and
oftentimes driving) the cloud properties. Recognizing
that the cloud droplets serving as Rayleigh scatterers
have near-negligible fall speeds and inertia so that they
may represent passive tracers of the flow, cloud radars
have begun to be used for studies of boundary layer
turbulence.

Frisch et al. (1995b) was the first to apply profiling
Doppler cloud radar to investigate turbulent flows in
stratocumulus. They used a 35-GHz (K, band) MMCR
during the Atlantic Stratocumulus Transition Experi-
ment (ASTEX), based in the Azores, to obtain variance
and skewness profiles for boundary layer clouds. Profiles
of vertical velocity variance exhibited diurnal variability
and contained multiple maxima. Skewness in the upper
part of the cloud was negative, transitioning to positive
skewness in the lower part of the cloud.

Most applicable to our present study is the work of
Kollias and Albrecht (2000), who analyzed continental
stratocumulus over central Pennsylvania sampled by
a 94-GHz cloud radar. Recognizing the utility of these
high-resolution radar observations for verification of
large-eddy simulation (LES), Kollias and Albrecht in-
troduced the term large-eddy observations (LEOs) to
describe sampling of the atmosphere at sufficient spatial
and temporal resolution to capture the turbulent flow
structures. The term LEO in principle encompasses
a wide range of instrumentation, from sonic anemome-
ters for obtaining turbulent fluxes via eddy correlation,
to Doppler cloud radars. Kollias and Albrecht specifi-
cally refer to cloud radars, and, in the spirit of their term,
Doppler cloud radar data form the basis for LEOs in this
paper.

We employ LEO and methods previously applied for
marine stratocumulus to a case of continental boundary
layer stratiform cloud observed over the central United
States. In addition to increasing the number of obser-
vations of continental stratocumulus, the driving ques-
tions for our study are the following:

o How do radar reflectivity and velocity observations for
this case compare with the continental stratocumulus
observed by Kollias and Albrecht (2000)?

e What are the similarities and differences between
continental and marine boundary layer clouds, as il-
luminated by cloud radar?

o Ultimately, what is the value of using LEOs combined
with routine meteorological observations for investi-
gating boundary layer stratocumulus?

This work is complemented by a large-eddy simula-
tion approach, which will be presented in a separate
paper (Mechem et al. 2010).
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2. Data and methods

This study revolves around the post-cold-frontal, low-
altitude cloud system that passed over the ACRF SGP
site in northern Oklahoma on 8 April 2006 (location
denoted by the star in Fig. 2). The case of 8 April 2006
was selected from the W-Band ARM Cloud Radar
(WACR) archive because of the long, continuous pres-
ence (>9 h) of clouds sampled by radar and the appar-
ent similarity to other stratus and stratocumulus clouds
previously observed at the ARM site (e.g., Dong et al.
2005; Kim et al. 2005). Although we were not able to vi-
sually identify patches or billows characteristic of strato-
cumulus, the observations we describe (specifically the
turbulent vertical motions in the cloud) are otherwise
characteristic of the stratocumulus genera. This result leads
us to use “stratocumulus” to describe this cloud system,
which is consistent with the prevalent use of the term in the
literature.

The ACREF hosts an extensive suite of instruments to
characterize the relationship between clouds, aerosol,
and radiation. The centerpiece instrument for this arti-
cle is the 95-GHz (3-mm wavelength) WACR (Widener
and Johnson 2006). Kollias et al. (2007a,b) describe the
ARM cloud radar effort in detail, concentrating on the
longer-wavelength 35-GHz radars that have long been
a part of ARM’s observational strategy. The WACR is
a profiling cloud radar that provides reflectivity factor
(which we refer to simply as “reflectivity’’), Doppler
velocity, and spectrum width (the zeroth, first, and sec-
ond moments of the Doppler spectrum) measurements
for scatterers in the cloud-drop size range. Peak radar
power is 1.5 kW, transmitted via a 0.61-m antenna for
a beamwidth of 0.38° (6.7 m at a range of 1 km). A pulse
length of approximately 0.3 us determines the gate spac-
ing of 42.9 m. The pulse repetition frequency of 10 kHz
gives a Nyquist velocity of 7.9 m s~ '. Although the raw
spectra files are archived, for this study we rely on the
reflectivity and velocity moments. A near-field correction
is applied at a range of up to 228 m from the radar. The
magnitude of uncertainty of the radar measurements is
estimated to be 0.5 dBZ for reflectivity and 0.1 m s~ ' for
Doppler velocity (Widener and Johnson 2006).

The radar data were minimally processed to remove
signal noise and unphysical Doppler velocity values.
Reflectivity values smaller than —40 dBZ, a limit that in
our experience roughly delineates useful boundary layer
cloud signals from noise, have been eliminated. Further-
more, because velocity estimates are unreliable in regions
where the reflectivity is less than —35 dBZ, they are
eliminated as well. Precipitation was filtered out by elim-
inating scans where reflectivity was greater than —20 dBZ.
This ensures that the Doppler velocities represent the air
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FIG. 2. Satellite imagery and WACR time-height plots of reflectivity from 8 Apr 2006. (a) WACR reflectivity from
0000 to 0600 UTC. GOES longwave infrared channel 4 images corresponding to (b) 0045 and (c) 0645 UTC.

(d) WACR reflectivity from 0600 to 1200 UTC.

motion and not a combination of air motion and pre-
cipitation sedimentation. A number of thresholds have
been used previously to delineate clouds from precipita-
tion (Chin et al. 2000; Kato et al. 2001; Kogan et al. 2005;
Liu et al. 2008), and we chose a value of —20 dBZ to
screen out most precipitation-sized particles. Only a small
fraction of scans were filtered out during the 0600-
1200 UTC period of interest.

Cloud base was estimated from the micropulse lidar,
which employs a low-power, eye-safe laser that operates
at a wavelength of 523 nm. Range resolution of the
micropulse lidar is 30 m, with the minimum detection
distance being about 300 m. Cloud bases in our case are
nearly always above this threshold height. Cloud base is
estimated by taking 30-s averages of micropulse lidar
quantities. Path-integrated liquid water is obtained from
a dual-channel microwave radiometer operating at 23.8
and 31.4 GHz, with retrieval errors of path quantities
estimated to be ~20% (Hogg et al. 1983).

Vertical atmospheric profiles were taken by a rawin-
sonde system operated at the ACRF. Surface fluxes of heat,
moisture, and momentum were obtained from the eddy-
correlation flux-measurement system, which comprised a
sonic anemometer to obtain the three-dimensional com-
ponents of the wind and air temperature, and an open-path
infrared gas analyzer to obtain the water vapor density.

To illustrate the synoptic and mesoscale environment
of the stratocumulus, we employ output from the Rapid
Update Cycle (RUC) analysis system (Benjamin et al.
2004a,b). The RUC has 20-km grid spacing, which is
presented here at the degraded grid spacing of 40 km
that was sent to operational forecast offices in real time.
The RUC analyses have the advantage of portraying
the three-dimensional synoptic and mesoscale structure
and evolution of the atmosphere by assimilating asyn-
optic observations from a multitude of operational and
nonoperational observational instruments (e.g., satel-
lite, radar, aircraft reports) into a first-guess field from
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FIG. 3. RUC surface temperature (thin solid lines, every 2 K), sea level pressure (thick solid lines, every 4 mb), and
850-mb relative humidity (shaded at 70%, 80%), 90%, and 95% ). Long thick arrows indicate locations of vertical cross
sections shown in Fig. 5. (a) 0000 UTC 8 Apr 2006. (b) 0600 UTC 8 Apr 2006.

a numerical weather prediction model, a distinct advan-
tage relative to the comparatively sparse hourly sur-
face and twice-daily upper-air observations. As such,
the RUC output illustrates the large-scale conditions un-
der which the stratocumulus occurs.

3. Synoptic and mesoscale analysis

The stratocumulus was occurring to the west of a
southeastward-moving surface cyclone over southeastern
Missouri at 0000 UTC 8 April 2006 (Fig. 3a). Note that
LST = UTC — 6 h, with sunrise and sunset occurring
at 1206 and 0059 UTC, respectively. Relative humidity at
850 mb (roughly the height of cloud top) shows a cy-
clonically curved region of near-saturation extending
from northern Oklahoma northward through Kansas and
Nebraska and eastward into Iowa. The shape and loca-
tion of this near-saturated region was similar to the
maximum in stratocumulus cloud fraction in the Field
and Wood (2007) composite (Fig. 1a). By 0600 UTC, the
region of high 850-mb relative humidity had decreased in
area and moved southward and eastward, following the
movement of the surface cyclone center (Fig. 3b).

Twelve hours of WACR data, along with two Geo-
stationary Operational Environmental Satellite (GOES)
longwave infrared images (corresponding to wavelengths
of 10.2-11.2 um), are shown in Fig. 2. Before 0225 UTC,
the WACR data indicate precipitation and a variable
cloud-top height (Fig. 2a), consistent with the cloud-top
temperatures over northern Oklahoma and southern
Kansas from satellite imagery at 0045 UTC (Fig. 2b).
Over the next 9 h after 0225 UTC, the WACR observed
a quiescent, slowly varying, nonprecipitating cloud sys-
tem that resembled marine stratocumulus (e.g., Fig. 2a in
van Zanten et al. 2005). The disappearance of echo after
1130 UTC arose not from dissipation of the cloud but

rather from the passing of the back edge of the cloud field
over the ARM site.

The change in cloud properties sampled by the radar in
a Eulerian (fixed in space) framework was a combination of
both the local evolution of the cloud moving with the flow,
plus advection. The profiling radar by itself cannot distin-
guish between these two effects; hence the radar cannot
unambiguously determine cloud lifetime. GOES imagery
indicates that cloud lifetime, estimated by the persistence
of low cloud in the postfrontal region of the synoptic sys-
tem, was ~30 h in this case. By employing additional data
sources (rawinsondes, surface data, model analysis fields),
however, our results suggest that advection is the dominant
mechanism explaining local evolution of the cloud field.

During 0225-0600 UTC, the WACR data indicates
that both cloud-base height and cloud-top height each
varied by a couple hundred meters (Fig. 2a). The vari-
ation in cloud-base height was most likely due to weak
precipitation, which is evident from the Doppler veloc-
ity moment (not shown) and the protuberances hanging
from the cloud base. The reason for the variation in
cloud-top height is unknown but may be related to the
relatively weak capping inversion represented by the
0533 UTC sounding (Fig. 4a).

After 0600 UTC, the WACR data show that both
cloud-base height and cloud-top height became more
steady in time (Fig. 2d), confirmed by the horizontal ho-
mogeneity of the cloud-top temperature at 0645 UTC
(Fig. 2¢) and the strong capping inversion of 8 K in po-
tential temperature at 0743 and 0838 UTC (Fig. 4a).
After about 0730 UTC, the cloud base rose. Finally, after
1000 UTC, the cloud layer dropped by 300 m, visible in
the 1129 UTC sounding in Fig. 4, and finally disappeared
over SGP at 1130 UTC (Fig. 2d).

As the RUC output shows (Fig. 3), the stratocumulus
was located in a region of geostrophic northerlies and
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FI1G. 4. Soundings of (a) potential temperature, (b) water vapor mixing ratio, (c) « wind, and (d) v wind taken at the ACRF Central Facility
at the indicated times. Filled circles represent estimates of cloud base and cloud top for each sounding time. We suspect the thin layer of high
mixing ratio just above the inversion is due to the effects of sensor wetting as the sonde breaks into the clear region above cloud top.

cold advection. Vertical cross sections running from
Rapid City, South Dakota (RAP), in the northwest,
through SGP, to Shreveport, Louisiana (SHV), in the
southeast show the vertical structure of the cold front
and static stability from the RUC output (Fig. 5). At
0000 UTC (Fig. 5a), the cold front northwest of SHV is
indicated by near-surface vertical isentropes and a nar-
row, intense region of ascent (indicated by the dashed,
filled contours), as in observations (summarized in Schultz
2008) and models of the leading edge of cold fronts (e.g.,
Schultz and Roebber 2008). Behind the surface front to
RAP was mostly descent throughout the troposphere. A
region of high (>95%) relative humidity, extending up to
as high as 700 mb, was associated with the precipitating
clouds in the satellite imagery and WACR data, as oc-
curred before 0225 UTC (Figs. 2a,b).

By 0600 UTC (Fig. 5b), the surface cold front had passed
outside of the cross section, and much of the troposphere
was dominated by subsidence. Curiously, however, the
900-800-mb stable layer above SGP was characterized by
weak ascent. Although the reason for this ascent is not
known, in combination with the subsidence that extended
from just above the stable layer (~800 mb) upward to at
least 300 mb, this descent-over-ascent couplet was likely
partially responsible for intensifying the inversion, as evi-
dent in the soundings between 0533 and 0743 UTC (Fig.
4a). A small region of relative humidity exceeding 90%
occurred underneath the inversion, perhaps an indication
of the inability of the RUC to resolve such thin boundary
layer clouds.

4. Large-eddy observations

By 0600 UTC, the WACR observed boundary layer
cloud, whose properties remained steady over several

hours (Fig. 6). As mentioned above, the radar samples
a combination of cloud system advection, along with any
mechanistic (internal) change to the cloud properties.
During 0600-1000 UTC, cloud thickness ranged from
250 m to nearly 400 m, generally thinning with time.
Cloud top was estimated by echo-top height, whereas
cloud base was obtained by the micropulse lidar. This
estimate of cloud base was consistently higher than the
reflectivity base (Fig. 6a). This difference could arise from
weak precipitation falling below cloud base, which the
micropulse lidar did not observe. Specifically, Kim et al.
(2005) found that the lowest radar echo lies below the
cloud base sensed by ceilometer and lidar, because the
radar is highly sensitive to the few large precipitation
drops falling below cloud base. The small reflectivities
(less than —20 dBZ) and lack of systematic descent in
this case (Fig. 6b), however, suggest that very little, if any,
precipitation was present. Although cloud-base estimates
from radar and lidar generally agree for nonprecipitating
clouds (Kim et al. 2005), the possibility remains of slight
differences in sensitivity between the two instruments.

Standard deviations of cloud base and cloud top (o, =
20 m and o = 38 m, respectively, over 0700-1000 UTC)
are on the low end of cloud-base and cloud-top variability
calculated from 12 continental stratocumulus cases in
Kim et al. (2005), who found o, ranging over 15-227 m
and o ranging over 45-106 m.

The velocity field was highly variable, and the radar
captured periods of upward and downward motion, with
different scales in evidence (Fig. 6b). Here we follow
meteorological convention of positive magnitudes of
velocity representing upward vertical motion. Cloud top
varied as well, as previously noted, though the resolution
was limited by the radar range-gate size of about 43 m. By
virtue of the reflectivity thresholding, precipitation-size
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droplets were filtered out, meaning the positive and on marine stratocumulus (e.g., Vali et al. 1998; Stevens
negative values in Fig. 6b represent upward and down- et al. 2003; van Zanten et al. 2005), as well as in one study of
ward turbulent boundary layer eddies. These flow struc-  continental boundary layer clouds (Kollias and Albrecht
tures have been commonly observed in the many studies  2000).
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a. Description of cloud system structure and evolution

Details of the turbulent flow structures from the
Doppler velocity field and selected meteorological var-
iables from 0500 to 1000 UTC are presented in Fig. 7.
The hour 0500-0600 UTC is included to illustrate the
transition to the period of stratocumulus. Time series of
range-gate velocities (at the indicated heights) and cloud
boundaries illustrate the cloud slowly thinning with
time, particularly by the rise of cloud base (Fig. 7a). A
mixed-layer perspective would interpret thinning to arise
from boundary layer drying, warming, or some combina-
tion of both. RUC model output (Figs. 3 and 5), sounding
data (Fig. 4), and surface observations (Figs. 7c,d) in-
dicate cooling over the period, although the cold-air
advection after 0600 UTC indicated by the RUC tended
to decrease as time progressed (Fig. 7d). The sound-
ings indicate that the near-surface air dried with time,
whereas the RUC moisture hardly changed over the
entire period (Fig. 7e). Moisture advection, calculated
from the RUC, and tendencies from surface observa-
tions show an increase of drying with time (Fig. 7f).
Although such cooling and drying could be due to sur-
face fluxes, the surface sensible heat was negligible, and
the latent heat flux was about 20 W m ™2 Given the
postfrontal cold advection and drying, with reasonable
confidence we can conclude that the cloud layer was
thinner predominantly because it was drier. The micro-
wave radiometer retrieval of liquid water path in Fig. 7b
confirms that from 0500 to 0900 UTC cloud thinning was
associated with lower values of liquid water path, as
would be expected. A slight increase in LWP from 0900
to 1000 UTC accompanied an increase in cloud thickness,
before the cloud rapidly thinned over the 1000-1130 UTC

period. The result that the advective tendencies are con-
sistent with the cloud behavior suggests that cloud system
evolution was dominated by advective processes rather
than by internal cloud dynamical mechanisms such as
entrainment. The large-scale vertical motion field in the
cloud layer (not present in the time series but evident in
Fig. 5b) was characterized by weak ascent, an environ-
ment quite different from the strong subsidence typically
found in marine stratocumulus.

Cloud base and cloud top varied considerably over
the 0500-1000 UTC period. Cloud base was relatively
steady from 0500 to 0700 UTC but then rose over the
next 3 h. Cloud top dropped about 250 m during 0500—
0600 UTC, as a thicker, drizzling portion of the cloud
system passed over the radar and the cloud subsequently
transitioned to nonprecipitating stratocumulus. Cloud
top ascended and descended over the next 4 h from 0600
to 1000 UTC. Radar estimates of cloud top are consis-
tent with those obtained from soundings. Cloud bases
obtained via micropulse lidar, however, were consistently
overestimated (by over 100 m in one of the cases; Fig. 7a).
The lifting condensation level (LCL; dotted gray line in
Fig. 7a), calculated from surface observations of tem-
perature and moisture, was lower than cloud-base esti-
mates from sounding, lidar, or radar. The discrepancy
between LCL and cloud base suggests that the cloud
layer was to some extent, thermodynamically distinct
from the subcloud layer.

The cloud structure is reflected in mean reflectivity
profiles from every other hour (Fig. 8). The 0500-
0600 UTC profile in particular does not exhibit the sharp
gradient at cloud top because of averaging over the var-
iability in the cloud top (Fig. 7a). The temperature profile
in Fig. 4a in the 0533 UTC sounding possesses a gradual,
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For visual clarity, only every other range gate is plotted. The velocity difference between
plotted gates is 2 m s~ '. Solid gray lines indicate cloud base and top, as estimated by the
WACR and micropulse lidar. The gray dotted line represents the LCL, calculated from surface
temperature and humidity measurements. Diamonds in the velocity panel represent estimates
of cloud top and cloud base obtained by radiosonde. The short-dashed line below the asterisk
indicates a coherent vertical velocity structure. (b) Liquid water path retrieved from the mi-
crowave radiometer. (c) Potential temperature and (d) potential temperature advection at
500 m AGL obtained from soundings, surface observations, and RUC output. (¢) Water vapor
mixing ratio and (f) mixing ratio advection at 500 m. The tendency panels contain 500 m AGL
horizontal advection calculated from the RUC analysis and mean surface temperature and
moisture tendencies calculated over 1-h windows centered on the sounding times.
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FIG. 8. Mean reflectivity profiles taken over the indicated time
(UTC) intervals.

not a sharp, inversion. Because of the reduced stability in
the gradual inversion, we would expect cloud to penetrate
into this layer, leading to the maximum of cloud liquid
water content lying lower in the cloud profile at 900 m
(which the reflectivity profile in Fig. 8 implies). Depend-
ing on whether the gradual profile is due predominantly
to cloud-top variability or internal liquid water content
structure, use of a normalized vertical coordinate may
result in a sharper gradient. The reflectivity profile at
0700-0800 UTC exhibits a sharp gradient similar to the
thermodynamic profile at the inversion at 0743 UTC in
Fig. 4a.

The minimum and maximum vertical velocities in
this case were weak (—2.3 and 1.7 m s~ '), relative to
the absolute minimum and maximum values of —4 and
3.5 m s~ ! in Kollias and Albrecht (2000). The velocity
measurements in Fig. 7 indicate highly coherent turbu-
lent boundary layer structures, a result also seen from
the vertically aligned structures in Fig. 6. For example,
all radar gates at 0820 UTC (indicated by the short-
dashed line below the asterisk in Fig. 7a) show a relative
minimum velocity, as do those gates omitted for clarity.
Evidence of mesoscale variability is evident in the lower-
frequency oscillation from 0600 to 0800 UTC.
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FI1G. 9. Power spectra of vertical velocity at the bottom, the

middle (0.5), and the top of the cloud in Fig. 7a. The spatial scale

along the top axis corresponds to an advection speed of 19 m s~ .

The total number of samples employed in the spectral calculations
is 3364, and the time series are composited into fifty-one 128-point
FFTs, employing Hamming windows with 50% overlap.

b. Power spectra

Power spectra were generated from a 4-h period (0500—
0900 UTC) over three different heights from the data
plotted in Fig. 7a. The heights employed in the analysis
were just above cloud base, the middle of the cloud, and
just inside cloud top. The data were composited into
shorter segments for a smoother rendering of the spectra,
as well as for a greater degree of statistical confidence
(though we did not formally evaluate statistical signifi-
cance). A disadvantage of this data-compositing approach
is that it sets a lower bound on the frequency of about
2 X 107% s™!, which corresponds to an upper bound on
the period of just over 8 min. Given that the mean wind
speeds in the cloud layer were approximately 19 m s~ ', by
Taylor’s approximation (frozen turbulence) this corre-
sponds to an upper bound on the wavelength of 9.5 km.

The sampling rate of the radar was rather coarse
(4.3 s, because the radar performs both a copolar and
cross-polar scan), limiting the small scales that could be
observed. Nevertheless, spectra taken in the middle of
the cloud appear to demonstrate a peak frequency of
about 0.03-0.04 s~ ' (Fig. 9), which, given the mean flow
of 19 m s~ ', corresponds to a spatial scale between 475
and 630 m. Whereas the characteristic eddy size typi-
cally scales with boundary layer depth (Kaimal et al.
1976), here the spatial scale was significantly smaller
than the boundary layer depth (~1 km). This result is
further evidence of two distinct circulations (subcloud
and cloud layer) in the boundary layer.

The spectral peaks corresponding to vertical velocity
at cloud top and base were similar to that taken through
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WACR data for the indicated time (UTC) intervals. Each profile
was calculated from 841 radar scans (samples).

the middle of the cloud (Fig. 9), which seems consistent
with the degree of vertical coherence in the time series
visible in Fig. 7. The energy associated with all scales was
generally greatest in midcloud (Fig. 9). This result is
similar to the spectra calculated in Kollias and Albrecht
(2000) (their Fig. 13) and is consistent with a cloud layer
driven in a top-down fashion by negative buoyancy as-
sociated with cloud-top cooling.

c. Variance, skewness, and distributions of LEOs

Profiles of vertical velocity variance in Fig. 10a for three
different hourly periods seem to indicate two distinct cloud
behaviors. During the first period (0500-0600 UTC) when
the boundary layer was transitioning out of a thicker, pre-
cipitating cloud structure, the variance contained peaks
near the top and bottom of the cloud. Over the other pe-
riods (0700-0800 and 0900-1000 UTC), conditions more
typical of cloud-top boundary layers were established, and
the peak vertical velocity was found in the middle or upper
portion of the cloud layer.

Between 0500 and 1000 UTC, the magnitude of the
vertical velocity variance, a measure of the turbulent
intensity, remained roughly steady, even as the cloud
thinned with time (Fig. 10a). The vertical velocity vari-
ance (maximum of ~0.12-0.16 m* s~ %) was similar for
the two later intervals and, despite being a nocturnal
case (without the effects of solar radiation stabilizing the
cloud layer), was less than in the continental stratocu-
mulus study of Kollias and Albrecht (2000) (maximum of
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~0.2-0.7 m* s~ %), as well as the Atlantic marine strato-
cumulus case of Frisch et al. (1995b) (~0.18-0.23 m?* s~ 2)
and large-eddy simulations of marine stratocumulus
(e.g., Moeng et al. 1996; Stevens et al. 2005) (~0.3 and
~0.28 m? s~ 2, respectively, for the ensemble mean in
each series of simulations).

The reduced turbulent intensity in some cases may be
attributed to the existence of multiple cloud layers. In
general, multiple cloud layers decrease the net radiative
flux at cloud top and thus reduce the cooling that drives
boundary layer dynamics [e.g., the multilayer cloud anal-
ysis of Falk and Larson (2007)]. This particular case, how-
ever, contained only a single cloud layer, so we can remove
from consideration this reason for the small magnitude
of turbulence. We speculate that the reduced turbulent
intensity may be attributed to the lack of evaporative
enhancement accompanying entrainment (buoyancy re-
versal; Siems et al. 1990; Moeng 2000), given the result
that mixing ratio slightly increased across the inversion
(Figs. 4a,b).

Skewness exhibited a similar transition (Fig. 10b). In
the earliest interval, 0500-0600 UTC, skewness was
slightly positive over most of the cloud layer, a result
typically associated with convection driven by surface
fluxes rather than cloud-top cooling. This result was
somewhat unexpected in our case, given the nocturnal
setting and weak surface fluxes. The strong surface wind
over this time period (a maximum of 12 ms™') and
shear over the boundary layer (Fig. 4c,d) suggest that
shear-generation of turbulent kinetic energy might drive
boundary layer eddies. This result is consistent with Zhu
et al. (2001), who used mixed-layer theory to find that
wind shear was important to the formation of two noc-
turnal boundary layer cloud systems over the ACRF.

Profiles of skewness over the later two intervals (Fig.
10b), however, were negative over the cloud layer, in-
dicative of convection driven in a top-down fashion by
cloud-top cooling, consistent with observations of Moyer
and Young (1991). With the exception of one data point
in the 0900-1000 UTC interval, the profiles do not cap-
ture the transition in skewness from negative to posi-
tive near the top of the cloud observed by Kollias and
Albrecht (2000), a feature emphasized by Moeng and
Rotunno (1990). We speculate that the differences in
the skewness profile stem from the weaker flow (lower
turbulent intensity) and the possible contribution of shear-
driven eddies in addition to generation of turbulence by
buoyancy.

The contoured frequency by altitude diagram (CFAD,;
Yuter and Houze 1995) of reflectivity in Fig. 11a, calcu-
lated from an hour of WACR data from 0700 to 0800
UTC, indicates the typical stratocumulus behavior of re-
flectivity (nominally, liquid water content) increasing with
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FIG. 11. CFAD:s of reflectivity and vertical velocity taken between 0700 and 0800 UTC. Contour values are 10”2,
107,107, 107%%, and 10°, unitless because probability distribution function is the property being plotted.

height similar to that found in nonprecipitating marine
stratocumulus (Frisch et al. 1995a), although we have not
performed a retrieval to diagnose the degree of adiaba-
ticity. The reflectivity above the mean cloud top indicates
the vertical variability in cloud top. The instances below
cloud base point toward both the variability in cloud base
but also the fact that the micropulse-lidar-based estimate
of cloud base was consistently higher than the radar-de-
rived cloud base.

Visually, the distribution of vertical velocities appears
nearly symmetric (Fig. 11b), but the distribution indicates
a slight bias toward stronger downdrafts, as evinced by
the relative positions of the 0.010 (outermost shaded)
contour for positive and negative values of w. This slight
bias is consistent with the negative skewness in Fig. 10b.

d. Conditional sampling of eddy structures

To assess the fractional area of updrafts and down-
drafts, as well as their contributions to mass flux, we
conditionally sampled the velocity field for different
magnitudes over the 0700-0800 UTC period. Formally,
this sampling is equivalent to the mass-flux partitioning
procedure employed by Randall et al. (1992) and Kollias
and Albrecht (2000). Unlike Kollias and Albrecht (2000),
who evaluated various conditional sampling strategies
involving vertical and horizontal coherence of the eddy
structures, we simply conditionally sampled based on the
sign of the vertical velocity, recognizing the degree of
coherence (visually from Fig. 7).

The total updraft fraction was about 50% (Fig. 12a),
an unsurprising result, given that the w distribution in
Fig. 11bis nearly symmetric. Although updrafts stronger
than 0.3 m s~ ! covered only about one-third of the up-
draft area, they were responsible for about two-thirds of
the updraft mass flux (Figs. 12a,b).

The local minima in both updraft fraction and updraft
mass flux at about 850 m are not reflected in the variance

(Fig. 10a) profile and seem to be an artifact of our hour-
long calculation interval rather than a physical feature of
the cloud system. Some hour-long periods contained this
minimum; others do not. All the periods are otherwise
consistent.

The downdraft fraction and mass flux indicate a slightly
greater contribution for the stronger eddies. Downdrafts
stronger than —0.3 m s~ ! again covered about one-third
of the downdraft area (Fig. 12c) and were responsible for
nearly two-thirds of the downdraft mass flux (Fig. 12d).
The presence of a small area of strong (>0.9 m s~ ' mag-
nitude) downdrafts is consistent with the slight negative
skewness in these clouds (Fig. 10b).

5. Summary and discussion

We applied a multisensor, LEO approach to the anal-
ysis of a case of continental boundary layer stratocumulus
located in the post-cold-frontal region of a midlatitude
synoptic cyclone. The satellite-based climatology of Field
and Wood (2007) concluded that boundary layer clouds
occur in midlatitude cyclones, a result consistent with
our own anecdotal experience. Our goal was to explore
continental stratocumulus in the context of our knowl-
edge of marine stratocumulus cloud systems, a summary
of which appears in Table 1. We intend the descriptions
and statistics in the marine stratocumulus section of Table 1
to be not a comprehensive assessment of every marine
stratocumulus study ever conducted but rather roughly
representative of marine stratocumulus behavior. The de-
scriptions are based on a selection of both observational
and modeling studies, all listed in the Table 1 caption.

The LEO approach allows us to examine changes in
cloud structure and explain them in terms of boundary
layer thermodynamic evolution as captured by soundings.
The post-cold-frontal region was characterized by cold-air
and dry-air advection associated with the northwesterly
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FIG. 12. Updraft and downdraft statistics, conditionally sampled by vertical velocity, calculated from the period
0700-0800 UTC. (a) Updraft fraction and (b) updraft mass flux; (c) downdraft fraction and (d) downdraft mass flux.

flow near the surface (Table 1). Vertical cross sections
indicate a vertical velocity couplet over the stratocumulus
that likely intensified the inversion. This vertical motion
structure differs from the vertical profile of subsidence in
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the maritime environment. In addition, our continental
case was dominated by cooling and drying in the lower
troposphere in the northwesterly flow behind the cyclone,
whereas advection in the marine cases is typically much
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TABLE 1. Comparison of nocturnal, nonprecipitating marine and continental stratocumulus cloud systems. Statistics for marine stra-
tocumulus are based on observational studies of Nicholls and Leighton (1986), Bretherton et al. (1995), Frisch et al. (1995b), and Stevens
et al. (2007), and on the modeling work of Deardorff (1980), Moeng et al. (1996), and Stevens et al. (2005).

Property

Marine stratocumulus

Continental stratocumulus
case of 8 Apr 2006

Surface synoptic regime

Degree of baroclinity

Temperature advection

Moisture advection

Large-scale vertical motion field
atz =1 km

Surface moisture fluxes

Duration of cloud system
Cloud-top moisture gradient

Role of cloud-top cooling in driving
turbulence
Relative contributions of shear and

High pressure

Barotropic or equivalent barotropic

Small

Small

Predominantly subsidence (w ~ —1.3
to +0.8 cm s 1)

Low-level oceanic moisture source (latent
heat flux of 25—150 W m2)

Days to weeks

Large decrease (2-7.5 g kg™ jump
across inversion)

Important

Buoyancy dominant

Low pressure

Baroclinic

Cold-air advection

Dry-air advection

Weak ascent (from zero to
o~ —0.005 Pas!)

Small (20 W m™?)

~30 h
Negligible gradient

Important

Buoyancy and shear both important

buoyancy to turbulence
Magnitude of in-cloud turbulence
Depth of typical boundary layer

0.18-0.70 m? s 2

boundary layer
Cloud thickness
of meters

Eddies span the depth of cloud and
eddies subcloud layers, or the entire

Highly variable from tens to hundreds

0.12-0.16 m* s 2
Eddies span the depth of
cloud and subcloud layers

250-400 m

weaker. In contrast to the marine environment, the ver-
tical moisture gradient at cloud top was negligible in our
continental case.

For clouds containing little or no precipitation, the
WACR was able to sample vertically coherent boundary
layer turbulence structures. CFADs of reflectivity and
velocity capture a cloud layer with liquid water content
increasing with height, and the slight prevalence of narrow,
strong downdrafts implied in the skewness profiles. The
latter is characteristic of boundary layer convection driven
top-down by cloud-top longwave cooling. This perspective
is confirmed by the conditional sampling of vertical ve-
locity structures (Fig. 12), which demonstrates that stron-
ger downdrafts predominate slightly over strong updrafts.

The magnitude of in-cloud turbulence was relatively
weak compared to the continental case of Kollias and
Albrecht (2000) and marine stratocumulus, both observed
and simulated (see references in Table 1). Although our
case is only a single cloud layer, Falk and Larson (2007)
suggest that multiple cloud layers in continental systems
reduce cloud-top radiative cooling and the ensuing tur-
bulence. We speculate that the smaller values of turbu-
lence in our case, however, may be attributed to the lack
of entrainment-driven evaporative feedback (buoyancy
reversal mechanism) because of the lack of a strong
moisture gradient across the inversion (Figs. 4a,b).

Zhu et al. (2001) argued that shear-generation of
turbulent kinetic energy can contribute significantly to

boundary layer energetics in developing continental
stratocumulus layers. However, the small values of in-
cloud variance in our case imply that cloud-layer tur-
bulence was predominantly driven by radiative cooling,
with little additional contribution from shear, at least
for the later period, 0700-1000 UTC, when the strato-
cumulus properties were most steady. The possibility
nevertheless remains of shear contributing to the turbu-
lent energetics of the subcloud layer, which the radar does
not sense. The profiles of u and v in Figs. 4c,d, which in-
dicate relatively weak shear in the cloud layer and strong
shear below, suggests the possibility of shear generating
turbulence in the subcloud layer. A turbulent kinetic
energy budget would show the relative contributions to
turbulence from buoyancy and shear. This analysis will be
reported in a companion simulation study of cases based
on this particular cloud system (Mechem et al. 2010).

How representative is this case relative to other cases?
This cloud system was chosen rather anecdotally, the
first author having noticed the cold-frontal passage and
accompanying stratocumulus while living in Norman,
Oklahoma. Comparison with other low-cloud cases (e.g.,
the ARM March 2000 Cloud Intensive Observation Pe-
riod), however, suggests that boundary layer stratocumu-
lus accompanying cyclones in the central Great Plains is
common. An observational climatology of SGP ACRF
low-cloud LEOs in their synoptic context would generalize
these results.
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The current study is limited by the rather coarse
sampling rate of the WACR instrument, which was an
engineering trade-off to gain the advantage of polarization
diversity. The WACR allowed us to observe some im-
portant features of continental boundary layer stratocu-
mulus. We note, however, that the use of higher-resolution
LEO data [similar to that employed by Kollias and Albrecht
(2000), who employed a special research radar opti-
mized for boundary layer clouds] would permit more
robust estimates of stratocumulus cloud structure and
more definitive analysis of its dependence on meteo-
rological conditions.

The results of our study argue for the benefits of routine
collection of large-eddy observations, along with tradi-
tional meteorological data. Perhaps the most obvious ap-
plication of cloud radar LEOs like those employed in our
study is to characterize the climatological behavior of the
turbulent cloud dynamics, in order to supplement tradi-
tional cloud climatologies that focus on cloud structure and
microphysical properties. LEOs of updraft magnitude and
retrieved estimates of droplet concentration can be used to
validate the assumptions behind droplet nucleation pa-
rameterizations and provide a better understanding of
the aerosol-cloud interactions. Cloud parameterizations
in large-scale models that rely on probability distribu-
tion functions of vertical velocity and cloud properties
have generally constrained their distributions from high-
resolution numerical model output or educated guesses.
The advent of LEOs enables systematic observations of
these distributions and a resulting more accurate and
complete assessment of these distributions over a broad
range of conditions. Finally, though most studies simply
assume the fidelity of large-eddy simulation, LEOs en-
able more stringent tests of LES output than previously
possible, particularly when higher-order moments are
compared (e.g., the comparison between LES and in situ
aircraft LEOs in Guo et al. 2008).
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