Near-surface density currents observed in the stratocumulus-topped marine boundary layer
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Introduction

Fig. 1 a) Example of a laboratory density current (adapted
from Simpson 19691). b) Doppler lidar vertical cross-
section through a density current showing mean wind
corrected radial velocity along a plane approximately
orthogonal to the frontal boundary. c) Time-height lidar
backscatter intensity and vertical velocity as a density
current passed over the lidar.
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Shelf clouds and prefrontal updrafts

) 1405 UTC on 29 Oct 2008

b) 1205 UTC on 27 Oct 2008

Fig. 3: a) Left: Panoramic photograph of a shelf cloud
(within white brackets) seen along and directly above
the density current front that approached from the
east and crossed the ship at 1353 UTC. Right:
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Drizzle-induced density currents (i.e. cold pools) are generated when
evaporatively cooled, negatively buoyant air sinks to the earth’s surface and
diverges. They have been proposed to affect mesoscale circulation in marine
stratocumulus.?3* Though studied extensively in mid-latitude continental
deep convection>®7:8, observational studies of density currents beneath
marine stratocumulus are limited to aircraft data in a line or curtain.*0

An objective method identified 71 density currents in 30 d of ship data
collected during the 2008 VAMOS Ocean-Cloud-Atmosphere-Land Regional
Experiment (VOCALS-REx) in the Southeast Pacific. Scanning Doppler lidar
depictions of density currents and their prefrontal updrafts are presented for
the first time beneath marine stratocumulus. The horizontal configuration of
the surrounding clouds and drizzle, density current structure and kinematic
features, as well as boundary layer conditions provide valuable context to
address the potential role of density currents on mesoscale organization and
drizzle cell convective initiation.

Corresponding GOES VIS satellite, radar, and lidar PPI
of mean wind corrected radial velocity. The white

| section line indicates the field of view of the

4 } Updraft photograph. b) Panorama of drizzle cell located

g above and adjacent to a density current as it
approached the ship from the east (right plot as in a).
c) Time-height lidar as the density current shown in
b. passed over the lidar. e) Vertical velocity
distributions from 25 lidar-observed prefrontal
updrafts.
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Fig. 2: Perturbation in ship a) air density, b) temperature, c) wind anomaly magnitude, and d) wind
anomaly angular deviation (U’). U’ is absolute value of the small angle between the wind anomaly and
the 10-min average prefrontal wind. The solid (dashed) black line gives mean (median) values.
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Table 1: Density current temperature depression (AT), estimated depth (h) from lidar VADs, density
current length along time-integrated ship transects (L), duration of density current in ship time series
(t), mean vertical wind speed throughout prefrontal updraft (w), density current propagation speed (C)
estimated by finding the magnitude of the resultant wind anomaly inside density current front zones.
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Fig. 4: Examples of closed cells (a) and open cells (b) in VIS satellite over the ship at the start of a density
current. ¢) The relationship among local time of day, longitude, and the half-hourly cloud fraction over
the ship at the start of each density current. Data points corresponding to density currents occurring on
26 Oct 2008 or 27 Oct 2008 —~when a large region of predominantly open cells were observed—are
diamond-shaped. The remaining data are indicated by circles. d) Diurnal cycle of enhanced local drizzle
surrounding the ship (green) and times when a density current was detected over the ship (black line).

6pm

CP; NC STATE UNIVERSITY

Clouds and Precipitation Processes and Patterns Group

Conclusions

Prefrontal zone Density current

1800~ Sc cloud base Wind
height range peturbation
IS T NS Y

1600= ¢ Pe > ~

g

i B:
Mixed layer f intensity gradient

Height (m)

Density curent [,
rotum flow [

]

i
turbulent mixing
4907 Surtace mixed layer

200
Surface layer

A

Fig. 7: Vertical cross-section along the axis of propagation of an idealized drizzle-induced near-surface
density current.

The observed density currents were on average 5-10 times thinner (330 m)
and weaker (0.8 K) than typical continental thunderstorm cold pools.>8
Prefrontal updrafts were present immediately prior to and over top of
nearly every density current, extending on average up to 800 m altitude.
Shelf clouds capping the front edge of density currents frequently formed.
These typically did not connect to the overlying stratocumulus deck.
Density currents preferentially (34 out of 71) occurred within a region of
predominately open cells, but they also occurred beneath closed cells.
Density current occurrence peaked in the morning between 06 and 08 LT,
after the overnight peak in drizzle. The presence of enhanced local drizzle
is not sufficient to explain the diurnal cycle of density current occurrence.
Density currents were associated with subcloud dry layers and more dry
static stability, which are more common during the day.

Source drizzle cells and density current frontal boundaries approximately
kept pace with each other because the differential speed of the cloud layer
relative to the surface layer (1.9 m s!) was commensurate with density
current propagation speed (1.8 m s1).

Compared to front and core zones, density current tails had weaker density
gradients, longer time-integrated ship transects, and stronger consistently
positive vertical shear of wind speed in the lowest 800 m.

Effect of boundary layer shear
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Fig. 5: Schematic of the development of a density
current with an elongated tail oriented along the axis
of the mean wind (gray arrow). The source drizzle cell
(green) moves northwest at a marginally higher speed
than the leading edge of the divergent cold pool (blue)
and releases a second cold pool at t;

7&":%7339‘ Fig. 6: Average lidar VAD wind speed profiles obtained
el within density current prefront, front/core, and tail
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zones compared with all VADs obtained within three
different longitude categories.

Diurnal cycle of subcloud stability
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Ohroughne Fig. 8: Joint subcloud stability, time of

day, and rain rate for periods with and
without density currents. Subcloud
stability is quantified using the
sounding-derived squared dry Brunt-
Vaiséld frequency (N2) calculated from
the 100-m layer nearest the ocean
surface to the 100-m layer just below
. . the median cloud base. Data points
RERPI. Midnight collected east of 80°W are marked
with triangles and points west of 80°W
with circles.
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