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ABSTRACT

Seven atmospheric density current fronts are identified in sequences of ground-based, scanning aerosol
backscatter lidar images and in situ micrometeorological time series data that were collected simultaneously
and nearly continuously between 15 March and 11 June of 2007 in Dixon, California. The fronts, observed on
different days, had the following features in common: 1) an increase in aerosol backscatter intensity, 2)
a decrease in air temperature, 3) an increase in water vapor mixing ratio, 4) movement toward the north, 5)
airflow from the south in the denser air mass, and 6) occurrence within a 3.5-h time span in the afternoon. The
observations support the hypothesis that the fronts are the leading edges of shallow marine air masses advancing
northward from the Sacramento-San Joaquin River Delta. The observations are used to test an empirical
relationship between front speed, airmass density difference, depth of the dense air mass, and speed of the op-
posing flow. Prominent features of the fronts such as lobe and cleft structure, billows, and nose and head structure
are described. Time-lapse animations of the lidar scans are available in the online version of this article.

1. Introduction

Sea-breeze circulations are long known, often ob-
served and modeled, and the fluid mechanics driving
them generally regarded as well understood (Miller
et al. 2003; Simpson 1994, 1997; Antonelli and Rotunno
2007; Arritt 1993). Sea-breeze fronts, however, are less
so perhaps because of the challenge of detecting and
observing them and the likelihood that they are less
common than the larger-scale circulations of which they
are a part. For example, a sea-breeze circulation may
exist but not have a well-defined front (Linden and
Simpson 1986; Banta et al. 1993). Examples of theoret-
ical and modeling studies of sea-breeze fronts include
Benjamin (1968), Pearson (1973), Seitter (1986), and
Cunningham (2007). Examples of previous observa-
tional research on sea-breeze fronts include Atlas (1960),
Eastwood and Rider (1961), Simpson et al. (1977), Kolev
et al. (1998), Nakane and Sasano (1986), Lapworth
(2000), and Wood et al. (1999). The observations
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presented here are unique because 1) they include both in
situ and scanning lidar data, 2) the lidar images reveal the
microscale structure and motion of the fronts on hori-
zontal and vertical cross sections, and 3) the dataset
contains 7 fronts out of the nearly-continuous 77 days of
data available.

The Raman-shifted Eye-safe Aerosol lidar (REAL,;
Mayor et al. 2007) was deployed in Dixon, California,
between 15 March and 11 June 2007 as an appendix to the
Canopy Horizontal Array Turbulence Study (CHATS;
Patton et al. 2011). Table 1 lists the specifications of the
lidar at the time of the deployment. The primary objec-
tive of deploying REAL at CHATS was to test the lidar’s
ability to detect turbulent coherent structures in the at-
mospheric surface layer just above a forest canopy. Sec-
ondary objectives included monitoring the boundary layer
depth and structure of the lower atmosphere that the in
situ measurements were embedded within. The REAL
was located 1.61 km north (38°30'8"N, 121°50'43"W) of
the National Center for Atmospheric Research (NCAR)
Integrated Surface Flux Facility (ISFF) 30-m vertical
tower (VT).! The density current fronts reported here

! The vertical tower at CHATS was located approximately
100 m north of the structure that supported horizontal arrays of in
situ sensors.
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TABLE 1. Specifications of the lidar system.

Wavelength 1.543 microns
Pulse energy 170 mJ

Pulse rate 10 Hz

Pulse duration 6 ns

66 mm (1/¢? points)

0.24 mrad (full angle)

40 cm

0.54 mrad (full angle)

100 megasamples per second (MSPS)
14 bits

200-um InGaAs APD

Beam diameter at lidar
Beam divergence
Telescope diameter
Receiver FOV
Digitizer speed
Digitizer range
Detector type

were an unexpected discovery resulting from the ex-
periment.

The lidar provides two-dimensional images that re-
veal the horizontal and vertical spatial structure of the
clear air via aerosol backscattering. These images reveal
the location of the fronts and depths of the boundary
layers. By following the location of a front in a series of
images, the speed of a front can be obtained. The lidar
images and animations also provide convincing evidence
of density current fronts advecting over the tower site.
Identifying the front passages from the in situ data alone
would have been challenging and likely insufficient ev-
idence to prove the existence of a density current front.
The in situ data reveal the changes in specific airmass
properties such as temperature, relative humidity (RH),
and quantities, such as fluxes, that are not possible to
obtain from the lidar data.

The lidar scan strategy was periodically changed
during CHATS. A scan strategy is composed of some
repeating sequence of vertical and near-horizontal scans
and brief near-horizontal stares. Vertical scans are re-
ferred to as range-height indicator (RHI) and near-
horizontal scans are referred to as plan position indicator
(PPT). All RHI scans were collected while looking toward
180° azimuth (south). This places the lidar’s laser beam
just meters west of the ISFF VT. All PPI scans were
collected at approximately 0.2° elevation. Therefore, the
RHI scans are north-south-oriented vertical cross sec-
tions and the PPI scans are almost-horizontal cross sec-
tions in the atmospheric surface layer. During a PPI scan
at 0.2° elevation, the laser beam intersected the ISFF VT
ata 1.6-km range at approximately 12 m AGL. The laser
beam was not higher than about 30 m AGL at a 5-km
range. The laser beam diameter is estimated to be ap-
proximately 45 cm at 1.6-km range and about 1.26 m at
a 5-km range.

Dixon, California, is located in Solano County in the
central valley of California approximately 100 km east
of the Pacific Ocean (see Fig. 1). The terrain near the
experimental site is very flat and ranges only between
approximately 20 and 30 m MSL within 5 km of the
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lidar site. The nearest significant terrain is the North
Coast Range approximately 20 km west of the site with
peaks of 600 m ASL. The experimental site is also lo-
cated approximately 20 km north of the Sacramento—
San Joaquin River Delta—a large inverted river delta.
Dixon and the river delta region are blocked from direct
influence of the Pacific Ocean by the South and North
Coast mountain ranges, with the exception of a gap at
the Carquinez Strait connecting the Delta and the San
Francisco Bay. The gap at Carquinez Strait enables the
transport of low-altitude air between the San Francisco
Bay region and the central valley. Surface airflow dia-
grams in works by Hayes et al. (1984) and Zaremba and
Carroll (1999) indicate how marine air can enter the
central valley through the Carquinez Strait and spread
into the central valley. The observations presented here
support the hypothesis that the fronts are likely to be the
leading edges of shallow air masses influenced by the
marine environments of the Delta region and possibly
the San Francisco Bay and Pacific Ocean.

2. The seven cases

Table 2 lists the dates and times of the seven cases and
key quantities determined from the observations. The
CHATS dataset contains 77 days of nearly continuous
data, and the cases were identified by inspecting both
lidar images and time series traces of in situ variables
for steplike changes.? Although synoptic and regional
weather analyses for the cases have not yet been per-
formed, the lidar and in situ data described below in-
dicate that they all occurred in cloud-free environments
and during fair-weather conditions.

a. 15 March 2007

This case occurred on the first day of the CHATS
experiment and the in situ measurements were not yet
being collected. Therefore, only lidar data exist for this
case. Figure 2 shows one PPI scan (left panel) and one
RHI scan (right panel) of the front. (A time-lapse ani-
mation of the scans in the form of an MPEG movie is
available as supplemental material at the Journals Online
Web site: http://dx.doi.org/10.1175/2010MWR3374.s1.)
The lidar was collecting temporally interleaved PPI and
RHI scans for the full duration of this event. PPI scans
were collected between 151.4° and 211° azimuth at 0.2°
elevation. RHI scans were collected between 0.43° and
34.6° elevation at 181° azimuth. The scan rate was 4° s~ " in
both types of scans. Therefore, the PPI required 15 s and

2 Evidence of the fronts does not appear in sodar-radio acoustic
sounding system (RASS) observations that were collected nearby.
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FIG. 1. Shaded relief map of the central California region. The observations presented were
collected in Dixon that is located near the center of the map.

the RHI required 9 s to collect. Aerosol backscatter data
were recorded in 1.5-m increments to a maximum range of
10.7 km.

The front becomes apparent in the lidar scans between
the 7- and 9-km range and between 2340 and 2352 UTC.
It arrives at the ISFF VT at approximately 0050 UTC
(1650 PST). Therefore, the average northerly velocity
component of the front during the hour before it reached
the VT was approximately 1.5 m s '. RHI scans made
prior to the arrival of the front (shown in animation) re-
veal plumes, or large eddies, that reach up to altitudes of
about 800 m AGL (the outer boundary layer depth). > A
strong aerosol backscatter gradient exists between 1000
and 1200 m AGL, but plume structures are not observed
within it. The lidar animation shows aerosol plumes
moving to the south (indicative of northerly airflow) in the
less dense air mass (the outer boundary layer) and aerosol
features moving to the north in the more dense air mass

* Outer boundary layer or outer mixed layer (ML) refers to the
deeper and less dense air mass.

(the marine layer or internal boundary layer) indicative
of southerly flow behind the front. The animation shows
that the outer ML depth decreases slightly during the
passage of the front. The outer ML depth and an aerosol
layer at approximately 1500 m AGL reveal a wavelike
undulation with an amplitude of about 200 m as the front

TABLE 2. Dates and times of the density current fronts observed
during CHATS and the corresponding changes in air temperature,
water vapor mixing ratio, relative humidity, aerosol backscatter
intensity, and the northerly component of front speed. Times listed
are when the front passed over the ISFF VT site. The changes in
airmass properties were obtained by averaging the data for 30 min
before and after passage of the front.

Date Time AT Am ARH Vitront
(2007) (UTC) (°C) (gkg™" (%) AdB (ms™
15Mar 0050 — — — 1.9 15
24 Apr 0037  —0.94 1.62 118 3.0 3.0
26 Apr 0101  -152 219 117 27 2.0
1 May 0100  —1.54 240 134 50 1.0
14 May 2313 —045 1.86 76 1.0 13
28 May 2248 —0.60 1.60 68 22 1.1
10Jun 2139  —0.86 252 119 6.0 3.8
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FIG. 2. (left) PPI and (right) tall RHI scans from 15 Mar 2007. Note the vertical axis in (right) is expanded by
a factor of 2 relative to the horizontal axis.

passes beneath. A similar dip is observed in the 26 April
and 10 June cases and is consistent with that shown in
diagrams in previous publications including Fig. 23 in
Simpson et al. (1977). In fact, the outer layer rises by
about 100 m as the leading edge of the front passes be-
neath. This wave structure is most pronounced in the
RHI frame from 0042:28 UTC. Also, one aerosol plume
emanating from the surface at the 3-km range at 0021
UTC ascends over the leading edge of the front. The
advancing marine layer behind the head of the front
remains below 500 m AGL. The PPI animation reveals
that the eastern portion of the front surges northward
more rapidly than the western portion as it approaches
the lidar site. Examination of the lidar backscatter from
a single pulse directed horizontally through the front
indicates that the relative aerosol backscatter intensity
increased by approximately 1.9 dB (from 36 to 37.9 dB)
within several tens of meters. This is equivalent to a 54%
increase in the backscatter intensity.

b. 24 April 2007

During this case, the lidar was programmed to repeat
a series of wide and narrow PPI scans, tall and shallow
RHI scans, and a horizontal stare. The purpose of the
scan strategy was to obtain high angular and temporal
resolution lidar data close to the ISFF towers in search
of turbulent coherent structures part of the time, while
capturing the structure and motion of the larger scales,
including boundary layer depth, at other times. In this
case, and all of the following cases, the lidar was pro-
grammed to record backscatter to a maximum range of
5.8 km instead of 10.7 km as in the previous case. The
lidar was collecting narrow PPI scans at the time the

front arrived at the ISFF VT (0037 UTC). At 0018 UTC,
the front was located approximately 5 km south of the
lidar site (3.4 km south of the ISFF VT). Based on the
images, the northerly component of forward front speed
is approximately 3 m s~ . Pairs of tall RHI scans, nec-
essary to reveal the full vertical extent of the front, were
collected at 0009, 0017, 0029, and 0039 UTC. These
frames reveal billows of the advancing marine air mass
reaching as high as 1 km AGL. Figure 3 shows a wide
PPI and a tall RHI scan of the front. (A time-lapse an-
imation of the scans in the form of an MPEG movie is
available as supplemental material at the Journals Online
Web site: http://dx.doi.org/10.1175/2010MWR3374.52.)
Of the 6 cases for which in situ data are available, this
front was the coldest on both sides. The average tem-
perature on each side of the front (+30 min of front
passage) was 6°-8°C colder than the other cases. Tem-
perature sensor data from the ISFF VT show the air
temperature decreased by approximately 1°C during the
1-h period surrounding this front passage (see Fig. 4a).
The average temperature in the 30 min before 0037 UTC
was 22.75°C with a maximum of approximately 23.15°C
and in the 30 min after averaged 21.81°C with a minimum
of 21.5°C. During the same period the mean water vapor
mixing ratio increased from an average of 5.60 g kg~ !
before the front to 7.21 g kg~ ! after the front (see Fig.
5a). These changes resulted in an increase in the mean
relative humidity from 32% to 44%. Surface barometric
pressure was almost constant during the 1-h period at
1016.3 hPa.” The lidar backscatter data indicate that the

* The barometer recorded pressure to the nearest 0.1 hPa at
1 Hz.
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F1G. 3. (left) PPI and (right) RHI scans from 24 Apr 2007. Note the vertical axis in (right) is expanded by a factor
of 2 relative to the horizontal axis.

relative aerosol backscatter intensity increased by ap-
proximately 3 dB (from 31.5 to 34.5 dB). This is equiva-
lent to a doubling in backscatter intensity. Average wind
speeds increased from about 1.65 m s~ ! before the front
to 2.65 m s~ ! after the front. The in situ data show no
significant shift in the wind direction.

In situ temperature, relative humidity, and pressure
data were used to calculate moist air density for the 1-h
periods surrounding front passages (see Fig. 6). The
appendix describes the steps used to calculate water
vapor mixing ratio and moist air density. In the case of
24 April, the 30-min average moist air density increased
from 1.192 53 to 1.195 19 kg m >—a 0.22% increase
(Fig. 6a). The dashed horizontal lines in Figs. 4-6 repre-
sent the 30-min averages before and after front passage.

c. 26 April 2007

The scan strategy used in this case was identical to that
used in the 15 March case. Figure 7 shows a wide PPI
scan and a tall RHI scan of the front. (A time-lapse
animation of the scans in the form of an MPEG movie is
available as supplemental material at the Journals Online
Web site: http://dx.doi.org/10.1175/2010MWR3374.53.)
RHI scans show the mixed layer over the study area and
north of the front to have a deep entrainment zone rel-
ative to the average mixed layer depth of approximately
1 km. The RHI scans in the animation of this case reveal
plumes of the air mass north of the front reaching alti-
tudes as high as approximately 1500 m AGL as the front
and marine air mass move into the range of the lidar. The
RHI scans show billows of the marine airmass reaching as
high as 800 m AGL. The RHI scans also reveal an aerosol
layer in the stable atmosphere between 2.25 and 2.75 km
AGL and the base of another layer at 3 km AGL before

the front arrives. These layers decrease in altitude by al-
most 300 m as the front passes beneath. Scans show the
front located at the 5-km range at 2256 UTC and reaching
the ISFF site at 2325 UTC. Therefore, the northern
component of movement was 1.95 m s~ .

Of the six cases for which in situ data are available,
this case had the largest and sharpest decrease in air
temperature with the front passage (Fig. 4b). The av-
erage air temperature during the 30 min before the ar-
rival of this front was 28.65°C and dropped to the 30-min
postfront average of 27.14°C in about 6 min. The mean
water vapor mixing ratio increased from 5.44 to 7.63
g kg~ ! (Fig. 5b). The changes in temperature and water
vapor mixing ratio resulted in an 11.7% increase in
RH. Average moist air density increased by 0.36% from
1.161 38t01.165 59 kg m > (Fig. 6b). Surface barometric
pressure decreased slightly from 1009.5 to 1009.2 hPa dur-
ing the 1-h period. The relative aerosol backscatter in-
creased by about 2.7 dB with the passage of this front
(from 35.8 to 38.5 dB). This is equivalent to a 90% increase
in backscatter intensity. The average wind speed increased
only slightly from 1.76 to 1.86 m s~ . However, this case
had the largest change in wind direction: from 350.5° be-
fore the front to 221.1° after the front.

d. 1 May 2007

The most striking characteristic of this front as revealed
by the lidar images is the presence of large lobe structures
that propagate toward the northeast as the front advances
to the north. Breaking and semistationary billow struc-
tures can be identified in the RHI scans between 0114 and
0145 UTC. The largest of these have amplitude on the
order of 500 m in the vertical and wavelengths of ap-
proximately 2 km in the horizontal direction. Figure 8
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FIG. 4. Temperature at 1 Hz as observed at 10 m AGL on the
ISFF VT for the 1-h periods surrounding the front passage. The
dashed horizontal lines show the mean values for the 30 min before
and after the front passage.

shows a wide PPI and a tall RHI scan of the front. (A time-
lapse animation of the scans in the form of an MPEG movie
is available as supplemental material at the Journals Online
Web site: http://dx.doi.org/10.1175/2010MWR3374.54.)
The scan strategy used in this case is the same as in the
15 March and 26 April cases (alternating wide PPI and
tall RHI).

The mean air temperature in the 30 min prior to ar-
rival of this front was 27.91°C with a small cooling trend
of about 0.5° (30 min) ' (Fig. 4c). After the passage of
the front at 0055 UTC the slope of temperature trend
steepens to about —2.0°C (30 min)~!. The mean water
vapor mixing ratio increased from 6.19 to 8.59 g kg~ !
(Fig. 5¢). This resulted in a 13.4% increase in RH. The
moist air density increased from 1.161 54 to 1.165 78
kg m >, a 0.37% change. Surface barometric pressure
decreased slightly from 1007.6 to 1007.4 hPa during the
1-h period (Fig. 6¢). The relative aerosol backscatter in-
tensity increased approximately 5 dB—equivalent to a
220% increase. Anemometer data show the average wind
speed increasing from 1.89 to 2.61 m s~ ! and the average
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FIG. 5. Water vapor mixing ratio computed from observed
temperature, pressure, and relative humidity at 1 Hz and 10 m
AGL on the ISFF VT for the 1-h periods surrounding front pas-
sage. The dashed horizontal lines show the mean values for the
30 min before and after the front passage.

wind direction shifting from 255.3° to 202.7° with the
passage of the front.

e. 14 May 2007

This front arrived at the ISFF VT site at 2313 UTC.
The scan strategy used during this case is the same as in
the 15 March, 26 April, and 1 May cases (alternating
wide PPI and tall RHI). Figure 9 shows an RHI and
a PPI scan of the front. (A time-lapse animation of the
scans in the form of an MPEG movie is available as
supplemental material at the Journals Online Web site:
http://dx.doi.org/10.1175/2010MWR3374.s5.) This case
had the smallest change in aerosol backscatter intensity
across the front. The average aerosol backscatter north
of the front was strong compared to the other cases:
about 38.75 dB and between 39 and 40 dB south of the
front. The outer mixed layer depth during this front
passage is well defined in the lidar data and is approxi-
mately 1250 m AGL. Billows associated with the lead-
ing edge of the front reach altitudes of 800 m AGL. The
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mean northerly component of the forward speed of this
front was approximately 1.25 m s~ ' based on it tra-
versing 2400 m in the 32 min prior to its arrival at the
ISFF site.

The average air temperature at the ISFF VT during
the 30 min before arrival of the front was 30.02°C (see
Fig. 4d). A cooling trend begins with the arrival of the
front and the air temperature decreases to 29.3°C during
the 30 min after front passage. The mean water vapor
mixing ratio increased from 6.39 to 8.26 g kg~ ! (Fig. 5d).
These resulted in a 7.6% increase in RH. The mean
moist air density increased only slightly by 0.01% from
1.155 05to 1.155 18 kg m ™ (Fig. 6d). Surface barometric
pressure decreased slightly from 1009.3 to 1008.7 hPa
during the 1-h period. The average wind speed increased
from 0.95 to 1.65 m s~ ! and the average wind direction
from 145.5° to 199.5° with the passage of the front.

£ 28 May 2007

For this case, the lidar was programmed to perform a
scan sequence similar to that of 24 April, except modified
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to collect 80-frame sequences of each type instead of
40 in order to provide longer-duration animations. As
aresult, the data for this case include a series of wide PPI
and a series of short RHI scans of the front with high
temporal resolution. Tall RHI scans were collected in-
frequently. (A time-lapse animation of the wide PPI
scans in the form of an MPEG movie is available as
supplemental material at the Journals Online Web site:
http://dx.doi.org/10.1175/2010MWR3374.s6. A time-lapse
animation of the short RHI scans in the form of an MPEG
movie is available as supplemental material at the Journals
Online Website: http://dx.doi.org/10.1175/2010MWR3374.57.)
Figure 10 shows a wide PPI and a tall RHI of the front.

The lidar data indicate that the front arrived at the
ISFF VT at 2248 UTC. Tall RHI scans at 2222 UTC
reveal a broad gradient of aerosol backscatter between
1 and 2 km AGL, but it is not possible to determine the
outer boundary layer depth from these images. In these
same frames, the front is at the 3.6-km range and plumes
reach altitudes of 500-900 m AGL at distances of 1-2 km
behind the front. Tall RHI scans collected at 2301 UTC
show plumes reaching as high as 1 km AGL and evidence
that an entrainment zone exists up to 1.5 km AGL.

The relative aerosol backscatter increased approxi-
mately 2.2 dB (from 35.3 to 37.5) in this case correspond-
ing to a 70% increase. The air temperature decreased
from an average of about 30.5°C prior to arrival of the
front to 29.9°C after the front, a change of —0.6°C (Fig.
4e). The average water vapor mixing ratio increased
from 7.40 to 8.26 g kg~ ' with the passage of the front
(Fig. 5¢). These resulted in a 6.8% increase in RH. The
mean moist air density increased by 0.08% from 1.149 07
t01.149 96 kg m > (Fig. 6¢). Surface barometric pressure
decreased slightly from 1006.1 to 1005.5 hPa during the
1-h period. The average wind direction changed from
117.3° to 178.5° with the passage of this front while the
average wind speed increased from 1.09 to 1.80 m s™'.
During the 11 min prior to arrival at the ISFF site, the
front advanced 1600 m giving it an average speed of
24ms . However, during the 36 min prior to arrival, it
moved 2400 m, giving it an average speed of 1.1 m s~ ..
This observation shows the varying nature of the speed of
the front.

The last tall RHIs collected before arrival of the front
at the ISFF site, indicate that the peak height of the head
of the advancing marine air mass reached about 900 m
AGL. Tall RHI frames collected after the front moves
north of the REAL, show mixing extending above 1 km
AGL.

g 10 June 2007

For this case, the lidar was programmed to scan ap-
proximately the same as in the 28 May case. As a result,
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no long sequences of tall RHI scans are available. Tall
RHI scans collected before the front arrives at 2055 and
2110 UTC do not show any evidence of an outer mixed
layer top. Aerosol backscatter intensity is weak during
this period. The first tall RHI scans we have of this front
are at 2134 UTC (see right panel in Fig. 11) when the
leading edge is approximately 2.5 km from the lidar.
The frame shows billows from the advancing marine air
mass extending up to altitudes of at least 1 km AGL,
possibly 1.5 km AGL. The next tall RHI scans do not
occur until 2153 UTC and after the front has moved
north of the lidar site. These frames show an aerosol
backscattering gradient at about 2 km AGL and a dip
with an amplitude of about 250 m have emerged. In

Start: 00:38:32 UTC Elevation Angle: 0.20°

these frames large eddies clearly extend above 1 km
AGL, perhaps as high as 1.5 km AGL.

The front in this last case is the fastest of the seven. It
moved from the 5-km range to the 1.6-km range over 900 s,
giving it a northerly component of 3.8 m s~ '. Wide PPI
scans (left panel in Fig. 11) show at least one significant
lobe, approximately 1 km wide, protruding. (A time-lapse
animation of the PPI scans in the form of an MPEG movie
is available as supplemental material at the Journals Online
Web site: http://dx.doi.org/10.1175/2010MWR3374.s8.)

This case had the largest increase in relative aerosol
backscatter: about 6 dB (from 32 to 38 dB) correspond-
ing to a 300% increase. The air temperature dropped
from an average of 29.25°C before the front to 28.39°C

Start: 00:56:59 UTC Azimuth Angle: 181.00°

PPl Scan 209 1 May 2007 RHI Scan 282 1 May 2007
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FIG. 8. (left) PPI and (right) RHI scans from 1 May 2007. Note the vertical axis in (right) is expanded by a factor of
2 relative to the horizontal axis.
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F1G. 9. (left) PPI and (right) RHI scans from 14 May 2007. Note the vertical axis in (right) is expanded by a factor of
2 relative to the horizontal axis.

after the front (Fig. 4f). The mean water vapor mixing
ratio increased from 8.82 to 11.34 g kg~ ' (Fig. 5f). The
RH increased by 11.9%. Mean moist air density increased
from 1.15239 to 1.15371kgm >, a 0.11% change
(Fig. 6f). Surface barometric pressure decreased slightly
from 1005.7 to 1005.2 hPa during the 1-h period. The
average wind direction shifted from 264.5° before the
front to 203.5° after the front. The 30-min-average wind
speed increased the most of the 6 cases: from 1.81 to
3.50ms .

3. Discussion

In all cases for which in situ data are available, time
series of temperature (Fig. 4) and water vapor mixing

Start: 22:37:57 UTC
PPl Scan 164

Elevation Angle: 0.20°
28 May 2007
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ratio (Fig. 5) show almost steplike changes that corre-
spond with the arrival of the fronts at the ISFF VT.
However, pressure data (not shown) do not increase
with front passage as one might expect and, in fact, have
steadily decreasing trends ranging from 0.2 to 0.6 hPah ™!
in 5 of the 6 cases. A pressure increase due to the front
may be smaller than the 0.1-hPa resolution of the pres-
sure measurement. The observed reduction in pressure
over the 1-h periods may be due to the atmospheric tide
that is known to produce a decreasing surface pressure
trend in the afternoon in the western United States (Mass
et al. 1991).

The time series of moist air density are less consistent
(Fig. 6). The 24 April and 10 June cases show a local
minimum precisely at the time the front passes over the

Start: 22:37:17 UTC
RHI Scan 162

Azimuth Angle: 180.44°
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FIG. 10. (left) PPI and (right) RHI scans from 28 May 2007. Note the vertical axis in (right) is expanded by a factor of
2 relative to the horizontal axis.
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site. The 26 April case shows more of a steplike change
while the 1 May case shows a steadily increasing trend.
The 14 and 28 May cases show relatively small increases
after front passage.

a. Speed of fronts

The simultaneous scanning lidar and in situ observa-
tions provide an opportunity to test an equation that
relates front speed Vione to the change in air density,
depth of the denser air mass H, and the speed of the
opposing wind component in the air mass ahead of the
front Vying. The relationship, based on von Karman’s
equation (Karman 1940; Simpson and Britter 1980), is

Pz — P
Vfront =c ugH - 0'62Vwind’
pml

where c is the internal Froude number, p,,; is the moist
air density of the lighter air mass, py,, is the moist air
density of the heavier advancing marine air mass, and g
is the acceleration due to gravity. The internal Froude
number can range from 0.7 to 1.08 and a value of 0.75
was used here (Wakimoto 1982). Table 3 lists the six
cases for which in situ data are available, the variables
for each case, and the results. Since it was not possible to
estimate any case-to-case variation in the depths H of
the denser air masses from the lidar scans, a value of
250 m was used for all cases [explained in section 3b(1)
below]. The range of the theoretical values matches the
range of the observed values, but correlation is not ap-
parent.

More representative measurements may be required
to capture the case-to-case variations in front speed. In

Q)

this work, changes in the 30-min moist air density were
used. Choosing values from different times or averaged
over different periods may yield better results. Also, the
ability to sense variations in the depth of the density
currents and use of an opposing wind speed that is rep-
resentative of the average over the depth of the outer
mixed layer before arrival of the front are likely to help.
In the future, more representative horizontal wind speeds
could be obtained by tracking the horizontal movement
of aerosol features with the correlation technique as was
done previously by Mayor and Eloranta (2001).

b. Structure of fronts

The lidar scans provide an ideal opportunity to ob-
serve the horizontal and vertical shape of the fronts, and
the motion and evolution of coherent structures asso-
ciated with the fronts. Several articles describe the
anatomy of density current fronts including, for exam-
ple, Britter and Simpson (1978) and Simpson and Britter
(1979).

TABLE 3. Variables used to compute the theoretical northward
component of front speed and the observed northward front
speeds.

Speed of front
~1
Pm1 Pm2 H Vwind (m s )

Date (kgm™) (kgm™) (m) (ms~') Theor Obs
24 Apr  1.19253  1.19519 250 —1.36 2.6 3.0
26 Apr  1.16138  1.16559 250 1.57 1.3 2.0
1 May 1.161 54 116578 250 0.32 24 1.0
14 May 1.15505 1.15518 250 0.67 0.8 1.3
28 May 1.14907 1.14996 250 0.22 1.2 1.1
10Jun 115239 115371 250 0.03 1.3 3.8
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1) VERTICAL STRUCTURE

The predominant mechanism for mixing in the verti-
cal dimension of a density current front is the Kelvin—
Helmholtz (K-H) instability (Simpson 1986; Plant and
Keith 2007). The lidar RHI scans reveal features that
resemble K—H billows in each of the 7 cases. The images
show that billows occur on a variety of spatial scales
ranging from hundreds of meters to more than a kilo-
meter. Unfortunately, thermodynamic data at these al-
titudes was not collected during the experiment and
therefore the Richardson number cannot be calculated
to confirm whether these are indeed K-H billows as
was done for thunderstorm gust fronts by Mueller and
Carbone (1987). The RHI scans also show the slope of
the front. Figure 12 was created by hand-tracing the top
edge of the advancing air masses at the indicated times.
A nose (the foremost part of the front above the surface)
is observed occasionally in the RHI scans, but is not
a persistent feature. The RHI animations suggest the
presence of a head region, where billows reach a maxi-
mum height. The exact depth of the internal boundary
layer behind the head is difficult to identify in the RHI
scans due to the vigorous mixing that occurs there. It is
noted, however, that the altitude of zero-mean hori-
zontal motion of aerosol structures is substantially lower
than the maximum height of the billows in this posthead
region and, in this work, was used as a value represen-
tative of the marine layer depth. For all of these cases, it
is estimated to be 250 m AGL.

2) HORIZONTAL STRUCTURE

Instability in a density current front is also manifest in
the horizontal dimension by lobe and cleft structure
(Simpson 1986; Hartel et al. 2000). Figure 13 shows how
the leading edge of the fronts in the atmospheric surface
layer progress over time in the horizontal dimension. The
contours in Fig. 13 can be compared with those resulting
from tank experiments such as Fig. 8 of Simpson (1972)
and Fig. 4.1 in Neufeld (2002). The contours from the lidar
images show that some of the lobes split over time and
some of the clefts fill in. The lidar images, however, do not
indicate the presence of sharp clefts that can be seen in
the results from tank experiments. This is not likely due
to the spatial resolution of the lidar data, but to the nature
of the flows. Regions where the lines are crowded in Fig.
13 indicate the front is not advancing in the direction
normal to the front. Therefore, the spacing of the lines in
Fig. 13 is approximately proportional to the normal com-
ponent speed of the front. This shows that the forward
speed of the front can change substantially over time.

In Fig. 13a, a broad lobe structure advances northward
faster than the observed portion of the front located
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west of the meridian that passes through the lidar site
and the ISFF VT. In Fig. 13b lobe splitting is observed
and it is noted that the speed of the front is generally
more steady than in the other cases. In Fig. 13c the lines
show the direction of large lobe propagation to the
northeast. In Fig. 13d we see that the front is held back
initially and then advances rapidly. In Fig. 13e a lobe
splits. Finally, in Fig. 13f lobe structures are observed to
be moving to the north-northeast.

4. Conclusions

Seven density current fronts were observed on dif-
ferent afternoons over a 3-month period in the spring of
2007 in Dixon, California. In situ data were available for
six of the cases. Increases in moist air density across the
fronts ranged from 0.0001 to 0.004 kg m > correspond-
ing to percent difference increases ranging from 0.34%
to 0.77% relative to the less dense air mass. The changes
in air temperature ranged from —0.45° to —1.54°C and
increases in water vapor mixing ratios ranged from 1.60
to 2.52 g kg '. Relative humidities increased between
8% and 15%. The northerly velocity component of the
fronts, observed from the lidar time-lapse animations,
ranged from 1.0 to 3.8 m s~ '. The near-horizontal PPI
scans from the lidar revealed lobe and cleft structure of
the front while RHI scans revealed vigorous vertical
mixing, often resembling K-H billows, and extending up
to altitudes between 700 and 1100 m AGL. The lidar
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data also showed occasional front noses and, in three of
the seven cases, strong evidence of wave induced motion
in the overlying atmosphere. The depth of the dense air
mass behind the front was difficult to ascertain. How-
ever, based on the altitude of zero velocity from the
average horizontal motion of aerosol features in the
RHI scans, it is substantially lower than the peaks of
billows near the head. A value of 250 m was used in the
calculations of theoretical front speed. In the future,
application of algorithms such as wavelets (Davis et al.
2000) and correlation techniques (Mayor and Eloranta
2001) may extract these quantities from the lidar images.

The observations support the hypothesis that the
fronts are the leading edges of shallow marine air masses
moving north and northeastward from the Sacramento—
San Joaquin River Delta region. It is not clear whether
the dense air masses have origins from only the Delta
region or from the San Francisco Bay or Pacific Ocean.
Nor is it clear the cause of the higher backscatter in-
tensity of the denser air mass. It could be the result of
an increase in aerosol particle concentration or a similar
concentration, but larger size distribution of particles.
It is also not clear what role relative humidity and air
pollution may play in the increased backscattering. In
some of the cases, a part of the increase in aerosol
backscatter intensity associated with the front passage
may result from the raising of particulate matter from
the surface with a sudden increase in the wind speed.

Eye-safety, high single-shot signal-to-noise ratio per-
formance, and multidimensional scanning were required
for the lidar to detect and reveal the spatial structure and
movement of seven density current fronts. Nearly con-
tinuous and unattended observations over a 3-month pe-
riod enabled excellent temporal sampling and the ability
to capture these weak and brief events. The dataset
demonstrates the strong synergy of deploying both re-
mote and in situ sensors together. Similar experiments
in the future should include the use of aerosol sensors to
quantify the relationships between the microphysical
properties of particulate matter and changes in back-
scatter intensity.

Future studies may investigate the synoptic and re-
gional weather conditions in which these fronts form,
whether state-of-the-art weather forecast models are ca-
pable of resolving and depicting the fronts, and if the
fronts have a significant impact on weather forecasts and
air quality. Future studies may also investigate changes in
surface fluxes, the statistical properties associated with
turbulence in the internal boundary layers, and finescale
numerical simulation of the cases. Future field experi-
ments could employ a mobile scanning lidar that could
move with the fronts to observe them from a Lagrangian
perspective. Finally, monitoring the boundary layer in
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this location with a scanning lidar and micrometeoro-
logical sensor site over long periods of time may result
in the discovery of trends in the frequency of occurrence
of these fronts. If trends exist, they may be related to
changes in land use, synoptic patterns, and climate.
Therefore, a multiyear observational effort to monitor
the frequency of these fronts may be valuable.
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APPENDIX

Calculation of Moist Air Density

Moist air density was calculated as follows. First, sat-
uration vapor pressure was calculated following Bolton
(1980):

17.67T

es =6.112 expm s

(A1)

where T is the temperature in degrees Celsius. Satura-
tion mixing ratio is
0.622e
m_= ,
$ P—e,

(A2)
where P is the pressure. Water vapor mixing ratio is

r=RHm,, (A3)

where RH is the relative humidity. Dry air density that
considers presence of water vapor is

p,=P[R,T(1+1.608r)] ", (A4)

where R, is the dry air gas constant of 287.04 J kg ' K~ ..
Finally, total air density (both dry and moist parts), and
referred to as moist air density herein, is

P = Pg(1+7). (AS)
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