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ABSTRACT
The Catalina eddy event of 21 July 1992 is simulated using a mesoscale data assimilation system featuring
an optimum interpolation analysis, incremental update, and second-order closure physics. The results are contrasted with other recent modeling studies of the Catalina eddy. Genesis of the eddy occurs when changes on
the synoptic scale lead to an intensification of the east–west pressure gradient near the coast, resulting in enhanced
northwesterly flow along the coast and over the mountains east of Point Conception. Lee troughing results in
an alongshore pressure gradient at the coast with higher pressure to the south. Topographically trapped, ageostrophic southerly flow is then initiated. The combination of southerly flow along the coast with strong northwesterly flow to the west results in formation of a cyclonic eddy in the bight. The zone of southerly flow is
characterized by a deep, cool, cloud-topped boundary layer that can considerably alter coastal weather and
impact activities involved with aviation, air quality, fire weather, and microwave refractivity. While other recent
modeling studies have failed to properly represent boundary layer structure, the data assimilation system used
in the present study reproduces these features.
Results show that the model forecast eddy is in relatively good agreement with surface wind observations.
The data assimilation system, which consists of the analysis–initialization scheme and the forecast model, retains
much of the mesoscale structure of the forecast, while adjusting the position of the eddy to better fit the
observations. Within the zone of southerly flow, rapid deepening of the boundary layer is accompanied by the
formation of stratus clouds. Through the use of sensitivity studies, the authors demonstrate that the deepening
of the boundary layer results from convergence and upward motion forced by the topographic barrier along the
coast and that the interaction between clouds and radiation plays a significant role.

1. Introduction
In their recent paper, Ulrickson et al. (1995) present
an interesting series of simulations of the Catalina eddy
event described by Mass and Albright (1989). Ueyoshi
and Roads (1993) have also recently published a modeling study of this event. The most comprehensive study
of the Catalina eddy to date is that of Mass and Albright
(1989) in which a 50-event composite and a detailed
case study were used to document the dynamics of the
Catalina eddy. They find that synoptic-scale changes
lead to an intensification of the east–west pressure gradient at the coast, which in turn strengthens the northwesterly flow along the coast and over the San Rafael
and Santa Ynez Mountains east of Point Conception (see
Fig. 1). Lee troughing results in an alongshore pressure
gradient in the Southern California bight with higher
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pressure to the south. There is a topographically trapped
ageostrophic response to the alongshore pressure gradient, giving rise to southerly flow near the coast. Within
one Rossby radius of deformation of the coastal mountains, the wind cannot achieve geostrophic balance and
flows ageostrophically down the pressure gradient (i.e.,
toward the north) since eastward turning due to the Coriolis torque is impeded by the coastal mountains [this
process is treated in more detail by Gill (1982)]. With
southerly flow along the coast and strong northerlies to
the west, strong cyclonic vorticity is produced in the
bight, leading to the formation of a Catalina eddy.
In a well-developed eddy, the marine boundary layer
(MBL) is well mixed and deepens in the region of southerly flow near the coast on the eastern side of the eddy.
The MBL in this region is characterized by cooling
temperatures and topped by persistent coastal stratus
(Rosenthal 1972). The deep, cool MBL in the southerly
flow zone near the coast creates a pressure ridge along
the coast with lower pressure in the eddy (the Catalina
eddy low pressure center) in especially strong events.
Mass and Albright (1989) (hereinafter, MA89) explain
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FIG. 1. Map of study area showing the cross-sectional plane
(dashed) and location of points A, B, and C.

MBL deepening due to two effects: 1) damming of the
southerly flow by coastal topography as eastward turning due to the Coriolis torque is inhibited, and 2) the
MBL near the coast is shallow as a result of offshore
flow of warm, dry air; southerly flow brings cool, moist
air above the top of the MBL, causing it to deepen.
As this zone of southerly flow proceeds up the coast,
fog and low stratus move inland. As the eddy circulation
intensifies, the MBL depth continues to increase along
the coast. If the eddy persists for several days, the MBL
may extend upward to 1500 m or more and move into
the desert regions to the east. In the early phase, a westerly sea breeze may overwhelm the eddy, as in the study
by Clark and Dembek (1991). The sea breeze may also
result in translation of the eddy to the southeast. Once
the eddy matures, it can persist for several days, occasionally expanding into a subsynoptic-scale feature.
During the morning hours when the stratus and stratocumulus are deepest, light drizzle is common. Satellite
imagery reveals that there is usually a very distinct
boundary between the thicker stratus and stratocumulus
moving along the coast and the lower stratus or clear
conditions to the west (Rosenthal and Posson 1977). As
the cloud cover invades the center of the eddy circulation, there often remains a narrow clear slot at the
western edge of the eddy separating the thicker low
clouds from the lower and more uniform clouds to the
west.
In the present study, we describe an investigation of
a Catalina eddy that was observed on 21 July 1992 using
a coastal mesoscale data assimilation system. This system features high vertical and horizontal resolution and
second-order closure physics. In addition to a control
simulation, sensitivity studies are performed in order to
understand processes important in the evolution of the
boundary layer structure and the mechanisms discussed
above (damming and advection of cold air above the
MBL) are critically examined.
In general, our results are consistent with those of
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both Ulrickson et al. (1995 hereafter UHRV) and Ueyoshi and Roads (1993, hereafter UR). In all three investigations, strong cyclonic circulations are simulated
in the Southern California bight resulting from strong
northwesterly flow over the San Rafael and Santa Ynez
Mountains and to the west of the bight with southerly
flow along the coast. In the present study and that of
UHRV, similar sensitivity studies are performed in order
to examine the mesoscale dynamics of the eddy. There
are similarities also between the model used in the present study and that of UR in terms of initialization and
treatment of lateral boundary conditions. In the investigations of both UHRV and UR, however, important
boundary layer physical processes, including the interaction between low-level clouds and radiation, are omitted or crudely parameterized. Another serious failing of
both of these simulations is that the boundary layer in
the zone of southerly flow is stable rather than deep and
well mixed as documented by MA89. Also, model initialization in UHRV and UR is deficient. In the present
study, we demonstrate the importance of boundary layer
processes and of model initialization in order to further
the work begun by UHRV and UR and to provide a
more complete understanding of boundary layer processes in the genesis and maintenance of the Catalina
eddy.
Onset of the southerly flow along the coast impacts
a number of activities, particularly those involved with
aviation, air quality, and microwave refractivity. Conditions leading to the onset of the eddy are typically
preceded by a frontal passage with advancing high pressure over the Pacific Northwest while troughing conditions aloft prevail offshore of Southern California. The
widespread, deep low cloudiness results in strong cooling near the coast, bringing relief from the hot summertime weather in this region. This regime also aids
firefighters in gaining control of brush fires in rugged
terrain. Low cloudiness reduces insolation which, in
combination with cooler temperatures, limits ozone production in the polluted air of the Los Angeles basin
(Wakimoto 1987; Bosart 1983). Pollution concentrations are also reduced by the deepening boundary layer
and by advection of polluted air out of the basin toward
the northwest. However, this results in lower visibilities
and higher concentrations along the coast to the northwest. Fog and low visibility may also be a hindrance
to aviation. Naval operations are also impacted by modification in radio and radar propagation. Climatologically, refractive layers are higher and stronger to the
west where the MBL structure is better defined and the
inversion is higher. This changes rapidly with the establishment of the eddy. Significant height increases occur in the southerly convergent flow near the coast while
the height of refractive layers to the west decreases,
reversing the typical height gradient.
All of these impacts are a direct consequence of modifications in boundary layer structure and the extent of
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TABLE 1. Characteristics of three different models.

Feature
Levels
Resolution
SST resolution
Domain
Lateral BCs
Turbulence parameterization
Surface similarity
Clouds
Radiation
Initial conditions

Burk–Thompson
30
;13 below 850 mb
20 km
40 km
288–428N, 1088–1318W
Time dependent from global
model
Second-order closure
Mellor and Yamada (1974)
Liu et al. (1979)
Sommeria and Deardorff
(1977)
Yes
Data assimilation cycle

marine stratus and fog. These modifications are not adequately treated in the simulations of UR and UHRV.
In section 2, we describe the model used in the present
study and contrast this model with those used by UR and
UHRV. Our results are presented and compared to those
of UHRV and UR in section 3 and, in section 4, we
critically examine mechanisms proposed for deepening
the boundary layer in the zone of southerly flow in the
context of our simulation by means of two sensitivity
studies. Our conclusions are presented in section 5.
2. Model description
The mesoscale model we use is a version of the Navy
Operational Regional Atmospheric Prediction System
(NORAPS) with second-order closure physics. This hydrostatic model, which is described by Hodur (1987),
uses time-dependent lateral boundary conditions from
the navy’s global model and a split explicit time-integration scheme [the global model is described by Hogan
and Rosmond (1991)]. The vertical coordinate is s (5p/
ps where ps is the surface pressure).
The model uses the Mellor and Yamada (1974) level
3 scheme, which includes prognostic equations for turbulent kinetic energy, temperature variance, moisture
variance, and temperature–moisture covariance. The
length scale is proportional to height near the surface
and approaches a limiting value aloft dependent upon
moments of the vertical turbulent kinetic energy distribution. The prognostic equations are solved implicitly.
The physical parameterizations used in this version of
the model are described by Burk and Thompson (1989).
The models used by UHRV and UR are contrasted
with the model used in the present study (‘‘Burk–
Thompson’’; hereafter BT) in Table 1. The number of
vertical levels in each model is shown in the first row
along with the number of levels below 850 mb. Because
atmospheric MBL processes play a significant role in
determining the structure of the eddy, adequate resolution of the MBL is important. While all three models
have relatively high horizontal resolution, only the BT

Ulrickson et al.
24
12 below 850 mb
13.9 km
Homogeneous at 287 K
318–368N, 1168–123.48W
Neumann

Ueyoshi and Roads

1.5-order closure
Therry and Lacarre (1983)
Louis (1979)
Dry model

12
5 below 850 mb
;25 km
;200 km
288–438N, 1108–1288W
Time dependent from global
model
K-theory
Louis (1982)
Louis (1979)
Moist convective adjustment

Yes
Homogeneous

No (Newtonian cooling)
Interpolated from global model

model utilizes a relatively high resolution sea surface
temperature (SST) analysis capable of resolving gradients in SST; in UHRV, the SST is specified as a constant value while UR use an SST analysis with 28 horizontal resolution. The models of UR and BT have similar time-dependent lateral boundary conditions while
the Neumann condition used in the UHRV model does
not allow for exchange of information between the interior and exterior of the domain. We have experience
with all three of the turbulence parameterizations listed
in row 6 of the table and have found that both the
second-order closure and 1.5-order closure perform well
in delineating MBL structure. The K-theory approach
is not as successful. The surface-layer similarity scheme
used over water in the BT model is based on Liu et al.
(1979). Over land, the Louis (1979) similarity scheme
is used. The Louis scheme is used in both UR and
UHRV.
The most significant differences between the models
are in terms of the interaction between clouds and radiation and in initialization. Neither UHRV nor UR parameterize cloud liquid water; the UHRV model is dry,
and moist convective adjustment is used by UR. In the
BT model, a diagnostic expression is used for cloud
liquid water and cloud fraction, which is based on mean
and turbulent temperature and moisture distributions
following Sommeria and Deardorff (1979). The twostream radiation scheme uses the cloud liquid water
pathlength explicitly; thus the model accounts for the
interaction between clouds and radiation. This cloud–
radiation interaction can strongly modulate the turbulent
kinetic energy in the cloud layer. Cloud-top longwave
cooling tends to destabilize the cloud-layer lapse rate
and thereby enhances turbulence and entrainment.
Shortwave absorption tends to offset the impact of longwave cooling so that distinct diurnal variations in marine
stratus can appear.
The initialization procedure used in the UHRV model
consists of a single sounding broadcast over the entire
domain. In this case, a 1200 UTC nocturnal sounding
from Vandenburg AFB is used for initialization. As a
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consequence, the lower atmosphere is stably stratified
initially over the entire domain, with low-level air temperature being warmer than the specified SST. The wind,
which is initially calm everywhere, is allowed to increase toward the geostrophic value while adjusting to
the terrain field over the first 3 h of the simulation. Both
BT and UR are initialized from interpolation from a
global model. The UR model is then run for 7 days with
no new data inserted (except for the time-dependent
lateral boundary conditions), while the BT model is
updated every 12 h using a mesoscale data assimilation
system. In this system, a previous 12-h forecast valid
at analysis time is used as a ‘‘first guess’’ in an optimum
interpolation analysis of current observational data. The
analysis is performed at standard pressure levels. The
use of a previous 12-h forecast has the effect not only
of inserting structure in data-sparse regions but also of
maintaining mesoscale features through the analysis
process. Model initial conditions are obtained using an
incremental update procedure in which increments are
formed at each grid volume from the difference between
the analysis interpolated to the model s-coordinate surfaces and the previous forecast. The previous forecast
is then adjusted to form the initial conditions. Thus, the
incremental update has the desirable effect of maintaining much of the vertical structural detail developed in
the previous forecast while adjusting the model to the
observations in preparation for the next forecast.
A nonlinear vertical mode initialization is performed
prior to initiating the forecast integration. This removes
small amplitude, high-frequency gravity waves from the
initial conditions. Only the first forecast in a series is
initialized by interpolation from the navy’s global model. In the present study, a forecast initialized by interpolation was made at 0000 UTC (1700 PDT) 20 July.
The 12-h forecast was used as a first guess for a forecast
beginning at 1200 UTC 20 July. The 12-h forecast from
that integration was used in initializing the forecast for
the period of interest. Thus, we used a period of 24-h
spanned by two 12-h forecasts to generate realistic mesoscale structure in this case. Since the conventional
meteorological observational network has insufficient
resolution to represent detailed atmospheric structure, it
is necessary for the model physics to generate realistic
horizontal and vertical mesoscale features, as noted by
UR. Moreover, it is important to retain this structure
through the analysis and initialization process in order
for the model to display skill in forecasting these mesoscale features. Thus, model initialization is critically
important.
3. The Catalina eddy event
a. Verification of model forecast
The synoptic situation during the period 0000 UTC
21 July to 1200 UTC 22 July 1992 is fairly typical for
the west coast of North America during the summer
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months. The Pacific high pressure area is evident to the
west, while a thermal low is situated over Nevada and
Arizona at 0000 UTC 21 July. This results in strong
northwesterly flow along the coast. There is also large
cyclonic shear south of Point Conception. These conditions are similar to the composite eddy case developed
by MA89 (see Fig. 8 of MA89) and to the initial conditions used by UR and UHRV. The thermal low becomes less distinct during the night. By 0000 UTC 22
July, however, the low strengthens considerably and the
pressure over central and northern Nevada and Utah is
lower. This results in a strengthening of the pressure
gradient over the coast and a rotation in the pressure
gradient from a zonal orientation to an orientation that
is approximately normal to the portion of the coast from
Point Conception to Point Arena (398N, 123.58W). This
brings about a shift in wind direction over the Southern
California bight from northwesterly to west-northwesterly. The resultant reduction in cyclonic vorticity southeast of Point Conception causes the eddy to dissipate.
Shown in Fig. 2a are 12-h forecast model streamlines
at 25 m valid at 1200 UTC 21 July 1992 over the
Southern California coastal region. Note the well-defined cyclonic eddy centered at 33.38N, 117.88W near
Santa Catalina Island. Note also the relatively strong
southerly flow to the east. There is strong cyclonic shear
on the western side of the eddy. The eddy in this July
case is somewhat further to the east than in the simulations of both UR and UHRV. This positioning results
in the southerly flow being confined to a narrow zone
along the coast, which is consistent with MA89.
The eddy is in close agreement with observations
valid at 1200 UTC. Note the surface wind observations
superimposed on model forecast streamlines in Fig. 2a.
The observations are from coastal stations, San Nicolas
and San Clemente Islands, and from an oil platform
south of Santa Barbara (the wind barbs are in meters
per second). The forecast agrees well with the observations, although there is a small position error. Figure
2b is the 25-m initial wind field produced by the data
assimilation system valid at the same time as the forecast
(1200 UTC 21 July 1992). The effect of the data assimilation technique used in the model is to shift the
entire streamline pattern approximately 50 km to the
west so as to bring the position of the eddy into agreement with the surface wind observations. Note, in particular, the San Clemente Island observation showing
SE wind at 5 m s21 coincident with the center of the
eddy in Fig. 2a. In Fig. 2b, this barb appears to the east
of the center parallel to the streamlines. Similar behavior
is evident in the forecast and analyzed streamlines near
San Diego. The southerly flow is also strengthened
slightly by the data assimilation system (note the 5 m
s21 contour just south of Point Vicente in Fig. 2b). This
demonstrates that the data assimilation technique not
only incorporates observational data but also retains mesoscale structure developed in the previous forecast.
Figures 2a and 2b also show that the model forecast did
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FIG. 2. (a) The 12-h forecast streamlines and isotachs (m s21) at the 25-m level valid 1200 UTC 21 July 1992 with surface wind observations
(barbs) superimposed. Full barb is 10 m s21 and half-barb is 5 m s21. (b) Model initialized streamlines and isotachs valid 1200 UTC 21 July
1992 with surface wind observations (barbs) superimposed.

FIG. 3. As in Fig. 2a but valid 0000 UTC 21 July.

produce a cyclonic circulation in nearly the correct location. UR also provide a fairly detailed comparison of
their results to the observations summarized by MA89.
UHRV provide a qualitative comparison of their results
to observations. In both UHRV and UR, the cyclonic
circulation is well represented.
The model forecast evolution of the low-level flow
field can be evaluated using Figs. 3 and 4 in conjunction
with Fig. 2. Figures 3 and 4 show 12-h forecast model
streamlines and observations for times 12-h prior to
(0000 UTC 21 July) and 12-h after (0000 UTC 22 July)
the time of Fig. 2, respectively. Thus, these figures show
the flow transitioning over a 24-h period from northwesterly flow making a sharp cyclonic turn south of
Point Conception to the eddy to general northwesterly
flow over the bight. The model forecast agrees fairly
well with the observations at 0000 UTC 21 July and
quite well 24 h later (except at Santa Barbara). Model
forecast wind speeds (not shown) are in close agreement
as well, except in the Santa Barbara Channel where the
model wind speeds are too large at both times. Note
also the strong sea-breeze flow into the Los Angeles
Basin (the Los Angeles observation shows 10 m s21
onshore flow closely aligned with the model forecast
streamlines) and the sea-breeze front to the north. This
feature appears as a confluent asymptote in the model
streamlines with strong sea-breeze flow to the south and
offshore flow to the north.
Vertical profiles of wind speed and direction at Point
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FIG. 4. As in Fig. 2a but valid 0000 UTC 22 July.

Mugu (not shown) indicate northwesterly winds prior
to 1200 UTC 21 July (the time of Fig. 5b. At this time,
the wind is southeasterly to 600 m, southwesterly to 900
m, and northwesterly above. By 1700 UTC 21 July, the
wind is southeasterly to 1200 m and northwesterly
above. Two hours later (1900 UTC), the wind shifts to
southwesterly to 900 m. After dissipation of the eddy,
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the wind shifts back to the northwest. The model forecast northwesterly wind prior to 0400 UTC 21 July. The
wind shifts first to weak southerly at 0400 UTC and
then to strong southeasterly at 1200 UTC. At 1600 UTC,
the wind shifts to southerly and then to southwesterly
at 2000 UTC. Thus, the model low-level winds agree
well with the sounding after 1200 UTC, although the
model incorrectly forecast weak southerly flow from
0400 to 1200 UTC.
Verification of the model forecast vertical thermal
structure is provided through a series of observed and
forecast vertical profiles of virtual potential temperature
and relative humidity at several locations in the bight.
The San Diego sounding valid 1200 UTC 21 July is
shown in Fig. 5a (dashed) with the model 24-h forecast
vertical profile at a grid point near San Diego (solid).
At this time, the eddy is well defined but not as strong
as at 0800 UTC. The boundary layer is approximately
800 m deep with a 400-m-thick cloud layer. The model
captures this structure relatively well, although the
strength of the inversion and thickness of the cloud layer
are underestimated. Twelve hours earlier (prior to formation of the eddy), the boundary layer was substantially less deep (;400 m) and the maximum relative
humidity was 65%. At Point Mugu, 230 km to the northwest, the boundary layer is 500 m deep with a 200-mthick cloud layer at 1200 UTC 21 July (Fig. 5b). The
model forecast profiles are in good agreement, although
the forecast boundary layer depth is underestimated.
Profiles near the time the eddy dissipates (between 1600
and 2000 UTC 21 July) are shown in Fig. 6. A sounding
for San Nicolas Island well to the west of the center of
the eddy valid at 2016 UTC 21 July is shown in Fig.

FIG. 5. Profiles of virtual potential temperature (K) and relative humidity valid at 1200 UTC 21 July 1992 from (a) the San Diego radiosonde
(dashed) and from the model 24-h forecast (solid) at a grid point near San Diego and (b) the Point Mugu radiosonde and a grid point near
Point Mugu.
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FIG. 6. As in Fig. 5 but for (a) San Nicolas Island valid 2016 21 July and from the model 20-h forecast and (b) San Diego valid at 0000
UTC 22 July and from the model 24-h forecast.

6a. At this location, the boundary layer is 500 m deep
with a 300-m-thick cloud layer. The model 20-h forecast
is quite good, although the thickness of the cloud layer
is underestimated. The San Diego sounding valid at
0000 UTC 22 July is shown in Fig. 6b. The boundary
layer depth has decreased slightly to about 750 m and
cloud layer present 12-h earlier has dissipated. The model 24-h forecast also indicates that the clouds have
moved offshore and the depth of the boundary layer is
in good agreement. To complete the verification se-

quence, a sounding from San Nicolas Island valid at
1406 UTC 22 July is shown in Fig. 7 with the model
24-h forecast valid 2 h earlier (the model simulation
ended at 1200 UTC 22 July). During the 18-h period
since the previous sounding, the boundary layer depth
increased by 100 m, as did the thickness of the cloud
layer. The model forecast captured this evolution well.
Shown in Fig. 8 is a visible satellite image valid at
1630 UTC 21 July. While there are indications of some
cyclonic curvature in the low cloud field, the signature
of the eddy is not clear. Animation of a series of satellite
images does show cyclonic vorticity near the forecast
location of the eddy in that there is southward motion
to the west and northward motion to the east. Note also
the low clouds along the coast between Point Conception and San Diego. Satellite imagery 3.5 h later (not
shown) indicates that the clouds have retreated offshore
approximately 30 km.
b. Comparison to previous investigations

FIG. 7. As in Fig. 5 but for San Nicolas Island valid 1406 UTC 22
July and from the model 24-h forecast valid 1200 UTC 22 July.

The eddy is comparatively short lived. It forms near
0400 UTC and dissipates after sunrise with the onset of
onshore flow at 2000 UTC 21 July. Formation of the
eddy results from enhanced cyclonic vorticity due to
increasing cyclonic shear associated with strengthening
of the low-level jet and northwesterly flow along the
coast with surface high pressure in the Pacific Northwest
and a weak trough aloft offshore of Southern California,
just as in MA89. The strongest southerly flow associated
with the eddy (8–9 m s21) occurs in the model near 0800
UTC (0000 LST). As onshore flow strengthens near
2000 UTC (1200 LST), the eddy dissipates, although it
is still well-defined at 1600 UTC. Clark and Dembek
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FIG. 8. GOES visible satellite image valid 1600 UTC 21 July 1992.

(1991) also noted that an eddy observed during FIRE
(First ISSCP Regional Experiment) dissipated during
the day as southerly flow was overwhelmed by the sea
breeze and reformed each night for 4 days. In our simulation and in the observations, the eddy does not reform
during the night of 22 July due to a shift in the largescale flow from northwesterly to west-northwesterly as
the sea level pressure falls over central and northern
Nevada and Utah.
This is consistent with the results of both UR and
UHRV. UHRV performed a sensitivity study in which
the northwesterly flow along the coast was reduced. The
eddy did not form with reduced northwesterly flow. In
UHRV, the strongest southerly flow (;5 m s21) occurs
at 0800 UTC, just as in our results. The duration of this
event appears to be similar to that in the simulation by
UR. In that study, the eddy is present at 0600 UTC on
day 4 of the simulation. It is overwhelmed by the sea

breeze at 1800 UTC. By 0600 UTC on day 5, the eddy
reforms. The eddy dissipates by 0600 UTC on day 6.
Shown in Fig. 9 is an isotach (m s21) cross section
extending from 1158 to 1258W at 33.38N passing
through the center of the eddy valid at 1200 UTC 21
July. The plane of the cross section is shown in Fig. 1.
Note the core of a low-level jet (LLJ) centered near 500
m and the well-defined eddy (identifiable as the wind
speed minimum) extending from the surface to approximately 650 m. While the eddy is most well defined at
600 m, the strongest cyclonic vorticity is at approximately 400 m where the jet core extends to the east
toward the trough in which the eddy is embedded. Momentum is well mixed in the MBL below the jet core
and near the eddy. As in the investigations of Clark and
Dembek (1991) and Bosart (1983), the eddy is confined
to the MBL.
Figure 10 shows a cross section in the same plane as
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FIG. 9. The 12-h forecast cross section of wind speed (m s21) at 33.38N extending from 1158 to 1258W and from the
surface to 1500 m valid at 1200 UTC 21 July. The plane of the cross section is shown in Fig. 1.

in Fig. 9 of potential temperature (K) and relative humidity with only values greater than 95% contoured (the
shaded region corresponds closely to the volume in
which cloud liquid water specific humidity is greater
than zero). This figure shows that the MBL is well mixed

FIG. 10. As in Fig. 9 but showing relative humidity (only values
greater than 95% shaded) and virtual potential temperature (K).

with a strong inversion at the top. The depth is 600–
700 m well to the west of the LLJ core and over the
region of southerly flow near the coast with a shallow
region at the center of the cross section near the jet core.
Stratiform clouds top the MBL over the eddy and to the
west. Near the core of the LLJ in the center of the cross
section the MBL is cloud-free.
Cross sections of temperature are shown by UR (Figs.
17 and 19) and of potential temperature by UHRV (Figs.
6 and 9). In both cases, the cross sections show a MBL
that is stably stratified and there is little evidence of an
elevated inversion. In the simulation performed by
UHRV, the relatively cool specified SST combined with
the stable initial conditions resulted in the MBL remaining stable throughout the simulation. Figure 9 in
that study does show a slope in the isentropes toward
higher elevations near the coast associated with ascending motion, but even in that location the boundary
layer is stable, rather than well mixed (the potential
temperature increases approximately 58C in the lowest
200 m), with no capping inversion. The large adiabatic
warming in the lee of the San Rafael and Santa Ynez
Mountains (see Fig. 7 in UHRV) is inevitable given the
high stability and leeside subsidence over the ocean
south of Santa Barbara. The relatively low vertical res-

Unauthenticated | Downloaded 01/09/23 07:11 AM UTC

1144

MONTHLY WEATHER REVIEW

VOLUME 125

sure ridge along the coast south of Point Mugu. A series
of mesoscale pressure depictions from the model for
0000 UTC through 1200 UTC 21 July indicate that a
pressure perturbation propagates along the coast in the
southerly flow with an average speed of about 8.5 m
s21. At 0800 UTC 21 July, there is a pressure trough
coincident with the eddy and a ridge extending from
32.58 to 348N (Fig. 11). A relatively strong alongshore
pressure gradient is also apparent at 0800 UTC. The
pressure ridge in the UR simulation is broad and weak.
Failure to reproduce the deep, cool, well-mixed MBL
along the coast leads to a poor representation of this
feature. The pressure ridge is somewhat more realistic
in UHRV, apparently due to the slope in the isentropes
upward toward the coast in the southerly flow.
4. Mechanisms responsible for deepening of the
marine boundary layer
FIG. 11. Mesoscale pressure forecast valid 0800 UTC 21 July 1992
(mb). Contour interval is 0.2 mb.

olution in the lower levels in the simulations performed
by UR (see Table 1) resulted in a failure to properly
represent boundary layer structure. The authors note that
‘‘the base of the inversion layer or top of the marine
layer was not sufficiently resolved . . .’’ (p. 2984). Thus,
neither the simulations by UHRV nor by UR have proper representations of MBL structure. And yet it is the
modification to the MBL structure that produces impacts
on activities in the Southern California region.
As suggested by MA89, the deep, cool MBL in the
region of southerly flow hydrostatically produces a mesoscale pressure perturbation, giving rise to a weak pres-

Deepening of the MBL in the southerly flow in this
simulation is investigated using a series of profiles of
virtual potential temperature and the v component of the
wind valid 0800 UTC 21 July. The profiles are located
at the latitude of the center of the eddy at several different longitudes from the coast to the western flank of
the eddy (Fig. 12; the locations are denoted A, B, and
C in Fig. 1). In the profiles to the west, the wind is
northerly and the MBL is about 200 m deep. Near the
center of the eddy, the v component is light northerly
and the MBL is 400 m deep. Near the coast, the v
component is southerly, reaching 5 m s21 in the middle
of the MBL and exceeding 3 m s21 up to 800 m (the
MBL depth is 700 m). In an effort to identify which of
the mechanisms noted above (damming or advection)
is responsible for deepening of the MBL in the southerly

FIG. 12. Model forecast profiles of (a) virtual potential temperature (K) and (b) the v component of the wind (m s21) at 0800 UTC at
33.38N, 119.28W (location A; solid), 33.38N, 118.48W (location B; dashed) and 33.38N, 117.68W (location C; dotted). Locations A, B, and
C are shown in Fig. 1.
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FIG. 13. Time–height section of virtual potential temperature (K)
and relative humidity greater than 95% (shaded) at 33.38N, 117.68W
(location C in Fig. 1) extending from the surface to 1 km and from
0000 to 1200 UTC 21 July.

flow, MBL evolution was examined at point C in Fig.
1. At this location, southerly flow begins at the surface
prior to 0000 UTC 21 July 1992 and southeasterly wind
in excess of 5 m s21 extends over a deep layer by 0900
UTC. A time–height section showing the temporal evolution of the vertical structure of the virtual potential
temperature profile is shown in Fig. 13 (clouds are indicated by shading). Note the rapid deepening and thickening of coastal stratus after 0000 UTC. Note also the
cooling of the MBL during the rapid deepening. A time
series of virtual potential temperature at 600 m at this
location (not shown) indicates a cooling rate of 128C
day21 over 12 h. Above the MBL, at 800 m, the cooling
rate is nearly as large.
Two physical processes are important in cooling and
deepening and both of these result from ascending vertical motion, which is a consequence of the damming
mechanism. Model output shows weak ascent over the
eastern bight with a narrow zone of enhanced ascent
near the coast in the region of southerly flow. Near the
top of the MBL, the ascent is approximately 3 3 1022
m s21 (3 cm s21). This would result in an adiabatic
cooling rate of approximately 258C day21. This relatively strong cooling above the top of the MBL promotes
development of clouds; the time section indicates that
clouds form soon after the MBL begins to deepen (Fig.
13). Strong radiative cooling is confined to a thin layer
near cloud top (Brost et al. 1982; Oliver et al. 1978),
destabilizing the top of the boundary layer and leading
to strong buoyant production of turbulence, which enhances entrainment (Thompson and Burk 1993). At locations in the region of southerly flow, nocturnal radiative cloud-top cooling rates approach 1008C day21
(during the day, the rates decrease to 308–408C day21).
Entrainment resulting from this process, however, leads
to strengthening of the inversion; the deepening of an
adiabatic, well-mixed layer with overlying relatively un-
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FIG. 14. As in Fig. 13 but for the simulation in which clouds are
not allowed to form.

modified air creates a progressively stronger jump in
potential temperature and moisture at the MBL top.
Deepening through this mechanism is, therefore, selflimiting. In this case, ascending motion reduces the
strength of the inversion and promotes additional deepening. Thus, the cloud–radiation interaction mechanism,
lacking in UR and UHRV, plays an important role in
deepening the MBL. Ascending motion is thus responsible for cooling (through adiabatic ascent) and deepening (through generation of clouds and weakening of
the inversion). This ascent is due to strong convergence
resulting from the damming mechanism.
Further confirmation of the importance of the damming mechanism was provided by two sensitivity studies. In the first study, the high terrain along the coast
south of Los Angeles was removed. This resulted in
elimination of the southerly flow with westerly flow
over the bight and across the fictitious southern coastal
plain. UHRV performed this same experiment and found
that the southerly flow was eliminated in their simulation also. They concluded that the southern coastal
mountains are as important in generating the eddy as
are the San Rafael and Santa Ynez Mountains to the
north. This is a direct consequence of damming.
There is no support in the model for horizontal advection of cool air as adiabatic cooling associated with
ascent produces a relative minimum in temperature directly above the region of southerly flow. Thus, the
horizontal gradients of both temperature and moisture
at levels above the MBL are of the wrong sign.
In the second sensitivity study, clouds were not allowed to form (any condensate produced by the cloud
parameterization scheme was immediately removed and
latent heat release was not permitted). A time–height
section of virtual potential temperature for this simulation is shown in Fig. 14. Comparison of Figs. 13 and
14 shows a markedly different temporal evolution of
the vertical structure of the virtual potential temperature
in that the MBL is approximately 100 m deeper with
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cloud-top cooling. The inversion is also stronger and
the MBL is 28–38C cooler when the interaction of clouds
and radiation is included. Thus, cloud-top cooling is
effective in deepening the MBL. Some of the deepening
results from enhanced surface fluxes due to larger air–
sea temperature difference caused by cooling.
5. Conclusions
Building on the valuable contributions of UHRV, in
which an enlightening series of sensitivity studies is
performed, and UR, in which the question of operational
forecasting of the eddy is addressed, the present study
has sought to further advance the understanding of the
Catalina eddy. We demonstrate the utility of our data
assimilation system in maintaining mesoscale circulation features generated in the previous forecast and shifting the pattern so as to be consistent with current observations. In contrast to the studies of UR and UHRV,
our model is able to produce realistic boundary layer
structure, including the deep MBL in the region of
southerly flow. Treatment of the interaction between
clouds and radiation, absent from the models used by
UHRV and UR, is an important aspect of MBL evolution in this case. We also provide, through the use of
sensitivity studies, conclusive evidence for the role of
the damming mechanism proposed by MA89 in deepening the MBL.
While the simulations described in the present study
and those of UHRV and UR were successful in obtaining
a cyclonic circulation of approximately the correct
strength for a Catalina eddy, this is not the most important aspect in terms of impacts on human activities
in the coastal zone. Most of these impacts; which include
air quality, fire weather, and microwave refractivity; are
produced by the deep boundary layer in the zone of
southerly flow, as discussed in the introduction above.
Thus, the kinematics of the wind field are of less importance than the boundary layer structure in simulations of the Catalina eddy.
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