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ABSTRACT

Aircraft measurements made offshore during a coastal
fog sequence by R.A. Markson are analyzed. Fog occurrence
and areal extent are determined using aircraft, ship and
shore station observations obtained during the Cooperative
Experiment in West Coast Oceanography and Meteorology--1976
along with analyzed satellite visual and infra-red imagery.
The offshore conditions are compared with those at the shore
stations using selected fog indices. Photographs of special
features observed are included.

The offshore conditions are classified into phases by
assigning limits within the specified fog indices used in
the modified Leipper fog model. The sequence of observed
fog events is compared to the ideal sequence. The trends
in the sequence are analyzed and a general relationship
between the phase sequence and the local offshore flow is
indicated. The Leipper indices, the San Diegs raob and
the sequential fog model appear to be useful in fog prediction

for the nearshore oceanic region from San Diego to Point

Conception.
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I. INTRODUCTION

The study of marine fog along the Southern California

coast has received attention for many years. This is

understandable considering the well-documented hazard imposed
i by marine fog on coastal shipping and air traffic and the 1

number and importance of military bases there. The pre- | 4

diction of marine fog in the nearshore area is fast becoming ;5
a major problem as shipping traffic even now increases with
the arrival of Alaskan north slope 0il at the California
refineries.

Fog forecasting has been one of the most difficult tasks
the local forecaster has had to deal with. He must in
effect forecast the occurrence of a particular type of
cloud, its vertical dimensions, the visibility within the
cloud, the time of its onset along with its duration and
areal extent. It is even more difficult along the coast
where there is almost a complete lack of data upwind of

the station. Leipper (1948) describes a method of marine

fog forecasting at San Diego using a model evaluated by

k simple non-diurnal indices. The indices are derived at
the station using the radiosonde observations and the sea
surface temperature near the station. The method has
enjoyed some success at the station but the forecasier

using it could only speculate on conditions in the nearshore

] region off the coast. The problem has been a lack of
information as to what was occurring offshore during the

progress of the coastal fog sequence.

12




CEWCOM °'76 (Cooperative Experiment in West Coast
Oceanography and Meteorology--1976) provided a unique
opportunity to determine what was actually occurring off-
shore during a real sequence of fog events and to test those
speculations of offshore processes and the areal extent for
which these indices are effective. Aircraft studies of the
offshore atmosphere have been conducted in the past but
mainly have been concerned with the nature of the inversion
capping the marine layer (Edinger 1971). The emphasis was
not on the fog problem and specific features found offshore
were not linked to the onshore fog situation. The present
study examines aircraft vertical soundings of temperature
with altitude and related observations of sea surface
temperature to help answer the question of what happens
offshore as fog occurs at shore stations. Aircraft
observations will be combined with DMSP (Defense Meteor-
logical Satellite Program) visual and infra-red imagery of
the oceanic regime just off the southern California coast.
With shore and ship observations used as "ground truth",
the resulting areal depiction will show offshore conditions
during the fog events. The offshore condition will then be

compared to the shore measurements in light of common

Leipper indices and the sequential fog model (Beardsley




II. OBJECTIVES

To utilize aircraft data collected during CEWCOM '76

in order to obtain a comprehensive description of off-

shore conditions present during the Santa Ana fog

sequence from 3 to 12 October 1976.

To compare these findings with conditions as measured at

reporting shore stations by means of fog forecasting

indices.

1. Determine the offshore areal extent for which the
indices depict the fog conditions that should be
present.

2. IZxamine factors that affect the Leipper indices with
the objective of forecasting their values.

To define phases of the fog sequence using the height

of the inversion base as the determining parameter and

to compare the actual fog distribution with that ascribed

to the individual phases of an ideal sequence.

14
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III. BACKGROUND

Aircraft meteorological data over coastal waters is
made more meaningful by a description of those factors
affecting the local marine environment. For example,
topographic features along the California coast modify the
weather at the various local stations and contribute
extensively toward the occurrence and persistence of fog
along the coastline. Local effects often modify synoptic
scale circulations. Mesoscale oceanographic features may
trigger the actual occurrence of fog.

The factors to be examined in this section are:

A. Relief Features

B. Atmospheric Circulation during CEWCOM '76
C. Sea Surface Temperature
D

The Atmospheric Temperature Inversion

A. RELIEF FEATURES

Three major relief features present themselves as
contributory to the formation, modification and advection
of coastal marine fog. The first examined is the presence
of islands off the southern California coastline. These
prominences are turbulence forming projections intruding
into both the atmospheric and oceanic circulation pat<erns.
Atmospheric eddies and waves are described by Edinger (1971).
The effects of islands on the inversion layer seem local;
however, larger scale effects such as the lee island fog

(Figure C-1) on 10 October can be dramatic. Oceancgraphically




the islands are part of the second feature, the general
coastal bathymetry. Satellite imagery (Figure B-3)
illustrates the many eddies and anomalous flows present

in the California Current as it flows along the West Coast.
These vagaries, it has been argued, are in part controlled
by the large submarine, island and coastal features of the
area.

The third topographic feature is the coastal range. The
coastal topography is a mixture of low coastal mountains
and intervening valleys, notably the Santa Clara River
Valley and the Los Angeles Basin. The mountains effectively
bar the marine layer from proceeding inland and their sea-
ward downslopes provide the elevation drop which warms and
lowers the relative humidity of the offshore winds from
the north and east (Leipper 1948). With westerly winds
the coastal basins and valleys allow the marine layer to
flow inland keeping its identity for tens of miles inland
until the stability is overcome by heating from below
(Edinger 1963). The modification of the geostrophic flow
by the mountains is complex. Part of the problem in the
present study is to determine whether the air coming into

the area will flow down slope or not.

B. ATMOSPHERIC CIRCULATION DURING CEWCOM '76

Local air flow appears to be an essential element in
determining the onset of a fog sequence. The offshore
flow either modifies the local atmospheric structure or

moves the marine layer offshore. Therefore, it is desirable

16
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to estimate the onset and strength of this flow as it

relates to the sequential model.

During the period examined, the general air flow along
the coastal area from Pt. Arguello to San Diego was
influenced by the positions and intensities of the East
Pacific High and the Mexican Thermal Low Pressure systems.
On 3 October, the East Pacific High moved northeastward
toward the northwest coast of the United States. The
Mexican Low moved northwest into northwestern Mexico and
southern California. The effects of these movements and
the interaction with the daily sea breeze regime are
discussed in connection with the daily data. Estimates
of geostrophic wind used in the sequential fog model were
made graphically using the 1800Z National Weather Service
surface pressure analysis and a geostrophic wind scale,
both provided by the Meteorology Department at the Naval
Postgraduate School. These maps, readily available
locally, give the morning flow prior to the aircraft
measurements.

Offshore flow crosses from land to sea at the coastline.
The coastline in the flight area runs northwest to southeast
on a line from 315° true to 135° true. Effectively, off-
shore flow is here taken to be an easterly wind from 350°
true to 125° true. The surface pressure maps shown in the
daily data are from the Environmental Data Service of the
National Cceanic and Atmospheric Administration, "daily

weather maps,"” Weekly Series September 27-October 17, 1976

17
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(Figures A-1). They reflect closely the National Weather
Service product and were used as illustrations because of
ease and clarity in reproduction.

Estimates of the actual surface winds offshore were
made by R.A. Markson from the aircraft during CEWCOM °'76.
As seen in the tabular data (Appendix A), surface winds
observed durii, he afternoon flights were generally from
the west-northw.st. On two occasions upper air winds
(4 October at 1200 meters, 08 October at 2000 meters) were
estimated to be easterly at about 20 miles per hours,

confirming offshore geostrophic flow above the inversion

base on those days.

C. SEA SURFACE TEMPZRATURE

The southern California coastal bathymetry greatly
influences the sea surface temperature structure. Point
Conception is the breakway point for the California current
and provides sheltering for the intrusion of warm waters
from the south. The eddies and meanders of cold and warm
water make the sea surface temperature structure complex in
the CEWCOM '76 experiment area. Figure B-1 is the resultant
plot of those aircraft sea surface temperatures recorded at
the bottom of the atmospheric soundings. Most of the
neasurements were made at three meters of altitude so the
only error would be in calibration of the infra-red sensor.
The dashed lines in Figure 3-1 show areas where the contours
were tlended with those from the GOSSTCOMP Sea Surface

Temperature Plot provided by NOAA for 12 October 1976

18
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(Figure B-2). Although on a scale that provides little
or no detail, the satellite temperatures are readily
available for use in computing the Leipper indices.
Occurrence of patch fog was compared with observed sea
surface isotherms for possible correlation as described
in the observed sequence. The complete physics of fog
formation and its relation to sea surface temperature is
not yet fully understood and will not be addressed in the

data analysis.1 Any correlations simply will be noted.

D. TEMPERATURE INVERSION

T Research into the nature of the marine layer and the
climate it produces along the west coast of the United
States has been carried out for many years. Of particular
interest to the investigators was the nature of the
atmospheric inversion that caps the moist cool marine
layer. Blake (1928) used pilot balloons and aircraft
temperature recordings to sample the air over the San
Diego area. He found the summer climate was dominated by
] the marine layer. His investigation of the inversion
concluded that the height of the inversicn base was
usually at about 500 meters with the maximum temperature
reached at a height of‘about 1250 meters. Pilot balloon

records seemed %to show the inversion was not the product

1For some of the most recent theoretical treatment
of this problem see Oliver, et al.(1977).

19
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of desert air flowing out over the cool marine layer but
part of large scale drift of continental air caused by
anticyclones over the Plateau States. Blake also states
that ". . . There is one relation, however, between the
free-air and surface temperatures that stands out
prominently, i.e., marked inversions are almost certain
to be followed by fog or low clouds every month of the
year."”

Measurements taken by Neiburger (1945) at coastal
stations and with a tethered balloon from a ship offshore
from southern California demonstrated the inversion base
height was fairly ccnstant along the coast and sloped
upward from the coast both landward and out to sea. He
also cites the lowering of the marine layer offshore during
the afternoon. Neiburger, Johnson and Chien (1961) pursued
the structure of the inversion offshore over the Zast
Pacific and concluded that the summer inversion was main-
tained by subsidence as air spread outward from the high
pressure center over the East Pacific. The upward slope
of the inversion away from the coast (atout 1:1000)
continued as far as Hawaii. There the summer inversion
average height was about 2000 meters versus 300 meters
average at the coast where they stated that the cold water
held it very close to the surface. According to them, this
slope was caused by the marine layer being located over
warmer and warmer water along a trajectory from California

to Hawaii; this increased convection under the inversion




which became less stable and higher. Diurnal variations
were noted at distances up to 500 nautical miles from the
coast. Edinger and Wurtele (1971) using data from two
summers (1966, 1967) produced both analytical and
observational results on the nature of the marine inversion
near the southern California coast. The afternoon inversion
base lowering noted by Neiburger (1961) was verified as
shown in Figure 1. Large variability was found in the
height of the inversion base over the area on any single
day. The averaged inversion heights for the months of
August-September 1966 showed a difference of 200 m between
the highest and lowest points. In the daily observations
clouds were more prevalent in the areas of higher inversion
base. The top of the marine layer was more irregular near
shore and in areas having the highest inversions. When

the overall marine layer was thicker, the top of the
stratus deck was more uniform. Stratus rows lined up

with the surface wind were observed, as were bow-wave-like
features down wind from the offshore islands.

The inversion base has been used as a forecasting aid
to indicate marine fog or stratus conditions. Leipper
(1948) used the height of the inversion base as one of
several indices to predict the likelihood of fog. Beardsley
(1976) used these Leipper indices to describe several fog
phases which were tied to height ranges of the inversion
base. Both found that marine fog did not occur if the
inversion base was atove U400 meters. This agrees with the

theoretical work done, for example, by Oliver, et al (1977).
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Inversion base height measurements have been taken from
temperature profiles measured by aircraft soundings off-
shore during CZWCOM '76. Additional BI (base of the
inversion, height) information was taken from shore or
ship raobs (radiosonde observations) involved in CEWCOM °'76.
The aircraft and shore station data are compared with each
other to determine the distance to which offshore winds
affect the marine layer to seaward. Phases are described
using the inversion base as the determining factor.
Correlation between inversion base height and local weather
is shown to be useful as a forecast guide for the occurrence
of marine fog along the California coast. The problem is
then to forecast the height of the inversion base near the
coast. The model indicates a means to make such predictions
by using an expected sequence of inversion height changes
and associated fog occurrence. The sequence arises out
of the descriptive model which has been tested in selected

fog events by Leipper (1948) and Beardsley (1976).
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IV. APPROACH

CEWCOM '76 (Cooperative Experiment in West Coast
Oceanography and Meteorology--1976) presented a unique
opportunity to observe the southern California coastal
marine environment. Through the comparison of data
obtained from many platforms including the Research Vessel
Acania, shore facilities at San Diego, San Clemente island,
San Nicolas island and Point Mugu, California, combined
with aircraft and satellite data, a comprehensive picture
of a marine fog event was obtained. The coastal marine
atmospheric environment was closeiy sampled over the period
from 23 September to 13 October 1976. During that period
a particular sequence of fog occurrences was observed and
monitored. Portions of the many measurements and
observations obtained and analyzed by the author are in

Appendix A, B and C. The reader will be referred to them

in the analysis of the data.

A. SELECTION OF DATA

Although the data were derived from several different
platforms using different measurement techniques and
sensors, they can be made compatible. The careful
combination of these measurements and observations should
contribute toward a comprehensive picture of the atmospheric
conditions during the occurrence of coastal marine fog.

The period from 3 to 12 Qctober was selected for several

reasons. First, it was the period for which aircraft strip
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charts were available. The main fog events occurred during
that time. Satellite imagery was available for that period
also. The flights took place in or near the shore stations'
reporting areas, for which the Leipper indices were worked
up (White 1977). The ship also operated in the coastal

area during this time frame.

B. SOURCES

Radiosonde observations were made at the shore stations
three or four times daily except on the weekends when
San Clemente island was the only reporting station. Using
these raobs and sea surface temperatures from the National
Marine Fisheries Service, Bulletin 76-9 (1-15 Oct. 76), the
Leipper indices were calculated (White in unpublished work
at NPS 1977). The occurrence or non-occurrence of fog was
also recorded.

The R/V Acania, operated by the Oceanography Derartment
at the Naval Postgraduate School in Monterey, California,
also made radiosonde observations several times daily
throughout the period studied. These likewise were analyzed
by Ledr. White.

The aircraft data were collected using a modified Turbo-
Bellanca aircraft owned and operated by Dr. Ralph liarkson,
President of Airborne Research Associates. The data were
recorded on an eight channel strip chart recorder amounted

in the aircraft. The following parameters were measured:

25




1. Air temperature (Rosemont probe)

2. Dewpoint (Panametrics aluminum oxide probe)

R. Infra-red sea surface temperature (Barnes PRT-5)
5.

6.

C.“ (temperature turbulence coefficient)
Rgfractive index of air (NAFI microwave refractometer)
Vertical electrical field intensity (radioactive

7. Conductivity (Gerdien tube)
8. Altitude

The four microphysics channels were not used nor was the
dewpoint, as the instruement saturated at 10°C and was not
usable for determining the offshore MI (Moisture Index).

This index required readings up to atmospheric saturation
which occurred at temperatures higher than 10°C for the
entire period. Air temperature, sea surface temperature

and altitude along with pilot commentary containing
navigation, visibility and weather phenomena were extracted
from the charts. The measured air temperature was calibrated
against other air temperature sensors in the aircraft and

L the Barnes PRT-5 output was compared to ship reported sea

} temperatures. Comparisons made between the aircraft and

| ship sea surface temperatures showed the aircraft measure-

' ments to te about b.s'c high when taken near the sea surface.
The sea surface temperatures recorded in the daily data
tables were measured at the bottom of each aircraft sounding

1 and have not been adjusted. The sea surface temperature

plot (Figure B-1l) was made using uncorrected aircraft data.
Satellite imagery was used to supplement aircraft

visual observations of cloud cover. 3low-ups of the mid-

morning IMSP (Defense Meteorlogical Satellite Program)

visual and infra-red imagery show the extent of the stratus
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and fog in the test area. Shore station, ship, and aircraft
observations in the same area provide verification in
differentiating fog from low clouds, which is not yet
practicable with satellite remote sensing alone. The
morning satellite analysis was blended with that from the
aircraft observations when practical as shown in the
weather depiction of 7, 8, 10 and 11 October when aircraft
observational coverage was sufficient. It was shown other-
wise as supplemental information on the remaining days of
the sequence when aircraft operations were more limited.
On 5 October the satellite imagery showed an area of fog
between Santa Catalina and San Diego in the morning that
had cleared by the time the aircraft sampled the area.
This provided the opportunity to identify and measure an
area where fog had just dissipated. On 11 October the
aircraft soundings H, I, J and K were in an area of active
fog formation which the satellite had previously identified
as clear of fog or stratus.

The remaining source of data was the National ieather
Service 18002 Surface Pressure analysis for each day of the |

period. The geostrophic wind was extracted for each day.

C. ARRANGEMENT

The data are located in Appendix A, "Daily Data". This
section contains the daily surface pressure analysis with |
geostirophic wind direction indicated by an arrow over Los

Angeles. Appendix A also contains tables of digitized

27




aircraft soundings for each day (Tables A-II). Each table

is arranged as follows:

1. Letter designation of each sounding and position.
2. Time and vertical direction of each sounding.

3. Air temperature extracted at designated altitude
levels.

4. The height of the inversion base and minimum
temperature observed at the base.

5. Potential temperature at the inversion base.

6. The maximum air temperature at the top of the
inversion and the altitude at which it occurs.

7. The sea surface temperature recorded at the bottom
of the sounding.

8. The temperature index for each sounding.
9. The cloud top and base or, in the absence of

clouds, the top of the haze if present and annotated on
the strip chart.

10. The surface winds observed from the aircraft.

11. The average pressure for the area that day taken
from the surface pressure analysis.

12. Any upper winds recorded.

The mean values for each day are listed in the second
column from the right. The far right column shows the
standard deviation. This is useful to show variability
of values and at what altitude the soundings were most
variable. The third section of Appendix A is a summary
of all soundings made by aircraft, plus ship and shore
station raobs closest to 16002 PDT for each day. The
aircraft-derived sea surface temperatures are indicated
by arrows under the aircraft soundings.

Additional data are displayed on the daily Indices
and Weather Depiction maps (Figures A-4, Appendix A).
Aircraft sounding positions, letter designator, time, 3I,
TI, Ts' and wind sstimates are shown. Leipper indices

and the occurrence or non-occurrence of fog are located

in designated blocks for each shore station and at the
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Research Vessel Acania. The remaining features on the maps
are the aircraft and satellite fog observation analyses.

Appendix B contains the sea surface temperature analyses
and Appendix C contains all additional data including
sample photographs of fog and haze taken by Markson in
flight, sample satellite imagery and a photo of the

aircraft.

D. TREATMENT OF AIRCRAFT DATA

Originally three of the measured parameters were to be
analyzed: air temperature and dewpoint versus altitude
and sea surface temperature. These would be comparable

to shore measurements. For reasons previously noted, dew-

pcint was dropped from the analysis. Sea surface temperature

and altitude were annotated on the strip chart and were
read directly. The air temperature required hand analysis.
A temperature scale was made, using calibration marks and
independent outside air temperature readings, and used to
analyze the pen line recording. This required frequent
recalibration of the scale as the calibration of the
recording device was quite variable. Accuracy of the
temperature readings is estimated to be *0.2°C.

Vertical soundings made by the aircraft were identified,
positions determined and time noted. The variation of air
temperature versus altitude was graphed for each sounding.
The analysis was restricted to vertical soundings for
several reasons including difficulty in extracting the

data, limited navigational fixing, and length of chart
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records (40 to 50 feet per flight). Also, the objectives

of the investigation favored vertical profiles for
comparison to shore stations. Positions of the soundings
are believed accurate to within two to three miles.
Because of the lack of dewpoint measurements the Moisture
Index and the Mixing Ratio were not calculated for the
aircraft soundings. The soundings for each day are
presented in Figures A-3 (a-j) along with shore and ship
raobs near the same time. Tabulated soundings and some of
the flight commentary statistics, shown in Tables A-II (a-j),
were used to describe the weather present on each day as
shown 11 Figures A-4 (a-j).

The National Weather Service surface pressure analysis
was analyzed for the geostrophic wind over the area.
Frictional effects were not included in the analysis in
order to examine the initial forcing element in offshore
flow. Resistance factors such as friction, opposing sea
breeze and topography do have modifying effects that are
important as to the resultant flow, but these are beyond
the scope of the investigation. The geostrophic flow is
indicated on Figures A-1 (a-j). The aircraft observational
data were used to verify the offshore flow. Aircraft
visual observations were used also as verification of
satellite imagery; first as to the location of clouds,
then as to their nature: high clouds, siratus or fog.

In order to analyze the aircraft soundings within the

context of a trend model such as proposed by Leipper (1648),
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the individual soundings were averaged for each day. This

provides a mean off-coast condition which is convenient
as the model treats each day as a whole segment. The time
of this average is taken as the mid-time between the first
and last measurement of the day. The averaged sounding

then can be compared with any shore raobs available on that 1

day.




V. DATA ANALYSIS

The analysis of the data is done in five stages: First
the data are reduced and presented in forms amicable to
examining both trends and specific features found in the
nearshore regime (Appendix A, B and C). Second, the
coastal sequential fog model, adapted for the nearshore
region using the aircraft data, is presented. The obtserved
fog sequence then is presented, day-by-day, focusing on
those factors or indices thought important to the progress
of each phase of the fog event. Frequent references are
made to graphical depictions in Appendix A. The day-by-day
descriptions are followed by a graphical recap (Figure 2).
The observed trends then are summarized.

The fourth stage is to compare the offshore Leipper
indices to those recorded at the two coastal stations,
Point Mugu and San Diego. This is done in order to
determine if indices derived at shore stations can be used
to describe offshore conditions. Finally, offshore
variability is examined to indicate the offshore areal
extent for which the indices may be usable. One additional
analysis is made to evaluate the use of the cloud or haze
top as an indicator of the height of the inversion base.
This method of BI idéntification has been used in previous

aircraft studies of the temperature inversion along the

California coast.
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A. THE SEQUENTIAL FOG MODEL

It was decided early in the analysis of the aircraft
data that common parameters must be used to compare the
offshore measurements with those observed from shore
stations. The shore stations had been evaluated for fog
indices and fog occurrence by White (1977), and that analysis
was available to the author. It was decided to attempt a
similar scheme whereby different types of fog days might
be identified by use of some parametric relation that
would define limits distinguishing one day from another.
The indices used by Leipper (1948) and applied by Beardsley
(1976) in a sequential fog model were assumed to be a good
first approximation of daily conditions. The geostrophic
wind was added later for trend analysis. It also had
some application in the daily data. For the convenience

of the reader, the sequential model and the fog forecasting

indices may be summarized as follows:

1. The Ideal Fog Sequenge

Beardsley (1976) describes an ideal Summer Fog
Sequence for use on the Monterey Peninsula using measurements
at local sites and the Oakland 0400 (local time) radiosonde.
That sequence was derived from the southern California

model described by Leipper (1948). His fog model development

there was based on shore station otservations of winter fog

sequences over a three-year period.

Prior to the start of an ideal fog sequencs, the

Zast Pacific High moves northeast and inland from its
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normal offshore position. This changes the orientation

e
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of the surface isobars so as to make them roughly

[ _ perpendicular to the southern California coast. The
anticyclonic circulation about the high brings dry

continental air downslope from the inland plateau. It

is heated adiabatically and flows offshore warm and dry. !
This assures the formation of a low inversion. |
Phase one conditicns expected to be encountered
along the coast show the displacement of the marine layer
and low level warming with no inversion yet developed.

The weather should be clear with light or no sea breeze.

During phase two, the offshore flow has moved the
marine layer well offshore, and 2 heated air column with
a surface inversion will be seen in the local morning 5
soundings. There may be some low haze or isolated fog

(most likely formed over cold water) but generally clear

conditions prevail.

Phase three is defined as follows: The height
of the inversion base lies between the sea surface and 150
meters elevation. The Zast Pacific High beings to retreat
to its normal offshore position and the offshore flow
decreases. Returning northwesterly surface winds lower the
surface air temperature and consequently strengthen the
inversion. TFog becomes patchy, occurring where inversion
height is greater and over cold water. The marine layer
f thickens, partly tecause of radiation cooling from its
top. The TI* has stabilized and the !1I* increases as the

* defined on the following pages
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marine layer becomes more saturated. Fog may clear over

most areas during the day leaving haze present, but the fog
returns at night.

Phase four (inversion base from 150 to 400 meters
in height) is typified by general cooling of the air
column above the marine layer. The TI decreases. Norfh-
westerlies freshen and fog becomes thicker, covers larger
areas and becomes persistent, extending farther inland at
night. Low stratus is evident during the afternoon.

With phase five the sequence is concluded as fog
does not occur with the high inversion (greater than 400
meters)z. The TI decreases to pre-sequence values as the
East Pacific High returns to its normal offshore position
precluding offshore flow. The upper air continues to cool
as the inversion increases in height and decreases in
strength.

The sequence may stop at any phase or even reverse,
depending on the strength of the offshore flow. When the
offshore flow stops the sequence will progress to conclusion.
The fifth phase may continue for some time as the persistent
stratus common in the summer along the California coast.

Important in the present connection is the fact
that no offshore data suitable for use were available when

the ideal fog sequence and forecasting indices were developed.

2This was deduced observationally by Leipper (1948)

and is consistent with the latest theoretical work (Oliver et al.

1977) .
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2. Indices

The indices for the Leipper fog model are used to
aid in the analysis of the CEWCOM '76 aircraft data during
the period from 3 October to 12 October 1976. They are
summarized below:

BI - Height of the Base of the Inversion, measured
above mean sea level in the early morning raob. A BI less
than 400 meters is favorable for fog; a greater BI indicates
a stratus condition. If no inversion is present fog or
stratus is not likely.

TI - Temperature Index: a measure of the presence
of warm Santa Ana flow over the coastal waters. A positive
value is favorable. A high value is indicative of a
potentially strong inversion. TI = Dt - Ts' where Tt is
the morning air temperature at top of the inversion and Ts
is the sea surface temperature closest to the reporting

station. Units are °C.
MI - Moisture Index: a measure of the relative
amount of moisture in the marine layer during the maximum

sez breeze. MI = Td(OOjOz)' Ty (on the previous fog day.)

Any value greater than (-5°C) is considered favorable.

M3 - Mixing Ratio: a measure of the moisture content

of the upper air. It is an indication of the effectiveness
of radiation cooling at the tor of the marine layer.

Measured at 3000 meters from the morning raob, a value of

3.5 grams per kilogram or less is favorable for fog development.
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These indices can be used as a measure of the
progress of the fog sequence, the relative probabilities
of fog occurrence, and areal extent of the fog formations.
The aircraft dervied indices cited were calculated using
insitu aircraft measurements and were not restricted to
the time constraints of the formal Leipper indices at the

shore stations.

B. THE OBSERVED FOG SEQUENCE

The observed fog sequence is now reviewed day by day
for the period 3-12 October 1976. On 3 October the fog
sequence was initiated by the East Pacific High moving to
a position 500 miles off the Oregon Coast. The geostrophic
wind over the CEWCOM area was 020°T at 12 knots (Figure A-1-a).
No inversion was detected either offshore or onshore in
the afternoon (Figure A-l-c). The Temperature Index
offshore was zero. No fog was reported along the coast.

A stratus deck was located west of San Clemente Island,
advancing shoreward with the sea breeze by late afternocon
(Figure A-4-a). Phase one conditions prevailed toth off-
shore and along the coast.

Phase two was expected for 4 October. High pressure
had extended over the State of Washington; however,
advancing low pressure from Mexico led to geosirophic
flow from 350°T a%t 10 knots (Figure A-1-b). Aircraft

observed winds at 1200 meters were estimated to be easterly

at 25 knots. The inversion base at 75 meters signalled




phase three conditions had already begun. The average
offshore temperature index was+4.3°C while San Diego had
an inversion at 173 meters with a temperature index of
+1.5°C. The moisture index has risen from -5.5°C on

3 October to -2.4°C on 4 October. Warming throughout the
air column had occurred at all stations through it was
greater in the northeastern sector. There was extreme
variability in the inversion base offshore from zero to
250 meters with stratus occurring in the area of maximum
inversion height at soundings E and F, shown in Figure A-3-b.
Fog occurred only at Point Mugu while offshore the stratus
deck retreated to the southwest.

On 5 October the geos*trophic flow remained about
northerly with a decrease to atout 7 knots. The inversion
height was uniform offshore averaging about 155 meters
The temperature at the top of the inversion had risen to
about 28 C with warming greater to the north. The inversion
was noticably lower offshore than at the coast as shown in
Figure A-3-c. Sounding C, made at the edge ¢f the advancing
stratus, showed the inversion base higher than in the clear
areas. Fog was observed at San Diego and Point Mugu along
the coast and offshore at San Nicolas Island. The San
Nicolas Island fog appears to be associated with the eastern
edge of the stratus deck (Figure A-4-c).

Phase four conditions were present both on and offshore
on 6 Cctober. The high pressure remained north over

southwest Canada with a ridge ex%tending offshore to the

38




southwest. Offshore flow in the CEWCOM area remained

northerly and weak. The inversion base increased to 235
meters offshore while the temperature at the top of the
inversion remained about 28°C. Stratus spread over the
offshore area where offshore flow moved southerly from
land but it was clear west of Point Arguello (Figure A-4-d).
Fog occurred only at Point Mugu where the inversicn base
was lowest on the morning raob. The temperature at the
base of the inversion had dropped steadily since the start
of the sequence.

On 7 October offshore flow from the north ceased as
the East Pacific high pressure was split by a low forming
off Oregon. There is some indication of offshore flow
from the east in the CEWCOM area but it is very light
(Pigure A-l-e). The inversion base lowered to an average
of 133 meters in the aircraft soundings which is reflected
on the afternoon raob from Point Mugu. The remaining shore
station BI remained above 200 meters. Phase four existed
onshore with Phass three indicated offshore. This iz a
possible artifact of a large afternoon effect. Warming
had continued at the top of the inversion with the average
temperature being 29.0°C. Point Mugu also reflects this
warming (Figure A-3-e). Fog occurred at Point Mugu and
San Nicolas Island and offshore at the edge of the stratus
off Point Conception and at San Nicolas Island. The
temperature at the base of the inversion was low, 18.2°C,
(Figure A-3-e) under the effect of a strcng sea breeze Ifrom

320°T at 20 knots measured off Point Arguello.
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On 8 October, offshore flow increased to about 10
knots and shifted to the east under the influence of the

Mexican thermal low pressure system (Figure A-1-f). This

easterly flow was estimated at 2000 meters to be 20 knots by
the pilot of the aircraft. A high pressure ridge extended
from over Idaho to 600 miles off southern California.

The inversion base lowered and left patchy fog as the
offshore flow shifted to the east. The progress of the

lowering seems to follow the geostrophic wind component

o

: as the fog and stratus retreated to the west and remained
off Point Conception over the cold water (Figure A-4-f).
This is reflected in the difference in aircraft soundings
(A through 7 reflect a surface inversion while G through K
show elevated inversions). The temperature at the top of
the inversion increased to an average of 29.5°C which is

f reflected also in the Point Mugu and San Diego raobs

. (Figure A-3-f). Thus, the sequence has shown a definite
reversal associated with the revival of stronger offshore
flow.

Dawn on 9 October was clear and calm. Offshore flow
was from the east to northeast. Along shore the marine
layer has been replaced by dry continental air though clcuds
existed some 100 miles or so offshore. A surface inversion

existed in all aircraft soundings with a2 shallow haze layer

offshore of San Diego (Figure A-U4-g). Phase two conditions
are observed offshore and along the coast. The temperature

s . o . . .
at the top of *the inversion was 31 C, indicating Santa Ana
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conditions. The Acania raob was considerably different

from all others as it was taken at a position to the
northwest of the experiment area and reflects the returning
marine layer farther offshore. Phase three is expected for
10 October.

Geostrophic flow returned to the north on 10 Cctober
but remained light. The inversion had increased to an
average of 115 meters offshore. 3San Clemente Island, the
only reporting shore station, had a weak inversion at 150
meters (Figure A-3-h). The inversion height was fairly
consistent throughout the area with the temperature at
the top of the inversion falling to an average of 27.5°C.
Fog was located in large patches along the coast with the
stratus deck offshore southwest of San Clemente Island.
There was a clear area between the deck and the coastal
fog. The Moisture Index onshore had increased from —6.7°C
on 8 October to -5.6°C at Point Mugu, the only station
reporting fog. In this case the offshore fog was much more

extensive than indicated by phase three conditions,

occurring almost all along the coastline but generally
just slightly offshore (Figure A-4-h). O0f particular
interest was the lee island effects observed by Markson
downwind of Santa Catalina Island (Figure C-1). TFog
persisted behind the island during the entire flight.

As phase three was expected and observed, the ideal

sequence pattern seems to have resumed.




The inversion on 11 October increased to an average of
275 meters with cooling at both the top to 24.3°C and at
the base to 18.5°C. Geostrophic flow continued from the
north; however, the East Pacific high pressure had moved
north extending toward the Oregon coast. San Clemente
reported an inversion base at 350 meters on the afternoon
raob while the R/V Acania had a 370 meter inversion
(Figure A-3-i). Fog was reported at three of the four
shore stations, consistent with phase four conditions.

Fog was observed reforming in the late afternoon in the
area of soundings H through K (Figure A-4-i).

On 12 October the aircraft remained close to San Diego
and wide area coverage was not possible. Satellite imagery
showed a general coverage of the area with stratus and fog.
The inversion base continued to increase in height to an
average of 365 meter:; offshore though the Point Mugu raob
shows the inversion decreasing to 250 meters. Geostrophic
flow was from the northeast at 10 knots as a high pressure
ridge was formed from Washington to a position 800 miles off
southern California (Figure A-1-j). Offshore flow also was
indicated in the warming at the top of the inversion to 27.9°C
in the aircraft soundings and to 30°C at Point Mugu. Agza2in,
Point Mugu leads the southern area in the appearance of

offshore flow. The 12th of October was the final day of

airecraft data.
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C. TREND SUMMARY

Figure 2 gives a graphical summary of the aircraft
observations throughout the fog sequence. The influx of
warm continental air over the coastal waters can be seen
in the progression of the average aircraft soundings for
each day of the sequence. As the warm air moves over the
water the inversion forms by 4 October and 1lifts and
strengthens on 5 through 7 October, with the concurrent
formation of fog. The fog sequence progresses through
bhase four until 7 October when increased offshore flow
reverses the sequence back to phase two which is reached
on 9 October. The flow diminishes and shifts to the north
on 10 October and the sequence resumes normal progression
to phase four/five on 12 October. Examination of the TI
and the offshore normal component of the geostrophic flow
reveals a controlling affect on the BI. As the ideal
sequence suggests, fog occurrence may be predicted to vary
with each phase. The maximum fog coveragze did in fact
occur on phase four days as shown in the fog cccurrence
figures at the bottom of the summary. Comparison of days
of similar phase shows similar offshore situations as seen
by examining the Daily Indices and Weather Depiction maps
in Appendix A. Phase two conditions on 9 Octoter are very

different from phase four conditions as seen by comparing

€ to 9 October. Conversely, the situations on 6 and 11

October represent the same phase and are quite similar.
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Averaged Aircraft Soundings, 3 - 12 October 1976
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D. COMPARISON OF SHORE STATION DATA TO AIRCRAFT DATA

The BI and TI were chosen to compare shore and aircraft
observations as they were the available indices at both
sites. Figure 3 shows a plot of the inversion height
measured at Point Mugu and San Diego during the morning
raob versus the averaged aircraft BI for each day. The
purpose is to determine if the relative changes in each
are alike, showing a common trend. The shore stations
did not make radiosonde observations on 3, 9, 10 and 11
October; however, there are enough common days to make a
comparison. Examining the graph day-by-day for discrepancies
between aircraft and shore immediately shows a mismatch
between the aircraft and Point Mugu on 4 October. The
effect can be explained by looking at Figure A-3-b and
A-4-b. The aircraft averaged BI does not reflect the
spatial differences in inversion heights which existed.
Just west of Catalina Island the aircraft measured
inversion was 250 meters which almost matches the 258
meter inversion measured at Point Mugu.

On S Qctober there was a very low inversion base at
Point Mugu associated with local fog. However, by 0800 PDT
the inversion had returned to 200 meters, comparing
favorably to the 155 meter average BI from aircraft
observations. The sixth of October showed good correlation;
however, on 7 October there was a large variation between
offshore and onshore readings. IZxamination of the shore

raobs near the midtime of the aircraft flight showed that
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the Point Mugu inversion had dropped from 324 meters to

100 meters, and San Diego from 419 meters to 230 meters,
compared to the 135 meter average recorded by the aircraft
(Figure A-3-e). The difference is a good example of
temporal change in the inversion characteristics caused

by the arrival of warm continental air pushing offshore
during the mid morning. Here the Leipper indices measured
from the morning raob lag the actual situation that is
occurring. Examination of the surface pressure analysis
for geostrophic flow (Figure A-1-e) for the morning does
not yet show the flow starting. The offshore flow had
started between sampling intervals of the model. The
remaining days seemed in phase as the sequence reversals
halted with phase two on 9 October; then the sequence

progressed to phase four/five on 12 October. Other than

some small diurnal effects and the spatial and temporal
variations noted, the BI measured onshore reflected
generally the conditions experienced off the coast as
sampled by aircraft during CEWCOM '76.

Making a similar comparison using the TI shows an
even stronger correlation between offshore and onshore
measurements. Figure 4 shows the comparison of TI as
calculated at San Diego and Point Mugu versus the aircraft

averaged TI.
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Figure 4. Comparison of TI; Aircraft to Shore

It is apparent that the trends at the shore stations are
closely mirrored in the near offshore regime. Thus,
predictions of fog occurrence made at San Diego using the
fog sequence model are applicable for use in the offshore
area. It is now useful to examine the areal extent for
which the fog predictions may be usable. The method chosen

examines the variability of the BI along and off the coast

from the San Diego area.




E. VARIABILITY OF AIRCRAFT MEASURED INDICES

Variability of the aircraft soundings was considered
in two aspects, spatial and temporal. Spatial variability
is shown graphically in Figure 5. Using the inversion base
as a specific measure of the character of the aircraft
sounding, a cross section was constructed along the coast
for the three days the aircraft traversed the length of
the coast from San Diego %to Point Arguello. The graphs
for each day shows distance upcoast from San Diego versus
altitude at which the inversion base was encountered. The
letter designator at each point indicates the sounding
used (Tables A-II and Figures A-3 and A-4). The purpose
for the analysis was to investigate the areal extent for
which the Leipper parameters measured at San Diego might
be valid.

October 7, a phase three day (Figure 5), shows a 3I
maximum difference of 80 meters between any two soundings.

The average inversion height is 135 meters. The maximum

height occurred off the northwest tip of Catalina Island
with the minimum height in the Santa Barbara Channel. O0Off

Point Conception there is a gradual step-up in the BI from

clear to fog to stratus sky conditions.
Cn 8 October the most dramatic spatial variation can
be seen off Point Arguello. A surface inversion was present
from San Diego to Point Conception with no variability.
The offshore region west of Point Arguello appears completely

decoupled from %the rest of the area. The difference
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Variability of the Inversion Base along the coast:
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between soundings G and K is 160 meters. The offshore flow
present over most of the area has not appreciably affected
the area west of a line south from Point Arguello. The
temperature at the top of the inversion was 2 to 4°C lower
than east of the line and the layer below the BI was
5 to 10°C colder. Heavy fog and stratus further offshore
are associated with the higher inversion base.

On 10 October the depiction was very similar to that
on 8 October. When cloud cover was compared to the sea
surface temperature plots (both aircraft (Figure B-1) and
GOSSTCOMP (Figure B-2)), it appeared that the clouds existed
over the cold water and where the geostrophic flow was not
offshore. Further south the situation was quite different.
0ffshore flow was experienced at the other fog locations
and the water was relatively warm. The fog was located
both in the lee of an island northeast of Catalina Island
and in the open waters off Point Mugu and San Diego. The
B3I varied between 90 and 130 meters in the fog patch just
off San Diego (Figure A-4-h). The average BI was 115 meters
and consistent with the patchy fog present. The maxiaum
difference in the EI between any two soundings was 80
meters.

Comparison of nearshore to far offshore soundings is
limited to those times the aircraft ventured close to the
consistent stratus deck located from 40 %to 120 nautical

miles from the coast. This is best seen in the 11 October

Indices and lieather Depiction map (Figure A-4-i).
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Soundings A and B are in the clear area about 30 miles
from shore whereas C and D are near or in the stratus deck
about 50 nautical miles from shore. As the aircraft sampled
closer to the offshore stratus deck the BI rose from 240
meters at sounding B to 400 meters at the stratus edge in
sounding D. This seems consistent with other soundings
close to the edge of the offshore deck. It also seems to
signal the effective limit to offshore flow lowering the
BI and Leipper indices applicability.3

Temporal variability was not easily deduced from the
aircraft data as the aircraft rarely revisited previous
sounding sites on the same flight. The Indices and Weather
Depiction maps do show three occasions on which revisits
detected temporal change. O0On 7?7 October movement of the
stratus deck toward shore in the San Diego area was
detected over a time difference of four hours. On 10 October
changes were noted in the shape of the fog patches off
Point Mugu and leeward off Santa Catalina Island. The
San Diego area on that day had soundings about five hours
apért just offshore. The BI changed from about 100 to 150
meters and a stratus deck was forming offshore from the
previous fog patches. 0On 11 October there was active
formation of fog just off La Jolla where only haze existed

at the beginning of the flight.

3 If calculated from the San Diego raob.
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Comparison of the top of the haze or clouds %o the

height of the inversion base demonstrated another feature

of aircraft sounding variability. It was..decided to check

possible correlation by a comparison of the height of the

inversion base to the height of the top of the haze or

clouds (fog or stratus).

This correlation was assumed

by Edinger (1971) when the tops of stratus were taken to

be about the same as the height of the inversion base.

The

following table records the daily average altitude at the

top of the cloud or haze and the height of the inversion

base if both were recorded during the soundings.

The

number of soundings used for the average are shown below

each column in Table I.

Date: 3 4 5 6 2 8
Haze/Cld. | 800 350 240 235 260 |- 280 {155 220 |900 40
Top (m)

BI (m) none | sfc 225 | 145 205 |- 235 {155 140 | 65 s*c
Differ- - - 350 15| 90 55 |- 4s 0 80 (835 u4o
nce (m)

# of obg. |2 O D G S o) 5 2 2 S
Date: 9 10 11 12 ave dif
Haze/Cld. | clear | 115 120 |245 44O |365 L20

Top (m)

BI (m) sfe 135 135 |[260 400 [300 400

Differ- - -20 -15 |-15 Lo | 65 20 18€ 35

ence (m)

% of obs.| € /R . R : A 12 2L

Table I: Cloud Tops vs. BI 3«12 Cot 76
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The difference between BI and the tops were calculated
for each day. The sequence average was also calculated.
For haze it was 186 meters based on 32 soundings and for
clouds it was 35 meters based on 24 soundings. After
removing four soundings on 8 October when a light haze
layer was recorded at an altitude of 1500 meters, the
average difference for 8 October reduced to 105 meters.
The overall difference between haze top and BI then became

82 meters.
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VI. CONCLUSIONS

From the analysis of the data in Appendix A it has
been determined that the near offshore aircraft soundings
were similar to the radiosonde observations at San Diego
within the confines of the phases of the sequential fog
model.

When the height of the inversion base had a large
variation the clouds or fog were generally found in areas
of higher bases.

The inversion layer itself can contain haze or clouds
above the inversion base and the top of the clouds or haze
was not always a true reflection of the height of the tase
of the inversion.

Satellite imagery provided valuable information on
offshore coverage of fog or stratus and was a remote
measure of the phase of the sequential model and thus of
inversion height.

The offshore flow has a large influence cn the inversion
height distribution in the souther California coastal area.
Wlhereas strong flow lowers the inversion base or moves the
marine layer offshore, cessation of offshore flow permits
the inversion base to lift and the marine layer to return.

The sequential fog model using the Leipper indices at
San Diego can bte a valuable tool in the forecasting of fog
offshore along the souther California coast. The model

for San Diego was valid for the off coast area from
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Point Conception south to the Los Coronados Islands and
out to the edge of the stratus deck as determined by
satellite imagery.

The speed and direction of the geostrophic flow as
determined from the surface pressure analysis was useful

in predicting the onset and progression of the Santa Ana

fog sequence.
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Aircraft Soundings 03 Oct. 1976 :
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Figure A-3-a Aircraft Soundings 3 Oct
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Aircraft Soundings 04 Oct. 1976
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1 il ¢ I I |

B T T T *’T
1200 4 t B €, D E Fi G Mean L1200
1209 4 ! f ! ! B Ralois]
= 800 J | | | ] | ] i 300
:_ 600 . A ! I | | ! | L g
2 400 I ! I | | | | L
200 I i ol | _
SEC Lee I 5 O R | | kg L aEe
=\ Rt K | Kb @ KRR AT
= 20 25 25 25 25 25 25 25 25 30
Temperature (°C)
Shore and Ship Soundings (afternoon) 05 Oct. 1976
Tsan Tpt.M sct | sNI | Acania .|
1200 4 ey L Featiy t i | 1200
1000 | | | I i | | i 1000
g e | | ! | | | r 200
jp Rl S ‘ ! | | { l eno
aan 1 A
2 . ! | \ ; L 400
2004 | | ! | | [ ! el
sFe S B e e ! | | sr2
L 23 28 2[5 23 :’5 i L z’s 1 3¢
Temreratire C)
Figure A-3-c Aircraft Soundings S Oct

81




T ——————————

Appendix A
Aircraft Soundings 06 Oct. 1976
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Aircraft Soundings 07 Oct. 1976
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Appendix B

GOSSTCOMP SEA SURFACE TEMPERATURE
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Figure 3-2 Weekly Satellite S.S.T.
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Appendix C

Figure C-1 Fog downwind from Santa Catalina Island.
Top 1400 PDT, Bottom 1800 PDT (Photos
by R. Markson.)
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Appendix C

Figure C-2 Catalina Island top half poking out 3
of haze layer.

Figure C-3 Common “Row Stratus" structure line up
parallel to the surface wind (Photos
by R. Markson.)
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Appendix C
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igure C-5 Satellite Infra-rRed Imagery on 8 Octoter
1976 at 15172
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