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ABSTRACT

This paper summarizes the results of seven field expeditions aboard the Naval Postgraduate School’s
R/V Acania, designed specifically to study the formation of marine fog along the California coast. On the
basis of observations and analyses, physical models have been formulated for the formation and persistence
of at least four different types of marine fog which occur off the West Coast: 1) fog triggered by instability
and mixing over warm water patches; 2) fog developed as a result of lowering (thickening) stratus clouds;
3) fog associated with low-level mesoscale corivergence; and 4) coastal radiation fog advected to sea via
nocturnal land breezes. In addition, it has been found that the triggering of embryonic fogs and further
downwind development produces a synoptic-scale fog-stratus system and is responsible for redevelopment
of the unstable marine boundary layer after Santa Ana events.

1. Introduction

Since 1972 Calspan Corporation has been cooper-
ating with the Naval Postgraduate School (NPS) at
Monterey, California, under the sponsorship of the
Naval Air Systems Command, in an investigation of
marine fog formation along the west coast of the
United States. Seven cruises have been staged aboard
the NPS Research Vessel Acania and more than 30
fogs have been encountered in the waters extending
from Arcata to San Diego and as far as 500 km to
sea. A series of contract reports has been published
describing specific portions of the investigation and
information acquired on each cruise. Descriptions of
instrumentation, fog microphysics and micrometeoro-
logical and mesoscale phenomena associated with the
fog life cycle may be found in these reports.

In this paper, the observed mechanisms of marine
fog formation off the California coast are discussed,
and the micrometeorological data and observed meso-
scale phenomena are consolidated into a descriptive,
synoptic-scale, phenomenological model of the fog-
stratus system. We begin by examining briefly the
conditions which lead to the formation of a new fog-
stratus system and the development of the unstable
marine boundary layer along the West Coast.

2. The role of fog in the development of the
unstable boundary layer

The synoptic situation along the southern California
coast is dominated by the Pacific High, typically

1 Present affiliation: Desert Research Institute, Reno, NV
89506.
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centered several hundred kilometers to the west and
south of California and producing surface winds along
the coast of the order of 4-8 m s~! from 330 T =+10°.
Typical soundings along the coast show the existence
of a well-mixed marine boundary layer topped by an
inversion at a height of from 100 m to perhaps 600 m.
The inversion is very strong, frequently exhibiting
temperature increases of 10°C in one to several hundred
meters. Above that level, the atmosphere is normally
dry with a near-neutral lapse. The fog-stratus system
exists within the unstable marine boundary layer
below the inversion.

Destruction of the unstable boundary layer occurs
when the Pacific High moves to the north and east
to stimulate offshore winds such as Santa Anas and

" to strengthen subsidence in the region along the coast.

The combination of subsidence and easterly winds
causes surface warming and sweeps dry air out to
sea to clear the region of all cloud and fog. When
the Pacific High moves back into its normal position
and Santa Anas break down, the winds return to their
normal 330° direction. As described by Liepper (1948),
the warm surface air blowing over the cold upwelling
water is then cooled to produce a surface based in-
version. The literature, however, does not provide an
explanation of how the inversion is raised from the
surface when the Santa Anas desist.

Observations show that fog-stratus systems fre-
quently form in a wedge-like pattern, widening to
the south, as depicted by the satellite photograph
shown in Fig. 1. The northernmost edge of this system
consists of a series of cloud or fog patches aligned in
the direction of the wind as in cloud streets. The
cloud or fog patches appear to grow to larger dimen-
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Fi16. 1. Skylab 2 photograph of a fog-stratus system off the California coast, 1306
PDT 2 June 1973. (Photo courtesy of J. Kaltenback, NASA, Johnson Space
Center.)

sions, ultimately merging in the downwind direction.
On two occasions the Acania was maneuvered to the
clear zone northwest of the cloud front, and on both
occasions surface-based inversions were observed, in
complete agreement with tlie aforementioned hy-
pothesis. However, at all locations within the cloud
system, the inversion was based aloft. Obviously,
phenomena occurring at the edge of and within the
fog-stratus system caused the inversion to be hfted
off of thée surface.

a. Fog formation over warm water paiches

In August 1972 we cruised beneath a stratus overcast
into- a patch of fog and turned the Acamic upwind
to examine the region of fog formation. This particular
fog patch was wedge-shaped in the vertical as illus-
trated in Fig. 2. The low-level temperature and
visibility data obtained in this fog are presented in
Figs. 3 and 4. As shown in Fig. 3, a surface-based

inversion existed in the clear region upwind of the fog.
Lifting of the inversion base was observed initially
at the upwind edge of the fog. Within the fog, the
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F1c. 2. Profile sketch of the upwind edge of a fog patch formed
over warm water, 30 August 1972,
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low-level temperature profile was superadiabatic, indi-
cating an inversion aloft at levels above a height of
20 m. It should be noted that the wind was blowing
from over cold water to warm water in the region of
fog formation. The upwind edge of the fog is indicated
in Fig. 4 by visibility data at a height of 5 m, but
fog was actually observed in a shallow layer at lower
levels for several hundred meters upwind of the point
shown. The Acania sailed several kilometers upwind
of the fog, reversed its course, and reentered the fog
at exactly the same location as observed on the pre-
ceding leg of the cruise. The fog was definitely attached
to the patch of warm water.

From the temperature data it is apparent that,
upwind of the fog, heat was being transferred from
the relatively warm, clear air to the cold surface.
Within the fog, however, heat was being transferred
from the warm surface water to the colder air. The
cooling of the air and lifting of the inversion off the
surface, therefore, cannot have been a result of transfer
of heat to the surface. Since the fog was repeatedly
observed attached to the warm water and since cold
advection was not observed, the cooling of the foggy
air must have been due to radiation to the sky from
condensed liquid water.

Fog formation triggered by patches of warm water
has been encountered on seven different occasions
during this investigation. The most dramatic example
is illustrated in Fig. 5. Here it is evident that low
level air temperatures were responding to changes in
water temperature upwind of the fog, and no mea-
surable changes in visibility were observed in that
region. As the ship encountered the fog patch, a sharp
increase in surface water temperature was observed
simultaneously with a sharp decrease in air tempera-
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F1c. 3. Selected vertical profiles at indicated positions relative
to fog edge, 30 August 1972,
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Fic. 4. Visibility, air and sea surface temperature data ob-
tained while cruising out of the upwind edge of a fog patch
formed over warm water, 30 August 1972,

ture. Reversal of ship’s course revealed that the fog
front was attached to the patch of warm water.
Obviously, cooling of the air and lifting of the inver-
sion above the surface must be attributed to radiative
cooling of the fog liquid water.

It was postulated? that the mechanisms responsible
for the formation and persistence of such fogs are as
follows. Extreme stability in the surface-based inver-
sion upwind of the warm water prevents the mixing
of moisture evaporated from the surface to higher
altitudes. A thin, nearly saturated layer of cool sur-
face air is thus formed. Upon encountering the patch
of warm water, the direction of heat transfer across
the surface is reversed and stability at the surface
is destroyed. The resulting mixing of the newly formed
warm surface air with the near-saturated cool air
produces initial condensation in accordance with the
process first described by Taylor (1917). Radiation
from condensed moisture immediately above the sur-
face cools the newly formed fog layer, enhances the
low-level instability and promotes more energetic
turbulence. In addition, the presence of the cold fog
represents a sink for moisture and thus enhances
evaporation from the warm sea surface. Mixing

*Mack, E. J., R. J. Pilié and W. C. Kocmond, 1973: An
investigation of the microphysical and micrometeorological
properties of sea fog. Rep. No. CJ-5237-M-1, Calspan Corp.,
Buffalo, N'Y 14225, 39 pp. [NTIS AD767376].

Unauthenticated | Downloaded 10/08/24 08:48 PM UTC



3000 — )
2000
€ 1000
> -
o -
-d
§ 500:
@
S 300}
200}
jool—L 1 1 1 11 411 ]
WIND DIRECTION ~——3»
< WATER
w
o©T
oo |
-
<
[+ o
w
Q.
s
w
[ 0
p—L 1oy T
0 1 2 3 4 5 6 7 8 9 10 11 312

DISTANCE (km)

F1c. 5. Visibility, air and sea surface temperature data as
functions of distance obtained while cruising into the upwind
edge of a fog patch formed over warm water, 10 July 1973.

proceeds to progressively higher levels in the downwind
direction, forcing the fog to grow vertically. As vertical
growth proceeds, radiative cooling from fog liquid
water continuously moves the inversion to higher
levels. Oliver et al. (1978) subsequently treated the
case of fog formation by advection of stable air from
over cold to over warm water in their second-order
closure model and verified these hypotheses.

The case studies illustrated above describe one
mechanism by which the initial fog forms in the
previously stable boundary layer. A secorid mecha-
nism by which fog forms to raise the inversion above
the surface is by what we®4 have termed the coastal
radiation process. In many cases on the nights im-
mediately following the termination of Santa Anas,
radiation from land surfaces, particularly in coastal
valleys, produces radiation fogs which drain onto the
ocean via the nocturnal land breeze. The advection
of this cold air over the relatively warm water estab-
lishes an instability which permits continued fog
development by the mixing process as radiation
proceeds from the fog top and raises the inversion

3 Mack, E. J., U. Katz, C. W. Rogers and R. J. Pilié, 1974:
The microstructure of California coastal stratus and fog at sea.
Rep. No. CJ-5404-M-1, Calspan Corp., Buffalo, NY 14225,
67 pp.

¢Mack, E. J., R. J. Pilié and U. Katz, 1975: Marine fog
studies off the California coast. Rep. No. CJ-5607-M-1, Calspan
Corp., Buffalo, NY 14225, 80 pp. [NTIS ADA016958].
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aloft. This process may be responsible for the northern
vertex of the fog-stratus system being attached to the
coast as shown in Fig. 1.

A third process which could produce the initial fog
patch is direct cooling from below as near-saturated
air advects from over warm water to over cold water.
While this process is described by numerous authors
(e.g., Taylor, 1917; Liepper, 1948; Rhode, 1961), it
has never been observed during this investigation
along the West Coast. We have one verified case
study of a “cold water fog” which occurred off the
coast of Nova Scotia.®

These observations and the explanation of fog
triggered by patches of warm water are certainly
important. However, an equally important conclusion
to be drawn from these observations is that the un-
stable marine boundary layer along the West Coast
is frequently formed by the lifting of the surface-
based inversion by radiation from fog liquid water.

b. Dynamics of fog streets

To this point only the mechanisms by which the
initial fog forms and causes initial lifting of the in-
version base off the surface have been described.
Numerous processes occur within this unstable bound-
ary layer to stimulate production and growth of more
extensive stratus and fog and aid in the further de-
velopment of the unstable marine boundary layer.
One of the more important of these processes is the
formation of fog streets.

Cloud (fog) streets, such as are evident at the
northwestern boundary of the cloud system shown in
Fig. 1, were encountered on two occasions during the
Acania Sea Fog cruise of 1974. Fig. 6 ‘presents the
visibility data obtained while cruising crosswind
through one of these regions and shows that con-
densed moisture existed at the surface, verifying that
these were really fog streets. Individual fog patches

ACANIA SEA FOG CRUISE 1974
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Fr6. 6. Visibility data as a function of distance obtained while

cruising crosswind through a series of fog patches, 23 August 1974,

§ Mack, E. J., and U. Katz, 1976: The characteristics of
marine fog occurring off the coast of Nova Scotia. Rep. No.
CJ-5756-M-1, Calspan Corp., Buffalo, NY 14225, 174 pp. [NTIS
ADAO027379].
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ranged in width from 0.5 to 2 km, consistent with the
example presented in Fig. 1. Vertical temperature
profiles show that an unstable boundary layer existed
over the region represented by Fig. 6.

The visible profile of all fog patches along the
direction of the wind was approximately as sketched
at the top of Fig. 7. The upwind edges of the indi-
vidual fog patches were attached to the surface as
indicated. Downwind from the leading edge at dis-
tances ranging from several hundred meters to several
kilometers, the fog base lifted off the surface and
cloud persisted as stratus aloft for equivalent distances
downwind before dissipating.

The specific profile in Fig. 7 was drawn to match
the general picture described above and to agree with
the visibility and temperature data obtained as Acania
cruised upwind along the approximate centerline of
one of these patches. The temperature data shown in
Fig. 7 were obtained at four levels, but to avoid con-
fusion, only the surface and 3 m curves are included.
(After leaving the upwind edge of the fog, the track
was continued for ~18 km in an attempt to enter
the next fog patch. We succeeded in cruising beneath
a stratus tail but a change in sea state forced a reversal
of ship’s course to protect the instrumentation mounted
on ship’s bow.) Temperature data show that a truly
surface-based inversion was never encountered in this
region. Upwind of the fog patch, air temperatures
responded to very gradual changes in surface tem-
perature. We cannot explain the small patch of fog
that existed between 8 and 12 km. It’s dissipation
coincides with the sharp decrease in temperature
between 12 and 13.5 km. Formation of the larger
patch of fog is correlated with the reversal of the
surface water temperature gradient, which begins at
13.5 km, along the wind direction.

Two important points should be noted from these
temperature data:

1) Within the fog, air temperature did not respond
to changes in sea surface temperature; instead, air
temperature initially dropped more rapidly than water
temperature and, later, downwind of the 20 km posi-
tion, air temperature gradually increased over a region
of colder water.

2) The atmosphere downwind from (i.e., exiting)
the fog patch was approximately 0.5°C cooler than
the surface air entering the fog at its upwind edge.
Apparently, longwave radiation, beginning with the
small fog patch, was responsible for cooling of the
foggy air. Surface air warming downwind of the
visibility minimum was more closely correlated with
improvements in surface visibility.

Oliver et al. (1978) attribute the daytime evapora--

tion of lower portions of stratus clouds to direct
absorption of solar radiation. Because of the difference
in absorption coefficient of clouds at long wavelengths
(terrestrial radiation) and short wavelengths (solar
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Fic. 7. Visibility, air and sea surface temperature data, and
a schematic representation of the vertical profile of a fog patch
as functions of time and distance along the wind direction,
24 August 1974,

radiation), they point out that longwave radiation
from the cloud top overcompensates for absorption of
solar radiation in that region and causes stratus cloud
tops to persist. The bases of thick clouds, however,
are in radiative balance with their surroundings at
terrestrial radiation wavelengths, but shortwave solar
radiation penetrates to that level to produce direct
cloud droplet warming and low-level cloud dissipation.
This process undoubtedly contributes to dissipation
of the downwind edge of the fog, leaving persistent
stratus aloft. This process, perhaps combined with
dynamic processes, is probably responsible for the
characteristic fog patch profile depicted in Fig. 7.
While these data constitute our only measurements
obtained when cruising upwind through the patches
of fog streets, we suggest the following processes as
being important. As described in the previous section,
the clear air upwind of the fog-stratus system advects
over cold water where it is conditioned for fog forma-
tion, i.e., surface air is cooled, stabilized and moist-
ened. An encounter with a patch of warm water
stimulates mixing and initial fog formation. Radiation
from condensed water raises the inversion above the
surface only where the initial fog patch exists. With
the dissipation of this fog patch, the air downwind
of the fog is left cooler than that entering its upwind
edge. As the low-level atmosphere encounters the next
patch of warm water, it is now better conditioned
for fog formation than air flowing between initial fog
patches, and a larger fog forms. This fog, in turn,
dissipates but leaves the boundary-layer air even
more conditioned for fog formation; and the process
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Fic. 8. Visibility, inversion height and lifting condensation
level as functions of time and distance in a fog formed through
the stratus-lowering process, 9 October 1976,

continues. The likelihood of fog formation in the air
immediately downwind of the fog patch is greater
-~ than on each side so that cloud (fog) streets are
produced. Gradually downwind, the individual patches
become so large that adjacent patches merge, pro-
ducing a band of continuous fog. By this time, radia-
tion from the continuous fog top maintains and
enhances a continuous, stable inversion aloft, capping
an unstable boundary layer beneath.

3. Stratus formation aloft and fog formation by the
stratus lowering process

A variety of dynamic processes determine where
fog and stratus clouds form in the unstable boundary
layer. Anderson (1931) showed that California coastal
stratus occurred as a result of adiabatic cooling
whenever the inversion base rose above the lifting
condensation level. Petterssen (1938) using the same
techniques, i.e., temperature and humidity soundings
by aircraft, verified these conclusions. Anderson also
recognized that as a result of radiation, instability is
developed just below cloud tops and caused downward
growth of the cloud base. If the initial inversion is
sufficiently low and radiation persists for a sufficient
period of time, Anderson concluded that this “stratus
lowering” process produces fog at the surface.

These phenomena have been observed on a number
of occasions at sea during the current investigation.
One case, illustrated in Fig. 8, vividly demonstrates
the process. Acania was cruising westward (crosswind),
from Point Conception (~60 km west of Santa
Barbara) under completely cloud-free conditions, and
a continual increase in inversion height was recorded
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with the NPS acoustic sounder. At approximately
0735 PDT, initial condensation was observed aloft in
the form of very thin fracto-cumulus clouds. Within
minutes the broken cloud cover merged to a com-
pletely overcast stratus deck stretching from horizon
to horizon. By 0800, initial visibility restrictions were
observed as the stratus base lowered to the surface.
Fog and solid stratus persisted for approximately 5 h
until 1300 when the first break in the overcast was
observed. Subsequent calculations presented in the
figure showed that within the accuracy of the mea-
surements (~0.2°C on wet and dry bulb temperature),
the presence of the fog-stratus layer correspondedvery
well with the period during which the inversion base
exceeded the height of the lifting condensation level.®

Because of the motion of the ship, we do not know
what part of the observed inversion height change
was due to our change in position and what part was
due to a change in height with time. Since the visible
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8 Mack, E. J,, U. Katz, C. W. Rogers, D. W. Gaucher, K. R.
Piech, C. K. Akers and R. J. Pilié, 1977: An investigation of
the meteorology, physics, and chemistry of marine boundary
layer processes. Rep. No. CJ-6017-M-1, Calspan Corp., Buffalo,
NY 14225, 123 pp. [NTIS ADA0476137.
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Fi6. 10. Schematic representation of fog formation through the
stratus-lowering process.

sky was completely clear prior to 0735 PDT, we are
confident that some height change with time existed.

With earlier measurements (Fig. 9) made from the
Acania near the Farallon Islands (~40 km west of
San Francisco) in 1973, we added to Anderson’s de-
scription of the stratus lowering process with the
conceptual model depicted in Fig. 10. Persistent
stratus present from early afternoon appeared to
remain unchanged until near sundown. At that time,
observations of the 100 m high peak of the south
Farallon Island indicated that stratus bases were
gradually lowering. Shortly thereafter temperatures
in the surface layer up to 20 m began to fall and the
20 m dewpoint began to increase. Initial droplets were
observed at the surface at precisely the time at which
the humidity increase’ terminated and the air tem-
perature decrease stabilized. Sensitivity limitations of
the transmissometer caused by the short path length
used on that cruise prevented observation of the
associated visibility restriction until the value dropped
below 2400 m.

The model postulated that net radiation from the
stratus top caused rapid cooling, which created an
instability beneath the inversion, causing turbulent
transport of cool air and cloud droplets downward.
Evaporation of droplets beneath cloud base caused
the increase in humidity. This, coupled with the
cooling, lowered the level at which saturation occurred
and the base propagated downward.

7 The offset in dewpoint from air temperature at the time
of dense fog occurrence at the surface was probably due to
a calibration offset of the lithium chloride dewpoint sensors.
These devices do not provide absolute measures of dewpoint
when contaminated by sea salt, but the data are valid in a
relative sense.
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Fic. 11. 1000 m visibility isopleth, sea surface isotherms and
ship’s track for the fog of 26-27 August 1974. (Time, from
1600 PDT on 26 August to 1130 on 27 August, is shown along
ship’s track.)

Oliver et al. (1978) performed a detailed analysis
of the stratus lowering situation with their second-
order closure dynamic model and verified these pos-
tulates. Their analysis explains the relationship be-
tween sunset (and the termination of shortwave solar
radiation) and the stratus lowering process in sub-
stantial detail. It is particularly important to note
that their analysis indicates that the stratus lowering
process can produce fog at the surface only when the
inversion base is below 350 m, in excellent agreement
with the experimental observations of 400 m by
Leipper (1948) and all observations made from the
Acania on this program.
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26-27 August 1974,

4. Fog stimulated by low-level convergence

Another important class of dynamic processes which
can stimulate stratus cloud and fog formation within
the unstable boundary layer is illustrated by the case
of a fog which occurred on 26-27 August 1974. Fig. 11
shows the sea surface temperature distribution in the
region and the 1000 m visibility isopleth of the fog.
These data were acquired from Acania as she cruised
along the track illustrated by the dashed lines. The
Acania had been cruising within a 150 kmX150 km
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area to the north and west of Cape Mendocino during
the previous week. Fog and stratus had been en-
countered through most of that week, so that it is
certain that the region was beneath a raised inversion
even though data to be presented subsequently will
reveal the presence of a $econdary surface-based in-
version immediately upwind of the 1000 m isopleth.
During late morning of 26 August as Acania cruised
toward the coast, a region of complete clearing was
encountered southwest of Cape Mendocino (~350 km
north of San Francisco). A small patch of surface
fog was observed approximately at the Cape, and the
ship was directed toward that point. Wind was 3.5 m
s7! from 330° exactly the same as ship’s motion.
At approximately 1600 PDT, a sudden reversal in
wind direction occurred and wind speed increased to
6 m sl Simultaneously, the small patch of fog “ex-
ploded” into the system described below. The fog
formed over the. coldest water encountered during the
cruise, and there is a correlation of the 1000 m visi-
bility isopleth with the 12 and 13°C sea surface
isotherms. Clear air persisted over the warmer water
to the west while fog persisted to the east.

Fig. 12 illustrates the low-level - air temperature
distribution inside and outside the fog system. At all
locations, the air upwind of the fog was warmer than
the sea surface below while the air within the fog
was colder than the sea surface. It is evident that
heat was being transferred from the clear air to the
water upwind of the region of fog formation. Once
fog formed, however, heat was being transferred from
the ocean surface to the air. The existence of cold
water, therefore, could not be responsible for the
observed cooling and persistence of this fog over the
20 h during which it was observed.

The particular ship’s track used in this case study
was selected because it was suspected from previously
obtained data that convergence had been responsible
for fog formation. This track permitted stopping of the
ship for acquisition of the best possible measurements
of wind speed and direction at each location considered
to be important. Fig. 13 presents these wind data
along with isopleths of visibility. The scale shown in
the legend provides quantitative information on ob-
served wind speeds.

It is apparent from the data shown in Fig. 13 that’
upwind from the region of fog, winds were in all
cases from ~330° with speeds of 4-8 m s~'. Within
the region of fog, wind speeds were consistently lower
and in some cases directional reversals were observed.
A region of persistent low-level convergence is ob-
vious from the data. Using the data shown in Fig. 13
the convergence pattern throughout the fog was com-
puted by graphical means. Except for the region of
obviously chaotic winds in the northern portion of
the fog, divergence values ranging from —0.7X10~4
to —2.7X10~* s! were determined for all regions
within the fog. The actual values computed are indi-
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cative of the levels of divergence present but are not
as significant as the fact that all values were negative.
These data show that persistent low-level convergence
existed within the boundaries of the fog for at least
20 h over an area of roughly 2500 km?,

Using these convergence values and the assump-
tion that wind velocity measured at the 20 m height
persisted to an altitude of 100 m, the average vertical
velocities within regions of the fog were computed.
Values ranged from 1-2 cm s~ always in the upward
direction for the entire period.

In considering the nature of the vertical velocities,
it is important to consider the three-dimensional
geometry and scale of the boundary layer. Recognize
that in Fig. 13, the region in which the convergence
pattern was calculated is approximately 110 km long
and 24 km wide. On the same scale, the unstable
boundary layer of 400 m thickness would be sub-
stantially less than the thickness of the paper on

which the figure is printed. It is difficult or impossible -

to contemplate a uniform vertical velocity of 1-2 cm
s7! extending over such a broad area of so little
thickness. The data, therefore, must indicate that an
organized pattern of persistent updrafts and down-
drafts existed within the area and that only the net
vertical velocity averaged over the entire area was of
the order of 1 cm s™!. Individual updrafts and down-
drafts existing within the region must have been
significantly stronger than the average.

Postulating persistent updrafts and downdrafts, the
effects of adiabatic expansion in this thin boundary
layer were explored using some further assumptions.
The Oakland sounding of 26 August showed that the
marine inversion was based at a height of ~400 m.
Assuming this structure extended to the region of the
fog at the same altitude, net convergence in the layer
below 100 m would have lead to net divergence im-
mediately beneath the inversion. Assuming also that
the surface air entering the fog at the upwind edge
ranged in humidity from 85-95%,, which is consistent
with measurements, the updrafts would result in
adiabatic cooling and condensation of approximately
600 mg m~ of liquid water at fog top. Downdrafts
(return flow) within the experimental region would
cause, by wet adiabatic compression, an evaporation
of precisely the same amount of water, and the result
would be no liquid water at the surface. In order to
explain the presence of liquid water at the surface
(i.e., the fog), some process other than adiabatic ex-
pansion and compression accompanying vertical mo-
tions must be postulated.

An important clue was derived from the measured
low-level temperature distributions shown in Fig. 14.
Air temperature within the fog was 1-2°C colder than
upwind air temperatures regardless of the wind tra-
jectory considered. It was shown earlier that the
observed decrease in temperature could not have
resulted from transfer of heat from air to water within

ET AL.
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FiG. 13. Wind vectors and visibility (m) isopleths in the fog of
26-27 August 1974.

the fog region. Furthermore, heat could not have been
lost in the upwind direction to the warmer atmosphere
on that side. It is known from the Qakland sounding
that heat could not have been transferred to the
warm air above the inversion. From previous mea-
surements at Vandenberg®®, it is known that during

8 Mack, E. J., W. J. Eadie, C. W. Rogers, W. C. Kocmond
and R. J. Pili¢, 1972: A field investigation and numerical simula-
tion of coastal fog. Rep. No. CJ-5055-M-1, Calspan Corp.,
Buffalo, NY 14225, 136 pp. [NTIS N7318648].

® Rogers, C. W., E. J. Mack, U. Katz, C. C. Easterbrook
and R. J. Pili§, 1974: The life cycle of California coastal fog
on shore. Rep. No. CJ-5076-M-3, Calspan Corp., Buffalo, NY
14225, 85 pp. [NTIS ADAG03392].
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Fi1c. 14. Air and sea surface temperature as functions of distance
into the fog of 26-27 August 1974.

daylight hours at least the hills to the east of the fog
were substantially warmer than the air over the ocean.
Therefore, the only process by which heat could have
been lost” from the fog was by radiation from the
fog top. _ :

Radiative processes, of course, produce cooling at
fog top and, consequently, additional condensation.
While the amount of liquid water condensed by wet
adiabatic expansion during the ascending portion of
the air flow is evaporated during the descending
portion of the air flow, the liquid water produced by
radiative cooling remains to be carried to the surface
by downward air motions. Thus radiation from the
fog top explains the presence of liquid water at the
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surface in the same manner as described in the stratus-
lowering process. :

Quantitative estimates of the amount of liquid
water expected at the surface can be made based on
observed temperature changes from upwind to within
the fog region. It was shown earlier that total cooling
observed at the surface ranged from 1-2°C. If the air
entering the fog had been saturated, a 1-2°C drop
in temperature would procedure 800-1600 mg m=3 at
the surface within the fog. These values are far in
excess of the liquid water content of 350 and 100 mg
m~? observed, respectively, in the northern and southern
portions of the fog. However, with the assumption
that air entering the northern and southern zones was
at approximately 95 and 859, relative humidity,
respectively, computed and observed liquid water
contents are in approximate agreement. Lifting con-
densation levels corresponding to these humidities are

-~100 and 200 m, respectively. Apparently, the surface

based inversion was sufficiently strong to prevent
mixing of surface air to the base of the large-scale
inversion until the energy of convergence was added
to the system.

The overall model of what is thought to be occur-
ring in this region is depicted in Fig. 15. Incoming
air at near saturation enters the region of low-level
convergence and becomes involved in a system of
organized upward and downward motion. The figure
depicts only one cell of this system, which must com-
prise many adjacent cells. Expansion during the upward
portion of the air flow produces stratus clouds aloft
with their tops at the inversion base. The convergence
pattern probably produces an upward distortion of the
inversion base as indicated in the artist’s conception.
Radiational cooling of the stratus top immediately
beneath the inversion base increases stability above

NET JRADIATION

INVERSION

RADIATIVE COOLING

INCREASED
LIQUID WATER * INSTABILITY

7/
L

CONDENSATION

CAPPING
MARINE
LAYER

F16. 15. Schematic representation of the vertical cross sec-
tion of fog formed as a result of low-level convergence and
radiative cooling.
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the stratus top and produces instabilities beneath.
Simultaneously, liquid water at stratus top is in-
creased. The return, downward flow, augmented by
this thermal instability, produces a wet adiabatic
warming which evaporates an amount of liquid water
equal to that produced during the initial upward
motion. The liquid water produced by radiative cool-
ing, however, persists to constitute fog at the surface.

With the large-scale inversion base already above
the lifting condensation level of surface air, as in this
case, formation of an extensive stratus cloud must
have been inhibited by the secondary, surface-based
inversion which was observed. In such cases, the
energy added to the system by the convergence pat-
tern need be sufficient only to overcome the secondary
inversion. If convergence patterns stimulate initial
stratus formation when the secondary inversion is not
present, the added energy must be sufficient to distort
the primary inversion to levels above the lifting con-
densation level.

From satellite photographs of this particular fog,
it is evident that the convergence pattern studied on
26-27 August 1974 was produced by an interaction
of the low-level atmosphere with the hills south of
Cape Mendocino. Hence shoreline effects may be
included in the model. We are convinced that processes
other than frictional effects, such as convection over
warm water patches,® can stimulate convergence
within the unstable marine boundary layer, so that
land is not a necessary part of the model.

5. Summary

A model describing the organization of fog-stratus
systems is summarized below and depicted schemat-
ically in Fig. 16. Prior to the initial formation of fog
or cloud, subsidence and Santa Ana winds clear the
marine atmosphere in the coastal zone. Both processes
cause warm dry air to come into contact with the
cold surface water in the upwelling regions. With the
termination of Santa Anas and subsidence, north-
westerly surface winds are reestablished. The warm
air blowing over the cold sea surface establishes
a surface-based inversion, creating conditions suitable
for fog formation.

At the shoreline, initial fog is often -produced by
nocturnal radiation processes over land, subsequently
draining over the ocean with the land breeze. At sea,
in the region of northwesterly winds, initial fog fre-
quently is stimulated by the passage of the cooled
surface air over warmer water. The instability created
by the warm water stimulates mixing to produce
initial condensation, i.e., fog patches. Radiation from
these shallow fog patches establishes the local inver-

1 Pilié, R. J., C. W. Rogers and J. T. Hanley, 1978: Applica-
tion of the Lavoie model within the unstable marine boundary
layer. Rep. No. 85-416, Calspan Corp., Buffalo, NY 14225,
12 pp.
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F1c. 16. Schematic representation of the organization of fog-
stratus systems off the coast of California.

sion at fog top and further promotes local low-level
instabilities, thereby producing a well-mixed layer and
enhancing exchange of heat and moisture between
the air and sea. The presence of the cold fog represents
a sink -for moisture evaporating from the sea and,
therefore, enbances net evaporation. The combined
results of these phenomena are accelerated cooling
of low-level air by radiation from fog liquid water,
a transfer of the inversion base from the surface to
a slightly elevated level, the accelerated addition of
moisture to the air mass, and near-adiabatic lapse
conditions beneath the local low-level inversion. These
processes thereby accelerate conditioning of the air
mass, priming it for more persistent fog formation
farther downwind, so that fog streets develop. Gradu-
ally, radiation from sequential fog patches raises the
inversion permanently off the surface.

Once the inversion base is elevated from the surface
and the unstable boundary layer is established, nu-
merous dynamic processes can stimulate fog and stratus
cloud formation. Important processes that have been
observed include gradual changes in inversion height
such that, in some regions, inversion height exceeds
the lifting condensation level. There, stratus clouds
are formed by adiabatic cooling. When conditions are
correct, the stratus lowering process can convert these
clouds into fog.

In addition, patterns of strong surface-level con-
vergence produce regions of persistent updrafts and
downdrafts within the unstable boundary layer, and
with the inversion sufficiently high, condensation oc-
curs aloft. Again, radiation from the stratus produces
additional liquid water which is carried to the surface
by downward air motion to produce fog.

Acknowledgments. This work was supported through
a series of contracts from 1972 to 1979 from the Naval
Air Systems Command, Code AIR 370C, and this
support is gratefully acknowledged. Further, the ac-
quisition of data such as described in this paper would
not have been possible without the complete coopera-
tion of personnel of the Naval Postgraduate School
and the crew of Acenia. We particularly wish to
acknowledge the support and enthusiasm of Dr. D. F.
Leipper, Chairman of the Oceanography Department,
and W. W.“Woody” Reynolds, Captain of the Acania.
In addition, the willing assistance and splendid co-
operation of Drs. G. Schacher, C. Fairall, K. Davidson,
T. Houlihan, R. Renard, G. Young and T. Calhoon

Unauthenticated | Downloaded 10/08/24 08:48 PM UTC



JOURNAL OF APPLIED METEOROLOGY . VoLuME 18

1286
and the crew of Acania (Chief, Ace, Chuck, Rod and Oliver, D. A,, W. S. Lewellen and G. C. Williamson, 1978:
Beaver) during the six years of this investigation are The interaction between turbulent and radiative transport
reatly a iated in the development of fog and low-level stratus. J. Atmos.
greatly appreciated. Sei., 35, 301-316.
REFERENCES Petterssen, S., 1938: On the causes and the forecasting of the
Anderson, J. B., 1931: Observations from airplanes of- cloud California fog. Bull. Amer. Megeor. Soc., 19, 49-55. .
and fog conditions along the southern California coast, 1°dhe B., 1962: The effect of turbulence on fog formation.
Mon. Wea. Rev., 59, 264-270. . Tellus, 14, 49-86.
Taylor, G. 1., 1917: The formation of fog and mist. Quart. J.

Leipper, D. F., 1948: Fog development at San. Diego, California.

J. Mar. Res., 7, 337-346. Roy. Meteor. Soc., 43, 241-268.

Unauthenticated | Downloaded 10/08/24 08:48 PM UTC



