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1. introduction

The U.S. west coast s a foggy area. According to
a chart from the Natlonal Climatic Data Center rapro-
duced in /84 Today (1983), the entire segment of the
West Coast from Los Angales to Seattle is one of the
three U 8. areas that experisnces the most dense fog
coourrences, Tha othar two are the mouniainiop area
it the Appalachians and an area in central New
England.

The chart is apparently based upon the amount of
feg at first-order National Weather Service (NWS)
stations. The three areas mentioned havs the most
days par year (some 60 days) when visibilities of one-
quarter mite or less occur. An éxception on the central
Cafifornia coast, surprisingly, is San Francisco where
the number of days drops below 80. The coastal area
from San Diego to Los Angeles, as does San Fran-
cisco, has fewer days of dense fog than 60 but still has
more than 40 days.

Wast Coastiogis amarinefog. tis anchored o the
sea. Although the coastal walersare cold year around,
the fog is not always thers, H is controlled by the
changing coastal atmosphere,

After defining fog, this review will list periinent
information sources, wil! summarize some relatad
climatofogical information, will indicate contributions
o knowiedge of West Coast fog in chronologica
order, and will desoribe how various contributions fead
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tothe conciusion that periods of West Coast dense fog
fall within & 5- 1o 15-day sequence of synoptic everts,
Further, fog sequences may be subdividad infe four
phases of fog development. There is evidence thal
these phases ooour along the L8, west coast from
San Diege northward through Oregon and possibly to
the Canadian border,

a. Definition

Coastat fog forecasiing is a different problem in
diffarent parts of the world, Unless otherwise desig-
nated, West Coast fog in this review will always refer
o U5, west coast fog from the Mexican to the
Canadian borders. Fog will be defined as dense,
moderate, or light according to whether the range of
visibility is Cto< T km, Tto<Skm orSio < 31 km. i
not otherwise specified, dense fog will he implied. The
focus of the review will be upon cases involving dense
fog. The definition of fog wilt notinclude the so-catied
Caiifornia high fog or stratus.

b. Focus on fog, not stratus

Many writers do not differentiste between West
Coast fog and stratus {e.q., Petterssen 1838; Gilllam
1962). By far the greatest number of studies are about
stratus, and observations are mads in the stratus
season. However, itis apparentfrom the literature that
the syneptic condition favoring a persisting stratus
regime is different from the condition favoring new,
dense fog formation. For stratus there is a strong but
refatively quiescient inversion hovering above 400 m
atcoastal stations. For fog there is an unusually strong
mversion with fittle moisture aloft varying day to day in
height through levels below 400 m.

As will be discussed later, dense fog and stratus
change thickness differenily, New incidences of West
Coastfogincrease inthickness by upward growth until
the thickness reaches 400 m, Stratus at the cosst and
offshore has a generally level top (usually above
400 m and near the inversion base), which varies litile
diurnally. Stratus varies In thickness by downward
growth or recession (8.q., Byers 1830).

Fog and stratus have different seasons. I U8,
Army Air Force (AAF) (1844) statistics are corrent, the
West Coast dense fog season differs from the ow-
ceiling period. In San Diege, Oceanside, angd San
Francisco most dense fogs occur in winter from Sep-
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tember through March, while most low cellings ocour
: m Juns hrough September, Stations
fand have maxima of dense fogs and of low-

ceffing periods, which coincide. '

Unteriunately for fog research, many of the Wast
Coast feld experiments have baen conducted in the
stratus season, {8.g., Albrechl e &l 1888 and refer-
ences thereln) and thus have not provided much data
of valug in dense fog forecasting.

2. Literature

There is rich and vared literature pertaining o U.S.
wast coast fog and siratus. For example, Alr Weather
Service (1854) contains abshracts of 44 West Coast
fog studies as well as 217 other fog and stratus
studies. The Proceedings of the Second American
Meteorological Soeiety Conference on Coastal Me-
tearology, 1980, ists 25 West Coastiog papers. AMS
publications~in particular, Meteorological and
Geoastrophysicat Abstracts {MGA)--Hist many more,

a. Published refsrences

Whan the MGA abstracts are searched from 1870
through 1892 for Yorecast,” thare are 14 348 entries,
for “fog” there are 1588, for “fog forscast” the number
is B8, and whan "West Coast” is added to the descrip-
tors, the number drops 10 8. Only 8 of the 8% and 1 of
the 9 ware chosen to be included in the reference list
attached to this roview. s irferesting that 50 few of
the references listed would have besn found in &
computer search of the topic. Most have come to
attention over the years through a long-time interest
in the sphisct,

The abstracts do not seem to include M.5. theses
or Ph.D. dissertations, and they include only an occa-
sionalinstitutional or contract research report, Articles
contalned in conference preprints or procesdings are
apparenily not retrisvad uniess the title of the confer-
erce {its the descriptors utiized.

Reviswing the raferesd and the gray Hteratures with
West Coast fog forecasting i rind, over 100 refer-
ences were ssigoted as being most useful, Twenty-
two of these are dated 1880 orlater; 5 wears published
i the lest three years, Seventy were used for this
background summary,

in order 1o hold the reviaw to & reasonable length,
referances have been used in three ways. There are
sompigte quotations from only & few referances. In
many oihar cases, there s a short dascription or
ation of the contents of the referenca. Finally,
me references that are used, as in a

¢ designate additions! sources forinior-
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b. Gray literaturs

lncompiiing the review, every effort has besn made
to find references from the referped fiterature. How-
BYer, 8 Maor raasch why the various pieces of West
Coast fog knowledge have not come together priorio
this review is that many ot the significant ones have not
appeared in the refersed Herature.

Many cimatological studies, reports containing air-
craft and ship dala {e.g., Calspan 1878), satellie
wnagery, descriptions of clear argas offshore and ihe
froms around them, and the relation of onshore ohser-
vations to offshore fog have been describedin reports
of lrmiled distribution, A number of these reports are
fisted among the references here and their importarnt
contributions are reviewsd.

Among the valuable references not widely distrib-
Hed are ten M.S. theses written at the Naval Post
graduate School (NPS) in Monteray, California. All of
the authors of these theses are naval officers with
some six years of naval experience, including time at
sea. Their thesis work was tha capstone of a two-vear
graduate curricutum in oceanography and meteorol-
ogy. Many of the theses ware done in conjunction with
CEWCOM {Cooperative Experiment in West Coast
Oceancgraphy and Maisorclogy). Thelr contributions
are significart. The theses are available at the NPS
and each contains a listing of the distribution made,
Distribution i3 unlimited and reproduction is authe-
rizet. The theses of students at other institutions such
as San.Jose State, UCLA (Univarsity of California atLos
Angeles), and San Diego State are additional sources.

Manuscripts and papers listed as references but
not readiy available have been collected and will be
offered for retention in the Reno Library of the Dasert
Research Institute. The Instiute is & division of the
University and Community College System: of Nevada.

¢. Information from fleld experiments

A number of exiensive field experimenis provide
information useful i developing fog forecast meth-
ods. A recent history of California siratocumulus fisld
sxperiments (Kioasel 1802} lists a number of evenis
providing data relevant o West Coast fog. An article
by Albracht st al. {1888) adds information about the
FirstIntermnationat Satelita Cloud Cimatology Proiect,
Regicnal Experimeant,

CEWCOM s 2 rmalor set of axperiments off the
California coast, not Isiad by Kioesel, condusied
betwaen 1972 and 1882 under Naval Air Systems
Command, U.5. Navy. The project was coordinated by
Murray R Schedzr. The considerable extent of ths
program ig descrbred in CEWCOM (1577). Thiz series
of mese- and micromeaieorclogical expetiments in-
volvet & ¢ sea network of radicsontde chaerve-
tion (RAQB; statione, shing, aircraft, balloons, and kites,
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fog iorecas ting eff
ipi(}(‘ of CEWCOM res

1%, refdrence

rm; r‘w‘:c:e o Felé at al {1979, Moonkesier
(1878, Backes {1877), Calspan (1974, 1878}, and

Arv;nfCaiapan {1983). The Pelid article summarizes
the resulls ofresearch cruises on a specially squipped
vassel manned by exparienced sclentific personnel
Fifteen of the 25 fog papers in the Procesdings of the
AME Second Conference on Coastal Meteorology in
Los Angeles in 1980 are from CEWCOM. These
proceadings also contain 4 number of aricles on the
Marine Atmosphere Boundary Layer Experiments
{(MABLES).

Another earkier bul highly significant set of expert
menis was that reported by Meneely and Merit
{1873). These authors related time sequencas of
satellite images of fog and clouds to pattems of sea
strface temperaturs during nine upwsiiing events off
QOregeon,

3. Pertinent climatological information

a. Clhmatology overview

Willett {1828) gives a good worldwide picture ¢f fog
and haze. F%enard £1876) includes a look at observa-
tlon, analysis, climatology, and marine fog forecast-
ing. Stavenson (1963) describes seafogs onthecoas!
of England. Baliard ot &l (1881} fully analyzes the
Haar of notthwest Scotland. Paimer (1817}, Byers
{1830}, and Patton {1956) giva early descriptions of
the fog off central California. Coast Piot (1963 and
other years) does this for the entire West Coast from
aseaman's view, Petierssen {1938) deals mostly with
stratus bui provides useful generad information enfog
and writes from the vantage point of a forecaster,

I gathering climatic data pertinent to West Coast
fog, some of the mogtintensive work was done during
World War T {1940--45), Thus, there are a r*{mber of
references from that era. Before that time, v the
period from 1410 to 1840, which lacked rafiar and
good ship-io-shore communication for weather data,
there were a larger number of active light stations
than there are now along the coast. Good records of
dense fog wers kepl al thesa stations. One of the best
artoles utiizing data from fight stations was pubdished
by Paimer {1817}

Checking with ciimatclogists from California and
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variables an n% s}e
tons would not bhe affected by c%n
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Some chmalological source malesials arg AAF
{1844), which gives fog and low-celling frequenciss

along the Pacific coast, AWS {1854), which summa-

rizes fog and siratus forecasting, Maval Weather
Service Command, U.S, Nawy, now NOC, Naval
Qceanography Command (NWSTH 19711, wiich has
sea surface lemperature and visbily maps; NWSC
(1974}, which has meteorological records ai siations;
and Renard and Willms (1875}, which covars North
Facific summer marine fog frequancies.

b. West Coast fog unigue

The fog situation on the West Coastis unique. The
major unique facior is the great strength of the low
wveersion (Blake 1948).

The second factor making West Ceast fog unigue
isthe presence of cool, upwelled waler along the coast
{e.q., Bakun et al. 1974; Meneely and Merritt 1973).

There are a few other regions in the world that have
somawhat similar air, waler, and topography siua-
tiong in rdiatitudes; ©. . . circumsiances are not
substantiaily different in the stratus zones of westemn
Morooeo, the Ecuador-Peru-Chile, and the south-
westetn African coasts” (AWS 18584; Taljzarg and
Schumanr 1840; Mass ot al, 1886).

o. Sea fogs other than West Coast fogs

Most ccean fogs such as those of the northem
Norih Pacific Cesan are gifferant from West Coastfog
since the northern ones are advective (Leipper 1848;
Renard and Wilims 1975; Jung 1983} Thay are not
associated with the sharp, low-level coaslal-ype In-
varsion. in the northern fogs, the relation of the
dawpoint 1o the sea surfacs temperature 8 the most
usefut indicator for the forecasier. The dewpaint rela-
tion is determined by the alr rajectory and by the
oceanwide patierns of sea surface tfemberaturs,

o. The years differ

In West Coast fog occurrences the years differ,
someltimes widsly, from each other. Al Point Loma
near San Diego, the average year had 433 hours of fog
white one year betwesn 1850 and 1957 had 1291
hours. Farther north the differances are less, with the
San Francisco lightship showing an average year of
1068 hows of fog with the maximum year in the 46
year record having 1674 hours {Coast Pilot 1963).
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a. More fog af tight stations
ftshouid be noted from the records offog, assumed
to be dense fog. at lighthouse stations (Palmer 1817)
that there are aboul five imes as many hours of fog at
these locallons near the land-sez inferface as there
are atthe National Weather Service, National Qoeanic
and Aumespheric Administration slations, which are
ugually spmawhnat inland along the West Coast. Point
iféey’m is exposed. and it racordad 1493 hours when
i foghom blew in an average year, while six other
hum. ouses south to Point Argusto all had more than
1000 howrs, Los Angeles had 805 hours of dense fog
at the fight station and San Diege 423 (Coast Pilot
1563). On the other hand, the NWS stations at San
Diego and San Franciseo had only 15% asmany days
of fog as did Point Reyes. gureka had 38% as many
[AAF 12445,

f Air-s8a temperalures

The averags West Coast sea surface tempera-
tures are low due to Upwelling. The towest, in the
range of 11910 12°C (2.9, Bakun etal. 1974; Peterson
1875) are along the central Calitornia coast.

The average surface air temperatures at coastal
stations at early morming RACE {radiosonde cbserva-
tion) time fend to be within 1°C of the sea surface
tamperature (Daz and Quayle 1380). Overthe ocean,
the air temperatures atthe dir-sea interface are equal
1o the sea surface temperaiure. Becauss of this, the
strong inversions that ocour are cleary much more the
result of heating of the air, which often atlains tam-
peratures of 15° to 26°C, or even 30°C, rather than of
cooling of the ssa surface. '

Cemra@ o a widsety held opinion, it doss not seam
that the usual gracgient of sea surface temperature nor
the axcess cooling causad by upwealling are critical to
Wast Coast fog development after iis initial shaflow
formation {Pelterssen 1838, Meneely and Mamift 1873;
Lsipper 1982). The San Diege area has neither cold
upwelied water nor strong harizontal gradients of sea
surface temperature but stit had 40 dense fog se-
suencesin a three-year period (Leipper 1947, 1948a).

Figure  shows an example where the air abovethe

mixed laver but below 1000 m was warmed some
15‘} by advection, but where the surface temperature
remained within roughly 1°C of its original value. The
cdally observed winds below 1500 m, the map analysis,
and the dally RAOBs for this event may be found in
Leippar {1868}, Many similar changes ocour.

g, The ccastal ranges and adiabatic nnaffng
The coastal ranges extend, with only one break
near Ban Francisco, along the entire West Coastfrom
San Diego ﬂonﬁ ard to Seatlle. Since thay vary in

B v e PR i W B g e d i e B
b czh*f”m 500 o as much s 2400 m, Ihe adiabatin

nieating that resuits from the dcmr;swpe Fobon varies
from approximately 57 10 24°C

inotishore fiow situations, tnm Jr?a 2 temperature

at the orest of the range s already hgh (B ak 1648}

Tha addittonal adiabatic heating of th&‘ air mags and
the advacton of thal air onto the coast markadly
strengthens and lowers the original subsidence inver-
ston. [t often replaces the entire column of air in the
iowest 1000 m at the coast. At the same tme, i
digpitaces any moist air above the inwersion {e.g..
Laipper 18488, 1968, i G982 Byers 19301

The ceastal mountain ranges, the socasionat off-
shore How, the cool oeean, the phasas offog develop-
ment, and the relation of offshors fog to obheervations
and forecasts made for coastal stations are strikingly
girnllar along the entire 1.5, west coast 10 ihe Cana-
dian border (Leipper 1982; Menesly and Merritt 1973,
Masgs and Albright 19871,

4, Historical perspective

a. Long-ferm programs

The model cutput statistics work of Renard o al.
{1980) and the Leipper (1848a, 1880a) inversion-
hased statistics (LIBSY aporoach showed systematic
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Honal support
pt)ll it Mugu b‘f fLC‘JE
and Les (1970
useful roaulis,
reporied in publications, which are mo
retical side, but based upon field siudies, ars thase
Teiaford and Chal {1884) and others 2t the Dasert
Hessarch instifute, ”?‘ STABLE (Sutre Tower Atmo-
spheric Boundary Layer Experimeant) (Miller 1878) is
another intensive intiative. was followsd by MABLES
{&.g., Van Patlen 19805
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. FPeriingnt coniributions {arranged chronologically)

11 Buaxe (1928)

Indescribing one slrong inversion obearved at San
Diego, Blake wrole, "How eige, except by dynamically
heated descending air, are we able 10 account for the
excessively low relative burmidity , .. %" Alsg, ™. . the
inversion layeris usually the rasult of subsidsnce of air
fromihe interior of the continent brought to the Califor-
mia coast oy the high-level antiovelons ... 7 in this,
“rought 1" are the significart words. that g, adves-
tior.

Blake also stated. *. | | marked inversions (> 5°C)
are aimost certain to be lollowed by fog or tow clouds
every month of the vear”

21 Bvess (1930)

Writing abeut the central California coast, Byers
fountd that haze traced the fimits of penetration of sea
air and that i appeared before fog. He said the
average thickness of fog was 400 m.

3) Perresssen (1838}

Petterssen found that radiation from the fog top led
to instability through the fog layer. He staied that it is,
“of crucial significance 1o be able o forecast whether
the inversion is going to rise or lower.”

47 Buage {1848}

Blake had, at this time, served 30 years as fore-
caster for NWS in San Diggo. Me tells how the phenom-
ena associated with the San Diego coastal fogs and
stratus are widespread and unifornm, Me states that the
only acceptable explaination iz in, “the sublropical Pa-
citic and the North Amarican anlicyciongs”

Then, “‘under normal summaer {stralus) conditions,
inversion haight, temperatures alolt, and maximum
surfacs temperatures troughout the whole of south-
arn Califarnia and Arzona were closely related " Also,
“oL.onot only is the march of sivdace temperature
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fog U‘@\'*‘{og}mem inthe San Dié; ofs
iowering of the inversion by offshare winds, z!m,
of the unstable fon layer by mcuinﬁm
top {see Tabie 1), the 1300-1 average thickn g5 for
iutty davelonediog, andfour stagss of fogdevelopmant,

i A

gl J’:c:'

} L8 {1853}
This is & useful theory of fog formation.
7y Rossvria {1874
This produced an extensive satsllite imagery siudy
of diurnal stratus variabliity,

8) Menesuy anp Mesgir (1873)

The writers, as mentioned above, reported on
sircraftand sateiilie observations of ning events off the
Oregon coast. They were strick by a sequence of
cloud palterns over the coastal waters that repeatad
ttsei from event 1o avent, This sequancs turns outio
be aimost identical to the seguence of events ob-
served in fog developments off the California coast.

9) Wheissien {1874) o Baokgs (1877)

VWithin this period, six Naval Postgraduate School
theses by Leipper students Wheeler {1874}, Misciasci
{1974}, Peterson (1875}, Evermann (1976}, Beardsiey
(1976, and Backes (1977} were on the subject of
West Coast fog. Of four othar Naval Postgraduate
Schoot students working on fog projscts, MeConinel
{1975), Koziara et gl. {1883}, and Rerard and Wilms
{1978 were athvised by Professor Renard, and MoClure
£1974; was Professor Tavior's student. These studies
provided tests and extensions of the fog developmant
process and its potentla appliications.

10y CEWCOM {1877) ane Pews g7 al, (1979)

This program from 1872 to 1983 produced many
reports, theses, and publications. One part of the
program was a series of seven cruises hrough 30 fog

vants that ted o exceilent descriptions of what hap-
pens offshore after a Santa Ana-type windg blows, as
wall as in other situations. CEWCOM observations
and research provided detailed measuremanis in the
favels balow 20 mand coprdinated them with synoptic
inf‘mmatmn and observations. i remo@ed on ihe sur-
ce nversions offshore, the initial formation of fog
over warmwalar, the importance of radiation alter fog
formation, and the decreasing control of fog, as i
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despens, by sea surface temperature. 11 verified the
average 400-m fog depth Bmitation,

11) Ouiver v oA, (18978)

This was a turbulent-advective description of fog
and low ciouds using second-order closwre. it found
ine 400-m thickness reasonable.

12 Lrispes (19804, 18801, 1082)

These were three articles written for presentation al
AMS conferences. They were an attempt to show the
geographically wxdebpread nature of the fog phases,
iodescribe the Leipperinversion-basad statistics (LIBS!
toracasting system devalopsd for Monterey, and to
show that only the areal average lemperature and not
the gradient of sea surface temperature wag involved
in West Coast fog afler its initial fog formation, appar-
ently over warm watst, in the lowest faw meters aver
the sea.

13) Arve/CaLapan (1683)

This was a project report concerning the final two
years of wark done by Calspan on West Coast and
other marine fog since about 1872, it included the
Pelig et al. {1973) aricle. It described the atfempt to
rate five numerical models and five nonnumerical
modeis in their ability fo forecast marine fog. Unfortu-
nately, Eugene Mack, the key full-ime person involved
in most of this work, did not live to see it carried on.

14) Tererorp anc Cral (1984), TeLerord anp Keox
(1588)
These authors presentsd detalled ana%yses of the
formation of celd fog in warm, dry air over coiderwater.
The mechanism is water vapor—driven convection.

15} Domman (1985)
Dorman foundindications of coastally frapped Kelvin
waves and an explanation for the "Point Arguelio eddy.”

16) Mass anp AuamaHr (1987)

This is & good exposition of topographically rapped
waves on the top of the aimospheric boundary layer
from the Mexican Baja Peninsula o British Columbia
in Canada. Such waves or surges are apparently
closely retated 1o phases 2 and 3 of Wast Coast fog
deveiopment. Mass efal. {1986) gives a good descrip-
tion of a cage of offshore fog on the U.S. west coast.
Further work on thess surges, with application in the
Point Mugu area, was done by Eddington et al, (1892}

7 Peax ano Taa (1988)

Mhis was an effort toapply artificial inteligence ivan
gxpan system (o pradic! mardne fog, A similar system
was published by Tremant (1688

18} 1990-83

There ara six referances listed that were published
during this period. None of them provide fog forecast
ng systems but they are helpfulin understanding fog.

5. Sequences

a. Fog studies show seguences

There is gtrong evidence that a sequences exists in
the variations of Bl (height of the base of the inversion)
through atog developmentis.g., Tayior 1917, Leipper
1948a; Backes 1977 Leipper et & 18792 Laippar
1980a}). The length of he sequences may vary from 5
to 15 days and it averages about 9 days {Table 1)

b. Spactra indicate segusnces

in studying atmospheric spectra at San Francisco,
Van Patten {1880} found that thers were 10-day peaks
in the wind and in the temperature spectza above the
inversion base and that the primary variance was in
the east-west component of the wind. He wrote that
“This implies that the influx of marine air near San
Francisco has a 10-day cycle.” This supports the fog
sequence concent,

¢, Fog cycles indicate sequences

An interesting and detallsd description of fag
“cycles,” including fog photograghs for central Califor-
nia, may be found in Gilliarn (1962). He discusses the
retationship of the eycles to the "Pacific high.”

8. The four phases

a, Qvervisw of fog phases

The four phases are subdivisions of the West Coast
fog sequence based upon the physicai processes that
are ocouring. Four different stages were first de-
scribed for the San Disgo area by Leipper (1048a),
They have since been called phases and found useful
inthe offshore area north to Point Conception (34.4°N)
{Pelig et 8l 1979; Backes 1977), in the area off the
central Californta coast (Pelié af al. 1973 Peterson
1975), and off the Oregon coast (Mensely and Merritt
1973). Althoughthere are slight differences in defining
the extentofthe individual phases, the use inall refersnoss
has been essentially the same {Leipper 19821

Aginallmsteorological phenomena, the sequences
and their four phases show considerable indepsen
dence and indhiduality but the basic family char
istics arg present in nearly ai events,

Progress through the four phases is a concant
physical mode! of the same type as the Nonwe
frontal modsl, which has bean usatul 1o fore
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aithough it cannot be putinio & numarical modal {e.q.,
Keyser and Uccsllint 18871,

Of references lisied concerming West Coast fog
phases, the most complete and easily obtainahle
desoriptive one is Leipper (1982). For practical utiliza-
tion of the phases zee Leipper {1980a). The most
informative onshore data collections are Paterson
{1975}, Beardsiay (1876), and Leipper (1248, 19683,
The maost useful offshore data are reported by Pelid ot
al. (1879), Mensely and Merritt (1873), Leipper st al.
{1979}, and Backes {13774

A simple compiled description of the four phases of
Waest Coast fog development, incorporating more
recent knowledge, follows {also see Table 2},

b. Phase t: The initial conditions

The base of the inversion (Bl) is at near zero
offshore. The air column at the coastin the lower 1000
m is unusually hot and dry (also, there is less than 3.5
g kg at 3000 m). The North Pacific high has ax-
tended inland. Thereis a surface inversion at sea {the
air at some elevation is warmer than the sea by morg

than 5°CJ. but there may be no strong nversion
showing ori coastal RACBs bacauss of the eas: winds
and the resultant high surface temperatures on land.
This phase begins when the prevaiting north-north-
weslerly winds offshore are interruptad Dy the strong
off-share flow, The sea breeze is completely over-
come. A clear area appears alongshors and Grows
seaward.

c. Phass 2! Fog formation

The Blis between near zero and 250 m. This phase
is a relatively calm period after the offshore winds
cecrease. The heat low begins fo penetrate the high
pressure area from the south along the coast. Haze
appears (Peterson 1875). Some patchy fog forms. A
shaliow, unstable, mixed layer of foq develops al sea
and gradually becomes deeper. Because of strong
radiation from the fog top, the fayer is colder than
the sea. The onshore morning RAOB st may not
show the mixed layer. The fog may come ashore
briefly, occasionally in the afternoon with the sea
breeze (Leipper 1968; Mass et al. 1986), A wedge of

Tapue 8. Visibility freguencies versus height of the base of fhe inversion iB1, air warmer ihan he sea, Monterey Alrpor, Califormis, Apst

through November 1672,

No.days | Mt of B {m)
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"Number of days # coourred, *Most oocurrenoes were in this itterval. ~This very seldon coours (thrae tines),
Bulletin of the American Meteorological Society

235



g:_-’_

im

i

z

TNERERETL.

skl

WTH GVERLAST

R
P A MISHARITY

]
i

& areit. 1913

= eqocflocat)

CAKLAND RADK SONGE

Al

¢ CoRsT STATIoMS =~ 48

Hiedoat
¢ Pz

~

Frogonl Focur
Fleiar

_Ploutrzr

&
o
)
@
o
vy
$eu
&.

&

MET £V B




1977
Gring
v-‘;ii‘ﬂ 1 f(}?

o
(=

\ﬁ,..'
¥y

o Phase I Fog growth and exiension
The B at 2 coastal station is betwean 250 andg 400
m. For stations expetiencing fog in phase 2, the fog
may intensify and persist for & longer time i phase 3.
At other stations the fog may appear for the first time,
The nonhward-building heatl low panglrates the Pa-
oific high at the coast. The wedge of fog moves
northward along the coast Paichy fog forms and
spreads along the coast in the formerly
clear area offshore, possibly by means
of & coastai surge action. The mixed
tayer becomes deeper and the surfacs
temperature of the layer increases fo-
ward the sea temperature. The ses
breeze beging to return and some higher
refative humidities are observed at the
suriace at coastal siations in the after-
acon. Fog occurs at coastal weather
stations, usually alnight. Winds are gusiy
as fog apprcaches. The north-

oE valu
£y e iw claily
somzonantofthe geosiroph
imagary of cléar areas and ciot fm
oftshore wind component, the higher the aly ‘eﬂnpe;a»
ture, the larger the shaded ares. and, usually, the
lower the Bl Also, the hgher the coastal alr tempers-
ture and the better the visibilily ouiside and ahove the
dense fog. the colder and more densas the fog.
Since subsidence is not an important facior in the
surface layers at the coast, the only significanm
changes in temperature are those due o horizontal

vargions in t
cwindandio H"

L
Tha stron

)

b

Ander.

northwesterlies offshore begmn to refum
from the north in almosi frontal form

X Time spsn of wircraft goundings:
(Schroeder etal. 1967, Evermann 1976). 1638 1628 1elz Ssoa Tas 1360 1197 1309 3443 1516
TEAZ TEEY TR U YFINTUETS 1809 TPADYEES VYRS TTEED
& Phase 4: Siratus ‘ _
The Bl goes abave 400 m. Upwelling | sateis L & |6 L7 |6 | ¢ I 1 [y |
. N y . AL 3 3 £ 3 g % : L H
begins again with the full return of the : Sl e
north-northwesterlies ofishore. The usual coo 4 Aireraft parsneters: L
pattern of widespread stratiform clouds 2o T T - iy
returns. Nighttime ceifings will often be e T NP
; . 260 - fhe e P Lo
400 mi lower than the BL Daytime ceil- ] sr o e . [
ings may be higher by as much as 400 m Bate: 3 4 8 & 3 & 8 10 1 iz
or the sky may become clear as the _
stratus dissipates from the cloud base . Strength of normal componeni of offsheore flow (gesstrophic)
upward. There is no more dense fog at 20 4
the coastal station urless the Bl again 154 — e
drops below 400 m. B e e e E
Date: 3 & 5 & 7 & R A
7. Sampiess of data dispiay acc;r;encg; (Mo, of fa,:chsr rerg;-tw; fog} (Mex. on-4,58%-3)
AT i e
a. Onshore data PopbropEl tEp oLl Pl

The most convincing evidence of the
presence of sequances and phases
comes from studying daily plots of the
RAOBs together with associated vigibifi-
tias for three years at San Diego and for

{1877}, Thefog

tha offshore iia
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Fir. 3. A data dia;;lay format for offshiore and Isfand da
shase Zon 7 Golober.

ofshors wind, and

datd, Extracted from Backes
of 312 Cowber 1876 Inchading & segquencs reversal to
neareais iioated between the uthem Cattornig and
nds. This entire ares was undsry ms:« same synopia influence, an
the: subzequant fag phazes.
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advection. Simple rectagonal plots of RAOB tem-
porature against height were chosen to best show the
effects of this advection on temperature at the iowar
ievels in Fig. 2.

The phases of development are indicated in Fig. 2
oy thevalug ofthe Blon a given day ang by the shadad
representation of the visibitity ranges. The darker the
segment on the vertical 24-h piots, the lower the
visibility in those hours. In this figure, haze usually
precedes fog and stratus follows it as shown by
observations represented on the vertical bars,

b Offshore and igland data

Figure 3 represents the display of data for an area
offshore from southern California where severalisland
stations and many aircraft locations were nvoived
{Leipper 1880b). The aircraft was instrumented and
fliown by Ralph Markson (Backes 1977).

The RAOBs in Fig. 3 are drawn similarly to those in
Fig. 2. Alt of the alroraft and ship soundings and alt of
the coastal and island stations were in an area deter-
mined throughout 1o be under the same syroptic
infiuence {Leipper 19800}, The phases of fog davelon-
ment were deiermined by the Bl ranges. There were
four onshore stations and three offshore ones.

¢. An unusual area

Backes (1977} ramarks that Point Arguelio {34.4°N)
seemed almest decoupled in one set of observed fog
phases. Rosenthatl (1874}, Edinger (1963), Dorman
{1885}, and Eddington at al {18952} describe the
Cataling eddy in the same general area.

Even in this part of the coast, Rosenthal {1874}
states, “This offshore flow may provide the initial
mechanism for the stan of the cyclonic cycle” thers.
Offshore flow is first phase of the fog sequence.
Rosenthal’s description and satellite Imagery inciudes
a cloud wedge similar to that of the second and third
phases of the fog sequence, The tip of the wedge is
turned westward when it approaches Point Concep-
tion (34.4°N) and it becomes a part of the eddyinstead
of being able to move on northward as the wedge does
along other parts of the coast {Dorman 1885). Thus,
even this irregular part of the coast may follow the
usual fog development,

8. Topographically trapped waves or
surges

Thers iz gron

B v Do dE
TOSETVRO Cff 80U

g svidence that the tog sequances
em and central Califormia, and off
1. may also ccour aiong the entire

5 b oy i3 S g b g
Pnoh-souil exient g the ores.

ance of lopographically trapped waves ar slrges a
the Bl level. Mass and Albright {1987 indicate tha
ihese waves range over the U 8. west coast from Bajz
California to British Celumbia. Such surges may onhy
e observed where there is a two-layer system. The
top ofthe mixed layer, created inphases 2 and 3of the
fog sequence, makes an ideal boundary for such
vaves, The flustrations in the Mass and Adbriah
reference are simiiar to the fog phase 3 in showing a
cloud wedge. Alsa, they use the word “sequence.”

9. Summary

This review is a summary of more than 70 pubiica-
tions, How to summarize a surrmary is the question.

There are several concepts, observations, and
theoratical conciusions usefut in understanding West
Coast fog that have caried through the vears: the
advection of warm air down ths coastal range siopes
provides the strong, low inversion and dry air alof
needed for dense fog to form over the cool coastal
waters: the average depth of fully developed fng ar
siratus cloudsis 400 m; observations and theory show
that radiation from the newly formed fog top is the
major factor in creating an unstable layer that grows
and creales the deeper mixed layer, and a newsr
result that indicates that surges on the interface
between the fog layer and the warm air above it may
greatly affect the manner in which the fog s distributed
along the coast. These conciusions serve as a basia
for West Coast fog forecasting, a subject to be re-
viewed in a separaie article submitted to Weather and
Forecasting.

Theliterature conceming U.S. west coastiogshows
that there remain many confusing aspects of the
phenomenon such as just how fog is formead offshiore;
differences of opinion such as what makes the inver-
sien fise and fall and whether or not there is any
subsidence al the coast; questions such as exactly
what Is the role of the sea surface temperature; what
forces drive coastally trapped waves and sirges; and
complex problems such asthose invalving the interae-
tdons among turbulent processes, radiation. adver-
tion, subsidence, and convection. The chaltenge iz io
resoive these questions of to make decisions ahout
theminorderioesteblishafog forecasting systemthat
a forecaster can understand and operationally use,
andtowhich aresearch meteoroingist may redate inan
objective manner,

Some of the remaining cusstions may be answerad
f priorities siated by the AMS Council £1992) for the

i o o

> are followed, These priorities call o
tng modals that include, ¥ | ab v to repre-

e nigrachion Datween Mesossls sys-
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