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SUMMARY,

I. FOEHN WINDS OF SOUTHERN CALIFORNIA.

An investigation of the hot, dry and dust laden winds
occurring in the late fall and early winter in the Los Angeles
Basin and attributed in the past to the influences of the desert
reglons to the north revealed that these currents were of a
foehn nature. Thelr properties were found to be entirely due
to dynamical heating produced in the descent from the high level
areas in the interior to the lower Los Angeles Basin. Any dust
associated with the phenomenon was found to be acquired from the
Los Angeles area rather than transported from the desert. It was
found that the frequency of occurrence of a mild type foehn of this
nature during thls season was sufficlent to warrant its classif-
ication as a winter monsoon. This results from the topography of
the Los Angeles region which allows an easy entrance to the ailr
from the interior by virtue of the low level mountailn passes north
of the area. This monsoon provides the mild winter climate of
southern California since temperatures associated with the foehn
currents are far hilgher than those experienced when maritime ailr
from the adjacent Pacific Ocean occuples the region.

II. FOEHN WIND CYCIO-GENESIS,.

Intense anticyclones frequently build up over the high level
reglors of the Great Basin and Columbla Plateau which lle between
the Sierra Nevada and Cascade Mountains to the west and the Rocky
Mountains to the east. The outflow from these anticyclones pro-
duce extensive foehns east of the Rockies in the comparatively low
level areas of the middle west and the Canadian provinces of
Alberta and Saskamhewan. Normally at this season of the year very
cold polar continental air masses are present over this territory
and with the occurrence of these foehns marked discontinuity sur-
faces arise between the warm foehn current, which 1s obliged to
slidelover a colder mass, and the Pc air to the east. Cyclones are
dasily produced from this phenomenon and take the form of unstable
waves which propagate along the discontinuity surface between the
two digsimilar masses. A continual series of such cyclones was
found to occur as long as the Great Basin anticyclone is maintained
with undiminished intensity.

III. WEATHER CONDITIONS ASSOCIATED WITH THE AKRON DISASTER.

This situation 1llustrates the speedy development and
propagation of young disturbances in the eastern United States
during the spring of the year under the influence of the condition-
ally unstable troplcal maritime air masses which characterlse the
region. It also furnishes an excellent example of the superiorilty
of air mass and frontal methods of weather prediction for aircraft
operation over the older methods based upon pressure distribution.

IV, THE LOS ANGELES STORM OF DECEMBER 30, 1933 TO JANUARY 1, 1934.

This discussion points out some of the fundamental interactions
occurring between air masses of the North Pacific Ocean in connec-
tion with Pacific Coast storms and the value of topographlc and
aerological considerations in predicting them. Estimates of rainfal
intensity and duration from analyses of this type may be made and
would prove very valuable in the Los Angeles area in connection with
flood control problems.
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FOEHN WINDS OF SOUTHERN CALIFORNIA.
By
Irving P. Kriek,
California Institute of Technology, Pasadena (Calif.).
(With 3 figures.)

Zusammenfassung: Fohnwinde treten in Siidkalifornien haufig wihrend
des Winters auf, und zwar machen sie sich besonders im .,Los Angeles Basin™
bemerkbar, das sich vem Pazifischen Ozean im Westen zu den San Bernardino-
Mountains im Osten erstreckt und im Norden durch die vielfach iiber 2000 m
hohen San Gabriel Mountains von den kalifornischen Steppen (desert) getrennt
ist. Die Fohnwinde werden durch Luftmassen gespeist, die durch den im Nord-
osten des Gebietes in nordsiidlicher Richtung in etwa 1300 m Hohe verlaufen-
den Cajon-Pall [Profil in Fig. 1!)] aus der Steppe abflieBen und in das Bassin
gelangen. Diese Fohnwinde wurden seit jeher als Wiistenwinde angesprochen.
da sie sehr warm und trocken sind. Sie entstehen, wenn das Luftdruckgefalle
von den ,,Great Basin “-Gebieten in den Staaten Utah und Nevada (mittlere
Hohe etwa 1500 m) gegen die hichstens einige hundert Meter iiber Meereshdhe
gelegenen Tieflinder in Siidkalifornien gerichtet ist. Die urspriinglich schon
trockene und ziemlich stabile Luft gelangt dann auf ihrem Wege aus den
ariden Gebieten von Utah und Nevada in immer geringere Meereshihe. Hierbei
entstehen sowohl durch adiabatische Erwirmung wie durch nichtliche Aus-
strahlung Temperaturinversionen in Héhen von der GréBenordnung 100 m
ither dem Boden. Die stabilen Luftmassen, und zwar nicht die kiltere Boden-
luft, sondern die dariiberliegende warme Luft strémt nun an der tiefsten
Stelle des Gebirgswalls durch den Cajon-Pall in das Los Angeles Basin ab, wo-
bei sie bereits die ganze auf dem Wege erzeugte adiabatische Warme mit sich
fithrt. Schon vorher war sie so trocken, daf3 selbst beim Aufsteigen kein Nieder-
schlag fillt. Bei auBergewohnlich steilen Gradienten iiberquert sie sogar die
Gebirge und erzeugt dann in der genannten Ebene Sandstiirme, bei denen
zelegentlich Luftfeuchtigkeiten bis zu 39, gemessen wurden.

Die Untersuchungen, von denen hier zunichst nur ein kleines Teilergeb-
nis veroffentlicht wird, zeigen. dafl der hier behandelte Féhn so hiufig auftritt,
daB er als Winter-Monsun angesprochen werden kann. Er bewirkt die milden
Winter in Studkalifornien. durch die sich dieses von den entsprechend gelegenen
Tilern in Nordkalifornien unterscheidet.

One of the characteristic weather phenomena of southern California
is a wind of the foehn type known locally as the Santa Ana. Unseasonably
1) Eine Karte des Gebietes befindet sich in dieser Zeitschrift, Bd. 35, S. 11,
1932. Der Cajon-PaB liegt etwa 30 km nérdlich von Riverside.
Balch Gealuate 7.7« ¢+ Coclogical Scie
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400 Irving P. Krick:

high temperatures and very low humidities are associated with its
occurence. The maximum effects of this wind are felt in the region
south of Cajon Pass at the eastern extremity of the Los Angeles Basin.
The latter area, extending eastward from the sea to the San Bernardino
JMountains, is ordinarily protected from continental influences by the
rather high San Gabriel Mountains to the north. Cajon Pass, trending
roughly north and south between the San Gabriel Mountains to the
west and the San Bernardino Mountains to the east. opens to the north
upon the Mohave Desert and to the south upon the alluvial plain of
the Los Angeles Basin.

These winds, originating in the desert regions to the north, blow
out upon the Los Angeles Basin from the southern entrance to
Cajon Pass. In previous descriptions the writers have used such titles
as “The Santa Ana or Desert Winds"1) and ““Desert Winds in Southern
California’2). Such titles lead the reader to believe that the desiccating
effect of these winds and their high temperatures are entirely due to
the fact that they blow off the desert to the north. This idea has also
become prevalent among the residents of southern California; de-
scriptions having heretofore stressed the fact that the winds are of desert
origin and only mentioning in a general way that the air in passing
down from the Great Basin regions to the north is dynamically heated
during its journey from these high level areas to the lowlands of southern
California.

It is interesting to note that in other regions of the earth also
where the Foehn has been observed it usuallv has been attributed first
to the heat of some adjacent desert, as in the present case, and later
recognized as a Foehn. Indeed, foehn winds as initially observed vears
ago in the Swiss Alps were first thought to be air currents originating
in the Sahara Desert far to the south, but then the same phenomenon
was observed on the west coast of Greenland. a region obviously too
far removed from any desert areas to be effected by them. Haxx in
1885 first gave a comprehensive explanation of the phenomenon in
terms of the compressional heating of an air current as it rapidly descends
the leeward slopes of a mountain. This explains the dryness of the wind,
as well as the hich temperature. since the dynamical heating in raising

1) ArcHIBALD CaMPBELL, The Santa Ana or Desert Winds, Monthly
Weather Review, Vol. 34, p. 465. 1906.

%) D. Youxc. Desert Winds in Southern California, Monthly Weather
Review, Vol. 59, No. 11. Nov, 1931.
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the temperature increases the capacity of the air for water vapor which
it, however, does not receive. This remains today the generally accepted
explanation. Even farther from the truth was the early explanation of
the Zonda, a hot, dry wind of the Argentine Republic occurring at the
eastern base of the Andes. This wind was attributed to volcanic activity
in the lofty Andes to the west until shown to be a foehn type wind by
Davis?). Thus it is not unnatural that many people in southern California
still believe the Santa Ana to be merelv a hot wind blowing off the
desert to the north.

It is the object of this paper to show that these Santa Ana winds
owe their properties to compressional heating rather than to the fact
that they originate in desert areas, and are therefore truly foehn type
winds. It is further to be pointed out that the foehn characteristies
of this air current do not become apparent at the surface during its
long journev from the high level regions of Utah and Nevada to the
lowlands of southern California until with a final rush down (Ca-
jon Pass it reaches the Los Angeles Basin. It will be shown also that
the temperatures prevailing in the desert during the occurrence of a
Foehn are actually lower than those ordinarily recorded.

The U. S. Department of Commerce maintains throughout the
country a network of weather reporting stations placed at intervals
along the principal airways. The records from two of these stations
located in southern California will be used in the present discussion,
since these stations are admirably located for such a study. One station,
Baldy Mesa, is located on the desert side of Cajon Pass about 2 miles
north of the summit at an elevation of about 3700 feet and the other
station, Fontana, is located on the western side of the southern entrance
to the pass at an elevation of approximately 1700 feet. Fig. 1 represents
a profile through Cajon Pass between these two stations. Hourly observ-
ations of temperatures, dew points, wind directions and wvelocities
are available from these two stations. Of the many examples of Santa
Ana winds noted while examining the records from these stations a
tvpical one of recent date has been chosen for discussion here.

The Santa Ana winds occur almost exclusively during the fall
and winter seasons when the barometric gradients are frequently
directed across the San Gabriel Mountains causing a flow of air southward
from the desert down into the Los Angeles Basin. The air has come

1) W. M. Davis, The Foehn in the Andes. The American Meteorological
Journal. March 1887.

.

Gerl. Deitrice, 30, =



102 Irving P. Krick:

down from the high level areas of the Great Basin. It is a transitional
type of air mass which has obtained its initial properties in the polar
regions of the Pacific Ocean. It passes over the mountains of Washington
and Oregon in the lee of a evclonic disturbance and in so doing loses
a part of its moisture before reaching the Great Basin region. If the
barometric gradients are favorable, as is frequently the case, this air
will then begin its journey southward over the arid regions of Utah,
Nevada and eastern (alifornia. As it travels southward a very stable
lapse rate ordinarily with marked temperature inversions near the
surface will be established in this air mass both by active nocturnal

Fiev Fi

Fontana
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Fig. 1. Profile through Cajon Pass between Baldy Mesa and Fontana.
1 mile = 1.61 km., 1000 feet = 305 m.

radiation and by compressional heating as it passes progressively to
lower levels. The stability of this air upon its arrival at the northern
slopes of the San Gabriel Mountains accounts for the fact that its passage
over the mountains under moderate pressure gradients is limited to
the passes, notably Cajon Pass. Due to the crowding of the stream-lines
as it flows through Cajon Pass high velocities are attained by the current.

It is worth noting at this point that under similar conditions in
summer intense heating of the surface lavers of this air as it passes
over these arid regions north of the San Gabriel Mountains renders it
unstable and it usually passes out over the San Gabriel Mountains
without reaching the surface of the Los Angeles Basin below. It is further
prevented from reaching the surface due to the fact that during the
summer months the Loz Angeles Basin is continually occupied by
cool, moist, stable air which moves in from the Pacific Ocean a short
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distance to the west. The warm air aloft iz thus obliged to merely slide
out over the cooler air below, not being able to displace it at the surface.

In order to show that the Santa Ana is a foehn type wind and does
not owe its characteristic properties to desert influences it will be
shown that for the duration of the phenomenon the same air mass is
present both at Baldy Mesa, the desert station, and at Fontana, the
station to the south of the San Gabriel Mountains, and that the relative
humidity at the former station is higher and the temperature lower
than the relative humidity and temperature at the latter.

The Foehn which I have chosen for discussion here occurred during

[«
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Fig. 2. Temperature, relative humidity and wind (see text) at Baldy Mesa
and Fontana (profile in Fig. 1) during the night of October 10—11, 1932.

the night of October 10—11, 1932, and was initiated by conditions
similar to those described above as necessary for its genesis. We shall
examine here the records of the two stations, Baldy Mesa and Fontana,
for that night using the observations from 7.00 PM., October 10th, to
7.00 AM., October 11th. Fig. 2 shows a plot of the temperatures and
relative humidities recorded at the two stations for this period with
the wind directions and velocities indicated for each hour during the
period, each barb representing a wind velocity of 4 miles per hour.

In order to determine the identity of air masses present at the
wo stations some conservative property of an air mass must be used
tasa criterion. One of the most conservative properties of any air mass
when no precipitation or evaporation is involved is the specific humidity,
In computing the specific humidities of the air masses present at Baldy
Mesa and at Fontana at the beginning of the period under consideration

27*



404 Irving P. Krick.

it is found that the specific humidity at Fontana is 9 g./kg. while that
at Baldy Mesa is only 4 g./kg., a fact which indicates that the same air
mass is not present at both stations at this time. A specific humidity
of 9g./kg. at Fontana indicates that the moist air from the adjacent
Pacific Ocean usually occupying the Los Angeles Basin is still present
at Fontana since this value of the specific humidity closely approximates
the characteristic value for this air mass at this time of vear. On the
other hand the air at Baldy Mesa is the Transitional Polar Pacific air
referred to above which has made its way southward from the Great
Basin, because the specific humidity of this air mass 1s known to have
a value of about 4 g./kg. at this season. At 9.00 PM. the specific humidity
of the air at Fontana is 5 g./kg. which shows that the same air is now
present at both stations, the moist air formerly occupying Fontana
having moved out in response to the prevailing pressure gradient allowing
the drver Transitional Polar Pacific air air to replace it. The difference
in the values of the specific humidities at Baldy Mesa and Fontana is
due to the difference in elevation of the two stations. For the remainder
of the period under discussion these values remain the same respectively
for the two stations.

The temperature difference between the two stations during the
first hour of the period is due to the difference in the air masses present.
The dry Transitional Polar Pacific air present at Baldy Mesa being
intrinsically a colder air mass at the surface than the moist air at Fontana
and subject to wider diurnal variations in temperature by virtue of its
drvness. At 8.00 PM. the difference in temperature between the two
stations amounts to 9° F. while at 9.00 PM. after the moist air at
Fontana has been replaced by the drier air this difference amounts
to 18° F. The same air mass is now present at both stations, however.
the air now at Fontana could not have come from the surface at Baldyv
Mesa. If the surface air at Baldy Mesa were to rush down Cajon
Pass to Fontana losing no heat by radiation cooling and being heated
by compression during the descent it could only gain an increase in
temperature of 11° F. since the difference in elevation between the two
stations 1s 2000 feet. Furthermore in this case there is opportunity
for radiation cooling during the descent from Baldy Mesa to Fontana
as indicated by the low wind velocities at Fontana at this time. It is
seen from Fig. 2 that with similar wind velocities radiation cooling con-
tinues at Fontana between 9.00 PM. and 1.00 AM. We can therefore not
infer that the increase in temperature between 8.00 PM. and 9.00 PM.
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is due primarily to a foehn effect, since during the Foehn velocities
of the current are high enough to prevent radiation cooling, thus bringing
out the maximum effect of the compressional heating undergone during
the descent. The temperature increase during this period is then due
almost entirely to the change of air that takes place at Fontana during
this interval and since we have shown that the new air could not possibly
have come from the surface at Baldy Mesa we are obliged to look to
the temperature inversions known to exist in this air mass at levels
short distances above the surface as the source of this new warm air at
Fontana. This warmer air aloft at Baldy Mesa slides out over the cool
surface air below at elevations approximating the altitude of the summit
of Cajon Pass and flows down the pass toward Fontana.

After 1.00 AM. the true Foehn begins, the wind velocities having
been increased sufficiently to overcome radiation cooling as the air
descends the Cajon Pass. Between 1.00 AM. and 3.00 AM. the wind
velocities at Fontana increase from 12 miles per hour to 25 miles per hour
with a temperature increase of 9° F. in the interval. During this time
the temperatures at Baldy Mesa are continually decreasing by radiation
cooling. From 3.00 AM. until sunrise the temperatures and wind veloc-
ities at Fontana remain practically constant the wind having a direction
which parallels the longitudinal axis of Cajon Pass since, due to its
stability, the current is restricted to the pass. Just before sunrise the
temperature at Fontana is 76° F. while at Baldy Mesa it is 49° F.,
a difference of 27° F. Normally the temperature at both stations at
this time of the morning during this season is around 53°F.. as will
be shown below. During the Foehn the relative humidity at Fontana
dropped to 199 while at Baldy Mesa values as high as 459, were recorded.
This is the more remarkable when one considers the difference in elevation
hetween the two stations.

A significant result of the Foehn was that the day of its occurrence
was the only day for a period of 42 days on which the Los Angeles Basin
was entirely free from fog. During the Foehn the maritime air, in which
the fog of the Los Angeles Basin forms, withdrew: the entire area being
occupied by the warm dry air of the Foehn.

In order to further bring out the contrasting conditions at Baldy
Mesa and Fontana during the Foehn let us look at records for a similar
interval during an average day for this time of vear. Fig. 3 shows a
plot analagous to Fig. 2 with respect to the meteorological elements
involved, compiled for the night of October 2—3, 1932. The wind
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velocities and directions have been omitted in this case as they are
not significant. The specific humidities at Baldy Mesa and at Fontana
for this period are 9g./'ke. and 10 g./kg. respectively indicating the
presence at both stations of the moist air which we noted to be present
the evening of October 10th at Fontana before being replaced by the
drier air from the region to the north. The discrepancy between the
two values is again due to the difference in altitude between the two
stations. We see that during the night the temperatures at the two
stations remain practically the same, indeed, within the limit of error
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Fig. 3. Temperature and relative humidity at Baldy Mesa and Fontana
(profile in fig. 1) during the night of October 2—3, 1932.

of the observations except in the case of the final reading at 7.00 AM.
Tn this case the difference is due to the fact that at Fontana there is
fog while at Baldv Mesa it is clear. The trend of the relative humidity
curves would have been similar had not the relative humidity at Fontana
reached 1009, by midnight and remained at that value for the remainder
of the period. It will be noted that in this case the relative humidities
at Baldy Mesa are lower than those at Fontana while in the case of the
Foehn they were higher. Tt will be seen in comparing Figs. 2 and 3 that
temperatures at Baldv Mesa are consistently lower during the Foehn
than under ordinary conditions, due to the dryness of the air mass
present at the station in the former case.

When excessive pressure gradients exist over the San Gabriel
Mountains the current may come directly over the mountains. In this
case great clouds of dust are raised as the current strikes the surface
of the Los Angeles Basin a few miles south of the mountains, and the
air reaching the surface is from even higher levels than in the ordinary
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cases; relative humidities as low as 3 and ¢ percent have been recorded.
These extreme cases are., however, rather rare.

Foehn winds occur very often during fall and winter in southern
California and influence the climate considerably. The mild winter of
southern California is usually attributed to the proximity of the Pacific
Ocean only, but during the foehn winds the temperatures are raised
far above those prevalent when air from the Pacific is present, especially
in the late fall and early winter before the Great Basin region becomes
extremely cold. A ¢lance at Figs. 2 and 3 shows this very clearly. These
winds really represent a winter monsoon in southern California and will
be treated in more detail in a later paper. They do not occur in northern
California nearly as frequently due to the great barrier set up by the
Sierra Nevada Mountains.

Hot dry winds occuring about 100 miles north of the Los Angeles
area in the vicinity of Santa Barbara probably have the same origin
since any air which reaches the California coast after passing down from
the Great Basin area must be dynamically heated. In other regions
true desert winds may occur occasionally, but probably at no point
along the coast. 7

Printed in Germany.
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II, FOEHN WIND CYCILO-GENESIS,

By Irving P. Krick.

Zusamnmenfassung: Im Herbst und Winter bilden sich haufig
in den Kanadischen Provinzen Saskatchewan und Alberta, 6stlich
der Kanadischen Rocky-Mountains, primdre Tiefdruckgeblete aus,
sobald die in welterer Ausdehnung vom Osthang der Gebirge in die
Ebene hinabstromenden Fohnwinde dort auf die kalte kontinentale
Polarluft treffen, die sich wdhrend der genannten Jahreszeiten
dort gewdhnlich befindet. Die erwahnten Fdhnwinde erstrdmen den
krédftigen Hochdruckgebieten, die sich uber den Hochebenen des
Great Basin (Fige. 1) und des Columbia Plateaus bilden. Diese
werden im Westen von der Slerra Nevada und den Cascade Mountains,
im Osten von den Rocky Mountains begrenzt. Der Luftkdérper,
welcher die Fohnwinde billdet, entstammt ursprunglich dem nordlich-
sten Teil des Pazifischen Ozeans. Beil seiner Wanderung Uuber die
hohen Gebirge Bibt er seine Feuchtigkelt ab und gelangt als
trockene, warme Luft in die Ebene, wo er auf dle trockene, sehr
kalte kontinentale Polarluft trifft. Er blldet dann den warmen
Sektor der Tiefdruckgeblete, dle sich an der Granze zwlschen den
beiden Luftkorpern ausbilden end durch die grossen Temperatur-
gegensitze sehr kraftig werden konnen. Trotzdem sind die
Niederschlage in ihrem Bereiche infolge der grossen Trockenheit
der beiden Luftkérper gewohnlich unbedeutend. Solange das
Hochdruckgebiet uber den Hochebenen die Fohnwinde dstlich der
Rocky Mountains unterhalt, bilden sich immer wieder Tiefdruck-
geblete der erwihnten Art aus und wandern suddstlich langs der
Grenze zwischen der warmen Fohnluft and dem ausserordentlich

kalten Luftkdrper nSrdlich and Ostlich davon. Die mehrfache

Wiederholung des ganzen Vorganges wird dadurch begiunstigt, dass



- .
im Rucken jedes Tiefdruckgebletes ein kraftiger Strom kalter
kontinentaler Polarluft einsetzt, der wieder auf den warmen
Fohnluftstrom trifft. Als Belspiel wird die Entwicklung einer
Serle von drei Tiefdruckgebieten dieser Art zwischen dem 9.
und 15. November 1933 gegeben,

According to modern theories regions of cyclo-genesis arise
where convergent flow occurs between air masses of different
characteristics, provided significant temperature differences
exist. ©Such a flow tends to form a discontinuity surface or front
between the masses and to produce large amounts of potential
energy of mass distribution along the frontal zone. If the conditions
for stable equilibrium are not rigidly maintained along the front,
the colder mass may move forward into the warmer current or
vice versa., In any case there occurs a compensating flow in the
adjacent mass, the whole process giving rise to the gemesis of
& cyclonic disturbance in the form of an unstable wave on the
discontinuity surface between the masses. The kinetic energy
of the resulting cyclone is provided to a large measure by the
initial potential energy of mass distribution; although, of course,
the kinetlc energy of the initial flow and the heat of condensation
liberated in the event that the warm mass is particularly moist
furnishax minor portions. A detailed discussion of the formation,
maintenance, occlusion and final death of the cyclone is beyond
the scope of the present paper. I merely wish to emphasize at
this point the lmportance of convergent flow in contrasting
air masses for furnishing large amounts of potentlial energy in
connection with the genesis and subsequent maintenance of the
extra-tropical cyclone,

In the descending motion associated with foehn phenomena

relatively high temperatures are freguently attained by the air mass
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involved., Often the dynamical heating of a column of air in this
manner 1is capable of creating extreme temperature differences
between the foehn current and adjacent masses. If the foehn reaches
large proportions, that is effects sufficlent mass transport,
enough potential energy of mass distribution, arising from the
contrast between this alr and adjacent masses, may become availlable
to initlate the formation and maintenance of a cyclone of gajor
importance. Secondary cyclones of foehn origln'are not uncommon
and have been treated in some detail in the past. Sahneiderl)
has discussed a particularly interesting type occurring off the west
coast of Greenland during the southeast foehns of that region.
We are concerned here not with the formation of secondary cyclones
but with the foehn genesis of primary cyclones, a situation
requiring rather unique meteorologlcal and topographic conditions.

During the late fall and early winter rather intense anticyclones
frequently build up over the high level reglons of the Great Basin
and Columbia Plateau in the northwestern United States (Fig. 1).
They are usually the result of an influx of Polar Pacific (Pp)
air to the lee of an occlusion occurring off the Washington and
Oregon coasts. The outflow from such an anticyclone causes a steep-
ening of the pressure gradients over the Rocky Mv ntains to the
east and thé Slerra Nevada Mountains to the west, due to the damming
effect of thesegreat natural barriers upon the stable air masses
always assoclated wlth such antleyclones. If the HIGH 1is
maintained with undiminished intensity, there will occur eventually
1) Schnieder, Leonard R., Greenland West-coast Foehns. M¢W.R,

April 1930,
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an outflow from the region, causing foehn phenomena east and
north of the Rockieg and west and south of the Sierras. In
southern California these winds occur wlth only moderate pressure
gradlents over the mountains to the north anq%ast due to the low
level passes in the region which offer ant easy entrance to the air
from the Great Basin. They are so persistent in late fall and early
winter as to be classified as a winter monsoon bringing unseasonably
high temperatures and low humidities to the area, and thus providing
the mild winter climate of the distrlctI». This foehn, however,
is not flowing into a region which 1s normally exceedingly cold
and therefore great contrasts in temperature between this air and
the masses to the south and west do not readily arise. Occasionally
a cold front 1lies just off the California coast under such
circumstances and the outflow of foehn air from southern California
forms a weak secondary cyolone along this front, usually giving
rise to 1little precipitation due to the dryness of the air forming
the warm sector of the disturbance.

More important for the present dlscussion is the extensive
foehn resulting from an outflow from the Columbia quteau
anticyclone into the comparatively low level provinces of Alberta
and Saskatchewan east of the Canadian Rockies. These regions are
normally occupled at this season by very cold Polar Continental
(Pe) air masses and during the marked foehn which occurs when the
pressure gradlents over the Rockles are strong, large temperature
differences arise between the foehn current and the air to the easgt
and northeast. Temperature differences in a few hundred miles not

1) Krick, Irving P., Foehn Winds of Southern California. Gerl,

Beitr. Geophys. 39 (1933) 399--407.
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infrequently exceed 60° F. under such conditionss This is not
purely a surface phenomenon since in the foehn an entire column
of alr has undergone compressional heating, thus producing in the
region between this air and the Pc alr to the northeast a tremendous
density of solenoids, which indlcates, of course, vast amounts of
avallable potential energy of mass distribution. The movement of
the foehn air into regions formerly occupled by Pc masses consti-
tutes a breakdown of any stability which might have existed at the
initial formation of the discontinuity between the alr masses, and
a cyclone 1s quickly generated along the great warm front which
first appears on the synoptie chart as the boundary between the
foehn air and the very cold Pe air to the northeast. There is,
of course, actlve overrunning of the Pc current by the foehn muxx
air as indicated by three hourly pressure decreases in advance of
the front which often exceed 0.2 inche. The foehn current which
now constitutes the warm sector of the disturbance has a southward
component and the whole disturbance moves off to the southeast
along the discontinulty rather than to the east or northeast as 1s
usually the case with the highﬁevel cyclones of thie region,

The foehn air of these disturbances 1s usually a Transitional
Polar Pacific mass (Npp). It is initlally quite dry regardless
of its maritime origin, since air moving into the Great Basin or
Columbia Plateau from the Paciflic Ocean must lose a good deal of
{ts moisture in crossing the mountains to the west or even in
accomplishing the 4000 to 6000 ft. ascent to this region. The
descent of thls air east of the Rockles further reduces the
relative humidlitles and usually the specific humidities will be
lower than those at the surface in the Great Basin due to the fact
that the air forming the foehn usually originates at levels approx-

imating the altitudes of the summits of the passes or crests over
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which 1t pours into the lower areas to the east. This sliding
out of the air at nigh levels 1s asslsted by the intensification of
low level temperature inversions by subsldence and radiation effects
and 1s entirely analogous to the situation in the foehns of the
Los Angeles Basin described in a previous paperl).

It 1s interesting to note tmt as long as the Columbia Plateau
antlecyclone is maintained with undiminished intensity a continual
serles of such cyclones will be generated. This 1s readily understood
when one conslders the fact that these disturbances move off to the
southeast along the Pe--Npp front in accordance with the general
direction of the current in the warm sector, and cause to their
north a fresh movement of P¢ alr into the reglon southwest of Hudson
Bay. The convergence of this southward moving cold mass with the
warm foehn alr descending the eastern slopes of the Canadlan Rockies
will result in the genesis of a new cyclone with an intensity
proportional to the temperature differences arising between the
air masses.

Disturbances of this nature may become very lntense due to the
sharp contrasts in temperature which have been occasioned. Prac-
tically the entire kinetle energy of such & disturbance 1s provided
by the initial potential energy of the system and the kinetilc
energy provdded by the 1lnltial flow in the warm and cold currents
gince the alr forming the warm sector is extremely dry and no
appreciable condensation takes place within the disturbance until
after the air has crossed the Great Lakes and picked up small amounts
of moisture. Even then the heat of condensation released 1s negligible
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1) Krick, op. cit. in fn. 1) p. 4.
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This type of cyclone has 1ts maximum intensity at the ground
and in the lower levels since the greatest temperature contrasts
arise here, For this reason, strong surface wlnds occur within
the cyclone which may blow dust or snow rendering the passage of
the disturbance rather disagreeable, regardless of the lack of
precipitation associated with it. These disturbances propagate
quite rapidly whereas the normal cyclone passing eastward along
the International Boundary is a slow moving affair being usually
no more than an occluded front which has passed over the mountains
east of the Gulf of Alaska. In such a case no large temperature
contrasts are to be noted at the surface and the maximum activity
of the disturbance remains at high levels unless a source of warm
air is encountered and regeneration takes place.

A typlcal situation of this kind occurred during the perlod
November 9 to November 15, 1933. Three such cyclones were generated
during this period due to a continual foehn maintained east of the
Canadian Rockies by a well developed antiecyclone centered over the
Great Basin and Columbia Plateau. At the beglinning of the period
the anticvclone was not the usual eastward extension of the Pacifie
anticyclone, but a westward extension of a large anticyclone
consisting of P¢ air which had moved southward from its source
reglon and subsided over the central United States. At least at
low levels the air in the Great Basin anticyclone was Transitional
Polar Continental (Npe) W th characteristically low specific
humidities; about 2 g./kg. In this case., Subsequently Transitional
Polar Pacific air (Nppe) played a role of increasing importance,
forming the major portion of the foehn air. However, for the
present discussion this 1s of 1little importance since both of these
air magses are characterized by low specific humidities and a

stable 3tratification whenever they appear at this season in the
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regions under discussion.

For the sake of clarifying the discussion, daily synoptiec
charts for the period under conslderation have been included.
The charts are constructed from synchronous data compiled at
5;00 AM Pacific Standard Time. Each full barb on the wind arrows
represents approximately one unit on the Beaufort scale. The
pressure field 1is indicated by 1lsobars drawn for each tenth of an
Inch. The principal fronts have been represented as follows: cold
fronts by heavy solid lines, warm fronts by double lines, cold
front type occlusions by broken lines and warm front type ocd usions
by dotted lines. The symbols adjacent to the fronts indicate the
recent life history of the air masses involved. In this connection
the local classification of American air masses developed at the
Massachusetts Institute of Technology has been closely followed. The
elementary symbol represents the type and source regién of the mass,
for example, Pc (Polar Continental of Polar Canadian). To denote
transitional types the letter“ﬁ'precedes the elementary symbol.
Occasionally this latter portion 1s followed by a "¢" or an "m' to
indicate that the modification of the air mass has been due to
continental or maritime influences respectively. For a ocomplete
classification and description of the American air masses the
reader 1s referred to a Paper on the subject by H. C. Willettl).

On the synoptic chart of November 9, (Fig. 2), we observe
an anticyclone centered over the Columbia Plateau and the plains
of South Dakota east of the Rockles. The portion of this anticyclone
west of the Rockies is what remains of the previous outbreak of Po
air mentioned above, The eastern portion of this anticvclone is the
result of a southward flow of fresh Pc air to the rear of the cyclone
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1), Willett, H. C., American Alr Mass Properties. M. I. T. Met. Pub.
Vol. II, No. 2.
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centered over the Great Lakes and will simply move south and east
as the migratory antlcyclone associated with it. This difference
between the air masses in the anticyclone 1s indicated by the cold
front paralleling the eastern slopes of the Rockles and the symbols
adjacent to i1t denoting the 21ir masses involved. A cyclone centered
in the Gulf of Alaska 1s occluding along the coagt of British
Columbia. The progress of the warm front is blocked by the lofty
mountain ranges paralleling the coast thus facilitating the ocd usion
by the cold front to the west. At this time_of the year the occluslons
in this region are usually of a warm front type, the abnormally
high ocean temperatures in these latitudes causing the air behind
the cold front to be warmer than the air lying along the coast of
British Columbla east of the warm front. Normally the eastward
progress of even the portion of the warm front surface lying above
the crest of the mountains ceases during occluslon and only the
upper front of the occlusion finally passes over the mountains and
proceeds eastward as a rather weak high level disturbance. However,
In the first foehn cyclone of our series the anticyclone to the
south assists the upper front af the above mentioned occlusion over
the Canadian Rockles, gilving rise at the same time to foehn phenomena
east of the mountains which in turn produce considerable amounts of
avalable potential energy of mass distribution between this air and
the cold Pe air to the northeast. This activity results in the
regeneration of the dylng cyclone and transports the level of
maximum activity from high levels to the surface. This cannot
be considered as the genesis of a primary cyclone since an upper
front would probably have pa.ssed over the region anyway; howe ver,
subsequent disturbances appear to owe their origin entirely to the

convergence of the foehn alr with that to the northeast.

On the November 10 map (Fig. 3) we note that only an occluded
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front off the coast of British Columbila marks the cyclone which
was centered over the Gulf of Alaska the previous day. Foehn
phenomena are observed east of the Rockles as far south as Colorado
as Indicated by the warm front extending southward into this area.
The upper front of the dlsturbance has been omitted since the maximum
intensity 1is now at lower levels. The foehn in this case 1s perhaps
not as pronounced as subsequently, but it is nevertheless quilte
apparent when one compares the temperatures of the foehn area with
those of the preceding map. For example, at Battleford, Saskatchewan,
the temperature increase during the period is 36°F., while farther
gsouth at Rapid City, South Dakota, just east of the Black Hills,
the increase has been 280 F, The foehn air in Canada has been
indicated on the chart as Transitional Polar Pacific (Nppe) and
the subsequent increasing pressures in the Columbia Plateau anticyclone
are no doubt due to an inflow of this type of air over the region
resulting in the usual eastward extension of the Pacific anticyclone.

On November 11, (Filg. 4), we note a steepening of the pressure
gradients over the Rockles, a condition favoring an intensification
of the foehn. The c¢yclone of the previous day 1is now centered
just west of the Great Lakes region and 1s feeding cold Pe¢ air
into the region southwest of Hudson Bay. The temperature at the
Pag, Manitoba, for example, has dropped 10°F. since the previous
map. The convergence of this cold édurrent w th the warm foehn alr
about to descend the eastern slopes of the Rockies will favor the

genesls of a new cyclone having an intensity proportional to the
temperature difference between these two air masses. This tendency

1s already apparent in the dl stribution of the isobars east of the
Rockies. The cyclone off the Aleutian Islands in the North Pacifiec

in this case 1s too far removed to effect the formatlon of this cyclons,



v
A7
o /
b
-
#
#
//
iasisiaiziis H
T $ HH Y
: 4t
$ B354
e H
: T H
H >
.

o v
SaTuRDAY.




-1ll=
therefore we must regard thls case as the genesis of a primary
rather than of a secondary dilsturbance. The formation of subsequent
cyclones in the region results from an entirely analogous process
gince no fronts from the Gulf of Alaska are observed to cross the
mountains before November 16, by which time the Columbia Plateau
anticyclone has subsided and moved eastward,

The synoptic chart of November 12, (Fig. 5), shows the intense
disturbance whioch has developed from the contrast between the foehn
which forms its warm sector and the surrounding Pec air, It is
interesting to note the almost complete lack of precipitation
accompanying the phenomenon due to the low moisture content of the
ailr masses involved. The absence of precipitation is certainly
not due to a lack of active overrunning on the part of the warm
air since very sharp temperature contrasts and marked convergence
in the flow may be noted along the warm front, as well as marked
pressure drops during the three hours prior to the observations at
all stations in advance of this front. Duluth, Minnesota, for
example, records a pressure drop of 0.24 inch. The only precipitation
occurring in advance of the warm front is north of Lake Superior
and Lake Michigan, the alr moving up rapildly from the south having
plcked up sufficient moisture in crossing the lakes to produce a
miniature warm front precipitation in overrunning the colder air to
the north.

The great contrasts in temperature between the foehn air of the
warm sector and the surrounding cold mass amounting in most cases
to about 20°F., are apparent at a glance. The high wind velocities
associated with the pagsage of this cyclone caused violent dust
storms all through the middle western states, tying up air transport
operations &8 far south as Kansas City, Mo. The situatlon favors

the genesls of another such cyclone since the pressure continues
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to build up in the Columbia Plateau anticyclone and very cold
Pe air 1s again being brought into the area east of the Canadian
Rockles in the lee of the present disturbance as indicated by the
very large three hourly presaire lncreases behind the cold fronte.
An increase of 0.40 inch may be noted at the Pas,

The synoptic chart for Hovember 13, (Fig. 6), shows the
initial stage in the development of the final cyclone of this
series. The Iintensity of the foehn and the tremendous horizontal
temperature gradients produced between this air and the Pc to
the northeast may perhaps be better appreciated by a comparison
with temperatures elsewhere on the map. At Calgary, Alberta,
in the foehn air just east of the mountains we note a temperature
of 56°F.; the temperature at Tampa, Florida, on that morning:

The comparison 1s even more significant when one considers the
fact that at Tampa the sun has been shining for several hours
while at Calgary the sun is stlll below the horizon. Thus we
have contrasts between the foehn and the Pe¢ alr to the northeast
of the order of those whlch would arise if the Pc alr were
transported southward adiabatically and in the absence of sub-
sidence affects to the Gulf of Mexicos. In such a case we should
certainly anticipate the development of a violent disturbance,

We note the intensification of the foehn of southern Calif-
ornia on this day due to the steepening of the pressure gradients
over the mountains to the north. This results in foehn phenomena
at various points along the coast as far north as Sgn Francisco.
Ordinarily only southern California benefits by the mild foehn
weather 1n such a situatlon, since the lofty Sierras prevent
the air from reaching the surface farther north when only
moderate pressure gradlients exist.

The chart of November 14, (Fig. 7), indicates that sub-
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sldence has begun in the Columbla Plateau anticyclone. Another
antlceyclone has put in an appearance to the north apparently
due to a fresh movement southward of Pc air, the temperature at
Ft. Simpson, British Northwest Territory, having dropped 10° P.
during the past 24 hours. The presence of this anticyc lone
together with the subsidence of the Columbiza Plateau anticyclone
will put an end to the foehns east of the Rockies by destroying
the pressure gradients necessary for their genesis. We note
that the cyclone of the day before has deepened and moved southward
in accordance with the southward component in the foehn alr of the
warm sector, This unusual wind direction in the warm portion of
the cyclone aco unts for the peculliar position of the warm front
in the disturbance. This 1s rather significant in this case
since we note that the front parallels the Appalachlans to the
east, Usually the warm fronts of cyclones in this region lie
normal to these ranges and encounter no particular difficulty
in negotiating them, but in owr present case the progressof the
portion of the front lying below the crest of the mountains
will be stopped, causing an occlusion of the cold front type to
take place along the western slopes. This prevents the increasing
temperatures along the central and south &tlantie coast which
occur at a warm front passage. This may be noted by a comparison
with the previous cases where the warm fronts are roughly normal
to the Applachians,

The chart of November 15, (Fig. 8), indicates an increase
in the intensity of the anticvclone moving south over Canada and
a further subsidence in the Columbia Plateau anticyclone together
with a slow eastward movement. This situation excludes the
possibility of further genesis of foehn cyclones in the region

for the present. The warm sector of the cyclone in the east has



T

T

T




=14
dlsappeared due to occlusion west of the Appalachians, with the
exception of gome of the warm air which found its way around
the southern extremity of the ranges. Since the oed uslon
1s of the cold front type the mountains will not prevent its
ultimate passage, indeed, mnear the center of the cyclone where
the pressure gradients are very marked a portion of the ocd uded
front has passged over the mountains as indicated. A warm front
type occlusion has occurred in the disturbance centered over the
Gulf of Alaska and it 1s the upper front of this occlusion
which appears over Alberta, Canada, the following day as mentloned
above. This 1s the normal high level disturbance usually
observed moving eastward over the Canadian Rockies at this time
of year and need not be considered here. The foehn has ceased
now even in southern Californlia as indicated by the temperatures
along the coast and the formation of a ground fog at San DPlego.
The foehn air returning from the Pacific Qcean having picked
up a shallow layer o moisture produced a dense ground fog in
all coastal areas the following morning, alded by intensive

nocturnal radiation through the transparent upper layers.
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WEATHER CONDITIOHS ASSOCIATED VITH TEE AKRON DISASTEHER

by Irving P. Krick

The charts vresented herewith are constructed from synchronous data
cormpiled every four hours from 0800 EST April 3, 1933, to 0800 EST April 4, 1933.
Each full barb on the wind arrows represents approximately one unit on the
Beaufort scele. The principal fronts have been indicated as follows: cold fronts
by heavy solid lines, warm fronts by double lines, and cold front type occlusions
by dotted lines., The symbols adjacent to the fronts indicate the recent life
history of the air masses involved. The elementary symbol represents the type
and source region of the rass, for examnle, Pc would point out the polar origin
of the mass and the continental {Canadian) nature of its source region. To denote
the transitional types, the letter N precedes the elementary symbol. Occasionally
this latter portion is followed by a ¢ or an m to indicate that the modification of
the air mass has been due to continental or maritime influences respectively. ror
a coaplete classification znd description of the American zir masses the readcr
is referred to a paper on the subject by H. C. Willettl).

a the first synoptic chart of the series (0800 EST April 3, 1933), there
is an occluded front extendi fro:: Canada southward to Ohio with the cyclone as-
sociated with it centered over the Great Lakes To the west ard north of this
occlusion thasrs appears a fresi soutiward novamsnt of Polar Continenteal (Pc) air

formerly occunying
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the region to the west of the front. The southern limit of this outbreak is in-
dicated by the cold front lyinz across Zentucky, ncrthwestern Tennessee, and
aracterized by low temperatures, low

Arkansas. Tae 2ir behind this frort is ch

interactions occurring along
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specific humidities and a stabie stratification. The
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1)willett, H. C.: ™Auerica: Air 'mss Properiies”, M.I.T. lt. Papers, Vol. II,
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an air mass having a vertical structure very similar to its own. The higher
temperatures and slizhtly highsr moisture content of the lppe air to the south
of the front form the esssential differences between this air and the mixture to
the north. The cold front extending across thie Carclinas, Georgia and Florida
is no longer an active front, but serves to indicate that the Tropical Gulf (Tg)
and the Tronical Atlantic (Ta) air to the southeast does not extend inland over
the south Atlantic coast., These tropical maritime masses are very warm and noist
in the lower levels and are characterized by potential instability; i.c. if they
be lifted sufficisntly cither by active overrumming of a warm front surfacc or by
an underrunning cold mmss free convection may occur with attendant heavy precipi-
tation and thunder storms. The fresh outbreak of Pc air mentioned above will
inducec a compensating northward flow of the air to the cast and south with a
tondency toward the formation of = scecondary cyclone between the currents. This
will not becomc very intenmse until the southward moving current of Pe air resaches
the Tg and Ta air to the southeast. When this occurs marked activity may be
expected along the cold front sevaratinz the masses due to the tremendous con-
trasts arising zlong the frontsl zone. The warm front between the Ta air along
the south Atlantic coasi and the Nppe air over the region to the north is at
oressnt inactive but will not ramain so witk 2 northward movement of the Ta cur-
rent in the enticipated scecondary.

Of »nrime importance is ths Polzr Atlzntic (Pa) sair lying off the New

]

England coast.e The cold front indicated on the map is not at present particularly
active, but if a rapid flow of this air scutniard along the coast is induced it
7ill become so, porticularly if it reaches a remion occunied by tropical maritine
air sither at the suriuce or at low lcvels.

On the chart for 1200 EST the cecluded front mentioned above is seen
to have moved slowly eastward siince the nrevious mnp ncconpanied by scattered
light showers and sunow flurries along the frontal zone., By far the nost in-

toresting feature of this map is the rapidity with which the ccld Iront marking
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the southern limit of the Pc and Nppe mixture is moving. The cold front to the
east lying between the Nppc air tc the west and Tg and Ta to the cast has apparontly
remained practically stationary as might be expected from the parzllel or evean
divergent flow adjacent to it. The secondary cyclone mentioned above has begun
to form as indicated by the configuration of the isobars and the increase in
wind velocities over thc region, the latter indicating the tendency for the poten-
tial energy of the mass distribution of the system to become transformed into
kinetic energy of motion. The Te air south of the warm front on the map has begun
its northward journey by this time as shomm by thc shift of the wind at Wilmington,
N.C., from a light westerly current on the previous mayp to a moderate southerly
one on the present chart. The Pa cold front to the northeast at pressnt remains
almost stationary.

The chart for 1600 ZST is cne of the most important of the series sincc
the comander of the AKRON saw this map and based his decision to tzke off upon
it. Our secondary cyclone is now well established and the active cold front of
the disturbance is still moving rapidly southward and eastward. The nmixturc be-
hind the front has now been designated Npc in accordance with the major importance
of the Pc air involved. The Nppe air which scparated this rnss from the ftropical
maritime air to the southeast on the previous map has been displaced and for the
first time the active ccld front reaches a source of noist air essenticlly dif-
ferent in vertical structure from tiae 2ir behind the front. The activit: re-
sulting is evidenced by the prefrontal thunder show at Thomasville, Georzia, which
is at present situated practically in the frontal zone. The progress of the front
since the provious chart is readily followed by comparing the dew-points (indicated
by upper figure to left of stations) at the vorious stations before and after the
frontal passaze. This is nossible bscause the dew-point is a fairly conservative
air mass propoertyv. Particularly striking is the drop from 62° F. to 34° F. at

lbbile, Alabama,.
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From the contrast in wind velocities adjacent to the warm front it is
apparent that there rmust be aciive overrunning of Ta air at the Iront, Ihis reans
that Ta air will be present a2loft for considerable distances in advance of the
frontal position at the ground and 2 regencration of the occluded front to the
west 7ill probably occur duc to the potential encrgy of mnss distribution thus
nrovided. The Npnc air north of the warm front is a rather shallow current and
will probably not provoke appreciable warm front precipitation from the over-
running Ta current.

Particularly important is the faet that the primary disturbance to the
north is filling up and the secondary has not yet reached its maxirmm intensity,
the combination giving rise tc a "flat™ pressure distribution which is practically
meaningless in thz absence of proper consideration of the air rasses involved.

t is unfortunate that the cold front of the secondery had not yet reached the

U]

coast lins where severe thunder showers would result and zive at least 2 warnin
of the tremendous ensrgies stored up in the mass distribution of the systen. Ve
can now expect a deepening of the disturbance =2nd a movemant northnortheastward
along the principal frontal system of the eyclone. The imvortance of the Pa
ccld front may now be more fully appreciated since the direction of motion of the
secondary cyclong to the south will be directly toward the tongue of Pa air pro-
jecting southward alonz the New England coast. This rovenent of the LOW will
establish the pressure gradients necessary for a southward rmoverient of the Pa
mass bringing about a convergence between this mass and the Ta current to the
south, not only aloft in 2dvance of the warm front but eventually cven at the
surface in the warm sector of the disturbance. Thus the Pa cold front will be-
come active and be characterized by the attendant cold front phenoriena.

On the 2000 EST churt riy be noted the northward movement and the
intensification of the secondary cyclone tozether with the southvard movement of
the Pa front induced by the resulting gradients. This southward movement of Pa
air is also suggested by the vositive pressure chanses (third fizure in colwm

to right of stations) which have occurred in the three hourly period prior to the
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time of observation at stitions witiin the current. These incrensss ars hardly
to be accounted for b»r the diuranal pressure wave (hoving o mexirmn at 2200 3IST

in the region) in view of the frontal systens approaching from the west and south

ry

7ith their accompanying low7 pressures. Active overrunning of Ta air alons the
varm: front is appereat from a compuriscon of the pressure chinges within the warn
sector of the disturbance and in advance of the front. As a rosult of this
overrunning the occluded front to the west has no7 bocome roegenerated s indi-
cated by a thunder storm nt Washinzten, D.C. The Ta air has anparently made its
way aloft far cnouzh to the north so that aetivity ma- soon be cxpected along
the Pa front now lying in tlic vicinity of YWew Jerscy. It is interestinz to note
that a thunder storm bega: at Lakchurst, i.J., at 2200 EST folliowing a two hour
pericd of falling pressurc vwhich would seon to indicate an influx of Ta air

over the region leading to activity alon: the Pa front as it moved southward.
The thunder storm was zccornanied by high winds fron the castnortheast and in-
creasing pressure which began to fall cgain several hours later with the approach
cf the center of thc sccondary. The thunder storms aleong thie Pa front had ex-
tended as far north as Hew York by midnigant. It is nossible that thunder storrs
oceurring duwring thc uigav far te thoe north, for sxamdle av 3osteon, were duc

not to froantal activity on the part of the Pa zir, but to the "realization™ of
the characteristic conditional instebility of the T2 air in overrunning the Pa
air from the 7ama front lring out ovor the ocean to the sast. I belizve, hovw-
ever, that we nay be certain thas the thunder stormiz at the southorn extronity

of the Pa front are »ure cold rroui trme phanomern, and it was, of caurse, in

this resion thet the AXRON -was loat,

The wdidnisht ma) 2erely shows an inteonsification of the 2000 IST situstior

in that the sceondury hos ved north cdr*“a_d Atub Pa front soutilm~rd and a
enaral convergence of the [romtal srvstes of thz eclone with the Pa frons to
vhc north and east is iiminent. Since this map illustrates the situction vory
close to ths time of the Jdisastor, 17 seouns ovident thot the ATNH was forced

into tho sea in the Po frontal zons rather than in thot of L6 rermenarated oc -
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clusion to the west. The activity alonz the Tronts under consideration is ap-
parent from the thunder storis extending alons the Atlentic coast from New York
to Florida. The tendency of the two cold masses bcehind the Pa front und the
occluded front to the west tc crowd out the tongue of Ta air alocft between them
is aiding in tho intensification of both frontal zcnes north orf the center of
the distunmbance.

The situation at 0400 EST on April 4 shows that the cold air behind
the Pa front and that behind the oceluded front heve united. The fact that Pa
2ir has nprobably penctrated into the ';ar:: secetor of the cevelonec is indicated
by the occluded portion of what would normally be the warm front. This is not
an occlusion in the ordinery sensc but 7ill ssrve to illustrate the fact that
the Pa front has pushed into the Ta current.

The final map of thse serics drawn for 0802 EST differs little fron

hnt for 0400 EST excent for the additional stations over the Atlantie. The
occluded scetion of the warny front 7ill undoubtedly disappear and azgain boeone
the normal warm front of an occludiny cyclone as the disturbancce moves eastward.

I belicve that this scries of meps is an cxeellesnt illustration of tae
superiority of air rrss and frontal muthods of weather cralysis over the oldor
ores based upcn the movenent of HAIGHS and LOWS, particuirrly in the case of
aircraft operation where 2 thres-dirwmnagional picturs of atmosphoric conditions

is 8¢ essential. Severe conditions sueh 2s bthose exverienced in the presont cass

do not arise instantaonsously ivr ths atrwosphers, but mor bs antieipated with o
zood deal of confidence by anvons familinr 7ith these "wthods of analysis by

watehinz the trajectorics of the varicus air 1wmsses and determining whore frotal

\
zones will develop ani how violent the interaetions ~long them will bs. To a
nmeteorolozist whic has become proficient in the use of these nethods of analysis

P e ] P at 4 y Fdura ded Fia e | > T - AT 4
for airrays weother forecastint the siturticn renrsscontad on the first map of the

scries would provide n warninr s o it ras to fellowy, The arternoon map

]
f.

r leave no doubt s o0 the situation and a1l flishts

~lonz the south Atlantic cocst would o suspended until the Hpe cold front passu-c



.
It is needless to say th-t this would ~lso apply to the rsgion to the north which
would be overrun by Ta zir subsequently tc he disnlaced by the collision of the
Pz air fror: the northeast and the Npe air from the west. The sbove ccndlusions
e.re based upon actual experiiients carrizd ocut by tie writer for the region west
¢f ths Rockies throuzh the facilities of the Wsstern ailr Ixpress, one of the
pioneer air transport operators of the counstry. Here the analyses are more dif-
ficult than in ths central z2nd eastern sarts of the country since the distinction
between air masses are mors difficult to =2scertain and the effects of the topography
upon the air mass propsrties and upon the roveisnts of the fronts play a major
role. Nevertheless, satisfectory analyses of this t7ps have proved nracticable
and@ following the inauguration of tlese nethods, marked increases in operation

efficiency have bezn effectad without sacrificing the remerk=ble record of safe

operation maintained by this line.
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IV. THE 1OS ANGELES STORM OF DECEMBER 30, 1933 TO
JANUARY 1, 1934,
by

Irving P, Krick.



THE 10S ANGELES STORM OF DECEMBER 30, 1933 TO JANUARY 1, 1934,
by Irving P. Krick.

The synoptic situation during heavy rains in the Los Angeles
Basgsin during the period Dec. 30, 1933 to Jan 1, 1934 lends itself
admirably to a discuassion of certain fundamental interactions
between the alr masses of the North Paciflc Ocean which ordinarily
yield coplous rainfall to the southern California coast. In view of
the recent adoption by the U.S. Weather Bureau of the recommendations
of the President's Sclence Advisory Board urging a more general use
in this country of air mass and frontal methods of weather analysis
it 18 believed that discussions of various synoptic situations of this
nature may prove valuable to those engaged in the reorganisation program.

The present paper also attempts to bring out the value of such
analyses from the standpoint of flood control. An accurate anticipation
of rainfall intensity and duration prior to a storm would prove in-.
valuable for the adjustment of water levels in reservoirs to provide
for expected run-off. The run-off from the storm congidered herein
was particularly significant in certaln localitles due to the fact
that consliderable areas in the mountains north of lLos Angeles had
been burned over previous to the storm by a drush fire. Although the
precipitation which followed was not a maximum in these areas the
tremendous run-off experienced at the base of these mountains led to a
large loss of 1life and property in the district.

The rainfall assoclated with the storm was not an excessive
intermittent instability type, but rather a steady moderate to heavy
warm front type produced by the continuous active over-running of a
cold mass of alr present in the Los Angeles Basin by warm moist

currents from the Pacific Ocean. As will be seen it 1s important to
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consider the fact that more than one masgs of air from the Pacific
partook of this over-running. The rising waters in the canyons
in the mountains north of Los Angeles which finally swept out over the
Los Angeles and San Fernando Basins ocausing the loss of approximately
forty lives and the destructlion of many homes were thus not due to
scattered cloud-bursts in the mountains but to a gteady moderate
railn over the entire area. The precipltation endured for about
forty eight hours and on the average amounted to something over ten
inches most of which fell during the last twenty four howr period
(see Fig,1). It is interesting to note that areas outside of the lLos
Angeles and San Fernando Baslns and their adjacent mountains escaped
with relatively small amounts.

To appreciate the apparent local nature of the storm one must
b; familiar with the topographic features of the Los Angeles area.
The topography of the Pacific Coast plays a major role in all frontal
and air mass movements in the region and therefore forms an integral
part of any weather analysis for the distrlect. Most significant for
the present discussion are the San Gabriel and Slerra Madre Mountains
which rige abruptly to the north of the Los Angeles Basin to an elev-
ation of approximately 1600 meters with peaks exceeding 2800 meters.
They parallel the entire basin and run roughly from east to west
(see Fig. 2). This huge mountain mass is capable of limiting the
advance of any warm front approaching from the south to the portion
lying above the crest of the ranges by preventing the escape of the
cold alr below. Thls results in a stationary frontal surface extending
from the divide southward out over the adjacent Pacific Ocean. If
the warm current passing up over the frontal surface remains active
large amounts of precipitation are apt to be recorded in the regions

south of the mountains below the discontinuity surface, namely 1in the
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Los Angeles Basin. Such a situation occurs occasionally during the
winter season, but normally lasts only a short time as most statlonary
warm fronts of this nature are qulckly occluded by cold air moving in
from the west. The large amounts of preclipitation recorded during the
storm treated 1n this paper were due to the extended period occupiled
by the over-rumning of such a stationary front before a mass of air
moved 1into the region which was cold enough to displace the mass ine
itlally lying below the warm front surface. The precipitation was
not all produced by the over-running of one air mass, but by two types,
namely Tropilcal Pacific (Tp) air in the primary phases of the develop-
ment and later by Transitional Polar Pacific (Nppm) air. The latter
wag by far the more important of the two ylelding much greater amounts
of precipitation at considerably higher intensities. An examination
of the vertical structure of these two over-running masses will be
necessary to understand why more precipitation was received from the
mass of polar origin than from the tropical mass which had a much
higher moisture content.

The duration of the storm was caused largely by the warm front
nature of the initial occlusion which occurred along the southern
California coast. Occlusions of this nature are infrequent as-rar
south as Los Angeles and in the present case resulted from the very
long trajectory of the Nppm air behind the front over the low latitudes
of the North Pacific Ocean. This extended journey far to the south
rendered the air as warm and moist as Tp in 1its lowest levels. The
occurence of this type occluslon meant a continued warm front precipita-
tion in the Los Angeles area which was only finally dissipated by the
arrival of rather fresh Polar Pacific (Pp) air from the north, a mass
cold enough to displace the air originally below the stationary warm
front surface. It 1s interesting to note that most of the rainfall

accompanying the storm occurred after this inlitial occlusion, or in
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other words from over-rumning Nppm air rather tham from Tp. The
transition from a light rain assoclated with the passage of Tp air over
the warm front surface prior to the occlusion to a moderate or heavy
rain from over-running Nppm air after occlusion was quite distinct.
This may be noted as an inflection occurring on the morning of Dec.
31 on the cumulative rainfall curves marking an increase in the intensity
of the precipitations The difference in vertical structure of the two
over-running air masses 1s almost entirely responsible for this transi-
tion. Further investigation has shown that most of the heavy warm
front type rains occurring in the region are due to the presence of
Nppm air above warm front swurfaces rather than true Tpe From surface
observations alone the two masses appear to be entirely analogous,
however upper alr data indicate significant differences, both in
moisture and temperature distribution which affect the relative stab-
11ity of the two masses. These varlations may be best appreciated
perhaps by the use of an equivalent potential temperature dlagram.
The curves shown in Fig. 3 were plotted from all upper air data avail-
able from San Diego during the winter 1933-1934 in which flights in
Nppm and Tp masses analagous to those considered herein were made. San
Diego is located on the coast about one hundred and twenty mlles south-
east of Los Angeles. In thils short distance no appreciable differences
in similar air masses would appear so we may consider these data as
representative of these masses in the vicinity of Los Angeles.

The base chart 1is a modification of the equivalent potential
temperature dlagram developed by Rossbyl) and provides a means of
determining the degree of 1instability of an air mass from the standpoint
of moisture as well as temperature distribution. Ordinates represent
1) Rossby, Ce Go Thermodynamics applied to air mass analysis.

Mags. Inst. of Tech. Met. Papers, Vol. L, No. 3.
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potentlal temperatures of the dry air, usually termed the partial
potential temperature, Od’ a conservative alir mass property in the
absence of condensation or evaporation. It may be expressed by the

0.288
formula: ed:T ;%%9)

where T 1s the air temperature in absolute
degrees and py is the partlal pressure of the dry air. Abscissae
represent constant equivalent potential temperatures, 9, a conser-
vative alir massrﬁropertyjfor pseudo-adiabatic convection. It may be

S 20
e Po where e 1s the base of the natural logatithms,

written: eE=ed
r 1s the latent heat of condensation , W is the mixing ratio expressed

in grams per kilogram, c¢_. is the specific heat of air at constant

P
pressure and T 1s the temperature at the condensation level. The so0lid
gloping lines represent water vapor content, W, expressed in grams per
kilogram of dry alr. Thls 1ls also a conservative air mass property

in the absence of condensation or evaporation. It may be expressed as:
w=622 Eﬂ wnere pg i1s the water vapor pregsure and Py the partial
pressu?g of the dry alr. The dotted lines on the dlagram are 1lsobars
representing partial pressures of dry air at condensation levels and
facilitate the calculation of the amount of 1ifting necegsary to sat-
urate any ziven layer wlthin the mass. In cases of conditional instab-
1lity, as we shall find exlsts in the Nppm alr of the present case,

this 1s the lifting necessary to produce absolute instability within

the layer brought to saturatlon, and provides a valuable ald to the
forecaster in anticlpatling the amount of precipitation to expect

from warm front raln produced by such a mass, Curves on the dlagram
sloping upward to?iﬁi left show a decrease with elevation of 85 an
indication of conditional instability. Those sloping upward toward

the right denote absolute stability while curves with constant o

represent air masses which will remain in equilibrium under pseudo-

adiabatic convectlon. One oan readily see from Fig. 3 that the Nppm
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is characterised by a marked potential instability while the Tp 1is
guite stable. ThiZ?ggat free convection will never begin in the Tp
air, but will tend to take place in the Nppm alr as soon as saturation
1s reached. The curves in each case represent a layer of air four
kilometers in thickness. The numbers to the left of the various
portions of the curves denote the amount of 1ifting in meters nec-
egsary to saturate the entire portion of the curve in question. In
thls case strata onekilometer in thickness have been chosen. The
numbers to the right indicate the change in ©p between the extremitles
of the various layers, a positive value being an increase and a negative
value a decrease. The higher the negative value the greater the
degree of conditional instabllity and vice versa. In lgy ers having
significant decreases of eE we need only to 1lift the layer to saturation
and free convection may begin. In the case of the Nppm alr we can see
that the lower killometer 1s practically saturated only a few meters
1lifting belng necessary to saturate 1t throughout. This is the result
of a steep lapse rate throughout the layer. This condition coupled with

the instability indicated by a decrease of 7°C. in @_ for the layer

E
points to a high degree of potential instability. In fact with a rise
of 560 meters a layer 3 kms in thickness will become absolutely un-
stable and free convection 1s £ easxily provoked wi thin the mass. This
1ifting 1is easily accomplished in the over-running of the stationary
warm front surface above the Los Angeles Basin. Consequently large
amounts of precipitation may be expected from the céntinued passage
of this unstable mass up over this discontinulty surface.

In the Tp air we find high water wvapor content throughout and see
that a rise of 600 meters will saturate the entire four km layer.
However, the layer from the one km. to the three km. level is ab-

solutely stable and only slight conditional instability may be noted

in the remaining layers. Thls condition prevents any free convection
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within the mass even after saturation and leads only to light rain
in the event of 1ifting by passage up the warm front surface.

As may be noted from the dlagram e 1s about the same for the
two masses at the surface. Thls causes difficulty in differentiating
between them from surface observatlons except when the trajectories
of the two are known. It is this difference in the life history
of the masses which is responsible for their totally dissimilar vertical
structure. At the four kilometer level there is a difference in g
of about 13° C. between the masses which is due both to the higher
molsture content and the higher temperature of the Tp air at that
level. The trajectory of the Nppm air has carried 1t far south over
the North Pacifie, as mentioned above, causing it to absorb large
amounts of heat and molsture and giving to 1t the appearance of true
Tp air at the surface. However, 1its movement has been sufficiently
rapid to prevent much transport of heat and molisture to the upper
levels leaving them characteristically cold and dry, but establishing
steep lapse rates in the lower levels, The difference 1n moisture
content at the four kllometer level 1s particularly noticeable amount-
ing to about 3 g/kg. The Tp alr has had a long sojourn over the warm
waters of the lower latitudes of the North Pacific and has therefore
practically reached equllibrium with respect to the surface becoming
quite molst throughout and aecquiring a stable lapse rate, particularly
in the lower levels, under the influence of subsidence affeots in the
Pacific anticyelone,

In order to follow the development of the storm in question
synoptic charts have been included for the perod 5:00 AM PST Dec.,
29, 1933 to 5:00 AM PST Jan 2, 1934, Each barb on the wind arrows
represents approximately one unit on the Beaufort scale. The prin-
cipal fronts are indlcated as follows; warm fronts by solid red

lines, cold fronts by solid white lines, warm front type occl usions
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by dotted red lines and cold front type occlusions by dotted white
lines. The symbols adjacent to the fronts indicate the recent
1life history of the various alr masses involved. The symbol
conglists of a two letter element indicating the polar of tropical
origin of the mass and the local source region, thus Pp indicates
polar air originating over the high latitudes of the North Pacifiec
Ocean. An air mass symbol preceded by the letter "N" denotes a
mass Which has been appreciably modified since mig;aiing from its
source region, The continental or maritime nature of this trans-
ition is usually included in the symbol by following the original
two letter element with a "c¢" or an "m". Shaded areas on the charts
represent reglons where précipitatioﬁ is occurring at the time of
observation.

The presence of Tp air off the California coast is shown on
tE:;::p of the serles deplicting conditions at 5:00 AM on Friday
Dec. 29, 1933 (Fig. 4). A warn front can be noted extending
roughly parallel to the coast and separating the Tp air from the
colder Npp air occupying the continental areas to the easts To
the west lies an Nppm cold front which has caused a warm front
type occlusion along the coast north of the Tp air by virtue
of its greater warmth than the Npp air over the land areas. The
front extending northeastward over Oregon and Washington from the
northern tip of the Tp air 1s the upper front assoclated with the
warm front type oceclusion lylng off-shore and has no particular
gsignificance in the further development of the situation. It is
therefore dropped from subsequent charts., The Pp cold front farther
west will displace the warm front type occlusion upon moving

eagstward transforming it into a cold front type which will move

in over Oregon and Washingtone.
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The progress of the Tp warm front is being effectlively blocked
by the high mountain ranges paralleling the coast and it is producing
considerable precipitation over northern California. The Nppm
cold front to the west willl continue to move eastward causing a
southward extension of the warm front type occlusion along the Cal-
ifornia coasts The air behind this front has the structure of the
Nppm air described above owlng to a migration far south over the
Pacific Ocean. The instability of this mass is responsible for
the large amounts of precipitation recorded in the Los Angeles
area for upon ré%hing tlke region it is obliged to over-run the
colder Npp air occupying the Los Angeles Basgin.

By 5:00 AM the following morning (Fig. 5) the Tp warm front
had extended its influence to southern California, occasional
light rain already being reported at some of the mountain statlions
in the vicinity of Los Angeles. The Nppm cold front to the west
is moving rather slowly owling to the weak gradients exlisting over
the ocean. Of considerable importance 1is the rather open wave
d isturbance about one thousand miles off-ghore occurring between
Ntp air to the south and Pp air to the north. The eastward prop-
agation of thls system will cause conslderable alteration in the
form of the fronts lying off the Pacific Coast and will strengthen
the pressure gradients in the region causing a more active over-
running of the Tp warm front surface and a much more rapld movement
of the Nppm cold front. The Pp alr behind the cold front of this
wave disturbance is of particular significance since it 1s this ailr
which finally reaches the Los Angeles Basin and is capable of
displacing the rather cold Npp air which now occupies it. The
effect of the mountains of gsouthern California upon the frontal

system of the storm 1ls perhaps made clearer by the approximately
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N-S vertical cross-sections through the fronts shown in Fig. 1l.
The upper diagram illustrates the present stage in the development
with cold Npp air below the frontal surface, warm Tp alr above
1t and the discontinulty itself resting upon the crest of the
Sierra Madre Mountains. The warm front at the surface lies about
160 kms. south of the crest of the ranges since the divide is
approximately 1.6 kms. in height and the slope of the frontal
surface of the order of 1/100. The rainfall recorded in the
Los Angeles Basin during the next twenty-four hours amounted to
only about 0.6 in. although it was of the steady warm fm nt type.
This is due in part to the weak pressure gradients forcing the
Tp air up over the warm front surface, but more to the stability
of the Tp mass itself since no free convection can take place
wlthin the mass even after saturation has been attained.

The synoptic chart for 5:00 AM Sunday Dec. 31,(Fige 6) shows
the changes wrought in the frontal system lying off the California
coast provoked by the approach of the disturbance from the west.
The most significant affect which 1t has produced is the increase
in the pressure gradients in coastal areas. This will cause a
more active over-running of the Tp warm front and will accelerate
the formation of a warm front type occlusion along the southern
California coast with the more rapld movement eastward and north-
eagtward of the Nppm front. After occlusion the movement of the
Nppm air over the initial warm front surface wlll give rise to an
increase in the intensity of the rainfall in the regions below this
discontinuity by virtue of the instability produced within this
mass by resultant 1lifting. Shortly before noon an 1lnflection in
the cumulative rainfall curves for the storm (Fige. 1) indicates

the presence of the Nppm alr over the Los Angeles area producilng



scheln
AVANNG ~ I YS




w]lle
an lnereage in the intensity of the rainfall. The center cross-
section in Fig. 11 1llustrates the influx of the Nppm air
over the Los Angeles Basin on Sunday morning. It is obliged
to slide up over the colder air occupying the region thus producing
the warm front type occludion which continues to lie off-shore as
shown in the figure. A glance at the 5:00 AM map (Fig. 6) shows
that the 1sobars in the ¥icinity of southern California are
roughly normal to the Sierra Madre ranges. This faect coupled with
the orientation of the warm front parallel to the ranges causes a
maximum 1ifting of the a:;/g:g:rthe Los Angeles Basin. Farther
gsouth in the vicinity of San Diego very little precipitation was
recorded because the motion of the air above the warm front surface
wag practically parallel to the front or showed very small components
normal to it. The Pp air is now in a position to move down the
California coast 1in accordance with the pressure gradients established
by the present configuration.

Due to the greater activity now present subsequent maps are
drawn for twelve hour intervals rather than twenty four. The 5:00 PM
map for Dec. 31 (Fige. 7) shows the warm front type osclusion which
hag taken place along the southern Californla coast as explained
above, The situatlon indicates a continuation of the rainfall in
the Los Angeles area. Rather interesting 1s the appearance of a
precipltation area over southern Utah indicating regeneration of
the portion of the warm front surface which passed above the crest
of the Sierra Madres. This also verifies the assumption that
maximum over-running of the warm front by the Nppm air is taking
place in that direction. The pressure gradients favor a contlnued
rapid movement of the cold Pp air lylng to the northwest which by

the formation of a cold fromt type occlusion upon moving down the
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California coast wlll finally arrive at the surface in the los
Angeles area breaking up the steady rain.

On the followlng morning (Fig. 8) the Pp air is seen to lie
only a short distance to the north of the area, It has actually
moved in over portions of northern California near the coast. This
is possible on account of the c¢old front nature of the ocd usion
and indicates that a similar condition may be expected upon the
arrival of the Pp current over southern California. It will soon
111 the Los Angeles Basin displacing the air present there which
is now largely a mixture of the unstable Nppm and the original
colder Npp thus bring to a close the heavy precipitation. During
the morning the steady rain broke up into showers denoting the
approach of the Pp air. The bottom oross-section on Fig. 11
indicates the nature of the conditions leading to the dissipation
of the storm. The Pp air may be seen moving into the Los Angeles
area at the surface and displacing the old Npp air which has
occupled it for so long.
(Fig. 9)

The chart constructed for 5:00 PM of this day/shows the
spreading of the Pp current over the Great Basin reglon as well
as 1ts continued movement down the California 8oast. Los Angeles
by this time is only partly cloudy and all rain h%grcg%:egiorzhe
only appreciable precipitation recorded at San Diego/occurred
during the night at the Pp frontal passage.

The final map of the series based upon 5:00 AM observations
Tuesday Jan 2, 1934 (Fig. 10) shows a remnant of the Pp front
over Arizona and Utah with clear weather everywhere to the west in

the Pp current which has been quickly stabilised by radiation

affects over the continent during the night.
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Perhaps the most important point brought out by the present
gtudy 1s the value of reliable upper air information in determining
the structure of interacting air masses., This enables the forecaster
to not only anticipate weather changes with a high degree of
accuracy, but also makes 1t possible to predict in most cases
duration and intensity of rainfall. This latter element is of
particular importance in the Los Angeles area where considerable
run-off accompanies any storm of major consequence. Water 1is
very precious in the reglon and lowering the levels in reservoirs
in anticipation of a severe storm is a rather dubious procedure
unless the expected rainfall 1s forthcoming., However if accurate
knowledge of rainfall curation and intensity is known prior to a
storm such precautions may be taken to reduce the flood hazard to
a minimum. In the present case such advance information would have

undoubtedly prevented considerable loss of 1life and property.



