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LOUDS ARE INDICATORS o f

humid-

C

ity, temperature lapse-rate, (and
temperature), wind direction and
velocity (including shear and turbulence) in the free air. As such, they
are, of course, valuable aids in airmass analysis and forecasting.
CLOUD AND

HUMIDITY

The presence of a cloud does not
necessarily require a humidity of
100%, though for practical purposes
it may so be taken: essentially without exception at temperatures above
freezing, and in the case of all young
liquid-droplet clouds at temperatures
below freezing. Famulus, the hazy
preliminaries of a forming cloud or
the faint smootch left where one has
just evaporated (Fig. 2,2 lower left
quarter) and smoke stratus are under
1 First half of paper on "Clouds in aerology
and forecasting," presented at the Kansas City
meeting of the Society, June 10, 1938, and,
somewhat modified, at the Chicago Seminar,
June 29, 1939. This paper has been revised
in 1940 and 1941, by the addition of more
examples, and references to some of the very
considerable European literature on this subject.
General reference should be made to the
International Atlas of Clouds and of Slates
of the Sky, by the Commission for the Study
of Clouds, of the Int.'l. Meteorological Committee: I General Atlas xiii + 101 pp., 174 pis.;
II Atlas of Tropical Clouds, 26 pp., 25 pis.,
Paris, 1932; and to R. Suring, Die Wolken,
xi + 122 pp., 11 figs., 4 pis., Leipzig, 1936.
(Rev. in B. A. M. S., Feb. 1939, p. 63-66.)
A synopsis of this article will be printed in
Spanish at the end of the final installment.
2 These figure numbers refer to the illustrations in "Codes for cloud forms and states
of the sky according to the international system of classification," U. S. Weather Bureau,
Circular S, Govt. Printing Office, Washington,
D. C., 1938, price 15c.

100%, but usually not far. The white
fumulus haze, beginning 100 feet below a cumulus base, which helps glider pilots identify a young cloud,3
would be no lower than 98%. Smoke
stratus, however, may have a humidity as low as 70%, so well does the
oily film reduce the evaporation of
the droplets. A liquid-droplet cloud
with sharp outlines and dense portions (Figs. 1, 3, 4, and lowest portion of Fig. 44 in contrast with soft
outlines of Cb incus, an ice cloud,
above) may be taken to indicate a
relative humidity slightly in excess
of 100%. This is not only because
the cloud droplets, exposed to air in
all directions, tend to evaporate faster
than a flat water surface, which is
taken as the basis for humidity tables,
but also because condensation must
lag slightly behind the rapid cooling
in the strong convection responsible
for such clouds. Also, mammatus
clouds may indicate supersaturation,
at least the sharply outlined, and,
presumably, liquid-droplet ones of low
or middle levels, for, as Kopp and
Williams 4 have pointed out, unless
there is s u c h supersaturation or
3 G. T. W [alker].
A gliding pilot [G. E.
Collins] on cloud formation, Q. J. R. M. S., v.
63, p. 115, 1937.
4 W. Kopp,
Aerologie einiger Wolkenformen
und Wellensysteme in der Atmosphare,. Beitr.
z. Phys. d. jr. Atmos., v. 13, p. 202-208, 217,
1927.
N. R. Williams, a rapid development of
mammatus cloud, Bull. Am. Met'l. Soc., v. 22,
p. 214-219, 1941.
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much condensed water present the
cloud would evaporate owing to the
compressional heating on descent.
A cloud of liquid droplets and ice
crystals mixed5 (Figs. 38, 52) will
have a relative humidity below 100%
with respect to the water droplets,
which will, therefore, be evaporating,
and above 100% with respect to ice
crystals, which will, therefore, be
growing. This is because liquid water evaporates faster than ice at the
same temperature. The specific humidity of the mixed cloud will be less
than that of the cloud of liquid droplets at the same temperature. A cloud
of ice crystals (Figs. 41, 42, 45-48)
will be at 100% with respect to the
ice but far from saturated with respect to water. At -30° C, for example, the relative humidity at saturation for ice will be but 75% with respect to a water surfacc. So when
snow falls through a cloud of liquid
droplets this cloud rapidly disappears
unless it is being actively formed;
and the equivalent of all the condensed water that has disappeared
will have been frozen or sublimed on
to the ice crystals and much of the
previously uncondensed vapor sublimed as well.
The air in heavy showers of rain
or snow is probably not usually saturated, for the rain or snow pushes air
downward into altitudes where the
pressure is greater, with consequent
compressional rise in temperature in
spite of the cooling of the air by conduction and evaporation from the
precipitation. This descent of air
thus continually tends to increase the
moisture c a p a c i t y of the space
through which the rain or snow is
falling, and probably keeps the relative humidity at times well below
100%. The common aerological indications of humidities under 100% in
Ns may not all be due to instrumental
error. One of the characteristics of
Ns, the "cloud" of falling rain or
snow, is that it appears as if lighted
5 Cf. W. Findeisen, Microphysics of the clouds,
Bull. Am. Met'l. Soc., v. 20, p. 239-240, 1939.

from
within — the
light
coming
through more readily by virtue of the
relative absence of small cloud particles.
A cloud of dust or smoke will probably have a humidity appreciably below 100%, though such clouds, when
they have risen high, may become
capped with a denser mass containing
liquid droplets of water. Among the
numerous published descriptions of
cloud tops on smoke, particularly over
fires6, the outstanding account of such
a phenomenon is that of the cloud
over the Tokyo fire of Sept. 1, 1923.7
The humidity at clear levels may
be surmised in some cases. For instance, when Cu clouds are forming
it is easy to interpolate relative humidity values between the surface
and the cloud base. Moreover, Deppermann has shown that Cu bases are
convex or concave downward when
the lapse-rates of relative humidity
are respectively less or greater than
that in adiabatically ascending air.7a
When pileus are forming s , the humidity at their level must be high, especially so if a pileus forms more than
two minutes before a rising Cu dome
reaches it, or if the size of such a
pileus is greater than usual. If the
humidity is nearly 100%, a very small
vertical disturbance may form lenticular clouds. The absence of such
lenticulars when the surface wind is
strong is evidence, per contra, of
rather low humidities at 1, 2, or even
3 km.
The height at which Ac bases form
above a wind boundary will give some
indication of the humidity of the un6 Cf. Bull. Am. Met'l. Soc., v. 6, p. 139, 1925 ;
v. 14, p. 171-172, 1933 : Mow. Weather Rev , v.
28, p. 433, 549, 1900 ; v. 29, p. 26, 498, 1901 ;
v. 40, p. 1258, 1912; v. 47, p. 143-147, 1919;
v. 48, p. 458, 1920 : Proc. Am. Phil. Soc., v. 2,
p. 116, 1841 ; Q. J. R. M. S., v. 28, p. 112, 214,
1902: Sci. (N. Y . ) , v. 5, p. 60-61, 1897; v. 10,
p. 86. 1899: v. 35, p. 215-216, 1912.
7 S. Fujiwhara. Cloud studies: 5, the greatest
cumulus producing experiment ever made,
Q. J. R. M. S., v. 53, p. 35-39, photos, tables,
1927.
7<i C. E. Deppermann, S.J., Relative humidity gradient and the form of cloud bases,
Bull. Am. Met'l. Soc., v. 21, 43-45, 1940.
8C. F. Brooks, Scarf clouds, Mon.
Weather
Rev., v. 45, p. 361-362, figs., 1917.
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FIG. A. CU cast, favored by lapse-rate in excess of wet adiabatic. These
clouds developed into Cb in the afternoon along the sea-breeze front. 9
ones favoring Cu and Ci forms and
der current. Also, if a cloud has been
gentle lapse-rates or inversions, the
observed to evaporate at a certain
St f o r m s > In general, the taller the
level, the presumption is justified,
cloud in proportion to its width, the
for a few hours, at least, that the
greater is the lapse-rate (figs. A, B ) .
air there has a high humidity.
A flat, smooth cloud (Fig. 30) has a
The very presence of a sheet cloud
lapse-rate of less than the wet adimay be indicative of a turbulent
abatic. The flatter the top the smaller
layer, for the high humidity may be
due to mixture on the boundary be- must be the lapse-rate above the
cloud. In fact, the flattened tops of
tween two winds of differing temperaclouds are usually appreciably cooler
ture yet high relative humidity.
than the air immediately above them10.
CLOUD S H A P E AND L A P S E - R A T E
The lower temperature may be due to
The vertical characteristics of a
the inertia of convection having carcloud—thickness, form, and rate of
ried the top too high,11 and, in part,
growth—are controlled largely by the
to evaporation, and sometimes to
steepness of the lapse-rates, steep
radiation.11 The low temperatures of
9 Reproduced
from
G.
Seifert,
Instabile
Schichtungen der Atmosphare und ihre Bedeutung fur die Wetterentwicklung im Konigsberger Gebeit, Veroffl. d. Geophys. Inst. d.
Universitat
Leipzig,
Bd. 6, H. 5, fig. D 6 ;
discussed on p. 263. Leipzig, 1935.
9 aCf. W . Peppier, liber die Doppelschichtung
der Wolken, Beitr. z. Phys. d. fr. Atmos., v.
13, p. 270-277, 1927; H. Berg, Wolkenschichtung und Wolkenstruktur,
Wiss.
Abh.
d.
Reichsamt f. Wetterdienst.
v. 3, no. 8, 33 pp.
(ref. to figs. 10, 11), Berlin, 1937.

10 Cf. H. H. Clayton, A study of clouds with
data f r o m kites, Ann. Astr. Obs.
Harvard
Coll., v. 68, fig. 5, p. 180, 1911: reproduced
as fig. 162, p. 165, in "World Weather", New
York, 1923.
x l Cf. W. Wenzel, Zur Frage der Temperatur
in Cumulus-Wolken, Met. Zeits., v. 50, p. 6567, 1933; abstr. by B. M. Varney, Temperatures in cumulus clouds, Bull. Am. Met'l. Soc.,
v. 14, p. 172, 1933.
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the outer surfaces of Cu clouds have
more recently been explained as due
to the frictional involvement and
forced ascent of the cooler air about
the warmer, convective column. lla

FIG. B. Cloud form in relation to vertical
velocities, at Konigsberg, July 10, 1935."b
(data from Seifert).
Three zones of altitude are differentiated:
the lowest one of accelerated vertical velocity
and narrowing cloud ; the middle one of uniform ascent, having a moderately spreading
cloud; and the upper one of retarded ascent,
with a still further spreading cloud.
The
lowest layer, which fig. 14a, op. eit. (not
reproduced) shows extended from about 1850
to 3000 m, was motivated by a steep lapserate of temperature (solid line above °C
scale at left) which with increasing height increased the difference between the temperature of the air ascending in the Cu cast.
(dashed line) and that of the surrounding
air (solid line). The resulting velocities (u
scale, in units of 1 m / s beginning at 3 m / s
at left end of scale) and frictional drag
( k v scale) are shown in the middle of the
diagram. The middle layer was marked by
stable lapse-rate, and above it an inversion,
with consequent moderate, then rapid, reduction in vertical velocity and sharp curtailment
of friction. The top zone, with a stable lapserate, had a still further reduction in vertical
velocity and friction.

A detached lumpy cloud with a flat
base and rounded top has an adiabatic
lapse-rate below it, a wet-adiabatic
rate inside, and a rate in excess of
the wet adiabatic outside up nearly to
the maximum height the cloud will
reach. A tall, sharply bounded, cumuliform cloud tells by the variation
in its diameter at different heights
the relative steepness of the lapserate (fig. C), except, of course, when
there is considerable wind shear. The
narrower such a cloud or cloudlet is
"aThran, loo. ext., ftnote l i b .
ai b FIG. 14b, in
Peter Thran, Unterschungen iiber das Wesen statisch steigender, trockener Luftmassen in der Atmosphare und iiber
die Grosse und Wirkungsweise der dabei auftretenden Scheinreibung. Inaug.-Diss., Albertus-Univ. Konigsberg, 46 pp., 14 figs.

FIG. C. An example of surmised differences
in lapse rate from the shape of a Cu cloud.
The cloud has four distinct formations at
different levels: At the lowest level, where it
is fairly broad, it seems evident that the lapserate in the free air is no greater than the wet
adiabatic. Immediately above this, however,
where the central portion of the cloud has
begun a vigorous growth upward, we surmise
that the lapse-rate exceeds the wet adiabatic.
Above the wind boundary, which the suddenness of turning of the cloud indicates is a
sharp one, the cloud, now in a narrow column,
seems to indicate a continuation of the steep
lapse-rate, possibly even steeper. A very
sharp inversion is, evidently, then met, resulting in the flattening of the top of the Cu into
Sc cugen.

relative to its height the greater is
the lapse-rate in the surrounding air.
Though a number of examples may be
found scattered through European
literature,12 there are few in American.13 Two relatively recent cases of
Cu cast, observed at Blue Hill Observatory may be of interest: Mar.
17, 1936, and June 14, 1938.
In the first case (fig. D) the Cu
bases at 850 m (by dewpoint formula)
are moving in an MT air mass from
12 Cf.:
K. O. Lange, Die aerologische Verhaltnisse in Cumulus- und Cumulo-NimbusWolken, Erfahrungsbericht nach einem Flugzeugaufstieg am 1. Juli 1929, Beitr. z. Phy&.
d. fr. Atmos., v. 16, p. 131-137, 7 figs., 1930;
W. Peppier, Zur Aerologie des Castellatus,
ibid, v. 13, p. 45-53, 1926 ; J. Richter, Was
sagt die Wolkenform dem Seeman fiber Zus*
tande und Vorgange in der Atmosphare? Der
Seewart, v. 8, p. 97-112, esp. figs. 4, 6, 8, 10,
1939 (noted in Bull. Am. Met'l. Soe., v. 20, p.
363, 1939) ; K. Schneider, Wolkenbeobachtungen bei Flugzeugaufsteigen, Die. Arb. d.
Preuss. Aeron Obs. b. Lindenberg,
Beob. u.
wiss. Abh., v. 15, p. 261-270, 15 figs., incl.
4 photos paired with temp, and hum. vs. ht.
diagrs. ; G. Stiive, Wolken und Gleitflachen,
ibid., figs. 2, 3, p. 220 (reprod. in "Dynamik
der Atmosphare," Handb. d. Geophys., v. 9,
fig. 127, p. 300, Berlin, 1937) ; W. Kopp, Wie
gestaltet sich aus der Fruhkarte vom 20, Juni
1925 eine Diagnose der Wetterlage? Mitt. d.
Aeron. Obs. Lindenberg, No. 11, fig. 4, 1925 ;
Wiegand Uber die Bedeutung der Wolkenfor-
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FIG. D. CU cast, in a layer of steep lapserate above the surface convective layer. Photo
NW from Blue Hill at 1:00 p.m., Mar. 17,
1936.

SxE at 18 m/s. Their tops at several
places reach a moister layer and form
pileus at 1370 m (by proportion, 8/5
height of base), where the speed at
1220 m by pilot balloon (E. Boston,
U. S. W. B.) is S 28 m/s. This
higher speed top vs base explains why
the clouds lean north. The narrow
column of the Cu cast, begins at 1370
men fur Diagnose und Prognose im Flugwetterdienst, Erfahrungsber.
d. Deutschen Flugwetterdienstes, Sonderbd., v. 2, p. 51, 58, esp.
fig. 5, 1932; F. Hohndorf, Thermische Vertikalbewegungen der Luft nach Segelflugergebnis.sen, ibid., p. 59-63, esp. figs. 3, 4, 8, 12 ; W.
Wenzel, uber die Rolle der latente Gefrierwarme bei aerologischen Betrachtungen, ibid.
p. 135-145, fig. 23 ; P. Rathjen, Stromungsvorgange und Wolkenformen, ibid. pp. 147-157,
fig. 4 ; S. Mai, Forms of stratified clouds,
Beitr. z. Physi d. fr. Atmos., v. 17, p. 40-68.
figs. 47-49 A. Kochanski, Sur les courants
thermiques lors des Cumulus, Komun. Geophys.
Inst. Univ. Lwow, v. 8, no. 109, p. 311-427,
1936 (the most important 3 figs, have been
reproduced as figs. 17-19, pp. 68, 70, 71, in An
introd. to the study of air mass and isentropic
analysis, by J. Namias, 5th ed., Milton, Mass.
1940). W. Schwerdtfeger, fiber die hohen
Wolken, Wiss. Abh., Reichsamt f. Wetter dienst,
v. 5, p. 1-34, Berlin, 1938.
13 Cf. Clayton, op. cit. in ftnote 10 p. 170192; E. J. Minser, Studies of synoptic freeair conditions for icing of aircraft, Bull. Am.
Met'l. Soc., p. 111-121, figs. 6-9 (reprod. in
Namias, op. cit. in ftnote 12, p. 118-121).
14S.
Lichtblau, Weather associated with
floods of March, 1936, U. S. Geol. Surv., Water
Supply Paper 800, fig. 16, Washington, 1937.

™lbid, p. 15-16.

m and rises to 1980 m. This checks
fairly well with a 600 m layer of
steep lapse rate from 1000 to 1600 m
observed at Lakehurst, N. J. by airplane that morning.14 Lichtblau15 in
his analysis of the synoptic situation
accompanying this said that convergence and lifting was in progress over
New England, which might explain
the greater height of the layer with
steep lapse rate. Above the narrow
column the cloud flattens and dissipates—also in keeping with a dry
layer at Lakehurst having but 1 C°
fall in 450 m above the moist layer
with the steep lapse rate. I recall
only this one Cu breaking through
the probably small inversion marked
by the pileus at 1470 m. No thunderstorms followed, though there was
much precipitation, beginning a few
hours later, and excessive, flooding
rains were falling in the White Mountains.
The second case is that of the Cu
cast, of June 14, 1938, one of six photographs of which was reproduced in
the Mon. Weather Rev., Aug., 1939,
fig. 2, opp. p. 294. These clouds
formed on the sea-breeze front, grew
rapidly upward and spread out at the
top. The photograph shows one of
these clouds in full vigor, with sharp
outlines at all levels, which continued
sharp while the cloud grew laterally
during at least the next 8 minutes,
when the next photograph of this
cloud was taken (fig. E ) .
(The
legend to fig. 2, " A n example of the
beginning of the disintegration. . ."
is, therefore, incorrect.)
Obviously,
the lapse-rate was steep to a height
of about twice the elevation of the
cloud base, and considerably less
steep above that. In the MWR photo,
the cloud base is 21 mm above what
appears to be its shadow on the landscape, the bottom of the spreading
portion 45 to 48 mm, and the top 63
mm. Eight minutes later, the values
were 17, 33, and 47 mm. According
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FIG. E. CU cast, on sea-breeze front west of Blue Hill, Mass., June 14.
1938, at 11:02 a.m. The horizon is V2 inch above bottom of picture.
to these, the top of the steep lapserate is at 1.9 to 2.3 times the height
of the cloud base, and the top of the
cloud, presumably a layer of small
lapse-rate, 2.8 to 3.0. These values
are convertible into actual heights if
we know the height of the base. This
can be computed by the dewpoint formula, from reasonable assumptions of
temperature and dewpoint of the air
in advance of the sea breeze.15a At the
base of Blue Hill the thermohygrograph (corrected) showed a rise of
5 F° in air temperature from 9 to
10 a.m. at which time the sea breeze
arrived, cutting down the rise to only
1° in the next hour. In advance of
the sea breeze it is probable that a
rapid rise in temperature continued,
though not so fast as in the earlier
morning hours. A rise of 4° from
10 to 11 would be a reasonable expectation, which added to the 69.4 °F
temperature at 10 would give about
73°F for 10:45 a.m., when the air
that formed the cloud may have been
leaving the ground.
The dewpoint
was 56 °F at 6:45 a,m. and 58 at 10.

By 10, however, the diurnal maximum
usually takes place, the dew having
evaporated and convection having become active in removing the humidified surface air; so by 10:45 a fall
should have been expected, conservatively, to 56 °F. A dewpoint 17 F °
below the air temperature would require an ascent of 1200 m before condensation would set in. Using this
for the cloud base, the top of the
steep lapse rate would be at 2300 to
2800 m, and the top of the cloud at
3350 to 3600 m. About 50 m should
be added to all these for the height of
the general terrain above which the
cloud heights were measured, giving
in round numbers 1250 for the cloud
base, 2600 for the top of the steep
lapse rate and 3500 for the top of the
cloud. The cloud temperatures at
15 aFor the validity of this method see R. C.
Binder, Estimating cloud heights from humidity observations, Bull. Amer. Met'l. Soc., June
1941, v. 22, p. 256-7 ; rev. of Lay, Computation of cloud heights, ibid., p. 257 ; and F. B.
Wood, The formation and dissipation of stratus clouds beneath turbulence inversions, ibid.,
Mar. 1938, v. 19, p. 97-103, esp. fig. 1. This
subject will be discussed further in a later
section of this article.
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these levels at adiabatic and wet adiabatic lapse rates would come to 11,
3, and - 2 ° C . The RAOB temperatures
at East Boston at 6 a.m. at these
heights were 10°, 0°, and - 2 ° C (isothermal from 3280 to 3560 m ) . Here
are conditions for convection at increasing speed within the cloud to
the height where spreading was in
evidence and, because of an isothermal layer nearly 300 m thick at the
level of the topmost portion of the
cloud, we find an ample basis for a
rapid stopping of the ascent, and consequent lateral spreading. The pileus
just above the top of the cloud in the
photo reproduced in the MWR evidently marks the top of the isothermal layer recorded in the RAOB. The
reader may choose which estimate of
cloud height is more likely to be correct : this one, based on recorded temperatures and dewpoints within 5
miles of the place of cloud formation,
or Mr. Namias's,16 based on a guess
that the cloud base was 1000 feet
lower here than at Putnam, Conn.,
many miles away, where an aviator
roughly placed the height at 7000 ft.
A situation almost identical with the
cloud form of June 14, 1938, and with
upper-air temperatures showing steep
and gentle lapse rates to match the
narrow and wider parts of the cloud
is shown in fig. 4 of Hohndorf's paper,
referred to in footnote 12.
If the lapse rate is steep through a
considerable depth of cloud, and if
there is a layer of small lapse rate
or an inversion within reach, the top
of the cloud will go beyond its level
of equilibrium (humps in Fig. 64)
and fall back, spreading out into a
16 J. Namias, On the dissipation of tall cumulus clouds, Mon. Weather Rev., v. 67, p.
294, 1939.
17 C/. a direct observation
of a convection
on an intense scale: C. F. Brooks, Thunderstorm topknots, Mon. Wea. Rev., v. 58, p.
331, 1930.
18 C/
C. F. Brooks, Types of mammato-cutnulus* clouds, ibid., v. 47, p. 398-400, 19 figs.,
1919.

mammatus sheet,17 as in the Ac or
Sc cug. in Fig. 33.18
Cumuliform clouds more or less attached by a basal cloud sheet usually
are not indicative of the presence of
adiabatic lapse rates immediately below them, for their growth has been
rendered possible only by the formation of a sheet of cloud in air having
a lapse greater than the wet adiabatic. Such a basal cloud sheet is likely
to have a partly mammatus character
where the thrusts of the downward
units of the convective circulation of
the cumuliform masses rising out of
it dent the surface. If these descending masses are dry they may blow
round holes through the basal sheet,1®
and even to the extent of leaving the
basal
cloud
only
in
triangular
patches.20
Warm-front mammatus (Fig. 35)
usually indicates an inversion at or
near its level.21 If it is surmounted
by cumuliform excrescences the lapse
rate above must be in excess of the
wet adiabatic; if it does not have
such rounded tops the lapse rate must
be less than the wet adiabatic. Seifert 22
cites a case of mammatus in an upglide layer of steep lapse rate, fig. F.
Within clouds of falling rain or
snow, lapse rates tend toward isothermal, owing to cooling of the lower
parts by evaporation and some conduction; but immediately below such
clouds the lapse rate tends toward the
adiabatic because of the cooling above.
™Cf. fig. 6 and discussion on p. 399, ibid.;
also holes made experimentally in smoke—A.
C. Phillips and Sir G. T. Walker, The forms
of stratified clouds, Q. J. R. M. S., v. 58, p.
23-30, fig. 10, 1932, and D. Brunt, Natural
and artificial clouds, ibid., v. 63, p. 277-288.
2 0 Photo:
fig. A, plate I X in Sir Gilbert
Walker, Clouds—Natural and artificial, ProG.
Roy. Inst, of Gr. Brit., Weekly Ev. Meeting,
Feb. 8, 1935.
(Reprint) ; same picture, fig.
13, Phillips and Walker, ibid., and fig. 9,
Brunt, ibid.
21 Cf.
Kopp, loc. ext., ftnote 4, a thorough
aerological discussion of mammatus clouds.
See also Williams, loc. cit., ftnote 4.
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FIG. F. Convectional clouds in general layers, each in upper portion of a
zone with steep lapse rate and each limited at top by an inversion or isothermal layer. The thick cloud at 2000 to 3900 m is upglide Ns convectively disturbed, especially in the bottom 500 m where the lapse rate exceeds the wet
adiabatic, forming mammatus. The top of the cloud, limited by a sharp
inversion, is flat. In the layer marked by the As at about 4700 m, the lapse
rate is still steeper, and the isothermal layer limiting the convection at the
top does not make the top so flat as the inversion above the lower cloud does.
Showers fell later from this As.22
SucksdorfT, Byers, and Renner have
depicted this, and Byers has indicated
the likelihood of superadiabatic gradients and convection of possibly tornadic violence.23
The level of the 0°C isothermal surface may be marked by the melting,
ragged, lower ends of cirrus streamers, or by a ragged cloud giving a
-Seifert, loc. cit., ftnote 9, pp. 345-347,
fig. D 32.
23H. R. Byers, Synoptic and aeronautical meteorology, Fig. 44, p. 225, New York, 1937.
G. S. Sucksdorff, Beitrage zur Dynamik der
Regenschauer, Nachr. v. d. Ges. d. Wiss*. z.
Gottingen, Math.-phys. Klasse, N. F., Fachgr.
II, 2, No. 2, p. 9-49. 1936.
H. Renner, Uber die Abkuhlung unter Gewittern, Ann. Hydr., etc., v. 66, fig. 1 and p. 457458, 1938.

lurid red and orange sunrise or sunset.
Since the melting of the falling snow
will not be instantaneous, the height
at which the Ci streamers disappear
or the upper limit of a snow-truncated rainbow23* will be actually one
to a few hundred meters below the
first encounter with melting temperatures. At times, when it is snowing
on Blue Hill the precipitation is all
rain at the base, 130-175 m below. Peppier24 finds the lower end of fall-stripes
most frequently at the level where the
23aC.
F. Brooks, Thunderstorm, graupel,
snow, and a rainbow, Mt. Washn. Obs. News
Bull., no. 8, p. 7, Jan., 1941.
24W. Peppier, Zur Kenntnis der Fallstreifen,
Beitr. z. Phys. d. jr. Atmos., v. 26, p. 37-49,
1939.
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temperature is 2°C, which at normal
lapse rates would be 300 m below the
freezing level. One third as many
fall-stripes reach down to 10 °C, however, which he interprets as being due
to a slower-melting graupel forin of
precipitation.
When a cold front has recently
passed it is reasonable to assume that
in clear air above the front the lapserate before the arrival of the front
remains undisturbed above the new
surface layer of air. Thus in a south
wind a Cu may have formed at computed altitudes and may have indicated the lapse-rate to some height.
The arrival of cold air at the surface
will create an inversion of temperature, which eats its way upward into
the previously established lapse-rate.
New Cu may form within the cold air
mass under the Cu of the warm air
mass. This was beautifully illustrated
at Caracas, Venezuela, Mar. 11, 1924,
when a warm wind from the SE with
Cu based at 3 km was underrun by a
sea-breeze with Cu forming at 1 km.
At Blue Hill, Cu in the warm air
mass often drifts seaward high above
the cool sea-breeze at the surface.
'When cirrus clouds are drifting
in at high levels one may safely
assume falling temperatures aloft and
a steepening of the lapse-rate at the
lower limit of the snow.24a The forward
moving overflow cloud sheet of a cyclone or a thunderstorm, with its
evaporating trails of falling snow is
an important factor in making steep
lapse-rates in and below the clouds.
Far to leeward, gnarled Ci wisps
alone represent the cyclone or thunderstorm top which formed perhaps
several hundred miles away. The
falling crystals cool the air and become entirely evaporated at a level
far above the reach of diurnal cumulus clouds. As the center of the
cyclone or the belt where thunder24a Schwerdtfeger,
loc.
2 and 3, table 4.

cit.,

ftnote 23: figs.

storms are forming approaches, the
evaporating Cb tops arrive denser,
and their snow falls lower until along
towards noon one day some Cu tops
on reaching the cool layer, mount suddenly and become detached from the
rest of the cloud. The liquid-drop
portions disappear quickly, leaving a
columnar snow smirch for a few minutes longer. During the early afternoon, the stronger Cu-capped columns
of heated air rising from the surface
begin to arrive in considerable volume
at the base of the cool layer. The inevitable result is the production of
local thunderstorms, which in turn
send their snowing, air-cooling tops
to leeward.
CLOUD MOTION

AND

WIND

The progressive motion of a cloud,
turbulence on its periphery, and deviations of tall clouds from the vertical indicate actual and relative winds
aloft. Clouds, being composed of individual particles without mutual attraction, are free to move with the
wind in which they happen to find
themselves.
Therefore, unless they
have in the immediate past changed
from a level where the wind is distinctly different from the level they
have entered, they will move with the
wind and by their motion indicate the
direction and velocity of the wind at
all heights at which they can be seen.
When a cloud goes from one wind to
another, turbulent curls or frayings
all pointing in the same direction
(Fig. 1) indicate the direction of the
wind just entered relative to that the
cloud has just come from.
Turbulent motions that are visible
indicate strong turbulence, which,
however, must be interpreted not only
in terms of the rapidity of apparent
motion but also in terms of distance.
Thus great turbulence in a Ci cloud
may be hardly visible as motion,
though it will show in the shapes of
the details in the cloud (Fig. 44) and
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in the length of time that any definite
point or line will last. The turbulence of a Fc cloud is obvious from
its aspect (Figs. 2, 15, 25).
When cumuliform clouds lean (Figs.
C, D, 1, 4, 5, 6 (lower), 8 (up. rt.), 10,
37, 38, 65, 66) or Ci trails depart
from the vertical (Figs. 41, 45, 46,
52), it is obvious that the wind at
one height in the cloud is not the
same as that at another height. In a
rapidly growing cloud, the amount of
deviation from the vertical is the resultant of the vertical velocity of the
cloud particles and the rate of change
of wind velocity with height. In
other words, they represent streamlines of the air the motion of which
is rendered visible by the cloud material.25 Even after growth may cease,
the changing form of the cloud will
continue to indicate where the cloudy
air is going but only in clouds of
such small particles that their rate of
fall through the air is negligible.
Thus a cloud passing from one wind
to another will lean 45° when the
relative velocity of the two winds is
the same as the vertical rate of movement of the cloud particles. Though
Cu mostly lean down wind they may
do the reverse.
If, as is usual, there is a continuous
shear in the wind, the lean of the
cloud will be curved, if, indeed, its
rate of ascent remains constant, the
curve being convex upward with an
ascending cloud and convex downward with a descending one, such
as falling Ci, giving rise to the characteristic curl of Ci (Fig. 45). Thus,
when leaning young clouds of unif o r m rate of growth are straight
there is a uniformity of velocity at
all levels pierced, indicating a decreasing horizontal pressure gradient with increasing height, in the
line of sight, of course. When a uniformly growing Cu straightens up or
25 Walker,

loc. cit., ftnote 21, pp. 8-9.

bends backward in its higher portions
(Figs. D, 4, 2nd cloud from rt.) there
is a strongly decreasing pressure gradient with increase of height. When
a Ci becomes more vertical downward
or even points its lower ends forward, the pressure gradient at the
top must be very much less than at
the bottom. All this is assuming a
constant rate of ascent of the Cu or
Ci top or of descent of the Ci train,
neither of which obtains. The Cu or
Ci top usually rises more slowly near
the top, and Ci particles fall more
slowly as they become smaller by
evaporation.
This tendency should
magnify the apparent increase of
velocity with height. Thus when the
reverse appears the observer can be
practically sure that pressure gradients are less at higher elevations.
Usually, there is a change in the
direction of the lean of a Cu top or
the trail of a Ci streamer, considered
laterally, which also indicates a difference in the relative direction of
the winds at different heights. Zigzag Cu and, more often, zig-zag, or
woven Cs, indicate diverse gradients
as to direction or steepness, or both,
at different heights (Figs. C, D, 4 ) .
"Waves" in clouds (Figs. 31, 32,
35, 36, 57) show contrast in wind at
or near that level. Since the action
of one wind on another can only produce one set of true waves the existence of two or more sets (Fig. 51)
must come from wind contrasts at
different levels which affect a sufficient depth of the atmosphere to overlap. The wave-length is a function
of the contrast in wind velocity and
temperature: the stronger the contrast in velocity and the less the contrast in temperature, Haurwitz found,
the greater the wave-length.26 With
a 6 m/s difference in velocity and no
26B. Haurwitz, Wogenwolken
und Luftwogen, Met. Zeits., v. 48, p. 483-484, fig., 1931 ;
Gerl. Beitr. z. Geophys., v. 34, p. 213-232, 2
figs., 1931.
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difference in temperature the wavelength he computes to be 1000 m,
while with the same difference in
wind and a temperature contrast of
10 C° the wave-length would be only
300 m.
Laboratory experiments with convectional cells in liquids and in smokemarked air have raised serious doubts
among British meteorologists that
what we call cloud waves are really
waves at all.27 When the top of a
convecting fluid is subject to a slight
shear, transverse, more or less irregular lines appear. When the shear
is made great these disappear and
longitudinal rolls form. A slight
change in shear may alternate the
forms, an alternation that has been
seen in a cloud sheet and which could
hardly obtain if there were true, or
Helmholzian, waves. The various
forms of Sc, Ac, and Cc clouds can all
be so well accounted for by convectional cells with or without shear
that the British authors cited do not
see the need for the wave explanation.
27 Mal, loo. cit.,
ftnote 12, summarized and
discussed by G. T. Walker, Recent work by
S. Mai on the forms of stratified clouds,
Q. J. R. M. S.f v. 57, p. 413-423, 1931; Phillips and Walker, loc. cit., ftnote 20 ; G. T.
Walker, Clouds and cells, ibid., v. 59, p. 389400; G. T. Walker, loc. cit., ftnote 21 ; D.
Brunt, loc. cit., ftnote 20.

However this may be, the results of
the laboratory experiments do not
prove more than that shear is important in cloud forms. The existence,
and frequently too, of atmospheric
waves and of cloud forms that mark
them is in no wise disproved.27* A detailed consideration of this problem
led Avsec28 to the conclusion that the
wave theory is always valid for transverse cloud lines but that thermoconvective currents when present may be
expected to adapt themselves to the
valleys and crests of the successive
waves.
Conclusion:
the texture, forms,
and internal or general motions of
clouds may be made a valuable aid in
the interpretation of the aerological
condition of the atmosphere.
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SUMMARY
An account is given of a simple plotting
equipment for pilot balloon ascents which can
be used for both tail and non-tail ascents.
HE METHOD DESCRIBED i n t h e

T

fol-

lowing note represents a development from a drawing equipment for pilot-balloon ascents introduced in Austria in 1916.
The improved instrument has the
advantage of being utilizable both for
pilot-balloon ascents of assumed constant rate and for observations of a
balloon with tail attached. Using

Office, Dublin,

Ireland

this equipment it has been found possible to derive the results so rapidly
that the determination of the wind
velocity and direction can be kept "up
to date" from minute to minute as
the balloon is followed, and in such a
manner that all possibilities of serious errors are eliminated. The accuracy is equal to that obtained with
a slide rule 20 inches long, the use
of which, however, involves many
arithmetical processes by which the
possibility of error is increased. Last
but not least we mention that the
new graphical equipment can be con-
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