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INTRODUCTION

H E development of secondary cyclonic
storms off the Atlantic coast often presents
a difficult forecasting problem concerning
the type of precipitation, rain or snow, that will fall
over New England coastal areas. Frequently, it
depends on a critical surface wind direction such
that predominant trajectory of the air over water
results in rain on the coastal regions, while advection of cooler air from the land permits snow to
reach the ground. The temperature effect of
advection is well known to forecasters. What is
generally neglected is the cooling of the air by
the precipitation itself, especially the effect of
melting snow. This cooling effect of melting
snow has been discussed by Cadez ( 1 9 3 9 ) , although his analysis of condensation effects is in
error. Findeisen ( 1 9 4 0 ) showed that the melting of snow creates an isothermal layer, below
which instability results, frequently causing the
formation of fractocumulus clouds below the rain
cloud proper. It is the purpose of this paper to
discuss the theory of the cooling of a saturated
layer of air by melting snow and to present a
synoptic case which demonstrates the principle:
the surprise snowstorm of April 13, 1953 which
left up to 8 inches of snow in the suburbs of Boston.
This case has also been discussed by McGuire and
Penn ( 1 9 5 3 ) .
From the first law of thermodynamics it may be
shown that the local change of temperature is
given by
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Of the non-adiabatic effects the most important
on rainy, overcast days is cooling by melting snow.
For every gram of ice that melts, 80 calories are
removed from the ambient air. However, the
cooling of saturated air results in a decrease of
the specific humidity, which releases heat of
condensation. The heat balance due to these
processes may be represented by the equation:
AP
AP
Cp — AT + L — Aq = L{M,

(2)

where M is the amount of ice melting in a layer
of air of thickness AP, AT is the mean cooling of
the layer, Aq is the mean decrease in the specific
humidity, and L and Lt are the respective latent
heats of condensation and of fusion. For saturated
air Aq in grams per gram of air is related approximately to AT in °C by
Aq

=

0.3 X

10~3A7\

(3)

Substituting in ( 2 ) we find
0CP

+
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in cgs units.
Cooling of the air by melting snow will first
cause an isothermal layer at 0°C to form aloft.
This cooling aloft creates an unstable lapse rate
just below the layer of melting snow, so that
cold air may be transported downward. Cooling
at the surface may therefore begin when cooling
aloft has caused the wet adiabatic lapse rate to
be exceeded in the ground layer.
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At 1330 EST a small coastal low was located
where the first term on the right hand side represents non-adiabatic changes, v • VT represents off Nantucket while a secondary was developing
horizontal advection, and the last term represents off the New Jersey coast. These systems moved
temperature changes due to vertical motions (y' northeastward, with the secondary deepening and
is the neutral lapse rate, y the actual lapse rate and giving heavy precipitation over the New England
w the vertical velocity).
coastal regions during the evening. With skies
overcast, temperature changes during the day
* This study received multiple sponsorship from the
were small.
Blue Hill Meteorological Observatory of Harvard UniverHourly maps at 1 9 3 0 , 2 0 3 0 , 2 1 3 0 and 2 3 3 0
sity under U. S. Weather Bureau Contract No. Cwb-8310,
and Massachusetts Institute of Technology's Meteorology
EST are shown in F I G U R E 1 . At 1 8 3 0 EST surDept., and Weather Radar Research project, a project
face temperatures over all New England were
operated under SCEL Contract No. DA-36-039 SC-42625.
above 4 0 ° F . Snow was occurring over a small
** Also associated with Harvard University.
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area in southern New York, while rain was falling
in western Massachusetts. At 1930 the map shows
a small area of mixed rain and snow in western
Massachusetts with the temperature at Pittsfield
36°F. At 2030 EST heavy rain was reported at
Hartford, Boston and Providence. In the next
hour the temperature dropped sharply, and at
2130 EST snow was reported at all three stations.
Only light rain occurred at Portland during this
time and the temperature there remained 40°F.
It is readily seen that with a northeasterly wind
and with the temperature in Maine near 40 °F, and
with the sea-water temperature between the Gulf
of Maine and Nantucket about 42 °F, the sudden
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cooling at Boston, Providence and Hartford cannot be explained by advection. The cooling and
the resultant change from rain to snow took place
only where the heavy precipitation occurred. Furthermore, since the temperatures fell below the
dewpoints of the previous hour, the cooling cannot be ascribed to evaporation. Two hours later,
at 2330 EST, after heavier precipitation, lower
temperatures appear at Concord and Portland,
and shortly thereafter the rain changed to snow.
F I G U R E S 2 and 3 show the 850-mb maps for

FIG. 1. Hourly surface-weather maps during the evening of April 13, 1953: 1930, 2030, 2130 and 2330 EST.
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make use of the gradient wind direction to determine a most probable trajectory of indeterminate
length. This trajectory is shown in the first of
these maps. The starting point is chosen as the
furthest conceivable point from Boston as judged
from the contour spacing. The trajectory indicates slight cool-air advection causing a possible lowering of the temperature by 1 to 2C°
at Boston, but it shows quite definitely that the
advected air was a few degrees above 0°C. At
Portland warm-air advection, if any, is indicated.
F I G U R E 4 shows a photograph of an R H I radar
scope on a 50-mile scale taken 1805 EST at Cambridge, Mass. The precipitation at this time is
seen to be somewhat showery. The bright band,
a layer of enhanced signal due to melting snow, is
not clearly marked on this photograph but it is

FIG. 2.

850-mb contour map for 1000 EST, April 13,1953.

1000 and 2200 EST. The contours for these
maps were obtained by means of differential
analysis. There are insufficient wind data to
determine the trajectory of the air which terminates
in the Boston area at 2200 EST. Moreover, the
relative flatness of the contour gradient along the
New England coast makes it difficult to determine
gradient wind speeds. It is possible, however, to

FIG. 4. R H I photograph at 210° azimuth for 1805 EST,
April 13, 1953. Horizontal range is 50 miles.
The
ordinate is height, with heavy black lines spaced every
10,000 feet. (From Cambridge, Mass.)

FIG. 3.

850-mb contour map for 2200 EST, April 13, 1953.

centered at about 6,000 feet. This indicates that
the 0°C level was above 6000 feet at the time.
At 1958 EST (FIG. 5) during the heavy continuous precipitation, the bright band, about a
1000 feet thick, has lowered to about the 2000-foot
level. Subsequently the bright band lowered to
the ground and could not be detected.
To trace the cooling effect of the precipitation
it would be desirable to follow a layer of air
through which a known amount of precipitation
has fallen in a given time interval. Insufficient
rainfall records are available for such a study.
However, in the April 13 storm, heavy rain was
sufficiently widespread so that changes of temperature at a station could be ascribed to precipitation occurring at the station. T A B L E 1 shows the
total amount of rainfall at various stations from
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the beginning of the rain to the time that snow
appeared. The quantity AP • AT is computed
from the rainfall amounts with the aid of equation ( 4 ) . A value of AP • AT =500 mb • °C
would indicate that a layer of air 500-mb thick
could be cooled 1C° by the amount of rain; or a
layer 200-mb thick could be cooled by 2.5C°.
Sufficient rain fell at all stations to cool the air
below the 800-mb level by about 2.5C°. At all
stations except Blue Hill, snow did not begin until
the rain amounts exceeded 0.9 inches. Because
of the higher elevation of Blue Hill, snow would
be expected to occur earlier.
The radiosonde for Portland at 1030 EST on
April 13 shows above-freezing air temperatures
extending to 810 mb, giving a value of AP • A T
= 420 mb • °C from the surface to that level. It
is evident from T A B L E 1 that the rainfall was more
than sufficient to cool the layer to 0°C. Since
the air at Portland was not completely saturated at
1030 EST, some slight cooling of the layer by
evaporation probably occurred. The combined
cooling by evaporation and by melting snow was
sufficient to cool the layer to 0°C even if advectional heating of 0.5C° occurred during the succeeding 12 hours.
The temperature and dewpoint at Blue Hill
dropped from 40°F to 32°F in 75 minutes after
1950 EST. If it is assumed that the cooling begins when the wet-adiabatic lapse rate has been
exceeded, it is found with the aid of equation (4)
that 0.38 inches of rain is required to cool to 32°F
a layer of air extending from 40 °F at the surface
along the wet adiabat to 32°F aloft. The rainfall
measured at Blue Hill during this period was
about 0.4 inches, in excellent agreement with the
computed value.
TABLE 1. AMOUNTS OF RAINFALL DURING APRIL
1953 UNTIL THE TIME SNOW W A S OBSERVED
Station

Boston
Hartford
Providence
Concord, N. H.
Portland
Blue Hill

Time

Amount

(EST)

(in)

1830-2130
1630-2130
1700-2130
1700-0030
2030-0030
1600-2100

1.01
0.97
.96
.90
.94
.82

13,

FIG. 5. R H I photograph at 306° azimuth for 1958 EST,
April 13, 1953. Horizontal range is 25 miles with a
marker at 11 miles. The ordinate is height with heavy
black lines spaced every 10,000 feet. (From Cambridge,
Mass.)

At Boston the temperature dropped sharply
after 2100 EST from 40°F to 33°F in 27 minutes.
During this time only about 0.15 inches of rain
fell, whereas 0.38 inches would be required to
cool a wet-adiabatic ground layer. The sudden
cooling at Boston was evidently due mostly to
advection of the cooled air from the suburbs, where
snow had begun an hour previously. Between
2000 and 2130 EST the surface wind at Boston
shifted from N N E to N N W bringing in the
cooled air.
In summary, the cooling effect of melting snow
is extremely significant in lowering the freezing
level to near the ground and must be considered in
the forecasting of rain or snow. In the storm of
April 13, 1953 the freezing level was lowered
from about 6,000 feet due to this process, causing
a surface cooling of 8F°.

AP-AT

(mb • °C)

500
480
475
450
465
405
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