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INTRODUCTION

An unexpected significant snowfall oc-
curred on January 8, 1990, over portions of
the Middle Atlantic states. Snowfall
amounts of 4 to 8 inches were reported in a
narrow band which extended from central
West Virginia northeast through western
Maryland, and into southeastern Pennsyl-
vania and northwestern New Jersey. Little
or no significant precipitation fell north
and west of this area. Further east and
south closer to the coast, nearly 1 inch of
precipitation in liquid equivalent fell, but
surface temperatures in this area remained
high enough to prevent significant snowfall
accumulation.

Freezing levels in the heavy snow area
were initially above 8,000 feet, boundary
and surface temperatures were above
freezing, 1000-500 millibar thickness values
were well above 540 decameters, and
1000-700 millibar thickness values were
well above 285 decameters.

This case study will examine how sig-

- nificant cooling of the lower atmosphere

occurred during the time of precipitation
due to a signmificant increase in vertical

- velocity, the change of state involved in the

melting process, and dry-air intrusion.

SURFACE

A low pressure system formed south of the

panhandle of Florida on Sunday, January 7,
1990, and moved northeast into central
South Carolina by 1200 UTC Monday
morning. A large area of overrunning
precipitation in the form of rain moved
slowly northeast during Sunday night, and
had spread as far north as Beckley, West
gj{%‘ma and Richmond, Virginia by 1200

During the remainder of the morning
hours, the overrunning precipitation con-
tinued to spread north through most of
West Virginia, Virginia, aryland,
Delaware and southern New Jersey. The
rain mixed with sleet and snow over much
of the Mid-Atlantic region, with precipita-
tion predominantly in the form of snow
well inland. The snow continued to spread
north into southeastern Pennsylvania,
northern New Jersey and southern New
England during the afternoon and evening
hours as the low pressure system continued
to move northeast and rapidly intensified
off of the Delmarva and New Jersey coasts.

Precipitation ended in West Virginia and

-

Vir?ima by late Monday afternoon as the

surface system began to move away from
the area. Snow or rain ended over the



remainder of the Mid-Atlantic and
southern New England coastal states by or
shortly after midnight.

SOUNDINGS and UPPER-AIR

The 1200 UTC soundings at Atlantic City
(ACY) and Washington (IAD) indicated
shallow low-level inversions from the sur-
face up to around 980 millibars, Tempera-
tures at the surface were near 0°C, but rose
sharply to around +6°C at the top of the
inversion layer. The Pittsburgh (PIT)
sounding revealed a very weak inversion or
nearly isothermal layer up to 800 millibars.
Freezing levels at 1200 UTC for ACY, IAD
and PIT were all around 8,500 feet
(Figures 1-3). Temperatures at 850 mil-
libars over the area which received sig-
nificant snowfall during the day initi
were between +1°C and +2°C (Figure 4).
~ The, 1000-700 millibar thickness values in
this area were between 286 and 288
decameters - well above the 280 to 285
decameter range considered favorable for
heavy snow events (Figure 5).

By 0000 UTC, however, 850 millibar tem-
peratures over much of the Mid-Atlantic
region had cooled as much as 4°C through
a combination of dynamic low-level atmos-
pheric lifting, and thermodynamic evapora-
tive and state-change processes (Figure 6).
At this time, 1000-/00 millibar thicknesses
in the area where heavy snow occurred had
fallen to between 284 and 285 decameters
(Figure 7), and most of the lower atmos-

here was now near or slightly below freez-
ing (Figures 8-10).

DYNAMICS and THERMODYNAMICS

The dynamic and thermodynamic processes
which helped significantly cool the lower
atmosphere over the Middle Atlantic states
are shown mathematically in the Appendix.

The diabatic process of absorption and loss
of heat includes phase-changes and
evaporation. It is interesting to note that
evaporation is a strong factor which con-

siderably cools large layers of the atmos-

phere by making that layer isothermal
when it was once close to the dry-adiabatic
lapse rate (Haltiner and Martin, 1957).
Vertical motion cools a vertical profile
more effectively when the lapse rate is not
close to the dry-adiabatic lapse rate (see
Equation 5 in the Appendix). Vertical mo-
tion increases the cooling effect as the
lapse rate decreases, with the greatest cool-
ing potential when the lapse rate is nega-
tive (indicating the presence of an
inversion). Of course, an inversion sup-
resses vertical motion, so dynamic forcing
1s required to produce this effect. The
low-level inversions which were indicated
at 1200 UTC at both ACY and IAD
(Figure 1) therefore helped to enhance the
cooling effect induced by vertical motion.

Strong positive vertical velocity associated
with the storm moved northeast thro%ﬁh
the heavy snow area during the day. e
RAFS FOUS (FRHTG61-62) for the Mid-
Atlantic region indicated that 700 millibar
vertical velocities in excess of 6 microbars
sec’! would move through the area by
Monday evening. The lower atmosphere
cooled in response to the positive increase
in vertical velocity. Although the lower
atmosphere could cool at the moist
adiabatic rate of 6° C km™, this cooling
process was offset somewhat by diabatic
processes such as low-level warm advec-
tion. = The RAFS FOUS T1 and T3
forecasts indicated that temperatures
below 850 millibars would cool from
around +4°C at 1200 UTC, to 0 or +1°C
by 0000 UTC.

Evaporational cooling on the northern
frinfe of the storm was also a likely factor
in low level atmospheric cooling. The
latent heat of vaporization is equal to ap-
proximately 590 gram calories. erefore,
a total of 590 calories are required to
change a gram of water in the liquid state
to the.vapor state. The atmosphere was
initially quite below 600 millibars at
both ACY and before precipitation
began, and the atmosphere remained fairl

dry throughout the entire day at PIT, whic

remained north of the precipitation shield
(Figures 3 and 10). The lower atmosphere
initially cooled over much of the Mid-




Atlantic region as mid-level precipitation
evaporated when it fell into low levels
which were still quite dry. It is likely that

some low-level evaporaticnal cooling con--

tinued on the northern fringe of the storm
as drier air was entrained south on north to
northeast winds.

Another process which helped in low-level
atmospheric cooling was the state-change
involved in the melting process. The latent
heat of fusion is about 80 gram calories.
Therefore, a total of 80 calories of energy
is required from the atmosphere to change
a gram of water from a solid to a liquud
state. The soundings over much of the
Middle Atlantic region on January 8th indi-
cated that freezing levels were around 8500
feet during the morning, but gradually
lowered to near the surface during the day
in the heavy snow area (Figures 1-3 and
8-10). Some additional cooling of the
lower atmosphere was therefore occurring
as snow melted through this layer.  Al-
though both processes were involved, the
thermodynamic cooling due to evaporation
was significantly stronger than the cooling
which resulted from the state-change in-
volved in the melting of snow.

ADDITIONAL CONSIDERATIONS

All of the processes mentioned in the pre-
vious section cooled the lower atmosphere
enough to allow snow to accumulate on the
northern fringe of the storm system. It is
interesting to examine the dynamics that
- forced large areas of vertical motion, which
in turn produced copious amounts of
precipitation. Large-scale vertical motions
can be implied by examining the fron-
togenesis process and the Omega Equa-
tion.

A 300 millibar jet of greater than 110 knots
stretched from southern Texas northeast to
the Delmarva coast. Gulf moisture at high
levels and Atlantic moisture at low levels of
the atmosphere were entrained into the

storm circulation. Strong divergence at 300

millibars moved northeast over the Mid-

Atlantic region during the day - enhancing
low-level convergence and implying strong
upward vertical motion (Figure 11).

Very strong positive isothermal vorticity
advection (PIVA) was also occurring
during the day, with the heaviest snow area
confined to a narrow band where 1000-500
millibar thickness values were between 544
and 546 decameters (Figures 12 and 13).
PIVA is an attempt to combine differential
vorticity advection with the height term and
the thickness advection term of the Omega
eg:}ation into a graphical presentation by
advecting vorticity in a layer by the thermal
wind of that layer (Chaston, 1989). The
Omega equation, when simplified, indi-
cates that upward vertical velocity normally
associated with cloud-cover and precipita-
tion is a function of both increasing positive
differential vorticity advection with height
(PVA) and warm advection. Since upward
vertical motion due to PVA (advection by
the geostrophic wind which blows parallel
to the height field) can be offset by cold-air
advection, a PIVA overlay (PVA advected
on a thermal wind which blows paraliel to
the 1000-500 millibar thickness field) ex-
amines areas where both functions of the
Omega equation are working together to
roduce strong positive vertical velocities.
e use of this overlay (when PVA is in-
creasing with height) has proven to be a
good way to estimate the dynamic and ther-
modynamic effects caused by vertical mo-
tion, and is useful in better defining areas
where significant precipitation may occur.

Perhaps one of the best ways of inferring
where upward vertical motion is at a maxi-
mum is by examining Divergence of Q (Div
Q) fields. This quasi-geostrophic diagnos-
tic can be thought of as a complete solution
of the Omega Equation. Areas where
simultaneous advection of both tempera-
ture and increasing vorticity with height are
represented by negative values, and imply
upward vertical motion. Positive areas
(diverging Q fields) imply downward verti-
cal motion and subsidence. Q-vector con-
millibars over the Middle Atlantic region
during the day (Figures 14 and 15).

ver%enc:c was evident at both 560 and 760~



Q-vectors represent the rate of change of
the horizontal potential temperature
gradient which develops in an air parcel
moving with the geostrophic wind assuming
no vertical velocity. Although this is not
always true, the Q-vector is useful because
it gives an approximation of the
ageostrophic horizontal wind in the lower
branch of the circulation which develops in
order to maintain the thérmal wind balance
in a developing synoptic disturbance
(Chaston, 1989). Although not shown, the
Q-vectors at both 500 and 700 millibars
over much of the Middle Atlantic Region
during the day were crossing the isotherms
from cold to warm air. This tightening of
the thermal gradient suggested fron-
togenesis was occurring, with available

otential energy being converted into

inetic energy.

Additional information concerning
Q-vectors and heavy snowfall can be ob-
tained by examining Western Region Tech-
nical Attachments Nos. 90-07 and 90-08.

SUMMARY AND CONCLUSIONS

Significant low-level atmospheric cooling in
the Mid-Atlantic region occurred on
January 8th, due to a combination of
dynamic and thermodynamic processes.

e diabatic local temperature change with
respect to time 1s a function of
phase/volume changes, horizontal advec-
tion, vertical motion and lapse-rate. The
negative contribution of these functions to
local temperature resulted in an unex-
Bscted heavy snowfall for a small area from

est Virginia northeast into northern New
Jersey. Although some of the guidance
data available to the forecaster prior to the
event indicated that some low-level cooling
would occur during the day, the magnitude
of this cooling was underestimated, espe-
clilall l;e'l lower resolution models such as
the .

Strong vertical velocities, low-level conver-
gence and upper-level divergence, atlantic
and gulf moisture availability, strong posi-
tive isothermal vorticity advection and
upslope conditions along the eastern ridges

of the Appalachian mountains helped to
generate copious precipitation amounts
over much of the Mid-Atlantic states.

Heavy snowfall is possible under normally
unfavorable conditions when strong PIVA
moves into a region causing excessive verti-
cal velocities, where 1000-500 millibar
thickness values are equal to or less than
546 decameters, and where the T1 and T3
values of the RAFS FOUS are forecasted
to be or fall to within a couple degrees of
freezing. Sustained northeast winds to the
north of a surface low pressure system may
aid in upslope over higher terrain east of
the Appalachians, and advected drier air at
low levels of the atmosphere J’ust north of
the precipitation shield are additional fac-
tors which might help in better defining the
gotential for and general location of where
eavy snow may fall. ' '
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APPENDIX

EGQUATION 1 dT _ or - — T - 3T .
= 4 W - =

i gT “ ¢ * v N R J v
where_:, is the total temperature change with respect

4t <to time,

2T is the locai rate of t b

3e iocai rate o emperature change,

; is horizontal advection in x, y (or u, v)

V.¢T

coordinates,

wI2T is the product of verticai motion in z (cr
5% w) coordinates and liapse rate.

Equation 1 can be re-written as fo!l iows:

2T _dT ITN-) .
9T V. 7T e 3T

€
and shows that the local change in temperature is equal
to the tota! temperature change with respect to time
minus the horizontal advection and vertical
motion/ lapse rate terms.
EQUATION 2: SR _ o dT _ ,dP -/'
‘ de Cb<:t :‘dfz < = @ GXNQﬂf)

The First Law of Thermodynamics states that tota! heat
excnange as a function of time dH

a€t
is equai to the specific heat at constant pressure mui-—
tiplied by the total temperature change with respect to

Time CP T

. gf— e
minus the product of specific wvolume and the total
cnange in pressure with respect to time.

- . . F _—Q_P- 'v 4 W&P
EQUATION 3: ‘5’? =28 + V. vp S5

Where dP is the tota! change of pressure with respect
d¢ to time,

P is the loca! rate of pressure cnange,
o€t
W VP is the horizonta! advection of pressure,

. is the product of vertical metion and pres-
kfﬁ%% sure change with height.

The Hydrostatic Equation KQP --@ where g=gravity

i



and the First Law of Thaermodynamics can then be sub-
stituted into Equation 3 to yield an equation which may

pe simpiified: .
a7 . di 28 -

Since tne contributions of local pressure changes and

crcss~-isobaric flilow are sma'l (except on very smai)
scale motion - such as in thunderstorms), the pressure
terms of

:Qﬁ. and QV-V’P
A

in this equation are approximately zero, and can there-
fore be excluded. The equation in its simplified form
is given below:

A a A7 ~ _L_dH _ _a/ Dy abzasaTsc
EyuAs‘ON 4: a_t—- pd Cf’ dt {d \.AJ— Id - 9AP FEE PATE,

-

This simplified equation may be replaced for Equation
to yield a final equation: )

N5 JT . t_dH _ -V.vT
SQUATION 5. T . Z- 48 (a’d-)’)w‘ Vv

This equation shows that the local temperature change

with respect to time €?L
<

is dependent on diabatic absorption or loss of heat

1 d

cp A€
the product of the vertical velocity and the lapse rate
subtracted from the dry-adiabatic lapse rate

(G -Nw
and the horizontal advection of temperature.

V7T
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FIGURE 3 Pittsburgh Sounding at 1200 UTC January 8, 1990
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FIGURE 4 830 MB Temperatures FIGURE 9 1000-700 MB Thickness (M)
1200 UTC January 8, 1990 1200 UTC January 8, 1990
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FIGURE 11
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