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ABSTRACT

The importance of the sensible heat transfer from the ocean to the atmosphere within
an east coast cyclone is studied using the concept of available potential energy. Both
the generation of the storm’s available potential energy by this diabatic component
and the boundary layer frictional dissipation are estimated. The sensible heat transfer
through the interface is calculated by employing the bulk aerodynamic method. The
ten meter wind speed is estimated from the surface geostrophic wind models of Rossby
& Montgomery (1935) and Lettau (1961). For each model, both a variable wind depend-
ent and a fixed roughness parameter are utilized. The sensible heat flux from the four
different computations varied by 50 % showing the sensitivity of the flux estimates to
the modeling of the boundary layer winds. From the flux calculations both upper and
lower bound estimates of the storm generation by the sensible heating are determined.
The upper bound estimate is made by adding all the thermal energy to the superadia-
batic surface layer, a few millibars in vertical extent, while the lower bound is deter-
mined by distributing the energy uniformly within the dry adiabatic mixing layer ex-
tending from a few to several hundred millibars vertically. These bounds reflect the
uncertainty in the nature of the energy transfer between the turbulent scale of the
boundary layer and the quasi-horizontal scale of the storm. It is postulated that the
true generation is bounded by these upper and lower estimates. For the small area of
5.4 x 10® m?, the lower bound generation estimates range from 0.7 to 1.9 watts m~2
at 00z and 1.3 to 3.1 watts m~? at 12z while the upper bound ranges from 1.5 to 3.9
at 00z and 2.6 to 6.1 at 12z for the four different estimates of sensible heat transfer.
The boundary layer frictional dissipation increases from 2.7 at 00z to 7.1 watts m—3 at
12z. The results indicate that sensible heat generation is significant in the creation of
the cyclone’s available potential energy, particularly during the early cyclogenetic
stage.

1. Introduction

In the wintertime, frequent and intense
cyclogenesis occurs along the east coasts of the
Asian and North American continents. In
these regions large amounts of sensible heat
are transferred to the atmosphere when very
cold air, originating over the continents, moves
eastward over warm oceanic currents. Although
this energy transfer is thought to be a major
factor in the cyclogenesis, its relative importance
to the production of kinetic energy within the
storm is an unsolved problem.

Studies of the last decade indicate that the
inclusion of sensible heating at the earth’s
interface is important in predicting storm
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development. Reed (1958), using a graphical
prediction model, found that the addition of this
diabatic component in the lower layers of the
atmosphere improved forecasts of cyclogenesis
in the Gulf of Alaska. Winston (1955) showed
that, although horizontal advection of absolute
vorticity could partially account for the
cyclogenesis in the Gulf of Alaska, substantial
errors were present in adiabatic models.
Petterssen, Bradbury & Pedersen (1962) found
that inclusion of sensible and latent heat
transfer from the ocean was necessary to ex-
plain the thickness tendency fields in develop-
ing storms that formed off the east coast of the
United States. Manabe (1958), Pyke (1964),
Laevastu (1965), and others showed that sen-
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sible heating attained maximum values during
and just preceding the rapid cyclogenesis in
these regions.

These investigations, however, were not able
to answer unequivocally the guestion of whether
the energy that is supplied to the atmosphere
from the ocean is an #n situ energy source for
the cyclogenetic process. The total potential
energy of the atmosphere (gravitational plus
internal) is increased by the heating, but there
is no assurance that this process is important
in increasing the kinetic energy in the cycloge-
netic region. Some insight is provided by noting
that the differential heating between the land
and ocean causes a strong temperature gradient
to develop along the coast. Within the frame-
work of the theory of baroclinic instability
(Charney, 1947; Eady, 1949; and others), the
increasing horizontal temperature gradient and
decreasing static stability by surface heating
are important factors in the instability mechan-
ism by which the conversion of potential to
kinetic energy is insured.

An alternative approach based on energy
principles is to investigate how the inclusion of
sensible heating changes the total potential and
kinetic energy of the cyclone. However, a
diagnostic limitation of this method is that
total potential energy changes calculated from
data cannot be equated to kinetic energy chang-
es. Errors in the estimates of the time derivatives
of the potential energy are of the same order as
the actual time derivatives of kinetic energy
and equality for the changes of energy is not
realized in empirical studies. In order to avoid
this problem and others, Lorenz (1955) formu-
lated the theory of available potential energy
to explain and study the general circulation.
Because the magnitude of available potential
energy is closer to that of kinetic energy,
errors in the estimatesof thetemporalderivatives
are less than the actual kinetic energy deriva-
tives. Thus the effects of measurement errors
are reduced.

The equations that have been primarily
used in available potential energy studies
were only approximate. Dutton & Johnson
(1967) pointed out that for some processes
these approximations led to erroneous con-
clusions. For instance, the approximate expres-
sion for the generation of available energy
depends on the covariance of heating and the
temperature deviation on an isobaric surface.
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With sensible heating to cold air at the earth’s
interface, a destruction of available energy is
inferred. Dutton & Johnson (1967), however,
emphasize that by using the precise expression,
which depends on the product of the heating
and the deviation of pressure from its average on
an isentropic surface, the generation of available
energy by sensible heating to cold air will usu-
ally be positive.

The equations of both Lorenz (1955) and
Dutton & Johnson (1967) were developed for
estimating changes of available potential energy
of the entire atmosphere. Recently, Johnson
(1970) derived the available potential energy of
an open system and its rate of change for a
limited domain encircling the storm center and
extending over the entire vertical extent of the
atmosphere. In this study, this framework for
the open system is used to estimate the genera-
tion of available potential energy by sensible
heating for an extratropical cyclone along the
east coast. Because the cyclone is the central
feature of the open system, the available
potential energy and kinetic energy of the
open system as well as their rate of change
will be identified with those of the storm. The
boundary layer frictional dissipation is also esti-
mated in order to compare the energy source
by sensible heating with the energy sink.

List of symbols

A available potential energy of the storm
volume

. total potential energy of the

volume

pressure

temperature

density

potential temperature

0r potential temperature at the top of the
atmosphere

Ve  volume of the region encircling the storm
and extending from the earth’s surface
to the top of the atmosphere

storm

DR S‘B

J Jacobian of the transformation from
Cartesian to isentropic coordinates
£ efficiency factor

@, rate of heat addition per unit mass

r sensible heat flux

F, upward sensible heat flux from the
ocean

U, surface geostrophic wind speed
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U,(z) wind speed at anemometer height 2

0,(z) potential temperature of the air at ane-
mometer height z

0,(0) sea surface potential temperature

C,(z) aerodynamic drag coefficient at anemo-
meter height z

O,  geostropic drag coefficient

k von Karman’s constant

2, surface roughness parameter

o angle between the geostrophic wind
vector and the surface shear stress

0 dissipation of kinetic energy

Dt pressure at top of the mixing layer

Cp specific heat at constant pressure

Cy specific heat at constant volume

R; gas constant for dry air

* R,c,

g gravity

f Coriolis parameter

r subscript to denote variable of the

reference atmosphere

2. Energy equations for the available po-
tential energy of a storm

A. The definition

The available potential energy after the
definition of Margules (1903) is

A=n-m, (1)

where 7 is the total potential energy of a region
encircling the storm and =, is the total potential
energy of the same region after an adiabatic
redistribution to a hydrostatically stable hori-
zontal stratification (called the reference state)
in the absence of lateral boundary work and
advection. From Johnson (1970), the time rate
of change of the available potential energy of a
volume surrounding the storm in symbolic form
is

dA

o~ " O K)+ BlA)+ W(A)+ G(4) (2)

where C(4, K) is the conversion of the avail-
able potential energy to kinetic energy, B(A4)
is the relative advection of energy into the
storm’s moving volume, W(4) is the change
of available potential energy from boundary
work and G(A4) is the generation of available
energy within the storm volume. The expression
for the generation is
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G= f (1- (pr/p)x) QJdeVO (3)
Vo

where the reference pressure defined by the
mass distribution in the actual atmosphere is

9T_
pr=gf oJ db (4)
]

The overbar denotes a horizontal average over
that portion of the potential temperature sur-
face contained in the limited region. Without
any approximations an alternate generation
expression 18

G=f £Qdm (5)

where m is the total mass of the open system
and the efficiency factor is defined to be

e = (1 —(p,/p)) (6)

The physical basis for the efficiency factor lies
in the definition of the available potential
energy of the open system. Normally, heating
or cooling changes the total potential energy
of both the natural and the reference atmos-
pheres differently. The efficiency factor pro-
vides the weighting of the heating field to
determine this difference, i.e., the generation
of available potential energy. Heating (cooling)
at pressures higher and cooling (heating) at
pressures lower than the isentropic mean will
result in generation (destruction) of the storm’s
available potential energy.

3. Sensible Heating

In theory, the generation of available poten-
tial energy expressed by (3) is valid for all
scales of the continuum including those with
hydrostatic imbalances and statics instabiities
(Dutton & Johnson, 1967). In application, how-
ever, the data density, the necessary employ-
ment of the hydrostatic assumption, and the
approximate model of sensible heating preclude
any claim for precision. Attention will be
focused on assumptions which may invalidate
conclusions, while approximations that may
introduce 20 to 309 estimation errors are
accepted as inevitable. The goal is to establish
from the viewpoint of available potential encrgy
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whether sensible heating is an important
process in the frequent ecyclogenesis of these
oceanic regions and not the precise magnitude
of the generation which undoubtedly varies
with each synoptic event.

The form of the generation shows that the
diagnostics may be separated into two distinct
aspects—the efficiency distribution and the
sensible heat addition. The efficiency distribu-
tion, which is determined by the quasi-hydro-
static large scale structure of the storm, is
presented later. The modeling of the sensible
heat addition is presented in this section.

A. Sensible heat flux

For the turbulent sensible heat flux within
the time and space scale of the cyclone, the
ocean behaves as a strong and continuous heat
source in comparison with energy added to the
boundary layer over continental regions. Thus,
only the sensible heat flux through the ocean’s
interface need be considered.

Fig. 1 portrays a schematic showing three
layers of the boundary region: the surface layer,
the adiabatic layer, and the free troposphere.
The surface layer, at most a few millibars in
depth, is characterized by superadiabatic lapse
rates. The adiabatic or mixing layer with its
constant potential temperature extends from a
few to several hundred millibars in depth.
Ideally, the top of the mixing layer is the lowest
level for which the vertical sensible heat flux
becomes mnegligible in comparison with its
surface value. Deardorf (1966) emphasized
that significant sensible heat flux in stable air

FREE ATMOSPHERE
TOP OF MIXING LAYER

ADIABATIC LAYER

PRESSURE

VARIABLE STRESS

SURFACE LAYER

CONSTANT STRESS
POTENTIAL TEMPERATURE

4 SURFACE

Fig. 1. Schematic distribution of potential tempera-
ture through the boundary layer.
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only occurs if the lapse rate is nearly adiabatic.
Consequently, the top of the mixing layer should
coincide with the level where the stability
increases. In general the top of the mixing
layer does not coincide with the level for which
the wind approaches geostrophic balance, i.e.,
the upper level normally defined for the plane-
tary boundary layer.

A practical method for estimating the sen-
sible heat flux is the bulk aerodynamic method
given by

Fs =6C Oa(z) [03(0) —oa(z)]Ua(z) (7)

Its utility and limitations are thoroughly
discussed in several excellent summaries (e.g.
Deacon & Webb, 1962; Roll, 1965). The choice
of a height for the air temperature and wind
speed is not extremely critical since the drag
coefficient, C,(z), is adjusted for the appropriate
height. In this study a commonly selected height
of 10 m is used.

The use of air temperature ordinarily obgerved
from a ship’s bridge height of less than 10
m (from 6 to 9 m, Roll (1965)) will produce a
conservative estimate of the sea-air temperature
difference for the model. Within the surface
layer of constant stress where the upward
sensible heat flux is large, potential tempera-
ture decreases rapidly with height. See the
schematic distribution in Fig. 1. An air tempera-
ture measurement taken in the region of six to
nine meters produces an underestimate of the
idealized 10 m temperature difference and thus
also the sensible heat flux.

In the derivation of the bulk aerodynamic
method it is assumed that the sensible heat
transfer coefficient is equal to the momentum
transfer coefficient, i.e., the drag coefficient, in
a neutral atmospheric surface layer (Deacon &
Webb, 1962). Observational results for neutral
conditions indicate that the functional depen-
dence of the drag coefficient is of the form

C (10 m) = (a+dU, (10 m))10-4;
1<U, <20m/sec (8)

Sheppard (1958) suggests that the empirical
constants ¢ and b are 0.8 and 1.14 while Deacon
& Webb (1962) suggest 11.0 and 0.7. However,
Manier’s (1962) empirical result that a is 7.9
and b is 0.96 from a least squares fit to the
data of 9 different investigators was utilized
primarily because of his interest in the heat
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balance for the North Atlantic region (Manier &
Méller, 1961). For the same region, Petterssen,
Bradbury & Pedersen (1962) set a equal to 26.0
and b equal to zero. In this study, the maximum
10 m wind speed was 27 m sec—! while the pre-
dominate speeds were 12 m sec—!. As a result,
the magnitudes of the transfer coefficients were
usually 10 to 12 9% less than the values suggested
by Sheppard (1958) and Deacon & Webb (1962),
and approximately equal to Petterssen et al.
(1962). From (7), the flux estimates are simi-
larly conservative by the same proportionality
since the sensible heat transfer is directly
proportional to the transfer coefficient’s magni-
tude.

No attempt is made to incorporate the
dependence of the sensible heat transfer coeffi-
cient upon bulk stability because of the limited
vertical resolution of synoptic data. Garstang’s
(1967) analysis for low latitude sensible heat
transfer within synoptic scale systems indicates
that the effective transfer coefficient is double
the neutral coefficient for the large negative
lower limit of his bulk Richardson number equal
to —0.325. Deardorff’s (1968) recent theoretical
analysis of the ratio of the diabatic transfer
coefficient to its neutral value also provides
support for an argument that the estimated
transfer coefficients based on neutral theory
are only 50 to 759% of their effective values in
the regions of extreme free convection. Thus
these factors indicate that the sensible heat
flux estimates of this study will tend to be
conservative.

In the bulk aerodynamic calculations, the ten
meter wind speed was estimated from the surface
geostrophic wind field by two methods, one
from the model proposed by Rossby & Mont-
gomery (1935), the other by Lettau (1961). In
Rossby & Montgomery’s formulation, hereafter
called Model 1, the wind speed for the constant
stress layer is

U,(z) = 3/2[{0,065 U )k sin «In ((z +20)/z4)] (9)

where « is the angle between the geostrophic
wind vector and the surface shear stress. In
this study a constant o of 20° was used. In
Lettau’s (1961) formulation, hereafter denoted
Model 11, the wind speed for the constant stress
layer is

Uy2) = Uy(Cy/k) In ((z +2,)/20) (10)
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where C,, the geostrophic drag coefficient from
Kung’s (1963) empirical regression relation, is
C, = 4.01[In (U, /z.f) — 1.865]? (11)
At this point the only undetermined para-
meter is the surface roughness. Over the land,
a constant value of 100 cm was assumed. Over
the ocean, the state of the ses, i.e., its roughness,
depends strongly on the wind speed. Empirical
data indicate that z, varies from 10-4cm for
light winds to 50 em for winds in excess of 30
m/sec. For the oceanic regions, two calculations
were made for each model, one with a constant
z,, the other with a variable z,. For the constant
z, calculations. a value of 1 cm was selected as
it applies to moderate wind speeds of 10-15 m
gec—1, For the variable z, calculations, the sur-
face roughness over the ocean was determined
from the approximate relation for adiabatic
theory (Manier, 1962; Roll, 1965) that
2o/~ 1037 ¥VCp (12)
A first guess of one-half the geostrophic wind
was used for the 10 m wind speed to estimate
the drag coefficient by (8), then from (12)
and either (10) or (11), the 10 m wind estimate
was revised using this estimate of the drag
coefficient. Three such iterations were sufficient
to achieve a stable estimate for the 10 m wind
speed.

B. Vertical distribution of sensible heat
addition

After the sensible heat enters the atmosphere
through the earth-air interface, it diffuses
vertically. If this vertical transfer within the
atmosphere were solely by molecular conduction
and the motion were quasi-hydrostatic, this
transfer would be confined to the surface layer.
The generation equation (5) could be applied
directly because the efficiency factor is essenti-
ally constant within this layer. However, the
extreme heating of this layer produces large
hydrostatic instabilities and free convection.
This in combination with the mechanically
forced tubulence within the boundary layer
results in & continued upward vertical transfer of
sensible heat throughout the boundary layer.
The theoretical aspects of this scalewise heat
transfer have been discussed by Priestley
(1967).
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From the aspect of the generation of avail-
able potential energy, distribution of all the
thermal energy throughout the surface layer is
justified if the frictional dissipation of the
vertical kinetic energy in the boundary layer is
negligible or small. A portion of the available
potential energy generated within the surface
layer manifests itself through hydrostatic
instability as the vertical kinetic energy of free
convection. If this convective kinetic energy is
adiabatically converted back into potential
energy by the negative buoyancy forces, an
entropy conserving processs, the entire amount
of available potential energy generated within
the surface layer must be realized at the
hydrostatic synoptic scale. However, if the
convective kinetic energy is frictionally dissi-
pated into thermal energy, a local entropy
increasing process that serves to diffuse the
thermal energy within the mixed layer, not all
the available potential energy generated can be
realized at the synoptic scale.

Because the exact nature of the energy ex-
change between the micro-, meso- and macro-
scales is not known, the generation estimates
are computed for two distributions of heat-
ing. One generation estimate representing the
upper bound is computed by confining the
thermal energy to the surface layer; a lower
bound is computed by assuming that the heat
addition per unit mass is uniform within the
mixing layer. For horizontal homogeneity and
the hydrostatic approximation, the heat addi-
tion per unit mass is
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Qm:gaF/ap (14)
where F is the turbulent heat flux. Thus for
constant flux divergence, @,, is independent of
pressure. This distribution, possibly the most
realistic, is consistent with the view that the
turbulent redistribution serves to diffuse the
internal energy and maintain the condition of
0=+0(p) in the mixing layer. For a uniform
translating mixing layer, the substantial deriva-
tive df/dt must remain independent of pressure,
implying that @,, is a constant except for its
pressure dependency with d0/dt. However, this
dependency remains slight due to the restricted
vertical extent of the mixing layer with respect
to pressure.

4. The case study

In February 1968, an intense upper tropo-
spheric vortex existed over Eastern Canada for
a duration of several weeks. In the lower tropo-
sphere a series of polar outbreaks occurred with
cold air flowing southward from Canada over the
Gulf Stream. South of Newfoundland several
cyclones developed rapidly in the lower tropo-
sphere along the poleward boundary of the Gulf
Stream. The strong sea surface temperature
gradient in this region is shown in the North
Atlantic portion of a hemispheric analysis
obtained from the Naval Fleet Weather Central
of Monterey (Fig. 2). Of these cyclones, the
storm that formed on February 14, 1968 inten-
gified at a rate much faster than is usually

Fig. 2. Sea surface temperature (°C)
for the North Atlantic Ocean, Febru-
ary 14, 1968.
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Fig. 3. The 500 mb height analysis
(geopotential decameters) and surface
analysis (millibars) for 0000Z, Febru-
ary 14, (A and B), 1200Z, February
14, (C and D), and 0000Z February
15, (E and F), 1968. The dashed rec-
tangles in B and D delineate the large
and small regions used to compute the
generation of storm available poten-

observed, and since the sensible heat flux from
the ocean to the atmosphere was extremely
large, this storm was selected for this study.

A. The synoptic description

In Figs. 3a through f the surface and 500 mb
analyses portray the sequence of synoptic
events for the 24 hour period from 0000Z on the
14th through 0000Z on the 15th of February.
On February 13 at 0000Z (not shown) the upper
tropospheric vortex was centered just north-
west of Maine. A short wave with a strong
vorticity maximum was embedded in the vor-
tex just north of Lake Huron. Within the next
14 hours, the center of the vortex moved slowly
southeast to the position over Maine shown in
Fig. 3b, while the vorticity maximum moved
counterclockwise about the vortex to a posi-
tion southeast of the vortex center. In the low
troposphere, the short wave was accompanied
by a surge of cold air whose leading edge at
1800Z, February 13 (not shown) was marked at
the surface by a weak trough extending south-
southwestward along the east coast of the
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United States. For the succeeding six hours,
this trough advanced rapidly eastward and
reinforced the cold front lying well off shore
that was associated with the previous cold
outbreak.

At 0000Z on the 14th and at a point just in
advance of the 500 mb short wave trough the
first evidence of cyclogenesis appeared along
the old cold front about 100 nautical miles
south of Sable Island (see Fig. 3a.) Ships in
the vicinity reported pressure falls of 6 mb in
three hours. The low’s central pressure decreased
at a rate of almost 2 mb per hour throughout
the following 24 hours. By 1200Z (Figs. 3cand d)
the center was located 200 nautical miles south
of Newfoundland, the central pressure had
reached 967 mb and winds near the center
exceeded 50 knots. The surface low attained its
greatest intensity shortly after 0000Z February
15. The pressure and wind profiles for St. Johns,
Newfoundland in Fig. 4b attest to the remark-
able intensity of this storm.

In the ESSA composite picture for February
14 shown in Fig. 5 the cyclone already appears
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Fig. 4. The central pressure of the east coast cyclone of February 14-15, 1968 (A) and the pressure and
wind speed at St. Johns, Newfoundland during its passage (B).

to be strongly occluded. The time of the pic-
ture corresponds to local noon which is midway
between synoptic time of Fig. 3¢ and e.

For the diagnostic computations the synoptic
times 0000Z and 1200Z, February 14, were
gelected. Fig. 4a shows that the earlier time is
near the beginning of cyclogenesis while the
latter time is in the period of the most rapid
storm development.

B. The analysis

The existence of a dry adiabatic lapse rate in
the mixing layer means that potential tempera-
ture is no longer a single-valued function of
height and the isentropie representation fails.

Constant height or pressure analysis must be
utilized in this layer. Above the mixing layer
the isentropic portrayal of atmospheric struc-
ture no longer fails. The depth of the mixing
layer must be known for matching of the two
representations.

Above the mixing layer isentropic pressure
analyses for every five degrees from 250° to
320° were prepared. The potential temperature
distribution of the mixing layer was specified
by surface analyses of potential temperature.
For the specification of the upper pressure of
the mixing layer, approximate soundings were
constructed for the oceanic regions from the
istentropic analysis of the stable troposphere.

Fig. 5. Composite mosaic of satellite pictures from ESSA 3 for the North Atlantic Ocean for February

14, 1968.
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Pig. 6. Surface potential temperature (°K) distribution (A and C) and the pressure {mb) of the top of
the mixing layer (B and D). Upper figures: 0000Z; lower figures: 1200Z, February 14, 1968.

The lapse rate of the lowest stable portion of
these soundings was extended downward until
it intersected the dry adiabat of the surface
potential temperature. The intersection defined
the upper pressure of the mixing layer.

This interpolation—extrapolation technique
was first conducted for regions in close proximity
to actual data and was extended laterally to
sparse data regions. The pressure distribution
of the upper boundary of the mixing layer that
is presented in Figs. 65 and d shows that its
depth sometimes exceeds 200 mb. When these
analyses are combined with the surface pressure
(Figs. 3a and ¢) and potential temperature
analysis (Figs. 6a and c¢) the mass-potential
temperature distribution of the mixing layer is
specified. Although this procedure is approxi-
mate, it is probably the best possible with the
limited data.

C. The isentropic topography

Only six isentropic surfaces are presented in
Figs. 7a through f to protray the three dimen-
sional structure. The most strikting feature at
1200Z on the 14th is the extremely cold air
which appears as a mound from the earth’s
surface to the stratosphere. Near the surface,
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the center of the cold air is located northwest of
Maine. Its axis tilts southeastward with height
to a position just east of Maine on the 295°K
surface. On the 275°K and 285°K surfaces,
a ridge of cold air extends from the main center
of cold air southeastward toward the surface
pressure center located south of Newfoundland.
The isentropic surfaces along this ridge slope
from relatively high levels over the cold air,
and descend steeply towards the ocean with the
275°K and 285°K surfaces becoming vertical in
the mixing layer. The very steep gradient of pres-
sure is evidence of the vortex’s strong barocli-
nic zone associated with the short wave jet core
that was important in initiating cyclogenesis.

Over the Great Lakes modification due to
sensible heating is evident on the 265°K sur-
face (Fig. 7b). The intersection of this surface
with the ground partially circumscribes this
region because the water is warmer than 265°K.
To the west and south, the cold air has subsided
and spread laterally into a thin sheet to cover
most of the eastern United States.

D. The efficiency factor analysis

The efficiency factor distribution on an
isentropic surface is determined solely by the
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Fig. 7. Pressure analysis on the isentropic surfaces 255°K(A), 265°K(B), 275°K(C), 285°K(D), 295°K(E),

and 305°K(F) for 1200Z, February 14, 1968.

pressure because the reference pressure is a
single-valued function of the potential tempera-
ture. This is still true for adiabatic regions since
even there the original definition, that the
reference atmosphere is realized by preserving
the mass-potential temperature distribution, is
utilized. The analytics of available energy in
atmospheres with local static instabilities is
presented in Section 2.6 of Dutton & Johnson
(1967).

For computational purposes the reference
pressure after (4) is

M=

Di;(0) Af

™
Z Ay

15-1

]
-

j=14

!

M= L3

P.(0) = (15)

i

I

where 0, is the kth isentropic surface, p; is
the pressure at the ¢jth grid point of the N x M

latitude—longitude grid, and 4;; is the area of
the grid mesh at the ¢jth point. The grid interval
was two degrees. The restriction that the surface
air potential temperature at a grid point is not
equal to the potential temperature of a kth
isentropic surface is used. On the underground
portion of the isentropic surface, the surface
pressure is assigned (Lorenz, 1955).

Fig. 8 presents the 12Z reference pressure
profiles for the small and large regions deline-
ated in Fig. 3. The large area includes the 500
mb vortex; the small area includes the extra-
tropical cyclone of the lower troposphere. The
similarity of the profiles is evidence that the
selection of the lateral extent of the volume is
not a critical factor in this study.

Two cross sections of the efficiency distribu-
tion for 12Z, February 14 are presented to
illustrate the regions where diabatic heating is
important. The first cross section, Fig. 9a, is
orientated north—south along 56° W transects
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the atmosphere just west of the storm and
parallels the cold front. The second cross section,
Fig. 95 runs east—west through a point just
gsouth of the storm center.

The efficiency pattern is similar to Hahn &
Horn’s (1969) distribution for maturing cyclones.
A nearly vertical zero efficiency isopleth exists
in the middle troposphere. Southeast of the
storm center, the efficiencies are positive up
to relatively high altitudes, with a maximum
near 700 mb. In the vicinity of the baroclinic
zone, the zero line assumes an ‘S’ shape with
a positive region extending over the negative
region of the colder air.

The 00Z and 12Z surface analyses presented
in Figs. 10a and ¢ show that efficiencies are
positive with one exception. In eastern Canada
the cold air and lower-than-average surface
pressures combine to give a limited region of
small negative values. Along the east coast of
the U.8., the efficiencies were small. The large
positive efficiencies encountered in the southern
Atlantic illustrate that for a given amount of
sensible heating, the generation is largest
when the energy is added to warmer air. Still,
the maximum sensible heating occurs further
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Fig. 9. Cross-sections orientated north—
south along 56°W longitude (A) and
east—west along 24° N latitude (B),
1200Z, February 14, 1968. Solid and
dashed isopleths are efficiency factor
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Fig. 10. Surface efficiency factors for the large area (A and C) and sensible heat flux (cal em—2 sec-! x
10-%) from the ocean (B and D). Upper figures: 0000Z; lower figures: 1200Z, February 14, 1968.

north in colder air and regions of reduced
efficiencies. Thus, maximum generation occurs
where the turbulent transfer of energy is large
and the efficiency is still significantly positive.

E. The sensible heat flux

The surface sensible heat fluxes determined
from the bulk aerodynamic method and Model
I with 2, variable are presented in Figs. 105 and
d. Positive upward flux exists over the entire
low pressure area. Even ahead of the cold front
the flux to the relatively cold polar air from pre-
vious outbreaks is still positive. At 00Z, the great-
est upward flux occurs along the U.S. coast. As
the system develops, the area of maximum
values translates with the storm center and a
secondary maximum moves southward along
the U.8. coast.

Exceptions to upward sensible heat flux
occur approximately 1 000 km in advance of the
cold front (Figs. 10b and d), and at 00Z in a
region surrounding the northern cyclone. The
modified polar air in these regions is caught in
the return circulation of the developing vortex.
In general, downward flux extrema are an order
of magnitude less than upward flux maxima.

In the computations of the 10 m wind speed,

estimates by Models I and ITI differed by 2 m
per sec in areas of light geostrophic winds and
by 4 m per sec for winds of 10-15 m per sec. In a
comparison of predicted and reported ship
winds Model I with z, variable consistently
produced the best results in this study.

In the aerodynamic method with a variable
drag coefficient, the dependence between sen-
sible heat flux and wind speed is quadratic.
Thus the differences between Model I and II
wind speed predictions is amplified in estimating
sensible heat flux. In Tables 1 and 2 the aver-
age heat transfer predicted by Model I with z,
variable is at least twice that of Model IT with
z, fixed. The variations of the maximum flux
in Table 3 are similar. The results illustrate the
sensitivity of flux estimates to differences in
modeling.

In a comparison of maximum fluxes (Table 4),
our results compare favorably with Petterssen’s
et. al. (1962) and Manabe’s (1958) estimates.
The difference between our estimate of 25.8 x
10-2 cal cm-2 sec~! and Petterssen’s et. al.
estimate of 16.7 cal ecm~2 sec—! is due to the
quadratic dependence on wind speed in this
study in contrast to the linear dependence
utilized by Petterssen’s et. al. (1962). At a 10
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Table 1. Average sensible heat flux (cal cm—?
sec1 x 10-%) for large area—1I14 February, 1968

Hour of observation 0000Z 1200Z

Model ... I II I II

Variable z,

1.5 0.8 26 15
Constant z, 1.1

0.9 0.6 1.7

Table 2. Average sensible heat flux {cal cm—2
sec! x 10-3) for small area—14 February, 1968

Hour of observation 0000Z 1200Z
Model ... 1 11 1 11
Variable z, 29 1.6 50 2.8
Constant z, 1.8 12 3.5 21

m wind speed of 18 m sec~! and an equal sea-
air temperature difference, the flux predicted
in both studies is nearly equal.

Manabe’s estimate of 11.9 x10-* cal em™
sec~! is the maximum average sensible heat
flux during a cold outbreak computed for a
budget volume encompassing the entire Sea of
Japan. Very likely the heating along the Siberian
and Korean coasts just as the coldest air
commences its over-water trajectory exceeded
the average value by a factor of two or three.
Pyke’s (1964) estimate of 2.5 x10—* cal em-?
sec~! for weather ship P in the Gulf of Alaska
during a period of strong northerly flow is for
a region far south of the maximum heating over
the Japanese current.

F. The generation

In the discussion of the vertical distribution
of sensible heating it was argued that generation
for the synoptic scale should be some intermedi-
ate value between upper and lower bounds. The
maximum generation for the large and small
areas (Tables 5 and 6) is from Model I with z,
variable. In the large area upper bound esti-
mates are 1.9 watts m—2 at 00Z and 2.8 watts
m-? at 12Z and the lower bound estimates are
1.0 and 1.6 watts m~? respectively. The mini-
mum lower bound estimates from Model II
with z, constant are 0.4 watts m~2 at 00Z and
10.6 watts m~? at 12Z. The variation between

Tellus XXIITI (1971), 6

477

lower and upper bound estimates is only slightly
larger than the variation between the various
model estimates. Thus the uncertainty of the
generation due to our lack of knowledge of the
vertical exchange of energy is compounded by
the uncertainty in the modeling of sensible heat
flux.

The estimates for the small area (Table 6)
are roughly double the estimates for the larger
area (Table 5), and indicate the concentration
of the diabatic effects within the storm circula-
tion. At 12Z all the estimates for the small
area are significantly positive. If the wind model
with the most realistic predictions (Model I—
z, variable) provides the most realistic sensible
heat flux estimates, then the generation should
be within the range of 1.9 and 3.9 watts m-*
for 00Z and 3.1 and 6.1 watts m-2 for 12Z.

The results of a test to determine if the depth
of the mixing layer critically affects the com-
puted generation are presented in Table 7.
In this test the generation was estimated by
assigning a uniform pressure of 900 mb for the
top of the mixing layer. The comparison of the
test and former results shows that in the large
area generation estimates with a constant p,
are slightly lower. For the small area, this
result is reversed. The use of a constant p,
of 900 mb in the small area effectively lowers
the top of the mixing layer with the result that
the energy is added at higher pressures.

Table 3. Maximum sensible heat flux (cal cm—2
sec=t x 10-3)—14 February, 1968

Hour of observation ... 0000Z 1200Z
Model ... I II I II
Variable z, 18.5 10.2 25.8 15.1
Constant z, 12,0 76  23.4 13.0

Table 4. Maximum sensible heat flux (cal cm—3
sec—1 x 10-%) found by other investigators

Investigator Sensible heat flux

Petterssen et al. (1962) 16.7
Pyke (1964) 2.5
Manabe (1958) 11.9
Gall & Johnson (1970) 25.8
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Table 5. Average generation (watts m~=2) for the
large area with a variable mixing layer depth

Upper and lower bounds are from uniform heating
of the surface and mixing layers, respectively

Time of observation ... 00Z 12Z
Model ... I 11 I II
Upper bound
Variable z, 1.9 1.0 28 1.5
Constant z, 1.1 0.7 1.8 1.2
Lower bound
Variable z, 1.0 0.6 1.6 0.9
Constant z, 0.6 04 1.0 0.6

Table 6. Average generation (watts m=2) for the
small area with a variable mixing layer depth

ROBERT L. GALL AND DONALD R. JOHNSON

Table 7. Average generation (watts m~2) with the
top of the mizing layer assumed to be 900 mb

Variable z; was used in both models

Time of observation ... 00Z 12Z
Model ... I 11 I II
Large area 0.9 0.5 1.2 0.7
Small area 1.9 1.0 3.2

The spatial distribution of the generation
estimates from uniform heating within the
surface and mixing layers are presented in
Figs. 1la throgh d. While these patterns are
for the large volume, they are nearly identical
to distributions based on the small volume

Time of observation ... 00z 122 because of their similar reference pressure
Model ... I 1I I 1 distributions. An important feature when the
energy is added to the surface layer is that
nearly all the estimates are positive since the
Upper bound .
Variable z, 39 2.1 6.1 3.4 reference pressure is almost always less than
Constant z, 24 1.5 42 2.6 the pressure of the top of the surface layer.
Lower bound In constrast, when the heat is added to the
gg‘:;:::i;z; i? (1)(7) g(l) i; mixing layer there is a region of negative values
° ) ) ) ) west of the storm center (Fig. 11d). Here the
1
=
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Fig. 11.

Distribution of generation (watts m~2) within the large area for uniform heating of the

surface layer (A and C) and the mixing layer (B and D). Upper figures: 0000Z; lower figures: 1200Z,

February 14, 1968.
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Table 8. Comparison between the approximate
and exact generations estimates (watts m™ ") by
sensible heating for 12Z, February 14, 1968

Area Large Small
Approximate -1.1 -7.6
Exact/upper bound 2.8 6.1
Exact/lower bound 1.6 3.1

reference pressure is greater than the mean
pressure of the mixing layer, thus, the local
generation becomes negative. Further from the
dome of cold air, the reference pressure decreases
until it is less than the mean pressure of the
mixing layer and the generation becomes
positive. This factor causes the maximum
generation in Figs. 115 and d to be displaced
further southward than the corresponding
maximum in Figs. 11a and c.

If the approximate generation expression
(Lorenz, 1955) which depends on the covariance
of the isobaric temperature and heating devia-
tion is utilized, the estimates, shown in Table 8,
are negative. The standard atmosphere’s static
stability of y equal to 6.5°C/km was used in
these computations. Negative estimates such as
these have led to the conclusion that sensible
heating destroys eddy available potential
energy by reducing the temperature contrast
between air masses. Thus, the role of sensible
heating in eddy generation has been erroneously
interpreted by some investigators.

G. The comparison of dissipation and generation

The frictional dissipation of kinetic energy in
the boundary layer was estimated using Lettau’s
(1961) formulation given by

D =oC2 U} cos «

The departure angle between the geostrophic
wind vector and the surface shear stress, «,
was assumed to be 20°.

Table 9 presents the frictional dissipation
using the land ocean distribution of the rough-
ness parameter from Model I, variable z,.
Generation estimates are included for compari-
son. The results show that the storm generation
by sensible heating constitutes a significant
fraction of the frictional dissipation. At 00Z
the average frictional dissipation for the large
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area exceeds the upper bound generation esti-
mate. For the small area, the lower bound esti-
mate is approximately equal to the dissipation
while the upper bound is nearly double the
dissipation. By 12Z the dissipation exceeds the
upper bound estimate by the sensible heat
component. The results indicate that in situ
generation by sensible heating is important in
maintaning the kinetic energy of the storm
against frictional dissipation. In the relative
sense, the generation by sensible heating is
more important for the smaller intense storm
scale than for the larger scale.

In the bulk aerodynamic computations the
enhancement of sensible heat transfer in the
super adiabatic surface layer was disregarded
by not including a drag coefficient dependence
on the bulk Richardson number. Thus, the
upper and lower generation bounds are very
likely conservative. Just how important the
sensible heating is can only be determined with
more precise modeling.

The spatial distribution of the frictional
dissipation is presented in Figs. 12a¢ and b.
The most striking feature is the large dissipa-
tion of 70 watts/m?® associated with the maximum
winds located just to the rear of the vortex
center (Fig. 12b). This is higher than the dis-
sipation reported by Petterssen et al. (1962).
Their values for a composite cyclone which are
effectively averages did not exceed 40 watts/m?.
However, because dissipation is proportional
to the cube of the surface geostrophic wind, the
wind speed associated with 70 watts/m? need
be only slightly greater than one corresponding
to 40 watts/m?.

Elsewhere the dissipation did not exceed
10 watts/m? except near the Northern storm
and over land. The higher dissipation overland

Table 9. Boundary layer frictional dissipation
and generation estimates (watts m—2) from Model
I, variable z,

Time of observation ... 00Z 12Z

Area ... Large Small Large Small
Dissipation 2.1 2.2 4.7 7.1
Generation bounds
Upper 1.9 3.9 2.8 6.1
Lower 1.0 1.9 1.6 3.1
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AA A '

Fig. 12. Frictional dissipation of kinetic energy (watts m-2) in the boundary layer for 0000Z (A)

and 1200Z (B), February 14, 1968.

is due to the greater roughness. Kung’s (1963)
average zonal values for the Northern American
continent indicate that the value for z, of
100 cm over land is possibly too large and that
the dissipation may be overestimated.

In Table 10 total sensible heat flux, genera-
tion and frictional dissipation are summarized.
The generation appears to remain relatively
constant during the cyclogenetic period. This
behavior is accounted for by two offsetting
factors. Figs. 10a and ¢ show that efficiency
factors along the coast decrease with time as the
center of the cold air mass moves toward the
coast, a factor leading to decreased generation.
During the same period sensible heating in-
creases and tends to increase the generation.
Eventually the translation of the polar air over
the ocean will lead to its modification and the
sensible heating and generation will decrease.
Thus, the effect of sensible heating must be
more important early in the storm’s develop-
ment than in later stages.

Table 10. Total sensible heat flux, dissipation,
and generation estimates (103 watts) by Model I
with variable z,

Large and small areas are 1.67 x 103 and 0.54 x 1013
m3

Time of observation ... 00Z 12Z

Area ... Large Small Large Small

Sensible heat flux 124.0 79.0 184.0 113.0
Dissipation 4.0 1.4 7.6 3.8
Generation bounds
Upper 3.6 2.5 4.7 3.3
Lower 2.0 1.2 2.7 1.7

6. Remarks and conclusions

Although precise estimates of the generation
by sensible heating cannot be stated from this
study, the condition that sensible heat flux
generates a significant amount of available
potential energy during cyclone development
is established. Evidence is provided that energy
added to the atmosphere by molecular transfer
across the earth’s interface is actually a direct
energy source to the quasi-horizontal scales of
atmospheric motion. The extended horizontal
domain of the molecular process primarily
determined by large scale conditions was
undoubtedly an important element in the
forcing of the large scale cyclogenesis.

Estimation of generation is crucially depend-
ent on the nature of the turbulent exchange
of energy within the boundary layer. The
upper bound estimates given by confining the
thermal energy within the surface layer are
nearly twice the lower bound estimates given
by distributing the heating throughout the
mixing layer. From the thermodynamic view-
point and the exact energy equations, the upper
bound estimate would be true if the buoyant
mass element retained its identity and entropy
in seeking its equilibrium level. Thus its turbu-
lent vertical kinetic energy would be transformed
back into available potential energy of the
synoptic scale by negative buoyancy. However,
because the mass element loses its identity
through diffusion within the boundary layer the
entropy must increase and the generation of
available potential energy at the synoptic
scale will tend toward the lower bound estimate.

From the upper and lower bounds estimated
in this study, the computations indicate that
the in situ generation by sensible heating is
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somewhere between 34 to 177 %, of the boundary
layer frictional dissipation during the cyclogenic
stage and from 18 to 869, during the mature
stage

Some importance for other diabatic processes
in development may be inferred from Bullock &
Johnson’s (1971) results for the mature stage
of a mid-latitude cyclone. For an area of
0.62 x 103 m? over the continental US, Bull-
lock & Johnson found that the storm generation
by latent heating and infrared emission was
7.0 x 10" watts and 0.7 x 10'* watts, respec-
tively, a total of 7.7 x10'®* watts. If these
estimates are adjusted to the small area of
this study and added to the generation by
sensible heating at 12Z, the total generation
would be 8.5 x 10!* watts for the lower bound
and 10.1 x10'* watts for the upper bound.
Both estimates exceed the boundary layer
frictional dissipation by at least a factor of
two. These results provide support for the
hypothesis that the in situ generation within
the storm scale is sufficient to offset its frictional
dissipation in the formative and mature stages,
and is important in the development process.

A complete theory for cyclogenesis along the
east coast or for that matter anywhere, awaits
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a better understanding of the thermodynamic
and mechanical interaction between all scales
of the motion. The solution will involve mass,
angular momentum as well as energy. It is
undoubtedly the interaction of several processes
that result in the complex sequence of events
we call cyclogenesis.
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OBPA3OBAHUE NOCTYIIHON NMOTEHIWAJBHON SHEPTUU BCJIEICTBUE
HATPEBAHNIA

lsy4aerca mepenoc Temia OT OKeaHa K aTMo-
cpepe B IMKIOHAX BOCTOYHOro mnoGepembA C
KCIIOIBb30BAHMEM KOHIENUMM JOCTYNHON 10-
TeHIHadbHONU sHepru. OneHusaercAa obpaso-
BaHMe ROCTYIHON NOTEHLMAJNbHOW JHHEPTUM B
LUKJIOHAX KaK MyTeM HarpeBaHUA, TaAK M BCJeN-
CTBHE OMCCHIIAMM H3-3a TPEeHUA B MOrPAHMY-
HOM ciaoe. IlepeHoC Temia depe3 IOBEPXHOCTH
pasmesia BHUYMCIAETCA C MOMOIILIO a3POAMHAMU-
yeckoro Merona. N3 momeam Pocc6bu m Mourt-
romepu (1935) m Jlerray (1961) reocrpodu-
YeCKOT0 BETpa y MOBEPXHOCTH CJefyeT OLEeHKa
crkopoctu Berpa 10 m/cex. [Jaa kammoit mogennu
MCIOJIb3YIOTCA KaK IIOCTOAHHHI mapamerp Ie-
POXGBATOCTH, TAK U IEPEMEHHBIN, BABHCAIUNNA OT
BeTpa. [loTok Temia mO YETHpPEM PAa3JINYHBEIM
BBIYUCIEHUAM MeHAeTcA B mnpegenax 50 %, ne-
MOHCTPUDYSA 4yBCTBHTEJIBHOCTL OHEHOK IOTOKA
K MOAeINPOBAHUIO BETpa B INOTPAHHYHOM Ciloe€.
Ilo BEIYMCIEHHAM IIOTOKA HAXORATCA OUEHKH
BepXHelf M HWMHell rpaHuusl o0pasoBaHUA
NMKIOHA BCllefcTBUe HarpeBaHuA. Bepxuas
OLIEHKA II0JYy4aeTCA U3 YCJIOBHUA, UTO BCH Tel-
JIOBaA SHEPIuA yXOIUT B CBepxapuabaruueckuit
NOBEPXHOCTHHIA CI0ff BepTUKANBHON MPOTH-

KEHHOCTBbI0 B HECKOJBKO MMJLINGapoB, Torga
KaK HIKHAA TPAHMIA [OJNYYaeTCA NMYTeM pac-
npejeieHNss D HePIUN PABHOMEPHO BHYTPHU CYXO-
annabaTu4eckoro cJOf IepeMellMBAaHMA, HPO-
CTHPAIOIIEeroCA OT HECKOJIBbKHX [0 HECKOIBKUX
coTeH Muinubap Mo BepTUKANM. OTH Npefesbl
OTpPaKaT HeolpefelleHHOCTh INPHUPOAH Iiepe-
HOCa BHepruM or TypOyJdeHTHOTo MacmTaba mo-
FPaHNYHOr0 CJI0A K KBasHTOPHU30HTAIBHOMY
macmraby nukiaoHa. ITocryampyercs, 4ro (ak-
TH4ecKoe oOpa3oBaHme 9HEPrHM 3aKJIOYEHO
MeAy BepxHell M HMKHell ouneHkamu. oA Mma-
no# obaactu 5,4 x 102 M? HIGKHAA OIEHKA Me-
Haercda ot 0,7 go 1,9 BarT M~2 B mosiHOUS u oT 1,3
Ao 3,1 BaTT M~? B NOJIIEHD, TOTAA KAK BEPXHAA
rpaHuna meHsercda ot 1,6 go 3,9 B mosHous u oT
2,6 10 6,1 B nongeHb OJA HETHIPEX PA3IMYHBIX
OlleHOK IlepeHoca Temaa. JlMccumanusa H3-3a
TpeHUA B NOrPaHUYHOM Ccloe Bospacraer oT 2,7
B MOJHOYL 70 7,1 BarT M—? B noJjieHb. Pe3ynb-
TaTH MOKA3HBAWT, YTO NPUTOK TemJja Hrpaer
Ba)KHYI0 pollb B 00pa3oBaHUM AOCTYNHOU IIO-
TeHUMANbHON DHEPIUM LUKJIOHA, 0COOEHHO Ha
paHHeil craguy MUKIOTeHe3a.
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