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ABSTRACT

Large-scale diagnostic vertical velocities as determined by
a qQuasi-geostrophic, ten~level model were computed for tropical
storm Debbie of Ssptember 1965. An isogon-isotach analysis of
the horizontal wind field was used iu order to calculate a height
field suitable for input into the geostrophic model. Results
indicate that it is possible to describe accurately tropical
motions using the data network in the vicinity of the Gulf of
Moxico and the Caribbean Sea. Computations were made with and
without latent heating. The calculated vertical velocities
qualitatively agree with the cloudiness shown in Tiros nephs
but are not quantitatively consistent with reported rainfall
rates. It appears that an interaction between cyclone~ and
cumulus-acale motions occurs in the region of maximum large-
scale, upward vertical velocities thus producing an area of en-
hanced upward wotion in this region.
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INTRODUCTION

Multilevel dynamic models of the atmosphere have been used recently

to calculate diagnostic vertical velocitias in an effort to determine

the relationship between vertical motion and cloudiness and precipitation.
Studies by Barr and Lawrence (1984) and banders (1965) have shown that
horizontal motions are equally as important as vertical motions in
accounting for observed cloud systems in middle latitudes. Indeed,

in order to adegquately represent cloudiness by vertical motions of
sultilevel models, the availability of moisture and allowance for
horizontal changes in static stability must be included.

The mein difficulty in associating upward vertical motion with the
cloudiness shown in Tiros satellite pictures is the fact that cloud
elements move with a spectrum of horizontal velocities. W#hile it is
true that the large-scale vertical motion pattern and its movement
in the flow pattern determine ths location of the large-scale cloud
mass, horizontal winds frequently advect saturated parcels of air into
descent regions and unsaturated air into ascent regions. If the moist
air in descent regions has not had sufficient time to evaporate and
the unsaturated air in the ascent region has not condensed, a lack of
correlation betwesn the dynamically-calculated vertical velocities and
the cloud pictures will be found. Agreement between cloudiness and
vertical motion is best in the presence of abundant moisture and in the

early stages of cyclone formation before the horizontal motions have

fully developed. In lower latitudes where horizontal velocitles are
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gmaller and wars ocean surfaces provide & resdily available source
of moisture, it is anticipated that Tiros pictures might be more
representative of actual vertical motions.

with the exception of monsoon circulations and hurricanes the
horizontal gradients of geopotential height and temperature are much
smaller in the tropics than the corresponding gradients at middle
latitudes. Eecause of the smaliness of these gradients it is not
intuitively apparent that differential vorticity and thermal advections
on isobaric mfm. play a prominent role in the production of rising
motion. In tropical regions the Romsby number, which is the ratio of
the horisontal relative accelerations to the Coriolis acceleration,
spproaches one and it can no longer be regarded as much less than one
in the scaling of the geostrophic equations. This means that for the
same velocity and length scales the relative importance of non-geostrophic
effects is increasing near the equator. For these ressons it is not
known a priori whether the quasi-~geostrophic model will give qualitatively
lnccoptu.blo results in tropical regions. It is the purpose of this
study to determine how well diagnostic results of a ten level quasi-
geostrophic model with incorporation of latent heating are correlated
with cloud cover as seen by Tiros weather satellites in the tropics.
Tropical storm Debbie of Jeptember 1988 was chosen for analysis becauss
& depression was wanted for the study which had closed iscbare at the
surface but Mch wag not zc intense as to invalidate the geostrophic

assumption.
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THE DIAGNOSTIC MODEL

The large scale motions of middle latitudes are nearly in
geostrophic and hydrostatic balance and are well represented by quasi-
geostrophic models. A diagnostic, geostrophic equation for calculating
the large-scale vertical motion field and a geostrophic height teadency
equation can be obtained by combining hydrodynamic and thermodynamic
equations appropriately scaled for middle latitude flow where the
Rossby number is emall, 7The form of the vorticity equation in "»;f.f’f -

coordinates consistent with this type of secaling is
(1)

where J 1is geopotential, 1 1is the absolute vorticity, £, 1e
a constant value of the Coriolis parameter chosen at the center of the
grid, and w = d, represents the vertical msotion. &imilar

scaling on the thermodynamic squation results in

3 2% o] 7
. 2% Jbe
vhere - 3‘b "3';5" {a functicn only of pressurs) is a
= R dQ
measure of atatic stability and H = Q?P P is the

diabatic heating. By combining these equations s0 as t0 eliminate

? , & diagnostic &/ ~ aquation results.
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To the extent that vertical motions are sinusoidal the left side of
this equation is negatively correlated with w itself. Tho resulting
baroclinic vertical motions can be partitioned in order to determine
the unique contributions of the synoptic mechanisms which serve as
forcing functions for the large scale ascending or descending motions.
The first term on the right side of equation (3) is the variation of
absolute vorticity with height. Aun upward increase of vorticity
advection with slevation results in ascent and an upward decrease
coatributes to descent. The second term is the horizontal Laplacian
of thickness advection. Maxima of warm advection tend to produce
ascent and cold advection, descent. The rmlnt’;m term is the diabatic
heating effect. Ascent is found in regions of mim heating and
descent near regions of maximum cooling.

A simple parameterization of latent heating ie used in this study
80 that the diabatic heating term will be included in equation (3).
Phillips’ (1963) scale snalysis of the thermodynamic equation shows
that the maximum smount of latent heat release consistent with the
geostrophic assumption is associated with two centimeters of precipitation
over a period of twenty-four hours and over synoptic scale distances.
Although precipitation rates associated with tropical storm Debbie canmot

be accurately determined because of its track over ocean areas, it is

felt that this maximum rate may well have been exceeded by a factor of
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two or thros in certain localized areas around the storm. In these
areas the guasi-gecstrophic theory is not strictly valid; but it is
hoped that these large rainfall rates are associated with small-acale
features and that the large=scale flow is well represented by the
geostrophic model.

Appropriate boundary conditions are that 4 vanish at the top of
the atmosphere and at the lateral boundaries of the computational grid.

At the loweat level of input, the 1000 mb surface, it is assumed that

wm-_-ﬁo[%i-'qo.Vﬁs-gcpﬂsfw&;] @

wvhere S subscripts refer to values at the surface of the sarth, 10
subscripts te 1000 mb, and Co  is the drag cosfficient. These terms
are respectively the contribuiions due to local pressure change, horizontal
motion over sloping terrain, and frictional divergence within the surface
friction layer.

The hefight tendency equation is

"ok * o %
Again to the extent that %—; has a sinusoidal distribution, the
differential cperator and -3% itself are negatively correlated.

The terms in equation {(8) represent respectively the effects of absolute

vorticity advection, differential temperature advection in the vertical,
and differential disbatic heating in the vertical. Assuming a
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sinusoidal distribution, equation (5) states that cyclonic vorticity
advection, warm advection above and cold advection below, and an upward
increase of diabatic heating at a given point in the atmosphere tend
to produce height falls at that point while their opposites tend to
produce height rises. An appropriate boundary condition is that %%
vanish st the lateral boundaries.

The input data are values of ground elevation (taken from Berkofaky
and Bertoni's (1855) smoothed topography) and of calculated heights at
the mandatory pressure levels up to 50 mb excluding 200 and 100 mb.
The base map is a Lambert conformal projection with a mesh length of
163.1 km at 30 and 60~ and the computatiomal grid is 32 by 24 pointa.

Values of ¢ eare cbtained from a horizontally averaged sounding.

HEIGHET CALCULATIONS

The vertical structurs of the low latitude wind field is not as
coherently organized a® the vertical structure of middle latitudes.
Wind speeds are lighter and wind directions are quite variable in the
vertical. At middle and high latitudes the wind field is usually
established indirectly from an analysis of the height field on a constant
pressure surface. These conventional middle latitude techniques do not
accurately describe the synoptic-scale motions of the tropics since
the horizontal gradients of height are of the same order of magnitude

as the error involved ir reporting the observed heights. The horizomtal
field of motion iz momt accurately described by the winde themselves
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and an isogon-isctach analyeis of the wind field represents the flow
better than a direct analysis of the observed heights;fram this
enalysis it 18 possible to deduce a height field which is consistent
with the observed winds.

It is well known froam the Helmholtz theorem that a two-dimensional
vector field can be partitioned inte non~divergent and irrotational
components. In particular applying this theorem to the horizontal

wind field
Ve=RExv¥ + 10X ®

vhere 2 is the unit vertical vector, Y s the horizontal stream
function ( .2 X 7% 18 non divergent), and X s the horizontal
velocity potential ( VX is irrotational). The manner in whioh the
chserved wind is partitioned betwsen Y ana X depends on the
choice of houndaxry conditions. 3Since the goal of this analysis is

to calculate a height field from the wind field for input into a quasi-
geostrophic ten-level model which is non-divergent, the wind field

was partitioned s0 as to minimize the kinetic energy of the divergent
part of the wind field. If the vertical component of the curl of

equation (8) is taken, the result is
2 2 =
VY=t -vxV =5 $3)

Thus the horisontal Laplecian of the streamfunction oquals the vertical
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couponent of the relative vorticity (5 ) of the wind field. This
equation is a Foisson egquation which can be ezolved by numerical techniques
if § is computed from the observed wind field and W or itz normal
derivative is specified on the boundary of the coaputatiocnal grid.

Taking the component of the wind fisld parallel to the boundary
2 2 (8)
VS = > UJ + 35 X

vhere m and S are in the normal and tangential directions: »
positive in the outward direction and 5 positive in the counter-
clockwise direction along the boundary. The normsl derivative of ¥/ ,
therefore, is specified in terms of one known quantity V; and one
unknown quantity %%(- « A3 stated above it is desired to decompose
the wind so that the kinetic energy associated with the velocity

potential is minimized. The boundary conditions which accomplish this are

Y= Vs ..3_.)(7-'0 (9)

2
am 25

These boundary conditions also sssociate. the nondivergent, irrotational
component of the vector field with the streamfunction. Equation (7) may
now be solved for f»’/ by the Liebmann overrslaxation process and a

"pseudcheight' fiseld may be calculated by using
5-‘-’-— %’- Y+cC (10)

whers 3 is gravity and C s an arbitrary constant. Even though the
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shaolute magnitude of 'g is not precisely dotersined, ¢his hetght
gield is suitable for input into the ten levsl model because only
the horizontal gradient of gecpotential is nesded in eguations (3

and (5)‘

NETPOD OF ANALY8I1S

Although the network »f stations reporting upper air data in the
Caribbesn area is more daiise than in other tropical regions, the data
is still quite sparse COL| ared to that available in middle latitudes.
In order to insure that t)a reported winds were as accurate as possible
tine sections of horizont)1 winds from radiosonde and pibal reports
were plotted for each of (e stations 1isted in table l. This was
done for 004 and 12Z data 1t September 25 to September 28th. These
time sections provided a wians for correcting {nconsistencies both in
time and in the vertical, :OrY subjectively smoothing the wind data in
order to eliminate small-t! ale features of the wind field, and for
interpolating the 12Z wind at those Hexican stations waich report
only at 00Z. |

Ths resulting wind dat: was plofied and isogen-isotach analyeses
were carried out at sach o the imput levels required by the ten-level
model from the 20th to the |8th at 13Z. 132 wes chosen for the time
of analysis bscause it was 1loser to the time of the Tircs satellite

passage. AS stated previci\ ¥ the ten-level model has its lowsst level

of input at 1000 ab. sSince \he bottom boundary condition on the
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w-equation includes frictional effectz and since the gevstrophic
agsumption is valid only above the frictional boundary layer, tha
1000-mb winds do not represent frictioniess flow suitable for the
lowest input level. A study of the time sections revealed that the
2000~foot winds were relatively free from frictional influence and
yot resembled closely the 1000-mb flow; therafore, the 2000~foot wind
field vas substituted for the 1000-mb field. In regions where the
surface was above this level the flow at upper levels vas used as &
guide in the 2000-foot analyeis. At all levels an effort was made

for werticel coneistency while still fitting the analysis to the

Table 1

72201 Koy West

78228 Chihuahue, Mexico
7628€ GuayRas

76394 Monterrey

76644 Merida

76679 Mexico City

78682 Veracruz

78016 Bermuda

78083 Grand Bahama
78078 Elguthera Island, Bahamas
78118 Turks Island
78387 Guantanamo

78384 Grand Cayman
78397 Kingston, Jamaica
78501 Szan Island
78328 Puerto Rico

78806 Balboa, Canal Zone
78861 Antigua
78866 b5t Maarten

78887 Guadelupe
78884 Barbados
78067 Trinidad

78988 Curacao
80001 San Andres
80332 Bogota, Columbia
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cbserved winde. In the northeast and southwest corners of the grid
ehere upper air data was lacking the Zlow was analysed in the simplest
possible manner g0 as not to create any large relative vorticities
which might incorrectly influence ensuing computations at interior
points. Reconnaissance data provided by the National Hurricane Research
Laboratory war used where applicable in the vicinity of the depressica.

A nine point, two pass smoother-<unsmoother was used in order to
eliminate unwanted small-ccale motions. Computations were made wvhen
the smoother~-unmmoother was applied to the vorticity field before
calculation of the L’U field and in a second case to the q’ field
itself after relaxation of unamoothed vorticities. Very little difference
was noted between the resulting '~P fields and the former method was
uged throughout the computations. |

1t should be noted that the resulting height field was not always
consistent in the vertical. In those regions of weak flow near singular
_potntu in the isogon-isotech analysis where the irrotational component
was more repressntative of the actual wind field than the non-divergent
component, displacements of gingular points from the analysed location
somatines were as great as three grid distances.

The peeudoheight field as determined by squation {10) was used as
iaput for tho. ten~level model. &ince input heights were limited to
positive valuss and three t_iocilal digits, the constant in equation {10)
wag chosen in each cese so that the lowsst height was identically zero.

This permitted input heighta in whole feet from the lowest input level
up to 400 mb and in tens of feet at the remaining levels.



BCORPORATION OF LATENT HEAT

Latent heat plays & very important role not only in influencing
the long-term motions of the general circulation but aleo in the
short-term synoptic-scale motions. Although the main source of energy
for a donl.oﬁins cyclone is the eddy available potential energy re-
sulting from horizontal temperature gradiemts, recent studies have
shown that disbatic heating resulting from condensation is an impor-
tant process in the intensification and strengthening of large-scale
middle~latitude disturbsnces and in accelerating the movement of cyclones
in the lower troposphere. In tropical latitudes small~-scale convection
processes are the principle mechanism through which latent heat is
reloased. Convective cells act as a heat source for organized tropical
depressions thus providing for the maintenance of these depressions
against frictional dissipation at the surface.

Many attempts have been made to parameterise the influence of heating
due to microscale convective activities om the large-scale tropical
motions. The present method closely parallels those proposals of Uoyamwa
(1963) and Charney and Eliassen (19064). 1t is assumed that a frictional
boundary layer exista vhich is full of saturated water vapor. Areas
of convergence in the boundary layer give rise to ascending currents
which advect water vapor upward into the column of air above. The
water vepor transferred through the top of the friction layer is assumed

to condense immedimtely and simultaneously warm the air column over the
eree of convergence. The heating is parameterized in the following way.
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Let u)fu) = the frictional vertical velocity

and - K 4@ (11)
Gb At

where 3}9 = heating per unit mass {12)

whore H represents the disbatic heating, L. 4is the latent heat of
condensation, ﬁs is the saturation specific humidity and Ib, is
the surface pressurse. %52 represents the heat released per unit

mass to the column of air above by an upward flux of saturated air from

the friction layer. If ¢ 4ie now averaged from the bottom to the

top layer

. (13)
P

and _-g'-::-aé- é& _L_Z.S_M (14)

& TC Ps /j
= L9 &
let rl = ?‘;& AQ (1%)

etore Ao 2 | ae
theref = .st r( an..J

vhere =0 fo Wapet S0 a 2 =3 ftor
Shn=o te  wps>0 wma 2bn

Wit <O . With the introduction of the diabatic heating term
the thermodynamic equation becomes
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> d¢ = 30 ap

—— i T = \f @ —_— = (W + a . (17)
a p V3% pe N Wpd

It mas suggested by Charney that wf.,a be determimed by use

of the formula

-4 3.9x %I|V,) (18)
wj,wj 'F.,'k V‘(FSCD"'”S
vhere S§ subscripts refer to the surface and Cp 48 the drag coef~-
ficient. This is done rather than assume some average value for )Vi/
and have (.Ufm'} directly proportional to the vorticity at the
lowest layer. In this way the present work deviates slightly from
the method used by CGoyame and Nitta. This approach is a simpler
method than that used by Charney nﬁd BEliassen since the horizontal

transport of water vapor above the friction layer was not consideraed.

TROPICAL S8TORM DEBBIE

Daebbie was first chserved by reconnaissance sircrait on September
24, 1965, to the weat of Swan Island ae part of an eastorly wave which
was slowly moving through the western Caribbean. At that time a
tropioal depression with lowest surface pressure of 1603 ub, maximum
winds of 20 knots, and no well-defined circulation was found. Debbie

progressed on a northwestward course crossing the northeastern tip of

the Yucatan Peninsula on the 26th and emerging into the Gulf of Mexico
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someshat weaker than before as shown by an increase in minimuw surfsce
pressure to 1007 mb. ULuring the 28th and 37th the storm's course
bocane more northerly and forward spesd increased slightly. Barly om
the 27th maximum low-level winds increased to 30 knots but no orgsniza-~
ticn was spparent and highest vinds and shower activity were for the
most part confined to the ¢ast and northeast of the storm, similar to
the previous days. Un the 28th Debbie’s course became northeastward,
her forward speed increased, and her surface pressure decreased to
1004 mb indicating slight intensification of the depression. Some
activity was beginning to be noticed in the northwest quadrant with
low level winds of 25 knots while winds to the northeast reached 45 knots.

From the 25th to the 28th Debbie’s center was never well defined
and there was no strong coupling betwsen activities in the lower and
upper troposphere. The main feature of the depression was a regiom
of strong southerly and socutheasterly flow (20 to 40 knots) to the east
of the storm center. It vas in this region that reconnaissance air-
oraft reported cloudiness and moderate to heavy raim and Tiros pictures
indicated solid overcast,

The dominant feature of the uppsr troposphere on the 25th of
September was a very sharp trough over the eastern United States. Debbie
was located several hundred miles west and south of the trough line
under a region of relatively weak flow aloft. As this trough moved
further eastward height rises began to occur over the southeastern

United States and eastern half of the (Gulf of Maxico. Consequently
weak anticycloniec circulation appesred at 250 mb on the 20th to the
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north of Debbie. By the 37tk & new upper level trough had moved inte
the eastern United States; at higher latitudes it was located over
the eastern Great Lakes region and at lower latitudes over Texas.
The anticyclonic region aioft i{intensified, moved eastward, and waa
located just east of Debbie as the tropical storm moved into the
Gulf. A day later that part of the tmgﬁ which had been over Texas
on the 27th phased in with a new higher latitude trough as it moved
into the central United Stateas. Debbie, which was very close to
Louisisna and just east of the upper level trough axis on the 28th,
was becoming more directly influenced by the middle latitude flow and

scon lost its tropical characteristics as it moved over lkand.

RESULTS

Vertical velocities and height tendencies were computed for each
day from September 25th to Ssptember 28th at 12 Z. Since the important
features of the calculations are essentially the same for each day, only
results for September 35th will be discussed in detail. Cn this day
Tiros X passed almost directly over the disturbed area of cloudiness
assocciated with Debbie thus providing excellent satellite coverage. Also,
Debbie’s center was located furthor south than the other days vhich were
analysed; it is felt, therefore, that the resulis of this day provide a
better means for determining the degree to which the geocatrophic model is

capable of representing tropical motione. Because the center of the
tropical storm was noi well defined, reconnaissance aireraft could not
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accurately poaition the stora’s location. Figure 1 represente the
approximate course followed by Debbie. The surface map for September
28th at 12 Z is shown in figure 32; the low near the western coast of
Mexico is associated with hurricane Hazel. Since the hurricane was
located almost on the western boundary of the computational grid, the
results for this region are not necessarily realistic because the
height tendencies and vertical velocities were set identically equal
to zero on the boundarye.

Analyses of the "pssudoheight"” field derived from equation (10)
have shown that these height flelds are quite representative of the
observed winds. As a check of the method a wind field was calculated
from the "pseudoheight' field. It was found that these winds were
systematically weaker than the observed winds but retained at least
80% of the speed and normally differed in direction from the observed
winds by lese thsn 13°. Examples of the ''pseudoheight” field at B8O
b, 500 mb, and 230 mb are given in figures 3 - 8. The close agreement
betveen the derived height field and the observed vwinds in the lower,
middle, and upper troposphere is revealed in these figures. As stated
in the introduction it ie expected that Tiros pictures will be quite
representative of the actusl vertical motions in the tropics; but because
of the relatively small geopotential height and temperature gradients it
i3 not known if the meteorological network of upper air stations is suf-
ficiently dense to adequately represent these gradienta or if the diagnostic

vertical motions computed from the geostrophic model will compare favorably
with atmospheric motions. Besults for each of the days in the study



i8.
indicate that the location of the maximum upward motion and maximum
dowmward motion are well correlated with the cloudy and clear regioas
respectively in thn. Tiros pictures. A sketch of the Tires neph for
September 25th is shown in figure 9; it should be noted that the
satellite picture was taken several hours after the meteorological
observation time. The adiabatic vertical motion at 800 mb is shown in
figure 7 and at 600 mb in figure 9. The correspondence betwesn maximum
upward motion and cloudiness is clesrly evident. The magnitude of the
maximum upward vertical motion iz on the order of a half a centimetser
per second: a value which is characteristic of the adiabatic caloulaticms.
S8imple calculations made on a pseudoadiabatic chart sssuming 1) that the
rate of condensation equals the rate of precipitation, 2) that a column
of air %00 mb in the vertical is being lifted, and 3) that no divergence
occurs in the lifted column show that vertical motion of this size is
more than an ordor of magnitude smallsr than that required to produce
rainfall rates in excess of one inch per day.

With the introduction of latent heating parameterized as discussed
previousiy, a diabatic heating term is added to the W =-equation. This
heat source may be varied in the vertical by changing the coefficient
agsociated with the disbatic term. For the purposes of this study the

heating has been distributed in the following msnner.

Level Cosfficient
200 mb « 278
800 mb « 275
700 =mb « 228
600 mb +180
800 mb «078
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At ail othef levels only adiabatic wmotione have been considsred.
Figures 8 end 10 show the veftical motion at 8600 mb and 600 mb when
the disbatic term is included. The megnitude of the ascent regions has
been increased by a factor of two or three with maximum ascent in excems
of 1=1/2 cw/sec. In this case the maximum rainfall rate calculated by
the method menticned above is an the order of a half inch per day: a
magnitude vhich is still much smaller than typical observed rates.

If 4t is assumed that the upward motion is moist adiabatic, the

thermodynamic sguation for these motions is

é—Q— = - L 4-?—‘ w (19)
dp

vhere .w, 1is the saturation mixing ratio, Jg‘f— is taken along a
moist adiabat, and & includes disbatic and sdiabatic effectis. This
equation offers a means of checking the validity of the 1l0-level model
calculations with the diabatic term included. Wwhen the heating that is
specified by equation (12) is substituted into equation (19), it is found
that the resulting w’s are smaller by a factor of three or four than
those derived by the 10-level mecdel. This implies that the heating
specified in the model should bs larger in order to account for the larger
10-level &W's ; but, 42 the heating is incressed then the 10-level s
will be correspondingly larger. Because the heating model used here is a
very simple ad hoc representation of the actual latent heating in the
atmosphere, it iz unlikely that a repeated iteratiom process involving

t
equation (19) and the 10-level & 5 would converge. Nevertheless, sven
this simple type of diabatic heating has produced a qualitative improvement
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of the ( field. In order to improve the consistency of the results
a paramsterization of the heating is needed which also considers motions
above the friction layer. It should be noted that the structure of the
tropical atmosphere is such that the process of condensation is closely
umhted vith cumulus—scale wmotions. A pasrameterization of latent
hoating in a imo-suh model for use in the tropics is, therefore, &
means of representing the dynamics of the small-scale motions in terms
of the larg&scalc motions. When the present model for latent heating
is used, the large-scale upwerd motion calculated by the geostrophic
model is wall correlated with the cloudy region -m the Tiros picture
but not quantitatively consistent with the upward motion which seems
necessary in order to produce the observed rainfall; it appears, there-
fore, that these large-scale motions are acting so0 as to produce an area
vhere small-socale updrafts account for a major portion of the precipita-
tion. The cumulus~ and cyclone-scales are thus cooperating to produce
@ region of enhanced upvard motion. A similar conclusion concerning the
interaction bstween large- and small-scale motions was reached by Charney
and Eliassen (1963) in their discussion of the tropical hurricane.

The vertical motion field in the upper iroposphere at 406 Bb snd
200 mb is shown in figures 11 and 12; no latent heating wae specified
above B0D mb 30 that these W) '& represent only adiabatic foreing.

In order to determine more precisely the correlation between the

computed w'4 and the cloud cover, tables were made in vhich the 10-

lovel W at each grid point was categorized according to the cloud cover
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in the Tiros nephanslyeie which corresponded to it. No attempt was made
to adjust the cioud position to the meteorological observaticn time of
12Z and the cuter two rowe of grid points were not included because
of the dependence of the ( '4 at these peints on the boundary condi-
tions. The sum of the results at 800 mb, 700 md, 600 mb, and 500 mdb are
shown in table 2 for the adisbatically computed (J ¢ and in table 8
for the W'<d computed with the addition of the diadatic term. These
tables show that where there was cloud in the nephanalysis, upward motion
vas computed almost all of the time. The disappointing fact is that up-
ward motion is calculated in two regions vhere one might have sxpectad
subsidence from the nephanalysis. Ths first of these is in the western
Caribbean south of the region of heavy cloud whers surface observations
indicate the presence of clouds in sgreement with the negative W 'd.
while the naph shows a region which is mostly clear. The second of these
regions is to the northwest of the fromtal cloudiness in the western
Atlantic where there is a direct transition from heavy cloudiness to
clear sky in the nephanalysis. The meximum computed ascent ie located
in the frontal zone and the maximum computed uescent is in the clear
region but the southeastward displacement of the front in the four hours
between the msp time and the satellite cbserwation time resulted in nega-
tive (@ being computed in a region corresponding to a clear ares in
the neph.

It is apparent from an inspection of the two tables that there is

very little differsnce between the sdisbatically determined (J & and
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TABLE 2. Adiabatic vertical velocities in
units of 10~% wh/sec

Cloud amounts are
Open (0) 0 - 20% coverage
Mostly open (MOP) 20 - 830% coverage
Mostly covered (MCO) 50 - 80% coverage

Covered (C) 80 ~ 100% coverage
Numbers are the totals for calculations at 800 mb, 700 mb, 600 mb
and 500 mb vhere the ) 4 are categorized according to the neph

classification at the same point.

@ +5 250> 0 O2W>~5 524
18

0 49 39 30
MopP 10 104 260 80
MCO 0 0 43 ”
C 0 5 119 220

TABLE 3. Vertical velocities with diabatic term.
Units are the zamo as above

&) =& +E WSO OBZWs & =5
0 s1 3¢ 26 25
MOP 11 7Y 266 92
MCO 0 0 32 48
c 0 3 102 239
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those determined with the disbatic term. The main differsnce is that
with the addition of the diabatic term the magnitude of the maximum
updrafts has been inoreased.

Since a good correlation betwsen the 10~level w '4 and the Tiros
neph exists even though the cloud position in the neph was not adjusted
%0 132, the region of maximum updraft to the east of Debbie and the
saturated air associated with the ascent must have moved slowly and at
approximately the same spsell. Iln addition the horismontal velocities
relative to the storm’s motion must have been small encugh 8o that the
region of heavy cloud was found near the dynamically forced updraft
rather than being advected into regions of weak updraft or nubsldqco
as frequently happens in middle latitudes. Thus, although horizontal
motions are equally as important as vorti«.l motions in accounting for
observed cloud systems in middie latitudes, in the tropics the large-
scsle vertical motions seen to determine the location of the cloud
cover and the horizontal motions are normally of secondary importance.

From studies of middle latitude observations it is knouwm that iso-
therms and height contours are nearly parallel in the middle and upper
' troposphere. The thickness advection is not small, however, because
the rapid upwerd increese of wind speed compensates for the -inx angle
between the isotherms and height contours. In a similar manner the
magnitude of the differential vorticity advection increasas up to the
level of the jet stream core. Thus in the middle nndl upper troposphers
the vorticity advection term in the &) =equation is generally comparable

to the temperature advection term. In the lower portions of the atmosphere
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the wind field has a more pronounced component of flow normal to the
tamperature field. Temperature advections, therefore, remain large
while vorticity advections are more weakly developed because of the
smaller horizontal wind speeds. Thus temperature advections play the
major role in the production of vertical motion in the lower tropo~-
sphere at middle latitudes. In this lower latitude study the magnitude
of the thermally induced ('d is greater than that due to the vorti-
city term in the lower levels of the atmosphere. At higher levels the
magnitudes of the forcing functioms in the &) =esquation are nearly
equal. It seems strange that the influence of the vorticity term is
not smaller in the middle troposphere vhere the horizontal velocities
tend to reach a minimum; this is probably a phenomencn peculiar to
tropical storm Debbie and unrepresentative of average tropical motions.
Also to be noted is the fact that at all levels there seems to be a
tendency for the vertical motions due to temperature advections to have
a sign opposite from those resulting from vorticity advections.

The height tendencies offer a further check on the accuracy of the
calculations. At all levels the tendencies seem to be consistent with
the observed atmospheric motioms. In particular the height tendencies
in tens of feet per twelve hours calculated at 950 mb can be compared
with the three hour pressure tendencies in tenths of a millibar as
giyen by the rcﬁu).at synoptic reports since these two quantities are of
approximately the same magnitude. Although the ﬁunbor of reported ten-
dencies is not sufficient to permit a thorough analysis of the isallobars

the surface pressure tendencies and the calculated height tendencies
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(see figure 13) are consistent both in sign and magnitude. This is
quite remarkable since the megnitude of the calculated w'e is much
smaller than the actual vertical motioms.

Pnttoum'n" formula for tls speed of a low center was applied
to Debbie’s position on the 25th of September. A speed of 10 kw/hour
in a west north west direction was derived; this compares favorably
with an sctual motion of 8 kw/hour toward the morthwest and indicates
that the formula is applicable to surface lows in the tropics vhen an

accurate surface pressure analysis is available.

CONCLUSIONS
Although the upper air data network in the Caribbean rozlo;.l is

more dense than in most other tropical regions, large areas are present
in the Caribbean, the Gulf of Mexico, and the western Atlantic vhere
no meteorological observations are taken; as a result it was not known
vhether this network was sufficient to permit an accurate analysis of
the geopotential gradients for use in a quasi~-geocntrophic iodcl. The
realistic results of the model indicate that by using the horizontal
wind field as initisl data a "pseudoheight” fisld may be calculated
vhich ie representative of the existing tropical wotions. The verti-
cal motions computed adisbatically from the 10-level model agree quali-

tatively but not quantitatively with typical observed rainfall rates.

lpettersaen, Sverre: Neather Analvsis snd Forecesting, Volume I.
McGraw-Hill Book Company, Inc., New York, 1958, p. a9,
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The addition of a disbatic latent heating term has increased the
magnitude of the upward vertical motion but not enough to account
for the rainfall rates. Admittedly the parameterization of latent
heating is quite simple but the incorporation of even this simple
model of the heating has improved the results. Since the large-
scale vertical motions are smaller by a factor of three or four than
those assumed to be required to produce the observed rainfall, it
seems spparent that in the region of prominent updraft around tropi-
cal storm Debbie the cyclone-scale motions are interacting with the
cumulus~scale motions in such a manner that the vertical motion is
enhanced. The Tiros nephs have been used as a means of verifying
the results of the 10~level model; however, since the 10-level
and the cloudiness revealed by the satellite pictures agree qualita-
tively, based on the four days comsidered in this study the Tiros
pictures appear to be an excellent representation of the large-scale

vertical motion field in the tropics.
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Figure 1. Approximate course followed by tropical storm Debble, X's
mark the 1200 GMT positions from September 25th to 28th.
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Figure 2., Surface pressure map 1200 GMT 25 September 1965.



Figure 3. 850 mb pseudoheight field 1200 GMT 25 September 1965. Helghts
are in whole feet, X indicates grid point at which the height

equals zero.
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Figure 4. 500 mb pseudoheight field 1200 GMT 25 September 1965. Heights are in
whole feet, x indicates grid point at which the height equals zero.
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Figure 5. 250 mb pseudoheight field 1200 GMT 25 September 1965. Helghts are in
whole feet, X indicates grid point at which the height equals zero.



Figure 6.

Sketch of Tiros X nephanalyses for 25 September 1965. The analyses
on the right i1s for orbit 1222 at 1619 GMT and the analysis on the
left is for orbit 1223 at 1800 GMT.
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Figure 7. 800-mb adiabatic vertical motion 1200 GMT 25 September 1965. Units on
all vertical motion fields are 10~% mb sec™l and shaded areas represent
regions of major cloud systems taken from nephanalyses.



Figure 8,

800~-mb total vertical motion 1200 GMT

25

September 1965,
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600-mb adiabatic vertical motion 1200 GMT 25 September 1965.
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Figure 10.

600-mb total vertical motion 1200 GMT 25 September 1965,
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400-mb total vertical motion 1200 GMT

September 1965.
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Figure 12, 200-mb total vertical motion 1200 GMT 25 September 1965,



Figure 13.

950-mb height tendencies 1200 GMT 25 September 1965.
Units are in tens of feet per twelve hours.
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