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Abstract

SYNOPTIC CASE STUDY OF A WARM CORE TROFICAL DEFRESSION
by

Colleen Ann Leary

Submitted to the Depsrtment of Meteorolozy on November 3, 1972
in partial fulfillment of the requirements for the degree of
Master of Sclence.

This thesis is a case study of a warm core trovicel
depression which passed through the BOMEX data network
during the period from July 24 to 26, 1969, Time
compositing was selected as the best method of studying
the available data. Flow charts, satellite cloud mappings,
relative flow charts, humidity charts, and vertical wind
shear analyses illustrate the structure of the depression
on July 25 and 26. Calculations of divergence and vorticity
about the vortex show strong circulation and corveraeerce
in the boundary layer. Althouzh the deprression possessed
a warm core, strong vertical wind shear near the depression
and develoring anticyclonic flow bebind it inhibited v/
further intensification.

Thesis Supervisor: Frederick Ssnders
Title: Frofessor of HMeteorology



8.
9.
10.
11.

Table of Contents

Introduction
Organization of the case study

The flow field in the vicinity of the depression
Data processing for the 950-mb flow cherts
pvata processin: for the 850-n% flow charts
Dzta processinTt for the 700-mb flow charts
et oronessing for the upper trovostheric
flow charts
Analysis of the flow charts
Interpretation of the flow charte

satellite cbservations of the depression

The flow field relative to the depression

The moisture field in the vizinity of the
depression

Processing of relative humidity data

Interpretation of the relative humidity charts

The wind-shear pattern in the vicinity of the
derrescsion

Preparztion of the wind-shear charts

Interpretation of the wind shear charts

Divergence and vorticity calculations

Potential for development of the derression

Recommendations for future field experiments

Conclusions

List of table and fizures
Acknowledgments

References

%

Poxe

& F

37
41
41

b7
54
59
62

6L
110
111



1. Introduction

During July 1969, the fourth phase of the Barbados
Oceanosgravhic and Meteorological Experinent (BOMEX)
collected data with the particular aim of studying
tropical convection. Of the storms which passed throuch
the data network, one grew sufficiently intense to be
regzarded as a tropical depression (Frank, 1970).

This thesis is a case study of that trorical
depression, which passed through the network during
the period from July 24 to 26. It was chosen for three
reasons., First, the storm is perhaps the first tropical
depression to be so well observed, on both synoptic
and smaller scales. Second, it is an 1nterest;ng
example of a propical disturbance with a distinct warm
core which nevertheless (Palmén and Newton, 1969) did
not develop into a hurricane. Third, this storm fofmed
in the ITCZ (intertropical convergzence zone) during

an unusual northward penetration of the ITCZ.

!

2. Orsganization of the case study

The organization and methods of analysis used in
this synoptic case study depended upon the types, .
coverage, and reliability of the meteorolosical observations.
Currently the most complete description a2nd inventory
of the BOMEX data 1s a technical report by de la

Moriniere (1972). Althousgh voluminous, the data were



not uniformly distributed with respect to space, time,
or quality. Time compositing was selected as the
- best method of combining the avallable data so as to
minimize limitations of both quality and quantity.
Charts were prepared for the 25th and 26th of July,
each with a nominal time of 1200GMT (0R0CAST). Data
taken as far as 12 hours from the nominal time were
vlotted on the comrosites, with'positions corrected
for the movement of the storm. A preliminary examinsation
of aircraft and radiosonde wind data yielded a model
of the depression upon which to base the composites.
This model consists of a wind shift line separating
northeasterly winds to the west from southeasterly
winds to the east. The line has an orientstion from
northeast (035°) to southwest (215°). The wind shift
line moves perpendicular to its orientation, from
southwest (125°) to northwest (305°) at a constant
speed of 10 knots. Observations for other than fhe
nominal times were displaced along a line parallel to
the motion of the wind shift line, by an amount proportional
to the deviation of the time from 1200GMT 2nd the speed

of the storm.

The 25th and 26th of July were chosen because on
those dayé the storm passed through the data network,
and appeared most intense on satellite pictures. The
rexzion of interest, determined by the position of the

storm and the data coverase, extended from 59N to



200N, and from 4594 to 700W.
Data from a variety of sources, all time-composited

by this method, form the basis of this study.

3. The flow field in the vicirity of the depression

Tropical pressure gsradients are characteristically :
small, except in intense storms. In particulsr, this
depression never developed an intense low vressure
center near the surface, even though it did possess a
warm core, The weakness of the pressure gradient and the
closeness of the system to the egquator made the wind
field seem the best representative of the atmospheric
flow field. Flow charts were prepared for both the
25th ard 26th of July, at four levels: 950mb (figzures
1 and 2), 850mb (figures 3 and 4), 700mb (figures 5
and 6), and the upper troposphere (figures 7 and 9).
Differences in the sources and formats of observations

required a variety of data processing techniques.

Data processing for the 950-mb flow charts

The 950-mb level was chosen as the optimum level
to depict the planetary boundary layer. To supplement
the available 950-m1b wind observations, surface data
were included at those locations and times for which
surface data, but not 950-mb data, were availlable,

The maln source of data was radiosonde winds from the

BOMEX ship array, composed of the Oceanosrarpher,

Rainler, Rockaway, Mt. Mitckell, and Discoverer (fiazure 9).




These data came in one or both of two formats. Standard
teletype reports of some of the radiosonde launches

were transmitted in rez2l time from all of the ships
except Mt. Mitchell. From these date, the reported

wird nearest the 950-mbt level was used. Usually 2000
feet was the closest level. Analog dsta received and
recorded from the radiosonde lsunches were processed

(de 1la Moriniere, 1972) at 5-second intervals for

many of the launches, and were called AO data. Where
both data sets were available, teletype-reported winds
were preferred, because they incorporated in real time
corrections for ship motion. AO data contain no such
corrections becsuse the ships' logs did not contain
accurate navigational information. This shortcoming

in seamanship was particularly disastrous because‘the
deep sea anchors, supposed to keep the shivs on station,
had failed, and the ships were drifting when they were
not steamihg (de la Moriniere, 13972). Where only Ao
data were available, no corrections could be made, and
1t can only be hoped that the motions were small enough
so that the radiosonde winds were not greatly affected.
When only A, winds were availlable, the 5-second values
of the u (west-east) and v (south-north) wind components
closest to 950mb were utilized. The winds were converted
from components to direction and speed by use of a
nomograph. -

Soundings were to be taken at the ships every



three hours. Many launches were missed, and surface
data, where avallable, were used to fill the <gaps.
These were transmitted in the surface shivp synoptic
code over teletype, or, when & sounding wss teken,
but winds were not measured, the surface wind was
reported with the sounding. ©Cn July 25, soundines at

the Discoverer showed stronz fricticnal veering at low

levels, Between such soundings were times for which
only surface winds were available. These were corrected
to represent the 950-mb level by comparison with the
flanking soundings.

Where neither radicsonde nor surface ship synoptic
data were available, boom data were sometimes savailable.
The boom extended 10m beyond the bow of the ship at =2
height of about 10m, and supported instruments which
continuously recorded meteorolosicsl and oéeanoqraphic
parameters, including wind direction and speed.
Processed boom data in the form of the 10-minute everacges
nearest in time to the nominal times'for the radiosonde
ascents were utilized for the 950-mb flow chart in the
absence of other ship wind data. Like the Ao soundings,
these data are uncorrected for ship motion.

Surface winds measured by ships not participating
in the BOMEX experiment were avalillable from two sources.
Working charts, plotted in real time durirg the BOMEX
project, contained some wind reports from ships 1n the

area of interest. These reports suffered from the lack



of a written wind direction and sveed, so the direction

and speed were subiect to errors in plotting. The

other source of ship synortic data was the Northern
Hemisphere Data Tabulations, which contain wind observations
from surface ships at 1200ZMT. These were utilized for
the ships in the area of interest.

The.Northern HZemisphere Dzta Tabulations contained
another set of useful data. Radiosonde launches st
island stations in the Caribbean are tabulated there,
and winds are listed at 50-mb intervals, including 350mb.

Special soundings were taken at Barbados at 0600GMT,
1500GMT, 180037, and 21003MT during the fourth phase of
BOMEX. These were transmitted by teletyre, ond were
utilized 1like the teletyped ship rsdiosonde rerports.
Twice dally soundings at Kourou, French Guisns, not
reported in the Northern Hemiéphere Data Tabulations,
were made available by the Environmental Technical-
Applications Center of the United States'Air Force.

These also were obtained in the teletype format.

Several aircraft flights through the storm were
made in the boundary layer on July 25 and 26. Table 1
lists all the aircraft flights which obtained data used
in this study. The NOAA Research Flight Facility "a"
plane, flying at an altitude of 1500ft, took measurements
of wind speed and direction every second during its
flieht on July 25 (Friedman, Michie, and McFadden, 1270).

Data processed by and obtzined from the Nationasl Hurricane
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Research Laborstory coﬂtain averaged winds at l10-second
Intervals. 1In this study, averages every 15 minutes
were computed from the NHRL data. The procedure consisted
of making a 3-minute, 19-point averagse of the 10-second
values, each average centered on a l5-minute value where
possible. Sometimes data gaps necessitated a slight
departure from the nomiral 1l5-minute intervals. Wind
direction and speed were averaced separately. The
arithmetic mean of the wind speed values was considered
to be the average wind value. For the wind direction,
the 19 point values of direction were plotted, and a
curve drawn through them. The most representative wind
direction was selected by averazinz the curve by eye,
These 1l5-minute averages, like the soundings, were
corrected in position to correspond to a nominal time
of 1200GMT.

Also on July 25, the Woods Hole Oceanographic
Instition's C-54Q flew a boundary layer flizht at
373mb through the depression (Bunker and Chafee, 1370),
measuring meteorological parameters once every minute.
For the 950-mb flow chart on July 25, three readings
of wind speed and direction at l-minute intervals were
averased arithmetically at 15-minute intervasls of flight
time. Wind speed and direction were averaged separately.
These, as were all other aircraft observations, were
corrected to a nominal time of 1200GMT.

On July 2€ the QJueenair, a research aircraft from.
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the National Center for Atmospheric Research; penetrated
the storm at a height of 500ft, and collected resdinges
-of meteorological psrameters every second. These
observations were processed and computer-plotted by .
NCAd. For this study, every 15 mirnutes a 3-minute
centered averasge was estimated by eye from the plots of

wind direction and speed.

Data processina for the 850-mb flow charts

Ship radiosonde observations were tre=ted similarly
at 850mb as at 950mb. For the A, data, the 5-second
values of wind components closest to £50mb were converted
to wind direction and speed. From the telétype messages,
either the 2850-mb mandatory level or the closest
helazht level (usually 5000ft) was utilized. When
necessary, an observation above 850mb and one below this
level were averszged to give a representative wind.

Island data from the North American Data Tabulations'at
the 850-mb level were also used. Island data from
Kourou and at non-synoptic times from Barbados were
treated the same way as the ship data received in
teletype format. On July 26, the RFF "B" plane flew

at the 5000-ft level, and the "A" vplane flew at the
4000-ft level in the region of interest. Data from
these flizhts was included on the 850-mb chart for

July 26. It was processed in the same way as data from

the RFF "A" flicht at 950mb on July 25.
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Datae processine for the 700-mb flow chsrts

At the 700-mb level, data from the North Americen
Data Tabulations, the shiv radiosondes, 2nd leand‘data
were processed in a manner analogous to that described
for the 950-mb and 850-mb flow charts. Aircraft data
were available on the 26th, when the AFF "&" plane
penetrated the devression at 10,C00ft. These data were

processed like the other RFF data.

Data rro~nessinz for the upper trorosvheric flow chsarts

"The uprer troposrheric flow chsrts contain data
from several levels. This was necessary on account of
the scarcity of upper atmospheric data, and because of
the rapid changes of wind direction and speed with
heizht in the trovrical upper atmosphere, which make
information at any one level unrepresertative. Islend
data came from the North American Data Tabulstions and
from teletype messages from Kourou and Basrbados. Plotted
on figures 7 and 8 are winds at the 250-mb and 300-mb
levels. Ship radlosonde data often were either not
recorded or not processed above 400mb. In some cases,
where the Ay data was procsssed to a level close to
but not reachinge 300mb, the highest wind observation
was plotted on the upper tropospheric flow chart.
When available, 250-mb and 300-mb data were both plottéd.
On July 25, the Colorado State University Convair 990,

flying at about 31,000ft, recorded weather observatiors



and navigational data. Complete navicational information
was tabulated (Cole et al., 1969) at intervals of

‘about 2 minutes. Using an E-6B flight computer, we
conputed winds grarhically from the true air speed,
ground speed, ground track, and true heading. Winds

were conpute& at each time when the location of the
ailrcraeft, true sir speed, ground speed, true heading, and
ground track were all available simultaneously. When
more than one reading of a parameter was taken during
“the interval, the average was used. Winds were also
computed in real time by Kroupa, the flight navicator,
and usually azreed wifhin 300 a2nd 5kt with the computations
described above. Our winds were used in preference to
Kroupa's because ours matched the navizational information
better, and were computed at more frequenﬁ intervals

of flight time. Since the plane made two nearly

parallel traverses of the ITCZ region, winds on thé

two 1egé of the flight served as a comparison test for
the accuracy of the navigational data. Unfortunately,
there existed on both flizht legs (flown in nearly
opposite directions) an average headwind of 17 knots.

It seemed most natural to attribute this headwind to
errors in measurement of the true air speed indicator,
rather than to a resal change in the wind direction

and speed from the first to the second flizht les.

3o further processing of the data wés necessary. The

fictitious head wind of 17 knots was subtracted from

13
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each of the wind observations. These corrected winds
resulted in a much more consistent flow pattern, althoush
some noise was still present in the data, probably due

to inaccurate readings of navigational parameters.

Analysis of the flow charts

After the wind directions and sveeds were plotted,
the fields of motion were analyzed. At the three lower
1eveis, the procedure was straightforward. Isogons
were drawn at intervals of 30° in wind direction.
Auxiliary line segments of the prover orientation were
drawn on the isogons. Streamlines were then drawn
parallel to the wind directions of the observations and
the isogons. The streamlines on fizures 1 through 8
are not intended to depict a mathematical streamfunction,
but merely to indicate the wind direction. Isotachs
were also drawn, at intervals of 5 knots. At the
950-mb level, the combination of data from a variety of
altitudes, includinz the surface, and the unreliability
of some of the surface data, precluded drawing isotachs
at distances far from the center of the devression.

( In the upper troposphere the procedure was slightly
different. Isogons and streamlines were drawn for wind
directions which represented a compromise between the
250-mb and 300-mb data, when both were available.
-‘Similarly, isotachs were drawn for the average of the

250-mb and 300-mb wind speeds. Otherwise, the analysis



was the same as for the lower levels.

Interpretation of the flow charts

The flow charts in fisures 1 throuzh 8 show something
of the structure of the derression. The flow at 950mb is
important because it is representative of the planetary
boundary layer. On both the 25th and 26th of July, the
data coverage at 950mb was extensive, especisally when
supplenented by information at lower levels. Gaps in the
data do exist, making some comparisons between the two
days difficult or impossible.

én boph days the region ahead (west) of the depression
experienced relatively undisturbed northeasterly flow.
Behind (east of) the depression, the flow patterns show
more character, with both northeasterly and southeasterly
flow. The depression itself contains a vortex, substan-
tiated on both days by aircraft flights in the boundary‘
layer, in which the winds shifted from northeasterly
to southeasterly throucgh west. On neither day were the

data sufficient to locate the vortex center more

accurately than about one-half degree latitude (30 nautical

niles). (In these discussions, distances are often
expressed in decrees iatitude for convenience in referring
to the figures.) One degree of latitude is equivalent
to 60 nautical miles or 111 kilometers.

Although the flow patterns, especially in the vicinity

of the vortex, are quite similar on the 25th and the 26th,

5



some features are peculiar to one day or the other. These
differences have two possible causes. First.'real

changes 1in the fiow pattern woﬁld produce differences

in the analyses. Second, variations in the data coverage
could lead to different analyses, depending upon what .
assumptions sre made regsarding the regions for which there
is nP data. .

6n the 26th, when the data coverage at 950mb was
particularly zood in the vicinity of the vortex, a wind
_maximum of 31 knots is located about 1° northeast of

the vortex. This is the maximum wind observed in the
immediate vicinity of the depression on any of the flow
charts., Ahead of the vortex, the flow is somewhat more
zonal on the 26th. Real differences between the two

flow patterns occur behind the depression. On the 25th,

a line of stronz confluence extends from slightly north

of west to somewhat south of east behind the depreséion.
It does not appear on the analysis of the 26th. Instead,
the flow pattern in.figure 2 shows anticyclonic curvature
of the flow behind the depression. The confluence

line of the day before has disappeared, although the
streamlines do converge somewhat at the rear of the
depression. The anticyclonic curvature has the appearance
of a ridge in a wave in the easterly flow. This
difference in the nature of the flow patterns is striking,

because in the vicinity of the vortex the two patterns

can be superposed with amazing consistency. On the

le



26th, the line connecting the vortex center to the col
to the south has inclined to a nore east-west orientation,
but this mey be 2 fiement of the znalysis, because there
are few observations in this rezxion.

Had the boundary layer data from both days been
anolyzed together, with the vortex certers surervosad,
a quite different analysis e=st of the devression would
have resulted. The confluence line observed behind the
storm on the 25th would be supported by the northessterly

winds at the Discoverer and Rockaway between 129N and

15°N on the 26th. 4 new feature, a line of diffluence,
would appear south of the confluence line from the
contrast of easterly and slizhtly southeasterly winds at

the Jt. Mitchell and Oceano~rracher between 59N and 11°N

on the 26th with the mucﬁ stronzer sou;herly component of
the ailrcraft winds about 2° to the north on the 25th.
These two features would dominate the circulation béhind
the depression, eliminating the anticyclonic ridee in
fizgure 2.

The existence of this alternate intervoretation
ralses an important gquestion about the compositing
procedure. That compositing 24 hours of data on one
chart works 1is shown by the ability of the gnalysis to
produce a coherent, relatively simple;y}low field. The
difficulty arises when compsring two such composites,

'if they are similar in some resvects. “When the two

data sets considered together produce a different, bHut

7
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spill realistic, flow pattern for the disturbsnce, one
or the other of the interpretations (or perhaps both)
must be incorrect. One way to resolve such differences
1s to compare the implications of the interpretations
with the patterns of otner features, like cloudiness.
Another is to examine the flow 2t other levels in order
to arrive at the most consistent three-dimensionsl
ricture of the depression. Combined; these two methods
should yield the most reliable explanation.

The flow field at 850mb (fizures 3 and &) represents
the flow at a layer somewhat above the atmospheric
boundary layer, but still in the lower troposphere.
Frictional influences have diminished gsrestly by this
level. A vortex is analyzed on both 850-mb charts. On
July 26 this analysis is substantisted by the RFF "B"
alrcraft flizht. Comparable data are not =zvailable on
the 25th, but since the cyclonic character of the
avallable wind observations in the vicinity of the
depression is comparable at 950mb on both days, one
can infer that the vortex exists on the 25th at 850mb
also., Data coverage on the 25th is sparse in the
immediate vicinity of the vortex, and in the region
about 3° to 7° behind the vortex, on account of the
lack of alrcraft flights near this level. 1In contrast,
the data coveraze for July 26 at 850mb was particularly
good, due to two RFF flizhts near that level. This

was fortunate, in that it provided data in a region of



particular interest, the area east of the depression.

The two days were simlilar at 850mb in two respects.
First, relatively undisturbed flow occurs szhead of the
depression from a nearly easterly direction. Second,
in the irmmediate vicinity of the vortex the flow is
quite compzrable, althouzh this may be due to .lack of
data on the 25th.

A feature of interest on the 26th, for which
comparable data are not available on the 25th, 1is a
wind maxizum of 27kt located about one and one-half
degrees northeast of the vortex center. This maximum
is\somewhat weaker than the maximum at 950mb. On the
26th, the analysis in front of the storm at 850mb is
sonewhat more zonal than on the 25th, but the data are
insufficient to make a definite conclusion.

In the region behind the vortex, the zaircraft flights
on the 26th delineate a distinct anticyclonic ridege
about 5° east of the vortex at 850mb. Farther east,
about 10° east of the vortex, the wind shifts to west
of north, giving the wind field a divergent character,
with eyclonlic circulation farther east. The anticyclonic
circulation east of the trough is consistent with the
similar feature observed in the boundary layer.
Unfortunately, 850-mb data on the 25th are insufficient
to establish a similar comparison for that day,

although the observations at the Oceanosrapher between

6°N and 79N stronzly sugzest anticyclonic flow. Ahead



and near the depression, the 85C-mb and 950-mb patterns
on the 25th are quite compasrable. On the 26th, the

same 1s the case, witnh the added observation that the
anticyclonic curvature of the flow is more pronounced at
250mb than at 350nb.

The analvsis at 250mb on the 26th lends eradence to
£he idea tnat the anticvelonic circulation behind the
trough is a real feature. Comparinz the 350-mb flow on
the 25th to the 850-mb flow on the 26th gives a poor
match, especlally east of the depression where the wind
directions often differ by more than 90°. This supports
the i1dea that the structure of the flow field has
undersone a real change between the 25th and the 26th.
The appeararce of the anticyclonic flow east of the
depression, with cyclonic flow still farther to the east,
is consistent with the approach of a new system from

the east, moving at a somewhat faster rate than the‘speed

of the devression, 2nd beginning to a2ffect the circulation

near the depression.

Referring to the satellite-observed cloud patterns
in figures 10, 11, and 12, one notices that the band
of cloudiness extending from west to east behind the
vortex center on the 25th is located just north of the
confluence line on the 950-mb flow chert for that day.
By the 26th st 1246GMT, there is a great reduction of
the extent of the cloud band, consistent with the

absence of the confluence line in the analyses at 250mb

20



2l

and 850mb on the 26th., A further clue that the flow
field may really be changing with time 1is the satellite
picture for 1600GMT on the 26th, wnich shows only
remnants of the cloud bard which was so prominent the
day before. At this point 1t may be concluded that in
the lowest levels the circulation changed but little
between the 25th and the 2€th ahead of and at the depression.
Behind the disturbance, this was not the case, and there
i1s strong reason to suspect that there the flow field
changed siznificantly with time.

The flow patterns at 700mb shed further light on
the structure of the storm. As at 850mb, the 700-mb
chart on the 25th is limited to radiosonde data, 2nd
coverage does not extend east of 51°W. In contrast,
an BFF flisht on the 26th provides extensive coverave at
700nb to supprlement the radiosondes. No vortex is
analyzed at 700mb on either day. The 25th l=cks data
in the vicinity of the storm center, but the cyclonic
character of the nearest observations is not so strong
as at lower levels, so the continued presence of a
vortex center to 700mb cannot be reliasbly assumed.
On the 26th, when there was aircraft data in the
vicinity of the storm center, the winds 4id not support
the existence of a closed vortex, so no vortex was
analyzed on this day either.

On the 25th, an undisturbed. current precedes the

depression. An interesting feature of the wind pattern



is the maximum wind velocity northwest of the storm,
which extends further westward as a bénd of winds

‘ stronger than 25kts. These wirds are stronzer than the
wirds in the same region at lower levels. Little can
be said about the flow behind the depression, except

that observations at the Oceanoxrapher and Kourou

between 5° and 9°li sugzest anticyclonic flow there.

The flow pattern of the 26th is of a quite different
character. Overall, in the vicinity of the disturbance,
the winds are light and varlable, particularly those
that came from the RFF flight. The wind-measuring
system on the aircraft during that flizht (APN-153)
was less relisble than the system used on the other
flights (AFN-82). This circumstance, combined with the
light and variable nature of the winds, renders them
rather noisy. Even with the noisy data, some basic
features of the circulation remain. The depression.is
in an area of cyclonic circulation at 700mb. Abtout
3° east of the derpression, the flow is anticyclonic,
in keeping with a similer feature at 850mb and 950mb
.on the same day. Ahead of the depression, there 1s an
area of meximum wind in the northwest corner of figure 6,
similar to the one observed at this level on the 25th.
Because the winds at 7C0mb have weakened between the
25th and the 26th, some of the small-scale variability
in the vicinity of the depressidn is probably real.

In the upper troposphere, the flow patterns are

22



quite different from those at lower levels. On both
days, the area 6f intersest is dominated by anticyclohic
flow centered near but not on the vortex center.

Winds on both days were relatively light (less thsn 10kt)
over the center of the disturbance.

‘Some differences exist between the two upper
trovospheric analyses, On the 25th, = double center
of anticyclornic motion is analyzed, one of inflow and
one cf outflow. The double center is supported by
only 2 or 3 observations, so is suspect. The 25th is
fortunate for having aircraft data from the Colorado
State University Convair 990. This noisy, unreliable,
but abundant data set fits most of the radiosonde data.
Interestingly, the most variabiltty in this data occurs
over the ITCZ, where the depression is located. Some
diffluence is analyzed in the vicinity of the ITCZ,
coﬁsistent both with the data and the notion of outflow
at high levels over a tropical depression.

On the 26th, the outflow center hss disappeared, and
the inflow center is located about 2° west of the 950-mb
vortex. No aircraft flew in the upper troposchere
on July 26 that produced usable winds, so no mesoscale
information could be inferred.

Reservations must be made along with the interpretation
of the upper tropospheric flow chart. It 1s possible
that the compositing technique does not apply to the

upper troposphere, where systems move somewhat independently

23
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of those at lower altitudes. The =eneral northwest-
southeast elongation of the flow pattern may be more a
reflection of the compositing technique than of the
flow field. Another d;fficulty is the realization that
the upper trovosvheric flow charts, in a2n attempt to
ricture some averase uprer tropoépheric flow, may be
picturing something that doesn't exist at all, considering
the great vertical variation in wind ‘that exists at

these levels in the tropics.

4, Satellite observations of the depression

During the BOMEX project, meteorolozical satellites
provided photosraphic coverage of the data network.
The ATS III, a synchronous satellite at an altitude
of 35,800km, was moved to a subsatellite point of
10°ON, 46°W, for the duration of the project. In
addition, the ESSA 9, a polar-orbitinzg satellite,
made one pass per day over the BOMEX area at an
altitude of about 910 statute miles.

On the 25th, the ATS III provided sever2l pictures,
all of rather poor quality, because they were afflicted
by a great deal of distortion. On the 26th, the
ATS III produced pictures of much higher quality, at
a2 nominal interval of about 13 minutes.

Satellite pictures can be used in two ways. They
can be merely looked at to get a general idea of the

cloud patterns. This mode requires no processing, and
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provides 1little information. Any more detailed analysis
involves accurate mappine of the cloud formations.

For this, accurate gridding of the satellite pictures

is necessary. BOMAP (Barbados Ocesnozraphic and
Meteorolozical Analysis Project) supplied a set of
transparent overlzys with a latitude and longitude

rrid at 50 interveals, alorgs with coﬂfinental outlines,
so that the best match could be determined by a2ligning
the continental boundaries on the e¢rid with the boundaries
on the satellite pictures. For the high quality
pictures of the 26th, this was possible with a tolerable
degree of accuracy, to ébouﬁ 10 nautical miles. On

the 25th, the distortion made this procedure impossible.
Fortunately, the ESSA 9 pass over the region of interest
occurred within minutes of the ATS III photograph at
1803GMT. A recognizable cloud feature, fhe center of
the brightest cloud afea, was chosen for reference;

and its position accurately determined from the Catalog

of Meteorologzical Satellite Data--ESSA 9 Television

Cloud Photozravnhy (National Oceanic snd Atmospheric

Administration, 1969). Then the transparent grid
overlay was placed on the ATS III satellite photosgraph,
using this feature as the reference point.

A serious limitation‘of the BOMAP transparent
overlays is the grid size of 5° of latitude and longitude.
For an accurate mappinz of cloudl features, it 1is

necessary to be able to estimate distances as small
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as 0.1°., To solve this problem, another grid was
constructed. This was an szcetate overlay, etched by
razor at intervals of 1° of latitude and longitude.
Once the BOMAP grid was correctly positioned, this
second zrid was superposed.

The cloud mappings were constructed by makingz a
free hand renderinx of the cloud patterns on a base
map, referrinz to the gridded sstellite picture for
guidance. The BOMAP srid overlays had a systemstic
error in the placement of the geographic outlines of
about 20 nautical miles. The cloud mappings on the
26th were corrected for this error. On the 25th, when
the positioning of the grid was determined relative to
the storm, this correction was unnecessary. The cloud
mapplings were then corrected in position to correspond
to the nominal time of 12003MT, so that they would be
compatible with the other data. Three mappings were
made, each for a time chosen as characteristic of the
depression at an important stage in its development:
1803GMT on July 25, and 1246GMT and 16003MT on July 26.
They are shown in fizures 10, 11, and 12, respectively.

The mappings of the satellite cloud pictures are
subject to several uncertainties. Because the three
plctures manped were so different in photosrsphic
quality, lichting, time, and types of cloud present,
they are not, strictly sveaking, comparable. Determining

the boundary of the cloud was a very subjective process,



apd véried even within fhe sgme photozraph. Also, after
all the corrections, some-small griddinzg errdrs may still
be present, although they are probably smaller than 10
nautical miles.

In spite of the difficulties, the three cloud
mappinzse show some interesting features of the storm's
development, On the 25th, the ITCZ is displaced
northward from its average position, gnd consists of
two connected lines of cloudiness. One is aligned with
the 950-mb flow for the same day, along the shear line
which contains the vortex. The other extends from
northwest to southeast behind the shear line. As
discussed above, it is located slichtly north of a
confluence line at 950mb in the flow field.

« On the 26th at 1246GMT the cloud pattern is quite
different. Only a suggestion remains of the northwest-
southeast cloud band, so prominent the day before.
Substantial cloudiness exists alonz and behind the wind
shift line. Much of the cloudiness in the southeast
portion of the cloud mass was not present the day before.
This is not a solid cloud mass, but is so drawn because
the orizinal photograph was not of sufficient quality
to resolve the component cloud masses.

By 16003MT on the 26th, more changes occurred.
Fieure 12 shows a striking reduction in the cloudy
area which appeared on the 1246SMT photozraph to the

southeast of the vortex center. At the same time,
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the nﬁrthwest-southeast cloud band hes all but Aisappeared.
The cloud pattern has several sizeazble cloud masses
surrounded by regions having little cor no cloudiness.

About 1° northeast of the vortex center is the center of

a bright cloud area which expvands greatly later on in

the day and becomes the dominant visual feature of the
circulation. As discussed earlier, the tire evclution

of the satellite pictures suggests an evolution of the
storm which is corroborated by the differences in fhe

flow fields behind the depression between the 25th and

the 26th.

5. The flow field relative to the depression

It is of interest to know the motion of air relative
t? the storm. Under the assumptions that the storm is
a steady state, that it moves with a constant velocity,
and that the air motion is horizontal, an analysis of
the flow field relative to the storm is also an analysis
of the air particle trajectories. So relatiye motion
charts were constructed for the three lowest levels,
950mb, 850mb, and 700mb, on both the 25th and the 26th.
In each case, a vector wind from 305° at 10 knots was
graphically added to each vector wind observation on
the corresponding flow chart. The wind vectors on the
resulting six charts were converted to values of wind
direction and speed, also graphically. All measurements

of wind speed were made to the nearest knot, and wind



directions were measured to the nearest degree. The charts
were then analyzed in the same format as shown in the

flow charts. The relative flow charts are shown in

figures 13 through 18. The flow relative to the storm st
950mb, in fizures 13 and 14, is dominated by a cyclonic ‘
inflow center less than 1° northeast of the 950-mb vortex
on the flow charts in fizures 1 and 2. North of the

inflow center the relative flow comes from the northeast on
both the 25th and the 26th. This flow covers a wide area
north of the inflow center from 49°W to 70°%. One portion
of this current curves cyclonically as it travels

southward and joins the inflow, while about 8° shead of the
deprzssion there is a separation, east of which the air
executes an anticyclonic curve. The other current

affecting the depression is 2 southerly one, located to the

south of the storm. On the 25th, this flow occuplies the area

south and west of the storm, from about 50°W to 55°W. On
the 26th, the pattern is more complicated, -because the
northeasterly flow in the region behind the storm acquires s
large anticyclonic curvature as it nears the storm, forming
a ridge in the relative flow pattern about 3° behind

the storm. This feature is not present on the 25th.

Much of the southerly inflow on the 25th is part of the
southerly current, while on the 26th the southerly

inflow has its orizin in the northeasterly, anticy-
clonizally curving current. That part of the

southerly flow on the 26th due to the southerly current
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is confined to 2 narrow area between 580W and 61°w,

about 10° south of the inflow center. This contrast
between the relative flow for the two days is a reflection
of the differences in the data and analyses of the

950-mt flow charts in fizures 1 and 2.

The vatterns of converzence and vorticity must
be the same for the relstive flow charts as for the
flow charts, because the storm's motion wss treated
as a constant. With the storm's motion eliminated,
some features in the divergence and vorticity field
stand out more clearly, so are more visible on the
relative flow charts. On the 25th, a confluence line
extends eastward from the inflow center to about 45°W.
This line corresponts =21lmost exactly with the band of
éloudiness observed on the satellite cloud photoq;aph
for the 25th. The stronsest convergence appears to be
at the inflow center, . with some additionsl convergence
about 2° south of this center.

On the 26th, the anticyclonic ridge behind the
depression limits the extent of the converzence there.
The convergzence line extends only about 3° east of
the inflow center. This agrees well with the more
limited extent of cloudiness in the area on the satellite
plctures of the 26th. Other areas of convergence on
the 26th agree well with the cloud representations.

A line directed northwest to southeast, about 30 long,

is present about 30 west of the inflow center. Another



is located ahesd and to the south of the depression.
This corresponds particularly well to the satellite
observations of extensive cloudiness south of the
center of the circulation system =t 1600GHMT.

At R50mb, the two days show qﬁite similar relative
flow pztterns in the region for which data exists
for both days. As at 250mb, there is an inflow center
northeast of the center of the depression surrounded
by cyclonic flow. Agzain, northeasterly flow to the
north of the center curves cyclonically and joins the
inflow., To the south, there is some contribution to
the inflow from a southerly current.

On the 25th, the relative flow at 850mb is remarkably
similar to that at 950mb. The sole exception is a
marked veering of the wind with height: from 950mb to
850mb in the rezion slightly northeast of the inflow
center. The shift in wind direction here is about 90°,
and zeostrophically would indicate the advection of
warm air. This strong veering with height occurs in
the cloudy area of the satellite picture in fizure 10,
ahd is centered almost exactly on the center of the
brightest cloud area, which was used for reference in
locating the satellite cloud pattern. It is of interest:
that the quasl-geostrophic concept of wind veering with
height accompanying warm air advection, inferring
upward vertical velocity, can find application in a

depression so close to the equator.
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The 26th had an additional area of data behind
the devression. The relative flow behind the storm
at 850mb is dominated by a large anticvclone southeast
of the main center of inflow. Surprisingly, the
anticyclone surrounds a center of inflow. Comparingz
this picture with that of the 25th, we see a slizht
sugzestion of anticyclonic curvature on that day =2t
about 7°N, 52°J. By the 26th, this tendency is so
pronounced that the anticyclonic circulation at 850mb
behind the depression i1s comparable in size to the
cyclonic circulation of the storm itself.

Comparing the relative flow at 950mb and'RSOmb
on the 26th produces both similarities and differences.
Ahead of the disturbance the northeasterly qurrent
i1s similar on both charts. Behind the inflow center
the relative flows are quite different. At 250mb the
alr entering the center was once part of the
‘northeasterlies, while at 850mb, the iﬁfiowing air was
part of a southwesterly flow relative to the storm.
This difference in oriain of air is interesting,
because the change takes place within a layer of only
100mb, and represents one of the more radical chanzes
found in this data set that cannot be easily explained
by insufficient or incomparable observations.

There are several areas of marked convergence in .
the relative flow fields at 850mb. bn the 25th, the

inflow center dominates, along with the area just east



and southeast of it. Two lines of'convergence also
appear, both oriented from southwest to northeast. One
intersects 7°N, 53°W, ard the other intersects 12°N, 55°W,
On the 26th, the conversence appears to be concentrated
along the wind shift line and at the inflow center.

The streamlines also converge along a line parallel to

O east of it. The second

the wind shift lire and about 2
inflow center is also the scene of convergence. Behind

it is a rezion where the confluence is rot great, put

the wind speed decreases drastically, causing convergence.

At 700mb, the main similarity of the relative flow
charts with each other, and with those at lower levels,
is the northeasterly relative flow ahead of the vortex
in the undisturbed ares., Other than that the patterns are
quite different. On the 25th, the inflow center in
the relative wind field is located southwest of the
vortex center. As at the other levels, the northeaéterly
current north and ahead of the storm curves cyclonically
and enters the inflow center from nearly every direction.
A southerly current also supplies cyclonic inflow and
circulation around the storm.

On the 26th, the only undisturbed flow is located
ahead of the depression. An inflow center is located
about 2° hoftheast of the 950-mb vortex. Surrounding
and feeding it is cydionically curving air. - Behind and
south of the depression, the flew 1s anticyclonic.

There 1s marked convergence along a line which extends
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from northwest to southeast and changes direction 2at
about 8°N, 55°W to north-south. At this location
there ié an area of convergence. Interestinely, this
is almost directly over trne inflow center at 850mb,
Ferhaps this convergence in the lower trornosphere but
not tne boundary laver accounts for fhe transisnt
cloudiness on the 26th which disapﬁears by 16035+%T
afterinsg covering a rather extensive area earlier in

the day, at 1246GMT.

6. The moisture field in the visinity of the depression

rrocessing of relative humidity data

In 2 warm core trovical devpression, latent hesat
release 1s a factor of gresat importance, so it is
necessafy to keeé track of the roisture supply in the
storm. Relative humidity charts are a useful way to
do this, and are compatible with the format of the
BOMEX data. Twelve composites were prepared--one
for each day at each of six levels: 950mb, 250mb,
700mb, 500mb, 400mb, =2nd 300mb. These are shown in
fieures 19 throush 30. FEach contzsins data taken over
a period of 24 hours, composited with respect to a
nominal time of 12003MT. Data came from the same
sources as for the flow charts-~the ship 2nd islsnd
radiosondes, and aircraft observations. As with the

winds, the different data types.were processed somewhat

differently.



Island radiosonde data from the North American Data
Tabulations contain relative humidities at 50-mb intervals.
Relative humidities at the appropriate levels were
inserted on the composite charts. Ship radiosonde
data received in Ao format were processed by selecting
the relative humidity value at the level closest to
the noninal level. This was never more than 2mb awsy,
Ship radiosonde data received 1in teletype format
required conversion from dew point depression to
relative hunidity. This was computed for each observation
‘from the temperature sounding plotted on a skew T--log P
diagsram.

Ship radiosonde data were corrected where necessary
for known errors (de l=z Moriniere, 1972). One occurred
whenever a radiometersonde was flown on the same
balloon with the humidity sehsor. It was. corrected
by looking at the humidity values nearest the nominal
level which were unaffected by the error, and choosing
the nearest one. Since the error occurred for only
short periods of time, this sﬁbstitute value appeared
to be quite representative, especially if humidity
values recorded before and after were consistent.
Another error was called frequency‘doubling (de 1la
Moriniere, 1972). Two methods of correction were
possible. The first uses an empirical correction
provided by BOMAP. The second,.used most often in

practice, is the procedure described above for
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correcting humidity errors by insrvection. All daytime
(1200GMT to 2100GNMT) radiosonde humidity measurements,
from both the ship and island stations, were corrected
for a daytime bias induced by the éffects of solar
radiation_on the hunidity sensor, which causss the
measured relative huridity values to be lower than
their real values. This error w2s corrected by using
correction values attributed to Ostapoff (Janota, 1971).
Where both AO and teletype formatted data were available,
both were included as a consistency check.

Aircraftvdata were processed accordine to the
format in which they were received. For each flizht,
relative humidity data were assigned to the same level
to which.lts wind data were assigned on the flow charts.
Research Flight Facility relative humidity data took
the form of averazed values once every 10 seconds of
flight time. For each 15 minutes of flight time a
J-minute average relative humidity was computed by
plotting the 19 10-second values centered on the time
of the average and choosing a rerresentative value.
The NCAR Queenair flight measured temperature and
dew point every second. For each 15 minutes of flight
time a 3-minute average temperature and 3-minute average
dew point were determined by inspection from the
computer-rvlotted data. From these averaze values,
an average dew point depression. was computed, and then

converted to a relative humidity by the use of the



skew T-;loq p diagram. O©On the WHOI flicht, a spot
value of relative humidity was read once every minutg
of flight time. Three consecutive l-minute readines
were averazed to produce a 3-minute averagze. This
prrocedure was followed once every three minutes of
fliaht tine, |

After plottine, the date were analyzed bv contouring
at rather larce intervals of relative humidity. The
contour intervals were different at the various levels,
because their intent was to hishlight particulsrly moist
and particularly dry areas. Much more could not be
expected from the data, for several reasons. Relative
humidity, more than other meteorologicsl parameters,
ls subject to rather large variations in the horizontal,
the vertical, and in time. The averaging of the aircraft
data tends to suppress unrepresentative or extreme
values, while the spot values from the radiosondes -
tend to include such values. The differences in
processing techniques, z2long with the varied instruments
used, may make the data less consistent than desired,
and the approrimation of assigning aircraft data to

the nearest level must introduce some error.

Interpretation of the relative humidity charts

The boundary layer rélative humidity charts of
flgures 19 and 20 show that on both days the air is
uniformly rather moist. Thg point values of relative

humidity vary between 68% and 99%, a somewhat narrower
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"range than at other levels. Contours are drawn at R0%
and 90%, so as to hizhlight the relatively moist and
dry areas. The resultinsg pattern is mottled, probably
reflecting the limits of the accuracy and compatibility
of the data. & relatively dry ares occurs about 5°
behind the depressior on both days. The data at this

" level are so uniform, within the liwnits of noise, thet
it would be impossible to delineate the structure of
the depression on the basis of the 950-mb‘re1ative
humidity charts.

By 850mblthe picture has chanzed considerably.
Relative humidities vary between 20% and 100% on
figures 21 and 22, showing that some areas are markedly
- drier above the boundary layer. Some of these drier
areas are quite close to the disturbance. On bot@'
days one dry area was located about 2° northwest of
the storm certer, and another about 5° southeast of'the‘
center. Contours ars drawn for 25%, 50%, 753, and
90% relative humidity. On both days the greatest
moisture was observed somewhat northeast of the 950-mb
vortex. This was also the case on July 26 at 950mb.

. From the flow charts, it appears that the region just

northeast of the 950-mb vortex is an area of moisture

convergence, as the streamlines are confluent and the . .

wind speed decreases along them.
In contrast, the dry areas southezst of the vortex

centers on both figures 21 and 22 coincide with
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anticyclonic flow at 950mb and 850mb. The dry areaé
have reiative.humidities considerably below the éveraqe
relative humidity of 747 determined by Jordon (1958) for
the West Indies area in July at 850mb. Also, at 1R033MT

7

on the 25th and 1600GMT on the 26th, these areas are a
good match for the zloudless areas observed by satellite.‘

At 700mb the relative hunidity varies from 107
to 1007%, with the averaze relative humidity somewhat
less then at 250mb. Contours are drawn at 25%, 50%,
and ?5%, delineatinzg the moistest 2nd driest areas.
The moistest areas overlie those on the 850-mb charts.
Moist bands are alisned with the depression. As ab
850-mb, the moistest regzlion lies northeast of the
950-nb vortex. 3ehind the depression the zradient of
relative humidity at 700mb is largé. On both days it
coincides with the boundary between the cyclonic |
confluent flow behind the storm and the anticyclonic
flow farther east. Between 850mb and 700mb, particularly
on the 26th, the relative humidity over the vortex
center has decreased, as the maximum has shifted
farther behind the wind shift line,

3y 500mb, although the relative humidity ransges
from 7% to 97%, the background relstive hum{dity has
decreased greatly. Contours at 25%, 50%, and 75%
outline the moist areas. There 1s a genersl increase

in relative humidity from northeast to southwest on

both charts. On the 25th, a moist band extends along



énd somewhat behird the depression. Ry the 26th, the
moist band has fallen farther behind the disturbance,
continuinz the trend observed at 700mb. In fact, the
alr at 5C0mb above the 250-mb vortex center appesrs
to be quite dry. This is probably due toc a lack of
humidity data near the center, particuvlarly northesst
of it, where the mos*t severe convection was rerorted
by the aircraft flight logs. Southwest of the voftex
center is another moist ares on the 26th.

By 400mb, the drying trend has become considerable,
as the contours, apgain at 25%, 50%, and 75%, show. |
The range of humidity is still a2reat, from R!% to 95%.
On the 25th, the moist band along and behind the
depression, observed at lower levels, is still present.
On the whole, the moisture pattern on the 25th shows a
nore pronounced alignment with the depression in the
flow field than do the moisture patterns for the next day.
On the 26th, the moist area ascociated with tre
depression has increased in size, but, like at 500mb
and 700mb, has fallen behind the vortex center.

Another feature in common with 500~b is the northeest
to southwest overall increase in relative humidity.

.At 300mb the air is quite dry.b Contours are drswn
at 25% and 50% relative hunmidity. Overall; the relative
humidity at this level ranges from 10% to only 69%.
Part of this apparent dryinz out from 400mb tb 300mb

1s due to the convention of reporting mixing ratiocs
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with respect to water saturétion. At 300mk, where

ice saturation is the appropriste considerstion, a
relative humidity of 697 is close to ssturation with
?espect to ice, because temperatures at 300mb on these
days were close to -34°C, On both days thefe is =2
fairly larsze band of moderate humidities located west
of €59, too far from the devression to be associsted
with it. One lies to the east of the center, snd the -
other lies to the northwest. On the 26th, s fairly
well-defined band of moderate humidities is located

about 3° east of the depression.

7. The wind-shear pattern in the vicinity of the depression

Preparaticn of the wind-shear charts

In addition to the wind field and the relative
humidity field, it was desirable to obtain a picture
of the temperature structure of the denpression. The
small magnitiude of the temperature variations in the
horizontel in the vicinity of the storm (about 3°C)
was close to the noise level in the radiosonde data.
This noise comes from diurnal variations,‘the differences
between thermometers, and instrument errors. Only
the aircraft could provide consistent tempersture
coverage in the horizontal, and the aircraft fiiqhts
were not planned in such a way as to assist an analysis
of the temperaturg structure of-.the 'storm. Therefore,

there will be no mesostructure in any of the shear
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charts used to define the temperature structure.

One inrdirect way of determinz the Eemperature
structure involves computinz the thickness of the
layer of air between two surfaces of constart pressure,
dydrostatically, the tnizkness of thé laver is directly
oroportiona2l to the mean temrerature of the layer.
Such thickress charts were constructed from shin and
island radiosonde data on the 25th and 26th of July for
the layer between 850mb and 300mb. Data were composited
in time in the same way as on the flow charts.
Unfortunately, these composites were all but useless
on account of the inability of the radiosondes to
measure temperature accurstely enouzgh. They did show
an overall increase ir-thickness (and hence lsyer-
mean temperature) from northesst to southwest in Qhe
vicinity of the depression.,

Another, and more successful, wey to obtain a
plcture of the depression's thermal structure wss
by constructing shear charts. Tﬁe thermal wind relates
the shear of the wind with heizht to the horizontsal
gradient of temperature. Shear charts were constructed
graphically by using the samé data analyzed in the
flow charts. At each observation the wind vector
at the lower level was subtracted from the wind vector
at the upper level to provide a vector wind shear
in the layer of interest. Three such layers were

chosen: from 950mb to 700mb, from 700mb to the upper



troposphere, and from 950mb to the upper troposrchere.
The upper troposvheric winds were tsken from the analyses
in firures 7 and 8. The wind vectors were plotted in
speed to the neafest knot and in direction to the
nearest dezree, then subtracted gravhically. The
shear vectors were then measured to the ne=arest knot
in speed and tre nearest deiree in direction. This
procedure was followed for each of the three layers:
on each of the two davs, ziving six time-composited
shear charts in all, shown in figures 31 throush 36.
The justifioatioh of this method 1s the assumption
that the wind measurements are more accurate and

consistent than temperature measurenents.

Interpretation of the wind shear charts

‘"The analyses of wind shear from $50mb to the
upper troposphere give some indication of the relative
warmth of that entire tropospheric layer. On both
days anticyclonic shear, indicatiﬁg relative warmth,
overlies the 950-mb vortex. On the 25th, a ridge Qf
anticyclonic shear occuplies the entire area of data
coverage east of about 63°W. On the 26th thé pattern .
is anticyclonic over the area of interest, éxcept
for west of 66°%4 and east of about 56°W, where the
shear is cyclonic. A cyclonic trough of relative
coldness on both days lies about 10° west.of the vortex

-~

center.,
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The magnitude of the shear shows large variations
from one place to another and from one dasy to the next.
Over the 950-mb vortex center, a 15-knot shear wes
analyzed on July 25. On the 2€éth, the shesr over
the center had become'reduoed to about 2 knots, although
it ircresses to 10kt within 1° of the center. These
shear values are of interest beczuse larse shear vzlues
over tropical depressions have been claimed to hinder

development (3ray, 1368). On July 25 the shear may
have been sufficient to hinder development, but by
the next day the surface vortex lay close to the location
of minimum shear. lorth of the storm both davs show
a strong eradient of wind shear, with large values of
westerly shear occupying the srea between 15° and 20°N.
Shear values in excess of 40 knots are observed‘on
both days, with the maximum values té the north of
the depression on the 25th, and to the northwest of
the depression on the 26th. On-the 26th, the direction
of motion of the depression is nearly perpendicular
to the isotachs of tropospheric wind shear, in the
direction toward larger shear values. Since increased
wind shear indicates increased ventilation, the storm
on that day 1is moving toward a fegion posseséing a
factor which inhibits development, Perhaps this is
one reason that the storm did not intensify further.

The wind shear in the lower. troposphere is represented

by the wind shear in the layer between 950mb and 700mb,



shown in figures 31 and 32. Superficially, the analyses
of this shear are quite different on the‘two days.

Upon closer inspection, thourh, the days sre similar

in several respects. Anticyclonic shear prevails

over the 950mb vortex on both days., west of the depression
there is cyclonic shear on both days, and in the extreﬁe
northnwvestern corner of both charts znticyclonic shesr

is observéd. To the rear of the depression, the sheasr
rattern is different on the éwo days. On the 25th

the shear in that region is part of a2 large anticyclonic
ridge in the shear pattern. On the 26th, the shear
behind the depression has changed to predominantly
cyclonic, indicating relative coolness. This chenoe is
consistent with the differences noted in the flow
patterns on the two days, from which the shear charts
were constructed. Here is another possible irdication
of the depression's failure to develop'further. The
narrowing in the lower troposphere of the region of
relative warmth from the 25th to the 26th could indicate
a chanze in the temperature field behind the depression
acting to inhibit further intensification. On both
days, the shear above the 950-mb vortex is about

10 knots, which is close to the overall averase for
both charts. It must be remembered that the shear

data sre derived solely from the same radiosonde
observations which were inadequate to define, by

themselves, a vértical circulation. <o the shear

ys
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charts.are in a sense unaware of the vortex, and
cannot be expected to yield detailed information in
its vicinity.

The shear in the upper troposphere is represented
by the shear from 700mb to the mean upper tropospheric
flow, and is shown in figufes 33 .and 34. As with the
other shesr charts, the shear on both days 1s anticyclonic
over the 950-mb vortex. So, throuzhout the troposphere,
on both days, relative wérmth surrounds the 950-mb
vortex center, supporting the assertion that it had a
warm core on both days. On the 25th,lanticyclonic
shear prevalls over the entire chart, except for the
extreme northwestern corner. On the 26th, sreas of
cyclonic shear were obserfed not only in the northwest
corner, but also in the southeastern corner of the chart
and somewhat to the southwest of the depression. lOver
the 950-mb vortex center, the upper tropospher%c shear
was about 13kt on the 25th and about 6kt on the 26th.
Larze shears were observed north of the depression.
Particularly inpressive is a shear observation of 52kt
on the 26th, in the northwest corner of the chart.
On both days the shear increased markedly north of 15°N.
The curvature of the shear flow, on the other hand,
decreases northward, implying a more uniform and stronger
north-south temperature gradient in the trade wind

region than in the ITCZ recion where the depression

|

is located.



Direct evidence of ﬁhe warm core nature of the
depression is contained in fizures 37 z2nd 32. These
contain data from the RFF "B" flicht and “E" flight,
respectively, on July 26. The temperatures plotted are
3—1inute averazes (19 data voints) of 10-seccnd averages.
Cnhe such average was made every 15 minutes of flight
time. The "3" flizht flew at an altitude of 5000ft,
and the "E" flizht flew at an altitude of 10,000ft.

The observations were corrected in position to a

nominal time of 12003MT. BRBoth figures 37 ard 38

support the eiistence of a warm core near the center

of the circulstion in the layer between R50mb and

700mb. An examination of the aircraft data on both

the 25th and the 26th fziled to reveal a warm core

in the boundary layer on either day. This fact is

not surprising, because convection would not be expected

to enhance boundary layer temperaﬁures.

8. Divergence and vorticity calculations

After the flow charts were made, it anpeared desirable
to measure the intensity of the storm in some quantitative
way. Unfortunately, thé linitations of data quelity
and coverage precluded all.but the least refined
calculations. Consequently, vorticity and divergence
averages over circular areas of selected radius centered
on the 950-mb vortex center were selected as the

paraneters which could be most ieliably and most easily
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calculated. The bgsic tools for the calculations were
the analyzed flow charts. The computations were —made
separately for each level and for each day. On esch of
five circles, eight evenly svaced points were‘marked

off. The circles had radii or 1°, 2°, 3°, 49, and

X

5° of lstitude at 10°L. 4t each point & wind vector

wag drawn, using the flow chart. Then the vectors

were decomposed into outward radial and cyclonic
tanzential components relative to the vortex center.

From these components the averagze vorticity and divergence

were computed using the relations:

S

where vV averaxe divergence over the circle
w .
Vx V zverage vorticity over the circle
o N

area of the circle
radial wind component
tangentlal wind component .

averaze radial wind component
over the circle

averasge taﬁgential wind component
over the circle,

The integration was performed by assuming that the
wind components vary linearly between the selected
points. So it was sufficient to obtaln the arithmetic

-

means of the components at ad jacent points to get
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values ofV' and-z, . In order to check the procedure,
the same calculations w=sre rerxeated at a radius of 3°
with eight points intermediate with respect to the
eizht points of the orisinal calculations. The results
were the same to within 104, so itvwas decided that
eisht points were sufficient.

oimilar computations were parformed on wind shear
charts for the layer between 950mb and the upper trovosphere,
The diversence of the wind shear in this layer represents
the sum of the convergence in low levels and the
diversence in high levels. The divergence of the
wind shear gives an estigﬁte of the vertical circulation
in the. laver. The results are plotted on fi:urés
39, 40, and L41.

These computations were subject to severzal errors,
Because each day and level has different data coverace,
the results of different days and levels cannot in
some cases be rellsbly comvared. The analyses on the
flow charts are highlﬁ dependent on the availability
of data, so opresumably any furthef analysls derived
from them will also. Another liability is the accuracy
of the wind measvrements, especially when they are
subject to uncertainties related to ship motion and
aircraft navization.

In spite of the limitations of the data, some
information éan be obtained from the calculations of-

diverzence and vorticity. Most of the calculations.
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go out as far as 59, but at 850mb and 700mb on July 25,
the analysls, and hence the calculgtions, extended
only as far as 49,.. Fizure 39 @s 2 plot of the results.

Consistently on both days'the coﬁvergence decreases
from 950mbk to 850mb, aand from 85Cmb to 700mb, =2t all
distances from the center of the vortex. While p=art
of this decrease could be due to some tilt of the
depression in the vertical, 1t_is.mbre likely merely
an indication that the most important converzence
occurs in the lowest levels, prarticularly the boundary
1ayer: Variations bétween the two‘§ays in the numerical
values are probably not significant, and can be explained
by the simplifications of the comvuting method, and
the zreat differences in data coverage on the two
days.

At 950m1b, thé.convergence drops by & factor ofntwo
between 1° and 2° distance from the center. It continues
to drop out to 50 away from the center. This suzzests
that not only does most convergence occur at low levels,
but that it also occurs rather close to the center
of the depression. Above 950mb, the pattern is somewhat
nmore confused, because of limited data coveraze on
ﬁhe 25th for 700mb and 850mb, and the lizht, wvariable,
and sometimes unreliable winds at 700mb on the 26th.

At 850mb on the 26th, when the data coverase was good
and also reliable, it is interestinz to note that the

diverrence was b]ose to zero at all distances. This:



- suggests that any imvortant conversence on this day is
accomplished in the boundary layer.

In the urper troposphere there is no markgd conver«gence
or divergence. This lack of an outflow layer here
has several possible explanations.' The outflow =ay
ozeur 2t a lével lower or hizher than that revresented
by the analysis. Or, tre analysis may be insufficiently
representative of the 250-@b to 300-mb flow to detect:
a narrow outflow layer in that ranse. Alternatively,
the storm may be insufficiently orpanized in the
vertical to possess a concentrated upper tropospheric
outflow layer at all, or it may only possess one on a
scale smaller than that detectable with the srarse
synoptic data available for this study. These all
imply that the analyses of winds in the upper trorosvphere
in figures 7 and 8 are unrepresentative. This
observation recalls the diffluence detected in the
&etailed winds reported by the Convair QQO'on July. 25.

The divergences computed from the vertical shear
in the layer from 950mb to the upper troposphere (figure
40) provide some measure of the verticsl circulztion
over the depression. Convergence in low levels and
diverzence in the uppér troposrhere both contribute
to positive diversence in the shear field. Positive
diverszence is measured on both déys at 21l distances
from the 950-mb vortex center. -The divergence.of'the

shear increases consistently at all distances from
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the 25th to the 26th. The increase probably is not
sienificant, due to data and analysis insufficiencies.
In fact, it contradicts the diversence data obtained
from the individual days.in some respects. For exanmple,
at'BO from the depression's center, the flow at 950mb
becomes more diverzent from the 25th to the 26th, while
the upper trorospheric flow becomes less divergent.

If the shéar divérgencelwere an exact meassure of this
difference, there would be a decrease in the shesr
diverzence at this distance. The opposite is observéd.
leading to the suspicion that the day—t&-day differences
" are not significant.

Figures 39 and 40 are incompatible for another
reason. The wind analyses used to derive fizure 39
incorporaste aircraft data, which delineate some of the
mesoscale detall of the depression. Only radiosonde
information was incorporated in the shear charts, ffom
which fisure UC was derived. This difference points
up the futility of attempting to study mesosczale structure
with only synoptic observations, even in the relatively
dense BOMEX network of staélons.} Alrcraft traverses
are essentlal if the mesoscale structure of s depression
is to be reconstructed. This is esrecially important
in cases like this one, where the essential nature
of the circulation (i.e., the vortex) is mesoscale.

Some features of the vorticity pattern (fizure 41)

are also interestins to note. Consistently, on both



days and at all five distances from the center, the flow
1s cyclonic in the three lowest layers and anticyclonic
in the upper trorosphere. Eere, as’in the diverzence
calculations, the differences between days are probably
rnot sisnificant, owinvt to linitations in the data and
technique.

~t the three distarces closest to the vortex center,
the cyclonic circulation decreases with height in the
three lower layers, on both days. This represents
a decrease in the circulation of the stqrm, and cresumably
its intensity, with héight. Beyond 3° latitude,
as the cyclonic vorticity aporoaches zero, the differences
between levels fall below the limits of accuracy of
the computations. At 950nmb, this“dropoff of cyclonic
vorticity with distance is particularly rapid betqeen
1° and 2°, when it falls off by a factor of three.
Between 2° and 30, it falls off by a factor of two.
E&VSO, it is nesrly zero. At 700mb on the‘Zéth, there
is almost no cyclonic circul=stion at any distance.

This matéhes well the featureless divercence results
from the séme analysis.

At the 850-mb and 700-mb levels, the dropoff in
cyclonic vorticity with distance is observed principally
close to the storm. GSecause the vorticity is somewhat
smaller to begin with, the values of vorticity approach-

the noise level more rapidly thanat 950mb.



9. Potential for develooment of the depression

In several respects, the depression looked like
a vootential hurricane. It had a warm core, a vortical
circulation, and well orsanized convection. It is
interesting then to inquire why the depression did
not mature to become a hurricane. Since the theory
of rurricane development is incomplete, ore way to
investigate the question is to compare the characteristics
of the depression with empirically derived criterisa
for development, both as an attempt to discover where
the depression fell short and as a test of the criteria,
One relatively complete set of criteria is used
by the National Hurricane Center (Simpson, 1972).
It consists of two decision ladders (fizures 42 and 43),
by which trovical disturbances can be tested for their
development potential. One decision ladder is intended
for tropical waves and weak depressions, célled seedlings.
The other is intended for strong depressions, storms,
and hufricanes, and measures vortex development potential.
This storm falls into the latter catezxory, because it
has a warm core and a vortical circulation. For
completeness it will be tested by both sets of criteria.
In comparing this storm to the criteria for developmnent,
some difficulties arise where the methods of analyzing
the data were different. 1In some cases this meant
that the criteria could not be tested, but in others

a useful comparison still could be made.
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The first criterion for vortex development potential
1s determined from a low level chart called an ATOLL
chart. The 950-mb charts in fiqureq 1 and 2 were
consiglered equivalent. At this level, §V 96<0 and
%_l_t§qu Qego are considered favoreble conditions for
development. From the computations from the determinéﬁiong
of vorticity and divergence, the first condition, that
of inflow at a radius of 4° from the vortex center,
was met on both days. The second condition, that of
increased inflow with time, was also met, but the
cgange was slisht, well within the noise level of
the computations. These low level observations then,
on the whole, imply development.

The next criterion involves vorticity advection
at 200mb. Data are insufficient to test it,. Then
follows a set of criteria concerned with the structure
of the vortex. The 700-mb temperature grédient cannot
be determined. Another criterion is a decreased radius
of ihe maximum wind. At 950mb, where the depression
appears most intense, thls is the case when figures 1
and 2 are compared. A reservation must be made about
this conclusion, because data on the 25th did not
extend as cloée to the vortex center and its northeast
quadrant as on the 26th. The other two criteria,
concerned with the angular momentum flux and the
gradient of equivalent potential temperature at 300mb,

could not be evaluated.
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The next set of criteria involve miscellaneous
environmental factors. For a forecast of development,
a mean mixine ratio of greater than 8 znm kg'l in
the layer between 1000mb and 600mb is required. The -
relative humidity data in figures 19Athrough 30 is
not in a useful form to compare directly to mean
mixing ratios, but a roush calculation from soundinszs
and an examination of the relative humidity charts
leads to the éonclusion that in the vicinity of the
vortex center, especially to the northeast of the
center, this condition is met on both days. Sea
surface temperatures were greater than 26°C in the
vicinity of the disturbance on both dayvs (Iwanchuk,
1972). Minimal ventilation can be tested by an examination
of the vertical wind shear. Over the 950-mb vortex
center, the condition is met on the 26éth, with only
2kt of shear in the layer between 950mb and the uppér
troposphere, but is not met on the 25th, when there
was a shear of 15kt. On both days, quite large shears
were observed within a few degrees of the vortex center.
.The regions of large shear appeared to retreat at a
speed comparable to the storm's, from the 25th to the
26th. Taken together, the environmental factors
favor development.

Feeder bands were not observed on elther day, a
condition which 1s considered to hinder ravid development.

All taken together, these criteria for develovment
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would probably give the depression a coutious forecast
for development. Since that was not the case, it 1is
possible that the comparisons were incomplete. Particularly,
the shear over the vortex center may be more unfavorable
than appears at first, because the depress;on, even
on the 2€éth, is quite close to the region of larze
shears.

The seedling developm;nt potential‘is measured
by the other decision ladder, shown in figure 473,

Many of the criteria for storm development are the

‘;same as those for the vortex development potential.

The first set of conditions deals with the state of -
the environment. On both déys there is a2 cloud mass
to the northeast of the derression center. Also,
the mean shear, and therefore presumably the thickness,
is above that of the surroundings on both days. So
it can be assumed to be above normal, especially ‘
since the ITCZ is farther north than normal. As
determined earlier, there are no feeder bands emanating
from the depression. Similarly, the mean mixing ratio
in the layer between 1000mb and 600mb can be assumed
to be greater than 8 om kg'l somewhere in the vicinity
of the disturbance, and the sea surface temperature
is greater than 26°C. In total, four of the five
environmental factors favor development. Only the

feeder bands are absent. N

The next condition involves the vertical wind
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shear within 4° of the center of the depression. To
favor development, the shear should be anticyclonic

and average less than 10kt. On both days the shear is
cyclonic at 49 fron the vortex, but tﬁe average shear
there is considerably larger than 10kt, as can be seen
in figures 3% and 35. The failure of this criterion

1s sufficient to forecast no development on the seesdling
decision ladder.

The next set of conditions concerns the circulation
and inflow characteristics of the storm at low levels.
Thé first requires that %% in the direction of the
pressure gradient is greater than zero at radii of 2°
and 6f°.~ The ﬁangential wind component, calculated
when the vorticities and divergences were determired,
decreases monotonically from 1° to 5°, so %g? is less
than zero for the available measurements. It seems
safe to assume that it will not suddenly increase at
a radius of 6°. The alternative to this conditibn is
radial inflow, increasing with time, at a distance of
2°. but it does not increase from the 25th to the 26éth.
Again, no development is indicated.

As before, there are insufficient data to determine
vorticity advection at 200mb, The final cbndition,
that of a cold trough in the mesn shear 10° from the
depression, is met on both days, as shown by the shear
charts in figures 31 and 32. Ip spite of the fact

that this condition favors development, several of the



other criteria are unfavorable, o as a seedling the
storm would not be forecast to develop into a hurricane.
It is interesting that as a whole the storm matches
develooment criteria better as a vortex than as a
seedling. Ferhaps this is more a commentary on the
structure of the decision ladders and the amount of

datz than of the storm. Larse shear values in the
vicinity of the depression appear to be an especilally
1mp6rtant factor in the failure of this depression

to climb the seedling decision ladder.

10. Recommendations for future field experiments

Since BOMEX was the first in a series of large
tropical experiments, it seems approoriate to suggest
ways in which such a project could better contribute
to the understanding of the development of tropical
depressions. This study has brought to licht several
possibilities for improvement. |

The upper trovosphere is an important component
of the atmosphere. IZuring BOMEX, much of the collection
and processing of data, particularly ship rediosondes,
stopped at 40Omb. This seriously limits any inferences
about the three-dimensional structure of the storm,
particularly the presence of an outflow layer in the
upper troposphere.

Alones with more complete radiosonde coverage in

~

the vertical, more complete coverage in time is desirable.



As a synoptic framework into which mesoscale observafions
from aircraft can be intexrsted, a 3-hour interval
between ship radiosonde launches is édequate. That
this interval 1s operationally feasible is shown by
some portions of the 30MiZX dsta, where the radioéonde
schedule was sdhered to., 3ut the Z0YEX data set as
"a whole 1s remarkatle for the volume of missing radiosonde
data. Not only do missing observations destroy time
continuity in the data, but they also seriously liﬁit
spatial coverage on time composites, like those on
which this study is based.

Another important feafure of radiosonde data is
its quality. In middle latitudes, the radiosonde
network has long been a mainstay in analysis and
forecasting. This experience shouid be exploited by
larze tropical experi=ents to the point where radiosonde
operations are of the same quaiity in the‘tropics as
at weather ships in higher latitudes. Unfortunately,
the BOMEX radiosonde operations were of much worse
quality than those of the weather ships in middle
latitudes. Contributing to the lack of wind data
quality at the ships is insufficient navigationsl
data. Since nmuch of the derived information about
a disturbance, like trajectories, shears, and computations
of vorticity and divérgence, comes from wind observations,
1t 1s especially important that.the winds be determined

accurately.



Navigation is also important on aircraft flights.
Isolated weather and wind observations sre of little
use unless the sircraft's position ié known. Accurate
navigation is alsp important when it is used to determine
winds, as on the Convair 990.

If the development of tropical diséurbances is
considered important enouzh to study, the data ought
to be as comparable as possible when features at
different times are compared. Airplanes flying consistently
at the same levels in the same general region relative
to the storm could contribute greatly to a consistent
data set. Of course, this requires a capability for
fast-response, real-time, mission planning. Matched
data, in the sense of simlilar instruments calibrated
for comparisons, would reduce the uncertainties of
cembining data from different flights. Comprehensive
flight coverage is an absolute necessity for studyihg
depressions like this one. For example, even if
radiosonde launches had been made faithfully, they-
would have been insufficient to define and locate
the vortical circulation this depression possessed.

Satellite pictures could, if processing improved,
be more useful ih delineating cloudy, and hence moist,
areas. Enlargements and accurate zridding to small
increments of distance could contribute to both

synoptic and mesoscale analyses:
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11l. Conclusions

This case study has illustrated several festures
of interest about a tropical depression in the ITCZ.
It would be interesting if further studies show to
what extent they are typlcal of such depressions.

1. The depression has a distinct warm core, as
evidenced by the a2ircraft temperature observations in
figures 37 and 38, and the shear charts in figures
31 through 36.

2. It has its greatest intensity in the lowest
layers of the atmosphere, showinz a2 vortical circulation
at both 950mb and 850mb on both days, with maximum
winds in the boundary layer (fizures 1 throuch 4,
and 41)

3. By 700mb, the intensity of the storm has
decreased markedly, especially on July 26 (figures 5,
&, and 41).

4, In the upper atmosphere, anticyclonic flow is
present on both the 25th and the 26th (figures 7 and 8)
in the viéinity of the depression.

5. By far the areatest convergence associated
wlth the depression occurs in the boundary layer,
close to the vortex center (figure 39).

6. In front (west) of the depression, relatively
undisturbed northeasterly flow prevails (figures 1
through 6). Likewise, convection occurs mostly at and

behind the wind shift line (fizures 10 through 12).
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7. By empirical standards (figures 42 and 43), and

by its failure to produce a pronounced low-pressure
center at the surface, the depression wpuld.not bé
forecast to intensify into a hurricane.

8. Large vertical wind shears were observed in
the vicinity of the depression on both the 25th and
the 26th (fizures 31 throush 36).

9. The character of the flow field behind (east)
of the depression in the lower troposphere changed
from the 25th to the 26th (figures 1 through 6, and
13 through 18), becominz markedly anticyclonic. This
was reflected in the disappearance of the northwest-
southeast cloud band on the 26th, and the presence of
cyclonic shear in lower levels (figure 34) behind the
depression on the 26th. These changes appear to be
influences of a new system approaching the devression

from the east, and inhibiting its development.
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Date

July 25

July 26

RFF "A"
WEOI C-54¢

CSU Convair ©90

NCAR Queen=air
RFF "A"
RFF "B"
RFF "E"

Table 1: Aircraft flights on July 25 and 26.

Flizht Level

1500t
973mb

31,000ft"

500ft

hoooft
5000ft

10,000ft
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