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This research has several objectives., First, it attempts to

present a deacription of the kinematic, thermal, and cloud struc-

B ture of an eastern Arabian Sea convective cloud cluster.
Secondly, this ressarch will determine the horizontal location of

updrafts, downdrafts, and gust fronts in relation to observed

convection. The last objective is to determine the extent of

boundary layer modification by convection. ‘, Although 'this last

objective has been accomplished in the tropical Atlantic and

. Pacific Oceans, it has never been attempted over the Arabian Sea.

During the Monsoon Experiment 1979 (MONEX-79), a unique mix
- of meteorological data was obtained on 20 June 1979 to observe a
- convective cloud cluster that formed over the extreme eastern
Arabian Sea, The data used in this research consisted of rawin-
sonde data from India's mainland and island stations, Eesearch

- ship data, research aircraft data, and satellite data.

éantul study of all available data revealed several squall
lines (as well as other types of convection) embedded in the
larger scale cloud cluster. The squall lines were found to form
and decay as a result of complex interactions between synoptic

scale features (i.e., the Tropical Easterly Jet and the Somalia

(Rl MY ol b Wl A

low=-level Jjet), mesoscale features (i.e., mesoscale wind speed
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variability and mesoscale downdrafts), and convective-scale

features (convective scale updrafts and downdrafts).

~Numerous differences were observed between the squall lines

S RN s

examined in this study and squall lines observed during the Glo-
bal Atmospheric Research Program's Atlantic Tropical Experiments
: (GATE). The main differences include: Arabian Sea squall lines

were quasi-stationmary, while GATE squali lines were moving; Ara-
- bian Sea squall lines existed in a more highly sheared environ-
> ment than GATE convection; the low-level inflow air in Arabian
- Sea squall lines could be influenced by subsidence from a trail-
= ing anvil cloud, while GATE convection's low-level inflow gen-

erally was not.

This thesis shows conclusively that boundary layer influ-
ences caused by convection over the Arabian Sea must be con-
- sidered when attempting to describe (either qualitatively or

oumerically) Indian southwest monsoonal rainfall.
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1.

INTRODUCTION

A. Motivation for study

Tropical squall 1lines are important to meteorological
research for several reasons. Squall lines supply substantial
fractions of annual rainfall totals in the tropics. Houze (1977)
reported that four squall lines accounted for 50% of the rainfall
observed on one research ship during Phase 3 of the Global Atmos-
pheric Research Program's Atlantic Tropical Experiment (GATE). A
squall line to be described in this study deposited ~95 mm of
rain during 20 June 1979 near 11.5°N, 74.0°E (Krishnamurti et
al., 1983). Cases such as these strongly suggest that squall
lines are an important component in the energy cycle of the trop-

ical atmosphere,

Tropical squall lines are of the same tqmporal and spatial
scales as spiral bands in tropical cyclones. A logical question
is: what are the differences and/or similarities between tropical
squall lines and spiral bands? An adequate resolution of this
problem could answer many questions concerning tropical cyclone

intensification from "seedling®™ convective cloud clusters.

Tropical squall lines are known to modify the atmospheric
boundary layer during their passage. Essentially the boundary
layer (BL) is stabilized after the squall passage inhibiting the
development of new convection., For accurate numerical weather

prediction (NWP) modeling of the tropical atmosphere, this BL
1
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modification must be taken into account.

b. Hiatorigcal peraspective

Hamilton and Archbold (1945) gave the first discussion of
tropical squall 1lines in the scientific 1literature. They
described "disturbance 1lines® in their survey of Nigerian
weather, The authors accurately depicted many of the salient
features of tropical squall lines that are under atudy today.

These features included:

(1) A narrow zone of heavy rain that accompanies the arrival of
" the squall line.

(2) A region of light stratiform rain falling from altostratus

to the rear of the squall's leading edge.

(3) A substantial drop in dry-buldb temperature as the squall

line passes the station.

(4) Mid-tropospheric air ahead of the squall line descending to
the surface during squall passage. Surface air ahead of the
squall is incorporated into active cumulonimbus towers, and

rises to at least mid-tropospheric levels.

Zipser (1969) made the first serious attempt to analyze the
effects of mesoscale downdrafts on the life cycle of a tropical
disturbance. His study was made of a small disturbance that

passed through the Line Islands in 1967. The tropical distur-

bance he studied strongly resembled a typical tropical squall




3
line. Zipser's analysis of satellite photos revealed that large

portions of the cloud system were composed of relatively inactive
stratiform cloud., Kinematic analysis showed that low=level con-
vergence (probably responsible for 1n1t1at:l.ng' the convection) was
confined to below the 950 mb level. Equivalent potential tem-
perature (G.) profiles revealed that very low e. values near the
surface were due to unsaturated descent of mid-tropospheric air
to the lower troposphere. These low o. values were found in
divergent flow in moderate to heavy rain falling from middle
clouds. Zipser inferred that this area represented an area of
mesoscale unsaturated downdraft generation, Cumulus development
was inhibited in this region for some 6-12 hours, even though
surface sensible and lateﬁt heat fluxes were positive and strong.

Quoting Zipser:

This air is therefore completely unable to take part in

the deep convection required to maintain tropical distur-

bances, and in fact kills such convection everywhere that

it spreads. (p. 813)

Betts, Grover, and Moncrief (1976) studied the characteris-
tics of squall lines over Venezuela during the Venezuelan Inter-
national Meteorological and Hydrological Experiment (VIMHEX-72).
Squall line cloud top heights agreed well with moist adiabatic
ascent from the sub=cloud layer. The authors concluded that

squall lines over Venezuela (in general) transport sub-cloud

layer air to the upper troposphere with insignificant mixing. As

in Zipser's (1969) study, 0, Profiles were compared before and

T w et
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after squall line passed. These profiles suggested that
potentially-warm BL air had been transported to high levels;

potentially colder mid-tropospheric air had descended to the BL.

Rao (1976) presented a comprehensive study of the Indian
southwest monsoon. Rao pointed out that convection off India's
west coast is often arranged in long bands parallel to the low-
level flow. Convergence fields (on several scales) seemed to
interact to intensify the convective bands. Rao noted that the
understanding of the mesoscale features of these rain bands is

far from complete.

Hil;l.@r and Betts (1977) studied the characteristics of trave
eling "“convective mesosystems® (including squall lines) using
VIMHEX-T2 data. The mesosystems were found to travel faster than
the mean flow in which they were embedded. In each mesosystem
studied, a net low-level cooling and drying of the sub-cloud
layer was observed after the system passed. Miller and Betts
contended that air descended from just above the pre-storm cloud
base to cause the observed thermodynamic changes, The mesoays-
tems seemed to have downdrafts of convective-scale and mesoscale
origin. The convective-scale downdrafts were associated with the
leading edge of the active conveotion in the mesosystem. The
mesoscale downdrafts originated beneath the trailing anvil cloud

in stratifora precipitation.,

Zipser's classic paper (1977) described the role of

convective-scale and mesoscale downdrafts as components of

-------------
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tropical squall lines, The study was based on observations of a
tropical squall line that passed through the Lesser Antilles in
August of 1968. Using wet=bulb potential temperature (e") pro-
files, Zipser concluded that coanvective-scale downdrafts (cool
and nearly saturated) spread out from the bases or.active convec=
tive towers comprising the leading edge of the squall 1line.
These downdrafts occupied the lowest few hundred meters in the
poat=-squall environment. Mesoscale downdrafts occurred in sink-
ing from the base of a trailing, well-defined anvil cloud. Based
on satellite data, the rear 80-90% of the squall line system was
comprised of anvil cloud. Virtually all of the anvil cloud
ex;l.sted above the freezing level. The anvil cloud existed for
several hours after the active convective towers had died. Very
few low clouds existed beneath the anvil cloud, Zipser displayed
soundings that showed the virtual disappearance of the mixed
layer after squall passage. Mesoscale sinking bgneath the anvil
cloud was cited as a primary factor in the maintenance of a

suppressed mixed layer.

Houze (1977) studied the structure and dynamics of a squall
line that passed through the GATE area in September of 1974,
Bouze's idealized squall line cross-section strongly resembled
Zipser's (1977). The salient features of the idealized cross-
section were the narrow band (20-30 km wide) of intense convec-
tion along the .leading edge of the squall, and the anvil cloud

that trailed several hundred kilometers to the rear. Using
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sounding data from the GATE ship array, lower 6, air was found
to replace high o' air at the surface after squall passage. This
paralleled the findings by Zipser (1969, 1977). Houze found that
'uoarly the entire horizontal area occupied by the squall line was
characterized by convective-scale and mesoscale downdrafts.
Houze also found that the precipitation from the trailing anvil
cloud was not insignificant. He estimated 20% of the squall line

precipitation fell from the trailing anvil cloud.

Leary and Houze (1979b) studied five cases of horizontally
uniform precipitation falling in the rear of squall line systeas
during GATE. Using digitized radar data from GATE research ships,

distinot bright bands were observed in all five cases. The

bright bands were observed beneath the 0°C isotherm (near 4.5 km

in height). The authors deduced that mesoscale ascent must be
occurring above the base of the trailing anvil cloud. This was
inferred from the anvil cloud's longevity, large dimensions, and
the substantial rainfall rates. Moreover, they concluded precipe
itation evaporation from beneath the anvil cloud, coupled with
cooling from melting at the anvil cloud base, can initiate and
sustain downward motion. This downward motion maintains the

mesoscale downdrafts in the rear of the squall-line system.

Fitzjarrald and Garstang (1981a) studied the planetary BL in
and near the Intertropical Convergence Zone (ITCZ) during GATE.
They stratified high resolution vertical sounding data into dis-

turbed (precipitating convection modifying the BL via penetrative
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7
downdrafts) and undisturbed (fair weather cumulus with only an

occasional weak radar echo) regimes. The authors found that as
active precipitating convection passed over an observation site,
the following changes in the BL occurred: (1) the surface tem-
perature docruséd, (2) th.e surface specific humidity decreased,
and (3) the height of the mixed layer decreased dramatically.
The mixed layer was observed to return to its normal depth some
hours later. Fitzjarrald and Garstang classified BL modification
by precipitating convection into three periods: (1) an initial
cooling of the' BL as the precipitating convection arrives, (2) a
following period when the shallower and cooler mixed layer is
maintained by downdrafts, and (3) a final period ﬁhen the mixed
layer begins recovering to its normal depth in the "wake® of the

stora.

Pit:jmﬂd and Garstang (1981b) modeled the recovery time

of the mixed layer in the wake of GATE precipitating convection.

They found that (theoretically) the mixed layer recovers much
faster where surface winds were greater than 10 m s~1. Long
recovery times were restricted where surface winds were light (<5
] l'1). These theoretical results were substantiated by GATE
observations of mixed layer recovery. Fitzjarrald and Garstang
concluded that light winds in a wake area over a tropical ocean
places a severe restriction on new convective. development. The

suthors concluded by stating:

The limitation on the development of new moist convection
would impose a space and time modulation on synoptic-

....................
------------
------------------
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scale systems which may be crucial to the intensification

or even survival of the synoptic-scale entity. (p. 1771)

Barnes and Garstang (1982) studied sub=cloud energetics in
relation to GA;I'E precipitation types and amounts, Results indi-
cated that penetrative convective-scale downdrafts did not reach
the surface unless precipitation was occurring. They also con-
cluded that linearly shaped convective systems (i.e., squall
lines) are the most efficient centers of energy exchange. Squall
lines were cited as powerful vehicles for effecting energy

exchange in the tropics.

Meyer (1982) was able to ascertain a distinet area of
suppressed convective activity and another area of developing
convecting activity over the eastern Arabian Sea in association
with a 20 June 1979 convective cloud cluster. The suppressed
area resembled a "wake area" behind a squall line (Johnson and
Nicholls, 1983). This area was characterized by negative virtual
heat fluxes in the lower BL. The area of developing convective
activity resembled a "recovered™ BL. This area was characterized
by positive virtual heat fluxes in the lower BL., Meyer's work
did not specifically address the relationship of the two areas to
the distinct squall or cloud lines that comprised the convective

cloud cluster.

Johnson and Nicholls (1983) prepared a composite BL relative
to a squall moving through the GATE area on 12 September 1974

(Gamache and Houze, 1982). The shallowest mixed layer depths

e e NS e et e et
DI S A G PP




........

..................

9

coincided with a surface wind diffluence center beneath the pre-
cipitating anvil cloud (i.e., to the rear of the squall line's
leading edge).

Grossman and Durran (1984) studied the effect of India's
Western Ghat mountains as a mechanism for inducing deep convec-
tion over the Arablan Sea. Research flight data from 24 June
1979 found areas of suppressed convection just to the west of
active cumulonimbi. Grossman and Durran hypothesized that the
suppression of convection was due to downward motion beneath an
extensive anvil cloud. This anvil was sheared to the west some
200 km from the area of active convection. The authors suc-
cinctly noted one major difference between this Indian Ocean con=-
vection and the GATE squall line studies: the high energy sub-
cloud air over the Arabilan Sea was pumped into the convection
from beneath the trailing anvil (in GATE low energy sub-cloud air

was under the trailing anvil).

S. Research objectives

The overwhelming majority Aor tropical squall 1line studies
have been on systems in the tropical Atlantic and Pacific oceans.
This should not imply that squall lines do not occur over the
ou;torn Arabian Sea in association with India's southwest wmon-
soon. Yet little work has been attempted in this area, and
essentially this is an unexplored area of marine BL research.

This study, using Monsoon Experiment 1979 (MONEX-79) data, will




Dk P I e e -

10

a2

X examine the kinematic, thermal, and cloud structure of a convec-
tive cloud cluster that occurred on 20 June 1979 over the eastern
Arabian Sea, It will present the updraft and downdraft strengths
of this cloud system in the middle troposphere as disclosed by
the Electra gust probe data. The existence of squall lines as
components of the larger scale cloud cluster will be established.
This study will discusa the horizontal location of the updrafts,
downdrafts, and gustfronts in relation to the east-west oriented
squall and cloud lines., Furthermore, this study will examine the
: eastern Arabian Sea BL modification by mesoscale squall lines and

other convective entities,

d. Research methodology

N This research seeks to meet the stated objectives through

the careful integration of diverse data sources. These data

sources include conventional rawinsonde and surface data from

_: India's southwestern coastal and island stations. In addition,

research ship data, research aircraft data (including high qual-

ity dropwindsonde data), and geosynchronous satellite imagery are
. used.

The ultimate goal of this research is to meet the stated

objectives by a careful evaluation of the data at hand. Little

quantitative information is known about eastern Arabian Sea con-

> vective cloud clusters and their component convection. A logical

procedure is to present a phenomenological discussion of
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observable characteristiecs of the synoptic scale convective cloud
cluster. This is accomplished primarily through visual and
infrared satellite imagery. Since squall lines are inherent to
the cloud cluster under study, a phenomenological account of
squall lines (and other component convection) is also presented.
Such an account' is possible utilizing satellite imagery, on=board
scientists' notes from research aircraft, and cloud camera movies

filmed from aboard one of the research aircraft.

Once a phenomenological description of the large scale cloud
cluster and its component convection is complete, a conceptual
framework of interactions on various meteorological scales will
be forwarded. Clearly, this conceptualization, if correct, is
the only way any computed numerical results will have any physi-
cal meaning. Concéptually, this research will describe a quasi-
circular convective cloud cluster. This convective cloud cluster
is composed of a number of convective entities, of which squall
lines are the most important. Sinking air beneath a component
squall line's precipitating anvil should inhibit new convective
growth in some areas, while the outrush of cool, near-surface air
(gust front) should enhance new convective growth in other areas.
Synoptic scale influences by the Tropical Easterly Jet and the
Somalia low~level Jet may be of first order significance. Con-
ceptually, the component squall 1lines (and other convective
types) should radically alter the BL over the eastern Arabian

Sea. This will be apparent through the scrutinization of
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representative sounding data (conventional and dropwindsonde).

:l' Updrafts and downdrafts should be organized in preferred regions
" relative to component convection., These updrafts and downdrafts

can be measured directly in the mid-troposphere from reseax-ch_
aircraft. Also, inferences about updrafts and downdrafts can be

made through thermodynamic tracing techniques.

Once a conceptual framework of the larger scale cloud clus-~
ter and its component convection has been established, this

research will quantify these concepts through mathematization.

T Gl
Lir v,

For the large scale cloud cluster, this will be done by computing
the divergence fields of the horizontal wind in 1_:he lower, mide
dle, and upper-troposphere. This task is readily accomplished
through analysis of the synoptic scale winds. BL modifications
can be mathematized through derived thermodynamic parameters )f
the typical undisturbed environment being compared to those in an
environment modified by precipitating convection. This is done

by reducing rawinsonde and dropwindsonde data to profiles of a

13,4 49

single thermodynamic variable (i.e., virtual potential tempera-

TR

ture or wet-bulb potential temperature).

Finally, the calculated results are interpreted in light of
phenomenological observations and conceptual ideas. The inter-

preted results will be forwarded as conclusions. The interpreta-

e e e

tion of this research's divergence fields may indicate that the
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large scale convective cloud cluster existed in a highly conver-

gent BL flow. Interpretation of thermodynamic profiles may sug-
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gest the BL flow actually gains energy as it flows west to east

- across the Arabian Sea. Interpretation of in-situ vertical velo-
city measurements and inferences from thermodynamic profiles may
suggest convective-scale downdraft origin., Other calculations
may suggest mesoscale sinking below the bases of thick anvil
clouds associated with squall lines. Interpretation of BL meas-
urements could suggest mixed layer depths are greatly reduced in
the vicinity of precipitating convection, especially aquall
lines. This reduction in mixed layer depth becomes as important

in governing new convective growth as synoptic scale forcing.

For accurate nmumerical modeling a;tenpts of squall lines and
cloud clusters over the eastern Arabian Sea, a first step is to
obtain a firm physical understanding of the eyolution of cloud
clusters and their component convection. This research

represents that first step.

.........




2. DATA SOURCES

A. loper-air data

The Indian rawinsonde network used for the 20 June 1979

analysis 1is shown in Fig. 1. Rawinsonde data were collected at

0000 and 1200 GMT at atations Bombay, Goa, Mangalore, and Cochin.

Upper air data at 0000, 0600, 1200 and 1800 GMT were collected at

stations Amini, Minicoy, and Trivandrum. Data from the research

ship Deepak (15.0°N, 65.0°E) were available at 0600 and 1800 GMT.

Rawinsonde data from these sources consisted of pressure (mb),

height (gpm), temperature and dew point (°C), wind direction

(deg), and wind speed (mps). Data levels above the surface were

at 50 mb intervals, beginning at 1000 mb. Significant _tempera-

ture levels were reported at all mainland and island stations.

Significant wind and temperature levels were reported from the

research ship Deepak. All upper air soundings from the

radiosonde network were extracted from the MONEX-79 data manual

(issued by the Indian Meteorological Department).

h. Dropwindsonde (DWS) data

NCAR's Electra research aircraft flew through the heart of

the convective cloud oluster under study on 20 June. The Electra

14
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. Fig. 1 Upper-air observational network used in the 20 June 1979
' analysis,
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released four DWS's in the analysis area that generated reliable
data (data from a fifth DWS was Jjudged erroneous shortly after
its release). The DWS release points and times are shown in Fig.
2. Usually the first data level reported was just below flight
level (this usually made the first data level around 510 mb).
Standard levels reported were 700, 850, and 1000 mb, Significant
wind and temperature levels were also reported. When mandatory
and significant levels were plotted, data was available at about
every 30 mb in the vertical. Temperature (°C), dew point depres-
sion (°C), wind direction (deg), and wind speed (mps) were
reported at each data level. Specifics of dropwindsonde data
acquisition and accuracy haveA been discussed by Bolhofer et al.
(1981).

s. Daescent and ascent sounding data

A descent sounding was made from the Electra during the
period 0524-0544 GMT, Continuous measurements were made of pres-
sure (mb), height (gpm), temperature and dew pbint (°C), wind
direction (deg), and wind speed (mps). These measurements were
made as the Electra descended from 504 mb to begin its first set

of BL measurements at “100 m off the ocean surface,

An ascent sounding was made by the Electra from 0822-0842
GMT. Similar meteorological data as described for the descent
sounding were recorded when the aircraft climbed from an altitude

of 100 m to about 575 mb. The ascent took place after the
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J Fig. 2 Dropwindsonde (DWS) release points from the Electra air-

craft on 20 June 1979. All times are in GMT.

17

PAL LSS




18

aircraft completed a second set of BL measurements.

d. Electra fast-responae data

A multitude of meteorological parameters were continuously
recorded during the 20 June Electra research mission. Two sam-
pling rates were used: 1 s=! and 20 s=1. The 20 s~! data (fast
response from the Electra gust probe) were used in this research
primarily to study updrafts and downdrafts in the mid=-
troposphere, The fast response data were acquired in processed
form on magnetic tapes from the NCAR. The specific parameters
extracted from the processed data were ambient temperature, humi-
dity, and vert:l.cai gust wind component. Details of the Electra's

flight path are shown in Fig. 3.

8. Qther Electra data

On board scientists' notes were obtained from the Electra's
mission flight logs. The notes consisted of a series of visual
observations and spot measurements of pressure (mb), temperature
and . dew point (°C), wind directions (deg), and wind velocity
(mps). The visual observations and spot measurements were
recorded at irregular i;:torvala, but were usually recorded every

§=5 minutes, The visual observations from the on board scien-

tists were invaluable in reconstructing the sequence of weather

events that transpired during the mission.
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Fig. 3 Flight path of the Electra on 20 June 1979. All times are
in GMT.
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Upward looking Eppley radiometer measurements (1 s=1) were
also utilized in this study. These measurements were of
shortwave infrared irradiance values (w m~2). The measured

values were read directly off microfilmed stripcharts.

Color 16 mm movies were obtained from the Electra's left
side, right side, and downward looking cameras. These movies
were viewed and analyzed with great care. Color prints were made
from frames that showed notable cloud features during the mis-

sion,

L. AYRO data

The Indian government's AVRO aircraft performed a research
mission into the convective cloud cluster from 0449-0939 GMT on
20 June. The aircraft's flight track is depicted in Fig. 4. The
AVRO departed Bombay and flew at ~836 mb to 13.5°N, 70.5°E. Then
the return leg to Bombay was flown at “692 mb., While tapes of
raw data were not available from the AVRO mission, 2 minute spot
measurements of temperature (°C), wind direction (deg), and wind
speed (knots) were recorded. A ascent profile of winds (836=400
mb) was executed near 14.0°N, 70.7°E. The aircraft then des-
cended to “692 mb for the return leg to Bombay. Logs of airborne
scientists' notes were also available from the AVRO research mis-
aion, These logs were of great value in analyzing the sequence

of events that transpired during the AVRO's mission.
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Fig. 3 Flight path of India's AVRO research aircraft on 20 June
1979. All times are in GMT.
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& Surface data

Surface observations at standard rawinsonde data times were
available from the MONEX-79 data book. 3-hourly surface observae~
tions from stations along India's southwest coast were obtained
from NCAR's data base., Some surface observations, a 0300 GMT
surface analysis, and daily rainfall totals were obtained from
the Indian Meteorological Department's Indian Daily Heather
Report.

Several commercial ship surface observations were available

over the eastern Arabian Sea on 20 June. These observations were

contained in the Indian Daily Weather Report. All available com-

mercial ship surface ship observations were used in surface ana-

lyses.

h. 3Satellite data

GOES-I satellite data for this study was obtained from the
University of Wisconsin-Madison's Space Science and Engineering

Center (UWSSEC). Data was available for 20 June at the following

times: 0000 GMT (IR), 0600 GMT (visual and IR), 0900 GMT (visual
and IR), 1200 GMT (visual and IR), and 1500, 1800, and 2300 GMT

(IR). Resolution at satellite subpoint was 2.0 km for visual

T

imagery, while infrared image resolution was 4.0 km. Sclentists

- at the UWSSEC also supplied a detailed analysis of cloud types

Py
.l‘l..‘..

along the Electra's flight path,
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di. BRadar data

Copies of hourly radar images (PPI and RHI displays) from
the Bombay radar installation were obtained, This 10 cm
wvavelength radar has a maximum operating range of 400 km in the
PPI mode. The radar could only monitor the extreme northeastern
portion of the convective cloud cluster on 20 June. But the
radar data were useful in getting quantitative measurements of
echo top heights, cell and line movements, etc. The RHI imagery
was also useful in searching for indications of a bright band

over the eastern Arabian Sea.

Unfortunately, no radarscope photos were available from
either the Electra or AVRO aircraft. However, composite sketches
of radar echoes observed during the Electra‘'s flight were made by
on board scientists, These sketches were utilized in this

research.

J. Qther data sources

The Quick Look (Krishnamurti at al., 1979) analysis of 850,
700 and 200 mb data was used to augment analysis over data-sparse
areas (especially over the central Arabian Sea). Data from this
source consisted of streamlines and isotachs for 1200 GMT for the

850, 700, and 200 mb levels,

Over-water precipitation estimates for 20 June were obtained

from Precipitation Estimates from Raingauge and Satellite Obser-
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yations Summer MONEX (Krishnamurti et al., 1983).
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3. THE "PARENT" CONVECTIVE CLOUD CLUSTER

a. Satellite observed life history

GOES~-I imagery revealed a disorganized mass of convection
over the northeastern Arabian Sea as early as 19 June 1979. By
0000 GMT on 20 June, the system had consolidated into a convec-
tive cloud cluster just off India's west coast (Fig. 5). The
more intense convection at this time appeared to be orgapized
into a series of bands parallel to the low-level wind flow (which
at this time was from the west-southwest). Rao (1976) recognized
this banded feature of the Arabian Sea monsocnal convection in

his detailed analysis of 1963 research flight data.

Visual satellite imagery at 0900 GMT (Fig. 6) shows the con-
vective cloud cluster as it peaked in organization and concentra-
tion. The system at this time covered an area ~1.2 x 106 km2.
Close examination of the 0900 GMT visual imggery shows an exten-
sive cirrus shield covering the western 1/2 of the system. The
cirrus is being blown towards the west by upper=level easterlies,
This is a manifestation of the northern flank of the tropical
easterly Jet (TEJ). The strongest convection was occurring in
the southeastern half of the cloud mass (mostly between T0-75°E

and 10-15°N). As noted in 0000 GMT imagery, the 0900 GMT imagery

25




Fig. 5 GOES-I infrared imagery for 20 June 1979: 0000 GMT (top),
0600 GMT (bottom).
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Fig. 6 GOES~-I visual imagery for 20 June 1979
1200 GMT (bottom).
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suggested a series of convective bands that were oriented from
~240°-060° (this orientation is roughly parallel to the low-level
flow). Just west of the western edge of the cirrus shield,
cumulus streets were noted feeding into the system from the west
and west-southwest., Well defined cumulus streets are usually

indicative of low-level flow exceeding 15 m s=1.

By 1200 GMT om 20 June, bands of convection were clearly
evident in visual satellite imagery (Fig. 6). A fascinating
change in the cirrus canopy had evolved: distinet holes in the
western flank of the cirrus shield were evident downwind (at the
cirrus level) from the most intense convective bands, These more
intense convective areas are evident in Fig. 6 as cumulonimbus
tops protruding through the top of the cirrus shield., Concurrent
infrared imagery at 1200 GMT revealed that these tops were the
coldest in the entire convective cloud cluster. At least one
band of cumulonimbi was long enough to be categorized as a squall
line: this line of convection in infrared imagery (Fig. 7) was
about 650 km long and was oriented along a 2u40°-060° axis. The
squall line was centered about 40 km north of station Amini
(11.1°%, 72.7°E). The ultimate effect of this squall line upon
the BL over Amini will be discussed in the next chapter. The
1200 GMT imagery also suggests that there was upper-level (cirrus
level) diffluent flow. This is indicated because cirrus strea-

mers are oriented towards the southwest in the lower left portion

of Figs. 6 and 7, while the cirrus streamed to the northwest in
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Fig. 7 GOES-I infrared imagery for 20 June 1979: 1200 GMT ( top),
1500 GMT (bottom). -
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Pig. 8 GOES-I infrared imagery for 20 June 1979: 1800 GMT (top),
2300 GMT (bottom).
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the upper left portion of the figures.

The 1500 and 1800 GMT infrared imagery (Figs. 7 and 8) dep-
iot the system becoming less concentrated as it apparently
translated slowly to the southeast. By 2300 GMT on 20 June (Fig.
8), the once concentrated cloud cluster could really no longer be
considered as a discrete weather system, as the convection merged

with extensive convection over mainland India,

b. Kinamatic fields

The following discussion will be centered around 1200 GMT on
20 June, since this was a standard rawinsonde data time. However
sone references will be made to 0600 GMT, since at about this
time an abundance of aircraft winds were available from the Elec-
tra and AVRO aircraft. Kinematic fields are valuable for this
study because as Ramage (1971) points out, pressure fields are of
little value in relation to observable weather features during

the southwest monsoon.

The surface flow on 20 June was typical for the early summer
southwest monsoon over western India. The surface analysis for
1200 GMT (Fig. 9) depicts a deep low pressure trough over the
central Arabian Sea. This trough caused the surface flow to be
generally southwesterly over the east-central Arabian Sea, gradu-
ally bdecoming more westerly and decreasing in speed as India's
west coast was reached. Ship and island reports indicated sur-

face wind speeds over the open ocean were around 15-20 m s-!,
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Fig. 9 Surface pressure analysis for 1200 GMT 20 June 1§79.
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However along India's west coast speeds were generally less than
S m s!. This implies that the surface flow undergoes a marked
deceleration from west to east across the central Arabian Sea to
India's western coastline. This deceleration 'uy be caused by
the influence of India's western Ghat mountains (Grossman and

Durran, 1982).

Flow above the surface in the BL remained generally westerly

with height. Speeds throughout the entire troposphere at most

stations peaked in the 900-850 mb layer (see Fig. 10). This is a

direct influence of a branch of the Somalia jet (Pant, 1976).

The highest spot wind measured by the Electra research airgraft

was 25 m s~1 at 900 mb near 14,7°N, 69.2°E. This resembles wind

; profiles studied by Jambunathan et al. (1974) and Desai et al.
(1976).

The obvious consequence of such a low-level wind pattern is
that the convective cloud cluster 1is drawing low-level inflow
from the west. Speeds of the flow decrease towards the coast-
line, making it highly convergent (especially around the 900 and
850 mb levels). When winds from research aircraft and DWS's are
included, the wind field exhibits considerable mesoscale varia-
bility. A case in point is the 0600 GMT 900 mb winds (Fig. 11).
The mesoscale variability of the low-level flow was also noted by

) scientists on board the Electra. It 1is logical to assume that

mesoscale variations in the velocity fields will lead to mesos-

cale variations in computed divergence fields., Rao (1976) recog-
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Pig. 10 900 mb winds (m 3'1) for 1200 GMT 20 June 1979. Open
aircles are actual observed rawinsonde winds. Full cir-
cles are interpolated (0600-1800 GMT) winds. Dashed line
is flight track of the Electra.
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Fig. 11 900 mb winds (m s~') for 0600 GMT 20 June 1979. Open
circles are actual observed rawinsonde winds, full cir-
cles are interpolated (0000-1200 GMT) winds. X's denote
Electra spot wind nusuruents,e's denote DWS winds.
Eleoctra and DWS winds were used 1} h of 0600 GMT.
Dashed line is flight track of the Electra.
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nized that convergent fields were interacting on several scales
over the eastern Arabian Sea. He concluded that this convergent
interaction seems to strengthen organized bands of convection in

this region.

Above 850 mb, the flow continued to be westerly but showed a
montonic decrease in speed with height up to 500 mb. A tropos-
pheric speed minimum was found at about 500 mb (Fig. 12). Winds
at th1$ level were generally less than 10 m s~1 over the entire

analysis area,

Above the 500 mb level, the flow became easterly and
inoreased with height as the TEJ (~150 mb) became established
over the southern tip of India. Although the 200 mb wind field
is shown in Fig. 13, the upper tropospheric wind speeds continued
to increase up to ~150 mb, where Minicoy (8.3°N, 73.0°E) reported

> winds of 060° at 37 m s=1 at 1200 GMT.

The tropospheric flow relative to the convective cloud cluse-
ter can be summarized as follows: a strong, nearly uni-
directional westerly inflow occurs below 500 mb, but is strongest
in the BL (=900 mb); above 500 mb the flow is also nearly uni-
directional, but easterly, with speeds increasing with height to

. ~150 mb.

8. Divergence fialds
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Fig. 12 500 mb winds (m s~') for 1200 GMT 20 June 1979. Open
circles are actual observed rawinsonde winds., Full eir-
cles are interpolated (0600-1800 GMT) winds. Dashed line
is flight path of the Electra.
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Fig. 13 200 mb winds (m 3'1) for 1200 GMT 20 June 1979. Open
circles are actual observed rawinsonde winds. Full
circles are interpolated (0600-1800 GMT) winds. Full
triangles are satellite-derived winds. Dashed lipne is
flight track of the Electra,
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Divergence fields were computed over the analysis area using

the equation:

-dY L
P=x*ty )

where D is the horizontal velocity divergence and u,v are the

zonal and meriodonal components of the wind velocity.

An 8 x 8 grid was centered over the analysis area (i.e.,
Fig. 1) with a grid spacing of 275 km. Rawinsonde winds were
plotted on the grid, with data from the Quick Look ‘'Summer MONEX
Atlas' Part II used to fill in data sparse areas, A subjective
isogon/isotach analysis was then performed. Then u, v wind com-

ponents were computed.
The finite difference expression to approximate Eq. 1 (Hol-

ton, 1979) was:

sy U(xgHd) = u(xy-d) v(y +d) = v(y_~d)
ry- 7 + —2 73 2 (2)

Y
ax

where d is the grid spacing, and x, and y, are the x,y coordi-
nates for a reference grid point. Errors in divergence values
using (2) could approach 20% near data sparse areas. Such errors
could cause the sign of the divergence to be wrong where computed
values are small., Thus, only the areas where divergence values

are relatively far from zero are highlighted here.

The calculated 850 mb divergence field for 1200 GMT is shown

in Fig. 14. The areas of maximum convergence (divergence values
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Fig. 14 Computed 850 mb divergence (x 10~ s~!) field for 1200
GMT 20 June 1979.
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less than -2.0 x 10~ s~') agree qualitatively well with the
satellite observed areas of most intense convection (Fig. 6).
Unfortunately, the wind data are not fine enough to resolve
mesoscale variations in the 850 mb flow. Such measurements are
obviously necessary if an attempt is made to relate mesoscale
convergence/divergence patterns to the observed areas of convece

tion.

Since the 1low-tropospheric flow remained westerly with
height (with decreasing speeds), convergence decreased upward in
the troposphere. Maximum convergence values at 700 mb were only

about 55% of those computed at 850 mb.

The cirrus outflow from the convective cloud cluster was
subjectively determined to be “200 mb. Echo top measurements of
sea convection of 11.0 km were made by the Bombay radar at 0605
GMT. At 0752 and 0810 GMI scientists aboard the AVRO aircraft
estimated cumulonimbus tops to be near 35,000 ft (10.8 km). The .
divergence field for 200 mb at 1200 GMT (Fig. 15) shows strong di-
gence over most of the analysis area. The region of strongest
divergence was diagnosed over the area containing the tallest

cloud towers in the convective cloud cluster.

d. Ihermodynamic considerations

All sounding data (rawinsonde and DWS) were processed to

produce vertical profiles of specific humidity (9q), virtual
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Fig. 15 Computed 200 mb divergence (x 10'5 s") field for 1200

GMT 20 June 1979.
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temperature (rv) potential temperature (§), virtual potential
temperature (@,) equivalent temperature ('I‘) and wet-buldb poten-
tial temperature (e'). Of these computed parameters, ¢, and e'

were the most valuable for this study.

The moisture-related variables for DWS data are subject to
the most error. For instance, the root mean square (RMS) error
for DNS measured dew point depression was on the order of 1.25°C,
while RMS error for temperature was on the order of 0.25°C
(Bolhofer et al., 1981). The moisture-related error is primarily
a function of the humidity sensor's slow response time.
Nevertheless, the DWS data is considered to be high quality

(Krishnamurti et al., 1979).

Profiles of O, are used in tropical studies because of their
value in diagnosing mixed layer depths (Zipser, 1977). Vertical
profiles of @, were computed using the equation (Fleagle and Bus-
inger, 1982):

6v = 8(1 + 0.61lw) 3)

where 0, is virtual potential temperature, ® is potential tem-
perature, and w 1s the mixing ratio. The top of the mixed layer
was estimated to be at the inflection point of o, plots, This
inflection point is vhere % changed sign from negative to
positive, Vertical profiles of °v are shown for research ship
Deepak (15.0°N, 65°E) at 0600 GMT, and for the Electra's 0524 GMT

DWS sounding (12.3°N, 71.3°E) in Fig. 16. Both profiles reveal a

mixed layer depth of “650 m. This value 1is typical for
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Fig. 16 Computed profiles of virtual potential temperature (8y)
for ship Deepak (0600 GMT) and DWS #3 (0524 GMT) on 20
June 1979.
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undisturbed (i.e., not modified by precipitating convection) flow
over the eastern Arabian Sea., As will be discussed in Chapter 4,
precipitating convection drastically alters oceanic mixed layer

depths,

As an atmospheric tracer, 0' is useful in the tropics
because it is conserved under both moist and dry-adiabatic condi-
tions (Wallace and Hobbs, 1977). Also, e, is also useful as a
convenient label for air parcel energetics (i.e., high e' values
can be referred to as "high energy air®). The use of 6' in trop-
ical squall 1line studies has been advocated by a number of
authors (e.g., Houze, 1977; Mansfield, 1977: Zipser, 1977). Vert-
ical profiles of e' in this study were computed by first generat-
ing the wet=bulb temperature at each pressure level by a computer
program using an iterative technique. The wet-bulb temperatures
were then plotted and e"s were read directly off a th?modynanie

diagram,

Vertical profiles of e' from the 0600 GMT ship Deepak sound-
ing and the (0524 DWS sounding are displayed in Fig. 17. It is
evident that the 0524 GMT profile is characterized by higher e'
values at almost every level, although the slopes are similar.
The 0524 GMT sounding, made near 12.3°N, 71.39E, is 825 km east-
southeast of Deepak. This implies the air gained energy as it
progressed west to east across the eastern Arabian Sea. The rea-

sons for this gain are the gradual increase of sea-surface tem-

peratures of ~29°C near ship Deepak to ~30°C near the 0524 GMT
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Fig. 17 Computed profiles of wet-bulb potential temperature (8 )
for ship Deepak (0600 GMT) and DWS #3 (0524 GMT) on 30
June 1979,
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sounding and the latent heat released by convection, The varia-
tion of the sea surface temperatures has long been recognized by
a number of Indian monsoon researchers (i.e., Bhumralkar, 1978).

Convective instability can be defined (Haltiner and Willi-

ams, 1980) as .:T." < 0. In an absolute sense, the Deepak sound-

ing was more convectively unstable through the lower to mid tro-

posphere. From 1000 to 700 mb, the Deepak profile showed :=1ﬁ‘i

9
of «2.1° per 100 mb, while 0524 GMT DWS profile revealed a vaiue
of =1.3° per 100 mb. However, the Deepak profile was drier than
the 0524 GMT DWS sounding, and was in a region of no convective
activity. The 0524 GMT DWS sounding, although less convectively
unstable, was taken in the ambient air just ahead of a well-

defined squall inside the synoptic scale comvective cloud clus-

ter. Hence the 0524 GMT profile is more characteristic of the

unmodified air near the most active convection,
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4. COMPONENT CONVECTION

a. Mesoscale blob profile

The Electra research aircraft departed Bombay at 0340 GMT on
20 June and made one DWS release at 0422 GMT before making a
second DWS release at 0449 GMT (Fig. 2). Flying at 504 mb, the
- aircraft was in cloud and light rain. On board scientists noted
that the drop was "...in area of convective activity.®™ The cloud
coverage and type at DWS release time was estimated to be 10/10
altostratus/nimbostratus, In fact the aircraft was entering the
eastern side of an elliptically shaped convective mass within the
convective cloud cluster, Such masses have been termed "mesos-
cale bloba® by LeMone and Zipser (1980). The term seems
appropriate for the convective mass being discussed here, The
g UWSSEC's nephanalysis for 0600 GMT (along and inside the Electra
flight track) is shown in Fig. 18. The convective mesoscale blod
is clearly shown, extending across the aircraft's track. (Also

note the linearly arranged convective area further south, which

ettt

merged with the convective mesoscale blob later.)

The vertical profile of e' processed from the 0449 GMT DWS
data 1is compared with the undisturbed (0524 GMT DWS) e' profile

in Fig. 19. Despite the fact that the two profiles are only

- na
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Fig. 19 Computed profiles of wet-bulb potential temperature ( 9')
for DWS #2 (0449 GMT) and DWS #3 (0524 GMT) on 20 June
1979.
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separated by ~36 minutes in time and ~275 km in space, radically
different profiles emerge. The greatest differences observed in
the BL are at 980 mb, where a o, decrease of 2.5°C was observed.
The substantial 0' decreases below 885 mb were likely the result
of an incursion of cooler convect.:ive-scale downdraft air into the
BL (Zipser, 1977). Utilizing the value of g, 38 an atmospheric
tracer, we attempt to find where the 1000 mb e, value of 24.9°C

in the 0449 GMT profile could have originated from in the undis-

turbed atmosphere (0524 GMT profile). . Apparently the near sur-
face 8 value of 24.9°C in the 0449 GMT sounding originated from
around 927 mb (i.e., a short distance above the cloud base) in
the undisturbea environment., There is no evidence that the lower
energy BL air in the 0449 GMT profile originated from the mid-
troposphere, e.g., vertical velocity measurements from the
Electra's gust probe from O044T7-0449 GMT at SO4 mb revealed no
negative values, The two prof‘i_lea in Fig. 19 are quite similar
from 892 mb to 740 mb. Above 740 mb, the OU4Y GMT 6  profile has
much higher values. At 570 mb, the 0449 GMT @ value of 22.3°
is 3.39C higher than the undisturbed 570 mb value of 19.0°C. It
appears that high energy BL has been transported upward to the
mid-troposphere. This thermodynamic overturning of the tropical
atmosphere by active convection has been well documented (Riehl,

1979) .

Mixed layer depths were inferred from the inflection point

in o, profiles (Zipser, 1977). The undisturbed (0524 GMT) 8,
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profile yielded a mixed layer depth of “650 m. As previously
mentioned, this value 1is typical for the undisturbed summer
. eastern Arabian Sea atmosphere., The Q449 GMT ev (not shown) pro-
file revealed a mixed layer depth of “250 m. The cooling and
shrinking of the tropical mixed layer by precipitating convection
is responsible for such a low value for the mixed layer depth

(Fitz jarrald and Garstang, 1981a).

b. Squall lige profile

The UWSSEC 0600 GMT nephanalysis (Fig. 18) clearly showed a

line of convection extending across the southern portion of the

Electra's flight track. This squall line was encountered by the

aircraft at about 0526 GMT, after launching the 0524 GMT DWS. A

photo from the right side cloud camera (16 mm) taken at 0526 GMT

- (Fig. 20) clearly shows the line of cumulonimbus, with tops push-
ing through into the overcast just above‘the Electra's flight
level. The left camera photo (taken also at 0526 GMT) shows the
squall line's leading edge (Fig. 21). A well defined "shelf
cloud® (arcus) extends downward and outward from the active cloud
tower bases, Close examination of Fig. 21 reveals an arc of tiny
socud below and ahead of the arcus cloud. This arc of small scud
delineates where the leading edge of the cooler convective-scale

o downdraft air has progressed.

Soon after the 0526 GMT photos were taken, the Electra

entered the squall line and began a 20 minute descent to begin a




20 Electra cloud camera photo (right side) for 0526 GMT 20
June 1979. Flight level is 510 mb.

Fig. 21 Eleotra cloud camera photo (left side) for 0526 GMT 20
June 1979.
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series of BL measurements. The Electra was in cloud and precipi-
tation (with some icing) for some 2.5 minutes after entering the
squall line's leading edge. Since the airspeed of the Electra at
this time averaged 140 m s=!, this means the active band of cumu-
lonimbus was about 20 km wide, .A schematic diagram of the des-

cent sounding is presented in Fig. 22.

The cloud structure changed dramatically from ahead (north)
of the squall line to the rear (south). While the clouds in front
of the squall line were predominantly cumuliform in nature, cloud
camera photos (right side) taken at 0535 GMT show the area to be
a “convective desert®™ (Fig. 23). The only low clouds were high
based stratocumulus, and even these were quite thin., In this
regard, the post-squall enviromment appears remarkably similar to
the post-squall clouds described by Zipser (1977). The disparity
between low cloud types ahead of and behind the squall 1line

strongly suggests BL thermodynamic inhomogeneity.

During descent it was noted by on board scientists that the
mid-level cloud above the Electra (which was an anvil cloud) was
being sheared away from the active cloud towers along the squall
line's leading edge. This was confirmed by satellite photos.
The squall line was oriented along about a 2409-060° axis which
is parallel to the flow at the cloud base level. The 200 mb
winds at 0600 GMT over the descent sounding area were 055° at 13

n s-1, Assuming the 200 mb level is the cirrus outflow level, the

anvil cloud is being sheared toward the southwest, or over the
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Fig. 23 Cloud camera photo (right side) for 0530 GMT 20 June
1979. Flight 1level 1s =610 mb. Note the thick anvil
above the aircraft, as well as the distinct absence of
cumuliform cloudiness.
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Electra as it made its descent sounding. The anvil cloud was not
Just cirrus debris, but was dynamically active (Houze, 1977).
Virga was observed falling from the anvil on one occasion, and
-n:l.n apparently was reaching the surface (see Fig. 22). Based on
descent data, it appears that the anvil was ~7.0 km thick.
Zipser (1977) states that he has personally observed many anvils
in the 6-10 km thick range. Radiatively, such a thick anvil must
be of considerable consequence. Data from the Electra's Eppley
radiometer (recorded at 1 s~1) indicated downward shortwave irra-
diance values of =120 w m~2 while the aircraft was performing its
descent sounding. Nearly clear sky irradiance values of 800-900

W o2 were measured shortly after the Electra departed Bombay.

Computed profiles of e' for the undisturbed pre-squall
| enviromment (0524 GMT DWS) and the post-squall enviromment are
shown in Fig. 23. It is readily seen that the descent sounding

was characterized by lower energy air up to about 645 mb, Max-
imum Q' decreases in the BL were at about 940 mb where a

decrease of 1.8°C was noted. The 1000 mb 6  value from the des-
cent sounding suggests that this air descended from 955 mb in the
pre-squall air, i.e., from near the cloud base (similar to the
mesoscale blob case). Miller and Betts (1977) stated that in

their study of convective squall lines over Venezuela that:

There is oconsiderable evidence that there is indeed a
downdraft originating from the layer above the cloud base
in froat of the storm. (p. 836)

Dl A A% A

Monorief and Miller (1976) reached similar conclusions in their
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Fig. 24 Computed profiles of wet-bulb potential temperature (3')
for DWS #3 (0524 GMT) and descent sounding for 20 June
1979.
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numerical simulation of Venezuelan squall lines.

The descent 8, profile (not shown) yielded a mixed layer
depth of ~“200 m, a 55% decrease from the pre-squall sounding.
Since the BL measurements were taken some distance (<90 km)
south-southwest of the leading edge of the squall line, it is
likely the BL was already recovering from the effects of the
convective-scale downdrafts from the squall line to the north.
This region fits the description of a "wake" region behind a
squall 1line (Fitzjarrald and Garstang, 1981b; Johnson and
Nicholls, 1983). The BL 0, profile from the descent sounding is
in excellent agreement with Zipser's (1977) for the region 100~
150 km behind the squall's leading edge (Fig. 25). Indeed, Aueyer
(1982), reached the same conclusion for this general area using
turbulent flux calculations. He concluded that this general area

was in the wake region behind a squall line.

Examination of the 'r,'rd curves (Fig. 26) of the descent
sounding show a pronounced subsidence inversion from 720-700 mb,
with the T, T; curves again meeting each other at 600 mb. Warner
(1982) concluded that this sounding was characterized by "...a
history of subsidence.” He did not elaborate. The sounding in
Fig. 25 strongly resembles the "“diamond shape® of post-squall
soundings desoribed by Zipser (1977). The descent sounding is
much drier and warmer than 0524 GMT DWS data above about 975 mb.
Maximum warming was near 870 mb, where a temperature increase of

2.1°C was observed. Maximum drying occurred near 810 mb, where a
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Fig. 25 Computed profile of virtual potential temperature (%)

- for descent sounding and Zipser's idealized (1977) 8y
- profile for 100-150 km behind a squall line.
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decrease in q of 3.58/kg was noted. The warming and drying of
the atmosphere behind a tropical squall line is well documented
(Hamilton and Archbold, 1945; Johnson and Nicholls, 1983). This
warming and drying is caused by mesoscale subsidence beneath the
anvil cloud, as air descends in unsaturated downdrafts from the
mid to lower troposphere (Zipser, 1969 and 1977). Examination of
the extremely low e' values in the descent profile at 700 md
(Fig. 24) strongly suggests descent from “630 mb. The aircraft
observations of virga and rain falling from under the anvil cloud
into the air below certainly suggest evaporation and concurrent
cooling could be taking place. This is undoubtedly what ini-

tiated the uesoséale descent in the descent sounding area.

In the descent sounding area, both convective-scale and
mesoscale downdrafts appear operative. This resulted in a very
stable thermal stratification. Meyer (1982) found this region so
stable that downward momentum fluxes in the lower BL were inhi-
bited., This effectively de-coupled lower BL air from the high
speed winds from around 900-850 mb. As Grossmann and Durran
(1984) have pointed out, the anvil cloud in Arabian Sea convec-
tion tends to be sheared by the upper-level easterlies back over
the high energy inflow air from the west. This is very different
from GATE convection, where the high energy inflow air in the BL
was unaffected by mesoscale subsidence from the anvil., This was
because the anvil tended to be sheared gway from the inflow air.

After completing the descent sounding, the Electra made low-level
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turbulence measurements near 11°N, 71.5°E (see Fig. 3). Details

of these measurements were discussed by Meyer (1982).

By 0630 GMT the aircraft progressed northwestward at 950 mb.
The aircraft passed through a detached thunderstorm at 0640 GMT.
Upward 1looking measurements of shortwave irradiance values
dropped from ~,/0 w =2 (under the thinning anvil from the squall
line) to ~20 w m~2 by 0641 GMT (Fig. 27). Scientists' notes at
0681 included ¥,...beneath dark rain clouds with some lightn-
ing..." and "CBS to the right along a line.” The aircraft contin-
ued northwestward where the weather improved briefly before the
Electra entered the southwestern portion of the previously
desoribed squall line. The shortwave irradiance values decreased
from “50 w ™2 at 0644 GMT to 0 w m~2 just after 0645 GMT. "l'he
aircraft's weather radar was operating at a 35 km range at this
time. >Sketches of radar echoes from on board scientists clearly
show a line of precipitating cumulonimbus and cumulus congestus
extending across the flight track in a 240°-060° orientation.
Estimated surface winds (from observed sea states) increased
markedly from 12.5 to about 17.5 m s=1 as the aircraft moved to
the northern edge of the squall line., After the squall line was
exited (0655 GMT) a second series of BL measurements were made,

Meyer (1982) concluded that this area was quite unstable,

After the turbulence measurements were completed, the Elec-
tra made an ascent sounding from 0822-0842 GMT as the aircraft

ascended from a pressure level of ~1000 mb to ~482 mb, A
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Fig. 27 Electra upward looking Epply radiometer shortwave irradi-
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schematic of the ascent sounding is presented in Fig. 28. The
ascent sounding ew profile is compared with the 0524 GMT DWS
sounding (pre-squall) in Fig. 29. Examination of the figure
reveals very little difference below 675 mb. 6' values are
higher above this level in the ascent profile probably because
ascent measurements were made in developing cumulus congestus.
Warner (1983), using data from the ascent sounding, concluded
that the data ¥,,.corresponds with the presence of cumulus.” He

made no further elaboration.

&. Ihunderstorm profile

The Eiectra mide its last DWS sounding on 20 June at 0901
GMT near 16.9°N, 70.6°E. This position was along the
northeastern edge of a small thunderstorm cluster ~75 km wide
(somewhat north of the larger convective mesoscale blob described
earlier). The 0909 GMT GOES-I satellite imagery is shown in Fig.
6. The thunderstorm cluster is clearly evident, with the anvil
being blown west-northwest by the upper-level easterlies (200 mb
winds in this area at 0900 GMT were from 090° at 10 m s=!, The
9" profiles for the ascent sounding and the 0901 GMT DWS sounding
are displayed in Fig. 30. Despite the fact that the two profiles
were only separated by “275 km in space and “30 minutes in time,
different profiles emerged, especially in the BL, The most obvi-
ous difference in the BL is the incursion of low e' air below 915

mb. The 1000 md o' value of 24.0 in the 0901 GMT profile is the
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Fig. 29 C;:nputed profiles of wet=bulb potential temperature (0‘,)
for DWS #3 (0524 GMT) and ascent sounding. Note the
similarity of the profiles in the BL.
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lowest over-water ev found on 20 June 1979 at 1000 mb, The

observed temperature of 25.0°C at 1000 mb in the 0901 GMT data

was about 4.0°C cooler than the corresponding ascent sounding

IR A M A AR

temperature. The low e' value of 24.0°C at 1000 mb apparently
had its origin from around 915 mb in the pre-storm enviromment.
Thus, this convective-scale downdraft had ‘its origin slightly
higher up in the lower troposphere than the downdraft pertaining
to the mesoscale blob. It is consistent in the respect that the
convective-scale downdraft origin was in the very low troposphere
(i.e., from near or above the cloud base, not in the mid-
troposphere). Computed 8y profiles (not shoqn) suggest a virtual
disappearance of the mixed layer in the 0901 GMT DWS data. The
0901 e' profiles showed no evidence of mesoscale subsidence,
This is likely due to the fact that (1) the sounding was not
takén under the anvil region, and (2) the convective area was

clearly not a squall line.

4. Squall lipe influences at Aminl

The squall line observed during the Electra's flight appears
to have weakened by 0900 GMT. Since the Electra and AVRO
research aircraft terminated their missions by 1000 GMT, the dise-
cussion in this seétion is based on satellite photos and island

2 rawinsonde and surface data. By 1200 GMT a new squall line had
formed just north of station Amini (11.1°N, 72.79E; see Fig. 1).

The squall line was clearly evident on 1200 GMT GOES-1 infrared
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imagery (Fig. 6). This squall line was oriented along about a
2140°-060° axis, and appeared to be quasi-stationary before dissi-
pating by 1800 GMT. The squall line at 1200 GMT, based on colder
:I.nrrared temperatures, appears to have been “650 km long.
Although aircraft DWS soundings were not available from the
vicinity of this squall line, a sounding was available from Amini
at 1200 GMT. Amini's 1200 GMT 6, profile is plotted with the 0524
GMT DWS e' profile (pre-squall sounding) in Fig. 31. The e" pro=-
file from .Amini reveals that a relatively deep layer of low 6'
air has incurred below 905 mb, above which very high e' values
are found to 842 mb. The ~1 km thick layer of low o, air in the
BL is likely due to cooler and drier (in the sense thﬁt specific
humidity is less) air from convective-scale downdrafts replacing
the h:l.ghv energy ew air from before the squall line (Nicholls and

Johnson, 1984).

Contrary to the DWS data, the Amini sounding data have sure
face observations to corroborate inferences from the computed ew
profiles, The 0600, 1200, and 1800 surface temperature, dew
point, wind direction and velocity, present weather, and sea-
level pressure are reproduced in Table 1. The substantial tem-
perature and dew point decrease, along with a windshift and
dramatic increase in windspeed (between 0600 and 1200 GMT) {is
most unusual, Mean surface temperature and dew point values for
June 1979 at Amini (not shown) show near constant values of tem-

perature and dew point between 0600 and 1200 GMT. Mean values of

L asar
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20 June 1979

Amini 1200
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Computed profiles of wet-bulb potential temperature (9)

for station Amini (1200 GMT) and DWS #3 (0524 GMT) on 20
June 1979.
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surface wind between 0600 and 1200 GMT show an increase of 2.1 m

2 s=1, far less than the 10 m s=! increase observed on 20 June,

Table 1. Surface weather elements observed at Amini (11.1°ll,
72.7°E) on 20 June 1979.

Time (z Td ddd ff Pressure Presemt
C)

- (Q1T) (°C) (deg) (m s~1) (ab) veather
- 0600 29.0 26.0 270 03 1010 -—
1200 27.0 25.0 315 13 1007 oo
- 1800 2.6 25.4 315 14 1009 %
' The observed surface winds deserve further comment. The

mean 1200 GMT surface winds for June 1979 at Amini were 265° at

7.5 m s=1., Surface winds with a northwesterly direction at 1200

.‘-

GMT were reported on only five other days, but in all five cases,

i P T TN

speeds were 6 m s~1 or leas., The mean 1800 GMT surface winds
were 263° at 7.2 m s~!. Surface winds north of 270° were
- reported at 1800 GMT on only two other days, and on these days
the speeds were only 3 and 2 m s~!. The causative mechanism for
such anomalous surface winds and colder temperatures between 1200

and 1800 GMT could not be caused by some extratropical-type

> ‘front; there was little synoptic scale variability of the tropi-
cal air mass over the eastern Arabian Sea on 20 June 1979. The

> only plausible explanation is that Amini was under the continuing

2. .
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influence of outflow from convective scale downdrafts originating
from the squall line some 45 km to the northwest. Since the out-
flow was coming over Amini from the northwest, this suggests that
the outflow boundaries from the squall line could initiate con-
vection further to the south and to the east. Indeed, Qatellite
photos showed a band of new convection forming along ~10.5°N
(just south of Amini) by 1800 GMT. The outflow boundary as a
initiator of GATE convection has been documented by Leary and
Houze (1979). The precipitation generation they described was
favored by the precipitating cells being aligned perpendicular to
the low level wind. No such arrangement is evident in’this case,
in fact satellite photos and aircraft reports clearly show the
convection aligned parallel to the low-level flow. This may be
why the convective bands observed at 1200 GMT infrared satellite
imagery appeared as a north-south array of bands, separated by
50-100 lm. At 1200 GMT, the band lengths increased goj.ng south-
ward., A conceptual model of Arabian Sea squall lines will be
presented in Chapter 5, pointing out the differences between Ara-
bian Sea squall line development and the intensively studied GATE

convection,

4. Measured vertical velocity events

Quantitative measurements of vertical velocity (w wind com-

ponent) were available from data recorded at 20 s=! using the

Electra's gust probe., The magnetic tape containing the processed
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data was obtained from NCAR. Vertical velocities were extracted

from a 30 minute section of the tape (0447-0517 GMT). During

this time the Eieotra was flying at a constant preasure level of

¢ 504 mb., The flight leg sampled is highlighted on the 0600 eu'r'
| GOES-I imagery (Fig. 32). Thus, quantitative assessment of
updraft/downdraft strength for a portion of the convective cloud

cluster 1s possible.

An updraft (downdraft) was defined as continuously positive

(negative) vertical velocity measurements of >0.5 m s=1 for 500 m

of flight. Since the Electra's airspeed was ~140 m s~! during

the sampled time period, “3.5 s of upward (downward) vertical

. velocities exceeding 0.5 m s~! would define an updraft (down-
draft). An updraft (downdraft) core is defined as a region of
continuously positive (negative) vertical velocities with an
absolute magnitude greater than 1 m s~1 for >500 m. The defini-
tion of updrafts and downdrafts is similar to, but not identical
to LeMone and 21p§§r's (1980) definitions of vertical veloecity
events observed in GATE. (Specifics of the difference in
updraft/downdraft definitions are discussed in the Appendix).
The definition of updraft and downdraft cores however, is identi-
cal to [LeMone and Zipser's definitions. Apparent from the
definitions is the fact that all updraft and downdraft cores must
be contained in updrafts and downdrafts. Not all updrafts and
downdrafts contained cores, however. Mean updraft or downdraft

vertical velocities (®) for an individual updraft or downdraft
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were computed using the formula:
1
vCH §-1 "1 @

where ¥ is the mean updraft or downdraft vertical velocity; N is
the number of vertical velocity measurements in an updraft or
downdraft event; and Wy is the individual vertical velocity meas-
urenent. N varied depending on the size of the updraft or down-
draft event, but averaged about 135 for updrafts and 120 for
downdrafts,

Examination of the w masu‘renents revealed 13 updrafts (1 of
which contained an udpraft core) and 4 downdrafts (3 of which
contained downdraft cores). A listing of updraft and downdraft
number, mean vertical ielooity (W), the instantaneous maximum or
minimum vertical velocity (|w|y,), and diameters are presented in
Tables 2 and 3 for updrafts and downdrafts, respectively. The
most obvious result of comparing the tables is the fact that
updrafts at 504 mb greatly outnumbered downdrafts. Another obvi-
ous difference is that updraft diameter is greater than downdraft
diameter in the mid-troposphere, Downdraft cores were also much
stronger than updraft coreas (although the small number of updraft
and downdraft cores precludes any meaningful comparisons).
_Instantaneous updraft velocities (lw|,.) varied from 0.67 to
2.62 m s~1, Shin and Mak (1983) analyzed vertical velocities
over the central Arabian Sea in a convective area on 16 June

1979. They found that "...updrafts with magnitudes of 1-3 m s=!
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Table 2. Updraft data as measured by the Electra's gust probe
from 0447-0517 GMT on 20 June 1979. Measurements
were made at coanstant flight level of 504 mb.

Updraft (7 I'I'lm Diameter Contains
4 s ) @ s} (=) core?
1 0.58 0.67 784 NO
2 0.97 2.04 518 NO
3 1.31 2.62 1232 NO
4 1.14 1.83 910 YES
5 1.01 1.74 868 NO
6 0.60 0.72 630 NO
7 0.72 0.95 1106 NO
8 0.75 | 0.97 1000 NO
9 0.69 0.81 1260 NO
10 0.76 1.07 1764 NO
11 0.73 1.01 924 NO
: 12 0.61 0.78 546 No
: 13 0.73 0.95 672 No
N
: 7
>

--------------------------------------------------------
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are common " (p. 1589). However they stated no objective criteria

for defining updrafts or downdrafts.

Table 3. Same as Table 2, but for downdraft messuresents.
(|wy|max for this data implies maximum downward
vertical velocities.)

Downdraft v e, |max Diameter Contains
# s s (=) core?
1 -0.89 1.37 1036 No
2 -2.30 4.20 575 Yes
3 <2.10 4.04 910 Yes
4 -0.97 1.92 602 No

The median updraft velocity of 0.74 m s=1 in this study is
very close to LeMone and Zipser's (1980) median w of ~0.75 m s=!
for updrafts encountered at altitudes of 4300-8100 m during 6

days of GATE data. Their median updraft diameter of ~1.05 km

' compares favorably with our median diameter of ~940 m.

The vertical velocity measurements can be examined in rela-
tion to one DWS sounding (03439 GMT). The profile for this
sounding (Fig. 19) strongly suggests that modification of the
near surface layers came from the lower troposphere (around 892
mb). All vertical velocity values between O44T and 0449 GMT were

examined, and no negative values were found: this supports the

contention that the downdrafts could not have originated in the

CIi- Aati s ag- i e din- i
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mid-tropoaphere.

Temperature data recorded at 20 s~1 were matched with simul-
taneous vertical velocity values to determine how warm (or cold)
updrafts (or downdrafts) were in relation to their immediate
enviromment., After the data were compared, an apparent negative
correlation became evident between w and T. Shin and Mak (1983)
obtained similar results in their analysis of 16 June 1979 tem-
perature and vertical velocity data. They concluded that this
apparently unreal physicai relationship was likely due to errone-
ous readings by the temperature sensor due to wetting by cloud
droplets and ' rain. They cautioned that ¥...analysts of MONEX
aircraft data should exercise great care in making interpretation
of the temperature related results.® Thus, no further attempt to
relate mid-tropospheric temperatures and vertical velocities was

made in this study.
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) 5. SUMMARY AND CONCLUSIONS

2. Sumpary of research

Squall lines are powerful energy exchangers in the tropics,
especially in the vertical (Barnes and Garstang, 1982). Over the
eastern Arabian Sea, squall lines embedded in convective cloud
clusters can exist for several days, particularly after the
establishment of the southwest monsoon., They were studied ear-
lier by Bunker and Chaffee (1969), and were summarized by Rao
(1976). A unique opportunity to study a squall system over the
eastern Arabian Sea was afforded on 20 June 1979 as the MONEX-T9
research aircraft penetrated the system and provided in situ
measurements. In addition, the GOES-I visual and IR imagery
available at "3 h intervals provided a grapﬁical depiction of the

temporal variation of the cloud structure.

Briefly speaking, an area of active convection ~1.2 x 106
km? became organized on 19 June 1979 over the northeastern Ara-
bian Sea. Consolidation took place during 20 June (up to about
1200 GMT) near 149N, 720E, After 1200 GMT the synoptic scale
convective cloud cluster became disorganized to the point that it

could not be described as a discrete weather system by 2300 GMT.

80
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Rainfall estimates associated with the cloud cluster on 20
June exceeded 120 mm over the extreme eastern Arabian Sea (Krish-
namurti et al., 1983) near 16°N, 72°E. A secondary maxima
exceeding 80 mm was centered near 11.5°N, 75.0°E. This point was
centered over the area affected by the squall line that formed

north of Amini at around 1200 GMT.

On the synoptic scale, the parent cluster featured a highly
convergent westerly flow in the BL. Peak speeds of ~25 m s-1
were found in the 900-850 mb layer associated with a branch of
the Somalia Jet. ) montonic decrease in the westerly flow was
observed above this level up to “500 mb. The BL's static energy
increased from west to east across the eastern Arabian Sea as the
flow was gradually warmed and moistened by slowly increasing

sea-surface temperatures,

Above 500 mb, _the flow became easterly and continued to
increase to the “150 mb level., The upper-tropcospheric flow was
dominated by the TEJ. The TEJ had two distinet functions in the
life of the cluster and its component convection. First,
convergent/divergent aspects of the TEJ at 200 mb (cirrus outflow
level) could act to either enhance convection (divergent flow) or
inhibit convection (convergent flow). Secondly, the TEJ was cru-
cial to the convective development because it determined the
orientation and direction of the anvil cloud (that was most prom-
inent in squall line convection). Satellite imagery indicated

that cirrus blowoff from squall line convection could extend ~600
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ka downwind from the active convection. However, only a small
portion of this distance could be classified as thick anvil
cloud. The anvil discouraged new convective growth by developing
subsidence beneath its base (~500 mb) down .to about 800 mb. The

900=-850 mb Jjet may have inhibited sinking below this level.

Although a number of convective types (squall lines, mesos-
cale convective blobs, cloud lines, etc.)were observed on 20 June
by research aircraft, the squall lines were probably the most
important type observed. At least two squall lines were observed
on 20 June. The first was encountered by the Electra at around
0526 GMT. The Electra passed through the ~25 km wide line of
active convection at this time. A e' profile from a DWS release
ahead of the line was distinctly different from the 0' profile
constructed from the sounding as the aircraft descended from the
squall. Lower o' values were found up to 650 mb in the descent
sounding. Substantial reductions in o' above 875 mb werg likely
the result of unsaturated downdrafts that formed beneath the
trailing (and precipitating anvil cloud). This area sampled by
the Electra to the southwest of the squall line (under the
sheared anvil oloud) was characterized by subsidence (Warner,
1983). Meyer (1982) conocluded that thermodynamically, this area
resembled the "wake region® to the rear of precipitating convec-
tion. This region was thus unavailadble for new convective
development until the BL recovered to its normal thermodynamic
structure. Tao (1983) estimates this process would take ~6 h.
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This relatively rapid recovery time is primarily due to the

strong surface winds observed over the region.

The other aquall line observed in this research was observed
by 1200 GMT satellite photos (IR), and by observations from sta-
tion Amini. The Amini profile suggests the incursion of cool,
moist air from the squall line some 40-50 km to the north. Con-
current with this 1ncuni§n of low energy air below 900 mb was a
wind shift from southwest to northwest with an increase in speed

from & a s~1 to 13 m s~1.

In summary, it appears that the convective-scale updrafts
ococurred along the northern edges of the squall lines. The
updrafts were arranged WSW-ENE primarily due to the mesoscale
convergence within the low=level flow. The low-level flow was
also convergent on the synoptic scale. The convective scale
downdrafts apparently originated Jjust above the cloud base, but
below the level of the 850 mb jet. Due to the strong westerly
low=level flow, these downdrafts were able to travel horizontally
“50 km or more in an east-southeastly direction. New convection
was initiated when the cool boundary entered a region of high
energy subcloud air. This method of propagation may bde tho- rea-
son the synoptic scale system appeared to drift to the southeast
during 20 June: the component convection actually was reforming
continuously to the south and east of older convection. Thus,
the branch of the Somalian jet (850 mb) had two important funce-

tions: (1) its convergent characteristics initiated the deep con-

.‘.f". ".-.'. '.- L3 '.-' NG - . % .-"-c -~ " ',--‘ T {c}*f..".. f. -.\" L c"-n' f\ \-’\l.\ ‘ "o "‘ .
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vection, and (2) its orientation tended to blow the cool

convective-scale downdraft air mostly to the east-southeast.

The influence of the TEJ was just as important in the suste-
nance of the convective cloud cluster and its component squall

lines as the low level jet, as mentioned previously in this sec-

2" 8 2 K &

tion. Figs. 32 and 33 are conceptualized schematics of an
eastern Arabian Sea squall line, showing the proposed interaction
- of the TEJ and the branch of the Somalian jet. The interaction
between the TEJ and the low-level jet appear to be explicit
through convection. The convection is forcing the upper easter-
lies to curve either south-southwest or west-northwest. This
_phencmenon is promoting divergence aloft, which in time

encourages convection., The low=level flow appears to aid new

Tt

convective growth by participating in the updrafts on the north-

ern side of individual convective bands, The lowelevel flow

ve s a8

appears to influence new coavective growth through a delayed
action of transforming the ocool, stable convective-scale downe
draft air into a conditiomally unstable state. The role of con-
; vective scale updrafts and downdrafts, as well as mesoscale down-

drafts are also displayed in the conceptualized schematics.

k. Acabian Sea ya. GAIE sopvegtion

o

34

: Probably the most extensively studied tropical squall lines

l'

in recent history were those observed in GATE (Houze, 1977:

= Zipser, 1977; etec.). It is appropriste here to outline the main
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differences between Arabian Sea squall lines and those studied

during GATE.

The most obvious difference in physical structure is the
rpct that the anvils in Arabian Sea squall lines can be sheared
toward the west, back over the high energy low-level westerly
flow (Grossman and Durran, 1982). In GATE, the high energy
inflow was more or less "protected™ from subsidence beneath the
precipitating anvil cloud. The vertical shear in GATE was not

intense.

The inflow energy air in Arabian squall lines was character-
ized by higher o' values than GATE convection. This is likely a
direct result of higher sea surface temperatures over the mtorn.
Arabian Sea as compared to those observed in the eastern Tropical

Atlantic Ocean during GATE.

Mixed layer depths in an undisturbed enviromment over the
'uatorn Arabian Sea were significantly greater (650 m vs 500 m)
than those observed during GATE. Substantial mixed layer depth
suppreasion was observed in the immediate enviromment of precipi-
tating convection, as found in GATE convection studies. Theoret-
ically, recovery times for the mixed layer over the eastern Ara-
bian Sea should be faster than recovery times in GATE. This is a
direct consequence of the higher surface winds observed over the
mt‘rn Arabian Sea vis-a-vis GATE surface winds.

While the squall lines in GATE generally were moving (some

as fast as 17 = s~'), the squall lines observed in this study
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were quasi-stationmary. Although individual lines were quasi-

stationary, new development appeared to ocour to the south and
east, resulting in apparent southeast translation of the convec-

tive cloud cluster's component convection.

The last major difference is the fact that Arabian Sea
squall lines appeared to form parallel to the low-level flow. A
number of GATE studies (Leary and Houze,1979a) indicated that new
squall line formation was favored perpendicular to the low-level
flow,

8. Concluaions

Distinot squall lines were observed in a oonnctiﬁ eloud
cluster over the eastern Aradian Sea on 20 June 1979. Other
types of convection were observed, but the aquall lines were the
most important. All types of precipitating convection observed
modified the maritime BL., These BL modifications are important
in convective development over the eastern Arabian Sea during the
Indian southwest monsoon. The evolution of deep convection dur-
ing the monscon is the result of a complex interaction of
synoptic-scale features such as the TEJ, and the 850 mb-Somalia
Jet, as well as features on the mesoscale such as anvil influ=-
ences, mescscale wind speed variability, and the downdraft air
spreading horizontally. The aforementioned BL t:;ansrorutions
are important, and cannot be ignored in attempting to depict

(either descriptively or nmumerically) the Indian southwest
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monsoonal rainfall, particularly near the west coast.
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APPENDIX

FaletaTa

DEFINITIONS OF VERTICAL VELOCITY EVENTS
f': (UPDRAFTS AND DOWNDRAFTS)

Using the Electra's gust probe data (sample rate of 20 s-1),

an updraft (downdraft) was defined as a flight leg of at least

500 m in length where instantaneous vertical velocity ('":I.) meas-
urements were continously positive (negative), with absolute

values greater than 0.5 m s~! (i.e., for each w,, w, > 0.5 m s~

1)- So, V; would be positive for updrafts, negative for down-
drafts.

st

This definition is not identical to LeMone and Zipser's

()

& B A

(1980) definitions for GATE vertical velocity events. They
defined updrafts (downdrafts) as a flight leg of at least 500 m
in length characterized by vertical velocity measurements ()
: continously greater than zero (updraft) or less than zero (down-

draft); and w, > 0.5 m s~! for at least 150 m (i.e., for

updrafts W, > 0 for 500 m, and Wy > 0.5 m s~1 for at least 150

m).

- LeMone and Zipser's definition is not suitable for this
study. This is because the aircraft intercepted extensive areas

vhere small positive W, values were obtained. If such a large
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area was adjacent to an area where W, > 0.5 m s~' for 150 » s-1,

N then an updraft would be diagnosed with a width of many kilome-

ters, Thus, invoking the more stringent requirement that w, >

0.5 a s~ continuously for 500 m leads to results that are more

physically reasonable,
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