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The first section of thie thesis considers the effecte of attenuation
on 3-cm radiation, Attenuation amounts were obtained by comparing indi-
cated reflectivities with those measured by a 10~cm band rader which does
not suffer from rain attenuation, Obeerved attenuation comparce favorably
with values computed from empirical formulase. The effects of attenuation
are not limited to the reduction of reflectivity measurements but aleo
cause serious echo distortion by digplacing the apparent core of the storm
to the near side of the echo region., Asymnetry of the heavy rain area
through which the radar beam must pass to reach the stora's core may cause
the radar to display the wrong portion of the echo complex &8 "most in-
tense",

The second portion of the thesis is devoted to a qualitative study of
the vertical structure of thunderstorms from range-height indicator (RHI)
photographe from the AN/CPE-¢ radar, Features such as height, appeerance
of edges and tops, tilts, number of interior cells, presence of an anvil



top, and elevated reflectivity coree are studied in relation to the
intensity and stage of development of the stomrm,

Typical storme grow and intensify rapidly after initial radar de-~
tection, On the RHI they display unifors width and clear, sharp
features. Frequently the tops consist of one oy nore turretse oy Bpires,
The length of the saturc or active stage varies from 20-30 sinutes for
single celled stosms to several hours for large intense multicelled
stome. During this period the internsl structure is complex and quite
variable, 1t 18 found that the number of interior cells tends to be
inversely proportional to the relative intensity of the storm. No
other coneistent dehavior pattern could be detected particularly one
that will give a clue as to when the storm will dissipate, The storas
diseipate rapidly end display fuszzy features on the REI,

Anvi) tops are observed sporaticslly during the mature and dis~
sipating stages and should not be construed as an indication of &
diesipating storm. Tilts contrary to the prevailing synoptic shear
are noted for some gtowms and in two cepes are connected with the
initial intensification of new storpm cells. Disaipeting etoyms tend
to tilt in the direction of the prevailing wind shear.

Elevated reflsctivity cores are not a frequently observed feature
of esvere thunderstorms shen viewed on the RHI, Distortion and attenus~
tion caused by heavy rain associated with intense storms complicate the
interpretation of such feature to the point that it is virtually
geaningless,

Theeis Supervisors Reginald E, Newell
Title: Assistant Professor of Meteorology
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1. INTRODUCTION

This investigation is concerned with the study of the vertical
features of convective storms such as maximum heights, cap or anvil
clouds, tilt, variation of radar reflectivity, sharpness of intensity
gradients, and internal structure, These features have been studied
from photographe of thunderstorms talien on the range-~height indicator
(RHI) of a 3-cm wavelength radar (/AN/CPS5-D), The etudy ia & continua-
tion of an earlier pilot study in vhich an attempt wag made to relate
the more salient vertical fcatures of convective cells or thunder~
storms to particular pheses of the storm*s existence, The pilot study
was prepared from relatively scanty data and it vas immediately obvioue
that RH1 pictures should be taken at frequent intervals throughout the
stomm's life, To meet this requivement, over 2,000 RH1 pictures were
taken during the summer of 10861,

The terms "convective cell” or “convective storm" can be used to
represent at least four sepaerate classes of motion., The first is the
very small convective or turbulence cell of the order of 10 meters in
horizontal and vertical dimeneions, The second class is one or two
orders of magnitude larger in the hopigontal and perhaps two or three
orders larger in the vertical dimension, that is, 100~1,000 meters by
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1,000~10,000 meters. It ies this class of motion shich is usually re-
ferred to as e "convective cell", A closely packed group of "convec~
tive cells", commonly designated a “convective stors"” or "thunder-
stora”, makes up the thivd group., It is possible to have storms of
this general size which do not produce thunder end lightning, tropiecal
showers and cumulus congestus, for instance. The fourth clase is the
looss grouping together of thunderstorms to form equall lines or areas.
Each class of convective echoecs has yather distinet characteristics of
growth, motion, character and duration.

Studies of thunderstorms and “convective cclle" made by Byers and
Braham (1046), Battan (19059), and meny others have sot forth general
statements concerning the motion, intensity and vertical extent of such
storas, Byers and Braham worked with data collected by the Thuaderstora
Project in 1048-47, The radar data wore simple photographs of the plan-
position indicator (PPI) and RHI presentations, No gain reduction de-
vices were used, therefore, it was not possible to comment upon the rels-
tive intenesity of each storm. They found that a thunderstorm has a life
expectancy of 1-3 hours, extends vertically to the tropopause or higher,
and moves in the gensral direction of the prevailing upper air winds at
10~20,000 ft. large thunderstorms are made up of a number of smaller
cells. Battan studied the individual cells more closely and found that
they have an expected life of 20~60 minutes unlese they combine with
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other celle,

This study deals mainly with the third cleseification, oy thunder~
storm, as mentioned above, and will consider in detail the vestical
features of the stormse from inception to demise, A close distinction
between the scales of motion is made here because rather striking dif-
ferences of size, duvation, and intensity scparate the groups, Of
necessity some ettention must be given to the larger and smaller

scale features also,



11. DATA

The data for thie study were collected on the two radarg operated
by the M,1.T. Weather Radar Project. The SCR-615~B (10~ca wave length)
wag operated on continuous search, Its returning signal was fed into
an 1sojecho contouring unit which produced a eeries of aversged, range-
corrected contours at selected intensity levels (Kodaira, 1959)., When
the radar reflectivity (2, in -melma) is converted to rainfall rate
(R, in ma/hr) by the empirical relation 2 = 20081" the contours repre-
gent lines of equal rainfall intensity ranging from 2 to over 300 am/hr.
The contour levels are separated by approximately 8 db which corresponds
to a factor of 2 in rainfall rate, Geotis (1961) has found that in New
England reflectivities greater than that corresponding to a rainfall
rate of 100 mma/hr are indicative of heil, Hence at these high reflec-
tivities the eampiriecsl relation for R quoted above ig no longer a valid
indicator of the volumte of water being precipitated.

The SCR-015~B is normally operated at 1° elevation angle with
occasional scans being made at higher angles to obtain vertical samples.
A1l data are automatically recorded on 33 mm movie film., The contour
data were used to identify and track individual storms or cells, pro-
vide an accurate measure of the intengity of the echoes, and as & basis
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for determining the smount of attenuation present at 3~cm wave lengths.

The AN/CP5-9 (3~cm wave length) was used exclusively for taking
RHI photographs, 1t i1s equipped with a 10-position step-gain switch
which permits the signal intensity to be reduced in discrete increments.
The amount of reduction varies somewhat between steps being 8 db per
step for gains 4 through 10 (gain 10 is the most sensitive position),
and 8~10 db per step for gains 0~3, The threshold for gain 0 is not
very stable and cannot be reliably measured. The RE1 photographic record
serves as the basic data for studying the vertical features ot‘ the storus,

On days when thunderstomm activity was expected the radars would be
watched closely for the initial echo appearances. #8 is8 frequently the
case, the strongest activity occurred on holidays or weekends and on
these days observations were not begun until well after the storms had
formed. A notable exception wes 30 June 1¢61., The data obtained on this
day was excellent,

The normal procedure for taking RH1 photographs was to scan the PPI
for the appearance of a new echo, center the radar beam on the echo, and
take RHI pictures. A sequence of pictures was taken beginning with gain
10 then reducing the gain by stepa. of two until the echo disappeeared. A
diligent operator can take pictures st the rate of two to three frames
per minute. The position of each echo was marked on the PPI to facili-
tate tracking and sets of RHI photographs were taken at about ten-minute



intervals, During the early stages of development storms could be
easily tracked, but as the activity increased and changes in range were
necessary it became increasingly more difficult to track several storms.
When storme became very lerge or were at close ranges RHI pictures were
taken at several szisuth settings and an attempt was made to f£ind the
most intense poriion of the storm in azimuth and height.

A curious, but scmewhat expected, phenomenon occurred when large
intense storme were viewed at close ranges. The operator of the SCR-
613-B would give the poaition of the most intense cell recorded at the
10-ca wave length, and invariably it would fail to coincide with the
most intense spot on the PPI of the AN/CPS-9,. More will be said about
this later.

RHI photogupl!a were taken on many days throughout the summer. On
a few days only spotty shower activity was detected and the echo tops
remained well below 25,000 ft. These days along with come others for
which the datsa were incomplete were not studied in detail, When the
final screening of both RHI and contour date was finished relatively
complete data were availeble for the storms of S0 June, 2, 3, 10, 21
July 1€61. Of these dates only the data for 30 June and 10 July are

treated in detail.,



111, EFFECTS OF ATTENUATION ON 3-cm RADIATION

For moderate to heavy rainfall ratee (less than 100 am/hr) the
effect of attenuation on 10-ca radiation can be neglected., This is
definitely not true in the 3-cm band, The attenuation studies of Ryde
€(1¢45) and the summary of attenuation studies prepared by Guun and
East (19054) give theofetlcal expresaions for the rate of attenuation by )
rain in the S~co band. Ryde's data are listed in tabular form while
Gunn and East present an analytic expression, Figure 1 18 a graphical
comparison of their results. For rainfall rates of 100 em/hr or less
the differences are insignificant, 1t has been recognized for many
years that presentations on 3~cm band radars are severely affected by
attenuation, In order to assess the extent of distortions by attenua-
tion some computations have been made of the expected and observed
distortions in a thunderstorm.

Since the 10~cm contour date are basically imnune to attenuation
they depict the actual areal coverage and intensity of precipitation.
Vertical profiles of stomma can be synthesized from sets of contours
taken at aevergl elevation angles and reduced to equivalent 3-cm values
by applying the effects of attenuation., The result cen be compared with

observed RHI photographs, This procedure is simple in principle but in
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practice it is complicated by a number of circumstances., & brief
description of the process follows,

The SCR=-615-B radar and contouring circuit are closely monitored
and calibrated (Austin and Geotis, 1960) so that the observed data are
accurate to about 2-3 db. The problems with the contour data are not
ones of accuracy but of time and resolution., 1t takes two minutes or
more to complete a cycle of contours at a particular elevation and ob-
servations are needed at three to five elevation angles to prepare an
acceptable vertical profile, Even if scans are taken as quickly as
possible a time lapse 0f at least 6=10 minutes ensues between the first
and last scans. NMajor changes in the interior structure of thunderstoras
can and do occur in this short length of time, The beam width of the
SCR-615~-B 18 three degrees and adeguate resolution is possible only if
the storms are observed within 50 miles of the get. Beyond this range
beam £illing and emoothing effects are too large to neglect, For these
reasons it is necessary to find a storm within the limited range noted
which is not experiencing rapid internsl changes and for which elevated
contour scans and RHI photographs are available,

Unfortunately, the AN/CPS-0 radar is not calibrated as frequently
nor as eccurstely as the SCR-615-B, The gain settings are calibrated
only a few times a year and the megnetron spectrum fluctuates appreciably
over a period of a few days. 1t is estimated that these effects reduce



the accuracy of the reflectivity measurements to # 5~7 db,

The redayr equation expreeses the power received as & function of
the fixed parameters of the radar such as beam width, antenna gain,
pulse length, and wave length, and the variable parsmetere of transmitted
povwer, range, and reflectivity. A& noted carlier the reflectivity and
rainfall rate ave empirically related so that the rainfall rate can be
calculated as a function of range and return signal intensity., Table
1 contains the computed values of the rainfall rate R in sn/hy as a
function of range in miles and power yeoceived in decibels below a milli=-
vatt (~dbm) for the AN/CPS-2 for both long and short pulse modes., The
fixed parameters uged aret power tranmitted, 250 Kw; antenna gain,
41,6 db; beam width, 0.6°; pulee length, 150 meters (short), 600 meters
(long); wave length, 3.2 cm, Beam 21lling effecte end variability of
tranemitted power have been neglected, Values of R greater than 100
ma/hr have little meaning except as indicators of hail. The AN/CPE-9
was calibrated with a signal generator to determine the minimum detectable
signal, in dbm, for each gain setting for both long and short pulse,
Teble 2 gives the aversge of two calibration techniques, With the aid
of Tables 1 and 2 it is poesible to determine a rough estimate of the
obsexved reflectivity or rainfall rate at any point, No allowance is
made here for differences in threshold between the radar display and
the photographic film, The film is somevwhat lees sensitive so the



Table 1. Computed rainfall rates (R) in za/br a2 a function of range
in miles and power received (Pr) in decibels below & milliwatt (~dba)
for both long pulse (LP) and short pulse {SP) positione.

Range

Pr SP 10 20 30 40 80

~dbw LP 20 40 60 80 100 128 168 200
04 08 11 .20 .27 .3 .47 .63 .84
e2 08 .18 .27 .3 .47 .63 .84 1.1
€0 08 .20 .3 .47 .63 .84 1.1 1,8
88 Jd1 .27 .47 .63 .84 11 1,8 20
86 18 .58 .63 .84 1.1 18 20 2.7
84 .20 .47 .86 11 1.8 20 27 3.8
82 27 .88 L1 18 2.0 27 3.6 4.7
80 .38 .84 1.5 20 27 86 4.7 6,3
78 47 11 2.0 27 3.6 47 63 8.4
70 63 1,8 2.7 36 4.7 6.3 84 11,
74 84 2,0 2.6 4.7 6.3 84 1, 18,
72 1.1 27 4.7 63 8.4 11, 18 20
70 1.5 8.6 6.3 8.4 11, 18, 20, 27,
8s 2.0 4.7 8.4 1. 18 20, 27, 38,
66 2.7 6.3 11, 18, 20, 27, %8, 47.
64 3.6 8.4 15. 20, 27. 38, 47. 63
62 47 1. 20, 27. se. 47, 63, &4,
60 6.3 18, 27. 6. a7. és. 84, 110
ss 8.4 20, 6. 47, 63, ed, 110 180
56 11. 27. 47. €3, s4. 110 180 200
84 15, 3. 63. 64, 110 180 200 270
82 20, 47, 84. 110 150 200 270 360
80 27, 6s, 110 180 200 270 360 470
48 2. 64. 1850 200 270 360 470 630
46 47. 110 200 270 360 470 630 840
4 63, 130 270 %0 470 630 840 1100
42 84. 200 S60 470 630 840 1100 1500
40 110 270 470 630 840 1100 1500 2000

-1)] -



reflectivities will always be underestimated.

Tghle 2. Minisum detectable signal for each
gein setting for long and ehort pulse modes,

Saln Setting o 2. 8 Z &£ B 4 3 2 L

Long Pulse (~dbm) 80 83 77 73 60 68 &8 82 44 -~
Short Pulge (~dbm) ©3 87 81 78 74 70 €6 60 61 42

A careful search of sll the available contour and RHI data failed
to produce a stem vhich fulfilled a2ll the requirements previously
mentioned, By relaxing the restrictions sorcevhat sufficient data were
obtained to permit an analysic of the lower portion of a storm which was
observed on 2 July. Ths storm was part of an intense squall line which
passed through eastern Massachusetts during the evening., Contour scans
were taken at elevation angles of 1, 3, and S degrees.

Figure 3a =hows the contour patterns and the unattenuated vertical
profile prepared from thea. The intensities in Figure 8a are reduced by
computed attenuation effects for S-cm radiation and the results are shown
in Figure Sb, labelled in gain setting ;hresholds for the AN/CPS-D, and
Figure Sc, labelled in ma/hr. Figure 3d is a tracing of observed RHI photo-
graphs taken at the ssae time as the contour data, The maximem intensity
of the cell at 28 miles as indicated by the AN/CPS- 13. only one-half of

that actually occurring. 1t ie reasonable to assume that this eell would
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still be seen at gain step 3 which at this range has a threghold in
R of about 30 sm/hr, Thus the apparent discrepancy between Figures
Sh sr 3c and the RHI photograph MiMo. The remaining cells at
about 35 miles are attenuated even more severely, The RH1I shows them
at less than one fourth of their actual intensity,

In order to show the effects of attenuation on 3~ca radiation more
emphatically, the highly idealized thunderstorm shown in Figure 2,
which is typical of a strong summertime thunderstorm without hail, was
considered, Figure 2b shows the effect of attenuation to 3-cm band
values, Only 2-1/2 miles of heavy rain reduces the intensity of the
core to less than half of ites real value. Note also the apparent die-
placement of the attenuated core. The total two~way attenuation through
the model storm is 23 db which is a factor of more than 20 in rainfall
rate. The effecta of snow above the melting level has not been consi~
dered because in a storm such as this rain drops will be the predominant
reflector and attenunator to a height of about 25,000 ft. This assump-
tion ie consistent with aircraft obeervatione of rain in varying arounts
to heights of 25,000 ft coampiled by the Thunderstosm Project. The re-
flectivity and attenuation properties of the mixture of snow, rain and
dry or wet amall hail obeerved at these and higher levels has not been
fully explained. For these reasons the rainfall rate attributed to the
upper portion of the storm is only tentatively indicated by dashed lines.
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The unavoidable conclusion of these simple analysees is that quanti-
tative measurezents of rader reflectivities in the vicinity of strong
convective storms should not be attempted with 3=em band radars. Also,
any scheme which proposes to identify or analyze severe woather or
strong thunderstorm activity with 3-c@ radiation is doomed to utter
failure. Only when the intense portion of the storm is on the side
‘nearest the radar, and no significant rain intervenee, is it even re-
aotoly possible for 3~cm radars to give & representative meagurement of
the storm'e core intensity. Austin (1961) showe examples of nearly
eimultancous obeervations of a squall line by S=cm and 10-ca bend
radars. Because of ettenuation the S~em band raday displeys a very
poor picture of the position and intensity of the moet important cells.
Sinilay reasoning is sufficient to explain why 3-ca and 10-cm band
radars do not agree on which portion of an intense storm is the
strongest., Figure 4 exhibits an excellent example, The contour pat-
tern from the l0-cm band reder shows a large intenge storm with 3
distinct centers of action. The AN/CPS-D beam at 210° must pess through
6-8 miles of heavy rain before reaching the intense core and the re~
sult 18 pevere attenuation. The RHI photographs at this azimuth reflect
this effect for the storm was not detected at gain setting 2 (R~45 ax/hr).
In cont.:ast, the RHlI series at 2300, which has leass intervening rain,
indicates reinfall rate well in excess of 45 ma/hr for a weaker cell at



the same range. The reflectivity measurement of the intenee cell at
210° as shown by the /N/CPS-~0 is rveduced to 1/4 of its actual value
while the weaker cell at 230° has suffered little from attenuation,

Losses suffered through attenunation can be compensated for to a
very limited extent, Practical attempts to replace attenuation
losses over large areas have been only partially effective, Wein,
1061, describes an electronic system which compensates for attenua-
tion, but it is highly susceptible to calibration errors, No system
will be able to reconstruct echoes which have been reduced to the noise
level by attenuation,

Effects of attenuation definitely eliminate quantitative measure~
ments of intense thunderstorms by O~cm band radars; however, much
qualitative information can be gleaned from such observations, The
next eection will deal with the qualitative observation of thunder-

storms made from the RH1 of a 2~cm band radar,
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1V, VERTICAL STRUCTURE OF CONVECTIVE STORMS

Aa Modele

The data collected by the "Thunderstora Project” in 104547 enabled
Byere and Braham (104¢) to construct the first model of a thunderstorm
which uas’ consisgtent with combined surface, upper air and radar observa-
tions. They found it necessary to divide the storm'e life into three
diestinct phases, each of wvhich ie characterized by a particular field
of vertical motiona., The first or "cumulus stage” begine with the
initial convective bubble and continues until precipitation begins.
During this period essentially all vertical motions are upmard. With
the onset of precipitation the storm enters its "mature stage", see
fig. Sb, and both positive and negative vertical velocities are present,
Vertical motions may reach 30-80 m/sec in either direction during this
phese, Precipitation is usually rain at the surface but at higher levels
aixtures of rain, snow and hail aye encountered. according to Byers and
Brahem falling precipitation impedes the upward motion of moist unstable
air and thus acts to hinder any further development or intensification of
the storm., &imultancously the cold downdraft spreads out under the
gtorn'e base and reduces the region from which unstable air can be drawn,
At this point the cell entere the final or "dissipating stage", see fig. Sc,

- 10 =
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Fig. 50

Model of o severe thunderstorm proposed by Browning ond Ludlom (1960).
Streamiines of vertical velocily labelled in m/sec. Unshaded area detectable
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which ie characterized by diminishing upward motions, Ultimately all
updrafts cease and only gentle downdrafts remain, Byers and Brahan stress
that this model is highly idealized and large deviations can be expected
for any pafticular storm or cell., The basic model of the "Thunderstomm
Project” haes rightly gained wide acceptance throughout the field of
meteorology. 1In recent years more sophisticated radar sets and recording
equipaent have increased the detail and quality of the basic data; con~
sequently, many investigators have attempted to refine portions of the
simple thunderstorm model,

Browning and Ludlam (1€60) in their rather detailed analysis of a
severe thunderstora in England present a simple model of the verticsal
motion field in a mature traveling thunderstorm, see fig. Sa., The unique
feature of their model is a tilted updraft which is not impeded by the
falling precipitation it generates. Also, moist unstable air can be
drawn in from some distance away from the storm or from a region above a
stable surface layer, 1In either cese the stora's source of energy is not
severed. 1n short, this type of thunderstoram can saintain a quasi-steady
state condition for extended periods of time. Another appealing feature
of this model ie that the tilted updraft provides a mechanism for recir~
culating hailstones so that they can attain sizes coaparable to those
actually observed.

The simple models discussed above suggest certain general characteristics



which should be observable by radar. Normally the cumulus stege is not
detected by radar since the number and size of the water drops result
in a reflectivity value which is too small for the radar to sense. The
initial radar detection should occur about the time the storm first
begins to precipitate.

Radars are capable of detecting emaller scale variations in the
vertical motion field than are suggested by the simple models previously
diecussed. RHI photographs taken at low gain settings dieplay aany small
scale echoes within a larger storm which leads us to infer the existence
of convective celle of this general size. Such an inference is sub-
stantiated by observations of vertical velocities within thunderstorms
made by Aserican Airlines (1649). Their mcasurements show the existence
of many small cells with a lateral dimension of about 1000 ft. Heavy
precipitation areas contained as many as 4 of these small cells per amile,

One must be quite careful in drawing conclusions or physical in-
ferences from radar data, particularly RE1 data. 1t is impossible to
determine from radar data alone whether an echo or portion of an echo is
in a field of positive or negative vertical motion. There seems to be a
tendency to associate the strongest portion of the echo with the area of
paxinum updraft. This need not be the case for the strongest echo region
could just as well be linked to m‘u c;t strong downward motions. As yet
no fully successful scheme has been devised to portray detailed three-



dimensional radar data. Only when such a system 18 in operation will it
be possible to clearly trace the internal development of thunderstorms
by radar.

In the following sections particular vertical characteristice of
thunderstorme which are observable by radar are discussed and, when

possible, linked to ons or both of these simple models.

B, Data Reduction

The film record of contour data is continuous throughout periods of
storminess and thus provides a bssis for identifying time variations of
echoes and their eventual dissipation, Contour scans are norsally re-
stricted to low elevation angles and therefore are insensitive to verti-
cal variations of reflectivity. Sets of RHI photographs ayre used to pro-
vide vertical cross sections of the storms. By combining the two types
of data it is possible to analyze, to some extent, vertical, horizontal
and time variations of convective storms.

For days on which widespread convective activity was observed
selected contour levels (levels 2, 8, 8 and mex.) were traced from the
83 on film to data sheets on which the 33 sa PPl imege is enlarged to a
circle © inches in diemeter. Data sheets were propared at about 10
minute intervals so that formation, motion and decay of echoes could be
determined with cage,



The next Step was to relate each series of RHI photographs to the
appropriate data sheet and plot the aszimuth at which the plctures were
taken, After all the RHI photographs for the day had been related to
the data cheets it was a sinple matter to follow the history of a par~
ticular echo or thunderstora in time and space and to get some idea of
its vertical structure. 6ince this investigation is limited to studying
vertical features of convective storme thooe storm tracks vwhich have

few or no RH1 photographs acsociated with them are not considered.

L. Qualitative Analvsis

Iach storm is studied separately, hence the analyeis gheet is
arranged so that RHI and contour data follow in chronological order .
The first block in each line contains the identifying data for that set
of RH1 pictures., Items included are the time of the RHI photograph(s)
and nearest contour tracing; range, asimuth and pulee setting of the
radar; echo width and range as shown by the RHIj and highest contour
level observed, When there was a long time gap between RHI sets data
from the contour tracings were entered to add as much continuity as
possible, The remainder of each line was devoted to the qualitative ver-
tical features to be studied. The features studied are listed below along
with a short explanation of wvhy they were selected and the type of result

expected.



Maximum Hojghts This is defined ae the highest altitude of the echo
being studied as obscrved on the moast sensitive gain setting of the
AN/CPS=9 (usuelly gain 10). At close ranges, less than 25 milee, the
nost sensgitive gain setting used was normally gain 8 or 6. No loss
of senaitivity resulted because the minimum detectible reflectivity of
gain 10 on long pulse at 1000 miles is about the seme as that of gain
8 on short pulee at 28 ailes.

Byers and Brahan's model suggests that a single celled thunderstora
should have a single maximum height during its lifetime end it should
be reached early in the mature stage. On the other hand, a multi-celled
stors might heave & number of maxima corresponding to the maturity of one
or acre of its interior cells. Data collected in this section are to be
used to study the variation of echo tops with time and as & function of
the intensity of the storm.
Slopearance of Edgepg and 1op: In this section entries are limited to re-
marks such as sharp, blurred, fuzzy, or chsotic and are resgtricted to
RHI pictures taken at gain settings 10 or 8. Statements such as these
are intended to give a general idea of the gradient of reflectivity at
the edge and top of & storm. A very sharp outline is interpreted as in-
dicating the edge of a strong discontinuity in vertical motions such as
would be expected at the edge of a young or rapidly intensifying cells.
A blurred or fuzcy outline implies weak vertical motions or & predominance



of snow as a reflector. It can be expected that a fuzzy top indicates
glaciation and would be noticed before the appearance of an anvil top oy
cap cloud,

Yextical Descriptions This category is used to describe the main features
of the vertical structure of the storm such as discernible turrent, uni-
formity or variations in width, taper, or bulges, One would expect the
storm’'s vertical structure to vary considerably during its existence,
also variations can be expected across the lateral dimension, The per-
sistence and extent of theee features may be helpful in determining a
future state of the stomm. Variations of this type have becn emoothed
out in the simple models, presented earlier, At close ranges the reso~
lution of the radar bear increapes, consequently, many irregularities
appear on the RHI pictures. Vhen the irregularities are toc complex to
describe the picture 1is termed 'chaotic”,

JTilt: A simple yes or no and the basic direction of the tilt is recorded
here. The results should be dependent upon the angle between the mean
upper level wind direction and azimuth of the RHI observations, According
to Byers and Braham vegtical transport and amixing of momentum caused‘by
the initial strong updrafts and entrainment result in nearly vertical
radar echoes. As vertical motions in the stormm subside mixing of momentum
decreases and tilting should ensue, The degree of tilt will depend upon
the strength of the vertical wind ghear. 1n direct contrast, the model
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proposed by Browning and Ludlam suggests that the tilt would be into the
prevailing wind because of the tilted vertical motions., Aleso, the greatest
tilt should be observed when the storm is most intense.

Contraction of the horizontal scale of the RHI at 850 and 100 mile
rangee makes it difficult to observe amall tilts. Also, sufficient upper
wind obseyvations weye not evailable to permit detailed study of the wind

fields around the storms and, consequently, the variation of tilt with

timo .
Anvil or Cap Clouydp: BHere, too, Only yes and no entries are necessary.

Since anvil or cap clouds normally consist of snow or ice crystals they
can be detected only on the aost sensitive gain secttings, normally gains
10 or 8. Formation of an anvil is associated with the mature and dis-
sipating stages of the model suggested by Byers and Braham, They may
also be a function of the maximum height of the storm, or better, the
temperature at that level, If the occurrence of an anvil or cap cloud
can be linked to the dissipating stage of a thunderstorm then its appear-
ance would be a useful forecasting tool.

Numbexr of Internal Cellg: At reduced gain settings only the most intense
precipitating echoes are observed, The number of theese cells is thought
to be connected with the size and severity of the storm. Again the radar's
ability to obecrve and display these small scale features is highly depen-
dent upon the range of the storm and renge setting of the RHI,
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lncrease of Reflectivity with Heights Donaldson (1938, 1260) preparcd
reflectivity profiles of severe thunderstorms from 3-ca band radar data.
The profiles were constructed from many series of PPl photographs taken

at numerous gain steps and eclevation angles, From these profiles
Donaldson concludes that severe thunderstorms are characterized by higher
reflectivity values aloft (20-30,000 £¢) than at the surface, He con-
tends that the storsge of large amounts of hail by the ctrong updrafts at
these high levels results in a subgtantial increase in radar yeflectivity,
This section is included as an indopendent check of his findings. Each
series of RHI photographe is examined to sece if strong precipitating storms
ghow any evidence of high roflectivity cores at theoe altitudes.

Regarkgs This section is inserted so that pertinent statements not appli-
cable to other categories may be included. A particularly important remark
is one giving the relation of the RHI azimuth to the most intense portion

of the cell, such as center cut, off center cut, edge cut, ete,

L, _Synoptic Backeround

Severity, size, and duration of middle latitude thunderstorms scem
to be intimately linked to the current synoptic pattern., Genersally,
the most severe ang long lasting stoyms are ascsociated with cold frontal
squall lines, while those designated as "air mass thunderstormg" are
shorter lived and lees severe. This concept is confirmed by the storms



of 30 June and 10 July 1081, A brief description of the synoptic situs-
tion and upper air patterns for theee two days is given as & basis for
gtudying the differences and similaritics of storm featurcs.

The storme of 30 June vere the result of a weak cold frontal squall
line and solar heating, The cold front had a NE-S¥ orientation and
moved through New England during the afternoon and early evening., A weak
upper level trough was associated with the front and gave rise to WEW
winds shead of the front and west to westnorthwest winds after frontal
passage. An upper aiyr sounding taken at M.1.T, shortly before the squall
1ine passed showed that the wind direction above §,000 ft was nearly con-
gtant at 200 degrees. The wind velocity increased frcm 23 knots at
10,000 £t to 35 knots at the tropopause level of 38,000 ft. Radar echces
began to foym shortly before noon over central and northern Maseachucetts,
in 2ig. 6 the tracks of the major stomme are chown, The tracks labelled
stoyms 1, 2, 3, 5 ave the only ones included in the study. BStomm 1 vas
the longeet and most severe of the day. Storm 8 formed behind and to
the west of storm 1 and followed roughly the same path. It too wes &
very intense etoym., Stomms 2 and 9 were not as intense &o 1 and 3 and
dissipated rapidly once they amoved over water, Theve vas & surprising
lack of smaller storms in between the larger ones.

On 10 July there were no discernible fronts in New Englend. The con~
vective activity was associasted with & weak upper level trough which
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drifted over New England during the day and the ususl afterncon solar

heating. Conveetive 'Vechoe.’s began to form about noon with rather random
positioning and dqging,gge' afternoon and early evening morc than 40
seporate storas occurred. The storns were small, short lived and only
sodeyately iﬁtenee. No radiosonde obgervation was taken at M,1.T. but
analysis of d;taw from wrroe;t;ding nta:tl.qna showed the winds to be fron
the west at 20 knot; below 13,000 £t and backing to southusst at 30 knots
near the tropﬁl;wé level of 30,000 ft. The tropopause was very sharp
which r;ccounto for t‘Se fact that only two stomm tops were observed sbove
30,0600 £t. The stormas moved slowly and scmewhat erratically toward the
ecast and northeast,
k.. Regulta of Sualitative Anglveis

This section is devoted to reeults of analyzing the vertical features
discussed earlier, In some cases only very broad statements can be made,
while for others interesting results can -be discussed in more detail,
Figures 7, 8 and © at the gnd of this section contain’ szlected RHI photo-
gxaphé 9hici\ uluatrate; déne ‘ot the mowe important {eatms. Fig, 7, for
instance, contains thn; eeries of RHX pictureg taken of the same storm,

>

ators 1 of fig, 6, over & peﬂod of 16 minutes and‘ulqstutes the forma-

tion of an anvil top, complex intepior structure gnd repid vapiation of

internal featuree,



Maximun Heoightg: The heigixt of the echoes at the time of initial de~
tection varied greatly, The times of initial detection for the two
radare are not the same, A cell chould be obecrved first on the more
sensitive AN/CPS-08; however, due to the manual method of operation it
vas not always possible to take RHI pioctur¢s within a few minutes of an
echo's £irst appearance, 1n all cases for which RHI pictures were taken
both before and after initial detection by contours the latter height
wae highest. Fig, 8a iliustrates the initial growth of storm 1 of fig.
6. PFor the first 30 minutes the stosm developed slowly then intensified
rapidly., Slow initial growth was not typical of the storms of 30 June.
Storm 2 of fig. O was detected first on contours at level 2 (R of 2
omn/hr), 12 ainutes later it had intensified to level 8 (R of 180 mm/hr)
and a RHI observation at this time showed a top of 34,000 £¢t, which,
incidentally was the maximum height attained by this stom.

Storms of 10 July did not grow and intensify as rapidly as those just
described. ©One echo had attained @ height of 12,000 ft ¢ minutes prior
to the initial contour cbservation and an hour later its top was only
28,000 £t. Generally spesking the storms on both days gre';a to about 75%
of their maximun heights within 20~80 minutes after initial detection by
the SCR-615~B,

Variation of echo tops throughout the 1life of the storm 18 difficult
to analyze, A large number of RHI obgervations, more than were available



for this study, are needed to adequat‘ély cover the spatial and temporal
changes, Data available seem to indicate that variation of echo height
across the stoyms, particularly large stoyms, is greater than changes
cbserved over short periods of 10~20 minutes. The storms of 10 July
reached only one maximum both in height and intensity and then dissi-
pated slowly, thus supporting, to some extent, Byers and Brahea's
single celled model., On SO July the gtorms reached their maximum heights
quickly and then undulated by as much as 10,000 ft for the remainder of their
active stages, This behavior is characteristic of a multi-~celled storm,
On neither day were the times of maximum height and of meximum curface
intensity consistently related.
Lppearpnce of Fdeep and Tope: Rosults obtained from this seetion were
disappointing., The sharpness of ctoym features goemed to be closely
related to variations in photographiec processing, intensity setting of
the RHI, and range at which the stoym was obgerved, Overexposure of
the photographic £ilm or paper tendo to blur the edges of the storm and
eliminate much of the amall-scele interior defa:l. Pictures of large
storms at 10 and 28 mile rangee displayed m;re detail than can be treated
in this study. In epite of these lméii#aps some useful relations were
obtained. |

in nenily every case edges of young storms were clearcut and free of
kulges or other major discontinuities, see ﬂg..,pa. In the mat?re stage



the clarity of the edges varied con@iderably. The storm portrayed in

fig. 7 18 a good example, At gain 10 the rear edge is fairly well de-
€ined in all three pictures, however, the front edge is regged and
discontinuous (7a) and undulating in 7 and 7x. The sides and top of

the storms shown in figs, €4 and ©e also display a very jegged appearance,
48 storms began to dissipate all the features take on a fuzzy or blurred
character, see figs, 8b, 8¢, and S¢c for exaaple, An atteapt to link
occurrence of anvil or cap clouda with previous observations of blurved

or fuzzy tops failed, 1In fact in one cace RHI observations one minute
apart in different portions of the ssme atorm shoved a sharply defined
top at one point and well formed anvil at the other,

Yertica) Degcription and Interior Cells: 1In the early stages of forma-
tion and growth most convective stoyms dieplayed nearly vertical sides
and uniform widths, particularly in lower levels (0~20,000 f£t), with
turrete or spiree extending anothey 10-20,000 £t higher. As the storms
intensified the vider portion extended to greater heights until the turrets
disappeared or remained as slight undulations in the top. Fig, 8- exhibits
euch a case. Only for the two large storms of 30 June, storms 1 and 3 of
tig. 6, were sufficient RH] observations available to study esome of the
variations of vertical features in detail, Storm 1 passed extremely close
to the rader and at such cloce ranges 80 puch detail is displayed that it
is difficult to select the really important features, The photogrephs of
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figs. 4, 7, 0d, fe show how complex and detailed the interior of storms
can be,

During the mature atege the external and internal structure of the
storms varied greatly, One more prsvalent feature observed was an inden-
tation or constriction of one or both edges near the melting level,
Exaaples of such behavior are best shown by figs, 7c, 8e (both cells),
a, 9b, Se. 1In some cases the bulge above the melting level is found
to consist of saall cells adjacent to the main core very such like those
seen in fig, 7c at gein gettings 8 and 6, A possible explanat:on( is
that the emaller cells are at the edge of 2 rising current which contains
meny ssall water droplete, A certain amount of entraimment is occurring
at all levels and above the melting level large quantities of enow or
ice crystals can enter the updraft from the relatively quiescent region
near its edge, A4S the mixture of ice and watey droplets travels upward
vater diffuses onto the ioce surfacee. Phys!caily it is possidle for the
diffusion to take place so rapidly thet the latent heat released is
sufficient to keep the ice surfaces wet. In this condition the particle
will take on the reflectivity properties of a liquid water drop of the
same sise and shepe, thereby incressing the obmerved radar yeflectivity,
siznilar to the "bright band" effect in reverse,

The number of interior celis observed at low gain settings tended
to be inversely related to the storm's intensity at that time. Thie is
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reasonable in that during the intense stage vertical motions are well
organized and RH1 photographs would be expected to show a uail nuaber,
1l¢o 3. of large intenze echoes., ~8 the strong vertical motions diminish
enaller eddies form aend impart a somewhat chaotic nature to subsequent
RHI observations, PFig, 7c is8 a prime example of & well organized intense
stors while figs, 7a and ©d displey & confusion of interior cclls.
Anvil or Cap Clouds; Surprisingly, anvil or cap clouds appeared on rela-
tively few RH1 photographs. On 10 July only 38 of the © aéomc studied
hed anvils during some portion of their lives, Etorme 1 and 3 of 30
June were an hour and a half old before any envil type clouds were ob-
eerved by radar and not all succeeding photographs showed anvils., As
nenfioned esrlier nearly simultaneous observations over different portions
of one storm ehowed that the anvil cen exist in one region and not in
another., Again storm 1 of 30 June serves as the best example, The gain
10 pictures of fig. 7 show the initiel evolution of the anvil top. At
this point the storm is an hour and 40 minutes old., The pictures of fig.
Se were taken about sn hour later and suggest the presence of cirrus but
not a well defived anvil, and the photographe of fig. 4 taken later yet
show no hint of any anvil, As the stors moved southeastward an anvil
appeared again for a short time but during the last Imur of its life no
anvils were odserved by the radar,

A classical example of a dissipated storm is shown in fig, Oc. At
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gain 10 the front cell gives the appearance of being fairly strong,
but only a little fuez ramains at gain 8 (R lees then 1 sm/hr). Within
a few minutes this cell disappesred from both radars.

The only conclusion which can be drewn from this section is that
raday observations of the presence or absence of an anvil are not cor-
related with a distinct stage of a storm's existence, particulerly the
dissipating stage. 1In fact, if the model proposed by Browning and Ludlas
19 correct one would expect the anvil to form during the most intense
stage because of the large amount of moisture carried upward and ahead
of the storm,

Tilt: On 10 July the wind shear wes very slight and ouly one storm
exhibited any noticesble tilt. On 30 June wind shear of SO knote between
10 and 33 thousand feet produced some interesting effects. Esch of the
four storms of this day are discussed separately.

Storm 1 began to the northwest of M.I1.T. and for 2~1/2 hours the
RH] sections were nearly parallel to the upper level winde. No noticeable
tilt was evident uantil it had paseed its first intensity saximum about
two hours later. 4n REI peries st this time showed a well defined tiit
to the northwest (top further to the NW than the base), or opposed to
the prevailing wind chear. The oell which exhibited the reverse tilt
was on the southwestern edge of the storm complex, A cloee study of the
contour data indicated that thic was a new cell, a‘ contention which is
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further supported by a southward dip of the stosm track at about the
come time. A few minutes after the REl pictures were taken the new
cell was the most intenge in the stors. The reverse tilt evidently re-
sulted from the initial vertical motion field of the new cell., 4 few
ainutes later the tilt had vanished, Later, when the storm was a few
miles southwest of the reder site, & pronounced cross wind tilt (top
tilted towayrd the NE) was noted for two emall cell@ which were dissi-
pating at the rear edge of the main storm (see fig, 8d). No immeiate
explanation for this effect is evident, The stomm continued to move to
the southeast and during the last hour of its life the top tilted
slightly toward that direction,

Storm 2 also began in tho northwest quadrant and the first RH1
photographs showed a definite tilt of the top toward the northwest,
sgain opposed to the preveiling sheay, In a short time the tilt die-
appeared, _During its moet active stage the stoym was situated to the
north and east of M,1.T. sc that the RHI observations were taken at
nearly right engles to the upper level winde., As the storm moved east-~
ward over the water and hegan to digeipate a slight tilt toward the east
(inner echo of £ig. 8e¢) was observed,

Storm S developed in the sonthwestern quadrant and moved to the
southeast hance for the first hour or so the RHI observations were taken
in a cross wind sense and no tilting wes noted, For the reamaining two
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hours a slight tilt of the top toward the southeast was detected (see
2ig. 8b).

Storm 8 sprang up cast of Cambridge with a pronounced eestward tili,
it straightened up during its short mature stoge and then succumbed <o
a slight eastward tilt egain as it dissipated (sce fig. 8¢).

The reverse tilts observed for ctorms 1 and 2 were directly connected
to new cell development indicating that the initial vertical motions
vere canted in this direction and vigorous enough to override the en-
vironnental wind shear, Thus it cen be rcasoned that during their mature
stage the internal forces and vertical motions of intense thundexstorms
can neutralize the smbient shear and even produce shear in the opposite
genge. The vertical motion field shown in the model storm suggested by
Browning and Ludlam 8 very similay to that just described, Dissipating

thunderstorms exhibit a definite preference for tilts in the dizection

of the prevailing atmospheric shesr.

Storms studied in connsction with
this category were not limited to S0 June and 10 July but included all
RHI photographs of thunderstorms talen during the epring and summer of
19201 (May to September). Each series of RHI picturee was examined for
any evidence of elevated reflectivity cores. To qualify as a positive
occurrence the storam was required to be precipitating at the surface,
discernible at gain 4, and the base of the high reflectivity core aust



not extend below 10,000 £t. In all fairness it must be emphasized that
the obssrvational technique followed in gathering the data i8 vory
dissimilar to Donaldeon’s sethod, However, if his assertion is correct
and high reflectivity cores are characteristic of severe thunderstoras
then these arbitrary restrictions will have little effect on the out-
conz of the analysis,

Of more than 1850 RA1 serice on which echoes were discernible at gain
4 only 10 occurrences of elevated reflectivity cores were found., In all
10 cases the base of the core was between 10 and 20 thousand feet and
at no. time did their teps reach above 30,000 ft. The storm shown in
fig. 8d at about 18 miles range is one of the positive cases. A large
majority of the 150 RHI geries wewe of hail producing storms including
storm 1 of 30 June which produced & hail track 100 ailes long and 10-20
miles wide (Geotis, 1961), Contrary to Donaldson's hypothesis these
storms routinely displayed the region of maximum reflectivity reaching
the ground. Numercus examples are shown in the figures, the most striking
being the gain 4 picture of f£ig. 7c which shows the intense core reaching
from the surface to 30,000 ft. Figse. ©d and Se¢ are also fine examples.

A strict comparison of these results with Donaldson's findings is
not possible since the REI data are not sufficiently accurate, but they
do demonstrate that elevated reflectivity cores are not frequently observed
on the RHI, The basic data for both studies originated from the same model



vadar, AN/CPS-0, yet conflicting results ensued. It is likely that the
differences are a result of observational technique and sethod of
analysis rather than the capability of the radars,

1n connection with Donaldson's work the effects of attenuation mey
be considered in more detail than he found possible, He concludes his
subjective discussion of attenuation by saying, "The problem of sttenus—
tion distortion will never be settled satisfactorily, however, until a
messurement of rain intensity through the core of a thunderstorm ie
obtained coincident with reflectivity profile observations™, (Donaldson,
1260, page 123), Section 111 of this peper 18 the first step in this
direction, Reflectivity messurements obdbtained from a 3~cm band radar
are coapared with coincident mcasurements from a 10-cm band radar,
Since the 10-cm radar messurcments suffer little attenuation they arve
indeed an independent measure of actual zeflectivity values. The de-
crease in peflectivity suffered by the 3~cm band radar when viewing an
intense thunderctorm i@ successfully explained by considering the effects
of attenuation, PFurther, it is shown that attenuation cannot be nézlected
at 3-cm wave lengths particularly when dealing with quantitative measure-
nents of reflectivity in regions of moderate to heavy rain,

The effect of attenuation on obgerved radar echoes is twofold.
Distortion, such as shown in fig., 2, leads one to the falase impression
that the most intense portion of the storn io on the side nearest the
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radar. The amount of distortion is directly proportional to the storz's
intenscity. Since tho bulk of the thunderstorms cboerved in New England
aove in frem the west distortion such as this would lead Donaldson to
his fallacious conclusion "Typically, the rain intensity im & thunder-
stora increeses sharply from the forward edge, with & maximum near the
forward edge and a relatively long, gradual decrease toward the trailing
edge."” (Donaldson, 1660, page 123). In direct contrast, Geotis, 1961,
finds from 10~ca band raday data that the most intense precipitation is
usually found near the storz‘s center, The type of distortion illustrated
by fig. 4 is even morve dameging. in this situation the area of heavy
rain between the raday site and the most intense cell of the storm com~
plex caused the S-cm band radar to pick the wrong cell as "most intense”.
The foregoing vemerks do not refute the possible existence of reflec-
tivity cores aloft, but ere intended to show that differing conelusions
may be drawn from data taken frca the same model yadar and that Donaldson's
findings are based on an incomplete analysis of the possible causes.
Until more reliable data are obtained, nemely from 10~cm band radar, one
i8 forced to view with skepticimm the correlation of elevated reflectivity
cores, as observed by S-ca band radar, with severe thunderstorme and any

forecasting scheme based on such a premise.
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V. CONCLUSION

The effects of attenuation by rain at 3~co wave lengths have been
reviewed and applied to cbserved cases, The results indicated that:

1) aAttenuation caussd by heavy rain cannot be neglected for quanti-
tative radar measurements, Obviously, the reflectivity velues observed
under such conditions are greatly underestimated, losses caused by
attenuation cannot be satisfactorily recovered.

2) 32~cm radars display a poor picture of the relative intensity of
cells within a severe thunderstorm. A9 fig. 4 shows it is possible for
the radar to sclect the wrong cell within a echo complex as "most
intense".

8) Distortion caused by attenmuation produces an a;:parent displace~
ment of the storm's core toward the redar (see fig. 2) and the degree
of distortion increcases as the storm intensifies.

The thunderstorms studied are characterized by an initial period,
20~30 minutes, of rapid growth and intensification., The msature stage
veried in duration from several minutes to several hours and exhibited
complex and variable internal and external features. Fluctuations of
the vertical features bear no eimple relationghip to a stege in the stom's
life history and hence one cannot deduce from them how auch longer the
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storm may last or what its future intensity will be., The storms dissei-~
pated about es rapidly as they formed, RHI photographs of dying storms
dieplayed a nearly unifoyn area of reflectivity such us that shown by
the inner storm of fig, %e.

The more important conclusiocns and inferences obtained from studying
the vertical features of thunderstorms are:

1) That the number of internal cells observed at low gain settings
tends to be inversely proportional to the current intengity of the
storm,. This relationship leads one to believe that during ite intensity
maximue the field of verticel motion ig well organized and prelatively
free of emall scale eddies,

2) That anvil tops can be observed continuously or intemmittently
during the mature and dissipating stages. The presence of an envil is
no indication that the storm is or will be dissipating within the near
future,

3) That dissipating storms tend to tilt in the direction of the pre-
vailing wind shear., 1n contrast, some mature thunderstorms displayed
tilte vhich were not caused by synoptic scale wind shear, The appearance
of tilte opposed to the prevailing wind shear were linked to the initial
period of growth of the cells involved and indicate that the g:leld of
vertical aotions was canted into the wind,

4) That in intense thunderstomns elevated reflectivity cores are



seldom obeserved on the RHI, Further, it is shown that the effects of
attenuation are such that observatione of increased reflectivity cores

by 3-cm radars are virtually seaningless.
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Fig. 6. Paths of the major storms of 30 June 196]
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= RHI photographs of storm | (fig.6). Gain setlings are 10 (top),
8, 6, 4 (bottom) on short pulse, The strong core of 7C is

Fig.

faintly visible at G-2 (not shown),
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Fig 8. Selected RHI photographs for storms of 30 June (961
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Fig. 9. Selected RH! photographs for storms of 30 June 1961 —
except 9B.
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