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ABSTRACT

The physical, thermodynamic and dynamic characteristics of convec-
tive cloud rings (open cell convection) occurring on July 18, 1969
during the fourth phase of the Barbados Oceanographic and Meteorolégical
Experiment (BOMEX) in the tropical North Atlantic Ocean are studied in
detail. A time-consistent non-random configuration of growing and de-
caying cumulus elements comprising the cloud ring and a reclatively
clear center area forms the primary definition of cloud ring structures.
Single and multiple occurrences are obécrved. Data from the ATS III
geosynchronous satellite, from BOMEX fixed ship station weather radar
and from aircraft provide cloud ring size, height, motion and life-
time information. Fixed ship station surface and radiosonde and Nimbus

IIT sun-synchronous satellite observations provide synoptic scale sur-

face and upper air temperature, moisture and wind field data. Synoptic
scale horizontal velocity divergence and relative vorticity profiles
are obtained using a polygon method; vertical velocity profiles are
kinematically computed from the divergence profiles. Both single time
and time mean values and profiles of thermodynamic and dynamic para-
meters are obtained.

The BOMEX July 18 tropical cloud rings have a mean diameter of
80 km, a mean height of 6 km, a lifetime of 6 hours and display motion
with the mean wind over their depth. Occurrence is located in a rela-
tively undisturbed weather region associated with a surface and upper

level anticyclone. Deep ring cloud elements appear to precipitate,
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Thermodynamically the ring occurrence region is characterized by a

moist, relatively unstable boundary layer and a (lower) middle level

stable layer with rapid drying above; otherwise the atmosphere is nearly
moist adiabatic to the tropopause. Significant upward heat flux from
the ocean is prevalent beneath the rings. Dynamically the cloud rings
are occurring in a region of light wind speeds and small vertical shear
over their depth. Low level cyclonic and high level anticyclonic hori-
zontal shear prevails in the area. Low level convergence, upward mo-
tion and cyclonic relative vorticity and mid to higher level divergence,
subsidence and anticyclonic relative vorticity are prevalent. Correla-
tion is made between physical, thermodynamic and dynamic results. Ring
and non-ring region meteorological conditions are found to differ in
many respects.

Comparison of the BOMEX results with other tropical and mid latitude
cloud ring investigation findings reveals a significant similarity,
plus a strong correlation between stable layer height and cloud height.
A single case of cloud ring passage over a ship station reveals signifi-
cant drying in the ring center. Ring occurrence thermodynamic condi-
tions are found to lie close in many details to those of the tropical
mean, while the dynamic situation differs significantly from the mean
and lies intermediate between disturbed and undisturbed weather cases.

A basic circulation model of cloud rings including correlations

with thermodynamic and dynamic parameter distributions is presented.

Cloud ring mesoscale data are now needed to further the under-
standing of these convective structures and lead to their parameteri-

zation in atmospheric diagnostic and prognostic models.
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1.0 INTRODUCTION

1.1 Scope and Purpose

A particular cloud phenomenon, first noted over the North Atlantic
Ocean from TIROS I cloud pictures by Krueger and Fritz (1961), by
Vonder Haar et al. (1968) from ATS I pictures over the equatorial
Pacific Ocean and by others intermediately, is a generally circular
cloud structure whose form is that of a doughnut with convective cells
forming the cloud ring and a clear area at the center. The tropical
structures noted by Vonder Haar and colleagues were observed to be em-
bedded in thc easterly flows near the equator. They occurred generally
in clusters, were on the order of a degree of latitude maximum diameter,
and had lifetimes of at least & hours with cstimates on the order of
14 to 16 hours. In the time mean the clouds forming the rings covered
about 3/4 of the ring circle.

The study presented in this paper deals basically with the analy-
sis of similar cloud ring structures noted in ATS III pictures of the
tropical North Atlantic Ocean area during the 1969 Barbados Oceano-
graphic and Meteorological Experimenmt (BOMEX). Examples of the BOMEX
cloud rings are shown in the aerial photographs Figs. 1A and 1B taken
at ~10 km altitude from the NASA Convair 990 aircraft. It is found
that an estimated 20 percent of the BOMEX days show cloud ring patterns
of some sort occurring in the area, that these rings are on the order of
80 km in diameter and that they have a lifetime of ~6 hours. Results
from the physical analyses of these ring cloud structures will be compared
to available findings in other ring cloud studies, some of which are

mentioned above. For the first time a detailed study of the symoptic



Figure 1A Convective Cloud Ring Structure Observed in the 1969 BOMEX
area,

Figure 1B Same as Figure 1lA.



scale thermodynamic and dynamic environments of the rings will be pre-
sented. Comparison of these findings with other cloud ring investi-
gation results will be made. Comparison of ring occurrence condi-
tions to appropriate mean conditions will also be made.

There are two major purposes for this study. The first purpose
is to attain as complete an understanding as is presently possible of
the nature of convective cloud ring systems including their inter-
actions with other atmospheric scales of motion. The second purpose,
following from the first and forming the ultimate though not presently
realizable goal of this study, is to discover means by which the ring
cloud system processes, the understanding of which is deduced from
the ring cloud investigation findings, can be entered in atmospheric
circulation prognostic or diagnostic models. Entering as many of
the real atmospheric processes as possible into a model and entering
these processes as accurately as possible makes the model and its
output more closely representative of the real atmosphere. Numerous
studies of cumulus convection scale processes are at present underway
with a major purpose of incorporating these small scale, but important,
processes into atmospheric models. Presently available and future
knowledge of the mesoscale ring clovd structures in the tropics will
lead to their role in the atmospheric circulation also being incor-
porated into the models, resulting in a better understanding.of at-

mospheric circulation processes as a whole.

This report is extracted from the Master's Thesis (Loranger, 1974)

in which additional detail is presented.



1.2 Cloud Ring Definition

Before delving in detail into the discussion of ring clouds in
this paper, a definition must be made of exactly what is meant by
the terms ''ring," '"ring pattern," and '"ring structure,'" all of which
are used synonymously. So far rings have been referred to as a
generally circular, usually broken, cloud wall surrounding a clear
area. This condition could be met, however, by a random distribution
of clouds which, at a given time and place come together in the
stated pattern. This is not what is meant by "rings'" in this study.
The critical condition for "rings'" in the present study is duration
of the pattern. We are looking for ring structures that show per-
sistence of form with time and that do not change configuration over
a short period as, for example, a cloud mass appearing in the center
of a previous "apparent" ring. This would indicate that this situa-
tion was not a part of the.persistent pattern being looked for, but
was likely a random occurrence. These determinations of persistence
or non-persistence in the present study are mainly accomplished
utilizing sequences of ATS III photographs, with note of any cloud
drift. In describing the persistent pattern of rings, it is impor-
tant to note that it is not meant that the pattern is exactly the
same, eiement for element, from observation to observation. It is
the general form of cloud rings and clear centers that must remain
the same. However there may be changes in the makeup of the ring
walls with regard to the amount of cloudiness present there or change
in ring size or shape. A notable change is that of fing cloudiness,
in which‘a portion of a ring will be filled in by clouds at one time

and at the next observation that portion is cloud free and another



segment of the ring may have filled in with cloud cells whereas that
segment was cloud free previously. Thus the persistent pattern is a
kind of "mold" in which clouds form and decay in the ring wall portion
and clear centers appear in the middle of the ring forms. The cloud
and clear center distribution is then just the visual result of the
invisible flow pattern that is causing convection to occur in a
certain way in certain places. It is this flow pattern that is the
persistent system under study in actuality. One study which showed
the existence of this persistent ring pattern was mentioned above
and other investigations, as stated, have noted structures of a ring
nature. A further definition of the rings under study here is that
of "open cell" convection, discussec in several theoretical and ob-

servational investigations, as compared to ''closed cell' convection.
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2.0 BOMEX DATA: ANALYSIS AND RESULTS

The day chosen for the detailed study of cloud rings was July 18,
1969 during the BOMEX Phase IV which covered the period from July 11
to July 28, 1969. On this day the ATS III pictures show a number of
rings present in the BOMEX area. The July 18 1431Z BOMEX area ATS III
cloud photo with cloud rings within the dashed portions is shown in
Figure 2. ATS pictures for this day are available starting at 1100Z
and every 25 minutes thereafter until 1456Z. From the end of the 1456Z
picture until the 1818Z picture starts, there are no ATS picture data
available.* This gap in tle ATS satellite photographic data is one
shortcoming of the chosen day in regard to ring duration and motion cal-
culations to be discussed in detail later. A single BOMEX area ESSA 7
satellite cloud picture is available at ~1700Z and provides some qual-
itative cloud ring data in the ATS III data gap. Cloud rings are also
observed to occur in the BOMEX area in varying numberé on other days
of the fourth phase and also during the earlier three phases of the
BOMEX (~20 percent of the days) and thus are not to be considered an
_exclusive occurrence of July 18 only. Additional BOMEX cloud picture
data are available from RB-57 aircraft flights from ~18 km altitude and
NOAA Research Flight Facility (RFF) aircraft flights from near surface
to 5.5 km altitudes. Surface meteorological observation data including
sea surface temperatures, as well as marine observations, are available

at fixed ship station locations in the BOMEX area. Fixed ship rawinsonde

*Note that all ATS picture times mentioned in this paper refer to the
start times of the picture, i.e., when the camera starts its scan from
north to south over the earth disk. Adding 25 minutes gives the end
time of a picture for a full scan, 13 minutes added for a half scan.



h, Tropical North Atlantic

Figure 2 July 18, 1969 1431Z ATS III MSCC Visible Spectrum Cloud Photdgfap
Portion, with BOMEX Ring Study Grids Outlined (Dashed Lined).



ascents, as well as RFF and other aircraft, provide upper level tempera-
ture, moisture and wind data. In acdition there are solar and terres-
trial radiation measurements by aircraft, radiometersonde and satellite,
from the latter of which are availatle inferred sea surface temperature
and vertical temperature profile data (Nimbus III SIRS-A). Fixed ship
Discoverer and Barbados, West Indies weather radar data are also avail-
able. Film loops, created from a day's sequence of ATS III cloud pic-
tures and allowing ease of observation of weather system motions and
evolution, are available for July 18, 1969 and selected other days and
years in both the BOMEX and other regions.

With the good availability of data for the desired portions of

the study on July 18, along with a sizeable number of ring structures,

the chosen day is considered a good choice. Figure 3 shows the BOMEX

area along with the July 18 Phase IV fixed ship locations, aircraft
data flight tracks, Nimbus III satellite sounding locations, and Ring
Study Grids.

The portion of the BOMEX region chosen in which rings were ob-
served was divided into North Grid and South Grid areas. The North
Grid boundary was set at 15N to 20N Latitude and 47W to SAW Longitude
and the South Grid was defined by 10N to 15N Latitude and 52W to 58W
Longitude. These were chosen both to encompass the ring structures and
to allow for their motion. The synoptic meteorological situation at
1200Z on July 18, displayéd by WMO surface, 700 mb, and 500 mb analyses,
is shown in Figﬁres 4 through 6 whereon the Ring Study Grids have also
been located. From the maps it can be seen that there is a tropical

easterly wave located to the west of the ring areas and that the ring
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areas are located in the '"ridge' region of the easterly flow, while the
disturbance is the "trough" area. The ring areas are seen to be located
on the southern side of the surface anticyclone, away from the high pres-
sure center toward the equatorial edge. The cloud pattern over the area
as seen in the satellite photographs also bears out the wave nature of
the flow on this day. The 1431Z ATS III cloud picture in Figure 2 shows

this cloud pattern as well as the ring patterns under study with the

chosen grid areas also denoted. Thus a first look at the synoptic

pattern shows that the rings appear to be a phencmena of the less dis-

turbed tropical areas. There are none observed 'mear' the disturbed

area on this day. The picture also shows more rings present in the
South Grid area than in the North Grid area and that some also occur at

other South Grid latitudes, but further east.

2.1 Cloud Ring Physical Description

2.1.1 ATS III Satellite

The satellite cloud photographs are very useful for initial viewing

of the cloud patterns present. However, more quantitative analyses

are possible using the magnetic tape digital data computer printouts

of thesatellite camera data, which digital data tapes are prepared

from the analog data magnetic tapes. These tape data represent the

ATS III camera system voltage output at the ground, which voltage is
proportional to the reflected solar ecnergy (cloud or other reflective
element brightness) input to the camera at the satellite. This re-

flected power Prs is defined by:



14
P = N w_ A [2-1]

where Nrs is the reflected radiance at the satellite, v, is the
solid angle field of view of the camera (0.1 milliradian or ~2nm earth
spot size at geosynchronous altitude) and AC is the camera aperture
area. The analog voltage data are then linearly converted to a pro-
portional set of digital values from 1 to 255 where brighter clouds or
other reflecteve elements are represented by higher digital values.
The ATS III analog data to digital data conversion is discussed in de-
tail in Appendix A, Part I.

The ATS III digital data tapes are utilized to print out the July
18 1247Z, 1431Z and 1818Z North and South Ring Study Grids cloud pic-
tures. These times were chosen to span the duration of the cloud ring
patterns and allow for non-excessive motion between pictures. The digi-
tal printouts are contour analyzed, as in pressure surface analysis,
etc., yielding a picture of cloud (including cellular structure) and
clear regions. A minimum contour value of 40 is chosen mainly for its
continuity and generally delineates the boundary between well-defined
cloud masses and small scattered cloud elements with considerable
clear space. A portion of the South Ring Grid July 18 1431Z digital
cloud picture, displaying the contour analysis in the region of numer-
ous rings, is presented in Figure 7.

A subsequent mechahical meghod ofvdigital datalcoﬁtauring?ié,em;:;‘
ployed. During the pfintéut process the'original diéitaivdéta”afélre:
presented by symbols representative of given digital value rangeé.

The above July 18 ATS III picture and digital value 40 minimum contour
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are again utilized. Figure 8 displays the 1431Z range printout cloud
picture in the South Grid ring occurrence region, along with the digital
range~-symbol relationship. Comparing Figure 8 with Figures 7 and 2 shows
that the cloud and clear regions are very similarly represented by all
three methods. It is the range printouts that are generally used in the
specific study of cloud rings outlined in this paper. However, in or-
der to obtain accurate results from the use of the ATS IIT digital and
subsequent range data, several factors relating to the representative-
ness of the data over various areas and periods of time must be consi-
dered. These considerations are necessary because space and time com-
Parisons form the basis of this and similar studies. The first factor
is the matter of the MSSC satellite and ground receiving system variable
voltage gain settings. This factor leads to multiple (a given)

output voltage(s) and related digital value(s) representing a given
(multiple) reflected energy value(s) or brightness(es). Thus an

ambiguity arises as to the true brightness being measured. The

second factor leading to brightness ambiguity relates to reflected
energy being a function of the relative positions of the sun, reflec-
tive element and satellite. Time of day, cloud or other element earth
position and satellite position with respect to earth define this

sun-object-satellite geometry. In order to legitimately compare the

ATS TII pictures covering space and time, a "normalization" procedure
is used to reclate all picture data to a common voltage gain state and
common set of space-time coordinates. After this is done the desired
"normalized" pictures arc comparable and differences in digital bright-

ness values are due only to reflective element differences themselves,
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Figure 8 July 18, 1969 1431Z ATS III Range Printout Cloud Picture, Por-
tion of South BOMEX Ring Study Grid, Showing Cloud Ring Struc-
tures and Figure 7 Area Outline.
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such as cloud thickness, droplet size distribution, eté. The normali-
zation procedure is discussed in detail in Appendix A, Part II.

On July 18 the ATS III pictures were obtained in a common voltage
gain state and thus there is no need for normalization with regard to
that factor. The results of the geometry normalization calculations
for July 18 in the BOMEX area and the 1247Z, 1431Z and 1818Z picture
times under consideration are that for the clouds the normalization
factors ranged from very nearly 1.00 to 1.10 and for the ocean from
0.7 to 1.0. Thus the normalization does not significantly affect
the cloud patterns at the times of consideration and it is the clouds
that are the concern here. Thus the pictures are considered to be
comparable as is. However, in later studies at more diverse times
and places the normalization factors will likely be significant and the
corrections will have to be made.

The '"normalized" July 18 ATS digital data in their range printout
form are used to obfain measurements of: (a) ring cloud diameters and

cloud wall dimensions; (b) durations; and (c) motion.

2.1.1.1 Dimensions

The diameter size parameter is important in theoretical considera-
tions of open cell convection through the diameter-height ratio which
will be discussed in a later section. Thirteen rings pyesent‘in the
South Ring Grid area at Both the 1247Z and 1431z ATS III piéturé iimes
are considered to obtain E-W, N-S, and composite mean ring inside

diameters for the two times. Inside diameter measurements are made
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from the latitude-longitude gridded ATS III range printout cloud pic-
tures, considering the <40 digital values (blank area) as the cloud
ring clear center area bounded by the cloud wall (digital values >40).

The mean cloud ring diameter results are presented in Table 1.

TABLE 1
CLOUD RING SIZE
BOMEX PHASE 1V, July 18, 1969, SOUTH RING GRID

Inside Diameter-Kilometers

TIME NO. OF RINGS N-S MEAN E-W MEAN MEAN INSIDE
INSIDE DIA. INSIDE DIA. DIAMETER

12472 13 57 km 102 km 80 km

14312 13 59 km 98 km 79 km

The table shows that the rings are elongated in the east-west direction
(wilh an E-W to N-S ratio of ~1.7), more or less along the mean wind
direction as will be seen later. It is noted that the sizes change
very little over the 104 minute interval betﬁeeﬁ pictures. The indi-
vidual composite mean ring diameters range from 55 km to 115 km, both
of these occurring at 1247Z. Also from the range printouts a range of

9 km to 19 km is found for the widths of the ring cloud walls.

2.1.1.2 Duration

Duration of the July 18 ring patterns is obtained from observation

of the large number of rings forming the "honeycomb" system in the
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eastern portion of the South Ring Grid south of the fixed ship Discoverer.
Some of these rings are shown in Figure 8; this pattern appears in the
days' earliest ATS picture at ~1100Z and is present continuously until
the picture data gap begins at ~1500Z. 1In the next picture at 18182

only one ring remains. But utilizing the Discoverer weather radar
pictures and ESSA 7 satellite photographs for ~1700Z reveals that the
pattern is still present in many details. Thus the observed lifetime

of the major ring system on July 18 is considered to be 6 hours. The
other rings in the South Grid and the two in the North Grid have life-
times shorter than this in general, ~1 to 3 hours, or they move out of

the grid and are not considered further.

2.1.1.3 Motion

The next effort in connection with the physical description of the
BOMEX July 18 rings using the ATS data is to determine the mean motion
of the rings over a period of time. It is desired to utilize rings
that persist and that can be correlated well across the time interval
chosen. A time interval is desired which is long enough to allow sig-
nificant motion of the rings, but not so long that the patterns will
disappear or be affected by considerable variance in wind fields due to
long time span of the motion. This ring motion determination is made
in connection with the desire to correlate that mbtion wi;h vertical &
means of the horizontal wind field vertical pfofiles-oﬁtainéd.from' o
fixed ship rawinsonde wind soundings: The cloud base to cloud top mean
wind of ~10 m/sec from ~100 degrees in the ring motion computation area
and its correlation with the mean ring motion will be discussed in

detail later.
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The 1247Z to 1431Z interval, utilizing the South Ring Grid ATS III
data from the range printouts and "honeycomb' ring pattern between Mt.

Mitchell and Discoverer, provides the desired type of ring structures.

The remaining rings are not considered due to their short-lived nature
and/or the questionable Rainier upper level wind data. Eight rings in
the South Grid ring pattern are used in computing the 1247Z to 1431Z
period mean ring motion. Ring displacements, from which are calculated
the speeds and directions (from which rings are moving), are obtained
from superimposition of the 1247Z and 1431Z gridded range printout
cloud pictures. The resulting 8-ring mean ring cloud motion is 10.5 m/sec
from 101°. Individual rings show variations of #2.5 m/sec and +20°
from the mean.

A final but important recent observation using ATS III data is
that of the definite though short-lived existence of ring cloud pat-
terns over land, specifically in the tropical Amazon River Basin region
on September 8, 1972. These rings are observed in the ATS III picture
sequence film loop for this day and display lifetimes of up to approxi-
mately 2 hours. The occurrence of cloud rings over land surfaces
evokes considerable speculation and opens up a wider field of study

related to open cell convection in the tropics.

2.1.2 Weather Radar

Two weather radars, one located on the island of Barbados and the
other on the fixed ship Discoverer, were in operation during BOMEX.

Only the latters Selenia METEOR 200 RMT-2S 3.2cm X-band radar data are
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utilized in this ring cloud study. Two important pieces of information

are obtained from analysis of this data. The first is that the nighttime

existence of cloud ring structures is established for the first time,

not previously ascertained from ATS satellite cloud observations due

to the daytime visible spectrum nature of the data. From 0200Z to 0600Z
on July 18 ring patterns werc present and persisted in the vicinity of
Discoverer. The second result is an estimate of the height of cloud
ring elements.

The important aspect of cloud droplet size distribution is taken
into consideration here in order to determine whether it is cloud
(<190um) or '"hard core'" precipitation (>100um) droplet echoes that arec
being observed by the Discoverer 3.2cm radar. USAF Air Weather Service
Technical Report 184 dealing with weather radars states that 3cm radars
are preferentially "seeing" ~100pm size droplets. Results of a
wintertime Caribbean area cumulus cloud survey (Braham, Jr. et al., 1957)
show that 70um droplets have a number density of 105/m3. A further
consideration is that the summertime enhanced convective clouds likely
possess a greater number of larger droplets compared to wintertime
clouds and from the Braham Jr. survey of summertime central US cumulus
clouds it is found that developed cumulus congestus are composed of
droplets 50% larger than those making up the smaller fair weather
cumulus humilus. BOMEX ring cloud heights, to be discussed shortly, are
found to be considerably greater than those of the Caribbeap cumulus -
surveyed by Braham, Jr.

Considering all the above it appears likely that the Discoverer‘

radar echoes are largely those from clouds and not soley "hardcore"
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precipitation echoes. Tropical cloud heights determined by the 3.2cm
radar would be somewhat (not excessively) low with respect to its drop-
let detection characteristics. Discussion of this and other factors
affecting the validity of the radar-determined cloud heights follows.
In regard to precipitation BOMEX RFF aircraft cloud film data rcveal
that on July 18 showers occurred in the cloud ring region only after
1700Z. The radar data analyzed here arc those previous to 1700Z.
However, it must be remembered that larger droplets are retained

within a convective cloud by the updrafts.

2.1.2.1 Cloud Height

The major use of the Discoverer weather radar data is for estimating
the heights of the cloud elements making up the ring structures. This
determination provides the other value in the theoretically important

ring cloud pattern diameter-height ratio mentioned earlier. During the

weather observation phase the radar operated in two modes (De La
Moriniere, 1972). Radar echo data obtained in the "normal gain-eleva-
tion step sequence'" mode are used in this study to calculate ring cloud
heights. These follow from the PPI (Plan Position Indicator) scan echo
disappearance elevation (radar antenna elevation is stepped up 1° every
other 12-second revolution) and echo element horizontal distance from
the radar site (obtained from the PPI scope with reference to the

50 nm incrementlrange circles). Figure 9 displays the July 18, 1969
1433Z PPI scan radarscope picture which shows a portion of the ring
system south and southwest of Discoverer. A cloud-earth curvature-radar

site geometry was derived and a computer computation performed,
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Figure 9 BOMEX July 18 1433Z Discoverer Weather Radar PPI Scope Cloud
Echo Picture at 0° Antenna Elevation and Normal Gain (Horizon-
tal Range Circles at 50 nm Intervals).
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yiclding apparent cloud heights above the cloud's local earth surface
subpoint in terms of 1o increment cloud top echo disappearance (beam
center) elevations and 5nm increment horizontal distances. The earth-
curvature-corrected apparent cloud height equation, whose derivation
and the radar observation geometry are discussed in detail in Appendix

B, Part I, is:

=2
OF —
h = Eig- + OF tan B [2-2]

where h is the cloud height, OF is the horizontal distance of the
cloud element from the radar site, B is the echo disappearance elecva-
tion, and RE is the earth's radius, 6370km. Also since the antenna
elevation steps are 10, there is a subjective ecstimate of the cloud
echo disappearance elevation for echo disappearance between steps,
leading to an echo disappecarance elevation uncertainty on the order
of 0.5°.

The apparent cloud heights are a quite valid representation of
cloud top locations with consideration of the implicit assumption that
cloud top is located at radar beam center. But since the radar does
not possess a pencil beam but one which displays a spread with dis-
tance, the cloud tops lie below the beam center and the apparent heights
are too high. This beam spread aspect also leads to an apparent in-
creasc in cloud height with distance for a large random sample of clouds.
The apparent heights must be corrected in this respect to yield in part
"true" cloud heights. It is noted that no 'true" cloud height can lie
below the radar horizon (00 antenna elevation with related increasing

height of horizon above surface with horizontal distance) except if
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beam curvaturc or other variables are present. There is thus a minimum
cloud height visible at a given horizontal distance, which height
increases with that distance.

In addition to the Discoverer radar cloud height corrections for
(a) beam spread which leads to an overestimate of cloud height and
(b) earth curvature (taken into account in Equation |2-2|) which leads
to underestimate, corrcections for the effects of (c) cloud droplet
size distribution leading to height underestimate, (d) beam curvature,
due either to atmospheric refraction resulting from water vapor gradients
or to bounce from tempcraturc inversions, leading to height underesti-
mate or overestimate correlated with the occurrence of skyward or earth-
ward curvature, respectively, and (e) beam side lobes which lead to
height overestimate must bc considered in order to obtain accurate
cloud heights. The latter cffect is considered negligible due to
(1) the reclation between the relatively low cloud reflectivity over
tropical occans and the low power of the side lobec emissions and (2)
the ~3° angle betwcen beam center and side lobe emissions implying that
this effect is only of concern for antenna elevations >~3° (Ruprecht,
personal communication), which elevations are few for clouds observed
on July 18. With regard to the beam curvature effect (d) it is con-
sidered that the observed presence of an inversion and drying aloft in
the Discoverer arca on July 18 leads to earthward beam curvature and
thus an overestimate of cloud heights. Therefore effects (c) and (d)
and the corrections for them will tend to cancel one another and are
assumed to do so here.

For the July 18 1303Z and 1433Z Discoverer weather radar elevation
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scquence observations, the anomalous increase in cloud heights with dis-
tance from the ship (mainly due to the beam spread effect (a)) is ob-
served and cloud height corrections (considering the minimum visible
cloud height aspect) are determined. These are applied to the apperent
heights through a modification of the original cleoud height computcer
program, yielding estimated cloud heights (again given in terms of

cloud echo disappearance elevation and horizontal distance) which are

considered an upper bound, due to the minimum nature of the corrections.

The anomalous cloud height increasc and cloud height correction pro-
cedure are discussed in detail in Appendix B, Part II.

To obtain an idca of the July 18 estimated upper bound ring cloud
heights for the period of the mean ring motion and wmean wind determina-
tions, the well-defined ring #4 is chosen from the South Grid ring re-
gion {Figure 8) wherc the mean ring motion was obtained, which ring 1is
observed on both the 1303Z and 1433Z (Figurc 9) cloud radar pictures.

In correlation with this choice, a visual comparison of the 1303Z and
1433Z radar cloud ring pictures with the 1247Z and 1431Z ATS III cloud
ring pictures, respectively, is made and a good correlation of cloud
elements and locatiors for the given times is found to exist there. The
estimated mean upper bound ring cloud height for Ring #4 at 1303Z is
7400m, at 1433Z is 6800m and is an average over the 1303Z to 1433Z in-
terval of 7100m, with individual cloud heights ranging from 5000 to
11,000m, this latter likely being a large cumulonimbus. The echo dis-
appearance elevation uncertainty of + 0.5° yields uncertainty in the
mean cloud height of + 1300m, based on an ~39 average echo disappearance
elevation at a mean ring cloud element horizontal distance of ~80nm.

The true mean ring cloud heights are cstimated to be “6km, i.c., they
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arc cstimated to be lower than the upper bound heights be an amount
cqual to the 0.5° uncertainty or ~“lkm. Although these results are based
on onec particular ring, there is no reason to believe that it is not
quite representative of all rings in the near area during the period.

The qualitative 5»6 km mean maximum cloud height finding from the
RFF 39C aircraft photographic data (to be discussed in the following
section) is seen to be somewhat in agreement with the radar-estimated
cloud heights, keeping in mind the distance from aircraft and upper
bound height aspects, respectively, connccted with these height deter-
minations. The mean ring motion-wind profile correlation findings and
thermodynamic sounding data to follow tend to support the validity of
the cloud heights estimated from the radar and aircraft observations.

The cloud hecight measurement made in the present study was not previously
available for tropical rings and shows that these rings, in contrast to
those in the subtropics as will be seen later, are composcd of deep
convective clouds.

A method of cloud height determination, based on the above discussed
corrected radar cloud heights program and ATS III digital data brightness
values, was devisced by Reynolds and Vonder Haar (1973). They coincident-
ally chose July 18, 1969 and the Ring #4 region of the BOMEX area during
the 1300Z to 1500Z period for their analysis. Utilizing the nearly sim-
ultanecous Discoverer radar and ATS III observations in the above time
period, a relationship between cloud height and cloud brightness repre-
sented by digital data values was derived. To accomplish this, corres-
ponding cloud elements were located on the nearly simultaneous radar

echo and contoured ATS digitized pictures, the estimated heights of
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these elements were determined in the manner discussed previously in
this section, and the digital valuecs representative of the brightness of
these elements were obtained from the digitized satellite picture. A
graphical plot of cloud height versus digital brightness valuc was made
and the recsult is that cloud brightness (digital value) Increases more
or less linearly with cloud height. Thus it appears that higher (thicker)
clouds arc also brighter clouds. TFor the cloud elements of Ring #4 the
Reynolds and Vonder llaar method yields a mean upper bound cloud height
of 5.3km compared to the 7km mean height found in this study. Since
there is inherent in the above cloud height determination mcthods an
uncertainty in the interpretation of the cloud cche disappearance cleva-
tion due to the 10~step nature of the radar antenna clevation during the
PPI scans, the above difference in Ring #4 cloud height is likely the
result of a lower cstimate of echo disappearance elevation by Reynolds
and Vonder Haar with conscquent lower cloud heights. It should be noted
that both of the above cloud height methods are subject to variations in
ATS TT1I camera system voltage gains and/or radar beam power and rcceiver
gain reduction. Also of note is that there is inherent ambiguity in the
cloud heights determined by the Reynolds and Vonder llaar "cumuliform"
method when the clouds under consideration are thin cirrus, thick

altostratus, and such layers.
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2.1.3. Aircraft Cloud Photography and Meteorlogical Observations

Thesc data fall into two catecgories: (a) supporting; and (b) non-
supporting, in regard to their providing or not providing additional
knowledge of the cloud ring systems occurring in the BOMEX area on

July 18, 1969.

2.1.3.1. Supporting

NOAA RFF DC-6 aircraft cloud film data provide information in the
form of approximate cloud height ranges. RFF flight altitudes on July
18 ranged from ~100 m above the sea surface to -5.4 km. Cloud photo
data from the 39C flight at the latter stated altitude in thc general
vicinity of the ring cloud pattern show cloud tops generally at or bc-
low the aircraft flight altitude, using the aircraft horizontal de-
lineated by the wings as a reference. These findings provide only an
approximate idea of cloud heights {distance from the aircraft changes
the height estimates significantly), but these heights agree generally
with those determined from Discoverer weather radar data as discussed
previously and with those heights inferred from the fixed ship rawin-
sonde temperaturc and moisture scundings and vertical mean upper level
winds to be discussed shortly. The RFF photographic data also show-that
precipitation (showers) occurred in the South Grid cloud ring region
only after .1700Z which is the approximate time that the multiple ring

pattern began to disappear.
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2.1.3.2 Non-Supporting

The RFF and other BOMEX support aircraft flights also provide
temperature and moisture observation data in the general region of thc
BOMEX July 18 cloud ring structures. These data are available at vari-
ous heights above surface in relation to the various flight altitudes.
However, the flights on July 18 were at altitudes considerably above
and/or locations outside the cloud rings themselves and the flight
speeds were relatively high and/or the data resolution relatively low,
yielding no useful quantitative thermodynamic data on the scalc on
the cloud ring structures. Aircraft wind field data at various heighte
are also available for selected flights, but again the observations
were made above and/or outside the specific ring structures. Quantita-
tive thermodynamic and dynamic data are most usefully available from
the fixed ship rawinsonde soundings which are discussed in Section 1.2

to follow. The aircraft data are seen to be of a qualitative naturc

for the most part.

2.1.4 Summarx

In Summary, the BOMEX July 18 cloud ring structure physical des-
cription is as follows: The rings are like doughnuts, consisting of
growing and decaying cumulus cloud wall elements and clear center arcas;
they are somewhat elongated along the mean wind direction over their
depth; they occur singly or in a honeycomb type multiple pattern; they
have a mean diameter of 80 km, a mean cloud wall width of 15 km, and a

mean height of ~6 km; the honeycomb pattern cloud rings have a lifetime
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of 6 hours, while the single rings last for only 1 to 3 hours; they
. o
travel very nearly with the mean wind over their depth, from 100

at 10.5 m/sec; precipitation appears to be confined to deeply developed

ring cloud elcnments; cloud ring structures are observed

during both the daytime and nighttime hours.

2.2 Cloud Ring Thermodynamic Description

Another major aspect of the ring cloud study is that of the synop-
tic scale thermodynamics of the ring and non-ring regions with compari-
son and contrast of these areas. Temperature and moisture are para-
meters important in stability and energy considerations. The rawinsonde
temperature and moisture (specific humidity) soundings at the five
fixed ship stations (Fig. 3) for 1200Z, 1500Z and 1800Z on July 18 are
utilized. Nimbus 3 SIRS-A radiation inversion temperature soundings
for July 18 are also used to extend temperature data above the usual
BOMEX fixed ship 300 mb sounding limit. Surface and sea surface temp-
erature observations at the fixed ships provide knowledge of surface
layer stability and heat fluxes.

Temperature (T) and specific humidity (q) information are extracted
from the published BOMEX 5-second-interval data at either ~20 mb inter-
vals or significant levels such as inversions and dry layers. This method
averages out small variations on the order of 10 mb. Erratic tempera-
ture and relative humidity data (from which are calculated the specific
humidity values) are eliminated and the sounding at that point smoothed.
Temperature and moisture sensor lags due to the rising balloon afe con-

sidered small and are neglected, being present in all the soundings and
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of small consequence in this study which deals with relative differences
in meteorological parameters over various regions and periods of time.
There are two important aspects to note in regard to the BOMEX
meteorological data utilized in the investigation of the July 18, 1969
ring cloud patterns. These aspects apply not only to the temperature
and moisture discussions to follow immediately, but to all BOMEX ther-
modynamic and dynamic data and related parameter discussions. First,
from Fig. 3 it is seen that the five fixed ship and Barbados stations
form a meteorological observation network with a grid point spacing
of 200 to 250 km, while from earlier discussion the ring cloud dia-
meter size is found to be on the order of 60 to 80 km. Ihe obscrving
network and its data are on a scale three to four times that of the
ring clouds and thus the data obtained on the larger grid scale
and utilized in the BOMEX ring cloud investigation, as well as any

findings and derivations therefrom, are synoptic in nature (at the

lower end of the synoptic scale to be correct). There is only one

known instance of data being obtained within a ring cloud structure
itself (Ruprecht et al., 1973) and this event will be discussed in
detail later in the Data Comparisons section.

The second important aspect of the BOMEX data utilized here,
specifically the rawinsonde sounding temperaturec, moisture and wind
data, is that these data are in the uncorrected A0 form (De La
Moriniere, 1972). No analysis of these_data has been made which wouldA
lead to eliminatidn:df.tﬁé‘efratic'ahd-bad daté, due to instrument.and
other errors, which was discussed above. To ﬁake the data usable the
irregularities have to be smoothed out and this is done as has been or

will be described in this paper. However, at present the AO data are
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being converted to the corrected. A form (Holland and Rasmusson, 1973)
by BOMEX data anualysis, utilizing knowledge gained about the nature of
the observations and instrumentation, and these corrected data should
be available in the near future. Preliminary results of the correc-
tion process are that the major portion of the Ao data is good,

lending validity to the ring-'cloud investigation findings in this study.

2.2.1 TemEerature

Fig. 10 displays typical BOMEX area near-ring and non-ring region
temperature and moisture soundings for July 18. In this and subse-
quent figures delineation is made of data obtained within and/or re-
presentative of the ring occurrence area itself (Ring), of data ob-
tained in or representative of ring occurrence boundary regions (Near-
Ring) and of data obtained in or representative of regions away from
ring occurrence (Non-Ring). The 15Z Discoverer sounding is represen-

tative of the near-ring region on July 18, while the 15Z Oceanographer

and 18Z Rainier soundings are typical of the non-ring regions south
and north of the South Grid honeycomb ring pattern. The Nimbus III
SIRS-A temperature soundings for July 18 are also showﬁ. As can be
seen from Figure 3 these soundings were made by the satellite on its
pass from south to north across the BOMEX area at just before 1500Z.
Also soundings number 64 and 66 are seen to be located. very near to...

Oceanographer and Discoverer reépectively. Thus these two soundings - s

are entered on Fig. 10 as high level extensions of the 15Z Oceanographer

and Discoverer rawinsonde sounding data which terminate at around

300 mb. The SiRS-A temperature data are available from 1000 mb to
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1 mb at standard upper air pressure levels by inversion of the infrared
radiative transfer equation using the infrared radiation measurements made
by the Satellite InfraRed Spectrometer (SIRS) radiation sensor. In com-
paring the lower- atmosphere (1000 mb»300 mb) rawinsonde and satellite temp-
erature soundings in Figure 10, it is found that the mean difference be-

tween common level rawinsonde and SIRS temperatures at Oceanographer and

Discoverer is +0.7°C. Difference values of up to +4.0°C are found at
levels where there are large and rapid vertical fluctuations of tempera-
ture. The high levels where the SIRS temperature data are being consi-
dered here display small (~0.50C) differences. A last point about SIRS-A
data is that the output of the instrument and information inferred from
it are results automatically integrated over the 11.5 degrees field of
view (200 + km earth surface spot size) by the instrument. The SIRS-A
temperature sounding is thus not a point measurement of the atmosphere,
whereas the rawinsonde sounding is. Thus the rawinsonde-satellite temp-

erature data comparisons at Oceanographer and Discoverer on July 18 are

area comparisons, but very valid ones in view of the space-time closeness
of the two types of soundings.

Referring to Fig. 10, the following are the general temperaturc
conditions in the BOMEX Ring Study area on July 18, 1969. Note again
that these findings are representative of the 1200Z to 1800Z period. In
the portion of the South Grid region where the rings are numerous (Mt.

Mitchell-Discoverer) and also north to Rainier, the T soundings display

a marked dry adiabatic lapse rate from very near surface (~1015 mb) to

around 920 mb. In the non-ring region to the south (Oceanographer) this

adiabatic lapse rate is not present. In the ring-rich portion of the

South Grid there is also present one or several relatively stable layers
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of generally isothermal or even inversion lapse rate occurring at various
levels between 600 and 800 mb and being up to 50 mb thick. South of this
area the stable layer phenomenon appears periodically. In general the
term ''stable' as used in the discussions in this paper refers to any at-
mospheric temperature lapse rate which is less than the moist adiabatic
through iscthermal and inversion. At the northernmost station Rainier
there is a very pronounced dry adiabatic lapse rate layer (6:313°K)
around 600 mb to 700 mb being approximately 150 mb thick bounded above
and below by inversions. The dry adiabatic layer is rather well mixed
as exemplified by a rather uniform moisture distribution. This air mass
is likely of the '"Saharan" variety which has a 313K potential temperature
mean and is a well mixed air mass. It is known to travel westward from
Africa embedded in the tropical easterly flow and is usually readily
identified by the dust or haze phenomena associated with it, as described
in the literature (Prospero and Carlson, 1971). The dust phenomenon is
noted in July 18, 1969 aircraft turbidity measurements in the vicinity of
the Rainier. From the SIRS-A T-data plots it is seen that the lapse rate
is generally moist adiabatic up to 200 mb or so, then more stable up to
the ~90 mb tropopause where it becomes an inversion lapse prevailing into
the stratosphere. Very little difference is seen between the ring and
non-ring regions in the higher atmosphere above 300 mb. Except for the
variations described above the temperature lapse rates are generally
slightly greater than moist adiabatic from the lower troposphere up to
200 mb; the normal condition in a tropical atmosphere.

Surface (~10 meter level) air and sea surface temperature observa-
tions at the fixed ships are used to define the air-sea surface tempera-

ture difference and thus surface layer stability and heat flux conditions
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in the BOMEX Ring Study area on July 18. These temperature data are ob-
tained from the BOMEX Ship Station Surface Observations (1969). The

results are that at Oceanographer and Mt. Mitchell the July 18 air-sea

temperature differences are -1.8C and -1.1C, respectively (air colder
than sea surface), while from Discoverer north they are effectively zero.

Thus in the ring-rich Mt. Mitchell region and south to Oceanographer the

heat flux is notably from sea to air and the surface layer is somewhat
unstable with respect to this flux, while from Discoverer north therc
is very little heat flux and the surface layer is isothermally stable
with regard to that situation. In regard to the north-south sea temp-
erature variation over the ring grids, the data show that this differ-
ence is about IOC{ air tempcratures display a significantly larger N-S
variation than this and account for the major portion of the N-S air-
sea surface temperaturc difference variation. Therefore the concern

is with the air-sea temperature difference rather than with the very
small latitudinal variations in Tscu is regard to ring occurrence on
July 18. 1t is also of importance to remember that in the tropics the
horizontal gradients of temperature, pressure and moisture are generally
relatively small, with moisture displaying the greatest time-space var-
iations of the three parameters. Numercus references display and/or
discuss these aspects of the tropics, among them Madden et al. (1971),

Oort and Rasmusson (1971) and Atkinson (1971).

2.2.2 Moisture
Reference again to Fig. 10 provides information on the July 18 12Z

to 18Z upper air moisture conditions in the BOMEX Ring Study area. In
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the South Grid ring-rich area there is a sharply defined dry layer be-
ginning at the isothermal or inversion temperature lapse point with rapid

drying above. To the south at Oceanographer there is a same form but

minor drying accompanying the periodic inversion occurrences. To the
north at Rainier there is marked drying accompanying the inversion be-

low the "Saharan' dry adiabatic layer, with the earlier stated generally
well mixed moisture condition prevalent in the latter layer. Also notable

is the general moistness of the Oceanographer and Rockaway soundings in

the 12Z to 18Z period compared to the other ship areas. Further this

moistness is rather uniform vertically at Oceanographer, but shows a bi-

modal moist layer pattern, near surface and ~500 mb, at Rockaway with a
drier layer between at ~700 mb accompanying the temperature inversion.

The moistness at Oceanographer is likely the result of location near the

Intertropical Convergence Zone (ITCZ), while that at Rockaway is due
to the presence of the easterly wave cloud '"tail" (Fig. 2) at or near
the station, with the clouds related to the middle -troposphere moisture

maximum.

2.2.3 General T-q Findings

Several results are obtained by consideration of the rawinsonde
temperature and moisture sounding data together. The first is the
approximate height of the cloud bases in the ring study area. Assuming
parcel ascent and calculating the Lifting Condensation“Levei (LCL)
graphically, the result is a mean theoretical cloud base in the ring

area of ~915 mb or 900 meters above surface. There is little variation
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of this over the region. Theoretical cloud basc obtained from calcula-
tion of the Convective Condensation Level (CCL) agrees well with that
found using the LCL method. These cloud base heights are in good agree-
ment with those observed in tropical ocean regions.

Another result from the T-q combinations observed cn July 18 is
the correlation of these data with the estimated mean ring cloud height
of ~6 km found from the Discoverer weather radar data. With the occur-
rence of the middle level stable and dry layer in the Discoverer-Mt.
Mitchell area, the buildup of convective clouds much above this level
is unlikely due to the stability there and cloud liquid water evapora-
tion and detrainment from relatively slow-growing tropical clouds pene-
trating into the éry layer. Therefore the 600 mb to 700 mb level stable,
dry layer likely limits the ring clouds to ~500 mb (~6 km)} such that
these clouds are confined in general to the lower half of the tropo-
sphere by this '"1id' phenomenon.

The existence of the stable layer(s) with marked drying at lower
middle tropospheric levels can be reasonably explained by the presence

of a synoptic scale subsidence at and above these levels over the ring

study area north of Mt. Mitchell on July 18. Referring back to Figs.

4 through 6 it is noted, as was mentioned in the Introduction, that this
area is under the influence of a surface synoptic high pressure and
easterly flow ridge system and this meteorological situation is charac-
terized by subsidence in general. The ring areas are somewhat south

of the anticyclonic center and thus the magnitude and depth of the sub-
sidence there would be expected to be somewhat less than that further
north, the subsidence to the south likely occurring more generally aloft

with some convergence near the surface. This agrces with the thermodynamic .
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findings and further the divergence and relative vorticity dynamic re-
sults presented in the next section tend to verify this occurrence.
Thus with this subsident flow occurring there is present a mechanism
for maintaining the stable layer with drying and thereby limiting con-
vective cloud growth to heights not exceedingly greater than the stable
layer height. Also these stable and dry layers are likely parts of the
normal trade wind inversion occurrence resulting from the general sub-
tropical high pressure (STHP) subsidence climatologically present north
of the ring areas at 25N to 30N in July (Oort and Rasmusson, 1971).

Two points of interest which should be kept in mind when considering
the general T-q results presented here are the disappearance of the
South Grid honeycomb ring pattern between 15Z and 18Z on July 18 and the
presence, though short-lived, of two rings in the North Grid. The re-
sults presented are those generally representative of the areas and
time period stated, but there are obviously some changes occurring
causing the ring pattern disappearance or short duration of rings.

These aspects also bring up the point that there are obviously necessary
and sufficient conditions for ring formation and that the presence of
a single parameter is not grounds for forecasting ring occurrence, as

the T-q results show.

2.2.4 Summary
In Summary, the BOMEX July 18 cloud ring structure synoptic scale
thermodynamic description is as follows: In the South Grid ring occur-

rence area the near surface layer is moist and nearly dry adiabatically
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unstable, while at the middle or lower middle levels (600 mb-800 mb)

a relatively stable lapse ratc layer is prescnt with considerable drying
at and above the stable layer; except for the above the lapse rate is
slightly greater than moist adiabatic to ~200 mb; above 200 mb the

lapse rate becomes more stable and the tropopause is located at ~90 mb;
there exists a 1°C+ excess of sea surface temperature over surface air
temperature with corresponding upward hea~ energy flux from the surface.
In the non-ring regions the near surface 'instable layer and/or the
middle level stable layer are absent; in »lace of the dry, stable layer
the atmosphere is relatively moist; above 300 mb the temperature sound-
ing in the non-ring area does not differ significantly from that in the
ring occurrence area; the air-sea surface temperature difference is cs-
sentially zero or exhibits a small air temperature excess with consec-

quent downward heat energy flux.

2.3 Cloud Ring Dynamic Description

The third major descriptor of the clcud ring systems and their
environment is the synoptic scale wind field, horizontal and vertical,
and the associated dynamic properties of c¢ivergence and relative vorti-
city. Due to the large-scale nature of the data grid compared to the
rings, it is not possible, with the data available for this study, to
present quantitative results of the mass motions in the rings themselves.
But in a qualitative way results about cloud ring mass motions are
available from visual observation of the resulting pattern. With the

evidence of a persistent cloud ring wall and clear center, the obvious
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and only physical atmospheric process that can result in such a pattern
is ascent in the cloud wall region and subsidence (or at least no rising

motion of note) in the center of the ring.

2.3.1 Winds

Most all wind analysis in this study is based on the fixed ship and
Barbados rawinéonde data. However, supporting data were obtained from a
rather new method of obtaining winds, utilizing computer correlation of
cloud displacements from ATS digital data. The rawinsonde wind data are
treated in a manner similar to the temperature and moisture data except
that the wind data are considered over a longer period of time on July 18.
This is due, in part, to the occurrence of many missing wind observations
in the 3-hourly rawinsonde flights at Rockaway, but primarily due to the
desire to look at the dynamics outside the time span of the numerous
ring occurrences. A station with winds missing at a standard observa-
tion time in the experiment negates obtaining area-average divergence,
vertical motion, and relative vorticity values, due to the method used
to obtain these results which will be discussed shortly.

An important point in regard to the general wind analysis should
be noted at this time. In pursuing the analysis of wind profiles and
cloud motion comparisons, it became evident that Rainier winds at all
levels to ~300 mb are westerly and thus considerably in opposition to
the easterly flow at Rockaway and south, while all stations are undef
the influence of the easterly flow on the southern side of the aforemen-

tioned surface high pressure system to the north of the ring grids.
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Thus the Rainier wind data were dropped from consideration in this study.
Also in regard to missing wind data, inferring winds geostrophically
from the pressure field is ignored because of the closeness of the BOMEX
region to the equator where the geos*rophic approximation becomes uncer-
tain.

Wind data (u and v components) arc extracted from the rawinsonde
soundings at 50 mb intervals or at significant levels from 1000 mb to
sounding termination generally occurring around 300 to 400 mb. The
considered wind data for the fixed ships excluding Rainier cover the
period from 0300Z on July 18 to 0000Z on July 19, while for island sta-
tion Barbados the period covered is 0600Z on July 18 to 0600Z on
July 18.

The first use of the wind data is to compare'the mean ring motion

in the area between Mt. Mitchell and Discoverer during the period 1247Z

to 14317 on July 18, as discussed earlier, with the mean wind profile
in that area during that period. To obtain the mean wind profile, the

12Z and 15Z wind data at Mt. Mitchell and Discoverer at the 1000, 850,

700, 600, 500 and 400 mb levels are utilized. The wind data levels
above are chosen for their approximately equal vertical spacing (~1500 m)
to avoid the necessity of weighting vertical averages. Utilizing the
above data a space-time mean wind at each wind level over the South Grid
honeycomb ring pattern occurrence time and region is calculated, along
with the vertical means of the space-time individual wind level means
between 850 mb and 600, :00 and 400 mb. The Fig. 11 space-time cross

section displays the Mt. Mitchell-Discoverer area wind profiles (plotted

in conventional symbols) at 12ZZ and 15Z, along with other available
wind profiles at the fixed ship stations during the 12Z to 18Z period,

all of which will be discussed further on.
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findings and further the divergence and relative vorticity dynamic re-
sults presented in the next section tend to verify this occurrence.
Thus with this subsident flow occurring there is present a mechanism
for maintaining the stable layer with drying and thereby limiting con-
vective cloud growth to heights not exceedingly greater than the stable
layer height. Also these stable and dry layers are likely parts of the
normal trade wind inversion occurrence resulting from the general sub-
tropical high pressure (STHP) subsidence climatologically present north
of the ring areas at 25N to 30N in July (Oort and Rasmusson, 1971).

Two points of interest which should be kept in mind when considering
the general T-q results presented here are the disappearance of the
South Grid honeycomb ring pattern between 15Z and 18Z on July 18 and the
presence, though short-lived, of two rings in the North Grid. The re-
sults presented are those generally representative of the areas and
time period stated, but there are obviously some changes occurring
causing the ring pattern disappearance or short duration of rings.

These aspects also bring up the point that there are obviously necessary
and sufficient conditions for ring formation and that the presence of
a single parameter is not grounds for forecasting ring occurrence, as

the T-q results show.

2.2.4 Summary
In Summary, the BOMEX July 18 cloud ring structure synoptic scale
thermodynamic description is as follows: In the South Grid ring occur-

rence area the near surface layer is moist and nearly dry adiabatically



42

unstable, while at the middle or lower middle levels (600 mb>800 mb)

a relatively stable lapse ratc layer is prescnt with considerable drying
at and above the stable layer; except for the above the lapse rate is
slightly greater than moist adiabatic to ~200 mb; above 200 mb the

lapse rate becomes more stablc and the tropopause is located at ~90 mb;
there exists a 1°C+ excess of sea surface temperature over surface air
temperature with corresponding upward hea® energy flux from the surface.
In the non-ring regions the near surface :instable layer and/or the
middle level stable layer arc absent; in »lace of the dry, stable layer
the atmosphere is relatively moist; above 300 mb the temperature sound-
ing in the non-ring area does not differ significantly from that in the
ring occurrence area; the air-sea surface temperature difference is cs-
sentially zero or exhibits a small air temperature excess with conse-

quent downward heat energy flux.

2.3 Cloud Ring Dynamic Description

The third major descriptor of the cloud ring systems and their
environment is the synoptic scale wind field, horizontal and vertical,
and the associated dynamic properties of c¢ivergence and relative vorti-
city. Due to the large-scale nature of tte data grid compared to the
rings, it is not possible, with the data available for this study, to
present quantitative results of the mass motions in the rings themselves.
But in a qualitative way results about cloud ring mass motions are
available from visual observation of the resulting pattern. With the

evidence of a persistent cloud ring wall and clear center, the obvious
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and only physical atmospheric process that can result in such a pattern
is ascent in the cloud wall region and subsidence (or at least no rising

motion of note) in the center of the ring.

2.3.1 Winds

Most all wind analysis in this study is based on the fixed ship and
Barbados rawinéonde data. However, supporting data were obtained from a
rather new method of obtaining winds, utilizing computer correlation of
cloud displacements from ATS digital data. The rawinsonde wind data are
treated in a manner similar to the temperature and moisture data except
that the wind data are considered over a longer period of time on July 18.
This is due, in part, to the occurrence of many missing wind observations
in the 3-hourly rawinsonde flights at Rockaway,but primarily due to the
desire to look at the dynamics outside the time span of the numerous
ring occurrences. A station with winds missing at a standard observa-
tion time in the experiment negates obtaining area-average divergence,
vertical motion, and relative vorticity values, due to the method used
to obtain these results which will be discussed shortly.

An important point in regard to the general wind analysis should
be noted at this time. In pursuing the analysis of wind profiles and
cloud motion comparisons, it became evident that Rainier winds at all
levels to ~300 mb are westerly and thus considerably in opposition to
the easterly flow at Rockaway and south, while all statiéns are undef
the influence of the easterly flow on the southern side of the aforemen-

tioned surface high pressure system to the north of the ring grids.
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Thus the Rainier wind data were dropped from consideration in this study.
Also in regard to missing wind data, inferring winds geostrophically
from the pressure field is ignored btecause of the closeness of the BOMEX
region to the equator where the geos®rophic approximation beccmes uncer-
tain.

Wind data (u and v components) are extracted from the rawinsonde
soundings at 50 mb intervals or at significant levels from 1000 mb to
sounding termination generally occurring around 300 to 400 mb. The
considered wind data for the fixed ships excluding Rainier cover the
period from 0300Z on July 18 to 0000Z on July 19, while for island sta-
tion Barbados the period covered is 0600Z on July 1& to 0600Z on
July 19,

The first use of the wind data is to compare'the mean ring motion
in the area between Mt. Mitchell and Discoverer during the period 12477
to 1431Z on July 18, as discussed earlier, with the mean wind profile
in that area during that period. To obtain the mean wind profile, the

12Z and 15Z wind data at Mt. Mitchell and Discoverer at the 1000, 850,

700, 600, 500 and 4C0 mb levels are utilized. The wind data levels
above are chosen for their approximately equal vertical spacing (~1500 m)
to avoid the necessity of weighting vertical averages. Utilizing the
above data a space-time mean wind at each wind level over the South Grid
honeycomb ring pattern occurrence time and region is calculated, along
with the vertical means of the space-~time individual wind level means
between 850 mb and 600, 500 and 400 mb. The Fig. 11 space-time cross

section displays the Mt. Mitchell-Discoverer area wind profiles (plotted

in conventional symbo.s) at 12Z and 15Z, along with other available
wind profiles at the fixed ship stations during the 12Z to 18Z period,

all of which will be discussed further on.
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The results of the averaging procedure are that the mean wind be-
tween 850 mb and 400 mb in the ring occurrence region is flow from 104
degrees at 9 m/sec. Comparing this with the mean ring motion of 101
degrees at 10.5 m/sec it is seen that the directions are very comparable,
but that the speed of the rings is significantly greater than the mean
wind over the 850 to 400 mb layer. This confirms the earlier results
showing that the ring clouds do not extend to 400 mb since it is not
likely that the ring clouds travel faster than the wind. But is is ob-
served that above 700 mb the wind speed drops off noticably with height.
The 850 mb to 500 mb layer mean wind results are 097° ay 10.2 m/sec
where now both wind speed and direction agree well with mean ring motion.
Taking the 850 mb to 600 mb mean yields a mean wind of the same direc-
tion but somewhat higher speed. Thus in consideration of the reasonable
hypothesis (important, in need of investigation) that the ring clouds
travel with or at slightly less than the mean wind speed over their
depth and in the same general direction as the wind over that depth,
the results found here seem to indicate that the clouds extend to heights
not much above 500 mb and this finding from the wind data is in general
agreement with the radar and aircraft estimated cloud height and ther-
modynamic sounding inferred cloud height results discussed earlier.

There is, therefore, now good evidence that the ring clouds on July 18
in the South Grid region are confined with respect to height to the
middle troposphere or slightly lower.

The next wind analysis deals with the wind profiles in and beyond
the ring occurrenée region and over the period of occurrence. The July
18 12Z, 15Z and 18Z wind sounding data from 1000 mb to 300 mb for the

fixed ships Oceanographer north to Rockaway are used. These wind data
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and only physical atmospheric process that can result in such a pattern
is ascent in the cloud wall region and subsidence (or at least no rising

motion of note) in the center of the ring.

2.3.1 Winds

Most all wind analysis in this study is based on the fixed ship and
Barbados rawinéonde data. However, supporting data were obtained from a
rather new method of obtaining winds, utilizing computer correlation of
cloud displacements from ATS digital data. The rawinsonde wind data are
treated in a manner similar to the temperature and moisture data except
that the wind data are considered over a longer period of time on July 18.
This is due, in part, to the occurrence of many missing wind observations
in the 3-hourly rawinsonde flights at Rockaway,but primarily due to the
desire to look at the dynamics outside the time span of the numerous
ring occurrences. A station with winds missing at a standard observa-
tion time in the experiment negates obtaining area-average divergence,
vertical motion, and relative vorticity values, due to the method used
to obtain these results which will be discussed shortly.

An important point in regard to the general wind analysis should
be noted at this time. In pursuing the analysis of wind profiles and
cloud motion comparisons, it became evident that Rainier winds at all
levels to ~300 mb are westerly and thus considerably in opposition to
the easterly flow at Rockaway and south, while all stations are undef
the influence of the easterly flow on the southern side of the aforemen-

tioned surface high pressure system to the north of the ring grids.
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Thus the Rainier wind data were dropped from consideration in this study.
Also in regard to missing wind data, inferring winds geostrophically
from the pressure field is ignored because of the closeness of the BOMEX
region to the equator where the geostrophic approximation becomes uncer-
tain.

Wind data (u and v components) are extracted from the rawinsonde
soundings at 50 mb intervals or at significant levels from 1000 mb to
sounding termination generally occurring around 300 to 400 mb. The
considered wind data for the fixed ships excluding Rainier cover the
period from 0300Z on July 18 to 0000Z on July 19, while for island sta-
tion Barbados the period covered is 0600Z on July 18 to 0600Z on
July 19.

The first use of the wind data is to compare'the mean ring motion
in the area between Mt. Mitchell and Discoverer during the period 1247Z
to 1431Z on July 18, as discussed earlier, with the mean wind profile
in that area during that period. To obtain the mean wind profile, the

12Z and 157 wind data at Mt. Mitchell and Discoverer at the 1000, 850,

700, 600, 500 and 400 mb levels are utilized. The wind data levels
above are chosen for their avproximetely equal vertical spacing (~1500 m)
to avoid the necessity of weighting vertical averages. Utilizing the
above data a space-time mean wind at each wind level over the South Grid
honeycomb ring pattern occurrence time and region is calculated, along
with the vertical means of the space-time individual wind level means
between 850 mb and 600, 500 and 400 mb. The Fig. 11 space-time cross

section displays the Mt. Mitchell-Discoverer area wind profiles (plotted

2Z and 15Z, along with other available

jENY

in conventional symbo.s) at
wind profiles at the fixed ship stations during the 12Z to 18Z period,

all of which will be discussed further on.
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The results of the averaging procedure are that the mean wind be-
tween 850 mb and 400 mb in the ring occurrence region is flow from 104
degrees at 9 m/sec. Comparing this with the mean ring motion of 101
degrees at 10.5 m/sec it is seen that the directions are very comparable,
but that the speed of the rings is significantly greater than the mean
wind over the 850 to 400 mb layer. This confirms the earlier results
showing that the ring clouds do not extend to 400 mb since it is not
likely that the ring clouds travel faster than the wind. But is is ob-
served that above 700 mb the wind speed drops off noticably with height.
The 850 mb to 500 mb layer mean wind results are 097° ay 10.2 m/sec
where now both wind speed and direction agree well with mean ring motion.
Taking the 850 mb to 600 mb mean yields a mean wind of the same direc-
tion but somewhat higher speed. Thus in consideration of the reasonable
hypothesis (important, in need of investigation) that the ring clouds
travel with or at slightly less than the mean wind speed over their
depth and in the same general direction as the wind over that depth,
the results found here seem to indicate that the clouds extend to heights
not much above 500 mb and this finding from the wind data is in general
agreement with the radar and aircraft estimated cloud height and ther-
modynamic sounding inferred cloud height results discussed earlier.

There is, therefore, now good evidence that the ring clouds on July 18
in the South Grid region are confined with respect to height to the
middle troposphere or slightly lower,

The next wind analysis deals with the wind profiles in and beyond
the ring occurrenée region and over the period of occurrence. The July
18 12Z, 15Z and 18Z wind sounding data from 1000 mb to 300 mb for the

fixed ships Oceanographer north to Rockaway are used. These wind data
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are presented in Fig. 11 . From this figure it is seen that in the near-

ring region of Mt. Mitchell and Discoverer the vertical shear of the

horizontal wind between 900 mb and 500 mb (the cloud depth layer) is on
the order of 5 to 10 knots (2.5 to 5 m/sec) and 20 degrees. It is ob-

served that the speed shear is a positive one aloft at Mt. Mitchell and

a negative one aloft at Discoverer. Thus between these two stationms,

where the numerous rings occur, it appears that the vertical shear is

quite small, on the order of a few knots in speed and small in direc-

tion. Vertical mean wind in this area, as stated previously and valid
also for 18Z, is on the order of 100° at 10 m/sec.

In the non-ring regions of Oceanographer and Rockaway it is seen

that the 900 mb to 500 mb shear is on the order of 15 knots (7.5 m/sec)
and 30° to 500, the latter being present at Rockaway. Also it is noted
in the high level data available that therc is a general shift at all
stations to more southerly flow with slightly decreased speeds compared
to the levels below. Vertical mean winds in the non-ring areas show

Oceanographer spceds slightly less than those in the ring area and

Rockaway speeds notably higher. These results are generally represen-
tative of the 12Z to 18Z period.

In regard to the horizontal shear of the wind from Oceanographer

north to Rockaway, it is seen from Figure 11 that in the low levels
the easterly wind speed increase is on the order of 20 knots (10 m/sec)
with individually higher values. In the middle levels (500 to 600 mb)
there is seen to be little or no speed change south to north. The
higher levels show the reverse of the low level horizontal shear, dis-

playing an easterly wind speed decrease north, but this result must be
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considered in regard to much missing wind cdata at these levels. Between
stations the horizontal speed shear is on the order of 5 to 10 knots
(2.5 to 5 m/sec) with not any notable difference between ring and non-
ring areas. The low level increase of easterly wind speed going north
constitutes one possible important mechanism for initiating and/or
maintaining ring cloud circulation. This shear is a cyclonic one imply-
ing near surface frictional convergence, the CISK (Conditional Insta-
bility of the Second Kind) mechanism detailed by Charney and Eliassen
(1964) in their discussion of tropical depression development. No
pattern of directional shear south to north or between stations in ring
and non-ring areas is evident.

In regard to time-height cross section analysis, the above wind
field results are found to be generally applicable to the time periods

a few hours before 12Z and after 18Z.

2.3.2 Divergence

This and the next two sections deal with the dynamic characteristics
of the BOMEX Ring Study area on July 18 which are derived from the basic
u and v component wind data. Fixed ship (excluding Rainier) and
Barbados surface winds and upper air wind data at 50 mb intervals from
1000 mb to 300 mb are utilized. Fixed ship data times of 03Z, 09Z and
15Z on July 18 and 00Z on July 1S are considered. To obtain Barbados
data for these times, time interpolation of the July 18 06Z and 18Z
and July 19 06Z observations wind data is performed. Missing desired
levels wind data in the vertical are obtained by linear interpolation;
BOMEX Ship Station Surface Observations (1969) wind data provide in-

terpolation data for the case of near surface missing winds.
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The first dynamic parameter to be discussed is the horizontal ve-
locity divergence in the ring study area on July 18. To obtain values
of this parameter a method based on first principles is employed. This
method is discussed by Vonder Haar and Smith (1971) and starts with the
first principle of horizontal divergence:

DIV v Ju . oV

2 = a—x— -é-—-}; [2—3]

&%

1
A

where A 1is the horizontal area of a fluid element whose boundary is
delineated by a continuous chain of fluid particles and V is the at-
mospheric wind velocity vector. From this a '"polygon'" method of ob-
taining the time rate of change of urea of the fluid element (and con-
sequently the divergence) by noting the displacements with time of
the fluid particles forming the element boundary is constructed, where
the N polygon vertices of an N-sided polvgon of area AN are formed
by given fluid element boundary particles (clouds). The assumption of
cloud element motion with the wind is made. It is understood that the
area change must be small compared to the area or there will be great
uncertainty as to the value of AN to be used. Also the greater the
number of polygon vertices, the more accurate will be the results ob-
tained from this divergence method. The details of this '"polygon"
method are discussed in Appendix C, Part I.

However for the purposes of this study the wind data are available
in u and v components and not in cloud displacement coordinates.
Thus the available wind data are translated into latitude-longitude

cloud displacement coordinates. The conversion from u and v wind



components to cloud displacement coordinates for the fixed ships and
Barbados data at the times stated above, as well as the calculation
of 50 mb interval divergence using the modified equation [2-3] dis-
cussed in Appendix C, are accomplished by computer with the u and v
wind components at 50 mb intervals as data input. Where wind data are
missing at a given observation time and level at one of the ships or
Barbados forming a given triangle, the form of polygon used in this
cloud ring study, the nolvgon dnes not exist and no divergence value
can be obtained over that area at that time. It is understood here
that the divergence values obtained are representative of the area
covered by the pelygon and are not point values. The fixed ship-
Barbados station combinatiors making up the four triangular polygons
used to obtain July 18 divergence and other dynamic parameter values
are shown in Table 2 along with pertinent information about the poly-

gons. Reference to Fig. 3 helps.to locate the polygons visually.

TABLE 2

BOMEX FIXED SHIPS - BARBADOS POLYGON DATA

Polygon No. Stations Midpoint Location Area, sz
1 0C, MM, DIS 106.3 N 54.4 W 103317
2 MM, DIS, ROCK 12.8 N 55.2 W 60775
3 MM, DIS, BARB 12.2 N 56.6 W 85085
4 DIS, ROCK, BARB 13.7 N 56.5 W 65637

0C=Oceanographer, MM=Mt. Mitchell, DIS=Discoverer, ROCK=Rockaway,
BARB=Barbados, W. I.
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Horizontal divergence profiles are obtained for as many of the
polygons as are defined at the 03Z, 09Z, 15Z and 00Z times. At 15Z
on July 18 all four polygons are defined and the divergence profile
results for this time are presented in Fig. 12 . These results describe
the divergence situation during the time of maximum South Grid ring oc-
curence and cover both the ring and non-ring regions. The profile
itself should be considered more important than the absolute magnitudes
of the individual data points, especially in regard to those which show
large fluctuations due most likely to triangle polygon use rather than
more numerous vertex polygons, which triangle polygons tend to emphasize
a major wind fluctuation at one of their station vertices. From Fig. 12
it is seen that in the South Grid ring area (Polygon 1) there is low
level convergence and middle level divergence, with a return to con-
vergence in the high levels. Volygon 3, covering the non-ring area
west of the rings, shows a very similar profile except that there is
no high level convergence evident. Polygons 2 and 4, representative
of non-ring regions, display generally more convergence than do Poly-
gons 1 and 3, especially in the low levels and notably in the Polygon
4 area in the upper middle and higher levels. Polygon 2, somewhat
closer to the ring area than Polygon 4, shows generally the same mid-
dle level profile as Polygon 1. In regard to the large fluctuations
in divergence values between 600 mb and 800 mb for Polygons 2 and 4,
the wind data for 15Z at Discoverer and Rockaway show relatively
large wind speeds present at these pressure levels compéred to.neigh—
boring levels. Finally the additional dive}gence profile results at
the times before and after 157 show general similarity to the 15Z

findings.
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2.3.3 Vertical Velocity

The next dynamic parameter of interest and one which follows from
the horizontal divergence calculations is the vertical motion field in
the ring study area and its variations between ring and non-ring regions.
As stated earlier wind data at the same times and stations are utilized
in all the dynamic analyses on July 18. This pafameter follows from
the divergence as a result of the kinematic method employed to obtain
vertical velocity, that of the pressure coordinates (pressure P re-
places height Z as the vertical coordinate) continuity equation

(hydrostatic equilibrium assumption implicit):

ap )
av | 3w
-+ — + — = O [2-4]
p (By}P aP

where uE%% is the vertical velocity in millibars per second and

u v

—_— o —

is the horizontal divergence, DIV
ax Yy

, » measured along a
p &
constant pressure surface as is that obtained in this study since all
wind data are being considered at given pressure levels. Equation [2-4]
is integrated over a layer of atmosphere from its lower boundary pres-
sure P1 to its upper boundary pressure PZ(P1>P2) to obtain the

vertical velocity equation:

W, = + DIV, [P, - P_] [2-5]

[EY
[y

where Wy and w, are the vertical velocities at the lower and upper
boundaries of the layer, respectively, and DIV, is the mean divergence

in that layer. Note that downward motion is positive in the w vertical

motion system. The hydrostatic assumption is valid due to the synoptic
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scale nature of the wind data used. Tf later data hecome available
on the scale of the ring clouds themselves, then great care must be
taken as to the assumptions made due to the smaller space scale (meso-
scale) nature of the rings.

Vertical motion profiles are computer calculated from Equation
[2-5] for the four polygon areas and July 18 03Z, 09Z and 15Z and July
19 00Z times. Vertical velocities are obtained at 50 mb intervals from
975 mb to 275 mb, utilizing the previously calculated 50 mb interval
horizontal divergence values as the means of 50 mb thick layers. At the
earth's surface «w=0 1is assumed; no upper boundary condition is im-
posed because of the 300 mb level rawinsonde data limit. Where polygon
divergence values are missing, no vertical motion computations are pos-
sible. As with the divergence results, the vertical velocity values
are representative of the polygon areas as a whole. The w vertical
velocities are then converted to the w form in cm/sec, employing

for this the hydrostatic conversion:

w = -pgw [2-6]

where p 1is the air density at the pressure level where « 1is being
considered and g 1is the gravitational acceleration, 980 cm/sec2

The vertical velocity profiles for 15002 on July 18 in the four
polygon areas are shown in Fig. 13. In the ring cloud region (Polygon
1) the vertical motion is upward between the surface and ~700 mb and
is downward (subsidence) at levels above this. Above 350 mb there is
an apparent return to upward flow. In the non-ring region (Polygon 2)

the vertical motion is upward at all levels except the highest around
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and above 400 mb. At the other wind data times giving July 18 vertical
motion results it is observed that in the hours somewhat before 15Z,
the Polygon 1 ring region profile is similar to that at 15Z, while in
hours after 15Z it changes to one of upward motion at all levels. For
the Polygon 2 non-ring area the earlier profile is also quite similar
to that at 15Z while the later profile changes to one of downward mo-
tion at levels above 650 mb. At 15Z the Polygon 3 area shows low level
upward motion and middle to higher level downward motion, very similar
to Polygon 1, while the Polygon 4 area shows generally upward motion
at all levels similar to Polygon 2. The Polygons 3 and 4 profiles
show no great change in the periods before and after 15Z.

These results demonstrate the existence (hypothesized earlier)
of subsident vertical motion in the middle and higher levels of the
troposphere in the ring region, which correlates now with the findings
of stable, dry middle and higher levels from the thermodynamic data and
the radar cloud heights upper bound occurring at middle tropospheric
levels. These three findings together indicate the existence of a
ring cloud height limiting mechanism in the form of a general synoptic
subsidence with capping of the ring cloud vertical circulations by the
stable ''1id" produced. The lower levels in the ring occurrence region
show upward motion concurrent with low level convergence. The non-ring
regions show gencrally upward motion at all levels, although there is
some decrease in this motion at the higher levels in some of the non-
ring region profiles. Also the earlier discussed disappearance of the
"honeycomb' ring pattern in the South Grid area between 15Z and 18Z
is correlated with the change in the Polygon 1 area vertical motion

profile between 15Z and later times, over which period the motion
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changes to upward at all levels. The generally upward motion in the
non-ring (polygons 2 and 4) regions correlates with the ecasterly wave
cloud "tail" extending into these regions with attendant general con-

vergence and resultant dense cloudiness.

2.3.4 Relative Vorticity

The final but important dynamic parameter is the relative vorticity
in the ring and non-ring regions of the BOMEX Ring Study area on July 18.
A first principles equation for relative vorticity is modified to a form
which utilizes the wind data and polygons in the same manner as that
used in the divergence calculation. The u and v component wind data,
converted to cloud displacement coordinates as in the divergence com-
putations, are used to obtain relative vorticity values. The deriva-
tion of the modified relative vorticity equation to be used in the ac-
tual calculations, again based on the presentation by Vonder Haar and
Smith (1971), is given in Appendix C, Part II. The first principles

equation is:

C _ sV.ds

SR VY

[2-7]

where ¢ 1is the relative vorticity or vertical component of the total
vorticity, (2% , C 1is the circulation >f the fluid obtained by in-
tegration of the velocity vector V around a closed curve whose in-
finitesimal element is ds , and AN is again the area of the N-sided
polygon with N vertices. Positive (cyclonic) and negative (anti-

cyclonic) relative vorticity follows from the "right hand screw rule"

sign convention for integration around closed curves.



Computer-calculated polygon-area-average relative vort!. il pr

files are obtained from the modified equation [2-71 for the oy roi,

gons and July 18 03Z, 09Z and 15 and July 19
calculated at 50 mb intervals from 1000 mb to 300 mb. Agnin, nf-ei-
wind data negates computation of polygon relative vorticity profile:s.

The relative vorticity profiles in the BOMEX Ring Study area at

1500Z on July 18 are shown in Fig. 14 . This shows that in thas ring

region (Polygon 1) cyclonic vorticity prevails, weakly in the lovest

all levels, though somewhat small, with

anticyclonic fluctuation frem <he mean bHetweon ~507 nb od 700 mh I
to the aforementioned relatively high wind speeds wi thso. T.a 1.
Discoverer and Rockaway at 15Z. At the sarlier times of interozt the
Polygon 1 ring region profiles are similar %o that a2+t 1
15Z the lower level part of the profile changes to anticyclonic vor-
ticity values. The Polygon 2 non-ring region profiles before nnd after
15Z show generally little change from that at 157, with the 007 July 17
profile showing a major anticyclonic vorticity fluctuation present
at ~600 mb to 700 mb similar to that at 15Z. Polygon 3 at 15Z shows
generally anticyclonic vorticity except very near surfacc and between
~700 mb and 800 mb. At the ecarlicr and later times Polygeon 3 displays
anticyclonic vorticityat all levels. Polygon 4 at 15Z shows & marked
cyclonic vorticity profile which is little changed at the later time.
Altogether these results gencrally show a cyclonic vorticity oo

sent in the lower and middle troposphere regions where the ring ofoud
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3

systems appear to be confined, while the upper troposphere reg ons Wil
data is available display an anticyclonic vorticity. These results
correlate well with the ring occurrence region low level ¢,clonic w2
high level anticyclonic horizontal wind shears discussed carlicr. The
non-ring regions, especially that near the easterly wave cloud "raii',
display generally marked cyclonic vorticity at all levels. Also th
observed change in the Polygon 1 area lower level profile from cycloni
to anticyclonic vorticity between 15Z and 00Z correlates with the oh-

served disappearance of the honeycomb ring system at 187.

2.3.5 Summary

In Summary the BOMEX July 1€ cloud ring structure synoptic scale
dynamic description is as follows: Tn the South Grid ring ocrurrence
region horizontal winds are generally easterly at speeds on the order
of 5 to 10 m/sec, they display 900 mb>500 mb cloud depth layer vert:
cal shear of -20° and 2.5 m/sec to 5 m/sec, and they display an inter-
ship station horizontal shear in spced of ~2.5 m/sec to 5 m/sec per
250 km. The horizontal shear is cyclonic in the low levels chargin
to anticyclonic in the high levels. In the non-ring areas the gencrally
easterly horizontal wind vertical shear is 30° to 50° and ~7.5 m/see
over the 900 mb»500 mb layer, the horizontal wind speeds are ncar or
notably higher than those in the ring region, and the horizontal shear
between ship stations is essentially the same in magnitude and nature
as that prevalent in the ring region. In the ring area in the low

levels weak convergence, upward motion and weak cyclonic relative

vorticity conditions are prevalent, while in the middle ic¢vols diveorveu,
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subsidence and greater cyclonic relative vorticity are observed. In
the higher levels there is a return to convergence and upward motion,
with a change to anticyclonic relative vorticity. In the non-ring
regions convergence, upward motion and cyclonic relative vorticity are
in general prevalent at all levels. In the ring occurrence region,

but in the period from 18Z on when the rings are observed to disappear,
the dynamic conditions are observed to change to those similar to non-

ring region conditions.
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3.0 CLOUD RING - TROPICAL ATMOSPHERE COMPARISONS

Having determined the physical! (phenomenological) properties of
the rings and the thermodynamic and dynamic conditions prevalent during
the cloud ring occurrence situation of July 18, 1969 in the BOMEX area,
it is now desired to compare that situation with the BOMEX Phase IV
periods a whole and with the work of other cloud ring investigators.
A comparison of cloud ring and mean tropical conditions (Loranger,

1974) is not discussed in detail herce, but is summarized in Section

4.0

3.1 Physical Comparisons

Table 3 presents a summary listivg of cloud ring physical proper-

ties found by various investigators including the BOMEX =tudv, TFor the

the mean locations of a set of ring structures used in that particular
analysis. The Ruprecht et al. (1973} study involves only the single
ring observed on March 19, 1965. Note is taken that one of the physi-
cal studies is accomplished using only aon-gersyncironsus TIROS 1
satellite data and another using only weather radar data. This data
usage leads to the observed lack of ring lifetiue informaticn for the
non-geosynchronous data study and to an indeterminant iifetime for the
radar data case.

The table shows that the ring sizes are all on the order of ap-
proximately 60 km mean inside diametor theugh with notable variations.
The 50 km mean ring diameter found by Krueger and Fritz (1961) in

smallest of the four results.
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TABLE 3

CLOUD RING PHYSICAL DESCRIPTION

Comparison of Various Investigation Findings

SOURCE/ DATE DATA SOURCES(S)] LOCATION RING SIZE RING CLOUD RING DIAMETER :'RING LIFETIME}| MISCELLANEOUS
INVESTIGATOR (S) (mean) (Diameter) HEIGHTS TO RING CLOUD |OB=0OBSERVED CHARACTERISTICS
km km HEIGHT RATIO EST=ESTIMATED
) Upper bound,!
Loranger July 18 ATS 3 and DIS- 10-15°N 80 km mean 7.1 km mean 13:1 6 hes, (0B) E-W elongation;
and 1969 COVERER Selenia| 52°W 55+115 km ~5+11 knm Ed 1. 7. 9419 km
Vonder Haar BOMEX Radar range range | NS T
(Present, PHASE IV (inside dia) Estimated wide cloud bands
1973) ~okm mean’ Nighttime oc-
currence
Vonder iHaar, April 2% ATS 1 Central 60 km mean N.A. N.A 8 hrs. (0B) Notes some de-
et. al, (1968) 1967 Pacific0 30 k90 km 1416 hrs. parture from
10%5+10°N range (FSTY circular form
(inside dia)
- s g T e
Krueger and Several oS L 35”N 55°W | 50 km median | 1.2 kn»3.6km 31:1 N.A. 19528 km wide
Fritz (1961} days 2090 km range cloud bandse
Fritz (1965) (19260- range i Smali distor-
Hubert (1966) 1964) i ticn ir direc-
. : tion of wind
5 shear notede
1
e
Ruprecht, March 19 METEOR 0°N, 32°W 60 km to-~8 km } 7.5:1 1% hrs. (OB) | Variable sizes
et al. (1979 1969 Selenia Radar (not constant) ! 2+3 hrs. aoted on other
APEX (EST) days; Single

fo e -

ring on Mar 19

€9



The 20 km diametcr sizes menticned bt~ thesc authors are of too small
scale to be included in the mesoscale ring structure analysis being
carried out here and should be dealt with as cumulonimbus séale phe-
nomena. As for ring cloud heights, the studies reveal that the maxi-
mum mean heights, on the order of ¢ to & km, occur in the equatorial
areas, while from the mid-latitud: srec study by Krueger and Fritz
(1961) the maximim heights are arcund 3.6 km. The ring cloud diameter
to height ratio ranges from abou* .0:1 in the tropical regions to 30:1
in the mid-latitud~sz. Thus it sppears that the nid-levizude rings are
flatter and of somewhat smaller diameter than those occurring in the
tropical regions. This indicates the likelihood of some different set
of conditions for ring cloud occurrence in the mid-latitudes compared
to the tropics. .

Basic time duration values for ring patterns are s<en to be avail-
able for all but the Fritz et al. cases. Data shortcomings such as
nighttime terminating ring observation by satellite or weather radar
tracking interruptions lead to minimmn lifetime values, questionable
in general. The small amount of informetion available on this ring
aspect negates coming t. 1y selid -oaclusions cn this zubject at
present, but the July 18 2OMEX day <~es show a shorter wing cloud life-
time than that of the Vonder Haar rings. The Ruprecht -t al. (1973)
single ring actual lifetime (radar study mentioned previcusly) is
considered very indeterminant. Tracking of the March 19 ring cloud
was interrupted by a rawin ascent and upon its completion the ring
could not be located. ATS III data on this ring are not available

due to location of the ring at .he extreme eastern edge of the satel-

lite picture. Other satellites also provided no data on this ring.



The subject of duration needs to be studizd more in order to broaden
the knowledge of ring structure lifetimes. This will become possible
with the availability of infrared geosynchreonous satellite pictures
and/or continuous weather radar cbzorvations.

It is observed that the rings do occur in low and mid-latitude
regions and in various seasons, this combined with the earlier described
ring occurrences on a number of days during the BOMEX experiment and
the note of presence of ring patterns during the nighttime hours. Mis-
cellaneous characteristics shown in Table 3 demonstrate some further
physical similarities and differences between rings in the various

studies.

3.2 Thermodynamic Comparisons

The first few following paragraphs deal with obtaining mean temp-
erature and moisture profiles, as well as mean surface air temperature -
sea surface temperature differences and consequent air-sea interface
heat fluxes, for the BOMEX Phase IV covering July 11 to 28, 1969
and comparing these findings with those for the July 18 ring occur-
rence day. Temperature and moisture findings of other ring cloud

investigations will also be compared to the BOMEX ring day results.

The first mean thermodynamics to be discussed are the mean temp-
erature profiie$ for the BOMEX July 10 to 30, 196§ ﬁcriod obtained
from the sun—syﬁchronous Nimbus III SIRS-A radiation-inversion tempera-
ture profiles discussed earlier. The area covered by the averaging

process extends from 7S to 27N and 30W to 75¥W, the latter chosen to
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Another sct of meun soundings for the BOMEX Phase IV period is
obtained from the fixed ship rawinsonde terperature and specific humidity
moisture data. The 127 and 187 daily terperzture and specific humidity
data at 25 mb intervals from 1090 mb to 300 mb a2re averaged tco produce
the mean profiles. These tires are chosen for maximum daily data avail-
ability and corvespondence with the July 18 ring occurrence time period.
Erratic and erroneous temperature and/or moisture data are eliminated
from the averages through the use of ranges of acceptable values which
vary with height in the atmosphere and are constructed from subjective
examination of the raw data. Usc of this method of data checking no
doubt leads to occasicnal elimination c¢f good data and retontion of
bad data.

The above procedure yields the BOMEX Period IV mean temperature
and moisture profiles at the five fixed ships for 12Z and 18Z. General
characteristics of the mean soundings going frem south to north are a
rather unstable layer from surface to ~947 mb, 2 stable layer between
~700 mb and 800 mb which is most defined tc the north, and dryness in-
creasing tc the north. The driyness alszo shows the most marked increase
at and above the stronger stable layer n the north. Except for the
above the temperature lapse rates are generally moist adiabatic. The
122 and 18Z mearn sounding differences zre very ninor as is expected
in the tropics.

SpechlC Momparlsonc.are madn between the Iulw 18 152 Oceanégrdpher_

and Discoverer T- -q soundlngs and the 12Z and 182 BOMEX Per1od IV mean

[S2N%

T-g soundings at the same ships. These zre <isrlered in Figure

[a—y

Note tha* the 127 2nd 187 *imes form a mean at ~15Z. 1t is seen from

the figure that =2t Cresncgrapher the July 18 =rnd mean soundings show
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a very similar temperature profile except near surface where the mean
shows a somewhat unstable layer (related to the nearly dry adiabatic
near-surface layer noted before in the ring occurrence regions and also
observed in the other mean soundings). The July 18-mean moisture

comparison at Oceanographer shows that the 18th is somewhat more moist

than the mean in the lower half of the troposphere and similar to the
mean above ~500 mb. The July 18-mean soundings comparison at Discoverer
shows that on July 18 the lower troposphere temperatures are somewhat
warmer than the mean with two well defined stable layers present on

the 18th compared to one in the mean. The ~800 mb level stable layer
present in both the 18th and mean soundings is more defined on the 18th.
Both the 18th and mean soundings show the well-defined unstable layer
near the surface. In the upper troposphere the temperatures for the
18th and the period are quite comparable. As for the Discoverer area
moisture, comparison Of the July 18 and mean soundings shows a much
more rapid drying at and above the lower stable layer on July 18 than

in the mean and this drier aspect is present to ~550 mb, above which
the 18th is a bit more moist than the mean. Above 450 mb the moistures
are comparable and small.

Anomaly analysis also provides a method of making daily-mean com-
parisons. This is done for both the Nimbus 3 SIRS-A temperature data
and fixed ship rawinsinde temperature and specific humidity data. The
SIRS 2°-latitude-zone BOMEX Phasc IV mean temperature profiles are com-
bined into three wider latitude zone (10N+14N, 14N-+18N and 8N->18N) period
mean profiles and the daily and period means in these zones are differ-
enced to obtain the daily temperature anomaly profiles. As with the

SIRS means, the anomalies are considered representative of -1800 LT.
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Specifically referring to the 10N+14N zone which covers the July 18
cloud ring occurrence region discussed in the above comparisons, but
generally applicable to the entire 8N+18N zone covering most of Ring
Grids area, the anomaly results are that the 18th of July displays re-
latively small deviations from the period mean, compared to various
other days which show relatively large deviations from the mean. These
non-mean days are observed to be those on which rather disturbed wea-
ther was occurring in or near the BOMEX area.

The anomaly procedure is also applied to the BOMEX Phase IV 12Z
rawinsonde temperature and moisture data at fixed ship Discoverer.
The July 11+28, 1969 daily 12Z soundings are corrected with regard to
erratic data as discussed previously and compared to the computer-
processed BOMEX Phase IV period 12Z mean temperature and moisture

soundings at Discoverer to yield the daily 12Z temperature and specific

humidity moisture anomaly profiles. Temperature and specific humidity
anomaly time-height cross sections, based on the daily anomaly pro-
files, are presented in Figs. 17 and 18, respectively. From these
figures it is again seen that the 18th of July is a relatively small
deviation day compared to various other days of the BOMEX Phase IV at
12Z in the Discoverer area. Partagas and Estoque (1970) have also
performed a BOMEX Phase IV Discoverer 127 rawinsonde temperature and
moisture (dew point) anomaly analysis as part of their preliminary
survey of BOMEX Phase IV meteorological conditions. The results of
these authors' BOMEX Phase IV Discoverer 12Z anomaly analysis are
significantly similar to those obtained by this investigator, though
the results do differ in some specific details. The dates of notable
anomaly occurrences as seen in Figs. 17 and 18 agree very well with the

occurrence items of large anomalies as found by Partagas and Estoque
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in their anomaly analysis. Further in this line, with regard to temper-
ature only, these large anomaly occurrence times agree well with the
SIRS findings as discussed above and thesc large anomalies are all cor-
related with the relatively disturbed weather occurring in the BOMEX
region at those times. Again note that there are specific detail
differences among the various anomaly analyses.

In regard to the relationship between disturbed and undisturbed
weather situations and the Figures 17 and 18 anomaly cross sections, it
is noted that in the transition from disturbed to undisturbed weather
there is a traunsition from cool-moist to warm-dry conditiomns, res-
pectively, as would be expected.

In all the above thermodynamic «omparisons show that the 18th of
July conditions do not vary drastically from the BOMEX Phase IV mean
conditions. But it must be kept in mind that conditions in the tropics
do not generally vary drastically over short periods and also that
the small differences observed may well be those which at least partly
determine whether or not cloud rings will form.

The BOMEX Phase IV mean surface air temperature-sea surface temp-
erature difference at each of the five fixed ships is also obtained.
The BOMEX Ship Station Surface Observations (1969) provides the twicc-
or 4-times-daily air and sea surface temperature observation data
utilized in creating the Period IV mean differences. The resulting
mean differences going from south to north show the largest values

(-1.5°%C, T .
a

ir © Tsea) at Oceanographer, a decrease to a minimum value

(-0.4OC) at Discoverer and an increase to (-O.7°C) at Rainier. The
specific observation time mean differences at each ship show a decrease

from night to day, in keeping with the expected greater warming of the
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air during the day compared to that of the ocean. Comparison of the
July 18 values of the (Tair - Tsea) difference with the BOMEX Phase IV

mean values of that parameter shows that at Oceanographer and Mt. Mitchell

the July 18 and mean values are only slightly different, while at the

three northern ships the mean (Tai - Tsea) values are significantly

T
different than those on July 18. From Discoverer north to Rainier the
mean differences display significant negative values, while on the 18th

the differences display relatively small positive and negative values.

As discussed earlier a negative value of (Ta.

- T__ ) corresponds
ir sea

to an ocean-to-atmosphere heat flux. As seen from the BOMLCX Phase IV
mean differences, this condition prevails in the mean at all five fixed

ship stations. On July 18 the upward heat flux is significantly oc-

curring only in the Oceanographer and Mt. Mitchell regions (the latter
near where the ring cloud pattern is present), while at the northern
ships the flux is small and even downward at some locations. These
comparisons appear to indicate that a positive correlation exists be-
tween ring cloud occurrence and upward heat flux related to a negative
(Tair - Tsea) value, in that on July 18 ring clouds are present in
regions of upward heat flux and are weakly or not present in regions of
very small or downward fluxes and further that the upward flux is pre-
valent in all areas in the mean, making the North Grid regions on the
18th of July unfavorable for ring cloud occurrence compared to the South
Grid region. From this it appears that significant sea surface-to-

atmosphere heat flux is one of thc necessary conditions for ring cloud

occurrence.
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Having compared the July 18 cloud ring occurrence day and the BOMEX
Phase IV mean conditions of tempecraturc and moisture, it is next de-
sired to compare the BOMEX ring day thermodynamic situation with the
ring region situations found by other ring cloud phenomena investi-
gators who have been mentioned already in the ring cloud physical com-
parisons section. However, not all the studies of ring phenomena have
included thermodynamic and/or dynamic analyses.

Table 4 presents a summary of the thermodynamic conditions accom-
panying ring cloud occurrences as found by the investigator(s) listed,
including the BOMEX ring study. The dates and locations of the studies
are the same as these listed ir Table 3. Table 4 shows that general
correlation exists between the BOMEX ring region conditions and those
found by others. Ring occurrences are favored in synoptic scale anti-
cyclonic regions. A dry, stable layer capping a moist rather unstable
near-surface layer is common to all cases, as is an upward heat flux
due to a warmer sea surface than atmosphere just above. The Ruprecht
et al. (1973) investigation results related to the single ring occur-
rence in the ITCZ region are somewhat different from the above descrip-
tion in that the near-surfacc unstable layer is the least deep and the
moist layer very deep compared to the other two case studies. The
dry layer is also not as marked as in the other cases and occurs at
a higher level. The soundings were obtained within and outside this
ring as is discussed below. Krueger and Fritz (1961) note highest
clouds where the inversion is highest and iﬁ this regard the table
shows the middle latitude region discussed by Fritz, Krueger and others
to have a lower stable layer in the mean than that prevalent in the

BOMEX area. From Table 3 the cloud heights in the mid-latitude region



TABLE 4:

CLOUD RING THERMODYNAMIC DESCRIPTION

Comparison of Various Investigation Findings

SOURCE/
INVESTIGATORS

DATA SOURCE (S)

UNSTABLE LAYER(S)

STABLE LAYER(S) !

—_—

MOIST LAYER(S)

DRY LAYER(S)

Loranger and
Vonder Haar
(Present, 1973)

Nimbus III
SIRS-A,

Fixed Ship Rawin
sonde and Sur-
face cbservation

Dry Adiabatic,
1015 mb~ 920 mb

Isothermal or in-
version, 1 or 2
occur between
600mb and 800mb

Sfc to lowest
stablie layer

At and above
lowest stable layer

Krueger and Fritz

(1961), Fritz(1965)

Ship Radiosonde
and sfc obs,

Near sfc dry ad-.
iabatic layer.

Inversion, occur
between 700 mb

Sfc to Inver-
sion.

Above inversion

Hubert (1966) Aircraft and and 900 mb.
dropsonde.
Ruprecht, Ship Rawin- and Dry abiabatic, Inversion or near] Sfc to ~600mb ! In and above stable

et al., (1973)

Radiosonde and
sfc obs.

1015mb+965mb

isothermal, sev-
eral occur, small
between 500mb
and 700mb

base of defined
stable layer

Jayer starting at
~575 mb.

LL



TABLE 4 (cont)

GENERAL LAPSE
RATE

AIR-SEA TEMPERATURE
DIFFERENCE, HEAT FLUX

RING CLOUD BASE
C( )=CALCULATED (TYPE)
M( )=MEASURED  (TYPE)

MISCELLANEGUS
CHARACTERISTICS

MISCELLANEOUS
CHARACTERISTICS

Moist Adiabatic

~-1°C, Sea sfc to
Atmosphere

900 meters, C(LCL,CCL)

Occur in STHP
anticyclone region
Sk of Center

Between dry and
moist adiabatic

~—30C, Sea sfc to
Atmosphere

600m>900m, M(aircraft)

Cccur generally
near S. of anti-
cyclone center,te-
hind cold front, a-
head of warm front

Clcud thickest
where inversion
highest

Low levels, some-
what > moist ad-
iabatic; Moist
adiabatic above

~-ZOC, Sea sfc to
Atmosphere

700 m, C(LCL)

Occur in ITCZ re-
gion; soundings
obtained inside
and outside ring

8L
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are lower than those in the BOMEX region, lending additional credence
to the previously discussed subsidence-caused stability being the
major factor governing the vertical extent of the ring cloud circula-
tion and thus limiting cloud height.

The very important aspect of the Ruprecht et al. (1973) ring
study on March 19, 1969 during the Atlantic Experiment-(APEX) is that
a ring cloud passed directly over the R. V. Meteor ship at ~1200Z on
that day. This is an extremely lucky and valuable occurrence in that
it provides the only known available ring scale data compared to the
synoptic scale data available in all the ring studies discussed to
this point. Radiosonde soundings were made inside and outside the ring
as it passed over the ship and Fig. 19 displays the results of these
soundings in terms of the equivalent potential temperature ee . This
temperature parameter, which implicitly represents both the internal
energy and moisture content of a parcel of air in the atmosphere, dis-
plays a marked minimum at constant pressure at the center of the ring
cloud (~12Z) with highest values outside the ring. The lower values
of ee inside the ring are seen to extend to 200 mb. The explanation
for the reduced ee is the presence of drier air inside the ring than

outside it and not lower ring-center temperature. Relating again to

the only logical physical process which can be operating to produce
the open cell ring cloud, that of upward motion in the cloud wall and
subsidence in the central region, it is reasonable to assume that sub-
sidence in the ring's central region is responsible for the pﬁservgd‘
dryness there. Also this subsidence further negétes thé aspect of
net cooling in the ring central region unless there is a relatively

very large radiational cooling there which is not very likely. In



80

OPEN CELL, 19. 3. 69

Equivalent Potential Temperature |
200 ! \\\N___;_,/aso'
mb ' 346

300 -

400 A

500 -

600 -

700 S

800 -
9007

1000

6 léA 18 00 GMT
ATLANTIC EXPEDITION 1969

Figure 19 APEX March 19, 1969 R.V. Meteor Equivalent Potential Temper-
ature 6_ Time - Height Cross Section during Cloud Ring Pass-
age ovek Ship Station (After Ruprecht et al, 1973).



81

regard to the above discussion the ring's vertical circulation can be
equated in a very basic sense to that of a '"miniaturc hurricane'.
This aspect deserves future consideration in regard to tropical distur-

bance evolution.

3.3 Dynamics Comparisons

The cloud ring dynamic situations are now compared in a
manner similar to that used for the thermodynamics. The first compari-
son will again be that of the July 18 ring day conditions with the
BOMEX Period IV mean winds and dynamics. As with the 12Z and 18Z
fixed ship temperature and moisture means obtained from the BOMEX
fixed ship rawinsonde data, the 12Z and 18Z mean winds, in terms of
u and v components, at each fixed ship and 25 mb interval from 1000 mb
to 300 mb are calculated. In contrast to the temperature and specific
humidity data, no wind data elimination is done in obtaining the mean
winds since the wind data appear smooth and no solid basis for elimina-
tion is present. Linear interpolation and the BOMEX Ship Station Sur-

face Observations (1969) data are again utilized to fill in missing
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winds at the 25 mb interval levels. The Rainier mean winds show the
anomalous west wind for the whole Phase IV period and again these wind
data are dropped from consideration. No Barbados 12Z or Rockaway 18Z
mean winds are available due to lack of wind soundings at these times.
The available mean wind data at 50 mb intervals for the four fixed
ships (Rainier excluded) plus Barbados as input to the dynamics compu-
tation program discussed earlier yield the BOMEX Period IV mean hori-
zontal divergence, vertical velocity and relative vorticity profiles
in the same four triangular polygon areas used in the July 18 analysis.

Figure 20 displays wind soundings representative of the non-ring
and near-ring areas at 15Z on July 18, along with the 12Z and 18Z

BOMEX Period IV mean wind profiles at the same stations, Oceanographer

and Mt., Mitchell. Again the 12Z and 18Z mean results together form an

approximate 15Z mean. Comparison of the July 18 and mean soundings

reveals that the Oceanographer displays the greater vertical shear of

the zonal wind u 1in both the ‘July 18 and mean soundings compared to

Mt. Mitchell where the shear is relatively small, especially at 12Z

in the mean. Oceanographer 1000 mb to 500 mb u component speed

shear (absolute value) is on the order of 6 to 8 m/sec, while at

Mt. Mitchell the shear is from 2 to 4 m/sec, the smaller values pre-

sent in the means. These 1000 mb to 500 mb wind shears are of an in-

creasing easterly wind aloft nature. In comparing the Mt. Mitchell-

Discoverer region wind data, it is found that in the mean, as on July
18, the vertical shear is small. 1In general the 12Z and 18Z mean
soundings display the same property as that found in the July 18
profiles, that of a S*N low level east wind speed increase, little

change in the middle levels, and a decrease in east wind speed in that
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direction at the higher levels to 300 mh. Roc'rway in the mean shows
the highest wind speeds as it does on July 1&. The v components

in all cases show little definition and cluster generally around zero
with maximum values of several meters per second.

Therefore in all the July 18-BOMEX Period IV mean wind comparison
shows that considerable similarity exists hotween the ring occurrence
day and period mean conditions. Magnitude variations are the only
significant differences. The July 18 ring and non-ring region profiles
especially show good agreement with the BOMEX Period IV means for
those areas.

The mean dynamic parameters following from the mean winds are next
compared. The July 18 ring and non-ring region polygon horizontal di-
vergence results, along with the BOMEX Period IV mean divergences for
those regions, are displayed in Fig. 21 . 12Z means for Polygons 1 anc
are compared to 15Z July 18 results for those areas, due to the lack of
mean divergence values resulting from missing 12Z and 18Z mean winds
at Barbados and Rockaway, respectively. The figure shows that in the
July 18 ring cloud area (Polygon 1) the eariier discussed near surface
and higher level convergence and middle level divergence are present,
while the mean for that ares shows convergence prevalent at all levels.
The July 18 non-ring area (Pelygon 2) shows relatively deep conver-
gence (1000 to ~700 mb) with divergence above prevalent in both the
July 18 and period mean profiles which are thus quite similar except
for some magnitudes which in turn are sensitve to the wind data used
to derive the divergence values. These megnitudinal variations are

generally on the order of a factor of Z or 3 and thus are not extreme.
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Tt is also found that the Polygon 3 area displays a very similar pro-
file on both July 18 and in the mean, that of divergence at all levels
except for a small convergerce in the near surface layers. Also Poly-
gon 1 displays a significant simiiarity between the 12Z and 18Z means,
this area being the only one where BOMEX Phase IV mean data are avail-
able at both times.

Vertical velocity profile comparisons for the same areas and times
as in Fig. 21 are presented in Fig. 22 . On July 18 upward motion pré—
vails in the lower and higher levels with downward motion in the
middle levels in the Polygon 1 ring cloud area, while the BOMEX Period
IV mean in that area shows that upward motion prevails at all levels.
In the Polygon 2 non-ring region poth the July 18 and mean profiles
show upward motion to ~450 mb with downward motion above that level.
It is thus observed in both the divergence and vertical velocity pro-
files that in the Polygon 1 area there is considerable difference be-
tween the July 18 and mean conditions, while in the Polygon 2 region
the July 18-mean pfofile differences are small. Again the Polygon 1
12Z and 18Z BOMEX PeriodlIV means comparison shows similarity of the
two profiles with a somewhat lesser upward motion magnitude at 18Z.
Polygon 3 also shows some similarity between the July 18 and mean pro-
files, with slightly greater downward motion at the lower levels in
the mean.

Figure 23 displays the BOMEX Phase IV relative vorticity compari-
sons for the same times and polygon areas considered in the preceeding
two figures. Polygon 1 (ring cloud occurrence region) shows cyclonic
vorticity prevailing in the lower half of the troposphere on July 18

with anticyclonic vorticity above. The Polygon 1 BOMEX Phase IV mean
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profile shows general, but small, anticyclonic vorticity prevailing

at all levels. The Polygon 2 (non-ring) region displays generally
cyclonic vorticity in the low levels in both the July 18 and period
mean profiles, but with some anticyclonic vorticity present in the
middle levels on July 18 compared to cyclonic vorticity there in the
mean. In the higher levels both the July 18 and mean profiles display
vorticities fluctuating around zero. Thus in the case of relative
vorticity both polygons 1 and 2 show notable differences between the
July 18 and mean profiles. The Polygon 1 12Z and 18Z mean relative
vorticity profiles again show considerable similarity. Polygon 3
displays a similar nature in both the July 18 and mean profiles, with a
lower middle level cyclonic tendency on July 18 and anticyclonic values
elsewhere in the two profiles.

The dynamic comparisons of ring occurrences studied by the investi-
gators listed in Table 4 are confined to those of wind profiles, since
the investigations other than the BOMEX effort covered the wind fields
only with respect to magnitudes and shear and contained no related
dynamic parameter studies. Figure 24 displays the ring region wind
profiles from the BOMEX and two other investigations. The u component
is used since it represents the major portion of the total wind pre-
valent in the investigation areas and is convenient. Also since the
Krueger and Fritz (1961) discussion presents only a wind speed shear
value of ~5 m/sec from surface to maximum cloud top (~3.6 km or 650 km),
a straight line representing this shear is entered in Fig. 24. From the
figure it is seen that the shears are generally the same in all the ring

occurrences, with the lower 200 mb of the Ruprecht profile (personal
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communication) showing the largest shear. The shears are all on the
order of an ~5 m/sec east wind speed increase from 1000 mb to various
levels between 500 and 750 mb, with a reversed shear above these maxi-
mum wind speed levels. Wind speeds are predominantly in the light
category with a mean of ~10 m/sec. Thus over the lower half of the
troposphere the vertical shear of the horizontal wind is small in the
vicinity of all the investigated cloud ring occurrences. A small
veering of the winds in the lowest kilometer or two of the atmosphere
and a similar magnitude backing aloft in the ring cloud occurrence

regions is also observed.
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4.0 SUMMARY DISCUSSION AND HYPOTHESES

4.1 Cloud Ring System Composite Summary

From the foregoing sections a composite picture of ocean region
convective cloud ring structures emerges. These "doughnuts', occurring
singley or in multiple "honeycomb" patterns, consist of individual
cumulus elements forming and decaying tc produce the ring wall and a
clear center area. The pattern persists for periods of time ranging
from several to 8 hours with estimated longer durations. Single oc-
currences appear to be of shorter duration than multiple occurrences.
The rings are found in both tropical and mid-latitude oceanic regions
of undisturbed weather which is frequently associated with an anti-
cyclonic synoptic weather pattern. Mean tropical rings possess dia-
meters of 6080 km, cloud wall widths of 14 km and cloud tops of 68 kn,
while mean mid-latitude rings show diameters of !0 km, cloud wall widths
of 23 km and cloud tops <4 km. The theoretically important ring dia-
meter to height ratio is on the order of 10:1 in the tropics and 30:1
in the mid-latitudes. From ring cloud vicinity synoptic scale wind
field data tropical rings are found tc travel with the mean wind in
the lower 500 mb of the troposphere, correlating with the estimated
cloud heights from radar echo data and inferred heights from synoptic
scale thermodynamic sounding data.

From these latter data, ring cloud occurrence is correlated with
a surface-hbased ~60 mb thick dry adiabatic lapse rate layer which is
relatively moist, a relatively stable layer in the lower or middle
levels (located higher toward the equator) with considerable drying
at and above this layer, and a generally moist adiabatic lapse rate at

other than these discussed levels. An atmosphere that is cooler than



93

the sea surface just below it, i.e., upward heat flux, prevails during
ring cloud occurrences.

Winds in the vicinity of rings are on the order of 5 to 10 m/sec
with a small vertical shear of <5 m/sec between surface and 500 mb.
Horizontal easterly wind shears from south to north are on the order of
5 m/sec over 200 km, cyclonic at low levels (implying frictional
convergence and CISK) and anticyclonic at high levels. Ring cloud vi-
cinity wind field dynamics reveal the presence of low level convergence,
upward motion and small cyclonic relative vorticity, while in the mid-
dle to some higher levels divergence, downward motion and anticyclonic
vorticity prevails. From the above it is seen that a significant cor-
relation exists between the observed wind field and calculated dynamics
with regard to horizontal wind shears and correlation also exists be-
tween these dynamics and the thermodynamic structure in regard to moist,
unstable and dry, stable layer occurrence and location.

In comparison with the BOMEX Phase IV several-weeks-period mean
about the '"honeycomb'" ring cloud pattern occurrence day and in that
same area, the ring occurrence day thermodynamics show considerable
similarity to the mean thermodynamics with upward heat flux also pre-
valent in the mean. The ring occurrence day and mean wind profiles
are also similar, while the mean dynamics show generally convergent,
upward motion, and anticyclonic vorticity conditions prevalent at all
levels (to 300 mb), differing considerably from the ring occurrence
related conditions in that region. Atmospheric dynamics thus appear
to govern in a large measure the occurrence of cloud ring structures.
From the mean tropical atmosphere comparisons the cloud ring occur-

rence conditions lie intermediate between those associated with disturbed
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and undisturbed weather situations. It is noted here that the major
portion of the wind field and dynamic findings presented here is based
on the BOMEX Phase IV ring cloud study. Also of importance is the fact
that the ring cloud occurrence conditions are not equal to those in
the mean (statistical) or else these patterns would be present either

much less frequently or much more frequently than actually observed.

4.2 Cloud Ring Model Hypotheses

It is very important to understand, in regard to the cloud ring
system description presented in the above summary, that the picture of
the system presented by the combination of conditions attending cloud
ring occurrence is the resultant of the interactions of all the atmos-
pheric processes operating during cloud ring structure occurrence.

In other words the meteorological conditions noted accompanying cloud
ring occurrence represent the steady state and not necessarily causes
of formation.

A hypothetical resultant conditions model of cloud rings or "open
cell convection" follows from the cloud ring occurrence descriptions
presented in this paper. From the observed physical form of the cloud
ring structure it qualitatively and necessarily follows that upward
flow is occurring where the convective clouds appear forming the ring
wall and subsidence (or at least non-upward motion) is occurring in
the ring center resulting in the clear area therc. 1In regard:to the
"honeycomb' pattern of multiple ring occurrence, it is cénsideredv
that an invisible atmospheric circulation pattern exists forming a

"mold" in which the upward and downward motions are delineated and cloud
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walls and clear areas, respectively, are the visible results of the
molded circulation pattern. This "mold" forms in response to some
favorable conditions and the disappearance of the visible pattern
marks the demise of the "mold" circulation pattern due to loss of one
or more of the conditions necessary for ring pattern maintenance. It
is also important to note that there are necessary and sufficient con-
ditions for ring cloud occurrence inherent in the above hypothesis and

which are included in the following.

The model connection between cloud ring occurrence and synoptic
scale meteorological parameter distributions is also hypothesized.
This discussion is mainly related to tropical area cloud ring findings,
but should be basically applicable to all cloud ring phenomena. The
relatively moist near-surface dry adiabatic lapse rate layer, the up-
ward flux of heat from the sea surface, and the low level convergence
together imply potential instability and a trigger for its release.
The presence of the moist and unstable near-surface layer, heated from
below, allows convective activity to mainly initiate thermally with only
very weak dynamic forcing present, as exemplified by the shallow and
rather weak low level convergence that is observed in the vicinity of
ring clouds. With the presence in the mean of the moist unstable
near-surface layer and warming of the air from the sea surface below,
the low level convergence ''trigger' becomes one critical factor de-
termining ring cloud occurrence. Due to the moist, thermodynamically
unstable nature of the low level air mass in the regions where cloud
rings are found, only a relatively weak mechanism is needed to trigger

the release of the potential instability in this air mass as well as
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bring it to condensation initially by lifting to the relatively low
cloud base level of ~920 mb.

In regard to the cloud ring-air>sea interface heat flux relation-

ship, a recent review of mesoscale cellular convection by Agee et al.
(1973) presents the important result of a satellite cloud picturc sur-
vey that open cell convection (cloud rings) occurs predominantly in
the western regions of oceans (east of continents) where relatively
warm currents are present with consequent ocean-to-atmosphere heat
flux. This result agrees with the cloud ring findings discussed in
this paper. Closed cells, on the other hand, are found to be favored
in the eastern regions of oceans (west of continents) where relatively
cold currents prevail and there is no significant upward heat flux.
Thus all findings to the present indicate that upward heat flux from
the ocean surface is a very necessary condition for cloud ring occurrence.
As is also observed, cloud rings are not favored in regions of
deep convergence with its accompanying upward vertical motion field,
generally associated with disturbed weather situations. Rings are
favored in relatively undisturbed weather anticyclonic regions of mid-
dle level divergence and subsident motion, resulting in the observed
stable temperature lapse layer occurrence in the middle or lower middlc
levels as well as the subsidence-caused drying at and above the stable
layers. The subsident vertical motion is a '"1id" mechanism which con-
tains the vertical circulation within a defined layer, as well as allows
the thermal structure near the surface to be maintained. With deep
convergence and upward motion to high levels, the circulation covers
larger horizontal areas with strong inflow from thesc areas, negating

the organized mesoscale up-down circulation of the cloud ring pattern
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and resulting instead in a large disturbed weather region such as a
cloud cluster.

That the stable layer '1id" associated with anticyclonic subsi-
dence is an importint factor in ring occurrence is shown by the ob-
served lower ring :loud heights in the middle latitudes where the in-
version is located at a lower level than it is in the tropics. 1In
both regions the ring cloud tops are observed to be correlated with the
drying aloft, growth of the clouds into the dry layer being inhibited
by evaporative and detrainment processes along with the stabilization
which is often not excessive. In regard to this latter point, radia-
tive processes are also present with infrared energy net outward flux
at the levels of tie subsidence and drying, implying radiative cooling
of relatively large magnitude there and thus partial cancellation of
the stabilizing effect of the subsident warming.

And the final factor in the cloud ring model is the small verti-
cal shear of the horizontal wind which allows the relatively siow
vertical circulation pattern to be maintained in the vertical without
being torn apart, tilted excessively from the vertical, or excessively
ventilated by environmental air resulting in elimination of the ring
cloud wall local concentrations of heating and moisture. Associated
with this factor is the overall rather light wind speed which is an
expected occurrence in relatively undisturbed weather situations.
Strong winds are generally associated with a disturbed weather situa-
tion of some kind.

In regard to the low level convergence and higher levels diver-
gence with subsident motion there and the small vertical shear of fhe

horizontal wind prevalent in ring cloud occurrence areas, comparison



with Williams' (1970) and other investigaters' cloud cluster and clear
area meteorological conditions indicates that the cloud ring associated
conditions lie intermediate between cloud cluster disturbed weather and
clear area undisturted weather situations. Thus the ring clouds pos-
sibly represent a phase in a transition from clear weather to disturbed
weather occurrence. Further there is noted a 1esg organized and/or
short lived ring cloud pattern (single occurrence frequently) when a
model parameter or two are marginal or when a single parameter value is
sufficient to compensate for the near absence of some other necessary
parameter configuration. In general the cloud ring model thermodynamics
are those near the average for the area, but the dynamics show consider-
able difference between cloud ring cccurrence and mean conditions.

This seems to indicate that the dynamics are generally the critical
factor in determining whether or not cloud ring patterns will occur.

The ring and non-ring region meteorological parameter comparisons for
the July 18 case study day also generally demonstrate the validity of
the above conclusion.

In all, then, the model of the cloud ring is that of a circulation
pattern delicately balanced, favored by light wind and small vertical
shear conditicns, weak wind dynamics fields (low level convergence)
associated with relatively undisturbecd weather situations and contain-
ment of the ring pattern circulation within a limited vertical extent
of the atmosphere based at the surface, with moist, unstable condi-
tions at and near the ocean surface which is in turn heating the':
boundary atmosphere. Significant deviation from these model condi-
tions results in destruction of the delicate balance needed to main-

tain the cloud ring pattern circulation.
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5.0 CONCLUSIONS3

To conclude this discussion of cloud ring (open cell) convection
systems, the present understanding of these systems is summarized in
Table 5. This summary displays the understanding in terms of three
categories: (1) Confident; (2) Preliminary; and (3) Unknown. The
Confident category includes ring system findings that are based on a
number of investigations and which show significant agreement in these
studies. Findings which are based generally on a single case study or
are only initially observed but not specifically investigated at pre-
sent are included in the Preliminary knowledge category. Knowledge de-
sired about the ring systems which is not at present available is in-
cluded in the Do Not Know category. Table 6 presents a summary of
the similarities and differences between tropical and mid-latitude
cloud rings. In the instances where data are not available for both
types of rings, comparisons cannot be made.

The information contained in the Confidently and Preliminarily
known columns of Table 5 is a general summary of the findings in the
investigation of cloud ring phenomena discussed in this paper, more
specifically detailed in the previous sections. The major portion
of ring cloud thermodynamic and dynamic information is based on fixed
ship station synoptic scale data and this information is so indicated
in the table. The major portion of cloud ring physical description
information is obtained from satellite and weathér fadar observation
data. F1nd1ngs based on trop1cal region 1nvest1gat10n only are also
indicated. Tt is cons1dered here that the 1nvest1gat10n of more ring

cloud pattern occurrences, espeCJally on the BOMEX days, will provide



TABLE 5 CLOUD RING SYSTEM: PRESENT UNDERSTANDING

KNOW WITH CONFIDENCE

KNOW PRELIMINARILY

DO NOT KNOW

Convective cloud ring pattern (cloud wall,
clear center} exists (well-defined) for a
significani puriod of tlue.

Sense of ring pattern civculation: up-
ward motion in cloud wail, Jownward mo-
tion in clear wenter aven,

Multiple (hracyeoch) and single ring
occurrences,

Occurence i tropical and middle 1ati-
tude ocean teygicns in various seasons,

Moist, unstablie lapse yate in lJowest
levelr with widdlce level stable layer
and vonsiderabrie drying above it. (8)

Temperature :radient related sea sur-
face-to-atmesghere heat flux, (S)

Ring cloud hoights positively cor-
related wii. synoptic scale middle to
low ievel sinbtie layer height.

Small vertical shear of the horizon-
tal wind. {S)

Moist adiabatic lapse rate in tiie mean
to ‘the tropopacse, (§,T)

In comparable (data available)
respects BOMEX July 18, 1969 and
other investigated riug pattemns
are significantly similax,

Multiple ring occurrences (honeycomb pattern)

are of longer duration than singie isolated
occurrences.

Occurrence in relatively undisturbed wea-
ther regions (anticycionic). (8}

Pattern exists during nighttime hours, (1}
Brief occurrence over tropical land areas.
Occur predominantly en west sides cf ocecans,

Relative dryvness in ring center compared
to exterior vegions indicative of subsi-
dent motion in center. (T)

Cyclonic shear of the horizontal wind in
the low levels with anticyclonic shear of
that wind in the high levels, (§,7T)

Movement with the mean wind in the cloud
depth layer. (S,T)

Low level convergence and upward motion
with middice 2 higher level divergence
and subsidernt motion. (S,T

General cyclonic relative vorticity,
srall in low levels, ({S,T)

No unique temperature profile in upper
troposphere, isothermal to inversion
lapse rate above tropopause into
stratosphere. (S,T)

Thermodynamic conditions,on occurrence
days very similar to mcan conditions. (S,T)

Dynamic conditions on occurrence days
differ significantly from mean conditions.
5,7

Characteristics, especially magnitude,
on the ring cloud pattern mescscale
of thermodynamics, dynamics, and
circulations,

nergy transfer and copversion pro-
cesses in and around ring patterns.

Precipitation characteristics of
ring ciouds,

Cratical parameters and their magni-
tudes for ving cloud formation und
existence,

If ring circulation pattern is of
local or advective criyin,

If and where there are favared rcgions
of formation and if and when there

are favored times ¢f formation and
oncurrence,

Model of stmospheric ring clioud
pattern origin.

Interacticn between ring patters
mesoscaic and smaller cumulus scale
and larger syncptic scale processes.

(S) Synoptic scale findings

(T} Tropicai region findings

00T



TABLE 6 COMPARISON AND CONTRAST OF
TROPICAL AND MID-LATITUDE CONVECTIVE

CLOUD RINGS

SIMILARITIES

DIFFERENCES

Roughly circular convective clcud wall surrounding
a clear center; cloud wall cumulus elements growing
and decaying.

Ring pattern remains defined over significant time
intervals.

Occurence favored in undisturbed weather regions.

Moist and relatively unstable houndary layer capped
by middle level stable laver with marked dryness.

Ring cloud and stable layer heights positively cor-
related.

Occur in- regions of cooler air overlying warm ocean
with conséquent sea surface-» atmosphere sensible
heat flux.

Small vertical shear of the horizontal wind prevalent,
<5m/sec. between 1000 mb and 500 mb.

Single and multiple ring occurrences.

Mean Diameters: (T) 6080 km, (ML) 50 km.

Mean Cloud Height: (T) 6+8 km, (ML) <4 km.

Diameter-Height Ratio: (T) 10:1, (ML) 30:1.

Cloud Wall Width: (T) 15 km, (ML) 25 km.
Stable layer height: (T) 500 mb+8G0 mb,
{ML) 70Cmb-900 mb.

(T) = Tropical Findings
(ML) = Mid-Latitude Findings

TI0T
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sufficient infermation to “2>vmit shif“ing the Prel-.minary knowledge
over to the Confident catzrzory with regard to tropical cloud ring oc-
currences. Middle and hi-her latitude studies will fill in the infor-
mation gap in these reg: o3, espetizlly in rejard to dynamics. The
additional investigation: will also add to tihe confidence in the
presently accepted findi=gs.

In addition to providing supplementary information with regard
to the present and rather meager understanding of convective cloud
ring systems, the furtkler irvestigations can provide data on the Un-
known factors related to ring cloud formation and occurrence. The major
Unknown factors are lizted in th2 Do Not Know column of Table 5. The
first major need in regard to the Unxnown cloud ring factors is to
obtain data on the space scale of the rings themselves, this mesoscale
information to include thermodynamic, dynamic and energy measurements
along with surface and atmosphere interactions including precipitation.
Only with these data available can the cloud ring pattern itself be
thoroughly understood and its interaction witﬁ the atmosphere as a
whole be deduced. The precipitation information (radar methods?)
would be most useful for uze in inferring energy transport and conver-
sion where the flux type measurements may be difficult.

Another major Unknown is nethe:r the ring circulation pattern
moves into an area from another area of formaticn a significant distance
away or whether it forms in a2 given area by virtue of the coming togeth-
er of the necessary and sufficient conditions for formation and occur-
rence in that area at a given time. This latter aspect has an analogy

in the inception of severe stori® in the middle latitudes where such
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factors as low level moisture, middle level dry line and upper level
jet coincide in a given manner to initiate the tornado or other severe
weather phenomena in the given area and at the given time of necessary
and sufficient condition coincidence. 1In regard to the local or advec-
tive nature of ring cloud patterns, especially the tropical ones,

there is specuiation that some tropical easterly disturbances may tra-
vel considerable distances, from the Indian Ocean or Africa land mass
into and across the Atlantic Ocean and even into and across the Pacific
Ocean and further even circumnavigate the world in the easterly flow.
The above would allow for the possibility: (1) of the cloud ring as-
sociated circulation patterns travelling over significant distances
from remote formation areas such as Africa in the case of the BOMEX
ring occurrence; or (2) that certain of the cloud ring associated
parameters are advected into a given favorable region from a distance
resulting in cloud ring circulation initiation. Thus there is the great
need to determine the critical factors in cloud ring formation and exis-
tence in order to subsequently discover where the various parameters
originally are present and how they interact in ring system formation
and perpetuation. At present the author's speculation is that the
cloud ring pattern is of a local nature, possibly with some advected
pr0perties; due to the rather delicate nature of the pattern organiza-
tion. Further in regard to formation and occurrence of ring cloud
patterns, there is the question of whether or not there are favored
regions (affirmative according to Agee et al., 1973) and/or times

of formation and occurrence, which if there are would add to the know-

ledge of critical formation and existence factors.
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Combining the results of the above discussed needed investigations
when they become available will lead to the eventual formulation of
a basically complete model of open cellular convection systems. This
"portrait" will include the nature and magnitude of ring cloud system
interaction with the atmosphere as a whole and will provide knowledge
of the cloud ring pattern mesoscale circulation's role in the hier-
archy of atmospheric scales of motion in the transport of energy and
momentum. From this knowledge follows the ability to include, by some
appropriate method such as parameterization, the cloud ring systems
in the numerical models of various kinds, diagnostic or prognostic,
general circulation or energetics. (These above form the ultimate
goal of this investigation of cloud ring systems as stated in the
Introduction to this paper). And further, only when the sum total
of atmospheric nrocesses is accounted for as accurately as possible
in the numerical and other models will the output of those models
accurately represent the real atmosphere. In all, this and future
investigations will lead to a better understanding of the nature of

these most interesting and intriguing doughnuts in Nature's teacup.
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APPENDIX A

ATS II1 CAMERA SYSTEM TECHNICAL ASPECTS AND DATA PROCESSING

I. Analog to Digital Data Conversion and Use

The preparation of the digital data tapes (used in this study)
from the analog data tapes was done at the University of Wisconsin
and utilized a linear conversion between the analog data voltage out-
puts of the camera-data signal transmission system and a set of digits
representing those voltage outputs.

The conversion was such that a 500 millivolt output was assigned
a digital value of 255 and other outputs lower than this were given
digital values in the ratio of these two numbers. The 500 mv output
(255 digital count) was considered the highest value that would be
likely to result from measuring cloud reflected energy. This aspect
is connected with the fact that the ATS III MSSC system has the pro-
vision for system voltage gain setting changes to allow for measurement
of a wide range of earth surface and cloud reflectivities. The vari-
able settings allow compensation for very bright reflectors to pre-
vent system saturation and 1limit digital values to 255 at 500 mv
system output. Further the variable settings allow for various out-
put voltage values and corresponding digital values to represent the
same reflected energy input. This point must be kept in mind when
using ATS digitai data in analyses, especially comparative studies.

With the digital data magnetic tapes available and also griddedn
with respect to latitude and longitude, computer input of these will

result in a printed array of numbers from 1 to 255 representing the
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various magnitudes of energy reflected from surfaces at or near earth.
A map is thus obtained of the bright and dark areas, as in the photo-
graphs, but in much more detail and in which large digital values
represent bright or highly reflective areas and small digital values
represent dark or slightly reflective atreas. It must be remembered
that for the major portion of the ATS III satellite lifetime, including
July 18, 1969, the reflected energy measured is comprised of only the
"green channel' portion of the solar spectrum. Also the ATS III

ground resolution is ~2 nautical miles while the digital data resolu-
tion is ~3 nautical miles. Further in Peekna et al. (1970) is dis-
cussed the ATS IIT MSSC aspect of non-uniform response across its field
of view. Only reflective elements of 10 n.m. diameter or more are

well represented in the picture and digital data; smaller elements

are generally not correctly displayed.
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II. ATS TII Diigital Data Normalization Procedure
In order t~ compare space-time span ATS I1I (or other satellite)
cloud picture data with respect to only cloud, ocean and land surface
differences themselves, two factors related to the camera system and
reflected energy input must be considered and compensated for. The
first factor is the variable voltage gain setting provision in the
ATS III MSCC czmera and ground receiver system. This provision allows
for measurement of a wide range of reflected energy magnitudes or re-
flective element brightnesses without saturation of the system occurring.
The variable gain factor leads to ambiguity in the actual reflectivity
that is being represented by a given digital data value. This factor
is important in studies of both actual and relative reflected energy;
the latter is the nature of the ring cloud study presented in this
paper. Thus some common reference basis must be found to enable
quantitative and comparative reflected energy studies to be accom-
plished. The pre-launch calibration reference state of the ATS III
camera system provides a very satisfactory common reference basis for
any desired studies. Reference to the calibration state is necessary
only for quantitative reflected energy studies. Any common gain state
of a set of ATS 11T pictures allows for relative reflected energy
comparison of all such
The method for accomplishing the voltage gain portion of the
"normalization" consists of finding the digital value which a given
reflective element's brightness would be represented by when the
measurement of its reflected energy is made in a reference voltage
gair state. Mathematically this reference state digital value D

is given bv:
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11
s/c Gg

D = D! [A-1]

G

where D' is the given digital brightness value and GS and Gg

/c
are the spacecraft camera system and ground receiver system voltage
gains, respectivély. Voltage gain is defined as the ratio of the given
voltage in a system component during a picture-taking period to the
reference state voltage in that component. For all pictures being
considered the quantity in brackets in Eq. [A-1] is calculated for
each picture and the given digital values in that picture are multi-
plied by that quantity to yield the reference state picture. All
pictures so treated are then comparable with respect to the camera-
transmission system. But there is the second factor regarding com-
parison which must be considered before the pictures are truly comparable.
This second factor actually consists of two parts. Part 1 is the
varying reflected energy from surfaces due to the varying sun-object
geometry which occurs over the space and time of the pictures. Thus
due to this fact.and the fact that the desire is to compare pictures
only with respect to the differences in the reflective surfaces them-
selves, all pictures must be referenced to a common set of space-time
conditions. This ''geometry' normalization is based on a discussion
contained in a paper by Sikula and Vonder Haar (1972) where another
study was done over space and time, presenting the need for a common
reference for the digital data in order to make valid picture compari-
sons. However, Part 2 of the second factor enters into the normali-
zation procedure here from Sikula and Vonder Haar's discussion. This

part relates to the fact that clouds, ocean and most real surfaces
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are not Lambert reflectors and thus there is varying reflected energy

from these reflectors depending on the sun-object-satellite geometry.

Thus we must take the position of the satellite (observer) at various
space-time points into account in the normalization procedure so as
to complete the reduction of the pictures to a common basis. It is

important to uvndersatnd that the basic need for normalization comes

from the sun-object geometry variations and not from the isotropy-

anisotropy of reflective surfaces. Even if a surface were an iso-
tropic reflector, normalization would be necessary in order to com-
pare the pictures. However in this case the normalization would be
complete with consideration only of Part 1. Part 2 considerations are
necessary to complete normalization when surfaces are anisotropic.
While the normalization procedure used here is a mathematical
operation, the physical meaning can be best understood by a simple
analogy. First measure the reflected radiation from a given cloud or
ocean element and note the digital value obtained. Then apply the
chosen normalization conditions to the cloud or ocean element, measure
the reflected energy, and note this digital value. The ratio of the
second digital value to the first is the ''mormalization" factor which
references that element to the normalization basis. However in re-
gard to referring a reflective element of the normalization conditions,
this is not really possible in actual analysis and the normalization
reflected energy cannot be obtained for use in the mathematical equa-
tions. Thus a '‘reflective model" for clouds and ocean, based on
Nimbus 3 data and discussed by Sikula and Vonder Haar (1972), is used

to relate the reflected energies to the sun-object-satellite geometry
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angles which are known for both given and normalization reference
conditions. The ratio procedure would be repeated for all reflective
elements of interest and then all the elements would be comparable.
Variations in digital value would be only the result of element dif-
ferences themselves.

The mathematics of the ATS III digital data normalization proce-
dure from Sikula and Vonder Haar (1972) is based on the following equa-
tion relating digital value output to reflected radiance input to

the camera:

D = K, K, N = K
T

1 5 0 Hi cos ¢ [A-2]

1 KZ

where Kl and K2 are constants; K1 is the voltage output to digital
value conversion factor of 255 digital counts equivalent to 500 mv
output and thus equals 0.51. Note that this value is constant for all
ATS III pictures digitized at the University of Wisconsin. K, 1is the
factor which relates the voltage output to the reflected radiance in-
put and this factor includes the camera system voltage gain factors
discussed previously and thus this '"constant" is only a constant

for a particular picture with its particular gain settings or for all
pictures which are at a common gain setting. The voltage output-
radiance input conversion is obtained from the calibration and gain
setting data obtained before the satellite launch. Nr is the re-
flected radiance entering the camera, which radiance can be rewritten
as shown in Eq. [A-2] . Hi is the solar constant for the wavelength

or spectrum band under consideration, ¢ is the solar zenith angle,

and p 1is the bi-directional reflectance which is defined as the ratio
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of reflected radiation in a particular direction to incident radiation
from a particular direction. Therefore o is the anisotropy descrip-
tor for the particular reflective element under consideration. Thus

p and Nr are functions of ¢ , the solar zenith angle, 6 , the
satellite zenith angle, and ¢ , the relative azimuth angle of the
sun and the satellite. These three angles (£,94 ) are just the de-
finers of the sun-object-satellite geometry and Fig. Al diagrams

this geometry. MNext Eq. A-2 is defined for both the individual given
cloud or ocean point and normalization reference point by assigning
the unprimed value equation to the normalization space-time point and
primed value equation to the given element space-time point. The

Tatter becomes:

D' = K, K! o' Hi cos g [A-3]

Then the ratio of Eq. A-2 to Eq. A-3 gives the normalization factor,

n , for a given cloud or ocean element:
KZ o cos ¢
n o= K] o' cos ¢! [A-4]

However since all pictures with various gain settings are reduced to
a common one or the pictures are already in that state and also since
the same gain conditions are used at the normalization noint as in

the gain-normalized pictures, then K, and K} are equal and thus:

2

cOs
cos ¢!

[A-5]
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Figure Al Sun - Reflective Element - Satellite Geometry (After Sikula
and Vonder Haar, 1972).
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But since the normalization point bi-directional reflectance for the
desired cloud or ocean elements cannot be obtained because no observa-
tions were made of the elements in that normalization state, then the
ratio of p to o' must be obtained from some equivalent expression.
This is done by utilizing the Nimbus 3 cloud or ocean ''model' presented
in the normalization discussion by Sikula and Vonder Haar (1972). The
factors r(z) and x(¢,84 ) comprising the model describe the varying
reflected energy from cloud or ocean reflectors as a function of the
sun-object-satellite geometry which must usually be taken into account
in normalization of real reflectors. The directional reflectance,

r(z) , is given by:

iy
{ %
r(z) = | p(z,04) cos6 sin6 d6 dlpz [A-6]

This is seen to be the total reflectance into the hemisphere from the

cloud or ocean element at a given solar zenith angle. x is defined by:

x(,80) = r(&)/mo(z,04) [A-7]

where wp(z,8, ) is just the directional reflectance from a given
cloud or ocean element when it is considered an isotropic reflector
with a constant bi-directional reflectance equal to that from the
actual surface in some particular directional defined by (g,64).
With these quantities in mind the primed and unprimed versions of
Eq. A-7 are created and the ratio p/p' 1is formed:

o/o' = x'/x ;%%%%T [A-8]
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One small step is needed to put Eq. A-8 into the form for use with the
complete reflective model. This is entering the factors r(g=0) and
r'(z=0) which are equal because directional reflectance, when the

sun is directly overhead of a reflective element, is independent of

where that element actually is located on earth. The result is:

1 T(E)/T(C=O)
XX Ty Ei(z=0)

o/p!

1 r(C)/r(C=O) -
X T /T (=0 [A-9]

Then from Eqs. A-5 and A-9 the normalization factor becomes:

S r(z)/r(g=0) , cos g !
nE XX TN e (0) T cos o) [A-10]

which is now completely soluble since the geometries of both cloud or
ocean element point and normalization point are known, which geometries
in turn determire the cloud or ocean model values to be used. Multi-
plication of the related given digital brightness values and computed
normalization factors yields the normalized and thus comparable ATS 11I
pictures.

For the BOMEX July 18 cloud ring study the normalization place-
time is chosen as ON latitude, 46W longitude at local noon on July 19.
This date was chosen because of its solar declination of 20N, which
defined a part of the solar geometry. The whole normalization condi-
tion set was chosen so as to simplify the geometry as much as possible
and to also keep those conditions somewhat in the region of the space-

time of the study. The usual solar elevation and azimuth equations
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are employed and the author has derived the satellite geometry equa-
tions used. Since the satellite is fixed with respect to the earth,
the satellite geometry remains a constant for any poipt on earth.
However since ATS III is occasionally moved to study various regions,
care must be taken to note its subpoint on any pictures used other
than a given one as, for example, July 18, 1969 when it was located

at ON, 46W. Also the procedure for normalization used here is to
calculate the normalization factors at the midpoints of 1° square
areas of the ring study grids and consider these factors valid for the
whole 1° square. The calculation of the cloud normalization factors
was accomplished by computer using the cloud model and geometry values
read in by hand. For the ocean normalization the model was incor-
porated into the program, while the geometry was the same as before.
For any future use of the normalization procedure, which will likely
be for other days and times, both the model and the solar and satel-
lite geometry equations will be incorporated into the program (a

little less work tc say the least).



113

APPENDIX B

RADAR CLOUD HEIGHT DETERMINATION

I. Cloud Heigh* Geometry

The following describes the derivation of an equation for apparent
cloud height from weather radar cloud echo data. The equation is a gener-
al one giving the height of a point above its local subpoint on earth
in terms of the distance of that point from another given point on the
earth surface measured along a plane tangent at that latter point and
the angle between the tangent plane and the point whose height is desired.
For this derivation the earth is assumed to be a sphere. The general
equation is specifically related in this case to the cloud height aspect,
where the radar site is the tangent point, the horizontal distance of a
cloud element from the radar site is measured from the site along the
line tangent at the site, and the radar sct antenna (beam center) clc-
vation provides the angle of the cloud element's apparent top above the
local surface plane. The angle of interest is that at which the echo
disappears, which marks the height point from the above discussion in
terms of the cloud top. The geometry for determining cloud height 1is
shown in Figurz Bl along with the notation used in the height equation
derivation.

Applying the Law of Cosines to triangle OXC with respect to angle

(B+m/2) yields:

— 2 —
+ (0C)" -2 RFOC cos (B+m/2) [B-1]

[ 2 8]

(RE+h)2 = R
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Expanding and simplifying the above and using the Quadratic Formula

gives for h
h = -R_ + (R2 + 0C2 + R.OC sinfs)!5 [B-2]
E E E

Next it is seen that OC << R, since OC is on the order of several

hundred kilometers maximum. The square root term is rearranged into

—————

OC/R. terms and the Binomial Theorem is used, neglecting terms of

E
5ES/R2 and higher order, to obtain:
h = »o¢ [1-sin’8] + OC sing . [B-3]
E
Now since h 1is desired in terms of B8 and OF , use the fact that
cos 8 = OF/OC to obtain:
oC? cos’s = OF° [B-4]

Then also sinB=CF/OC and tang=CF/OF which yield:

0C sin 8 = OF tan B . [B-5]

Using the relation 1—sin28=c0528 and substituting Equations B-4 and

B-5 into Equation B-3 yields the final form of the height equation as:

...—IL) ——— . . ' ) ’
h = OF /ZRE + OF tan B [B-6]
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where the tangent term represents that part of the height above the tan-
gent plane and the other term represents the height portion due to the
earth curvature away from the radar site tangent point. This equation
then can be used with any combination of cloud echo disappearance ele-
vation angles of the antenna and horizontal distances of cloud elements
from the radar site to obtain apparent cloud heights. The heights are
apparent since such factors as radar beam spread and beam bounce are or
may be present. Computer calculation of Equation B-6 is valuable in
providing tabular height results, which method is used in the BOMEX

cloud ring study.
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IT. Apparent Cloud Height Correction

The cloud heights determined as described in the first part of this
appendix are in question as to their validity, due mainly to beam spread
with distance which would yield a cloud height increase with distance
greater than that due to earth curvature away from the radar site. The
existence of such an anomalous height increase is of interest for the
July 18 ring study, but the method discussed here is applicable at all
times and in any area. The radar elevation sequences at 1303Z and 1433Z
on July 18 are used. For these two times the apparent heights of a
total of 105 cloud elements are found using the cloud element echc dis-
appearance elevations and horizontal distances and the computer cal-
culated apparent height tables. These apparent heights are then plotted
versus their horizontal distances as shown in Figure B2. The 0° (an-
tenna-beam center) elevation minimum visible cloud heights are also
plotted. These heights constitute the lower limit of actual cloud
heights visible at given horizontal distances. From the graph it can
be seen that tne cloud heights do indeed increase with distance from the
radar site and at a greater rate than that of the 0° elevation mirimum
visible cloud heights. A correction is therefore needed. This correc-
tion is based on the difference in height increase rate between the ap-
parent cloud heights and the minimum visible cloud heights. The hori-
zontal distance axis on the graph is divided into four 50 nm sections,
two best-fit straight lines are drawn through the points of the apparent
height distribution and four are drawn through the minimum visible cloud
height curve corresponding to the four horizontal distance sections,

and in those four sections four differences in height increase rate
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are obtained. From these differences four corrections to the apparent
heights applicable in the respective horizontal distance section are ob-
tained. These corrections are then entered in the cloud heights compu-
ter program which employed Equation B-6 to obtain the apparent cloud
height tabular values and the modified program is rerun to obtain cor-
rected or "true'" cloud heights in tabular form in terms of the same
echo disappearance elevations and horizontal distances as used before
to obtain apparent cloud heights. The correction program also took
into account the above mentioned lower limit of "'true" cloud heights.
The true height tabular results show that the corrections are such

that only 1° elevation actual cloud heights at horizontal distances
greater than 65 nm are forced below the horizon and therefore the
corrections can be considered quite reasonable in regard to the con-
siderations made and in regard to the fact that very few clouds showed
echo disappearance elevations of less than 1.5°. Note also that

these "true" cloud heights are still subject to some small variations
which may exist and which are not accounted for here. One of these is
beam bounce from inversions in the atmosphere. Another is related to
the nature of determining "exact" echo disappearance elevation by the
linear interpolation method used here, such that the actual disappear-
ance elevation is always greater than the nearest lower step eleva-
tion and may be biased toward too high values due to assuming linear
echo strength decrease between elevation steps, as the real clouds

have rather distinct tops. Further the corrections made here are mini-
mum ones, relative to the minimum visible cloud height aspect, such

that "true' cloud heights found for July 18 are an upper bound; the
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heights are likely somewhat lower. Height increase, other than a pos-
sible small amount due to the aforementioned cloud droplet detection
characteristics of the 3.2 cm radar, seems very unlikely in view of the
nature of the graphical plot of apparent cloud heights and by observa-
tion of the true cloud heights found. Further the data used from the
radar are those less than 150 nm and preferably 100 nm or less which

is the generally accepted range of confidence.
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APPENDIX C

POLYGON METHOD DYNAMIC PARAMETER CALCULATIONS

I. Horizontal Divergence
The calculation of the horizontal velocity divergence in a fluid

is most commonly accomplished by the Cartesian coordinate system equation:

IV, ¥ = 214 % [C-1]
where V is the fluid velocity vector with horizontal speed components
u and v in the x and y directions respectively. In the atmos-
phere x and u relate to E-W, positive eastward, while y and v
relate to N-S, positive northward. In regard to Equation C-1, the data
needed for solution are those along the Cartesian coordinate grid, but
in actual practice atmospheric wind observations at surface and upper
air sounding stations, which are usually randomly distributed, are
rarely of such a rectangular nature. In this random data case the wind
observations are utilized according to streamline and isotach analysis
or the related u and v component analysis, with interpolation used
to pick data values along the Cartesian grid for use in solving Equation
C-1. However in some cases the wind data are of such a spacial distri-
bution nature that even the above methods are impractical. A first
principles method of horizontal divergence calculation, discussed by
Vonder Haar and Smith (1971), covers this latter case and is applicable

in the other wind data nature cases as well.



128

This first principles method is based on the time rate of change
of horizontal area of a fluid element due to differences in velocity
across the fluid element. The fluid element area boundary is de-
lineated by a chain of given fluid particles. Manipulating the area
change aspect in terms of the Cartesian coordinate atmospheric nota-

tion yields the horizontal divergence equation:

> _ du  3v _ 1 dA
DIVZV = -3-)-('4'-3-}- = -&- It [C-Z]

where A is the fluid element area and dt is the time interval over
which the area change is measured. Vonder Haar and Smith (1971),
utilize the above equality by defining the horizontal area, AN , de-
lineated by a se¢t of N cloud element "vertices" forming an N-sided
closed polygon. Making the assumption that the cloud elements are dis-
placed with the wind, the beginning, mid and end points of displacement
are utilized along with the time interval (implicitly indicating wind
speed and direction) to obtain the change in the polygon (atmospheric
fluid element) area during the given time interval. The positions and
displacements of cloud elements are given in terms of the x-y earth
coordinate system. Specifically with respect to Vender Haar and Smith's
cloud displacements measured from satellites this system would be the
earth's latitude-longitude grid. Derivation notation is as follows:
(ai’bi) are beginning points, (xi,yi) are mid points and (ci’di)
are end points of cloud eiement displacement which is measured over

a time interval of t seconds. The subscript i denotes the

cloud element or polygon verte: number with 1 running from 1 to N

and vertices numbered in counterclockwise order around the polygon.
\
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Figure C1 displays the polygon geometry and notation. From the

above the area A becomes:

N
i=N
oY (a7 g)
_ Ji=1
Ay = [C-3]
2
where || denotes absolute value and i=0=i=N and i=12i=N+1 . From

this and the area change -the horizontal divergence:

-t

4 Ay
at

>
DIV2 vV = K& [c-4]
follows as:
i=N |i=N
N A R B N A RS BT
DIV, vV = [C-5]
i=N
Eobyagg may )| c At
i=1

which is the usable form. It should be noted that divergence is a dif-
ferential quantity with infinitesimal changes with time and as such

AN is considered constant over the short time interval dt . But in
the above the finite difference form of divergence calculation is used
and thus AN changes significantly over the finite time interval of
atmospheric observation. Thus the area change must be small compared
to the area itself or else there arises considerable ambiguity as to
the true value of divergence due to the uncertainty of which AN value
to use as representative of the finite time interval. Also it is noted

that the more accurate divergence values will be obtained with an in-

creasing number of polygon cloud element vertices and that the divergence
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Figure C1 Polygon Geometry and Notation Related to Polygon Method of
Horizontal Velocity Divergence Computation (After Vonder Haar
and Smith, 1971).
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value obtained is a representative mean over the polygon area. Finally
it is seen that the polygon method utilizes the same basic wind data as
is employed in the more common divergence calculation methods; only

the form of the data differs with the method used to obtain horizontal

velocity divergence.
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I1. Relative Vorticity
Atmospheric relative vorticity is commonly represented by the
earth grid Cartesian coordinate system (described in its particulars

in Part I) equation:

e . [C'6]

This is the third or vertical component of the total vorticity, VXV ,
the curl of the fluid velocity. Equation C-6 is of course'applicable to
any fluid system utilizing Cartesian coordinates and the corresponding
velocity components (as discussed in Part I). However Equation C-6
follows from a first principles definition of relative vorticity, that

relative vorticity is equal to the circulation per unit area or:

g = _A— = [C—7]

where C is the circulation, defined by the line integral around a closed
curve bounding the surface area A and d$ is an element of that

curve. V is the fluid (wind) velocity vector. Vonder Haar and Smith
(1971) proceed from this first principles equation to obtain a working
equation for relative vorticity computation in much the same manner

as employed in obtaining the divergence equation discussed in Part I

of this appendix. Cloud elements again define the closed polygon of

area AN with the closed curve line integral in the vorticity equa-

tion being that around the polygon area boundary, cloud element dis-

placements over a given time interval again form the wind velocity
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data set, and the position, displacement and other notations are the
same as in Part I. Some additional notation is needed here for the
relative vorticity equation derivation and it follows below with
Figure C2 displaying the particular geometry and notation used in this
derivation.

Equation C-7 can be rewritten in summation form, using a defini-

tion of vector dot product, as:

i=N |
L (Vi)-(dSi)J cosei

_ i=1
Ay

[C-8]

with AN defined as in Part I. Further definitions are as follows:

v, = e/At
dSi = (a+d)/2
cos ei = (a2+b2-c2)/2ab

1
3

a = [ +1°X )2 (V3417Y4) ]

o'
n

2%
(x i3 ) + (y;-b, )

i
2
€= [( *j417¢ * O ) ]

ik
(X i + (yi—l-yi)

5

)

o)
n

[(ai-ci)z . (bi-di)z]

From the above the working equation for relative vorticity computation

by the polygon method follows as:
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Figure C2 Same as Figure Cl for Relative Vorticity (After Vonder Haar
and Smith, 1971).
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IZN [;ie-(a+d))| a +b -C X}
i=1 2ab .
g = 1L = [c-9]

E y.(x, .- i_1)

The latter two notes in Part I regarding wind data and dynamic parameter

calculated value validity are equally applicable here.
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