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WEATHER MOTIONS FROM SPACE



PREFACE

Weather is alir In motion. A geostationary satellite such as the ATS~|
spacecraft In a ""hanging orbit' makes possible views of more than a third of
the earth well enough to obtain cloud motions. The meteorologist is no longer
forced to view the ever changing atmosphere as a series of static weather charts
or snapshots from rapidly moving satellites. In a geostationary orbit the
weather moves-not the satellite.

This volume treats three subject areas. First, while the ATS~| spin-scan
camera experiment is conceptually rather simple, it is never~the~less a signifi=-
cant technological development. It is the first synchronous satellite camera
system. It provides a large volume of high resolution cloud photographs having
precise geometry and wide dynamic range. Description of the technical aspects
of the spacecraft and camera system and the associated all important ground
equipment have been included to provide the potential user with enough detalls
to fully exploit the data. Secondly, these new views of the earth have aided 2
number of scientific studies. In our view these results which include weather
motion and some causes are the main contribution of the volume, and are there=-
fore presented first. Thirdly, a number of methods of treating the data have
been worked out and we hope these techniques will be useful to others.

We wish to express our appreciation to the contributors. They withheld
early publication of these papers so a complete description of the experiment
and preliminary sclentific results could be given as a single package reference.
By combining the science and technology in this way we hope to show what is

possible meteorologlcally and technologically using the synchronous satellite's



unique capability. |If we succeed in accomplishing this, the efforts of the

contributors and editors will have been justified.

Verner E. Suomi and
Kirby J. Hanson, Editors

Madison, Wisconsin
June 6, 1968
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Dear Mr, Suomi:
Tom Webb just sent down your latest print-out reporting progress in the collection
of papers with the note:
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papers as they were completed and lose no time in issuing a volume of immediate

need and interest.

I shall look forward to writing you a minimum of tough notes,
Sincerely,

%

Joan M, Krager
General Editor

cc - Mr, Kirby Hanson
Miss Martha Noerr
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PREFACE

Thare are two reasons why this book was writtan., HNeither reason,
considerad alone, would justify the effort. The first is w@& the
ATS-1 Cloud Camera experiment was a large technological step for-
ward and was the first synchronous satellite that was meteorologically
useful. It is difficult and perhaps inappropriate to attempt to
evaluate the effect of this new technology on meteorology. But
whether it is appropriate or not, the interest and success of ATS-1
impels one to feel that this experiment has truely opened a new
and sound vista for studies of the earth's atmosphere. This is
indeed fortunate timing because it coincides with a revolutionary
increase in the scientific capability in meteorology, made possible
by the computer.

The second set of circumstances that gave risa to this volume

is that in the past few years the ICSU/IUGG Committe= on Atmospharic

Sciences has taken an important step toward improved weather forecasting

by establishing a global atmospheric research program (GARP).
This program will add a great deal to our basic knowledge of the
behavior of the atmosphere on a global scale. Thus, the new satellite
technology is available at a time when it is most needad.

If the meteorological community is to benifit from and build
on our present synchronous satellite capabilities, there is clearly
a need to provide this existing knowledge in a readily accessible

way. Over the years wes have come to appreciate, how valuable
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reference books like Smithsonian Metsorological Table and AFCRL Hand='

hook of Geophysics can be to a researcher. With this in mind,

. . eSejence boo K Wwhieh
we are attempting to provide a research ;ganoéiithni will be use-

ful for synchronous meteorological satellites in general and for

ATS=1 in particular.

. .>}h /’9’”"1-9 yeference beok . k
This volume 1sAanalogous to a in that it provides

hasic factual information on the camsra, ground equiptment and
resulting ATS-1 met=orological data., Howasver, it goes beyond the
usual)ﬁﬁiﬂﬁ‘gkb?ﬁk;hat it also presents the preliminary scientific
results‘ﬁéé; the ATS=1 experiment, by res=archers in both universities
and government agencies., By combining both)we hope to provide a
volume which clzarly shows the researcher what is possible,
meteorologically and techno]ogicélly, with ATS-1. If it succeeds

in accomplishing this, the efforts of the contributors and

editors will have been justified.

Verner E., Suomi
and
Kirby J. Hanson
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CLOUD IMAGES FROM SYNCHRONOUS ALTITUDE:

A PROSPECTIVE AND REVIEW

by

Verner E. Suomi



The key to weather is air motion.

The purpose of the spin scan camera experiment was to continuously
monitor the weather motions over a large fraction of the earth's surface.
Near earth weather satellites have provided an impressive array of visual
and infrared observations of the earth's weather on a nearly operational
basis, but the view from a near earth satellite is so fleeting that it is not

possible to obtain any real measure of the weather motions. For example,

in TIROS series of satellites, the life history of a model storm had to be
derived from a number of different storms, at different times, at different
places, and in different stages of development. A synchronous satellite
allows one to measure the cloud motions rather than infer them because
the earth's disc is under continuous surveillance. Under a synchronous
satellite the weather moves—not the satellite!

In the tropics the we_ather motions have a much shorter time scale
than the motions at higher latitudes. The tropics, between + 30° latitude,
covers half the earth's area which is 80% ocean. Here the surface obser-
vations are very sparse and polar orbiting satellites have the greatest
gaps in their data.

The tropical region is the "boiler' of the giant atmospheric heat engine.
Convective activity plays an all important role in the heat transfer process,
yet its short time scale prevents its being observed adequately by near

earth satellites.



The radiation balance of the earth as measured from Explorer VII,
TIROS III, IV, and VII (House, 1965; Bandeen, et al., 1964), shows
that the measured outgoing radiation is surprisingly close to previous
estimates, while the albedo of tropical regions is significantly lower than
these earlier estimates. Thus considerably greater poleward transfer of
heat is required. For example, values 40% larger than London's estimates
across latitude 20° have been obtained. The detailed mechanism whereby
the atmosphere transfers the heat out of the tropics to higher latitudes is
not adequately understood even though it is realized that latent heat trans-
fer and large scale eddy circulations play a dominating role over meridional
circulations.

Figure 1 shows the total heat content of the upper portion of the trop-
ical troposphere is higher than the mid tropospheric portions even though
the atmosphere is heated from the bottom. Riehl and Malkus (1962) pro-
posed a "hot tower' mechanism for the transfer process (1962). In the
"hot tower' process the number (or area) of upward convective thrusts
is a key element in the quantitative evaluation of the heat transfer pro-
cess. Not all clouds ascend through the entire troposphere so considera-

tion of the organization of the cloud systems is also required.

The spin scan cloud camera on NASA's Applications's Technology
Satellites ATS-I and ATS-III were developed to provide higher resolution
spatial distribution information on cloud systems over a large fraction of
the tropics and higher latitudes as well. Even more important, they pro-

vide key information on cloud system growth over time scales much



smaller than the diurnal interval. Finally, because the camera images

are dimensionally accurate, it provides information on cloud displacement
as well. The cloud displacements provide information on the large scale
air motions which transport the heat out of the tropics to higher latitudes.
The synchronous meteorological satellite turns out to be the key tool for
study of the tropics.

In a synchronous orbit it is possible to take a ''time exposure'' of
the earth about the subsatellite point. This feature allows a surprisingly
simple optical and electronic system to generate a high resolution photo-
graph. A two-mile resolution at the subsatellite point has been demon-,
strated.

While a number of schemes were considered for the camera system,
the one actually used consisted of a "rocking telescope' which employs
a 10" focial length Cassegrain telescope whose primary mirror is 5" in

diameter.
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ON THE DOUBLE STRUCTURE OF CLOUD

DISTRIBUTION IN THE EQUATORIAL PACIFIC

by
Jack Kornfield
and

Kirby Hanson



INTRODUCTION

The circulation and cloud structure of the equatorial atmosphere
have been studied because of their roles in the first stage of the
atmospheric heat engine, Fletcher (1945), Palmer (1952), Riehl (1954),
Flohn (1955) and others have provided the framework of knowledge by
describing the general circulation of the equatorial atmosphere. Alpert
(1945), Simpson (1947), Malkus, et al. (1961), among others, have
added a great deal of information by describing the atmospheric behavior
in regional studies of the Pacific. These early studies were based
primarily on observations taken in the sparse network of Pacific Ocean
weather stations, and on rawinsonde and aircraft observations, More
recently, Sadler (1963a, b) has used TIROS satellite observations to
reveal much about the local circulation and typhoon movement in the Eastern
Pacific.

From seeing the first ATS-1 pictures it was apparent that some of the
earlier concepts of cloud distribution in the tropics were not observed.
There was a preference for cloudless conditions within a few degrees of the
equator and deep convective cloudiness from 5 to 10 degrees latitude both
north and south of the equator (but primarily north). This indeed is in
sharp contrast to earlier ideas which had visualized rising motion and
convective cloudiness over much of the broad equatorial region. How could
one explain these new observations which seemed to show a reversed padley

~circulation in the region from 10° N to 10° S?



A very likely explanation is given by frofessor Charney in an
accompanying article in this volume. He shows that a zonally symmetric
disturbance of a conditionall& uné&able tropical atmosphere could, by the
instability process in&olving cooperation between the cumulus clouds and
the large scale disturbance, give rise to two narrow regions of rapidly
ascending motion more or less symmetrically placed about the equator and that,
for dynamical reasons connected with the Coriolis‘control of the meridional
mars transport in the ﬁlanetary boundary layer, these zones would not coincide
with the equator (Charney, 1966). It is now clear that cloud features
observed in the tropical Pacific by ATS-1 and ESSA satellites in 1967 and
1968 occur in the same latitudinal zones as predicted by Charney's theory.
This new observational evidence is the subject of our paper.

The exciting theoretical development of Professor Charney and ATS-1
pictures pose some important questions of the tropics. Is an anti-Hadley
circulation present in the equatorial Pacific? If it is, what is the depth
of the subsidence layer? Does wind and moisture convergence in the
atmospheric boundary layer entirely determine the location of the ITCZ and
underlying ocean currents, or do the ocean currents themselves play a roll
in determining the position of the ITCZ?

None of these questions can be answered at this time but will undoubtedly
be of great concern in the next few years as attention to the tropics is ac-

celerated.



TWO METHODS OF CLOUD ANALYSIS

Our principal interest is tgfexamine the cloud distribution over the
Pacific Ocean averaged over specific time periods., To do this, we have used
two completely independent techniques which are intended to approximate the
monthly frequency of cloudiness.

One technique provides photographic averaging of a series of pictures.
The individual pictures in the series are "imaged, one at a time, on a single
sheet of photographic film. The resulting picture represents an average of
all the individual pictures of the series. Photographic averages of the
ATS-1 pictures have been obtained in this way for monthly and half-monthly
pefiods. A number of these mean monthly cloud pictures with latitude - long-
itude lines superimposed are shown in Figure 1. Each of these monthly average
pictures is derived from about thirty pictures.

The second technique has been used to determine frequencybof occurrence
of band-type cloudiness which, for the purpose of this work, is defined as
those clouds which appear to be organized into lines or bands having a width
of about two degrees latitude or greater. One picture per day was used to
determine the frequency of occurrence of this type of cloudiness for monthly
periods. In order to accomplish this, each daily ATS-1 picture was overlain
with a 5 by 5 degree latitude-longitude grid, and the presence or absence
of line-type cloudiness in these boxes was determined. From this, the fre-
quency of line-organized cloudiness was then determined for monthly periods

and hand analysed, These are plotted in Figure 2.



A1though the photo technique of Figure 1 and statistic technique of
Figure 2 show the same general cloud structure in the Tropics, it is apparent
that the hand nephanalysis of the statistical technique reveal the full
structure of the cloud bands as does the photographic average. This is
because the photographic technique can record clouds of smaller size and

without a previously defined definite organization.

DISCUSSION OF TROPICAL PACIFIC CLOUD FEATURES

The convective cloud band located about 5 to 10 degrees north of
the equator is a strikingly permanent cloud feature of the tropical Pacif,
as shown in Figures 1 and 2, It is very apparent that this cloud band doés not
migrate across the equator, except perhaps in the eastern Pacific (east of
120° W. Long.) where there appears to be a slow southward migration dufing
the latter part of winter in the northern hermsphere.

It appears to be an interesting fact that this cloud band, north of
the equator, is most intense when fhe sun is either farthest north or farthest
south, that is, in late December and late June. During the remainder of the
year, the northern cloud band is less well developed and in March, April
and May, there is a strong tendency to have convective cloud bands both
north and south of the equator with a relatively clear zone between, as
predicted by the theory of Charney, These are the essential features of
the mean cloud condition we have observed over the tropical Pacific Ocean,

It is very tempting to think that Professor Charney's theory of moisture
convergence in the boundary layer satisfactorily explains the symmetrical
cloud doublet that we see in April (Figure 1 and Figure 2) when the sun is

nearly directly over the equator.' But what is the mechanism that causes



the intensification of the northern cloud band when the sun is in the
northern hemisphere and again when it is in the opposite hemisphere? At
present we cannot answer that.question.

In Figure 3 (top right) we have superimposed the July streamlines of
surface wind flow, as found by Mintz and Dean (1552) on the July mean cloud
picture. It is clear that the northern cloud band coincides very well with
the surface wind convergence line and verifies the mean position of the
convergence line. However, it does not necessarily verify the streamlines
which are shown to cross the equator as the cause of this convergence. It
is equally possible that the observed convergence could be a result of an
anti-Hadley circulation, as predicted by Charney, and the flow across thg
equator from south to north, as shown by Mintz and Dean, would not be

required.

SUMMARY

A number of interesting cloud features have been observed in the
tropical Pacific which tend to support the theory given by Charney in another
paper in this volume. His theory predicts two cloud bands, one on each
side of the equator with a clear zone between, This cloud distribution is
observed during a few months near the vernal equinex, However, when the
sun is either farther north or south, this double structure disappears and
only the northern cloud band is present. It is not clear why this should

occur,



From these photos it is not possible to determine whether the anti-
Hadley circulation, which ChaFney has postulated, exists at the time when
the cloud doublet is present and if it continues at other times when only
the northern cloud band is present. It appears that the former is true,
and it is mere speculation whether the latter is true, Others have suggested
a link between ocean currents and these convergence cloud bands,

All of these possible causial factors will be receiving a great deal
of attention in the next few years as more attention is focused on the
tropics. Hopefully we will find more complete answers to the unknowns -

of which Professor Charney has provided such an enlightening start.
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I. INTRODUCTION

In weather lore and in elementary textﬁooks the eqﬁator is
pictured as wet. The view commonly ﬁeld is that intense solar heating
causes moisture-laden zonal fings of air at low levels t§ aonverge
from both hemispheres towards the equator where they rise and release
their moisture in copious quantities. We know that this picture is
somewhat less than accurate, but just how inaccurate it is is revealed
in a most striking manner by the spin-scan cléud photographs taken from
the ATS-1 and ATS-3 synchronous'sétellites. The articles by Kornfield
and Hasler (1968) and Kornfield aﬁd Hanson (1968) in this volume show
that over the greater part of the tropical oceans convective acti&ity
is confined to narrow bands paralleling the equator but rarely crossing
it. For example, over most of.the Pacific the equétor is in a clear,
dry zone where the air is presumably sinking, not rising. This pﬁeno:e—
non 1is obséured in analyses of mean meridional circulations nesr the
equator because of averaging with wet regions or because of lack of
oceanic data. Thus Bjerkﬁes and Venkateswaran (1957) find ascending

air at the equator in winter, and Palmén (1964) finds ascending air in

both winter and summer. However, in each case, the meximum ascent takes

place'away from the eqﬁator. -Figure 33 taken from the former article,

and Figures 2 and 3 from the latter, show a broad region of ascent rising
to a maximum between 3 and 4°N in winter and 6 and 7°N in sumﬁef} These
positions compare well ;ith the observed mean cloud band strucfures over

the Pacific given by Kornfield and Hanson (Figure 4 in their article).



The slightly more ﬁorthward position of the bands in winter‘is prob-
ably due to inclusion in the averaging process of continental-monsoonal
regions where a good deal of equatorial clouainess and rainfall does
occur. 2

Kornfield and Hanson point out that the convective cloud

bands coincide with the so-called Intertropical Convergence Zone (ITCZ),

the region of horizontal convergence in the Trades. This zone, in turn,

‘is coincident, or nearly so, with the equatorial trough zone which has .

been established by Riehl and Malkus (1958)  as the primary sup-
plier of heat energy for the tropical circplation. Thus the bands ére
not mere curiosities; théy are essential elements of the tropical circu-
lation; and if one is to truly understand the circulation of the atmos-
phere, the following questions, directly posed by the satellite pictures,
must be answered:
1. What determines the location of the cloud-convection
zone away from the equator and why are there sometimes
two such zones on opposite sides of the equétor?
2. Why is there an associated equatorial dry zone?
3. Why is the cloud-convection zome so n;rrcw, averaging
less than five degrees of latitude in width?
These quesfions have occupied me from time to time in a study
of tropical circulations I began some ten yeafsbago. Indeed the first
AT3-1 picture of the Facific was releésed in -the Bostoﬁ Globe newspaper

on December ll; 1966 while I was lecturing to my class at M.I.T. on a



theory I had recently published for the formation of the IfCZ (Charney
1966). I had been showing how the theory p;edictéd that a zonally |
;ymmetric disturbance of a Egpditioﬁally uﬁstable atmosphege cculd,

by an instability process involving cooperation between the cumulus
clouds and the large-scale disturbance, give rise to two narrow regions
of rapidly ascending motion more or less symmetrically placed abput the
equator, and that, fo¥ dynamical reascns connected with ;he Coriolis
éontrol of the meridional mass transport in the planetary boundary layer,
these zones would not coincidé with tﬁe equator. The ATS-1 picture
showed two zones, a distinct one at about 6 or 7°N and a moré diffuse
one at aboﬁt the same distance south. My calculaticns placed the zcnes
at appréximétely 10° north and south. This qualitative agreement en-

couraged me to extend the theory to the problem of maintenance as well

of the ITCZ :
as  generation/by completing some finite-amplitude calculations I had
already - begun. These calculations confirmed the stability analyses
in

in some but not/all respects. For example, ;'surprising degenefacy was
discovered whereby the position and intensity of the steady-state ITCZ
Lcirculation depended not only on the éhysical paraﬁeters and external
boundary conditions but zlso on how the circulation was sterted. Since
the calculations clearly bring out the impértance of the ITCZ in.méin—
taining thg temperature and wind structure Ef tﬁe entire region of the
trobiés and subtropics, and since the theory is d;rectly relevant to an
explanation of the cloud.patterns ngerVed from the ATS satellites, it

will be presented here in outline form.



II. THE PHYSICAL MODEL

The principal idea of the theory is that organized cumulus
' EY

convection is con;rolled through frictionally induced convergeﬂéé of
moisture in what is called the planetary boundary layer.or the Ekman
layer of the atmosphere. Roughly Speaking, the vertical pumping of
mass, and therefore 6f moisture, out of this layer is proportional to
the vorticity of the surface geostrophic wind. Since the air at low
ievels holds the bulk of the moisture énd has the greafest potential
buoyancy for moist-adiabatic ascent in 2 conditionaily unstable
tr0pica1latmosphere, cumulus convection and release of heat of conden-
sation is largely determined by this verﬁical pumpiné and its associated
boundary—la&er convergence.* A local increase of vorticity in a zonally
symmetric flow will give rise to the folldwing sequence of events: (15
increased vertical flux of moisture, (2) increased cumulus ;onvection
with release of heat of condensation, (3) a tegpérature rise, (4) an
accelerative pressure-density solenoidal field, (5) increased low-level -
convergence, (6) a bringing of high angular momentum air frpm the equator-
ward side of the disturbance into juxtaposition with low angular ﬁomentum
air from the pcleward side, (7) a still greater increase of positi&e

vorticity. This is essentially the instability mechanism which would

produce an ITCZ if one did not exist,or would maintain an ITCZ if it

*That the meridional transport of mass does in fact take place primarily
in the planetary boundary layer is brought cut in Figure 1 and also in
Figure 4, tzken from the article by Palmén (1964).



alreadj existed. The same general process has been used to explain
the formation of o;her synoptic scale circulations drivgn by heat of
condensafion. Thus Charney and Eliassen (1964) haye used it to ex-
plain the formatioﬂ of the.pre—hurriéane tropical depress%sn, and
Ooyama’ (1964) has used it to explain the fofmatiqn éhd maintenance
of the hﬁrricane itself. i .

In all that follows it wii] be assumed thaf ﬁhe model flow
is zodéily symmetric. This assumption is justified by the evidence
presented by Bjerknes and Venkateswaran and by Palmén that the meri-
dional transports of heat and angular momentum are dominated by the
symmetric components of the flow at low latitudes. Additional evidence

. wof—mines— A
;gg/q of this kind has been provided by & former studens;{Paul Janota, in
an unpublished work. .Using.data gatheréd in the equatorial western.
North Pacific for May, 1956; he showed that the zonal pressure forces
and the gradients of the zcnal Reynolds stresses were small in compari-
son with the convective accelerations associated with the symmetric
components of the floQ. Finally, van de Boogaard (1964) has compared
the meridionai transports of water vapor by the symmetric comyonenﬁ
of the flow and by. the eddiés and has shown that the symmetric flow
'dominates from the equator to about 20°N. |

Yet it is not the purpose of this article to prove.that the
flow must be symmetric, for one cannot escape ths as;mmetries due to
the land-ocean distribucion. 1It'is rathe; to show that a tropical cir-

culation of planetary scale in lonjitude must develop a narrow ITCZ



whose location, controlled largely by Coriolis effects, is at a small
but finite distance from the equator and whose dynamics.is essentially
that of a circular vortex. This distance may vary slowly with longi-
fude, and asymmetries méy cause inténsification or diminuézon of the
ITCZ, but the overall effect is to produce a "Hadley" circulation in

which the symmetric components of the flow dominate.



IIT. STABILITY ANALYSIS

The detailed stability analysis need not be given here.
It is similar to that for the axialiy symmetric tropical d&pression
presented in Charney and Eliassen (loc. cit.), the principal differ-
ence being that axial symmetry is replaced by line symmetry. The
analysis depends critically on the calculation of the vertical mass
flux from the Ekman layer, which, since it is also used in the finite-
amplitude calculatiéns, will not be given.

For lack of a complete theory of the surface Ekmanvlayer,
especially at low latitudes, the following semi-empirical approach
is adopted. Ve assume that the time-scale of adjustment in the bound-
ary layer is ;mall in comparison to that of the flow under considera-
tion, or else fecognize that we are aiming at a steady-state theory;
then the zonal momentum equation for the boundary layer on a sphere

may be approximated by

(1) - fpsv L S

where p
/ is the density, v is the meridional velocity component, f = 2Qsing¢

is the Coriolis parameter, T is the zonal stress component, and the

subscript "s" denotes a standard mean value dependent only on z. In-

tegration of the above equation and the continuity

(psv cos¢)¢

a cosd

|
o

(2) + (o w), =



through the boundary layer then gives

3) ‘ - £B

=TT T T, s
-
and
(B cos¢)¢
%) a cosd ¥ Pgg Wy = 0 *

where a is the radius of the earth, w is the>vertical‘velocity compo-
nent, Ty is the zonal surface stress, B = fpsvdz is the meridional
mass transporf in the boundary layer, and the subscripts "&" denote
quantities at the top of the boundary layer. In Ekman's theory, as
modified by Taylor, it is assumed that the surface windqand surface
stress are parallel, that the kinematic eddy coefficient of viscosity
Ve is constant, and that the surface wind makes an angle u with the
surface geostrophic wind. We then find that

)

= (v._2 sing) %’ in2
= ve. sin¢ psoug051n a .

To
where ugo is the surface geostrophic zonal velocity component. In this

: 3
theory the depth of the Ekmen layer D_ = (ve/Qsin¢)' becomes infinite

E
as the latitude tends toward zero, and (5) becomes invalid. We there-

fore use instead the empirical relationship

6y 1 =C



in which CD is the drag coefficient.

In performing the stability analysis one anticipates thét
the ITCZ will be a very narrow region, so that the physical para-
meters and the latitude may be assumed to vary only paramézrically.
Setting the dynamical variables proportional to ect, one obtains the
graph in Figure 5 showing the growth rate ¢ as a function of the
width b of the convection zone. This width is plotted non-dimension-

ally as b/bo’ where b_ is the Rossby radius of deformation,

: RT_,
@) b°2= £7- Mnd_

‘kere - R is the specific gas constant, Tsz the undisturbed mid-

atmosphere-temperatﬁre, and Aes a vertical increment of the undis-
t;rbed potential temperature Gs.

The growth rate is also plotted non—dimensionally as
o/co, where % is ; frequency derived from the assumed character of
the boundary layer. If the atmosphere is at rest, and the boundarf
_layer is treated as an Ekman-Taylor layer, one obtains

g D

8 -f2=-§sinza .

where H is the mean scale-height RT_,/g. If, on the other hand, a
trade wind u_ has already been established and the more realistic

GE) and (6),

determination, j of the boundary layer pumping is used, one finds
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that
| AN
(9) ¥ i

fH '
‘ .
The conditional instability of the atmosphere is expressed
by the parameter

Alnees
Ko ] e s

Alnes

where Aees represents the vertical increment in the mean equivalent
potential temperature associated with the increment ASS. If fhe
atmosphere is conditionally unstable, « is greater than unity. 1In
Figure 5 it i; assumed that k = 1.1, corresponding to a lapse rate
of equivalent potential temperature of about 1°C per km, and also
that a = 15°,

The lower abscissa in Figure 5 is the dimensional width b
for a latitude of 7.5°. We see that the growth rate remains nearly
constant for b/bo less than about 0.1, or b less than anut 200 km;’
and then decreases rapidly. A width of this order is also obtained
in the finite-amplitude, steady-state calculations. Zonal disturbances
with greater width are stabilized by the earth's rotation; thus we see
from (7) that an increase in latitude, and therefore of f, causes a de-

crease in the radius of deformation and, for a given «, a decrease-in

the width of ‘the ITCZ. ‘It is difficult to compare the predicted with
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the obsefved widths as revealed by satellite photographs because
the region of active cumulonimbus convection is obscured by the
cirrus shields spreading out from the Cb tops, but judging from
brightness values and airéraft reports, a width of the order of
-er 300 krn
<208 e would appear to be reasonable.
The maximum growth rate for a given latitude .is found to
be
%un -~ 1

o T T %

_where p is the relative humidity and it is assumed that moisture may

flow into a column at all elevations. . If only the moisture flux from

the boundary layer is considered, the maximum growth rate is

(11) e fee e g

m Aqs o :
Vhere q is the specific humidity and Aqs is the vertical increment in
9 corresponding to Aes. In the ﬁkman—Taylor tﬁeory s increases as
(sin¢)%, whereas the factor involving k in the expression for A de-
creases with «k and hence with latitude. Thus i will have its maxinum
at some mid-latitude. The solid curve in.Figure 6, showing S as a
function of latitude, is calculated from(lO)Aﬁigh p = 75 percent,and
is based uponlthe observed yearly éverage'variation of k with iatitude

in the Northern Hemisphere. We sec that the maximum occurs at 15°N.

~
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If the expression (9) for co, together with the observed mean zonal
surface geostrophic wind profile, is used instead of (8), one obtains
the dashed curve in Figure 6. The maximum of o, is now at about 9°,
and is closer to the mean position of the ITCZ in the clodﬁ band pic-
tureé,but is still too far north. However, at this point it is un-
reasonable to expect any better agreemens//since one cannot strictly
apply stability considerafions to wind profiles and temperature laﬁse—
rates ﬁﬁich have already been modified by the ITCZ circulation. It is
perhaps more meaningful to c;lculate the dry Hadley circulation and
study its stability for moist motions. This has been done, and with
similar results; the ITCZ occurs at about 16’. For further prbgress
one must proceed to a finitefampli£ude theory in which stationary cir-

culations may occur.



IV. THE MATHEMATICAL MODELL

For reasons given in the articles by Charney and Eliassen
(1964) and Charney (1966) one may treat the flow as balanced. An

approximate, energetically-consistent, set of momentum equations for

such a flow is

v(ucosd) T
— i - fv= -2
'ut + & 2 ps ’
2
(12) fu + u‘tand ~ ¢¢ =
g(ind - lnes) = Y,

where ¢y = (p - Ps)/ps' The corresponding energetically consistent

statement of the first law of thermodynamics is
ol
(13 v, +wlN . = 8=

where Q is the rate of accession §f heat per unit mass.

The principal approximaticns invoived are the substitutiqn
of thg gradient wind equation for the meridional>momentum equation and
the ignoring Qf the hofizontal advection of-ehtropy and the horizontal
variation of static stability in the thermal equation. Thesé approxi-

mations can be justified by scale analysis.
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It is not sufficiently well-understood how moisture.injected
into a unit vertical column from the boundary layer and from its -stdes
i1s converted to heat of condensation by cumulus convectiony nor how
this heat is distributed vertically. This is a major unsolved problem
whose solution will require more observational study. We bypass it
here at the expense of truncation error by treating a two-level model
atmosphere in which only the integrated heating is required, and by
assuming, with Ooyama (1964), that the flux of moisture into the sides
of the column may be ignored altogether. The boundary layer character
of the flow is taken into account explicitly only in the calculations
of the vertical flux of moisture from the boundary layer.
The momentum, continuity and thermal equations are written in
divergenée form, and vertical derivatives are expressed as derivatives
in the standard pressure ps(z)-corresponding hydrostatically to the stan-
dard density ps(z). The standard surface pressure is 1000 mb, and the
atmosphere is divided into quarters at the levels 0, 1, 2, 3 and 4 by the
pressures 1000, 750, 500, 250 and 0 mb respectively. To obtain the two- !
level eduations, one replacés vertical derivatives at levels 1, 2 and 3
by finite differences between levels 0 and 2, 1 and 3, and 2 and 4 re-
épectively. Quantities at the level i are denéted by the subscript "i".
The heating function is divided into two parts. In view of

the assumptions made, the part due to condensation may be written

g

T e

(14)
Psz

szszqsﬁ ?

Q¢
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where L is the latent heat of condensation. In this expression the

is calculated from equations (3), (4) and (6).

vertical masg flux Peg¥e

In the Ekman-Taylor theory the boundary layer depth behav%f like.
'(sin¢)-%; in more sophisticated treatmenfs (cf. Blackadar, 1962) it
‘behaves like (sin¢)_l, but neither of these treatments is valid at
latitudes for which the Rossby number is no longer small. Obviously
more observational and théoretical work is needed before an adequate
theory can be formulated. For the present, we note that the dashed

-
? variation, bounds the region

curve in Fig. 4, representing a (sing)
of strong meridional transport reasonably well. This means that as
the equator is approached ﬁhe humidity, Aggs which is injected verti-
cally into the ITCZ comes from increasingly higher levels-where it is
increasingly smaller. If we assume a linear decrease of dgg with height
(the decrease is actually more.exponential) and a (sinq>)_;5 variation of
the height of the boundary layer, we must multiply (14) by (sin¢/sin¢o)%,
where Ay is normalized at the latitude ¢Ot ‘Wé may then continue the
expression (3) for B all the way to the equator providing T approaches .
zero- with sufficient rapidity. This latter condition is insured in our
model by equatorial symmetry and the absence of lateral viscosity.

In the vicinity of the ITCZ considerable evaporation must occur.
The horizontal divergence of the Ekman transport of moisture does.not by
1t$e1f account fbr the mean.precipitétion. We must assume a continuity
equation for moisture in the boundary layer‘which allows for surface

evaporation. Since the effect of evaporaticn is to increase the humidity
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of the air which is advected horizontally, we allow for it simply
by increasing the specific humidity in the expression for the heating

by condensation.

ihe second part of the héating function is due ?o long and
short wave radiative exchange. birect sola; heatiﬁg is‘small: the
-earth's atmosphere essentially looks down upon a warm ocean whose
temperature T°(¢)‘may bé'regarded as fixed on Fhe time-scale ‘of the
develﬁpment of an ITCZ circuiation. In the present model this tem-
perature is assumed to vary only with latitude. Since “only

' : is needed,

the mean heating throughout an entire atmospheric column /we may, for
radiative purposes, regard.the atmosphere as an fsothermal "black" or
"grey" body. Linearization of.thé Boltzman fourth-power law theﬁ gives
a kind of Newtonian conduction according to which the heating is pro-
portional to the difference between the actual mid-level température

5"
T, and a radiative equilibrium temperature T, (¢) determined from the

sea-surface temperature, i.e.,
s o . -1
. e 1,5 = 0@
where k (5 1) is the coefficient of "grey" absorption of the atmosphere.

The foregoing approximacions permit the thermal equation (13)

to be written

m

s

; I
-A3) (g - ¥)) +glvy =glawy + K [0y - ¥)) - Gy - 9]
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(18) N =TT hame - It o
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and ¢ is here the Boltzmann constant.
The circulation gepends éritically on the quantity n which
. relates the release of heat of condensation to the vertical mass flow
from the boundary layer. This quantity cannot remain constant because
heating by condensation causes (1) an increase in static stabilify and
therefore a reduction in n,vand (2) a stabilization of the atmosphere

until finally no deep moist convection is possible. We express this
T,-T

( AT

constraint by multiplying n with the factor [1 + exp

T2 represents the mid-level temperature corresponding to a moist-adizba
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lapse-rate between the sea-surface and level 2 at lov

is a small increment in temperature of the order of 2 or 3°C. This

factor has the property that it is nearly unity for T2 < Té and nearly

zero for T, > T, but varies continuously between these limits. Another

2

A
r0Y] &, 2llows for the var

tion of n with latitude — from nearly unity at ¢ < ¢° to nearly zero

)]—l, in which
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at ¢ > ¢°. Finally, to avoid the truncation error associated with a

discontinuity in the heating function, we introduce a third multipli-

5

z;)]—l in which Aw is a positive quantity

cative factor [1 + exp(-

which“is small compared with the average value of jwzl. This factor
‘ <

is nearly unity for positive w and nearly zero for negative w. Thus

we have
T2—T2 sing-sinj, ‘3&; o
(34) a=m L+ e™ JdeeFW 3¢ 55 HY :

(o)

which completes the specification of the heating.

A more general model containing finite-amplitude sinuscidal

‘wave disturbances has been constructed. The waves are permitted to

interact with the mean flow but not with themselves; they therefore

contribute to the transport of heat and angular momentum while retainin

0Q

their sinuscidal shape. Preiiminary calculations with this model indi—
cate that there is a significant interaction between the tropical

Hadley regime and the mid-latitude Rossby (wave) regime but that the
qualitative behavior of the Hédley'circulation is not altered. A re-

port on these calculations will be published elsewvhere.

Hh
[\])

The general character o symmetric circulation on a rotating
sphere driven by differential heating is brought out by the analysis of
the flow in simplified type models. Such an analysis has been carried

' ' : ; . *
out for an incompressible Boussinesq fluid with a free surface whic

heated differentially from below ‘and cooled differentially from above

*The free surface is intended to simulate the effect of the stable strato-
sphere in reducing the eddy stress to zero, so that,in effect,there is a
boundary layer at the tropopause, similar tc that at a free surface, in
which the stress, not the velocity, must go to zero. '
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by conduction. Let U be a characteristic thermal wind and h the depth
of the fluid. We define the Rossby number by Ro = U/2Qa and the Ekman
number by E = ve/Zth. It is assumgd that Ro = O(E%b < 0(1), as in the
atmosphere, and that the ratio of the kinematic coefficieﬁz of viscosity
to thermometric conductivity is order unity. The results of the analysis
may be summarized as foliows: The intéfior flow is zonal and geostrbphic
to order E, and the temperature is in conductive equilibrium to order E%.
The horizontal teméerature gradient produced in the interior of the fluid
by conduction from the boundaries gives rise to a non-vanishing vertical
gradient of the zonal wind. Since the condition of zero stress at the
upper free surface requires that this gradient by zero, a kind §f Ekman
layer arises in which there is an order E mass transport poleward. .Since‘_
the interior transport vanishes to a higher order in the Ekman number, the
Ekman layer at the lower rigid boundary adjusts itself to produce an equal
equatorial mass transport. The upper and lower Ekman layers afe divergent,
and, except near the equator, there is a downward pumping of mass directly
from one to the other which convects temperature and causes it to deviate_
from conductive equilibrium. The above properties appear to be in qualit;-
tive agreement with the analyses of the actual Hadley circulation of the
atmosphere presented by Bjerknes and Venkateswaran and by Palmén, especi-
ally in winter.

In the present model the boundary-layer character of the flow is

explicitly taken into account only in computing the heating by condensation.

The nature of the truncation error caused by ignoring the boundary layer in
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the momentum equation may be estimated by comparing the analytic solu-
tion for the above type model with the finite—differencé numerical-solu-
tion. It is found that the temperature at the mid level, and therefore
‘also the wind difference between levels 1 and 3, is exact 20 zero order
in E, but that the zero order zonal velocities are 25% too large at the

upper level and 100% too large at the lower level.
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V. RESULTS OF INTEGRATIONS

A large number of integrations have been performed with
% -
a thermal driving T, (¢) symmetric about the equator, The driving

and the initial conditions were varied, as were the parameters

Alnes, Ves CD’,kr’ nys Ty and ¢,» the first four specifying static

stability, internal friction, surface friction and radiative exchange,

Tespectively, and the last three condensational heating. The follow-

been
ing general conclusions have / drawn from the results:

(2) The effect of.condensatiqn, while always present,'mani—
fests itself as.an instability.“ When no is below a certain critical
value (wﬁich varies with the other parameters but is roughly between v
1 and 4) condensation has only a small effect, but when this threshold
value is exceeded the effect becomes very large and decisively influences

the entire circulation well into middle latitudes. The breakthrough

occurs when the heating due to condensation in the ITCZ overcomes the

cooling due to adiabatic expansion. In this sense the instability is

analogous to conditional instability associated with small-scale cumulus
convection, but here the dynamics are very different,since the instability
pertains to large-scale, balanced flows, not to free comvection, and for

the author
this reason Eliassen and [/ (loc. cit.) have called it conditional in-

stability of the second kind.

(b) The stéady—state flow with strong condensation appears to

‘be degenerate: several different steady states may be produced with the



same thermal driving and the same éhysical parémeters by.varyiﬁglthe
initial conditions. The steady-state flow without condensation or
with weak condensation aoes not appéar to be degenerate.
2 -
(c) When o is near its threshold value, both the strong
and weak stationary condensational states can be produced with the
same driving and the same parameters by varying initial conditions.
(d) By Varying éhe initial coﬁditions, an ITCZ can be pro-
duced at almost any location between the equator and about 15°,. but

never at the equator.

(e) The width of the ITCZ is of the order of 300 km or less

in the'model.

¥

(f) There is some evidence that with condensation there can

be a symmetric circulation which does not approach a steady or periodic

sgfte. ]
= ' t

() A small increase in the sea-surface temperature at ; given
latitude will influence the position and structure of_thé ITCZ, not so
much because of the éhange in static stability but because of the large *
induced change in the thermal wind and the coﬁsequent ingreased trans-
po;t of relative momégii?, increased shear 'in the easterlies, énd in-
Several examples of calculated circulations will now be pre-
sentéd. The radiative equilibrium temperature is assﬁmed to be of the

form
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(g) The thermal balance in the narrow ITCZ is essentially
between heating by condensation and cooling by adiabatié expansion‘
in rising air. The radiative vooling is a small residual and could
actually be ignored entirely. K

| (h) The absence of an iTCZ at thé equator is directly asso-
ciated with the absence of any boundary-layer pumping of moisture and
therefore of condensation. Since the temperature is essentially thgt

of the ITCZ, it is higher than the radiative equilibrium value, and

sinking motion must take place to compensate for the radiative cooling.
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% ‘ * :
T, (¢) =T, (0) - Tmsin2¢

*
where, in all that follows, T, = 0°C and T, = 66°C.. Since this thermal ‘g

< Hter ide
N euatom

driving leads to a circulation which is symmetric about tRe equator, the y°*
and, of course,there will be two ITCZ's,® o
circulation need only be calculated for a single hemisphere, / The physi-

/s

cal parameters are given the following values:

Alnes = 011
H = RT,/g = 7.75 x 10°cn
v, = 2.8 x 10°cm®sec
-3

CD = 1.2 x 10
k_ = 0.47 x 10 %sec™? )
= e
T2 :10 C
AT = 3°C

Asing = 0.1
Aw = 0.03 cm sec.1

The curves in Figures 7, 8 and $ show the zonal velocities,
vertical velocities and temperatures, respectively, for the steady state
circulation which is approached when the time-variable equations are in-
tegrated from an initial state of relétive rest. The solid curves are
for B, ™ 2.0, the dashed curves for L 1.7, and the détted curves for
the dry case, iy = 0. The dash-dotted curve in-Figure 9 represents the

= * 2 . .
radiative equilibrium temperatnurz T, (4). We ncte that there is a striking



difference between the two moist models, A small change of n, brings
about a radical change in the final circulation. Th;s it is seen that
the weak moist circulation resembles much #ore the dry than the strong
moist circulation and that_the strong circulation produces® large tem-
ferature and zonal veiocity increases that extend well into miééle tati~
tudes. It may be inferred from these coﬁputations that the temperature
in the tropics and subtropics is maintained well above radiative equi-
librium (essentially at a level corresponding to the saturated adiabatic
lapse-rate) by the condensation occurring in the narrow IfCZ, and not,
as has sometimes been supposed, by sporadic moist-convection occurring
éverywheré. Thus the high temperatures in the subtropics are due to 2
combination of the anchoring of the temperature in the region of the
ITCZ and the dynamical control of its horizontal variation by the trans-
port of the earth’s momenﬁum and the thermal wind constraint. The haat
budget is, of course, a radiative loss balanced by an advective gain.

~\Ihe absence of an ITCZ at the equator is dlrectly aesoc1ated l
/

.‘-’

. - / . .
_/SSL/“ ' temperature is essentially that of the‘ITCZ! it is higher than the
radiative equilibrium value, and sinking motion must take place to

‘ Q-k =-“~m 4
| compensate for the radiative cooling. a_.___-u._g/

- Figures 10, 11 and 12 show the nature of the devenerac‘ for

n, 4. The circulation represented in Figure 10 by a peak in W, at

4. 5 was started from rest; those showing peaks at 10° and 13° were

started from a steady, dry circulation in which uy and ug were given
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negative perturbations at grid points coinciding with ¢ = 11.5°

and

14.5°, respectively. In each case the initial conditions determined

éhe final steady state. The values of u at the lower level are shown
' -

in Figure 11. The stfong cyclonic shear cccurring just where Wy is a

maximum indicates that the vertical velocity is forced by the Ekman

transport. The vertical velocities and-temperatures showvn in Figure
12 represent two different steady states, a strong and a weak moist
circulation, occurring for the same physical parameters and thermal
driving but for different initial conditions. The weak circulation
was started from rest and the strong from an already developed cifcu—.
lation. In this particular case the linear expression for the Ekman
transport, corresponding to equations (10) and (11), was used.

Many other numerical experiments similar to the preceding
wére performed. In some experiments a perturbation in TZ* s corres-—
ponding to a perturbation in sea-surface tempeféture, was inserted..
The effect was.always appreciable, even for changes of sea-surface
temperature of less than 0.5°C, and usually led to the formetion of
an ITCZ near the perturbation. If an ITCZ was already in existence,
the effect was sometimes to create a second ITCZ. More experimentation
with varied parameters will have to be pefformed before the nature of
the sea-surface temperature influence can be.precisely characterized.
There is no doubt, however, that it exerts ¢ strong control. A horizon-
tal temperature gradient of 0.5°C per 1000 km will cor?espond to uy - vy

= 6 m/sec at 10° latitude and ug - = 12 m/sec at 5° latitude, and it

e |



may be seen from Figure 7 that these winds are considerably large;
thaé those produced by the undisturbed strong moist circulation itself.

A rather coarse mesh siég was used for most of the calcula-
tions, corresponding to about 300 km at low latitudes, bu£~in some cal-

. o

culations this interval was reduced tqkigﬁ km. The truncation error
did not appear to affect the results greatly except for the width of
the ITCZ itself. In most instances the width was one grié interval,
but in some integrétions with the smaller grid it was three'gridvinter—
vals. It is not known yet whether a natural lower limit can be obtained
in the present model without the introduction of horizontal viscoSity.
or other effects.

Wﬁat, it may be asked, would happen if, in the actual atmos-— v
phere, n, were such that only thgfyeak circulation could form? We see

0 Lo '

and produce a statically unstable lapse-rate. But such a condition would be
incompatible with the preéent model which presuppbses a stable lapse-

WA
rate. An essential element lacking in-thegnodel is a realistic coupling

of the vertical temperature stratification with the motion, but in any

case it is quite meaningless to try to imagine what the atmosphere was

_ ' : ' ; organized »
like before an organized circulation existed. If, in an / circulation,
n, were to fzll below its critical value, the air would cool radiatively.
until the static stablity fell low enough to bring o back up to the criti-
cal value. Hence, it would seem that the actual atmosphere is 'always

in a state of conditional instability of the second kind, i.e., in a

state of supercritical No*
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s
pne would-think that regional asymmetries, such as the effect

of low-level divergence in the south-east quadrant of a semi-permanent
oceanic high and low-level convergence in the south-west quadrant, would
\ -
produce an asymmetry in the intensity of the ITCZ circulation. Thus the in-
crease of static stability and decrease in the depth of the moist layer
_ wesdel !
In the former region and the reverse in the latteqﬂprobably contribute
to an - increasing intensity of the ITCZ from the eastern to the west-
MA ¢
ern side of the Pacific. Further increase in intensity way,result from the
" WA W
synoptic-scale instabilities in the region of strong,shear of the low
level winds Aadding to the overall release of heat of condensation in
the western Pacific. .
The fact that two ITCZ's on either side of the equator are »
sometimes found despite the asymmetries must be attributed to the
Coriolis control of the Ekman pumping coupled with some degree of sym-—
metry in the thermal driving. The presence of two ITCZ's in the Pacific
has already been noted, but what is more surprising is the existence of
two distinct trough systems on either side of the equator in the Indian
Ocean region, even during the occurrence of strong monsoonal circulations
(Raman, 1965).
The degeneracies and instabilities that have been found present
a strong temptation to speculate on the stability and predictability of
the general circulation of the atmosphere and its control by small per-

turbations in sea-surface temperature. However, this temptation must

be resisted until mcre definite results are obtainad. We remark only
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that the present results seem to accord with the view expressed By

J. Bjerknes (1966) that the Hadley circulation in the tropics is very
sensitive to small variations in sea-surface temperature near the
equator, buf that the sensitivity seéms to apply primaril&’to the
position rather than to the intensity or degree of influénce of the

ITCZ on the circulation in subtropical and middle latitudes.



e

ACKNOWLEDGMENTS

This paper'had its beginning in an attempt to g%ye a simple
explanation of the general circulation of the atmosphere to a group of
" students in applied mathematics and physics at Harvard University in
the spring of 1966. I wish to thank Harvard Universit? for supplying
the. occasion to work out my ideas, and also to give thanks to my own
students John R. Bates and Peter Webster for numerous discussions,.to
Peter Webster, Robert Cauuiill and Diana Lees for programming and opera-
ting assistance, and to Jutta Thorne for her skill ‘and patience in pre-
paring the manuséript for publication. The work was supported by NSF

grants G-18985 and GA-402X.



=28

REFERENCES

- Bjerknes,

Bjerknes,

J., and S. V. Venkateswaran, 1957: A model of the general
circulation of the tropics in winters Article NI, Final.

Report, Large-Scale Synoptic Processes, AF 19(604)-1288,

Department of Meteorology, University of California, Los

Angeles, California.

J., 1966: A possible response of the atmospheric Hadley
circulation to equatorial anomalies of ocean temperature.

Tellus, 18, 820-828.

Blackadar, A. K., 1962: The vertical distribution of wind and turbu-

Boogaard,

lent exchange in a neutral atmosphere. J. Geophys. Res.,

67, 3095-3102.

H. M. E. van de, 1964: A preliminary investigation of the

daily meridional transfer of atmospheric water vapour between

Charney, J. G., and A, Eliassen, 1964: On the growth of the hurricane

depression. J. Atmos. Sci., 21, 68-75.

Charney, J. G., 1966: Some remaining problems in numerical weather

prediction. Advances in Yumerical Weather Prediction,

1965-66 Seminar Series, The Travelers Research Center, Inc.

Hartford, Counecticut, 61-70.

-4



<30

Kornfield, J., and K. Hanson, 1968: On the double structure of cloud

distribution in the equatorial Pacific. This volume.

-

Kornfield, J., and A. F. Hasler, 1968: Photographic cloud averzges.

This volume.

Ooyama, K., 1964: A dynamical model for the study of tropical cyclone

development. Geofisica Internacional, 4, 187-198.

Palmén, E., 1964: General circulation of the tropics. Proceedings of

the Sympesium on Tro?ical Meteorology, 1-30. New Zealand

Meteor. Service, Wellington, New Zealand.

Raman, C. R. V., 1965: Cyclonic vortices on either side of the

equator and their implications. Symposium on Meteorological

Results of the Indian Ocean Expedition, International Meteoro-

]

logical Center, Bombay, India.

Riehl, H., and J. S. Malkus, 1958: On the heat balance in the equatorial

trough zone. Geophysica, 6, 503-535.



=31~

FIGURE LEGENDS

Figure 1.

Figure 2.

Figure 3.

Figure 5.

Figure 6.

Mean meridional mass circulation in the Northern winter
. . , i
(after Bjerknes and Venkateswaran).

Mean meridional mass circulation in the Northern winter
(after Palmén). The transport capacity of every tube is

25 x 106 tons per second.

Mean meridional mass circulation in the Northern summer
(after Palmén). The transport capacity of every tube is

25 x 106-tons per second.

Mean meridional wind averaged for December - February in
the Northern Hemisphere (after Palmén). Isotachs in meters
per second. The dashed line corresponds to a (sind) *

variation.

The growth-rate g as a function of the width b of the zone

of moist convection.

£ latitude.

[

The maximum growth rate g, as a function o



Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.
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The zonal velocities uy and uy as a function of latitude.
The solid, dashed and dotted curves correspond to I, =

2.0, 1.7 and 0 respectively. _ -

The vertical velocity W, as a function of latitude. The
continuous, dashed and dotted curves correspond to B,

2.0, 1.7 and O respectively.

The temperature T, as a function of latitude. The continu-
ous dashed and dotted curves correspond to . = 2.0, 1.7
and 0 respectively. The dash-dotted curve corresponds to

pure radiation equilibrium.

The vertical velocities w,y for the same boundary conditions,
physical parameters and thermal driving but different ini-

e

tial conditions.

The zonal velocities Uy corresponding to the vertical

velocities in Figure 10.

Temperature and vertical velocity for the strong and wezk
moist circulations corresponding to the same external con-
ditions and physical parameters but different initial con-

ditions.
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Eneneerive February 10, 1969
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1225 West Dayton Street
Madison, Wisconsin 53706

MEMORANDUM

L To Verner E. Suomi
- £/
FROM: Kirby J. Hanson Z/d }’\/

SUBJECT: Preparing Weather Motions from Space to go to the U.W. Press

Enclosed is a copy of the paper "A Study of Mesoscale Cloud Motions
Computed from ATS-I and Terrestrial Photographs",
which we have reviewed for publication in Weather Motions from Space.

If you have any further comments on this paper, please make them before
February 20, 1969 , I plan on submitting this paper to the editors on
that date.

KJH/mlk

enc.
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A STUDY OF MESOSCALE CLOUD MOTIONS i _ \SX

COMPUTED FROM ATS-I AND TERRESTRIAL PHOTOGRAPHS
by
Tetsuya Fujita and Dorothy L. Bradbury
The University of Chicago
and
Clifford Murino and Louis Hull

St. Louis University

1. Introduction

In conjunction with the Line Island Experiment operating near the subsatellite
point of ATS-I, a terrestrial camera network was esta-blish.ed by The University
of Chicago and St. Louis University at the top of Haleakala volcano on Maui,
Hawaii. The purpose of the operation was to identify and interpret the cloud
elements appearing in a series of ATS-I pictures taken at 23-min intervals.

Meanwhile, several methods for determining the velocities of clouds from ATS |,
picture sequences efficiently were explored at the Satellite and Mesometeorology
Research Project, The University of Chicago, leading to the construction of a loop
projector. ) g

~ As a result, it is now feasible to compare cloud velocities cemputed independently

from satellite and ground photogrammetry. Since the computation of cloud velccities
from ATS pictures is carried out exclusively by filming ATS pictures in various modes,
the computation method may be identified as the "cinegramr‘net,ric method"” of cloud-

velocity computation.

2. ATS-I Cloud Pictures in Relation to Upper-Air Flow over the North Pacific

In order to describe the large-scale cloud patterns over the central North Pacific,
an ATS-I picture taken between 1354 and 1414 HST 15 March 1967 was gridded with

- IO-deg longitude and latitude intervals (see Fig. 1). Hawaii is situated to the south-

east of a well-developed cyclone centered near 35N 170W. A long, anvil-like plume
emanating from a large cellular cloud was péssing over Hawaii, giving the impression
that the plume was embedded in a strong jet stream passing over the island.

| Both the 300- and 500-mb charts at 1400 HST on 15 March 1967 were analyzed as

shown in Fig. 2. It is seen that a well-developed low to the northwest of Hawaii appears on
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the S00-mb chart as a very small, closed circulation which did not extend to
300 mb. A blocking high, somewhat like that defined by Rex (1950), extended
far to the north of Hawaii near 160W. The southern branch of the jet stream, split
by the blocking high, extended from north of Hawaii toward the west coast of the

. United States. At 300 mb, the maximum wind speed along the jet axis was over

100 kt. At the 500-mb level the wind maximum was located between Hawaii and

120W. West of the blocking high, a jet stream was seen over Japan on both the
300- and 500-mb charts.

When these jet-stream patterns are compéfed closely with the ATS-I picture .
in Fig. 1, which was taken within 10 min of the 1400 HST map time, it will be found
that there appears to be no jet-stream cirrus in the area of the jet stream extenc-mg
‘eastward from Japan. Even a time- lapse movie made from an ATS-I picture sequence
did not show any fast-moving, high clouds over the expected jet position. The
ATS-I picture clearly shows a long plume-like band of clouds extending east-north-
east from about 10N 175W to California, péssing over Hawalii. Significant motion
of cloud elements within this long band can be seen or an ATS-I time-lapse movie.
The movie aiso shows that plumes from the tops of convective cells far to the
south of the band converge toward thi band, indicating confluent flow toward the
area of the jet stream at 500 mb. The single frame ATS-I picture in Fig. 1 indi.cates_
such a confluent pattern made visible by the orientation of faint plumes.

The equatovrial zone was geherally cloud free, while the northern ITC was
characterized by scattered convective cells with horizontal dimensions of up to
about 300 km. | |

3. Computation of Cloud Motions from ATS Pictures using the SMRP Loop Projector

The first step to be taken before making a time-lapse movie of ATS-I pictures which

are to be used in the determination of cloud motions is to grid the individual pictures as

accurately as possible since gridding errors result in erratic cloud motions. It is not

feasible in this paper to describe in describe in detail the gridding techniques used,

" However, it may be stated that, initially, geographic grid points at one-degree intervals

were computed for undistorted ATS picture coordinates, assuming an ellipsoidal globe.

. Although these grid points for undistorted images are very accurate, final gridding errors

result mainly from that distortion of the image which remains after the overall dimensions
have been adjusted to a unique size. Thus the grid alignment on successive pictures

requires not only satellite attitude data but also some geographic features appearing in

..each picture. Alignment accuracy of about one mile can be expected near well-defined

landmarks and of a few miles if there are no landmarks in the vicinity. The gridding
of the ATS-I pictures in the Hawaiian island area was done by referring to several

islands, thus resulting in an accuracy of one to two miles.
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After viewing a large number of time-lapse movies of ATS-I pictures, the 3
authors became convinced that they are extremely useful in gaining knowledge of
the development and motion of clouds. In many cases, the difference in the - -
direction of cloud motions permits us to distinguish those clouds located at

different levels. Three different directions of cloud motion were observed within

a small area, suggesting that théy could be used in determining the vertical
distribution of winds if we could relate cloud and wind velocities.

In order to determine the cloud \ieloéi;ies ona movie screen it is necessary
to follow a specific cloud element or cloud mass as it travels for a short distance
during its life time or for the period of the daylight hours, whichever is shorter.
Ususally the cloud life is much shorter than 12 hr, the average daylight period in
lower latitudes. By filming two frames of every picture taken at 23-min intervals,
changes in cloud during a 10_hr period,for instance, will be shown in about 60
frames and it appears on a movie screen in about three seconds. A cloud with a
one- to two-hour lifetime would appear on only about 8 to 14 frames, which would
not exceed one second of projection time. -

In an attempt to prolong the projection time'of specific cloud elements with -
about a one-hour lifetime, a cyclic filming technique was explored. This involves
selecting a series of about five pictures and then filming them according to the
schedule described in Table I. ‘ :

Table I. An example of cyclic filming to produce various modes of reciprocal
motion of a cloud. In this case, a series of five pictures, identified as numbers

1 through 5, were filmed in three filming modes.

Picture Number 1 2 3 4 S 4 3 2
. Oscillation Mode ' ©(16) (3) (3) (3) (16) (3) (3) (3)
- Quick-return Mode (16) (3) (3) 3) (16) “on @ 1)

Instant-return Mode w6 3 @ @ w6 © (0 (0
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A cyclic filming in the oscillation mode is done by exposing picture No. 1 sixteen
- times, pictures No. 2,3, and 4 three times each, picture No. 5 sixteen times; then
by making three exposures each of No. 4, 3, and 2 to complete the first cycle consisting

of 50 frames. In order to producé a 250-frame endless loop, for instance, five such

cycles should be completed. When such a loop is projected at 16 frames sec”!, the
clouds on the first frame remain on the screen for one second; then they move very
fast, taking only a fraction of a second, toward their positions on the fifth picture,
which is shown for one second. Thereafter all clouds return to their positions

on the first frame, taking only about half a second. ,

Shown in Fig. 3 is the loop projector designed and constructed at the Satellite
and Mesometeorology Research Project (SMRP) at the University of Chicago. The
loop projector takes a film loop with a total of between 200 and 300 frames. Such
a.lbop may be projected for hours using a 500-watt bulb without damage to the film.
The image is focused on the outer surface of a rectangular transparent glass plate
with a 45 deg tilt. A sheet of tracing paper is taped on the outer surface of the
glass and cloud motions are traced directly on the paper. To avoid the bending of
the loop film because of the heat a push switch has been deéignged to turn on both the
lamp and the fan simultaneously, but it will turn off only t_hé lamp. The fan is shut
off automatically by a pre-set timer after the projector cools. The film loop

.

continues to run with the projection light off.

The dimension of the image area on the loop projector is 46 x 56 crﬁ. By projecting
an image about 30 degrees of longitude in width, for example, one degree or about
60 n mi near Hawaii will be blown up to about 190 mm. The magnification is, therefore,
about 3 mm equal to one nautical'mile. This means that the displacement of clouds.
moving at 1 kt and 10 kt are 1 mm and 10 mm, respectively, when two pictures taken at
20 min intervals are used. The corresponding displacements increase to 4 mm and 40 mm
when five consecutive ATS pictures are used in the series. An added advantage of using
several successive frames is that we are able to check the smoothness and continuity of
the cloud motion. , ;

Another important consideration is the duration or life of the clouds. The smallest
cellular clouds in ATS pictures can be followed only for less than one hour while larger

ones can be recognized for hours. To avoid the tracking of wrong clouds in velocity

l Computations it is always preferable to use all pictures taken between the initial and

w‘m%-w\_,Lﬁ;Mictgres _in the series.

&
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When a film loop is made in the quick-return mode, clouds stay in their positicns
on the first and fifth pictures for one second each. Unlike the oscillation-mode case,
ciouds move slowly from the first to the fifth picture, then they quickly returi to
their initial positions. In this mode, therefore, an analyst can tell immediately
the direction of the cloud movement, which is more readily observed than in the
oscillation mode. ,

By returning from the fifth to the first picture instantaneously, we produce a film
in the instant-return mode. The projected image shows that all clouds simply move
from the first to the fifth picture positions in repeated fashion. It was found that a

s film in this mode is also very useful in obtaining quickly a field of cloud velocities.




There are a large number of other filming modes that can be used for various
-purposes. We have also tested a three-color mode in which the first and fifth
pictures are tinted in red and blue respectively, while the second, third, and fourth
pictures remain black. It was found, however, that a rapid change in color within
a short time does not create a comfortable feeling for our eyes. The use of identical
color for all frames and the adoption of various filming modes seem to. satisfy most
of the necessities for the computation of cloud velocities with our loop projector.

We shall now discuss the continuity of cloud images appearing on successive
ATS pictures taken at 23-min intervals. In order to identify easily the change
in shape and position of the clouds on each picture, a set of six pictures, representing
identical sections from enlarged prints, was pasted together in Fig. 4. The 8X10 |
inch negatives showing the global view used for making these prints were furnished
by Prof. Suomi of the University of Wisconsin. " The picture start time in Hawaiian
Standard Time is indicated near the lower left corner of each picture.

As shown in the 1549 HST picture, the direction of the scan is very close to the
east-west direction. The five major islands of Hawaii are indicated by arrows pointing
toward the mostly cloud-covered islands. The largest and highest island, Hawaii,

 appears in all the pictures as a large white area with an elongated hole near the
western edge of the cloud-covered. area. This hole represénts that part of the island
above the top of the clouds including Mauna Loa and Mauna Kea.

The large convective cloud west of Hawaii shows some rotational characteristics.
. The rotation center is apparent in the pictures for 1526 and 1549 HST and was located
near the west end of the cloud mass with horizontal dimensions of about 200 km. A
long plume of middle cloud extended eastward from the large convective cloud and
passed over the islands of Maui and Hawaii practically the entire day.

In order to make a test analysis ofA the cloud motion in the vicinity of Hawaii, an
area shown in Fig. 5 was selected from the ATS-I picture, for which scanning started
at 1223 HST. The area of individual clouds is outlined by thin lines inside of which

the areas of bright clouds are stippled. As indicated in the figure, some 200 points




were selected in order to determine their displacement on the image plane of
the loop projector. Five picturés, with scan starting times of 1223, 1246, 1309, 1332,
and 1354 HST, were filmed in the quick-return mode defined in Table I. The film
thus produced was projected continuously until the cloud velocities shown in Fig. 6
were obtai ned. These velocity vectors were then grouped together into low, middle,
and unknown cloud motions which were plotted, respectively, with solid afrows,
shafts and barbs, and open arrows. These cloud heights are, more or less, the
speculated heights except for those over the island of Maui where a ground network of
cameras was operated. Despite the fact that the ATS-I pictures do not tell us the
cloud height, the patterns of cloud motion give definite indication of the differences in
the cloud height when the clouds move in different directions and at different speeds
from one another. The grouping of clouds in Fig. 6 into low, middle, and unknown
was made tentatively, according to their movement only.
P
4. Photogrammetric Determination of Cloud Motior,from Whole-Sky and Panoramic

-

Pictures from Maui, Hawaii

The Satellite and Mesometeorology Research Project of the University of Chicago
and St. Louis University established a camera network of stations atop the northern
rim of Mi. Haleakala on Maui during -the early part of March 1967, and it was in
operation from 13 March through 3 April. The purpose of the network was to gather

. photographic cloud data during the period of the Line Island Experiment and the
ATS-I picture acquisition in order to study the time changes in mesoscale nephsystems
and to compute the motions of clouds in the region of the HawaiianIslands. A
comparison was made between the values of cloud motions determined in this manner
and those computed from ATS-I pictures using the SMRP loop projector described in
the previous section. , '

- Three different camera systems were used to gather the photographic data, namely,
whole-sky cameras, panoramic carﬁeras, and stationary wide-angle movie cameras.
The whole-sky cameras were set to take 16-mm color movies at intervals of 20 sec
during the daylight hours, and the wide-angle time-lapse movie cameras were set

to take 16-mm time-lapse movies at 15-sec intervals during daylight hours. The




panoramic cameras were manually operated 35-mm cameras using IR film and were
equipped with 35-mm lenses. Eight consecutive pictures were taken, each centered
on an octant beginning with N, then NE, etc. This allowed about a 7-deg overlap
of the coverage of adjacent frames. Panoramic pictures were taken at 20-min
intervals and as near as possible to the ATS picture acquisition schedule. .
Figure 7 shows the photographié network established at three sites on Mt.
Haleakala. The two wide-angle time-lapse cameras were mounted on the 1.'oof
of a building at the Kolekole site (elevation of about 9990 ft) with one camera pointihg
toward the island of Hawaii and the other toward the island of Lanai. " At the
Red Hill site (elevation 10, 010 ft), a whole-sky and a panoramic camera were placed
about 25 ft apart and were designated "Station A". At 3.6 km north-northeast of
this station, the second wholé—sky camera station was erected at the Kalahaku
site, or "Station B". In order to get the best available view in all octaﬁts, the
panoramic IR stand was erected on a peak approximately 0.3 km south-southwest
of the whole-sky site. -
A stereo-pair of the \vhole;sky pictures is shown in Fig. 8. It was impossible
to have the two cameras synchronized perfectly, but two pictures taken within a few
seconds of each other are acceptable as a stereo-pair. Selecting such a pair was accom-
plished by making a plot of frame number vs. time for each camera and then
choosing the frames most closely simultaneous. A large number of detached clouds
or cloud elements can be identified on each picture of the stereo pair. Only six
from a large number of clouds chosen from these two pictures used for computation
of height and motion are lab:led. ’ '
Before cloud height and cloud motion can be computed, the whole-sky parabolic
mirrors must first be calibrated in order to determine the horizon and elevation
angles. This can be done by different techniques. One method is to compute the
angles theoretically by using the dimensions of the parabola. This assumes that the
mirrors are perfect and that the principal point was exactly at the center of the circular
image. The most practical method was to select a picture-taking day when the sky had
been mdstly clear and to plot a composite of the sun's images during the day. Then
using the Fujita technique and a Transverse Equidistant Cylindrical Projection overlay
(1963) the zenith angles of the solar image, § , were determined. Labeling the parallels

as (90- g ), the elevation angles of cloud images could then be read.




The distance of a specific cloud or cloud element is determined by the intersection
of the aizimuth-angle rays from the two cameras at a known base-line distance apart.
Figure 9 shows a result of determining the position and height of six different clouds,
numbered 1 to 6, which are indicated in the picture in Fig. 8. The heights of these
clouds were determined by using the computed distances and the elevation angles.

Table II lists the various parameters thus obtained. All 28 clouds in the list were chosen
from the same stereo-pair of whole sky pictures. Since the maximum computed distance
of the cloud from the camera stations was 22 km and the highest percentage of the cases
wereiﬁ‘é"t%vééx%es and 10 km, it is obvious that these clouds were passing over the island of
Maui or in its near vicinity. The ten cases of cloud motion computation represent one
minute averages and agree quite well with the wind speed values reported at 1400 HST
from Kahalui and Hilo of 22 and 36 kt, respectively, at the 4 km level; of 38 and 46 kt,
respectively, at the 5 km level; and of 48 and 56 kt, respectively, at the 6 km level.
Since the two observation times are approximately one and one-half hours apart one
cannot expect perfect correlation. These values are also within range of the cloud
velocities of middle clouds over Maui as computed with the loop projector (Fig. 16).

The values computed from the loop projector w.erev average motions for larger cloud

masses for a period of approximately 90 minutes. More details on computation techniques

are described in a paper by Bradbdry and Fujita (1967).

Since infrared more or less penetrates atmospheric haze, clouds with tops at
5 km could be photographed up to about 440 km from the station. Shown in Fig. 10
are an enlarged view of the ATS-I picture started at 1526 HST (top), and the three
sections of the panoramic view taken at 1520 HST. As can be seen in both pictures, the
only clouds in the noxrtherly direction are those surrounding the island of Maui at
low elevations. They do not reach to the height of the camera station. To the north-

~ east, at a range of about 100 km, two cloud lines can be observed on the ATS photograph.
With the use of the nomogram shown in Fig. 11, the intersection of the 100-km distance
line with the zero elevation angle would give a 0.75-km height, indicating that these
are probably low cumuli, To the southwest of Maui in the ATS-I picture, a line of
clouds extending toward the island can be observed. The'se can be identified in the
SW panoramic view as the line of altocumulus passing directly over the station. In
the southeasterly direction, the top iof Mauna Loa and Mauna Kea can be seen protruding
above the top of the low-level stratocumulus. The area between Maui and Hawaii
appears to be cloud-free on the ATS-I photograph as well as on the panoramic view.
But a W-E line of clouds about 75 ki south of Maui on the ATS-I picture appears
as a line about 3 deg above the horizon on the panoramic view (middle strip).' Using
Fig. 11, this would give 2 cloud height of &pproximately 3 km, which agrees with the

cloud height computed for those clouds from the same streamer passing over Maui.
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Table II. Computed range of clouds from whole-sky camera stations, their heigflt
(MSL) and cloud motion for clouds shown in the stereo-pair of Fig. 8. Cloud motion

was computed as a 1-min average. Clouds numbered 1 to 6 are shown in Fig. 8.

Cloud Distance Distance Elev./l Elev. L Height Height = Mean Cloud

No from A from B A B A . B Motion
' (km)  (km) (deg) (deg) (km)  (km) (ko)

1 17.0 13.5 8.5 1.0 5.5 . 55

2 7.1 5.0  21.0 30.0 5.5 5.4 .

3 7.1 6.6  19.0 20.0 5.3 5.2 31.9

4 5.1 6.6 24,0 19.4 5.1 5.1 38.4

5 5.9 9.1 27.2 17.0 5.7 5.6 45.3

6 8.4 7.7  19.5 24.4 5.8 6.1 57.4

7 1.3 8.2  10.0 15.0 5.0 5.0

8 1.4 8.8 -12.0 16.3 5.4 5.4

9 7.4 5.1 - 18.0 - 25.0 5.3 5.1

10 9.9 7.8 - &5 .0 4.5 4.4

1 10.0 8.4 7.5 10.7 4.3 4.5

12 9.6 8.1 1.2 1.2 4.2 4.5

13 6.6 5.3 20.0 25.3 5.2 5.2

14 5.0 4.7 28.0 29.7 5.3 5.2

15 3.6 4.7 343 29.0 5.0 5.2

16 7.4 7.9  16.8 6.5 . 8.1 5.2 33.5

17 7.8 8.9  17.0 13.7 5.3 5.0 39.9

18 10.3 1.5 1.3 11.0 5.0 5.l 39.9

19 7.3 9.0  18.0 15.0 5.3 g2

20 4.0 6.4  29.5 20.0 5.0 5.1

21 3.4 6.2  29.8 20.0 4.7 5.1 31.9

22 5.9 8.3 © 20.0 15.2 5.0 5.1

23 6.8 10.0  13.5 10.2 4.6 4.7 31.9

24 3.6 7.1 20.0 13.0 4.2 4.5

25 3.2 5.6 39.0 20.0 4.4 4.8

26 2.3 222 16,0 10.0 6.9 6.8

27 5.4 5.8 25.4 27.8 3.3 5.6 50.0

28 8.0 9.2 20.0 19.0 5.7 5.9
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TABLE II - corrections

Height

A
(km)

9.5
5.7
5.4
5.2
9.9
6.0
5.0
5.4
5.4
4.5
4.3
4.2
5.4
5.6
5.5
9,2
-
9.1
5.4
8.3
5.0
9.2
4.7
4.3
4.8
6.9
3.0
2.9

Height
(km)

5.5
5.7°
5.3
5.2
8.7
6.3
5.0
5.4
5.2
4.4
4.4
4.4
5.3
5.5
5.5
5.2
5.0
5.1
5.2
5.2
5.1
5.1
4.7
4.5
4.9
6.8
5.9
5.9



Any number of such cloud masses within a 400 km range from Maui can easily
be matched with those appearing on the ATS-I picture providing there is nothing
obstructing the view. Thus, if the range can be determined from the ATS-I view and

elevation angle from the panoramic view, the cloud height is easily computed.

It was found that a comparison of the velocities derived from the stereo-pair whole sky
camera system and those of the panoramic system could not be made since cloud masses
or cloud elements at elevation angles between 20 and 60 degrees give best results for the
whole sky system while the panoramic picture includes the range of +20 and -20 degrees
of eleva tion dangle. However, the cloud heights computed independently by the two
techniques can be compared since in this case the cloud elements chosen for the com-

putations were in general of the same cloud band or layer.

5. Analysis of Soundings

Photogrammetric determination of cloud heights and velocities in Section 4
revealed that the plume-like clouds that extended from a large convective cloud
west of Hawaii were mostly of the altocumulus type with heights ranging between
about 4.5 and 6.5 km MSL. Their speed varied from 30 to S0 kt. )
Since the large convective cloud was located half-way between Johnsion Island
and Hilo, some 1400 km apart in a WSW-ENE direction, we shall atterript a detailed
analysis of the soundings at 1400 HST from these stations. As shown in Figs. 12
and 13, the atmosphere above 700 mb over Johnston Is. was very dry, suggesting that
the subsidence in the subtropical high reached down to abou: 700 mb. On the other hand,
there was a marked moist layer over Hilo between the 520-. and 600-mb surfaces. The
heights of these pressure surfaces correspond to the cloud heights measured by the :
Maui camera network. From these moisture distributions we may postulate that
most of the outflow from the convective cloud passed over Hawaii at about 5 km MSL.
Winds over Johnston Is. between the 500- and 600-mb surfaces were very light,
increasing from 20 to 25 kt. Over Hilo, however, the winds at corresponding
heights increased from 38 to 53 kt, indicating that the wind velocity inside the moist
layer was about 45 kt from the west. . It is of interest to note that the velocity of the
plume-like clouds in the vicinity of Hilo was about 40 kt. This means that the motion
of the altocumulus gver Hawaii corﬁputed from ATS-I pictures represents the
winds at the cloud level. The horizontal dimensions of the altocumulus used in the
velocity computation were kept below about 50 km. 3
At higher levels, the wind speed increased upward, reaching a maximum of 63 kt at
about 200 mb over Johnston Is. and 103 kt at 250 mb over Hilo. None of the cloud
velocities c_:omputed from ATS-I pictures indicated sucﬁ high velocities. Furthermore,
no cirrus-type clouds drifting from the west were observed from the Maui network :

stations. It is therefore very likely that the top of the large convective cloud west of



Hawaii was not as high as the clouds of the average midwestern thunderstorm. If
the cloud top reached the 300 mb level, for instance, more plume-like cirriform
clouds should have been seen over Hawaii and they should have moved at the rate of
about 100 kt. '

6. Synoptic Interpretétion of Cloud Motion

In thé preceding sections it was found that the velocities of plume-like middle
clouds over Hawaii computed from both ATS-I pictures and terrestrial stereo- _
th close agreement Wi'th
pictures were ,‘?&Emg the wind velocities at the cloud level. This would mean that
these middle clouds simply drifted away from their source region. An attempt was
made, therefore, to plot the cloud velocities on upper-air charts close to these cloud
heights. '

A sectional surface chart at 1400 HST was constructed in Fig. 14 with all available
ship and land station reports.” Note that the cloud covers are indicated and low clouds
~are separated from middle and high clouds. Both cloud types and station temperatures

are shown near each station. It is seen that the large convective cloud was located
ahead of an advancing cold front followed by a weak surge of cold air. The region
of Hawaii and the convective cloud was under the influence of weak, easterly trade
w1nds with their tops located between the 800- and 870 mb sulfaces

Without verifying the height of cellular clouds which are hkely to be of the low
cloud type, all cloud velocities obtained by trackihg these cellular clouds were
‘plotted on an 850-mb chart for 1400 HST (see Fig. 15). Of extreme interest is the
velocity of the clouds to the southeast of the convective cloud, all of which are about
12 kt from the southeast. Due to the warm tropospheric temperature over ]ohnstdn Is.

as compared with that over Hilo (see Fig. 13), the height of the 850-mb surface

over Johnston Is. was much higher than that over Hilo. This resulted in drawingva trough or
a convergence line, as shown in Fig. 15, in order to construct height contours which
would fit both the cloud motions and the 850-mb height over Johnston Island. "It
appears that the large convective cloud under consideration was located on this
_convergence line, | ; , : S
The 850-mb chart in Fig. 15 was constructed by taking the computed low cloud
velocities and the 8§50-mb heights‘ and winds into consideration. The cloud motions

inside the region behind the cold front northwest of Hawaii were all from the west -
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Southwest, suggesting that the cold air was very shallow. A convergence line far to the
northeast of Hawaii was characterized by a significant horizontal shear in the cloud
motién. It seems that this convergence line and the weak, warm front on the surface
chart are closely related. The slope of the warm frontal surface appears to be
extremely small when it is computed by combining th.e surface and the 850-mb
charts. Such a result would be realistic in view of the errors involved in the surface
chart aﬁalysis and of the transient stage of the warm front formed at the tail end
of a dissipating cold front.
~ The cloud motions from the southeast in the vicinity of the islands of Hawaii and Maui
are not consistent with the westerly to southwesterly 850 mb winds. This may be due to
the fact that the winds at cloud level were very light and variable and in some way may
& reflect some island effect. Coastal stations reported cloud bases ranging from 2,000 to
3,000 feet, A :

' Figure 16 is a 500-mb chart for 1400 HST, including the middle-cloud velocities
computed from the ATS-I pictures taken between 1223 and 1354 HST. Although we
were not able to verify the cloud types and the height of the clouds, except those
over Maui, we assume that there was no variation in the height of the plume-like
- clouds as they drifted eastward from their source. The cloud speedé increased
~ significantly from 22 kt, just east of the convective cloud, to 88 kt as they crossed
the 148W meridian. A 'similar increase in tte wind speed from 34 kt over the island
of Kauai to 53 kt over the island of Hawaii is seen. '

Isotachs at 10 kt intervals were drawn to describe the velocity field of the cloud
motions. The resulting isotach pattern turned out to be very similar to that of the
entrance regions of jet streams. Note that those isotachs drawn for cloud velocities
fit reasonably well with the observed winds on the 500-mb surface over the Hawaiian
island area. The direction of cloud motion was used to determine the orientation of

height contours, and they showed definite directional convergence toward the core

region of the 5S00-mb jet stream.
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Using the streamlme and 1sotach analysos at S00 mb as shown in Flg. 16 both the
divergence and relative vorticity of middle-cloud velocities were computed by reading
off the direction and the speed at grid points, Figure 17 shows that most of the
jet-stream region was characterized by less than 2X 1079 sec™! divergence. The field
was more or less non-divergent despite the speed increase toward the east-northeést.
The direction convergence actually cancelled out the speed increase. This shows that both
‘north and south of the 500-mb jet stream in the entrance area the cloud motion vectors

result in divergence. Convergence north of the jet position would have helped to explain

- why the clouds remained south of the jet. One explanation may be that these divergence

fields represent conditions in the cloud layer and not that above this level; the jet maximum
does after all lie at a higher level so that convergence is possible north of the jet-and
increased divergence south of the jet just above the cloud le\}el. In this case the cloudiness
could be largely the result of advection from the bright cloud mass upstream from Hawaii

‘rather than vertical motions about the jet. Also the cloud motions may not be completely

representative of the true wind field.

The relative vorticity was divided into cyclonic to the north-and anticyclonic to

the south by the jet axis, showing pafterns very similar to those of high-level jet st;eams

- studied by Palmen and Newton (1948). The Coriolis parameter over the area of the

Ca t—
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‘analysis is appfoximately 2Qsing = 5.0%x107%ec”! . Therefore, the absolute
vorticity of the cloud velocities fo the south of the jet axis turned out to be slightly
anticyclonic. . ‘ A

According to Palmen and Newton (1948), the absolute vorticity to the south of a
polar jet stream is nearly zero. Riehl, Berry, and Maynard (1953) also verified this
evidence by using aircraft traverse data. A negative absolute vorticity, however,

- was reported by Reiter (1961), suggesting the existence of anticyclonic absolute
vorticity to the south of the jet axis.

The authors do not intend to justify the computed anticyclonic absolute vorticity
values, since the 500-mb surface is too low to expect anticyclonic absolute vorticity.
Furthermore, the cloud velocities may not represent the air motion throughout the
entire region. Nonetheless, cloud velocities of such density as was utilized in
computing divergence and vorticity would be of great value in estimating the field
of air motion where no data are otherwise available. -

. e

7. Summary and Conclusions

Presented in this paper are the results of the computation of cloud velocities from
a series of ATS-I pictures. A local area near Hawaii was selected for such computation
because a stéreo-camerﬁ network was operated on top of Haleakala on Maui. Independent
computation of cloud velocities from terrestrial photogrammetry revealed that the
velocities of middle clouds computed from both ATS-I and terrestrial photographs
are very close to each other. These cloud velocities were found to represent approximately
the wind velocities at the cloud levels. , '

An attempt was made to improve local upper-air analyses by adding tie cloud
velocities on corresponding upper-air charts even though the heights of the clouds
were not known accurately. It was found that cloud velocities are very useful in
determining the mesoscale field of air motions which affect the cloud moticns.

Also computed were the divergence and vorticity of the cloud velocitizs determined
from ATS-I pictures. Despite the fact that it is uncertain that a group of clouds which
moves with similar vélocities is located at a unique height, the computed fields are

found to be quite meaningful.
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Through this study of cloud motions by using ATS-I and terrestrial pictures, the
authors recommend that (1) it is necessary to develop an accurate and quick method
for computing cloud velocities from ATS picture sequences, (2) terrestrial photo-
grammetric studies of cloud heights and velocities should be performed simultaneously
and independently, and (3) the relationship between the air motion and the velocity of
various clouds must be established through observational and theoretical studies.

. After solving these problems, it will become feasible to add a large number of wind

velocities at several levels by computing cloud velocities from ATS pictures.
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FIGURES

Fig. 1. An ATS-I picture started at 1354 HST 15 March 1967 showing plumes and streamers
drifting eastward from a couple of large convective cloud systems. Longitudes and latitudes

are drawn at 10-deg intervals.

Fig. 2. Constant pressure charts at 300 and 500 mb for 1400 HET 15 March 1967. Areas

with wind speed in excess of 75 kt are étippled.

Fig. 3. A loop projector constructed by SMRP for use in cinegrammetric study of ATS cloud .

motions.

Fig. 4. A series of ATS-I pictures started at 1417, 1440, 1503, 1526, 1549, and 1612 HST
15 March 1967. These pictures were enlarged from 8 w10 inch high-resolution negatives

produced by Prof. Suomi, the University of Wisconsin.

Fig. 5. Cloud patterns and cloud elements selected for computation of cloud velocities.
Initial positions at 1223 HST are represented by black circles (low clouds), double circles

(middle clouds), and encircled dots (unknown clouds).

Fig. 6. Computed velocities of all cloud elements shown in Fig. 5. The velocities
were computed from the cloud displacements during the 1 min period between 1223 and
1354 HST. '

Fig. 7. The Haleakala camera network of March-April 1967. A sterfg -pair of whole-sky
and panorarrtlic cameras were operated at the Kalahaka site (9320-9410) and the Red Hill
Site (10,010) on the north rim of Haleakala volcano on Maui. Two wide-angle time-lapse
cameras were operated at the Kolekole site (9990);.one to monitor clouds in the direction

of the islands of Hawaii and the other in the direction of Lanai,

Fig. 8. An example of a stereo-pair of whole-sky pictures taken within 2 sec of each other.
The degrees on concentric circles in each picture denote the elevation angles. Selected

cloud elements for Velbcity computation are identified by number 1 through 6.

Fig. 9. An example of the plan-position determination by using the pzir of pictures shown
in Fig. 8. The base line distance was 3.6 km. The height given in parenthesis denotes the
mean cloud height (MSL) computed from the range and the elevation angles from both sites
A and B.



Fig. 10. Compa rison of an ATS-I picture started at 1526 HST and a panoramic picture

taken at 1520 HST. Boundaries of the islands are added to the ATS-I picture. The Haleakala -
camera network is shown by a small triangle on Maui. The panoramic view is reproduced

in three sectibns. Thé apparent horizon is about 200 km which is about the distance |

" to Oahu. The plume-like cloud extending eastward from the large convective cloud

appeérs as altocumulus with practically no vertical development. A standing wave

cloud is visible between NE and SE directions.

Fig.ll. A nomogram constructed to be used for relating the cloud heights with the distance
from Haleakala and the elevation angle measured from the apparent horizon. Note that the
horizontal scale was decreased at the range of 250 km. This nomogram can be used to
obtain the cloud height from known range and elevation angle. If the height and the elevation
angle are known the range can be obtained immediately and verification can be made on the
cloud position on an ATS picture. For instance, cirrus at 10 km height will be seen 0.5 deg

above the apparent horizon even though its range is as far as 500 km.

Fig. 12. Sounding from Hilo, Hawaii at 1400 HST 15 March 1967. The moist layer between
600 and 530 mb agrees with the computed height of the altocumulus cloud.

Fig. 13. Sounding from Iohnston Island at 1400 HST 15 March 1967.
Fig. 14. Surface chart at 1400 HST 15 March 1967 with isobars drawn at I-mb intervals.

Fig. 15. 850-mb chart with low-cloud velocities. The height contours are drawn for every

10 m.. Numbers beside each cloud velocity vector denotes the cloud speed in kt.

Fig. 16. 500-mb chart with contours drawn for every 20 m. Middle-cloud velocities are

plotted and isotachs are drawn for every 10 kt.

Fig. 17. Divergence and relative vorticity of middle-cloud velocities as shown in Fig. 16.
: £ - ,
Numbers at grid points are the values in units of 10 sec. Thin irregular lines enclose areas

with clouds. Stippled areas denote estimated middle clouds.



e

kA o S SRS

e

A

e

CEPER R

b il

i~

SR T T

Skt e

B

Luis

3

oy

g




. *a
< .

tre-2

140E  I60E

/ LOW, /—-
4 /éa’o‘

0

I40E  160E

: 1400 HST
S\ MAR 15




e



e S8
i

X Vel
aindiadel DG







I70W 160W 150w s 140W
g P O o2
\A s g .ﬁ-
.&' .ﬁ’ '\1/' 5 y .ﬁ’f/v y 15 \ Y oL 1 D—Q:ﬁ‘ !
; PYEE VR YR 2 o8, -2 e
30N 5 e il B o= 6\ %
-— |4 y .9/.&' & }}’? 8.
16 1\ oy / 1 30 %
% = ¥ e e % 5 [ R o e S .
¢ \
2 et TR A ST R -
" o N
e e W s - s o il i ,
*— \
1 %1 o2 A - o o8 : »%
o 4 o 35?:}' 83 W »/»y
\j b @ ALS6 B\\G’T/h\i\\,/ﬂ/ g\;—/ 1)
1 12 T -
LARGE »55/ .\‘J/f
SRR o, e e |
‘ \_26 Sl N W3- s 0 &
20N -y ®%\;; 20N
HAWAI| 2 :,/ ¥ i v
@, \\39’ 12
A | l
JOHNSTON 1S, 1S o\
o ® \@‘
| Yy Y
S,
Ie luz Ls
CLOUD VELOCITIES s %
1223-1354 HST MAR I5, 1967 Y X . N X ~, i
Vo i ot % & e N, -, ¥ g \I
LOW MIDDLE ~ UNKNOWN |. 160W I50W b 140W




Fie-7

(=
,

HALEAKALA CAMERA NETWORK / //

,WH(');I-Z\-\SliY\C(AMEBA B (9320
» . 10 |.5 MILES
e i L ] KAUARAKU, SITE
\ | e {4 X //-\\\ \ (
0 : | 2 KM PANORAMIC, CAMERA B (9410")
” it i
. , e
e 1600/// ‘ 7200
Q
QO
/ ACIKS \
QO
) QO :
/ Q;rl’o QO
< | 7400
OQ :
¥ '

KAMAQLII
D

8000

PU O MAU,
\ g
o)

O R

PUUO PELE
0

QO
%0
b o
Q
o
/
Ll 9"‘00
' =
%
L]
' _J
O
\ X
“ LL]
WIDE - ANGLE % Fd
CAMERA NW //\\/o/‘
( "7

// 9990") /JK
=




R e e

LSH 208261

AHS - DIMVHV IV

iSH - soegs
J3LS TUH Q3
VL VYINVO

e

b A i cean e




RN Al Mt et a3

(wi'e) .

(W9'6)G

Mm
&2 o3
s %@ Y (WY 6'G)9
\Wnu N
h \\ 7
g
\\\\\
] 2
| g
] (Wi gg)|
o SR/L

i
1
:
i

pp—

T e o o e
LDRE e S i e vaia o

S Mo eyt



= & Sl sl £ i i iy 2 T TR - -

* £
E.
L
2 -
£ 5
+ * s
'
. z ;
L : g
_ % Eunie Nl
: i !
; !
3
: . N Feo - - i : i




]
=

/. . |
Y i
% |
/ .
‘/ A
|
AN 3 N
N 1N\
\ !
AN |
N :
S NG
N~ H i |
! b
T i
! i
i >
|
i i r\\
)

i
"
/
~

i [ TTT]TTTT

| DISTANCE FROM STATION

ot

BELOW APPARENT HORIZON

= - ) © ~ © ) < 0 o~ - © T & ® ¢ b




%rm

HAWAI |
1400 Hawaii Time

HILO,
MARCH

1967

15,

200 mb
300
400
500
600
700
800
900

1000




ek S G,

ﬁ;‘?}lq— 13

JOHNSTON ISLAND

1400 Hawaii Time
MARCH 15, 1967

200 mb

300

400

500

600

a//“f/f/r_fff[f/gff /%E /" /Lf L

<2}

R S
SRS g




JOHNSTON |IS.

SURFACE MAP
1400 HST MARI5, 1967

Middle sHigh (Dovc, @skN, @scT
Low ©Oovc, @BKN, QsCT

160 W

N
/o,e

150W

/Olq

140W,




ISOW

\ I o

(:‘QN\IEF&EN

CE \—‘NE

B |
—1470 m .

850MB, 1400 HST MAR. I5, 1967
CLOUD VELOCITIES, 1223-1354 HST

¥ 20K
\/?emp '\‘>/.__..

850 MB VEL. OF LOW CLOUDS




Eq. "

LARGE CONVECTIVE

500 M8, 1400 HST MAR I5, 1967
CLOUD VELOCITIES, 1223 -1354 HST

G20 & o

500 M8 VEL.OF MIDDLE CLOUDS

CLOuUD




-2

oN LARGE
CONVECTIVE
CLOUD

70w 4:::;7

JET AXIS

t=]

2

—Q — e

+2

140W

DIVERGENCE OF MIDDLE-CLOUD VELOCITIES

e i
- Q

o
o,

CYCLONIC
) it

20N
LARGE

CONVECTIVE

CLOUD

I70W (::;;7

e e ¢ s ¢ — . — —

160W

150W

VORTICITY OF

MIDDLE-CLOUD VELOCITIES

4
LA



CLOUD MOTION AND OTHER PARAMETERS FROM

ATS - | DIGITAL DATA

by

Kirby J. Hanson
and
Thomas H., Vonder Haar



CONTENTS

Introduction
Tropical Cloud Motion and Divergence

Tropical Cloud Structure
a., Polygon Shaped Cloud Ensembles

b. Typhoon Sarah
Summary
Acknowledgment



- 1. INTRODUCTION

The ATS-1 digital data recording system is designed to proviae the maxiﬁum
amount of quantitative brightness information from the ATS=-l cloud camera, This
is accomplished by storing cloud brightness déta in a matrix which has the dimen=-
sions of approximately 2018 scan lines by 8196 picture elements. At each picture
element in this matrix the cloud brightness is digitized on a scale from 0-255.,
Clearly, there is considerably more information on the ATS digital data than we
are accustomed to seeing in the usual ATS pictures which are produced in real
time at the NASA ground station and are intended to serve as a signal monitor.

In other papers in this volume, Whitney, et. al. have used the digital data
to show the quality of cloud brightness data stored in this form, and have
demonstrated the capability of discriminating clouds at various brightness thres-
holds. Also in this volume, Bristor, et. al. have examined the possibility of
determining cloud displacement and growth using picture pairs of ATS digital
data,

The purpose of our contribution to the volume is to give meteorologists a
better idea of information in the digital data that may be useful to them in
discriminating cloud motion and parameterizing cloud features. We have done
this by treating examples of familiar clouds.

The first section of the paper treats low level cumulus embedded in the
tropical easterlies. The cloud boundaries are discriminated using the digital
data; cloud velocity and divergence fields are determined from a picture pair.
The second section of the paper examines cloud ensembles in the tropics which
are much brighter than low-level cumulus, and apparently are composed of deep

convection., The cloud ensembles appear as rings or polygons, connected somewhat



as a chain. The horizontal dimensions of a typical polygon shaped cloud ensemble
are given, assuming a certain cloud model, The last section of the paper illus-
trates the brightness contours of typhoon Sarah in the mid-Pacific on September
11, 1967.

Throughtout this paper the ATS-| digital data have been displayed using
techniques developed at the Space Science and Engineering Center, University of
Wisconsin., These programs are discussed in detail in this volume by Smith and

Vonder Haar,

2> TROPICAL CLOUD MOTION AND DIVERGENCE

ATS=-1 digital data have been used to derive the wind field from cloud motions
over a region of the equatorial Pacific. An area near the Line lIslands on April
19, 1967 was chosen in order to compare the computed winds with observed winds
from the same period. Two cloud maps of the same area were prepared from ATS=-I
pictures obtained at 2124 and 2148Z. These maps were constructed from digitized
ATS-| measurements using a character display technique for computer output. On
both maps the brightness threshold used to define cloud from no-cloud areas was
set at 50 digital counts which are proportional to brightness. This relationship
is discussed in other papers in this volume by Peekna et al. and by Hanson and
Suomi .

In this test case the wind direction and speed were inferred from the move-
ment of clouds. However, because of slight changes in satellite attitude relative
to the earth, ATS-| pictures obtained only minutes apart do not view precisely
the same areas. This causes an alignment problem between any two pictures which

can significantly effect computed winds by adding an unreal component to cloud



displacements. In another paper in this volume, Hanson, et. al. have shown the
ATS-1 measurements can be correctly positioned without the aid of a land feature
and that near the subsatellite point attitude changes cause primarily a north-
south shift in the observed features. Using.their technique, the two cloud maps
were properly superimposed, Christmas Island is recognized on both maps and
serves as an additional alignment check,

On the ATS-1 photo in Fig. 1 the area (2-6°N; 157-163°w) in which the wind
field was derived is shown in the small rectanglar area. Figure 2 illustrates
the cloud patterns and Christmas Island as seen on the digital maps of this area.
Solid lines mark the cloud boundaries on the 2124Z picture and dashed lines
indicate the boundaries 24 minutes later. Differences between the two patterns
can be caused by any combination of:

a) cloud motion

b) changing cloud size

c) changing cloud brigthness
An overall movement of the clouds toward the west is apparent in Fig. 2. |In order
to remove the random effects of (b) and (c), mean cloud displacements within
each 1 X 1 degree latitude area were derived from many hand measurements of the
apparent movement of cloud centers and edges. These displacements were converted
into normal components of the wind within each 60 n. mi. square area. For this
test case, it is assumed that these values represent the average wind direction
and speed within the cloud layer.

Figure 3 shows the computed winds and the divergence field derived from the
u and v wind Eomponents. 0f course, no winds are obtained from cloud-free areas.
On the same illustrat}on, a sketch of the major cloud regions is shown. Although

the cloud systems are probably better related to convergence patterns in the



sub=-cloud layer, the general alignment of clouds and features of the wind field
is good, Together they depict a weak wave embedded in the easterly flow. Sub-
sequent ATS pictures show that the cloud pattern retained its shape and intensi-
fied west of the test area during the next 24 hours, Computed winds ranged from
15 to 25 knots and from 60 to 110 degrees. These values together with others
derived near the border of the area shown were used to compute divergence magni=
tudes of + 3 X 10-5 sec-].

Normally, very few standard meteorological observations are available for
this region. On April 19, 1967, however, the Line Island Experiment (LIE) was
still in progress and some surface, upper air and aircraft data were obtained at
various locations within our test area. (A data summary of the LIE is given in
the Appendix of this volume). Thus, It was possible to assess the computed
winds against observed.

Synoptic data obtained within three hours of the pictufe.times are available
and at some locations aircraft wind measurements are available for more than one
level, Both surface and aircraft (B-47) observations reported only cumulus clouds
over the area with bases at 2000-2500 feet. Aircraft data at points X, Y and P
on Figure 3 placed the top of the primary cloud layer near 6000 feet. At Y
scattered cumulonimbus towers reaching 22,000 feet were also reported.

Because these data indicate measured cloud displacements pertain to the lower
troposphere, wind observations below 6000 feet near P, F and C were used to
check the computed winds. The comparison in Table 1 contains both windspeed in
knots (VV) and.direction in degrees (DDD). Computed and observed winds are in
close agreement considering the uncertainty in altitude determination.

Since the above comparison is limited by the representativensss of the

observed data, perhaps a better test of the computed winds is the overall



meteorological situation they depict. Figure 3 shows a weak wave embedded in
moderate easterly flow with cloud regions lying along the wave axis and greatest
vertical development found at the location of maximum low level convergence,
Neither the scattered meteorological observations, nor individual cloud pictures
could provide such a complete description of the typical tropical conditions which
are evident from displacement and divergence patterns which two pictures allow.
This test case demonstrates the usefulness of wind and divergence fields computed
from the ATS digital data for the study of meso-scale weather patterns., It also
suggests that a more automated technique using digital data cloud yield realistic
winds on an operational basis.
The latter application is currently under investigation and tests not.re-
ported here but similar to that described in this study have shown that:
a) strong vertical wind shear can be detected from the ATS digital daté,
b) changing cloud brightness or size may obscure cloud motions when the
time period between two view of the same area exceeds one and one-
half hours,
c) optimum cloud brightness thresholds or gradients must be derived to
adequately represent the presence or absence of clouds.
Further work in these areas and on operationally registering the digital
pictures will allow us to make maximum use of these high resolution, quantita-

tive digital data for remote wind measurements.

3. TROPICAL CLOUD STRUCTURE

a. Polygon Shaped Cloud Ensembles

In looking at cloudiness of the tropical Pacific on ATS-Il pictures, one is

struck by the great amount of organization to the clouds. 1In one of the lower



scales of organization discernable in the ATS pictures, we notice a great deal
of the cloudiness forms into polygons of various shapes and distortions. Typical
examples of polygon shaped cloud ensembles are seen in Figure 4, In that
picture one can see that not only clouds within the white Eordered area are or-
ganized in this way but many of the remaining clouds as well. |In the present
study, however, we have considered only clouds in the enclosed area of Figure L,
These clouds are depicted by computer display of the digital data and are shown
in Figure 5. In that illustration, clouds appear as the whitest areas. The
lower brightness contour which outlines the cloud has a value of 54 digital
counts and the higher contour 63 digital counts, The various cloud ensembles in
Figure 5 have been designated 1, 2 and 3 to facilitate discussing them,

Cloud ensemble 1 is a relatively large cloud group in which the northern

section of the cloud ring is absent. Perhaps this shape results from moderate
vertical wind shear which tends to form such U-shaped cloud cells (Rogers, 1965).
The horizontal brightness gradient is very steep along the edges of the cloud
band.‘ This is evident in Figure 6, for example, which shows the brightness

cross section of scan line 970. It is clear that brightness values within the
polygon are about 25 but increase to over 100 at the cloud edge. |In Figure 7 we
have contoured the brightness of this cloud ensemble from a lowest contour of

50, which outlines the cloud, to a highest contour of 175 which appears as the
smallest closed contours within the ''tic' marked areas. The contour with "tic"
marks is 125. From this illustration it is clear that such ensembles are made

up of organized deep convection and that there is continuity of brightness
associated wifh this convection, Clearly, it is possible to identify the bright-

est areas in such polygon shaped cloud ensembles and thereby identify the deepest



convective elements that make up the polygon.

Two other cloud groups, ensembles 2 and 3 of Figure 5, are contoured in
greater detail in Figure 8. These ensembles appear to have somewhat smaller
horizontal dimensions than ensemble 1,

If much of the convection in the tropics is organized into polygons, as it
appears to be in ATS pictures, then it is important to determine the feasibility
of obtaining the dimensions of such polygons using the digital data. These
dimensions provide necessary input to cloud models where such parameterization
is required. Ve have picked ensemble 2 to study this feasility.

In order to study ensemble 2, let us assume two cloud Models, A and B, as
shown in Figure 9. Cloud Model A is similar to that suggested by Kuo (1961),
and Asai (1967), among others. In this model the boundary is taken through the
center of the cloud bands; thus vertical motion is upward along the boundary,
Model B differs from Model A in that it includes all of the cloud ensemble
within the model boundary. In this model the boundary is through the cloudless
areas) therefore the vertical motion along the boundardy is downward.

When Model A is applied to cloud ensemble 2 and average values of a and b
are computed, we find there are two distinct domains of cloudiness. As shown in
the top of Figure 10, the small gradient of brightness from radius 0 to 21 miles
indicates one cloud domain within the polygon, and the greater brightness gradient
from 21 to 31 miles radius indicates another. The second apparently is deep con-
vection in the polygon cloud ring. The calculated values of a and b do not
depend, to any significanf extent, on a precise selection of the polygon ''center',
providing thevcentral point is located somewhere near the visual center of tﬁe

polygon.

When Model B is applied to ensemble 2, we are able to observe the average



bFightness cross section for the entire ensemble; this is shown in the top of
Figure 1. It is apparent that the horizontal brightness slope on the inside
(a) and outside (a') of the polygon are very similar. Furthermore, there appear
to be discernable domains of cloudiness outside the polygon, as well as inside.

Thus, parameters r and ry in Figure 11 are useful for defining the horizontal

dimensions of such cloud ensembles. These parameters can be determined from
brightness gradient alone; absolute values of brightness are not required.

For certain cloud models, such as that given by Asai (1967), it is useful
to determine the parameters a and b, as defined in Model A. We have obtained
these constants by planimetering the ''clear'' area of ensemble 2 in Figure 10
corresponding to brightness values less than that associated with the cloud
domain boundary, o and also by planimetering the total area within the model
boundary., The re;:1ts, given in Table 2, show the inner ''clear' area covers
L8 percent and the outer cloud area 52 percent of the total area. This is in
general agreement with the areas covered by clouds in cellular cloud patterns,
reported by Krueger and Fritz (1951). They observed cellular patterns with
horizontal diameters as large as 30-50 miles and with 'clear' centers bounded
by cloud elements about 10;]5 miles wide. Such cellular patterns would have
cloud areas which average about 53 percent of the total area. Both these obser-
vations of polygon shaped cloud ensembles indicate considerably more cloudiness
than suggested by theoretical considerations for maximum heat transport (3 to
16 percent) by Asai (1967). However, Asai's Model has the opposite circulation
to that reported here, and by Krueger and Fritz. -

The data fn Figure 10 and 11 indicate that ATS digital data can be usedvto

determine a variety of descriptive parameters for defining the horizontal dimen-



sions of tropical cloud ensembles. In addition, brightness values may also
give the clouds! vertical dimensions. Perhaps the most important capability of
the ATS-1 data is that growth and decay of clouds can be studied in great

detail using pictures at 20 minute intervals,

b. Typhoon Sarah

-Typhoon Sarah was a mature tropical disturbance in 1818GMT on September 11,
1967, several days before she struck Wake Island. The ATS picture of Typhoon
Sarah at the time is shown in Figure 12, The enclosed area is also illustrated
in the computer produced digital data display of Figure 13. The lowest bright=-
ness contour there is 16 and the highest is 48, The structure of cloud bands
in the typhoon is clearly discernable., Brightness cross sections of Typhodn
Sarah are given in Figure 14, The cloud band structure of the storm is also
evident in these cross sections. For example, scan line 675 shows three distinct
bands within the typhoon. Scan line 660 is through the eye of the typhoon and
shows a minumum brightness in the eye and also a brightness peak corresponding
to the illuminated west wall of the eye.

Obviously, there is considerable information in the digital data on band
structure of the typhoon in spite of the fact that the storm was near the ter=-

minator at the time of the picture.
L. SUMMARY

The ATS digital data have been used to determine cloud displacement and
divergence of low-level convection in the tropics. Both the speed and direction
of the winds agree quite well with wind measurements below and within the cloud

layer. The digital data have also been used to determine parameters for de-



10

fining the horizontal dimensions of cloud ensembles which are made up of deep
tropical convection. It was found that such ensembles can be parameterized by
examining the horizontal brightness gradient and integration of cloud area,
Parameters for a typical polygon shaped cloud ensemble have been determined
and are presented. Typhoon Sarah is illustrated with the digital data, and
the detailed band structure of the typhoon is clearly evident.

These three applications of ATS-| digital data show that quantitative,
high-resolution measurements from a geosynchronous satellite provide a data
resource that promises to be of value for operational wind calculatiéns and

for studies of cloud physics and dynamics,
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COMPUTED AND OBSERVED WIND SPEEDS AND DIRECTIONS

TABLE 1

Lat, Long. Observed Computed
Speed Direction Speed Direction
(deg. N) (deg. W) (Vv) (DDD) (vv) (DDD)
5.5 162.0 15 080 22 075
3.5 160.0 15 095 15 080
2.0 158.5 Missing 110 35 100



TABLE 2
Parameters Values
2
(a/b) - _ . 0.48

(a/b) - 0.69
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| LLUSTRATIONS

TABLES

].

Computed and Observed Wind Speeds and Directions,

Model A applied to cloud ensemble 2, The ratio (a/b)2 is the '"clear' area

2.
relative to the total., The ratio (a/b) is the radius of the ''clear' area.

FIGURES

1. ATS-l picture for 2148GMT, April 19, 1967.

2. Cloudiness in the Line Island Region (Fig. 1). Solid cloud boundaries are
for 212LGMT and dashed boundaries for 2148GMT, April 19, 1967.

3. Clouds, winds and divergence pattern based on cloud motion of Figure 2.
Divergence units are 1075 sec”l,

L, ATS~I picture for 202700GMT, April 26, 1967,

5. ATS digital data depiction of cloud structure in enclosed area of Fig. L.
Heavy horizontal lines correspond to the scan lines in Fig. 6. The three
cloud ensembles noted in this illustration are shown in greater detail in
other illustrations.

6. Brightness plots for scan lines in Figure 5.

7. Brightness contours for cloud ensemble 1 shown in Fig. 5. Scan lines 954
and 970 in Fig. 6 show a brightness crossection of this cloud ensemble,
Minimum brightness contour is 50, Maximum contour is 175 digital counts,

8. Brightness contours for cloud ensembles 2 and 3 in Figure 5. Scan line
970 in Figure 6 shows the brightness crossection through cloud ensemble 2,
Minimum brightness contour is 54, Maximum brightness contour is 150
digital counts.

9. Definition of cloud modeling parameters for two models. Light areas
indicate cloud bands.

10. Upper graph indicates cloud parameters a and b determined for Model A on

Tl

cloud ensemble 2, shown in the lower illustration.

Upper graph indicates cloud parameters a, and b determined for Model B
on cloud ensemble 2, shown in the lower illustration.



12.~

13.

ATS-1 picture for 1818GMT, September 11, 1967. Typhoon Sarah is visible
in the enclosed area located about 100 miles southwest of Honolulu,
Hawaii, near 180 North, 1659 West,

Typhoon Sarah at 1818GMT, September 11, 1967. The dark horizontal lines
are scan lines which in Figure 14 show brightness cross sections of
Typhoon Sarah.

Brightness cross sections of Typhoon Sarah in Figure 13,
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INTRODUCTION

The use of sun glitter to study the slope statistics of the sea was
suggested and explored by Cox and Munkl’z. Their basic idea can be
summarized as follows. If the sea surface were entirely calm, then an
overhead observer would see a single, mirror-like reflection of the sun
at the horizontal specular point. The sea, of course, is mnever mirror
flat, but due to the short wavelength of light, can be considered as
constructed from many small facets, each with its own inclination. The
farther a facet is from the horizontal specular point, the greater is the
inclination required to reflect light toward the observer. The location
of the reflected light source can therefore be interpreted as a certain
sea slope, and the average intensity of the light coming from this location

can be interpreted as the frequency with which this particular slope occurs.

Cox and Munk estimated sea-slope distributions using sun glitter
photographs taken from an aircraft. They also suggested an empirical

relation between the variance of the slopes and the surface wind velocity.

With the advent of the ATS-1 synchronous satellite, the sun glitter
has appeared as a major phenomenon on the photographs received daily from

the spin-scan camera.



The purpose of the present work is to adapt the Cox - Munk technique
to pictures taken from a much higher altitude, by a synchronous satellite.
The main modification involves the use of a sequence of photographs of a
limited area (taken over a time period) rather-than a single photograph

of the whole sun glitter area.

Such data from the satellite were used to calculate the slope
distribution, and from it the wind velocity, for the locations of Palmyra,
Fanning and Christmas Island, on the 16th and 19th of April, 1967. The
calculated values were compared to direct wind measurements obtained at

these locations during the "Line Island Experiment"3.

Utilizing the ATS-1 data stored on magnetic tape in digital form,
it was possible to by-pass the highly degrading photographic and photometric

processes and to work quantitatively on the received video signal.



THE SYNCHRONOUS SATELLITE AS THE OBSERVER

In their gprk, Cox and Munk photographed the sun glitter from aircraft
B
altitudes, and studied the slope distribution from a single photograph. This

was done by identifying each location within the glitter with the specific sea

slope which would cause reflection at that location.

The basic assumption involved in using different locations within a single
glitter is that the statistical characteristics of the sea surface are essentialiy
constant over the whole area of the sun glitter. When the photograph is taken
from an aircraft this assumption is true. However, when the photograph is
taken from synchronous altitude (35,783 km),rthe sun glitter cévers a circle
whose diameter can exceed 3000 km, and with regard to such a large area the
above basic assumption is no longer plausible. ‘

This point is brought out in Figure 1, which shows a sequence of 6 photo-
graphs of thé same portion of the ocean (5°N-15°N aﬂd 160°W-230°W), taken at
intervals of about 23 minutes. The sun gligter is apparent in all the frames,
and its shift to the west can be clearly seen. Noté the calm area of the ocean
which appears as a dark area in the midst of the sun glitter in the second frame.
In the third frame this area already includes the horizontal specular point of
reflection, and the light intensity reflected from part of it is greater than the
light scattered from the clouds. In the last frame the specular point of
reflection has moved outside the calm area and the sun glitter ends sharply
at its edge. Thus, Figure 1 shows that the sea roughness may vary considerably

\ L olitter
over the glitter large arear' But we also note that the shape of the calm area

did not change appreciably in the two hour period between the first and the last

frame. This leads to an alternative assumption, wviz,, that the statistical
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o

characteristics of the sea surface/at a fixed point}does not vary appreciably
over a period of several hours.

Recailiﬁg ?hat the synchronous satellite is in a fixed position relative
to the earth while the horizontal specular point of reflection shifts with
. time from east to west, we see that this assumption allows us to adapt
the Cox - Munk technique to the case of observation from a synchronous
satellite. Specfically, the values of light intensity reflected towards the

satellite from a fixed point at different times, can be interpreted in terms

of the sea slope distribution around that point.



THE SATELLITE, THE POINTS OF REFLECTION AND THE SUN SUBPOINT

The ATS-1 Satellite is positioned over the equator at about 150° West
Longitude. From a height of 35,783 km, its spin scan camera usually
observes the portion of the earth bounded by 70%W to 130°E, and by 52.5°N
to 52.508. This area is scanned by 2018 horizontal (west-to east) lines.
The optical resolution is approximately 2.0 nautical miles when the
telescope is pointed toward the subsatellite point. The normal down scan
takes 20 minutes and the retrace, an additional 2 minutes. The optical
system bandpass is 4750A to 6300A., The camera video output is linear
within + 2%, up to the intensity of 10,000 foot lamberts. Camera character-

istics are described in detail in other sections of this volume.

The data at the ground station was available in three forms: as
photographs; on analog tape; and on digital tape. On the digital tape,
the camera output is digitized from O to 255 units. Each scan line has
8196 picture elements, of which the limb distance of an equatorial line

occupies 7128 picture elements.

The present work utilized the simple navigation method of identifying
two landmarks, Baja-California and Hawaii, which were not overcast on the
specific days used for analysis. The accuracy achieved with this method was

better than 50 miles.

The points of reflection in our study, corresponded to Palmyra Island
(50°53'N  162°05'W), Fanning Island (3°54'N 159°23'W) and Christmas Island
(1°55'N  157°20'W). Actual wind measurements were obtained on these three
islands during the Line Island Experiment.

On the 16th of April, 1967, the sun subpoint traveled along the 10°N
latitude, and on the 19th of April, along the 11°N. The exact longitude and

7
latitude of the sun subpoint as function of time, were obtained from the Air Almanac



THE GEOMETRY OF REFLECTION

To apply;t&g method, we need an ans&er to the following geometrical
question: given the longitude and latitude of the sun and the synchronous
satellite subpéints, and of the point of reflection, what is the tilt mag-
.nitude aﬁd direction and tﬁe angle of incidencg, at that point of reflection?

To derive the necessary formulae we shall use the following notation (Fig. 2)s

0 - The cénte} of the earth -
S - The sun subpoint
3 "A - The synchronous satellite
_P - The point of reflection
i - An index taking values S,R, or P
Q- The point created by the surface and a vector parallel to E and
starting at O
0,- Latitude of i (or of Qi)
¢i- Longitude of A - longitude of i (or of Qi)

r - The radius of Earth

h - The synchronous altitude

% - Vector between the satellite and the point of reflection
. é - The normal required for reflection from P
"6 - The northward tilt at P

¢ - The eastward tilt at P

B - The magnitude of the total tilt at P

‘W - The angle of incidence



An elementary manipulation of rectangular and spherical coordinates

yields the formulae:

s 0

¢2 = tan

-1
62 = tan

.and

tan

.e..
]

@ = tan

At the point of reflection the tilt in the east (or ¢) direction is given by

-r cos®_ Sin ¢
P P

h+r (l—cosE)p cos¢p)

-r Sin 6
—F 2 2
[(h+r)2 - 2r(h+r) cos 6_ cos § + r cos O ]1/2
i ) P 5 g P
cosel Sin¢2 + cosSs Sin¢s
cosGl cos¢l + cosOs cos¢>s
Sinf, + Sinf
e s
1/2

2 2 '
[cos 6, + cos B, + 2 cos8, cosB_ cos(¢£-¢s)]

3)

(4)

(5)

(6)

@)

(8)



Recalling that ¢ and 0 are orthagonal, we get for the total tilt magnitude

s 6
B = tan_1 [tan? 0 + tan? ¢] 1/2 (€D
and the angle of incidence is given by
) -1 2 5 2 % 1/2
w = tan [tan (Bn .Os) + tan (¢n ¢S)] (10)

If both the point of reflection,and the sun subpoint are near the
satellite subpoint, i.e., if all O and ¢ values are small, the above eqﬁations

can be approximated by the simplified formulae:

~¢s b o b ; -

¢ Fgh - QAT - (1)
gl ne+Eye ' | X2)

k| o’ P _

2 2 2 -
B=8 +9¢ (13)
2,,_,1 3 5 .3 r .
weg (B 4T 0) +7 (9 +y ¢ - (14)



SLOPE PROBABILITY AND LIGHT INTENSITY

1,2 8 ;
Gox.anqu%Qk and Cox have shown that the probability density

P of the-slope (determined by the location) is related to the received

intensity J, from this location, in the following manner:

P = (l»H--I p—l(w) £t cosu)Jcos“B _ (15)
where: H - the solar energy flux per unit a;ea of beam‘
w - the angle of incidence
p(w) - the reflection coeffiéient
B 2 the slope magnitude
_ A . - the telescope effective area
) - the telescope tilt from nadir

They have calculated p(w) for sea water to be: p(w) = 0.020, 0.021,

0.060 and 1.00 for (respectively) w = 0°, 30°, 60° and 90°.

In our system (fixed satellite and single point of reflection), the
angle p is.constant. For the case of’small angles, w is less than 30 degrees
ahd therefore p(w) is also essentially constant. Therefore, the term in
brackets in (15) does not vary with time, and the only va;iable correction

u
is cos Bu



BACKGROUND LIGHT

In additon to the sun glitter two other sources of radiation have té
be considergd.ﬁ Cox and Munk pdinted out two of them, (l) the skylight
reflected at the sea surface, and (2) the sunlight scattered by particles
- beneath the sea surface. Rozenberg and Mullamaa9 pointed out another
source, (3) the scattered light in the air column separating the satellite
from the water surface. Undoubtedly there are more contributors to the
background light.

The sources (1) and (2) were studied by Cox and Munk, who found that
their coptribgtion depends méinly on the angle between the vertical and
the vector from.the point under:analysis to the observer. .In the case
‘of an observer on a synchronous satellite this angle is fixed.

Some idea on the contribution of the scattered light in the atmosphere
(3) can be received from the maps of Sekera and Viezee?O even though they
assume the satellites at infinity. We will use the maps calcﬁlated for
the case of a planetary surface that absorbs all the incident radiation
(A =0); i.e., when the only return is from scattering in the atmosphere.
Those maps indicate only slight variations in the intensity of the
écattered light in the vicinity of the satellite subpoint, as the sun
‘subpoint shifts away, as long as the angular distance between the sun and
th; sateilite is smaller than about-40 deérees. For our small angles case,
we can thefefore assume this contribution to be constant.

The above indicates that the background light can be estimated Ey

measuring the radiation received from the point when it is outside the sun

glitter limits.
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The camera on the ATS-3 Satellite .has three channels: Blue (.38-.48
micron), Green (.48-.58) and Red (.55-.63), the respective background
intensiti;s @erg related to each other as 5:6:2, when calibrated for
equal reflection from cloud tops. Thus, for reducing the background
..light; the red channel data is the best choice.

The;e is of course no way to study the sun glitter in'the case of
overcast. However, in the case of scattered cloﬁds, our method (since
it is based on measurements at a single point) can be used to study the
wind velocity in any neighborhood within which a clear area of the size

of the telescope resolution can be found.
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THE SLOPE DISTRIBUTION

Cox and M&hk found that the slope distribution is "élmost" like a
two—diménsional Gaussian (normal) distribution, the "almost" standing
_for peakedness at the probabilities of the small slopes, and skewness
toward the dpwind directed slopes. - To simplify our discussion we will
assumé the slope distribution to be Gaussian and with zero mean. Thus
if c is the siope toward the crosswind direction and u toward the upwind

direction, their probability density is given by

2 1
1 7 exp | - 1 c 2rcu + u (16)
R T :
c u ;

2
4 g
§li-z") 2
where Uc Uu are the standard deviations of ¢ and u, and r is their correlation

f(c,u)
' o 0o a.?
Cc u ‘u

coefficient.
Cox anq Munk found that r is close to zero, i.e., c and u.are approximately
" independent. 1In this case the ¢ and u axes are the principal axes of the
élli?ses of‘constant density (fig. 3). However, they will ﬁot in general
coincide with the north (0) and east ($) axes, i.e., O and ¢ will be jointly
normal but correlated. . ‘
The sun glitter scan over a fixed point in the ocean may be considered

-equivalent to traversing the slope probability plane along a certain path.

Note thal-in equations (11) and (12) the only variable (with time) is the
longitude of the sun subpoint ¢s. For the small angles case, we see that only
¢ varies with time while 6 :em;ins constant. Our path in the slope probability
plane is therefore a line 6 = const. and the density P measured using (15) is

(up to a constant) the conditional probability deusity

£(¢|6 = const.) : (17)



This density is also normal, with the mean

4 0 r0'¢

E($|0) = 5, 6 (18)

- and the standard deviation
1/2
(o] = C 1-r2
slo = % (17 (19)

where r is the correlation coefficient of ¢ and 6.

" Cox and Munk found linear relations between the wind velocity W and

the variances as follows:

3

02 = 0.003 + 1.92 x 107W # 0.002 ; (203
62 = 0.000 + 3.16 x 1070 + 0.004 ; (21)
oz + °fs; = 0.003 + 5.12 x 10 W + 0.004 i (22)

where 0 is in radians and W is the mean wind in meters per seconds (measured
41 feet above the sea surface). Other relations of this type by Cox and Munk
. :

for sea covered by slicks, have received support from other works. !

It ‘can be shown (ignoring the anomaly of O # Uu at no wind) that
lrl < .__’i___jc_ (23)

Using (20), (21) and (23) we get that r<0.2 up to average winds of

10 m/sec., (This was the case 99.67% of the time, on the three islands during



March and April). This and the small 6, rules out any chance to use (18) as
a clue for the wind direction. It also means that (19) will reduce to:

9 6

Al

g ) ; (24)

9|0
Eq. (24) indicates that as could be seen intuitively at the beginning

of this section, our method estimates the distribution of slopes in the East

West direction. We do not usually know whether this direction coincides with the

upwind or cross wind direction, or with any other direction between the two.

We, theréfore, can not use only one of Cox and Munk's linear relations between

the"winé veloéity and the variance (eq. 20,21), but we must use the two of

them together. This is doné in fig. 4 where the lines represent the two linear

relations and their uncertainty boundaries. The lack of knowledge about the

wind direction expands the range of possible wind velocities for each value of

the slopes variance.



RESULTS

The' cogpagison between calculated scalar winds and actual wind

measurementé, were made on two dates (the 16th and 19th of April, 1967) for

each of the three islands(Palmyra, Fanning and Christmas).

The process of calculating the scalar wind involved the following

steps:

&

- €2)

3
(%)

()
(6)

(7)

(8)

Plotting thosé scan lines which include the sun glitter, from

a sequeﬁce of consecutive pictures.

Navigating on each pigture to find which lineiand picture element
represent each island location. (There were apparenf variations

in the line number, between ponsecutive pictures, because of the

spacecraft variable pitch.)

Plotting the intensity J as a function of time.

Converting time to corresponding East directed tilt ¢, using

equation (11).

Subtracting the background light,

Finding B from (13), and applying the corrections cos“B (15),

to get values of the probability P (up to a constant). (This
correction was significant only in cases where the latitude of the
reflectiﬁg point was far froﬁ>the latitude.of the horizontal specular
1ine of reflection).

Finding the standard deviation of-the probability curve.

Finding the range of possible wind velocities from fig. 4.

In figure 5 some of these steps are illustrated for two cases: Palmyra and

Fanning, 16 April 1967. The records on the right side of figure 5 are 8 scan

lines over the latitude of Fanning Island, taken in intervals of 23 minutes, the
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longitude of the island is marked by the vertical line. These 8 intensities

yield the normal curve shown in the middle. Similar procedure is shown also
o O
for Palymyra Island.

The calculated standard deviation results are plotted against actual wind

: measureméntg, as points, in fig. 4. The numbers in brackets near those points

indicate the measured wind diréctién relative to the east west direction.
Except for one of the c¢ points which is only 5 degrees from the E-W
direction and therefore should have been closer to the 03 line, all other

points are within the limits suggested by Cox and Munk.
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instead of being avoided.

4/

CONCLUSION

4 €3 .
) Yy >
Our work shows the feasibility of studying the east west component of

the waves' slope distribution from a synchronous satellite by using the sun

" as the radiation source with its movement, relative to the earth, as a scanning

mechanism.

Using Cox and Munk's '’2 linear relatian between the variance of the waves'
slope and the wind vélocity, it was possible to calculate scalar wind velocities
in the area of the sun glitter and to'comparé them to actual wind measurement
taken.og the ocean. These comparisons revealed that the enormous height of
the"observer éié not degrade tbe accuraéy of the observation. When the wind
direction is given, the accuracy of the calculated wind velocity is asvgood
as if the sun glitter is studied from aircraft altitude, i.e., + 1 m/sec.

In the course of this work, it became more and more evident that the sun

glitter is a strong and reliable source of radiation that should be studied

|
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

» 6 THE FIGURES

The sun glitter shifts toward west over a calm area in the

midst of a rough ocean.
The geometry of reflection.

The probability space of the two dimensional normal distribution

of the waves slope.

C - slope in the cross wind direction

siope in the upwind direction

o 8

slope in the East direction

o S 2 =
!

slope in the North direction

The linear relation between the waves slope variance and the wind
velocity (after Cox and Munk), compared to six points represented
by variance calculated from the satellite data, and actual wind

measurements,

Some of the steps involved in reducing the satellite data, to the

standard deviation of the waves slope.
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ABSTRACT

Digitized data of nine ATS-1 photographs taken on 21 and 22 April 1967
were used to study statistically the dependence of reflection properties
of the earth-atmosphere system on the zenith and azimuthal angles of
measurement and on the zenith angle of incident solar radiation. Four
states of the sky were defined for this study: ''complete overcast,"
""cloudy-overcast," ''cloudless atmosphere," and ""minimal reflection."
The limited quantity of data analyzed so far provides sufficiently accu-
rate results only for small solar zenith angles (0.0° < { <£25.8°). A re-
markably high reflection was found in all conditions in a small angular
range around the specular point of the sun on the earth's surface. The
horizon appearedto be brighter than other areas for '"cloudless atmos-
phere" conditions only. A maximum of reflected solar radiation due to
direct backscattering was not found trrthese—pratmnnary=xesalts.

iii



INTRODUCTION

Scattering processes in the atmosphere and reflection from ground
and cloud surfaces cause part of the incident solar electromagnetic
radiation to be lost to space without exchanging its energy with the
scatterers and reflectors. These processes have been studied in the past
by many researchers, both theoretically and experimentally. All of their
results showed that these processes cause an anisotropic field of solar
radiation reflected from the planet earth back to space.** This anisotropy,
for instance,may be important for calculations of the reflected flux of
solar radiation from satellite measurements of the reflected radiance (Ref. 3).

Several authors (see e.g. RUFF et al., 1967) have previously studied
statistically the dependence of satellite beam measurements of reflected
solar radiation on the angles of measurement and on the zenith angle of
incident solar radiation. Their results generally confirmed the angular
reflection characteristics which have previously been predicted theo-
retically. But a basic limitation existed in the data available to these
workers, caused by the rather wide aperture angle (% 70 mrad) of the
scanning radiometers flown on the TIROS and Nimbus satellites, which did
not permit accurate studies of reflected radiation close to the earth's
horizon.

In the preliminary investigations reported here, the reflection
characteristics of the earth-atmosphere system are studied with digitized
records of nine photographs which were obtained at about 1l.5-hour inter-
vals on 21 and 22 April 1967 with the ATS-1 Spin Scan Cloud Camera System
(Ref. 6). This camera has a field of view of only 0.1 mrad at the 507%
response level. Thus it allows in principle very detailed studies of
solar radiation reflected from various surfaces even very close to the
1limb of the earth. Observations of the illuminated part of the disc of
the earth are possible every 25 minutes. Therefore, statistical studies
are possible for a very great variety of zenith angles of the sun and of
combinations of the zenith and azimuthal angles of measurement,

#* References to these earlier investigations are available in many
_textbooks on radiative transfer in atmospheres. See, for example,

Calculation of the Brightness of Light in the Case of Anisotropic

Scattering, Part 1 (1960) by E. M. Feigelson, et al., and Part 2
(1963) by V. S. Atroshenko, et al. Consultants Bureau, New York

(Translations from the original Russian).



The photographs used here cover nearly a full daylight period
over that part of the earth observable from ATS-1. Further studies
with data of other photographs are underway to extend these preliminary
results.

ANALYSIS .OF DATA

‘A radiometer or a camera aboard a satellite, having a narrow
field of view and observing an illuminated area on the earth's surface,
measures only the radiance N_ of solar radiation reflected in the direc-

tion of the satellite. The gidi;ectional reflectance pf of this area
may be obtained from Nf by

Nf(e,w,;;sfc) .1
[sr™]

(1)

p'e (8,0,055fc) = — o s,
where S_ is the incident solar irradiance in the filter range f of the
ATS-1 czmera system which is located between 0.46 and 0.65 microns.

This narrow spectral region is located in the visible. Thus, the
results obtained in this study do not necessarily represent mean angular
characteristics required for calculations of the total flux of reflected
solar radiation in the rather wide range from 0.3 to 4.0 micronms.

The angles 6 and Y designate the zenith angle and the azimuthal angle
(relative to the sun's ray) of measurement on the observed surface, while
¢ is the sun's zenith angle as seen from the observed area. All observed
areas were assumed to be located on the earth's surface. The abbreviation
"sfc" characterizes the type of surface associated with a particular
measurement.

At the time of our analysis, a conversion of the ATS-1 signals from
digital numbers D, which are available on tape, to values of the outgoing
radiance was not possible due to the lack of a reliable calibration in
radiometric units. Prelaunch laboratory calibrations (Ref. 6), however,
showed a nearly linear relationship between the luminance of a quartz
iodide light source (in foot-lamberts) and the camera output in (milli-
volts). The latter was digitized linearfly into 255 intervals. Thus,
it was assumed that a linear relationshfﬁ‘existed between the radiance
viewed by the camera and the corresponding digital value D on the magnetic
tape. From Eq. (1), then, p”_, is linearily proportional to D/cos Z.
Therefore, in this study the angular dependence of D' given by

D(e,v,z; sfc)
cos g (2)

D'(8,¢,z;sfc) =

»

is investigated instead of pf.



The ATS-1 satellite is positioned over the Equatorial Pacific. The
mean geographic coordinates of its subpoint on 21 and 22 April 1967
were 150.5°W longitude and 0.05°N latitude. Slight changes in these co-
ordinates of about + 0.3 degrees during this period were not taken into
account. From a position 35,787 km above this point, that portion of the
earth.can be observed which is bounded by about 70°W and 230°W and
about 70°N and 70°S. This area consists almost entirely of the Pacific
Ocean. Only a few small fractions of the observable disc show the
land surfaces of North and Central America and, at very large zenith
angles 8 , New Zealand and parts of Australia. Therefore, the results
of these investigations apply only to an ocean-atmosphere system.

The investigation of the dependence of D’ on the angles 6 , Y and [
requires an accurate determination of the geographic coordinates of the
area from which each signal was obtained. In determining these po-
sitions, it was assumed that each area was located on the surface of a
spherical earth having a radius of 6371 km.

The only known coordinates of the original ATS-1 camera signals in
a coordinate system with respect to the spin axis of ATS-1 are the incre-
ments of the camera step angle Av = 27.06" arc (Ref. 6) and of the angu-
lar distance between two digital values on a scan lineAu = 8.7891" arc.
The latter is obtained from digitizing the analog signals of a 20-degree
scan into 213 = 8192 equidistant digital steps. From facsimile prints*
of the digital data D, the number of the scan line which coincides with
the earth's equator was determined, assuming that the satellite spin
axis is parallel to the earth's rotation axis. This particular scan line
was used as the initial value for locating all other scan lines of a given
photograph.

These calculations could be performed very easily if the attitude of
the satellite were known very accurately. But slight oscillations and mo-
tions of the spin axis of ATS-1, which are not recorded on the ground,
as well as errors of synchronization of all recording equipment cause
perturbations in the pictures. On the original photographs some of them
can be observed as irregularities in the shape of the illuminated limb
of the earth. Thus, many empirical adjustments were necessary, such
~as the defining of an "effective" step angle and the shifting of scan lines
in order to effect a geographic i‘egistration using available landmarks
or cloud features whose positions were known. In this regard, a valu-
able source of information were photographs of the ESSA 3-satellite from

*These facsimile prints were obtained through the courtesy of Mr. C. L. Bristor, Chief of the Data
Processing and Analysis Division of the National Environmental Satellite Center, ESSA, Suitland, Md.



which approximate positions of typical cloud features were taken. The
only clecar observable landmarks were the western coastlines of the
United States and Mexico.

The above-mentioned errors in the satellite attitude do not allow an
absolute location of the data by an operational computer procedure of
better than 1 - 2 degrecs of longitude and latitude, even over areas close
to the subsatellite point. But an even higher spatial resolution of 0.5
degrees of longitude and latitude was chosen for an analysis grid, ex-
pecting.that later geostationary satellites would allow this accuracy.
Mean values D" were computed for each grid element from all individual
values D’ falling within that element. The angular dependence of these
averages D', then, was the subject of these investigations.

The increments of the angles 6, Y and [ were chosen to be: Ay
= 5 degrees, Asiné = 0.1, and Acos { = 0.1. '

In addition four types of atmospheric states were categorized
assuming, generally, that each increase of the cloudiness EZZIED of m?b;'c’f{y of
atmosphere results in an increase of the brightness of a viewed area.
Evidence for this assumption is shown in theoretical investigations of
the field of solar radiation reflected to space from different atmospheric
models (see e.g. KORB, et.al., 1957). In fact, areas of clear atmosphere '
over ocean surfaces, except when viewing near the specular point of the
sun, are the darkest areas in all photographs. Increments of D' were
chosen by experience to categorize the following conditions of atmo-
spheric state:

complete overcast : 171 < D"
cloudy - overcast : 41 <D" <
cloudless B 8 < D" < 40

Additionally.the smallest values of D" falling within each combination

of the increments of all three angles of measurement were sought. These
lowest values of D", designated herein "minimal reflection', were as-
sumed to represent all cases of a least 5:;’?3 atmosphere over the ocean
surface. cloudy

Values of D' < 8 were not found over all parts of the illuminated
disc of the earth except over areas where the sun's zenith angle was
larger than 88.85° (cos { < 0.02). These areas were excluded from our
investigations. '

These numbers in particular are only valid for the photographs which
were here analyzed. It was found in further studies, that the response of
the entire system (camera + ground equipment) is not constant over longer

periods.



Uncertainties in the A/D converter caused considerable additional
noise in the data, usually in the form of single noise peaks. A simple
"data filter" was designed to reject these noise peaks and to replace
them by the arithmetic averages of the adjacent data points. This filter
was invoked when increments of the digital value D between two adjacent
digitel numbers exceeded AD = 10 for D < 100 and AD = 20 for D >100.

It also checked the "trend" of the data along a scan line, in order to
retain such large changes, if they persisted for more than one sample in-
dicating that they were really caused by sharp cloud boundaries rather
than by noise. These increments AD were chosen by experience,

" Fig., 1 shows two parts of a scan line. Symbols + designate unfil-
tered data, while the data points ¥ are considered to be noise. The filter
replaced them by the new data®. This example, shown in Fig. 1, demon-
strates one of the worst cases observed so far.

This simple operationally used filter, indeed, might'"smooth out"
very small, but very bright single clouds over the dark ocean surface.
But there was no other possibility to omit the noise from the useful data
records. To test for any possible dramatic and artificial effect intro-
duced into the analysis by means of the filter, a comparison of computed map
averages (over a latitude-longitude grid having a 0.5 X 0.5-degree mesh size)
of "filtered" and "unfiltered" data of the same photograph was made. No
significant changes in the patterns were observed.

The response of the camera system and the amplification of &all
systems involved in producing the digital numbers were assumed to be
constant during the entire period of 17 hours spanned by the nine pic-
tures included in this analysis.

PRELIMINARY RESULTS:

The limited number of data obtained so far from only nine photographs
did not produce statistically representative averages of D" for each incre-
ment of all three angles 8,y and ;. Especially at larger solar zenith
angles (cos £<0.8) there were wide gaps in the fields of D" (8,y,5;sfc).
Therefore, in this report only results which were obtained for very small
solar zenith angles (0.9 <cosz<l.0) are shown.

Figs. 2 and 3 show in polar coordinates the results for the condi-
tions "complete overcast" and "cloudy-overcast". In both distributions
a marked increase in the brightness of the earth-atmosphere system .
occurs within a small range of angles close to the specular point of the
~sun (p = 0°; 0° <0<25.8°). This might be caused either by specular re-
flection from the ocean surface in gaps between the clouds and/or possibly
from the clouds themselves.
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The Results of Applying the *‘Data Filter’” are Illustrated.

Figure 1. Digital Values D vs. Arbitrarily-numbered Increments of Scan Angle
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Figure 2. Angular Distribution of the Digital Values D'’ (= D/cos () for
“Complete Overcast”’ Conditions
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In Fig. 2 the brightness seems to increase slightly toward the hori-
zon. In both figures there is no definite indication of a maximum caused
by direct backscattering, which was found by SALOMONSON (1966) over
a strato-cumulus cloud layer.

Evidence of specular reflection and of an increase in brightness to-
ward the horizon is more pronounced in Figs. 4 and 5 which show the
angular distribution of D" for "cloudless atmosphere' and "minimal re-
flection" conditions. But, here as in Figs. 2 and 3 the bright area around
the specular point of the sun extends over a small angular range only.
Thus the specular contribution to the directional reflectance (i.e., the
total reflectance from a surface into the upward hemisphere for a given
value of { ) is comparatively small.

No special attention is given in this report to the occurrence of
other minima and maxima of D" in Figs. 2 through 5. They might be
caused by an accidental arrangement of bright and dark areas in the
photographs analyzed so far.

Table 1 lists the total averages of D', which were obtained by-inte- :
gration of D’ over the two angles of observation, expressed by

mw

o 2 "2
D' (L = const;sfc) = ;J’J' D" (6,¢, L = const;sfc)sin 8 cos € df dy (3)
. 00

" The total averages D in Table 1 correspond to (1/w) X the directional
reflectances of surfaces having the characteristics shown in Figs. 2
through 5. Therefore, one should expect to obtain at least relative in-
formation about the directional reflectance (BARTMAN, 1967) of the
earth-atmosphere system from these values. If it is assumed that the
.directional reflectance over very thick clouds (as assumed under "com-
plete overcast'' conditions) is about 75%, then the directional reflectance
over an extremely clear ocean surface would be only about 8% (Table 1).
The slightly higher value of 11% obtained for '"cloudless atmosphere"
conditions might be due to some cloudiness included in this statistical
analysis.



CLOUDLESS ATMOSPHERE

NV
/l\

Fig.ure 4. Angular Distribution of the Digital Values D' (=D/cos L) for

0.9 £ cos £ < 1.0
25.8°% { §0.0°

Y=o

the Conditions ""Cloudless Atmosphere”’



0.9 S cs £ S 1.0
25.8°3$¢ 5 0.0°
> >

¢ = 180°

MINIMAL REFLECTION

v=0°

Figure 5. Angular Distribution of the Smallest Yalues of D" (=D/cos {) Which
Are Assumed to Represent Conditions of a Least Turbid Atmosphere Over the
Ocean Surface

11



Table 1

Total Averages D'/, Obtained by Integration of the Angluar Distributions
of D", Shown in Figs. 2 Through 5, Over the Upward Hemisphere

Condition D D%rectional Reflectance
complete overcast 197 , 75% (assumed)
cloudy - overcast 71 27%
cloudless 29 119
minimal reflection 21 8%

CONCLUSIONS

i~k o L cam———

T}%rehmmary resiits presented here of the angular depe dence

) of ryl’ected so}%r}adﬁtlon in the- spectral ran\!KO 4’6};0 .65 microng,
eT objtdined from njine photographs’g the ATS-1 spin®scan camera, inditate
| NSE PN - .
e at a specular co ponent exists but that it is of-little~jmportance“to t \e
€0 total d1rect10nal re ctance for smallgolar zenith angle Unfoértunately

?A—G,Z’ 18] tl'}‘ quanfﬁy of data ya ot statistically yresentative for all angular
inckgments and, hernce, general conclﬁfj% s can be drawn. owever,
the r su\l'is are gjxcouraging and illustrate the potential“of more\com-
prehensIve studies of this type, using a more representative sample of
data having improved signal-to-noise characteristics. \}
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