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L. INTRODUCTION

This investigation was conceived and proposed originally as
a study of cloud and assoclated rainfall over south-western
England and the western sea-approaches within the limits defined
by latitudes 49% and 55ON9 and longitudes 00 and 20°W5
intimately associated with other proposals from the University
of Bristel all relating to 1ts Sabrina Project. Thig project
is an inter-disciplinary study of the River Severn and its
rogion, designed to consider many aspects of its natural science
whether independent of, or affected by, the activities of man.
Since the cther proposals for a satellite component in the
Sabrina Project dealt with evidences in Landsat 2 imagery of
terrestrial and marine phenomena, involving thelr distributicns
and characteristics through space and time, it was decided that
a complementary programme of work concerned with attendant
atmospheric variables evidenced in the same Landsat imagery
might contribute invaluable supporting information for use in
analysis and interpretation of the surface phenomena.

In the event, since the related proposals were not
accepted for the ERTIS Follow-on Program, this study of cloud and
rainfall had to stand alone as an independent investigation.
Modifications to the study plan were Inevitable, although efforts
were made to follow the original intentions as far as possible.

The most significant basic change in the study plan
lnvolved the area to be investigated. Cut free from the need To
focus exclusively upon south-western England it was proposed by
the Principal Investigator, and egreed by NASA, that the whole of
the British Isles be included in the study area, thereby
increasing greatly the opportunities for comparisons with ground
station data, though a large expanse of sea in the Western
Approaches which had becn inciluded in the initial proposal was
excluded from the study area, decreasing the chances that the
data set might throw light on details of approaching systems of
cloud and rain (see Barrett, 1973). The geographic co-
ordinates of the study area finally approvéd by NASA were as
follows:

Table 1
Effective co-ordinates for the revised study plan (clockwise order)
Corner Latitude Longitude
North-west 60°001N 12°30W
North~east 60°001N 29301
South-east %9°00 1Y 2°30'E
South-west 49°001N 12°30'W

Once the flow of data from NASA had been established it
becamé quickly apparent that the imagery were not being provided
very completely for the study area, and worse still from the point
of view of research desigh, were not being provided with any
uniform or predictable distribution. In the Data Profile
(Attachment B) sent by NASA to the Principal Investigator on the
acceptance of his revised study proposals it was stated that NASA
would make "best efforts to provide the Principal Investigator
with the ERTS data described in the data profile" (NASA 197h).
These were to cover the study region for the period from March
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1975 - February 1976 for up to and including 100% cloud cover.
Although it was anticipated that some short-fall from a

complete coverage in space and time should he expected, no clear
indication was received to the effect that the funds allocated
to the cloud project would effectively Ilimit the number of frames
to only about one-third of fthe theoretical maximum. This large
short-fall would, perhaps, have been less significant from the
point of view of the redesign and development of the project as
reported in this document had the coverage been reasonably
complete in space and time for some pre-agreed sub-region within
the British Isles. Ag remarked as early as the First Quarterly
Report (Barrett & Grant, 1975), and as reiterated in subsequent
reports, it was the fragmented nature of the coverage provided
which ultimately affected most the programme of work which could
be carried out. Correspondence on this point led to the
assurance that efforts would be made to provide full Landsat
coverage of the British Isles on the occasion of the last
Landsat cycle falling within the study period (Cycle 23,

16 March - 2 April 1976): +this was the only cycle for which
arrangements could be made with other agencies for speeial
support for the project, over and above that provided routinely
Dy the British Metsorological Office in the form of maps of
hourly weather observations for synoptic stations in the British
Isles, and that provided in effect by other authorities routinely
observing weather elements, especially rainfall.

For the most part, therefore, the studies described in the
Minal Report relate to Treatment of the available Landsat 2
imagery of the British Isles as a total data set from which a
range of general cconclusions have heen drawn concerning atmos-
pheric phenomena observed by Landsat and from the ground in this
mid-latitudinal region on the western edge of a major continental
mass of land. Our image file, when complete, contained 491
Landsat scenes. Principal copies of this Final Repori contain a
computer tabulation of the image file in a pocket inside the back
cover (g.v.). The gecgraphic distribution of those scenes is
summarised in Pigs. 1 & 2. Their temporal distribution (time of
day) is summarised in Fig. 3. One special study (see Sections
IT.5 & III %) relatesto investigations involving special radar
and airecrafi. support facilities arranged in advance for Cycle 233
this exemplifies the type of study we had hoped might have been
more frequently possible during the 12 months of the Landsat
imagery exercise. Had these hopes bheen realised, we should have
been able to have fulfilled the revised study plan much more
completely than we were in faelt able to do.

Notwithstanding our problems and their repercussions we feel
that much has been learnt from the study we wers able %o carry
out, and that the spirit, if not in all cases the precige letter,
of the original vproposals has been well sabisfied. Clearly the
Landsat 2 data file that hag been built up for the British Isles
from March 1875 -~ March 1976 has much more to offer the atmos-
pheric scientist than we have been able to identify and
appreciate through our 2-year study period. It is intended that
further investigations be underteken in the near future to extend
the value of the Landsat 2 file as a unique source of meteoro-
logical information for this area. Such investigations will
focus particularly on an extension of the work reported here
relating to the multispectral characteristics of different classes
of clouds, and on case studies of the more interesting mesoscale
cloud structures which appear in the data file.
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The purpose of this Final Report is, therefore, to report
and discuss theose findings which we have accumulated during the
reriod covered by the tripartite agreement between NASA, the
UK. Department of Industry, and the University of Bristol,
which expires in mid-1977. The structure of the Report follows
the pattern required by NASA, a pattern perhaps better suited to
projects with a more uwnitary structure than our own: it will be
seen that in Sections II, III & IV "Techniques", their resulting
"Accomplishments" and author identified "Slgnlflcant Results®
are separated from one another. In conformity with NASA's
advice and in order to achleve maximum clarity in terms of the
relations between the various techniques adopted for different
components of our work and the results which we obtained
therefrom, we have broken Sections II, III & IV into 7
parallel sub-~sections,; in which the internal orders are the same.
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II. TECENIQUES

1. The compilation of a Landsat Cloud Photointerpretation Key

In the early stages of thig ERTS Follow-on Study it
was recognised that:

(&) The appearances of different cloud types would not be the
same in Landsat imagery as in the meteorological
satellite imagery with which we were more femiliar. The
higher resolubtion of the Landsat imagery (c. 80m, cf.
vrevious best resolutions of O.6km from Tthe American DMSP
satellites, 0.9km from the operational Noaa satellites)
would reveal much more cloud detail, whilst the multi-
spectral capability of the Landsat system (ef. the wni-
or bispectral capability of most weather satellites)
might be an aid to the correct identification of cloud
types hard to separate in cloud images from other
satellites.

& (b} Although detailed attention had been given earlier to the
description and identification of clouds portrayed by
images from mebteorological satellites (e.g. Anderson et
al, 197%; Barrett, 19743 Conover, 1962 & 1963: Hopkins,
1967; and Lee & Taggart, 1969) no similar analyses seemed
to have been undertaken of Landgat MSS imagery.

We felt, therefore, that the compilation of a Landsat Cloud
Photointerpretation Key was a task we should undertake urgently
as a basis for our own subseguent Landsat cloud studies, and that
the resulting identification scheme would be of interest and
value to other members of the scientific community in any way
concerned with the cloud contents of Landsat images. The method
summary that follows is based on that which appeared in the
Second Quarterly Report by Barrett & Grant (1976); the
dependent Cloud Photointerpretation Key (see Sectlon III.I) is
reproduced from that source without modification.

In selecting "classic" cexamples of different cloud types for
consideration in the compilation of the Landsat Cloud Photo-
interpretation key, the following steps wsre taken:

(2) Numbers of Landsat 2 70mm positive transparencics were
laid out on large light tables, and separated into scis
on the basis of their dominant cloud contents. The
family categories adopted were those commonly employed in
meteorological satellite nephanalysis procedures (see
Harris and Barrett, 1975), namely cumulonimbiform, cumu-
liform, stratiform, cirriform and stratocumuliform.
Recourse was made to the hourly charts of meteorological
observations mede by stations within the synoptic
reporting network of the U.K. Meteorological Office (see
Fig, %) fo confirm that the dominant cloud categories had
been correctly identified.

(b) The initial sets wers examined separately so that a small
number of images containing type examples of those
different cioud families could be identified.

(¢) The sets of type examples were viewed on a microfilm
reader (E.Marshall Smith Ltd., Bournemouth), with X1% and
Xg5 magnification in order that the finer details of the
flye‘basic cloud families might be examined closely and
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(d) Representative examples of the five cloud femilies, and
their more important members evident in the Landsat
imagery, were selected for incorporation and description
in the photo-key (see Plates 1—5?.

At each stage in this procedure there was dependence upon
previously-gained experience in cloud reccgnition using meteoro-
logical satellite imagery, and a knowledge and understanding of
the principles upon which commonly-accepted cloud classifi-
cations from ground viewing positionsg are based.

2. The comparison of cloud cover evaluated from Landsat 2
imagery and conventional meteorological stationsg across the
British Tsles

Introduction -

e

In the previous sub-section attention was paid to the
compilation of cloud photointerpretation keys for application to
Landsat imagery. This was a necessary undertalking in prepar-
ation for later stages of this ERTS Follow-on Programme Study,
concerned as it was with aspects of mesoscale weather patterns
over the British Isles.

In this sub-section our attentlon Turns tc comparisons
between evaluations of cloud cover based on Landsat image
analysis, and thcose obserxrvations of clound recorded as part of
the routine meteorological observing programme of stations
reporting hourly to the British Meteorological Office (see
Fig. b). £1]1 previous studiss of which we are aware, concerned
with the reducticn of satellite-derived cloud amounts to clima-
tological information, have congidered data from meteorological
satellites, including members of the American Tiros, Nimbus,
Essa, NWoza and DMSP families. Landsat is important because the
scale of its data is larger than that of the highest resolution
data from meteorological satellites by about one order of
magnitude. Although the Landsat coverage is much less fregquent
(cighteen daily as against once or twice daily, geostationary and
geosynchronous satellites excepted) Landsat-based studies of
cloud cover may have important implications for the design of
future environmental satellite systems, and for the joint
practices of analysis and utilisation of cloud imagery for mete-
orological and climatological applications.

The earlier comparisons between satellite and ceonventional
data are divisible into two groups, based on the nature of the
analytical procedures applied to the satellite data. These are
ag follows:

(a) Eyeball (subjective) methods. In these not only are the
ground observations made by eye (which is the standard
practice in the United Kingdom, as described 1n the
Meteorological Observer's Handbook (HMSO, 1969)) but also
those assessments of cloud which are drawn from the
satellite imagery. The products include schematized
cloud charts (nephanalyses) which include an evaluation
of cloud cover, whether the base data are visible (Harris
and Barrett, 1975) or infrared images (Barrett and Harris,
1977), and tabulated cloud amount statistics prepared
in @nalagous fashion to the convenilional assessments of
cloud amount by trained, experienced analysts. Examples
of studies involving cloud amount mapping from neph-
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analyses compiled for roubine meteorological use are those
reported by Clapp (1964), Godshall (1971) and Sadler (1969).
Examples of statistical tabulations include those by Sherr
et al., (1968) and Malberg (1973).

(b) Machine-assisted (partially objective) methods. Here the
satellite image analyst is aided by some apparatus which
reduces the reliance on human skill. Such methods have
mostly involved some form of video processing or densi-
tometry through which areas above a pre-selected brightness
threshold are sutomatically summed.  Fxamples of such
studies inelude those by Miller (1971) (based on visible
imagery) and Coburn (1971) (based on infrared imagery).
Many factors complicate the selection of the brightness
threshold. These includes

i) The waveband investigated;

ii) The characteristics and performance of the sensor
system;

iii) The data path from sensor to display facility
(including the passage through preprocessing and
processing procedures);

iv) The characteristics of the display facility;

v) The time of year of each observation;

vi) The time of day of each observations

It
-mﬁﬂﬁl‘?AG%EYVii) The dominant cloud tyres
O pooR QU

viii) Background brightness effects;
ix) User requirements; and
x) Operator performance.

Any or all of these may induce variance within a single
set of results and/or differences between sets of results.
In any operational scheme designed tc run through extended
periods of time very careful controls would be essential
in every case.

With the experimental development of automatic devices for
cloud cover assessment from the ground two other groups of
techniques for the comparison of satellite and in situ ("ground

truth") cobservations may become possible. These would relate

the new objective surface observations to the satellite data
evaluated by either eyeball or machine-assisted methods.

Examples of studies of automated ground observation systems

include the computer simulation exercises carried out by Duda et
al., (1973) and the experimental use of a radiometer detector for

cloud cover by Wernmer (1973).

Surface observaticns

As this study is concerned vith comparisons of cloud cover
statistics derived from Landsat ¥ imagery with those from ground
observations, a brief note is ir _rder firstly concerning the
surface observation technigue.
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In the U.K. cloud amount is reported in cktas (eighths),
with the scale of values extending from 0, when the sky is
completely cloudless, to 8 when the sky is completely overcast.
The complete scale is listed below (HMSO, 1969).

Table 2

The U.XK, code for reporting cloud amount

Code Figure Amount of Cloud
0 Sky completely cloudless
1 Trace to 1/8
2 1/6% o 5/16-
3 5/16 to 7/16-
L 7/16 to 9/16
5 $/16 to 11/16-
6 11/16 %o 7/8~
7 7/8 to 8/8~ (overcast with openings)
8 Sky completely overcast
9 Sky obscured or cloud amount impossible

to estimate.

Notes (+) and (-) signs indicate "slightly more than", and
Hglightly less than', rospectively.

The surface observer is instructed to estimate the cloud
amount from a viewpoint which "commands the widest possible view
of the sky", and he (she) should be "careful to give equal weight
to the areas around the zenith and those at a lower angular
elevation'.

The Choice of Landsat imagery for cloud cover assessment studies

The Landsat MSS lmagery consists of individual frames, each
frame being comprised of 4 individual images, corresponding to the
L separate wavebands of the multispectral scanner. It was
decided that, for the purposes of this study, the examinstion of
the imagery in a single waveband would suffice to provide
estimates of satellife observed cloud amount. Band 5 imagery
(0.6 - 0.7 Em) was chosgen ag this usually provides better contrast
between background features and clouds than Band 4. The
impression of improved contrast in Band 5 gained through simple
eyeball observations i1s supporited by a quantitative study by
Danko (1974). He measured the contrast of a variety of cloud
types against different land and water backgrounds in both Bands
L and 5. The measured contrast in Band 5 was in each case more
than one and a half times the contrast in Band L.

The location of surface stations on Landsat imagery

One of the initial tasks in this study was to identify the
positions of the surface observation stations on the Landsat
imagery. The British Meteoronlogical Office provided Jlatitude and
longitude coordinatés for the stations concerned.

A map of the British Isles was prepared at the same scale as



19

that of the Landsat imagery (1 : 3,369,000). This was achieved
by photographically reducing a2 map at a scale of : 2,500,000
to the correct scale. The projection of the original map (and
similarly the final, reduced product) was a Transverse Mercator,
constructed by the U.K., Ordnance Survey. The surface stations
were then marked on the final product.

It has been shown by Colvocoresses (1973) that the MSS bulk
processed imagery has its own unique projection, termed the
"Space Cylindrical Strip Perspective!,  However; it has been
established that, in fitting the imagery to a Transverse Mercator
projection, only small positional errors are introduced thereby
(generally less than 1 3 1,000), and this was deemed sufficiently
accurate for our purposes.

The lLandsat MS5 imagery is provided with latitude and longi-
tude marks on the outside edge of the image writing area at
Intervals of 30 arc minutes. It has been noted that thse latitude
and longitude marks are often in error by up to 5 or 6 kums.,
sometimes more (e.g. Mott and Chismon, 1975). This could result
in our station circles being displaced by up to about 20% of their
areas., As the cloud cover in most of the images was substantial,
it was not possible to use visible landmarks to improve the "fit!
of the imagery to the map of surface staticn locations. However,
it is felt that any errors incurred as a result should be randomly
distributed and therefore nol substantially affect the final
results.

Using the latitude and longitude marks, it was possible to it
the images to the map of surface station locations. For each
image, a thin sheet of clear plastic was overlayed, and the
positions of the stations falling within the image area were
marked on the plastic by small dots. To facilitate the accurate
relocation of the overlay small dots were applied to the plastic,
coincident with the centres of the four registration marks
{crosses) provided at the corners of each image.

The choice of station circle sizs

The next phase of the study was to determine on the Landsat
imagery, the size and shape of the area which would be used to
extract cloud amount statistics. A circular area, centred at the
station location, was felt to represent best on the image the
surface observer's view of the sky. The surface observer has a
very limited field of view in comparison with the satellite. The
maximum radius of his vision is about 50 kilometres, depending on
topography, visibility and local obstructions. Hovever, this
maximum value is rarely achieved in practice, and; frequently, a
very much smaller field of view is observed. It had been hoped
at an earlier stage in this study, that we would have been able to
take account of factors such as cobstructions to the fields of view
from individual surface observation positions, and then to assess
their effects on cloud amcunt estimation (Barrett and Grant,
1975). However, further consideration of the matter, including
discusgsions with gurface observers and senior officials at the
U.K. Meteorological Office led us to abandon such a course. One
of the major problems was that many surface stations are situated
at; or near, military sstablishments. Permission for access bo
these for the purpose of sgketching the silhouettes of buildings
and other installations would not have been easily or rapidly

obtained. o
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Having decided thus that the shape of the data extraction
area was to be cirecular, we next considered the guestion of its
size. Similar studies havé utilised circles of varicus sizes to
provide comparisons with surface observations.

Studies by Sherr et al. (1968), Glaser et al. (1968) and
Greaves (1973) all used circles with a dismeter of 1° of latitude
(approximately 111 kilometres), to sxtract cloud amount
statistics from Nimbus II and Essa imagery. A study by Barnes
and Chang (1968) examined the effect of varying the circle o
diameter. They used cireles with diameters of 9, 19, 2° and 3
of latitude. These diameters correspond to distances of 56,
111, 222 and 333 kilometres respectively on the ground. They
found that the 4° diameter circle provided the closest approxi-
mation to values of cloud amount registered by surface observers.
They concluded that "... for climatological purposes, satellite
cloud amounts extracted for circular areas of about go latitude
diameter can be considered to form a sample compatible with
surface observations".

It was decided therefore to employ a circular area with a

diameter of 50 kilometres to extract cloud amount statistics from
the Landsat imagery.

The sample size

The total number of frames available at the time of prepar-
ation of the Third Quarterly Report (Bsrrett & Grant, 1976), when
the method was first described and initial results presented. was
328 (Landsat cycles 1 - 20). However, many of the frames
portrayed sea areas, with consequently no compatible surface
observations. Therefore, the number of suitable frames was
reduced to 131. The number of surface observations available
for each frame varied, from one to a maximum of six. 1t was
decided %o include only those surface observations around which
a complete circle of A9 km. radius could be drawn within the
lmage area. In this way a number of additional problems were
avoided. Thus the total number of satellite image observations
available for comparison with surface observations was 288. A
a later stage all occasions when code figure 9 was reported at
the surface were withdrawn from the population on account of the
ambiguity of this surface observation. This reduced the number
of comparisons to 282, We are now able to present complete
results for the whole study period, for which a total of 438
comparisons were avalilable.

Methodology

As noted in the introduction, in similar studies of this
type both eyeball ond machine-assisted methods have been employed.
This study 1ir ¢luded both approaches. The work was undertaken
in two phases. The first phase was machine-assisted, using a
Quantimet 720 Image Analysing Computer at ADAS, Cambridge (see
Plate 6). The second phase was an eyeball investigation of the
same images, using a microfilm reader to enlarge the 70mm images
to a comfortable viewing size. The two sets of results were
then compared with the corresponding surface observations of
elovd amcunt extracted from thé hourly charts provided by the
Meteorological © ffice.
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Phase I : Machine-assisted method

The Machine

The Quantimet 720 Image Analysing Computer used in this
study was manufactured by Cambridge Instruments and is owned by
the Air Photography Unit of the Agricultural Development
Advisory Service (ADAS), Ministry of Agriculture. (sce Plate 6)

The input peripheral of the instrument is an gpidiascope
connected to a vidicon camerd. I1lumination of the im=zges was
by fluorescent tubes with a diffuse screen intervening. The
lens attached to the vidicon in this study had a focal length of
54 mm (£1.3), providing the largest magnification of the
original image while retaining on the display screen a circular
analysis area equivalent to a circle of 50 km diameter (see
Plate 7). As large a magnification as possible was chosen
(approximately 7 times the original) in order that as much of
the original image detail should be retained. The vidicon in
the system was specifically designed for image analysls purposes
and incorporates a 720-line scan, with no interlacing, and a very
slow scan rate of 10.6 scans per second.

The image is scanned, digitised and displayed on a gathode
ray tube (CRT) screen. Image editing is possible on the
machine used for this study, and, using a light-pen, tae
operator can interact with the machine in a variety of ways.

The major advantage to this study of the image editing function
was the possibility of outlining a circular analysis area on the
CRT screen (corresponding to a 50 km diameter circle on the
original image). Without the image editing function, the
analysis area would have been restricted to a squarec or rect-
angular area.

The full CRT screen display contains 500,000 picture points
{(pebo)s A1l area measurements made in this study are thereforse
in terms of p.p.» which were later transformed to give the correct
cloud amount values in eighths of the area investigated. The
eirceular analysis area drawn by the light pen was approximately
53 mm, in didmcter, and consisted of gome 106,072 p.p. Fach
P.p. therefore corresponds to an zrea of approximately 0.02 sq.
km or approximately a square of sides 136 metres. The pixel
size on the original image is approximately 79 metres square,
and therefore some losg of resolution may have occurred through
this systen.

The other msjor component of the machine used for this study
wzs the "ID Auto-Detector"®. This module selects or "detects"
features displayed on the CRT screen, on the basis of differ-
ences in colour or contrast. Thus to detect the reguired
features, they must have, in general, a grey-scale difference
from everything nolbt requiring detection.

A "yhiter-than" detection mode was adopted in this study.
This provides detection of all features brighter than the grey~
scale level (or brightness threshold) selected. The grey scale
is divisible into 1000 divisions, and is infinitely wvariable:
threshold values are selected by turning a marked dial. The
maximum resclution of the system is 1p.p.

Threshold setting is the most important source of gystematbic
grror in the 720 machine (Imanco% 1971). On reasonably well
defined features the use of the "flicker" method (Fisher, 1971)



should not give a systematic error greater tharn 1p.p. in

defining the feature perimeter~F but the detection process may
add to that a random error of - 1p.p. (Imanco, 1971). This
means that area measures, as used in this study, may have an
error of 1p.p. multiplied by the feature perimeier. This
could be quite large where many, small features (e.g. cumulus
cells) are being detected. However, for the purposes of this
study it was felt that these errors would be minimal in the
majority of cases. In cases where many smzall features were
detected, for example when small cumulus cells predominate,
resulting errors should not be significant, as we are working
finally to the nearest 1/8 of the detection circle (13,259 p.p)l.

Area mcasurement on the machine i1s defined as "the number
of picture pointe in the field falling inside the detected
featuresh.

Detailed discussion of the machine and its various modules
can be found in Fisher (1971) and Imanco {1971).

Operational Procedure

(a) Bach time the machine was switched on, at the start of
a working period, it was allowed at least half an hour
to "warm up" to allow the vidicon time to settle down.

{(b) After applying a shade correction (automatically
exccuted by the machine), the images were placed in the
same central optical paths in the focal plane of the
vidicon. This ensured thet any systematic errors
remalning, after shading correction in the machine,
would be similar for cach image.

{(c) The iris of the vidicon lens was set approximately half
open, in order to achieve the best combination of
dynamic range and sensitivity. The lens was manually
focussed on the lettering of a Landsat image, this
providing a sharply-defined, high contrast object.

(4) & brightness threshold roading was taken of step 8 on
the 15-gtep grev scale on each Landsat image. This
was to check for differences in photographic processing
ete. undergone by each image. Two threshoeld values
were Taken, the first when any part of the step was
just detected, the second when complete detection had
been achieved.

(e) An area not ccincident with that to be later analysed
within a station circle(s) was chosen, and a cloud/no
cloud brightness threshold value was obtained using the
"flicker" method. Usually one value was adequate for
all the clouds on a particular image. However, on
certaln occasions two or more different thresholds had
to be established for application to different station
circles. This was necessitated mainly by differences
in background brightness over an image and/or changes in
cloud type. As the solar elevation angle alters
Throughout the year, cloud brightnecss alters alsoj
consequently it was not possible to select single
threshold values for different cloud types to be used
on all images.
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(£) The plastic overlay providing station location information
was then carefully aligned with the Landsat image, and
each individual sbation location was centred on the circle
displayed cn ths CRT screen. The overlay was removed
before each ares measurement was made.

(g) Using ‘the "accept! mode on the image editor, and the cloud
threshold value(s) established previously, an aree
measurement of the cloud amount in each circle on an image
was made. The Quantimet 720 has memories which store the
results from 16 separate measurements, from 16 successive
scans, This allows the mean values to be taken. In
this way errors resulting from ncise are reduced. Each
mean value was in p.p. The following conversions were
apglied to make the data compatible with surface obser-
vations:

Table 3

Quantimet p.p.~to-cloud cvkta conversion Table

ggge No. pep-

0 1 - 13,259
2 13,260 ~ 33,147
3 33,148 - 46,406
L 46,407 - 59,666
5 59,667 - 72,925
6 72,926 ~ 92,812
7 92,813 -106,071
8 106,072

(h) At the completion of the initial data set, some replicate
readings were taken in the same manner described above.
Images were chosen at random and retested. In most
cases both the step 8 and the cloud/no cloud brightness
threshold values were different, usuwally within the range
of 1 Lo 20 on the 1000 division scale. However, the
calculated areas were usually similar, the maximum
discrepancy being 1 ckta in a few cases. Thus, althcugh
absolute brightness threshold values are difficult to
obtain, broad-category area measurements can be repli-
cated in an coverwhelming majority of cases.

Phagse 11 : Eyeball Study

Ihe same sets of images used in Phase I of the study were
examined some 10 days later by an eyeball technique. A time
gap was left in corder that the observer should not be biased by
remembering previous resultbs.

Each image was examined on a microfilm reader, with a
magnification of 14 times. A circle corresponding to the 50
km - diameter circle representing the field of view of the
surface observer was placed on the screen to provide the area
inside which cloud amount would be estimated. Fach station
location on the image overlay of each image was placed so as to
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coincide with the centre of that circle. An eyeball assessment
of the cloud amount inside the circle was then made; the
dominant cloud fType was also noted. The dominant cloud tType
was assessed under the following categoriess

(1) Cumulonimbiform {v) Cirriform
{ii) Cumuliform (vi) Wo clouwd
(iii) Stratiform (vii) Mixed - when 2 or more cloud

(iv) Stratocumuliform types were equally dominant

A number of replicate readings were taken {approx. 25%).
Over 90% yielded identical results. No discrepancy was greater
than 1 okta.

Finally, the values of cloud amount observed at the surface
gtations were extracted from the hourly charts provided by the
Meteorological Office. As the time of the Landsat imagery used
in this study wvaried from 09.57 G.M.T. to 11.29 G.M.T. both
10:00 and 11:00 charts were used, and the surface data extracted
from the chart nearest in time to that of the imagery. In no
case was the time difference greater than 30 minutes. This is
probably smaller than in any previous satellite/ground Truth
comparisons it is certainly much smaller than in most. All 3
sets of results were then compiled into contingency tables.

3. BEvaluations of relationships between clouds and their shedows
in Landgat 2 imagery

Introduction

Catalogs of Landsat imagery published by NASA give estimates
of the % cloud cover in each scene. These estimates are deter-
mined by twe experisnced interpreters, working independently, to
produce a final estimate to the nearest 10% (Oseroff, personal
comrunication, 1977). For most (surface~orientatod5 users the
value of a particular Lendsat image 1s reduced by its cloud
cover. We were interested in the extent to which the shadow
associated with this cloud might further reduce image utility.

It seems possible that some images, although apparently acceptable
for Barth rescurce studies so far as their stated cloud amounts
indicate, might prove unacceptable in practice on account of the
extents to which the areas portrayed by those images were

obscured by cloud plus cloud shadow.

This study seeks To elucidate empirically the nature and
scale of this problem.

Method

4 number of images were selected to represent a wide range
of different cloud/cloud shadow conditions. These were
digitised using an Optronies P - 1000 Photoscan rotating drum
microdensitometer {see Section II. %), and the values stored on
magnetlic tape. These data were .2t to the Image Analysis Group
of the U.K. Atomic Energy Authority (UKAEA), Harwell, Oxon. The
data were put into a suitable format on an IBM 370/168 computer
for processing on the Harwell Image Processing System (Fig. 5).
The basic analysis procedure was as follows:
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(a) The entire image presented was viewed on a colour display
monitor with 8 colour levels (DEC VT-31 Colour Display
Controller with colour T.V. monitor);

(b) By comvarison with a monochrome image copy, approximate
threshold levels were established for cloud, ¢loud shadow,
and land on the image displayed on the colour monitor;

(¢) Areas of the image were identified (if any) where marked
disparities were evident in the appropriazte threshold
levels, necessitating different threshold values in those
areas;

(d) Areas of each image were selected for analysis, with
regard to features such as lakes, rivers, or the sea.
Avrens were sought which conteinsd no dark features which
might be interpreted objectively as cloud shadows

(e} Each area for cloud/cloud shadow assessment was then
treated in the following ways:

(1) Feature thresholds were accurately determined
and checked by reference to displayed histograms
of brightness fraquency;

(ii) Coordinates of the analysis area(s) were deter-
mineds;

(iii) The number of picture points within the analysis
area(s) were determined within each threshold
boundarys

(iv) Percentage values were calculated for the areas
covered by cloud, cloud shadow, and land, in
relation to the total area viewed.

(f) "Hard copies" of histograms and analysis area threshold
Uslices" were generated using the IBM 370/168 computer
and a Calcomp plotter (see Figs. 6 & 7).

Fig. 6(a) shows a typical hard copy outpubt of a histogram
from the IBM 370/1468 and Calcomp 835 plotter combination. I%
refers to analysis area 2 of image 1 (see Section IIIL.3). The
ordinate gives the number of picture points, while the abscissa
indicates brightness values. A boundary interval of 5 was
chosen for the plot. The threshold values for this particular
image and analysis arca were Cloud, 0-75; Land, 76-~116:; and
Shadow 117-255. The vesult of applying these thresholds o this
particular analysis area is shown in Fig. &(b). In this plot,
the white arecas arc cloud, the grey, stippled areas are land, and
the black arcas are shadow. Some slight loss of resolution has
occurred because only 61,566 points of a total possible 98,350
woere plctted; but the general association of shadow with the
cloud cells 1s readlly apparent.

Figs. 7(a) and 7(b) show similar plots for a smaller
analysis area in image 2. The thresholds in this area were
Cloud, 0-100; Land, 101-137; and Shadow, 138-255. Again a
good correspondence is seen, most shadows being intimately
related to their associated cumulus cells.

The results are summarised in Section III.R.

26



10000 | : ! Lo ' : 0 - ' ' ' ' ' .
T A I L e i TP U SRS I SR
. =3 ! i ;e -4 Ty " m‘.'**} .y g R AT .
o oH P P R S L B 1."} ¢"_.'? o “
’ B L L N . Feoa LA Twt
14! ¢ - P ST . -7 Fooa e * 1 »
o:..: RN ¥l m 5‘.".'.»1 ‘*-‘J w I "';n ‘f v, ey
I I - "* ?""p“"’s‘!’- 'f. . " 3 "ot N '4’”4'1"‘ et omd” ;" - ); "y -
800K ] 50 r :’{j’;’ﬁ""‘ -“JJ e 'g;':;l‘lr:ﬂh‘,.*ﬂ‘.ﬁa a“..;:#.r Ll
o o RTI4TN LA S
T + o b 4 RS Tt antal¥ .7 -
! e B - ;{ripl f“x,,l :':" , :‘v et hv‘r"-f",m"' :L,‘ - ,.f'f,‘ﬂﬂ' N 2P PR .
ey Ll Tl st Hn g et b a T LT
Fa Ay et VS PR ‘:'m.y e = ...I_‘ﬂi.Q . R [ [,
u 0o | T S s g et et T T T
‘-uj :Jl‘t AT SR ';"‘r‘,’u i :n\-ﬁ et L™ PR t#‘ ’f - FERCI 4
it I R P A A S R G S B4 .
s~ - R Rt S ¥ 0 ‘J L ap ‘.ﬂ,f . T
— o PYRF ) .‘ ;";I:" v'al" it FE A e e T ’.‘;&.-*" T oy M 1 "4'
6000 - | T ‘*Fjﬁfﬁ*;”r;}p-4g-3!*r. R g T e
L L A AR DTS o L LN S L )
rrd . ' U A R R N BT N &+ A 1
IS0 [ gy W 0 Ayt T PASAK Py toz, 400 r!
- vt [ w bk owgter Pt g * 3 pg 1h & 1
OPRT v “’j‘;,ﬁ“gﬁf.ﬁ.ﬁm Py T P ey,
"‘ . .“_: N J;:?'f,’:'l""”;;;:"-’ ’gdn’*' ‘“;" )"r' ...4', ',
' Caln ARG L i AR R LR PR L
<ty w In - L ‘1 - ‘49
4000 00 adiad I R e P T A 3 SR EDC LT oA A S
! N - = - . & vt PR A T S Al _,,,r*.,. L TN L F
" I * S AR Al TR L R
: - “ R PAAPTE S W IRR,..f APFY R
[ AT AN - § VPP a4
My rarionl wo MR S thal. Vil S SFREE 8
oo gl Wowa wa
. . - J;‘u.'xw, ?n:f' LAY ) WM‘?M " ",. o2
Thil J»‘Jgsm" B flﬁz Lot 2L * o
y 250 R L R A AL
4 . r:‘r' '—5;‘.35-'“.,#‘"'- o Mvt:."’ .
fl "~ o : ‘
2000 ] N P S A
i - = - ""‘c L "* “ I?J\ it r -“P? F
! L A1 1 1 ' 1
0 50 100 150 200 250 300 350
TMAGE SPLIT INTO 2 GREY LEVELS ( 2 PLOTTED )
0 | . ) oC0000 POINTS VERE ALLOWED FOR A 98350 POINT PICTURE
! : .

01566 POINTS WERE PLOTTED 36764 POINTS VERE NOF PLOITED
0 20 40 e BO 100 120 14D 16D 180 200 220 240

ORIGINAL DISTRIBUTION OF LEVELS
RANGE FROM 0 TO 255 NUMBER OF STEPS: 51 Fig. 6(a):
INTERVAL WAS S '
BOUNDARY VALUES ARE
5 10 15 20 25 30 35 40 45 50
55 60 65 70 75 BO 85 90 95 100
105 1 15 120 125 130 135 140 145 150 Fig. 6{b}: Density slice of analysis area 2, image 1
155 1 65 170 175 180 185 190 195 Q0
205 2 15 220 225 230 235 240 244 250
233 {a)

Histogram of density values from analysis area 2, imagel

XIITva0 9004 {10
gl EHVd TYNIDIYO

LT



i 0 ' . X ‘ ‘ ' .
3Bul | —1 ﬁ F!. . '".l'; """m‘" l‘;*"g! " m\‘
| 20 1 ;%F Tgl‘i{,ﬁfa Py Iﬁﬂ’j“ :
LR T G wia i nt e -
G G P ‘
w | S5 d i-@ﬁf :
= 1 .I‘ P -, ::.:,I 1| i
3000 60 | gt e j.,ﬂ .
--“"". MEL SRR o7 % G |
B0 | o, i Flp - R i
n,-ro-i':..,‘-;n“" |
2500 I~ | IDO I ,F"" l-. é"“g "l l
ot w [
|20 F ;,_'EI‘?"‘_' -j:. ' P
'.I’ f;;.. A ' H
140 pp'.,:i Ag, dllnf"tgl i
2000 L T rey e
160 b, . A
L 0 20 40 &0 8BC 100 120 1140 160
1500 | y y
00600 FOLKS VERE ALLOVED COR A 20ba% POINT BiC
| ] 19261 POINTS VERE PLOTIED 5352 ADINTS SERENor PLOTTED
| ®
}000 &
500 -
O 1 A 1 1 1 L]
G 20 40 (eIt} 80 100 120 140 160 180 200 220 240
ORIGINAL DISTRIBUTION OF LEVELS
S -
?Q?gg“fiEOEASOBTO 255 NUMBER OF STEPS= 51 Fig. 7(a): Histogram of density values from analysis area 3,image 2
AW
BOUNDARY VALUES ARE (b): Density slice of analysis area 3, image 2

5 10 15 20 25 30 35 40 45 50
55 60 65 70 7S 80 85 %0 %95 100

105 110 115 120 125 130 135 40 145 150
155 160 165 170 175 180 85 190 195 200
205 210 215 220 225 230 235 240 245 250

255 @



GE IS
OF POOR QUALITY

ORIGINAL PaA

29

%, Studies of the multispectral characteristics of clouds
cbserved by Landsat 2

One of the most attractive features of the first two
Landsat satellites as metecrological observatories has been
thelir multigpectral capability in the visible and near-infrared
regions of the electromagnetic spectrum. Earlier meteoro-
logical satellites, notably of the Nimbus family, have flown
maltispectral sensing systems for cloud studies, but the bsst
resolutions of the data derived from such systems have becn 2-3
orders of magnitude more than the nominal 80m achieved by
Landsat. Censequently it was thought that a study of the
multispectral characteristics of the clouds imaged over the
British Isles by Landsat 2 would comprise a very important part
of the cloud and rainfall project as a whole.

Many studies have considersd the multispectral responses
of Barth surface features portrayed by Landsat imagery, and have
used the multispectral date to differentiate both within and
between classes of a wide variety of such phenomena (see; c.g.,
NASA 1975). However, we are unaware of any detailed studies of
the multispectral characteristics of clouds observed by Landsat
satellites, though Danko (1974) addressed himself in part to
such a question. Many recent studies of surface features have
been based on analyses of Landsat Computer Compatible Tapes
(CCTs). Although we have had to depend on image data instead,
which stimulate more uncertainties and imprecision in inter-
pretation, it appears that the principal families of clouds do
possess largely distinctive spectral sighatures, and yield
different histograms of pleture brightness from mesoscale areas
of cloud fields. Our initial methodology may be summarised as
follows:

Selection of imagery

1t was established earlier that major cloud types can he
differentiated and identified with confidence in Landsat imagery.
The cloud femilies recognised thus were cumulonimbiform,
curmuliform, stratiform, stratocumuliform and cirriform. Certain
Landsat images were selected to represent "classie" forms of
these cloud familics and their chief members or clcud Types.
(see Plates 1-5). TFor our multispectral study we chose one
example of each cloud family, plus an example of the cumulc-
congestus cloud type, the latier on the grounds that cumulus
humilis or mediocris, and cumulocongestus, have substantially
different appearances in the Landsat images. Since all four
spectral bands were to be investigated, this gave a set of 2
cloud images to be analysed.

411 24 images depictced sea areas around the British Isles.
Background hrighitness constitutes 2 serious problem for any
programme of automatic analysis of cloud imagery. Methods have
been devised %o reducc the attendant difficulties (sec, e.g.
Miller, 1971), but none have been (or could be?) entirely
satisfactory. We elected to reduce, rather than solve, this
problem by analysing clouds viewed over surfaces with relatively
even and constant brightness responses and to consider that the
background tones were as important as the tones of the cloud
surfaces themselves iIn generating different brightness patterns
for clouds of different types. Sea surfaces met such
conditions much better than land surfaces, especially in the
British region, where convergences of major currents do not ocecur,
The examples chosen werc all from the months of June - August.
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In view of the added problems that would have been assocl-
ated with the copying and enlarging of the 70mm transparencies
provided routinely by NASA we decided to analyse these trans-
parencies themselves. At their scale 1mm represents approxi-
mately 3.37 km on the ground.

Selectlon of processing system

The system we used for ilmoge-analysis was a System P-1000
Photoscan, manufactured by Optronics International Inc. One
such unit is located in the Molecular Enzymology Laboratory of
the Department of Biochemistry, University of Bristol. The
Photoscan P-1000 is 2 high-speed digital microdensitometer,
incorporating an clectro-optical rotating drum which converts
photometric data on film negatives and positives to digital form
for computer processing. In order that aon imzge may be scanned
it is placed over an opening in the drum, and clamped to it s0
that the film adheres exactly to its machined cylindrical
surface. For our purposes a sampling area of jomme was chogen,
representing an srea of some 33.7 km® on the ground. Ve wished
to sample a sufficiently large aresz to establish whether the
brightness characteristics of fields of different categories of
cloud are indeed as clear as eyeball investigotions seem to
suggest. It scemed likely that cloud fields should be dis-
tinguishable from one another if viewed sufficiently broadly to
account for their textural characteristicsy; whether cloud
families could be differentiated on the basis of their
reflectance characteristics per unit area seemed to be more
doubiful. Our hope was that, by compiling suffilciently large
populations of summary statistics for quite large areas, both
issues might be elucidated simultanceously, the first through
areal brightness/frequency distributions, the second through the
spectral reflectance graphs constructed for each cloud category
from the results for the modal classes in sach brightness/
frequency histogram.

Accurate registration was attempted for each set of imagery
using a clocan perspex masgk on which were placed the locations of
the four rocgistration marks of each frame. In this way the
four images of each cloud scene could be registered and a common
sampling erea identified.

Selection of sampling area

This was defined on the mask by straight-edged, machine-cut,
metal foil strips which overlapped to provide a precisely
measured imaging area. In operation each image was oricntated
correctly on the mask provided for its ecloud category, and the
image, with its mask, was then located on the imaging drum.

The Koehler illumination system of the Photoscan ensures
uniform illuwmination and focussing oh the fiilm surface via turrei
mounted apertures. The light transmitted through each image is
measured by a photodebector, and converted to 256 grey-levels.

The choice of scanning aperture is important, as this deter-
mines the sampling size for the imagery. There are 3 aperture
sizes available for imaging on the Bristol University maching,
namely 25, 50 or 100 5qUATE. In the NASA Landsat Data Users
Handbook (1971) (sce §m1a%? "Photographic Micro-Image Quality™)
the following statement is found:



"Because of MIF, granularity, and sensor and recording
systems considerations, scans using apertures smaller
than 20 um dismeter will be essentially meaningless.
Evan scans with aperture sizes of 40 um will
probably not correlate well with macro-density
readings evon when assuming that the investigator has
made necessary corrections from specular to diffuse
density".

With such considerations in mind, the largest imaging
aperture size available (100 ym) was selected in order to
minimise such effeccts. An aperture of 100 ym square corres-
ponds on the image to an area of approximately 337 metres
square on the ground. Thus approximately 16 pixels were ana-
lysed in each of our microdensitometer spot readings, and some-
thing less than 10,000 spot readings were generated for each
image area scanned.

Operating practices

The illuminating and imaging optics of the Photoscan are
mounted on opposite sides of a "C" carriage through which the
cylinder drum rotates. The optical density of each image is
neasured every 100 um along the circumference of the drum (¥
direction) within the pre-determined area. After each
revolution the "C" carriage is stepped in the axial (X)
direction by 100 pm. In practice these procésses were
rcpeated until the whole 10 mm* area of each image had been
scanned. Once per revelution, through an opening in the drum
opposite the film position, the densitometer photo-detector
system is rescet to a given known value which represents an
optical density of zero as defined by the air path through the
slot. 8ince the drum speed is high (8 revs. per second) the
drift of the instrument is far legs gignificant than the least
significant bit of density data.

The detector voltage resulting from light transmitted through
each image 1s amplified logarithmically, digitized, displayed,
and recorded by interfacing the scanner with a2 magnetic tape
recorder, Each number is reprosentative of a grey-level in the
selected density range. In our casc the density range was 0 to
2D, Within this range density bears 2 linear relationship with
the outpult grey levels.

Optical density (D) is defined as:

D = Jlog %%

where

11 is the light intensity impinging on the detector through
an air path and

It is Tthe light intensity of the transmitted 1light.

In addition to the 10 mm° sampling area on each image, the
15 step grey-scale tablet was scanned. This scale has under-
gone the same copying and processing as the image to which it is
atbtached (NASA, 1971, pages 3-5).

1
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Data output

Output from the microdensitometer was recorded on a magnetic
tape unit for subsequent processing on a PDP 11/%5 mini-
computer.

Initial processing wes concerned with the recording bright-
ness values of the 15-step grey-scale tablet of each image. A
number of data records were examined Tor each image and the
upper boundary value of each of the 15 steps was determined by
inspection of the computer print-out. Preferably scme type of
edge-detection logic (e.g. Rosenfeld, 1970) should have been
employed, but this time did not permiit. Once the upper
boundaries of each step had been determined these values were
fed back into the computer in order that the freguency digtri-
bution of brightness values for each image could be determined.
This procedure was adopted so that we might be able to relate
different freduency classes tc actual tones on each Landsat
image, rather than some arbitrarily chosen density value which
night be inappropriate in view of the apparent variations in
image processing.

Besides the freguency distributions of the brightness
values, other summary statistics were computed also, including
means, standard deviations, skewness and kurtosis.

The nmean brighiness value for each image was determined in
the following manner. The store size of the computer is
limited (24 k) and was not large enough to hold all the values
of each image (8000-9000)., Thus the mean brightness value of
each record (Y-axis scan) was calculated and the final mean was
taken as the mean of the record means. The standard deviatlion
wasgs calculated using the final mean derilived as outline above.
Skewness and kurtosis values were not found directly on the
PDP 11/%5 because of problems with the compuler program. These
were calculated from the frequency distributicns using a Hewlett
Packard 9801A calculator and an appropriate library program
(Prog. 1-3).

The results from this approach are set out in Sectiom III.4.
Subsequent to the completion of theFourth Quarterly Report
(Barrett, Grant & Harris, 1976), in whi.n this methodology and
its results were first reported, an additional exercise cof a
complementary nature was undertaken by an undergraduate member of
this Department as a Final Honours Year Project. This was
designed to indicate whether the wmultispsctral characteristics of
clouds varied greatly from season to scasont the examples chosén
for analysis in this study were drawn (subjcct to availability)
from the summer and winter solstices, and the two equinoxes.
further purpose was to assess whether such seasonal changes as
were apparcnt in cloud brightness and speetral signatures could
be explaincd simply by changes in the angle of solar illumin-
ation, or whether other factors also were invelved. (Higgitt, 1977)

Method for comparison of seasonal signatures of clouds

Once suitable examples of the five major cloud families
(cirriform, cumuliform, stratiform, cumulonimbiform, strato-
cumuliformg had been identificd over sea surfaces near the
solstices and eguinoxes brightness values for cach family for
each season were tabulated using a Photolog Cub Transmission
dengitometer to generate the data. Since the smallest available
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aperture on this instrument was 1mm the unit areas on the ground
were approximately 10.9 sq. ka.. The densitometer was first
zerced and its calibration checkxed as prescribed in the manu-
facturer's instruction leaflet. Bach transparency was placed
over the light surface of the densitometer, and = mask carefully
positioned to outline exactly the required sample arca of cloud.
By reference to grid marks on the border of the mask the densi-
tometer probe was moved systematically over the sample arca to
yield 100 brightness values. The step wedge was then scanned
to record brightness values for each of its 15 divisions. The
densitometer was re-zeroed between each image analysis. The
optical density scale ranged from OD (100% transmission) to 4D
(C.01% transmission), whilst most sampled values fell within the
range 0.2 - 2.2D. Optical density (D) and transmission (T)

are related by the simple equation:

Logyg T = 2 =D

Onee sete of 100 optical density (brightness) values had
been cbtained from all the images they were punched onto
compuber data cards, a simple program was written in WATFOR
language, and the University ICL L/50 computer was used to
calculate summary statistics: means, standard deviations,
skewness, and kurtosis. The cloud brightness values were also
standardised separately by allocating each of these to the
nearest brightness value on the related grey scale so that
frequency distributions could be constructed. The results of
these investigations are summarised in Section TIT.k.

5. A comparative study of clouds investigated simultaneously
by alrcraft and Landset 2

Tn view of the advance knowledge that NASA would
endeavour to provide a full coverage of the British test area
during the 23rd Landsat Cyecle it was possible to arrange with the
Meteorological Research Flight (MRF), Royal Aircraft Establish-
ment, Farnborough, Hants., for a maximum of 2 possible sorties
to be flown by its Lockheed Hercules XV 208 along anticipated
Landsat orbital tracks. The twe dates identified for this
purpose were 19 March 1976 (when Landsat 2 was expected to pass
over Eagt Anglia and south-east England, and 22 March 1976 (when
Landsat 2 was expected to pass over the Irish Sea). In the
event, as a result of operational difficulties, only the Tirst
date was Tflown. Details of Tthe MRF and the instrumentation on
its aircraft, may be found in a recent article by James & Nicholls
(1876). Since we had to take "pot luck with the weather and
its attendant clouds for the dates indicated it was decided in
sdvance that the expceriment would entail sample investigations of
relationships betwecen Landsat-imaged cloud and radiometrlc data
obtained by the Barnes PRT 4 radiometer on the Hercules flying
gbove cloud-top level. For more detailed and sophisticated
programmes a "go/no go" choice would have been required,
dependent on the suitability of the actual weather conditions,
and & promise of Tandsat imagery irrespective of the synoptic
weather conditions on the dates earmarked as available for such
operations.

On 19 March 1976 the Hercules took off from Farnborough at
0912Z in order to begin its run beneath Landsat 2 at approxi-
mately 1005Z and peel off at approximately 10307. The position
of the aircraft was determined throughout by a Decca Navigator.
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The portion of the flight path which coincided with the Landsat 2
pags isg shown in Plates 8 & 9. The aircraft generally main-
tained an altitude of 10,058m (33,000'). Since the aircraft
flew at a much slower speed than {he satellite (the Hercules
taking some 23 minutes to foliow a2 course completed by Landsat in
about 20 seconds) there was only one point in time when the two
sensing systems were viewing the same location instantaneously.
This was approximately 10134, Consequently there is a greater
disparity between the times of aircraft and satellite obser-
vations at the southern rather than the northern end of the
flight paths, the actual differences being 5 and 16 minutes
respectively, rounded tc the nearest minute.

The scientific data received from the f£flaght included
ualititative cloud descriptions made by the observer
S.Nicholls) at frequent intervals, and (largely cloud-top)

temperzture data derived from the Barnes PRT 4 radiometer. The
following data for this instrument were extracted from the manu-
factureris specification, and kindly provided by D.B.Hatton
(personal communication).

Table 4

Specifications of the Barnes PRT L radiometer

Detector - thermistor bolometer 1 x . mm

Lens - Irtran 2

Filter - Indium antimonide *1
Speed - £/2.%

Focal length -~ 30.5 mm

Effective apurture dia - 12.7 mm

Field of view at ¥ energy points - 2° (0.96 1073 st) *2
Spectral bandpass - 8 to 14 um

Ohject distance - 30 em to infinity

*1 MRF have permanently installed 2 bloomed germaniumflat window

*2 Represents 5-33 m diameter at 500 ft altitude which is
traversed in about 70m S at 150 kt.

The data we received was comprised of one value per second.
Since the field of view of the instrument is 2% & ground cover
of 350m might be expected in the absence of clouds from 10,050m.
A temperature graph z2long the flight path was constructed from
the data received by sampling every tenth value recorded: this
yvielded a graph more commensurate with the detail available in
the Landsat imagery. Tn order that this might be compared
objectively with the related Landsat cloud transect a Joyece-
Loebl 3CS scanning microdensitometer was used to provide a
graphical representation of Landsat cloud brightness variations
along the transect. Using a 5X mggnification objective lens,
together with a s1it size of 1.1mm", a light beam of 100mme was
passed through the Landsat film for both band 4 and band 7
imegery. The aircraft track was marked on a clear plastic over-
lay. This was used to guide the densitometer beam as the image
was moved very slowly beneath it using the automatic X-direction
scan, along with the specimen table angular control to rotate
the image as resquired to follow ths alrecraft track. Since this
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traversed 2 landsat frames a small gap was left in the graphical
output to indicate the progression from the ome frame to the
other. Step wedges Tor either image were also scanned with
identical machine settings, to allow comparisons with the air-
craft flightpath brightnsss transects.

The results are presented and discussed in Section III.5.

6. Tandsat 2 image brightness and observed rainfall intensities
at selected stations across the British Isles

A study was planned to compare brightness (pieture
density) values extracted from Landsat 2 imagery and associated
ground observations of rainfall intensity to elucldate the
relationships between these two significant and related
variables. In the search for operational schemes to improve
rainfall maps through objective commarisons between gauge data
and satellite imagery, rather than through the largely subjective
techniques at present in use (see, e.g. Barrett, 1977;
Follanshee, 1976; and Martin & Scherer, 1973) relations between
image brightness and rainfell intensity might be of primary
significance.

Rainfall intensity data

Rainfall is recorded continuously at many locations in the
British Isles, but the data therefrom tends To disperse and
requires gathering from a number of sources, including:

(a) Metform 3257B (Return of Hourly Observations). This is a
sheet completed cach day by many stations in the British
Isles, listing many metecrclogical parameters, including
the duration and amount of rainfsil in each hour. From
such data mean rainfall intensity during rainfall svents
can be evaluateds

(b} Metform 3440. This lists for each hour the duration and

amount of observed rainfall. This sheet is completed by
those hourly reporting stations not completing a Metform
325783

(c) Data from a number of autographic raingauges in the British
Isles are held on computer magnetic tape at the Meteoro-
logical Office, Bracknell. A copy of this tape was
available in the Civil Engineering Department of the
University of Bristol, and permission was received from the
Meteorological Office and the Civil Engincering Department
to extract data relevant to our study. [Especially useful
for our purposes were two sets of stations more closely
clustered than most. One of these clusters is in the
English Lake District, the other in South Gloucestershire
{near Bristol).

(d) Data from a number of autographic gauges operated by the
Civil Enginecring Department in South Gloucestershire, but
not available under %c) These data were similarly
recorded on magnetic tape and abstracted by kind
permigsion.

In order to establish which dates and times would be relevant
for our purposes. 2 "guick look" secavrch of the whole of our
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Landsat file was undertaken, comparing each image with the nearest
hourly observations of weather depicted by the charts supplied by
the Meteorological 0Office. If any imsge was found which
contained a ground station reporting rainfall either at the time
of observation, or within the past hour, then that image wag set
aside for further analysis. A group of images was thus obtained
with the reasonable likelihood of some reinfall occurring at or
near the time of the Landsat overpass.

A11 the stations for which intensity data were available were
then plotted accurately onto a map drawn at the same scale as the
Tandsat imagery (1:33.369M). For each image a clear plastic
overlay was prepared showing all the stations within the image
ared. Small dots were inserted over the registration marks on
the image, to provide accurate relocation of the overlsy.

A list of stations and dates was therefore established for
which rainfall intensity dats were to be collected. As all the
images sclected fell between 1000 and 1100Z, this hourly obser-
vation period was chosen for extraction of data from the sources
(a) - (&) above. From scurces (a) and (b) the intensity value

was based on the whole one hour period. However, from sources
(¢) & (&) it was possible to select a smaller time interval for
the intensity evaluation. A period of 6 minutes was chosen (i.e.

1/10 hr.). This shorter period should more accurately reflect
the rainfall events at the time of the overpass of lLandsat.

Cloud brightness data

These were extracted from the Landsat imagery using a Photo-
log Cub Transmission Densitometer (Medical & Electrical Instru-
ments Co., Ltd., London) (see also Section IXI.4). All four
wavebands of each image selected wore analysed, with the alm of
gexamining hand to band differences. As noted above, overlays
for each image were used to locate the station positions accur-
ately. On most images there were up to ten stations, but on the
images which coincided with the areas of the Lake Digtrict and
South Gloucestershire there were up to 21 stations for a single
image. For the five images in which these highor densitlies were
found, positive prints were made gt a scale of 1:0.93M, to allow
increased spatial ascparation of the stations in these particular
zreas (see Plates 10(a) & (b)).

The spot size selectcd for the analysis area was of 1.6mm
digmeter for the normal scale Landsat images, and 2.5mm for the
larger scale images. These analysis areas on the image corres-
ponded to circles of 5.1 km. diameter and 2.3 km, diameter
respectively.

Some attempt was made next to standardize and normalize the
brightness data between different images in oxder to facilitate
comparison between different dates and different images of the
same date. Two procedurcs were applied to the data, the first
to try to eliminate as far as possible differences due to pro-
cessing; the sccond to reduce differences in brighitness due to
the change in solar elevation angle over the anzlysis period.

The first procedure consisted of taking the density values
of the 15 step grey scalc wedges of each framec of each image.
One image was selected ag a standard, and its four sets of grey
scale values were used as a base gset, The appropriate values of
the grey scalcs of a number of other images were plotted against
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this base set. In all cases the relationship was linear or
slightly sub-linear, the main variation between the different
images being slope sngle.

Therefore for each of the four wavebands of a particular
image, it was possible to fit a simple linear regression, so that
the values of any varticular dmage could be transformed to those
of the basc set. The gignificance levels for These regressions
is shown in the table belows

Table 5

Bignificance levels for regressions of step wedges on standard

step wedges

T Normal Score images Large Scale images
1.00 57 L
0.99 28 9
0.98 12 2
0.97 1 1
0.96 1
99" 16

*¥Not 100 because one band 6 frame missing from image

As can be scen, the significances fell no lower than 0.96.

Because of the study period used (April 1975 - March 1976)
large variations occurred in solar elevation angle, from a maximun
of 53° on 13 July 1975 to only 10° on 10 January 1976, Large change
in cloud albedc would be diié simply to this factor. Therefore
it was decided fo adjust all the density values to a common solar
elevation of 26° (the mean value of elevation from the imagery
used).  Thus winter (Oct. - Feb.) values of deusity were
decreased numerically (brighter) and summer values (Mar. - Sept.)
were increased (darker).

The relationshiv used was s-
sin 7 (x)

normalized density = 5
sin 26

[

where x = imesge density adjusted for standard wedge
alie
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solar angle of image elevation

Measurement Procedure

The densitometer was switched on and allowed to warm up for
a short period Dbefore the commencement of each working session.
A volbage regulator was used to ensure a stable power supply.
Bach image was selected in turn and the scale was sebt to zZero
when viewing through a clear portion at the edge of the image.
The calibration of ths densitometer was then checked and, if
necessary, ah adjustment made.
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Density values were obtained for each of the 15 steps of
the grey scale wedge. A clear plastic overlay with the
station positiohs marked was then used to position the correct
area of the image over the measurement aperture for each
station in turn. This overlay was removed, and a density value
was obtained for sach station on tThe image.

This procedure was repeated for each waveband of each
scene, and then for all the images selected for the study. The
only alteration to the procédure for the small number of large
format images involved the introduction of the larger measure-
ment aperturc (2.5mm) into the densitometer before following the
method outlined above.

The density values for each station were then edjusted %o
the standard grey scales, and, finally, these adjusted densities
were stendardised for solar elevatlon angle using the formula
above,

The final, standardised density values were then compared
with related rainfall intensity data by plotting graphs of these
two variables, a separate graph being drawn for each waveband.
The results are presented in Section III.6.

7. Landsat 2 cloud imagery and radar rain echoes

In the planning stages of this Landsat 2 study, and in
the early days of the project once bhegun, it was hoped that
considerable attention might be paid to relations between
Landsat-imaged cloudiness and radar-observed rain-echoes.
Unfortunately, because of the scattered nature of the Landsat
image received from NASA, and our inability to be confident in
advance that imagery would he received for a particular area on
a particuler dats led to a large curtailment of this aspect of
our work. In tue event we werc able tc undeértake only one
comparison, using the methed outlined below. Even during
Cycle 23, for which full coverage had been promised if pessible,
we were unfortunate in that radar imagery obtained in support of
our study by the Royal Signals & Radar Establishment &
Edgbaston Observatory (University of Birmingham: ccurtesy
Dr. M.G.Hamilton) covered areas in the west Midlands of England
and North Wsles for which Landsat imagery were not in fact
forthcoming (see Fig. 1(%t))., A further limit on our work was
the fact that on several occasions for which both Landsat and
racdar imagery were available no rain fell in the areas covered by
the radar systems.

Data from 3 weather radar installations were potentially
available for our study, all operated by the Royal Signals &
Racdar Establishment, Malvern, Worcs. These are located at
Castlemartin (S.Wales), Defford (Wores.), and Llandegla
(W, Wales),

The complete Landsat file was exXamined, and images for
dates coinciding with coverage available from the radar stations
were noted. 0f the 32 in this category only 1 was suitable for
further use: for the remainder either no rain was indicated or
the radar coverage did not coincide with the time of the Landsat
imagery.

The one good image, for 28 January 1976, covered a large
area monitored bv Castiemartin. whose radar overates on a wave-
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length of 3cm, with a 39 vertical beamwidth. The available 5
data came in the form of computer print-outs of a grid with 8%
cells bascd on the National Grid, each grid square havingzsides
cf 5 km length. The total coverage area was some 420 km=.
The rainfall for each square was recorded on an 8-point scale
(see Plate 11). The radar grid was adjusted to fit the
latitude and longitude morks of the Landsat imagery, and the
grid overlain on the Landsat image. The time of the radar
observation was 10452, compared with a Landsat image time of
10322, Little movement of the rainfall cells was apparent
during the 13 minute gap, though the rainfall intensity was
probably decreasing.

Results of the data comparisons will be found in Section
I1T.7.



I1I  ACCOMPLISHMENTS

1. A Landsat Ciloud Photointerpretation Key

In many studies of satellite imagery the first require-
ment is the recognition of the types of elouds prosent over a
given area in particular scenes. The complex Landsat Cloud
Photointerpretation Key which follows was designed for use Dy
any scientist concernéd with cloud identification, whether a
professional meteorologist or not. I4 does not presume that
other data are available to assist or confirm the Landsat
indications, being presented in terms of landsal image character-
istics alone.

The Landsat Cloud Photointerpretstion Key is structured for
maximum flexibility in its application and use. Following
American Society of Photogrammetry (19795) it is clear that the
suggested scheme may be described in several ways. In terms of
its scope, it may be described as a joint Subject/Analacous
Area Key, dealing as it does with specified categories of clouds
in a mid-latitudinal zone including oceanic and island or
fringe-continental areag; 1in terms of i%ts treatment, it is a
Semi~technical and Direc% key involving a necessary minimum of
technical meteorological terms to characterise features immed-
iately obvious in much of the Landsat imagery; in terms of its ~
organisation, it may be described as a Sgleciive Key, arranged
as it is so that the interpreter simply selects that example
corresponding to the feature he is attempting to identify, with

both Egsav XKev and Photo-index Key components.

The Key is comprised of three scparate, yet inter-related
parts, namely:-
(2) The Short Description Keys
(b) The Detailed Description Key; and
(c) The Photo-index Key.

The Short Descrivtion Key, for general use, is comprised of
brief notes concerning the five basic cloud families and their
more important members {most freguent/most widespread/most
readily recognized on Landsat imagery in mid-latitude continental
fringe regions). The notes are basically descriptive, but briel
comments on cloud genesis and synoptic context are also included.

The Detailed Doscription.Key, for more specialized use, is
structured on the recognition thatv there are two basically
different ways in which satellite-viewed cloudiness may be
described. Although visible imagery from metcorological
satellites might, with profit, be approached similarly, the
following scheme has been developed to exploit the special
characteristics of the Tandsat cloud representaticn, especially
its unsurpassed detail. The scheme differeatiates betwenn
primary and secondary cloud features, namelys:

(2) Broadscale feabures of masses and/or aggregates of
clouds, i.e. gloud fieldss and

(b) Smaller scale features of masses and/or aggregates of
clouds, i.e. structural clements of cloud fields.

Although it has beén widely recognlsed that some clouds

40
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(notably those of the cumulonimbus and cumuliform families) ecan
be described in terws of their individual clouds (or "cells™)
problems have arisen in other cascs (notably stratiform types)
where the search for individual cloud elements is inavpropriate.
We feel that our differentiation between cloud fields and the
structural elemcents apparent within them is an advance over
eardier thinlking since it permits 21l cloud families to be
treated alike. In cumuliform cloud fields, for example, the
structural elements may be individual cloud cells and/or
clusters thereof, and/or organizations of the same; in strati-
form cloud fields the identifiable structural elements might be
streaks, mottlings or bandings which are evidences of the meso-
and/or sub-synoptic scale factors which sculpture the outlines
and surfaces of those cloud types which own a dominantly sheset-
like appearance in plan.

The Photo-index key illustrates classic examples of the
identified cloud families and their significant members or sub~

groups.(see Plates 1-~5).



Plate 1: Cumulonimbiform

(2) Curivlonimbus (b) Cumulonimbus
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Plate 2: Cumuliform

- (a) Cumulus humilis (band 4) (b) Cumulus humilis (band 7)

(¢) Cumulus medioeris (d) Cumulus congestus

(e) Altocumulus (f) Altocumulus waves
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Plate 3: Stratiform

(a) Stratus (b) Stratus

(¢) Layered Stratiform (d) Altostratus
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(b) Ripples

(d) Scallops

Scallops and waves
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Plate 5: Cirriform

(a)  Cirrus fibratus (b) Cirrus spissatus

(c¢) Cirrostratus (d) Cirrocumulus

(e) Condensation trails (band 4) (f) Condensation trails (band 7)




L,  Stratocumliform

5. Cirriform.

Four members of this fave-fold primary division of clouds are further divided
anto a number of members or sub-groups. Some of these sub=-groups, for

exanple altostratus and altocumnlus, ars generally rsgardsd as cloud genera
in their own raght. Howsver, for most purposes, it is more convenient %o
regard them as sub-groups of the 5 cloud families. Sub-groupings arce shown

below, togsther with the appropriate 1llustration numbers.

Family Sub-Groups I1lustratich
Numbers
1. (i) Cumnlonimbus Plates 1 {z) & (b)
(ii) OCumulonimbus yath Cirrus Plates 1 (c) & (&)
2. (1) Cumulus humilis and Cumulus mediocris Plates 2(a),(b) & (c)
(i1i) Cumulus congestus Plate 2 (d)
(iii) Altccumulus Platas 2 (e} & (f)
3. (i)} Stratus Plates 3% (a) & (b)
(1i) Ilayered stratiform (incl, Himbostratus) Plate 3 {c)
(x1i) Altostratus Flate 3 (d)
L, (i) Stratocumulus Plates 4 (a) to (£f)
5. (1) Cirrus Tibratus Plate 5 (a)
(11) Carrus spissatus Plate 5 (b)
{(iir) Cirrostratus Plate 5 (c)
(1v) Cirrocumulus Plate 5 (d)
(v) Condensation trails Plates 5 (e) & {(f)

Band Daifferences:-

4s has been noted above, the MSS observes and records Farth radiation an

& different wavebands. Two of these bands (4 and 5) image in the visible

portion of the electromagnetic spectrum, while the others (6 and 7) image in
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the short-wave porticn, or just anto the infra-red. However, all four bands

are imaging reflected solar radiation only,

The main dafferences between the appearances of clouds in the four
wavebands arce related to the beckground brightnesses of land and sea surfaces.
In bands 4 and 5 both land and sea appear dark grey. Often, there 1s no
clear distainction betwzen land and seca where both occur in a particular
imaze, and the coastline is diffacult to distinguish. In pands £ and 7,
the sea appears black, whereas land surfaces appear much lighter (mid-grey

to pale-grey tones).

Such differences are significant for the distinguashing of cloud types
over land and sea surfaces. &5 a general rule, bands € and 7 seem Lo be
the more useful for identifying clouds over the sea, and bands & and 5 for
clouds over land. However, where extensive c¢loud fields occur over land
(which is consequently hidden) band 7 is usually the best as textural

characteristics tend to be enhanced herean,

In the "band dafferences'’ section of the detailed description key below,

the use of the term "LAMD/SEA" indicates that these comsiderations apply.

A



THE SHORT DESCRIPTION KEY

-
|~

Cumlonambiform

{1} Cumlonimbus

These appear as large, very braght cloud elements whose shape varies
from subeircular to irregular. Cloud edges are usually sharply defined,
often emphasized by shadows cast by these tall, towering clouds or cloud
masses. Fields of cumulomimbus,and the inciuded open spaces, may extend
over broad areas with indivadual clouds organised into lines, closed clusters
and more or less regularly patterned open convective cells or honeycombs.
Scmetames the cloud masses are chaotically distributed. They form preferen-

tially over relatively warm surfaces and/or where the air 1s markedly unstable.

(1i} Cumulonimbus waith Cirrus

Very braght cumulonimbus clouds are here covered wholly or in part by
cirrus which appears greyer sand oiten has z fibrous texture. Where cirrus
1s present (andicating upper level conditions not conducave to a containuation
of vertical cloud growth) the summits are indistinct and margins are 111-
defined e.g. where vertical waind-shear causes c¢irrus plumes to extend beyond
the cuwmlonambus towers. Tields of curmlonimbus with cirrus are often
extensiv; espec1ally where merging of cirrus amvils occurs, with little
cloud-free space between. Strong instability is indicated, often on exposed

slopes where orographic and meteorologic factors enhance each other, or

along powerful cold fronts or squall Iimes.

2. Cumualiform

(1) Cumulus humilis and Cumulus mediocris

These involve emall cloud elements, generally braight to very bright in
tone. Thase may be circular, sub-circular or irregular in shape. They often
oceur in fields of drregularly spaced elements, but may be organized,
characteristically into open coavective cells or streets. The edges of the
fields often indicate distrabutions of surface heating patterns, e.g. in
summer, when these are fair weather clouds over land.

4‘54 ot



(i1) Cumulus consestus

-~

These somewhat larger cumulus c¢louds are frequently found in conjunction
with cumilus hunmilis and cumilus nmediocris, where tower cloud growth is
locally more sdvanced. They are very bright, due to their greater depth.

The edges of the elements are sharply defined and shadoys fropm these clouds
are often visible over land surfaces where the background is of light to

medium tone.
(iix) Altocumulus

Being somewnat higher clouds than those of types (1) or (11), the swmall
grey elements vhich are characteristvic of this generally shallow cloud type
are often seen overlying lower c¢loud wmsses. They oceur either in airregular
fields or organized into narrow, parallel bands transverse to the wand flow.
The lattesr organisation produces "waves” when viewed on the Iandsat imagery -

these are often orographically induced lee wave clouds.

B Stratiform

(i) Stratus

This forms gensrally extensive cloud sheets pecssessing lattle or no
internal organigation visible on the Landsat imagery. The fields are
usually bright, though edges of sheets way show tonzl variations. They
wndicate moist layers of air at or near the Farthis surface and may conform
more or less closely with topography or coastlines {lowland, valley and

coagtal fog).

(i1} Iayered Stratiform

A generally bright or very bright cloud field, consiasting of a number
of layers whach usually form continuous sheets when viewed on Landsat
imagery. Usually frontzl in origin and often extending over wide areas.
Bome texture 1s visible as a result of changes in thickness and/or shadows
cast by higher structural elemsnts. The latter may include stratus, nimbo-

stratus and altostratus.
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(iii) Altostratus
This ccours characteristically as extensive bands or sheets. Bright
appearances prevall but small tonal variations are common, related to changes
in thickness of the cloud field which 15 more usually translucent than
transparent. The texture may bz smooth or fibrous. Altostratus indicates

widespread uplift of moist axir, e.g. along warm fronts.

k4, Stratocurmliform

These: form extensive sheets or bands with characterastic cellular and/
or sub-linear sub-structures, although a wide variety of etchings occur
related to turbulent processes. Brightaness is variable,from medium to braght.
These clouds are anticyclonac, forming whan low-level convection is ov.r-

ruled by widespread subsidences.

5. Carriform

, . .
Usnally a "than' dull cloud, this often overliss lower cloud formations
which are visible when the overlying cirrus is translucent. There are
several distinct varietzes,

(i) Cirrus fibratus

This as a thin, grey cloud, typically showing a fibrous texture; it
is often found in association with Cumulonimbus towers, and along the

leading gdges of warm and occluding frontal bands of cloud.

(i) Cirrus spissatus

This may form extensive sheets or bands. Often opague and white in
appearance, its texture is comparatively smooth. It may be found at or near

the leading edge of a warm or occluding frontal band of cloud.

(ii1) C(irrostratus
Typically forming braght sheets or bands of clouds, wath a fabrous

texture, this is often associated with advancing warm or cccludad fronts.
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(iv) Cirrccumilus

Rarely seen; cirrocumulus is composed of tiny, dull, translucent

cloud elements which give the cloud field a finely mottlsd appesrance.

{(v) Condensation Trails

These mppear as thin, dull grey, straight lines or bands, usually of
considerable langth. They often form criss-cross patterns when numerous
trails are preseat, indicating considerasble moisture through depth in the

niddle and/or upper troposphere.

ORIGINAL PAGE IS
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DETATLED DESCRIPTICN KEY

1. CUMULONIMBIFORN

(1) Cumulonambus

8tructural Elepments

Nature ! Indavidual cumuilonimbus cells
Size ¢ 10 - 20km. across longsst daimension.
Form ! Subcircular generally, some elongated anto oval shapes.

Well defined margiuns.

Brightncss : Generally very braght. Occasionally the structure of
individuzl elements causes shadows to bz cast down onto
lower portions of thess tall towering clouds. In these
instances the shading of portions of individnal elements
helps to enhance their towering appearance.

Texture of
Each Flement : Uniformly smooth; some texture seen when shadows cast -

as noted sbove.

Organisaticn

of Flements ¢ Individual elements may be organised into closed clusters,
with overlapping margins (whach may cover extensive areas),
or opsn, cellular patterns. These patterns may be honey-
combs or lines (where the cells are more regularly space&),
or chaotic distrabutions (where the cells are less regularly
spaced),

Band

Differences : 4,5,06 very similar; 7 shows mcre shadow which enhances

cloud structures.

Cloud Tields

Size : Hay be 150 km. or more across,
Form : Faelds of cumualonimbus are often related fto relatively

warn surfaces, these prompting coanvective instabilaity
under appropriate vertical profile conditions; i1n such

cases the fields may be dominantly over land (summer) or
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Brightness :

Texture

Band
Daifferences

sea (winter). When related tc the state of the atmosphere
alone they are characteristically elongated (fronts and/or
squall lines) or irregularly-shaped (e.g. trailing cold
sectors of depressions),

Field brightness depsuds on the orgamisation of the
1ndavidual clements. Genevally, the closer the spacing of
tha cells, the brighter the faeld, as a whole, appears.
Similerly depends on organisation; and may vary from a

smooth, extensive cloud mass to a mottled, open texture.

TAND/SEA

(ii) Cumulonimbus with Cirrus

Naturc
Size

Form

Brightnass :

Texture

Organlsatlon
of Flements

Band
Differences

Structural Elements

Indivadual cumulonimbus cells, with cirrus plumes.

10 - 30 km. across longest dimension.

Subcircular generally; margins 111 defined, especially
where the cirrus is dense and blown out from the top of

the cumulomimbus tower. This leaves an indastainct, diffuse
edge.

Very bright. Cirrus, where extending beyond the indavidual
cumilonimbus towers, may appear duller., Individual towers
ars often sesn as braghter eiements through the duller,
transiucent cirrus.

Little structure 1s seen in individual elements, which

appear smooth. Cirrus plumes may have a [ibrous texture.

Often organised into closed clusters, which may cover
extensive areas aspecially where cirrus plumes from

indavadual towers merge to form one cirrus sheet,

Band 7 shows greater texturs and gtruoture in the cairrus

elements.
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Cloud Fields

Size : Very extensive, may be 150 km. or more across.

Form i Cumulonambus wrth cirrus anvils normally evolve out of

cumilonimbus clouds by a contaimucus process oi transformation.
Conditions under which these clouds occur are therefore
similar to those which are favourable for the development

of Cumulonimbus.

Braghtness : Very braght.
Texture : Smooth. Cirrus plumes, where merging, may be diffuse and

show a Tibrous texture.

g??%erences : Band 7 shous grester texture and structure in the carrus
elements.

2. CUMULIFOIZM

(1) Cumulus humilis and Cumalus mediocris

Structural FElements

Nature : Individual cumulus cells.

S1ze ) : Generally 1 to 5 km. across the longest dimension, some humilis
cells may be smaller, down to the limits of the Landsat
resolutron.

Form : Varied; may be circular, sub-circular or irregular. IEdges
are generally sharply defined. Theres may be some small
shadows cast onto the ground if veritical development is
locally accentuated.

Brightness ¢ Braight to very bright; the cloud edge on the side away from
the sun 1s often marked by ground shadow (if over land),
which contrasts strongly with the cloud 1tself.

Texture : Generally no texture is seeh 1n individual elements, which

appear smooth. If vertical develepment is marked, as in
some larger clouds, then shadows caused by higher portions of
a cloud are seen on lower portions. This gives a faintly

mottled appearance to these clouds.

ORIGINAL PAGE IS
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Organlsatlon

of Elements

Band
Differences

Size

Form

Brightness

Commonly occur in irregularly organised fields,
1ndivadual or parzllel laues, or uniform, open cellular
patterns.

Iines consist of individual Cumulus humilas and mediocris
elements. (Thev may also contain Cumulus congestus). A4
field may contain 50 to 100 lines, with the spacing
between the lines varying, but generally 1t is similar in
magnitude to the width of the cloud lines, or slightly
larger. The lines may be straight, or gently curved, and
may occur over cither land orsea surfaces.

Open, cellular patterns are formed from varicus Cumuilus
subgroups which cluster together to form honeycomb patterns

often covering extensive areas.

IAND/SEA ~ very marked.

Cloud Fields.

Ilines may be 100 km. or more 1in length, and one field
may consist of numerous (50+) lines. Open cellular
patterns and chaotic distributions may cover wide areas,
often the whole of a single image.

Convection processes are rasponsible for their formation,
individual cells forming an the thermals associrabed waith
instabilaty in the lower troposphere. This instability
may be due to surface receipi of zolar radimtion, andfor
warming of the base of a cold air mass by passage over a
relatively warm surfeace, Therefore, the margins of cumulus
fields are closely related to surface heating patierns.
Varies, depending on the spacang of the cloud lines or
cellular patterns and also the background (land or sea).

Generally, the closer the elements, the brighter the field.
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Texture

Band
M fferences

Non-uniform, an eliermating pattern of white and black or
dark-grey; regularly repeated in the case of lines,

irregular mottling in the case of open cells.

LAND/SEA - marked.

{i1) Cumlus congestus

Nature
Size

Form

Brightness

Texture

Organisation

of Elements

Band
Dafferences

Size

LY

Structural KBlements.

Individual congestus cells.

10-20 km. across longest dimension.

Varred:may be circular, sub-circular or irregular., Edlges
are sharply defined and shadows cast on sade away from the
Suil.

Usually very bright, may be some shadows cast on lower
portions of an element 1f vertical development is marked,
hence darker tones occur.

Little on indivadual elements which appear uniformly smooth

except where shadows are cast.

Commonly found in association with other cumulus subgroups.
May occur in lines or open cells, markang locations of

localliy enhanced vertical development.

LAND/SBA. Bands 6 and 7 shoy more marked shadows on
individual clouds than bands % and 5. Shadows cast over

land by xndividual clouds are more maried in bands 6 and

7 than bands 4 and 5.

Cloud Fields,

Yariable, usually congestus elsments are constituents of
large cumuliform fields (containing humilas, mediocris and
sometaimes cumulonimbus clouds) which may cover extensive

areas. IS
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Form

Braightness

Texture

Band
Differences

.

Normally found in assoclation with other cumuliform and
cumulonimbiform varietzes, being zn intermediate form between
the less well developed cumulus varieties, and the more
advanced development of cumulonimbus. They are, therefore,
similarly associated with surface heating patterns,

Very bright to braght, depending on the spacing of elements
in the cloud field.

Irregular mottling prevaile;when elements are arranged

linesrly, bands or stripes occur.

LAND/SEA.

(iai) Altocumulus

Brightness

Texture

Organlsatlon

of Elemsnts

Band
Differences

Size

Lz

Structural Elements.

Individual elements difficult to distinguish; generally
small - km. or less.

Generally irregular, edges may be diffuse with cirrus
smudging common.

Generally groy; may be white where thin cirrus is above.

Not distinguishable.

Either arregularly spaced, or found in narrow parallel
bands which are often sinucus, and generally perpendicular
to the direction of wind flow at the cloud level., There may

be 10 or 15 bands in a space of 30 km., with uniform spacing.

LAND/SEA. Band 7 tends to show organisations of elements
better than bands 4 and 5, ospecially where than cirrus

overlies the altocumilus.

Cloud Fields
Irregularly spaced celements may form fairly extensive fields,
covering an area with the longest dimension spprox. 5Ckm.

Parallel bands may be 100 km. or more an length (in the
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Form

s

Brightoess :

Texture :

Band
Differencss :

3. STRATIFORM

(i) Stratus

Naiture :

Size :

Form

Braghtness :

Texture :

direction parallel to the bands) and the dastance across
the bands wmay be 30km.

Pields of altocumulus a1ndicate unstable air in the middle
troposphere. O2ften the fields are closely ralated to
topography, being visible evidence of orograplic waves.
These are triggered by local crographic lifting. The cloud
waves generally lie transverse to the wind direction, and
may extend considerable dastanc.s downwind, forming extensive
faields.

Generally grey-white where overlain by cirrus.

dhere elements are i1rregnlarly spaced they givea "Lumpy"
appearance. When in bands, they appear as smooth Wwaves or

ripples.

LAND/SEA.

AGE 15

P
AL
%%‘1%003 quaL¥

Structural Elements

Streaks, mottles, bands.

Varisble, from smzll, irregular mottied areas, to extensive
streaks or bands which may be 100 km. or more in length,

and bhands may be 50km. or more wide.

Variable; mottles may be subcircular or irregular in shape,
straaks are normally long and thin and bands are often long
and broad,

Bright, ususlly white. Occasionally grey 1f the elements
are thin.

unly slight tonal vardiations are visibie and usually the

elements are rether indastanct.
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Organisation

of BElements

Band

Differences

Size

Form

Brightness

Texture

Band

Differences

(21)

-
+

Stratus fields are generally amorphous sheets with little
or no internal organisation. They may be comprised of

very few elements, or a great number, e.g. a large sheet

mey contain a few bands or many streaks.

Individual elements are seen more easily in band 7 than

the other bands.

Cloud Fields.

M=y cover a whole frame or more.

The development of stratus fields is a result of cooling

in the lower troposphere, and the shape of the fiel?s may
be more or less strongly influence% by topograrhy, coast-
lines znd wind direction, for example, valley or lowland
fog, or fog formed over the sea and advected over the coast
by an onshore wind.

Usually bright; edges of a sheet may show varied tones

whers the elements become thinner.

Usually relatively smooth.

Difference of tones enhanced in bhand 7.

layered Stratiform

Nature
Size

Form

Brightness

Texture

Structural Xlements

Streaks, mottles, bands.

Variable, from small mottles to long streaks and wide bands,
Mottles may be subcircular or irregular; bands are generally
wide and straight with streaks being long and thin, gently
curved or straight.

Very braght,

Irregular texture may occur due to the casting of shadows

by some elements at higher altatudes.
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Organisation
of Rlements : A variaty of elements at different altitudes are character-

istic of this cloud type. The eclements may include bands
and/or mottles of stratus and nimbostratus (where rain is
falling) with streaks of altostratus ahove.

Band

Differences : Band 7 provides grester detail of individual elements.

Cloud Faelds.

Size : Generally extensive - 100km. or more across, even 1000 km.
in length.

Form : Usuzlly frontal in origin; therefore the shapes of the
cloud fields are related to synoptic-~scale weather develop-
ment rather than more localised factors, and are character-
istacally broad, more or less curvilinear bands where fronts
are active; broken, discontinuous and/or amorphous patterns
where fronts are dissipating.

Braghtness : Bright to very braght.

Texture : Irregular, due to changes 1n thickness and casting of shadows.
Band
Differences i Band 7 reveals textural differences more clearly.

ORIGINAL PAGE IS

{(iii) Altostratus OF POOR QU ALITY,
Strucbural Hlements

Nature : Streaks and/or bands.

Size : Generally extensive.

Form : Streaks or bands may be in straight lines or gently curved.

Brightness : Bright.

Texture : Smootin, or fibrous.

Qrgonisation

of Elements : Generally form extensive sheets or bands.

Band

Differences : Band 7 shows slighfly mnra tevinra (1F presani).
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Cloud Fields

Size : Very Bxtensive - may cover a complete frame.
Form : Usually related to synoptic-scale weather factors; a major

causation is the slow ascent of extensave layers of air to
sufficiently hagh levels for condensation to occur. This

frequently happens along warm and/or occluding frontal

planes.

Braghliness : Bright, though may show tonal variations due to changes in
thickness.

Texture : Fibrous generaliy.

Band

Differences : Emphasis of texture 1n band 7.

4.,  STRATOCUMULIFORM

(1) Btratocumilus

Structural Elements

Nature : Mottles, streaks.
Size ¢ Generally small. Mottles are usually 3-5km. across, though

they are occasionally outside these limts. Streaks are
usually narrow, less than 1 km. across, and may be a few
kilometres an length.

Form : HMottles take a wide variety of shapes; they may be 1rregular,
subcircular or cireular. Streaks are straight or gently
curved.

Brightness : Varies -~ from dull grey to bright, depending on the depth
of the ciloud and the sun elevation angle. As the latter
lncreases, the brightuess generally increases.

Texture :  gtreaks are usually smooth. Mottles may show some fine,

irregular texture due to tonal variations caused by their

uneven upper surfaces.
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Organisation
of Blements

Band
Differences

Size

Form

Braightness

Texture

-

Groupings of structural elements may be identified at two
levels of ggeregation., At the first level of aggregation,
the formation of more or less closed clusters (consisting
of perhaps 10 to 20 mottles or streaks) is common. These
primary groupings are then further aggresated to form bands,

chects or scallop shapes, which may extend over large areas.

LAND/SEA; band 7 enables the texture and orgamisation of

the elemsnts to be seen more easily.

Cloud Fields
BExtensive - may cover a complete frame, or a number of
consecutive frames.
Fields of stratocumulus are associated with large scale
subsidence to the level of the tops of the cloud fields
under anticyclonic conditions. The cloud elements are
formed by lower level convection and etched by turbulent
processes. The different spatial organizations and
textures so characteristic of this cloud family are not
wholly understood at the present time, but are probably due
to the interaction of particular synoptic and sub-synoptic
scale factors.
Medium to braght, depending on cloud thickness, organisation
and sun elevation angle. Generally, thicker, more closely
spaced fields appear braghter.
Cloud field textures are numerous - a result of the wide
variety of element organisations at two levels of agpregation.
They include more or less fine mottlings, scalleps,
"cguliflower-like textures of certain closed cellular
organisations and ripple-like textures when bands are

arranged 1h rows.
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Band
Differences : 3Band 7 is again most useful in discerning textural and

organmisational characteristics within cloud fields.

D CIRRIFORM
(i) Cirrus fabratus
Structural Elements
Nature : Streaks or fibres.
Size : Varaiable in length, from a few Kilometres to 50 or 100 kms.
Generally narrow in width, being a few kms. at most.
Form ¢ Usually straight or gently curved.

Brightness : Dull grey and transiucent; may be brighter, white tones if
thacker and opague.

Texture :  Smooth.

Organisation

of Elements : MNumerous streaks or fibres may be organised into narrow or
wide bands, and occasionally enough elements may be present
tc form an amorphous sheet. Thin sireaks or filaments may

sometimes be seen lying transverse to the major cloud axes.

Band

Differsnces : LAND/SEA.

Cloud Fields

Size ! May be extensive, occurring in diffuse sheets.

Form : Ubhere blown from cumulonimbus towers, fields of cirrus
Tibratus will be relatad to the organisation of the towers
and the directicn of wind flow in the upper troposphere. If
relasted to an advancing frontal system, the cloud field

' shape will be dependent on synoptic factors.

Brightnéss : Usually dull and translucent, revealing lower cloud formations,
which appear as brighter patches in the cirrus field.

Texture : Commonly fibrous or banded.

AT, PAGE I3
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Band .-
Differences : T&ND/SEA; 1n band &, cirrus appears slightly brighter,

especially where the c¢loud fieid is thacker,

(1i)  Cairrus Spissatus

Note:

It is not possible on LANDSAT imagery to i1dentify seperate structural

elements and therefore the structural Element-Cloud Fields subdivision is

not used.

Nature :  Amorphouns sheets or bhands.

Size : Varaiable from smzll patches, to extensive sheets extending
over a complete frame or a number of consecutive frames.

Form : In general, the comments applied to cirrus fibratus apply

here also. If found chaotically dastributed, this may be
related to cumulonimbus towers which have now dissipated;
here the field will bear some relation to previcus
cumilonimbus fields.

Brightness : Bright, uswally white 1in appearance.

Texture :  Smooth.
Band
Differences : Band 7 shows slaghtly more texture in the cloud field,

especially where the cloud may be thinner, and lower cloud

layers may become visible.

(idid) Cirrostratus

Structural Llesments

Nature : Streaks or bands.
Size : V@riable - may be a few or many kilometres in length, but are

usually narrow, being only a few kilometres wide.

Form : Straight or gently curged,
Brightness : Medium grey to whilejusually opzague.
Texture ' Rather smooth.
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Organisation
of Elements

Band
Dafferences

Size

Forn

Brightness

Texture

Band
Differences

-
.

The streaks or bands are usually closely arramged to form
wide sheets or bands, with little or no space between the

elements.

Somewhat brighter in band 4 than band 7.

Cloud Fields
Variable, usually extensive.
Usuaily frontel in origin, forming bands ahead of the surface
positions of the frontal planes (behind cirrus fibratus,
ahead of altostratus).
sually bright, pale grey to whate tones. If thin, may
be translucent revealing lower cloud as brighter patches.

Commonly fibrous, with thin bands or streaks.

Band 4 15 generally brighter; band 7 reveals greater

textural detail.

(av) Cirrocumulus

Nature
Size

Form
Brightness
Texture

Crganisation
of Flements

Band
Dafferences

"

"

.
.

Structural Blements 1S
AGE
; . GAL P
Small cells %%‘I'EOOR QUALI;Y

200 metres to 1 kilomeire across.

Bach cell 1s circular or oval shaped.
ull grey, translucent.

Smooth.

Clesely spaced cells in an irregularly shaped fiecld. May

form bands with diffuse sdges.

LAND/SEA; elements appear slightly braghter in band Y4 than

band 7.
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Size :

Form

Brlghtness :

Cloud Fields
Faeld may be 50 km. oOr mors across.
Generally patches of restricted extent. Sometimes zhead
of surface frontal positions in the cirriform =mone. A
rare cloud type.
Dull grey and translucent. Lover cloud forms may bes seen

as brighter patches through the overlying cirrocusmlus.

Texture The field presents a dappled or rippled texture.

Band

Differences : LAND/SEA - band L4 1s brighter than band 7.

{(v) Condensation Trails

Structural Elements

Nature Streaks or bands

Size Individual streaks may be 100 km. or more in length., They
are usually very narrow, perhaps 1 or 2 kms wide at most.
Bands may be of samilar length, but are usually broader,
perhaps 5-20 km.. wide.

Form Streaks are usually straight lines with sharp edges, this

Brightness

Texture

Organisation
of Elements :

Band
Differences @

straightness being their most readily identifiable
characteristrc. Bands are usually streaks which hzave been
drawn out by wind shear, and thelr margins are therefore
not go sharply defined.

Fale to medium grey tones.

Streaks are smooth; bands may show fibrous or feathery

texture.

When numerous trails are present, criss-cross patterns

form which appear like irregularly spaced grids.

LAND/SEA; band 4 1s slightly braghter.
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Sige

Form

Brightness'

Texture

Band

Differences

Cloud Fields
Fields of condensation trails may extend over considerable
areas, but there are often extensive gaps beltween individual
elements.
Related to patterns of aircraft movement end wind patterns
aloft when conditions are suitable for their formation.
Usually dull grey, due to large spaces between individual
elements.
Feathery or wispy appearance if bands are present; if

streaks domanate then an irregular grid pattern occurs,

LAND/SEA ~ band 4 1s usually slightly brighter.
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2, Comparisons between cloud cover évaluated from Landsat 2
imagery and conventional queorological statlons across
the British Isles

Plates 6 & Y illustrate the GQuantimet 720 Image
Apalysing Computer used after the menner described in Section
il.2 for the evaluation of total cloud amount within selected
areas on Landsat 2 images.

Scme partial, preliminary, results from this programme
were reported earlier by Barrett & Grant (1976). Full results
for the entire period covered by our Landsat 2 study are:
presented here. They are summarised in contingsency tables
(Figs. 8 to 13) and frequency graphs (Fig. 1%). The first
contingency table (Fig. 8) sums the results of all three obser-
vational methods compared for all the dominant cloud categories
used in this study. Perhaps the most striking feature of
Figure 8 is the similarity of tables (a) and (b). It can be
seen that, with respect to both the satellite image observer and
the Quantimet, the surface ohserver consistently overestimates
the cloud amcunt. This is especially apparent in the middle of
the okta scale. At the upper ocnd of the scale (7 to 8 oktas)
the satellite imege observer and the Quantimet tend to over-
cstimate with respect to the ground observer., When table (c)
of Figure 8 is examined, it can be seen that the results obbtained
by the satellite image observer and estimations based on the
Quantimet are similar with respect to the whole okta secale.
Some notable erratics remain, bub these are isolated, individual
instances, for which there are usually obvious reasons.

The findings above are interesting when compared to the
findings of previous studies. The majority of studies of this
type (including those by Clapp (1964), Barnes et al. (1967),
Cooley et al. %1967) and Malberg (1973) have found that the
ground observer usually overestimates the cloud amount with
respect to satellite observations. A number of reasons have
been advanced for this discrepancy. These can be divided into
2 groups, the first concerned with surface estimations, the
second with satellite imagery estimations of cloud amount.

(a) Surface cstimations:

The surface observers view of the sky is complicated by the
faet that his perspective changes continuously from the
zenith to the horizon. A pumber of different propcsals
have been made in the literature (summarised by Neuberger,
1951) as to the apparent shape of the sky, but all agree
that the perspective is flattened to a greater, or lesser,
extent. The amount of apparent flattening cznnot be
accounted for simply, as it is not only related to physiecal
conditions in the atmosphere, but also to psychological
factors which vary among cbservers. .It certainly varies
with both cloud type and cloud height (Miller and Neuberger,
194s5)., Because of this apparent flattening., approximately
half the sky is below an elevation angle of 30°. There-
fore, the instruction to the surface observer to "give
equal weight to the areas around the zenith and those at a
lower elevation angle" (HMSO, 1969) scems somewhat inappro-
priate.

Because of the flattening of perspective, in scattered
cloud situatilons, the observer will see the sides, as well



» PLATES : The Quantimet 720 image analysis system . POOR QUALITY
EQ_XEXE, Cambridge:
- (a) The main module (right) displaying Landsat 2
h image inout from epidiascope (left); and

(b) the operator engaged in a man-machine interaction
P process.

(Courtesy, Ministry of Agriculture).
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OO029c2Y% | scceer

PLATE 7 : Stages in the process of estimating cloud
)

area on a Landsat 2 image: (a) The detection area
(grey disc) is positiened for Manston (Kent); the
number of picture points is indicated on the menu

at top left. (b) The area within the detection circle
above the cloud brightness threshold has been summed
in terms of picture points. The result is indicated
at top left.

(Courtesy, Ministry of Agriculture).




(@)

Surface observer
Y

Satellite image
observer

(b)

Surface observer
\'J

Quantimet

(©)

Satellite image
observer

A

Quantimet

Fig. 9:

Satellite 1mage chserver

L7

ol112{3]4|s5l6|7]8ls
0 1 | 2
d1tals| 10
2l 2 211
23| [3]21] |1
8
oL 4 BEIERE
gl s| [3|2)2]272] [111(13
36 ilij1talalsl7l |23
7 11131314 {32]16/60
8 31 |4177/84
=4 4114110 8110]13] 9|44le4208
Quantimet
ol1i2|3l4lsl6l7{8l=
INNE 1 2
1|5l 32 10
92 1{1] 1 3
A3l j2l4 1 7
©l 4 2111 4
Sisl 2l alal0 ] [ihs
;‘::;ES? 1]3}4]9]3}2]23
7 1 t{4] |11[23]20!60
8 11 2110{71/84
=4 8| 9|10} 5|14] 8]24{36]|94[206
Quantimet

oj112]3|4]5]6}7]8|=
5014 4
glilzlsl4 14
Igz 115|212 10
ol 3 113] 4 8
STl T T
9
.EG 9 9
57 8129} 7 |44
8 7187/94
=t 6] 9110] 5{14] 8l24/36]9404

Stratocumuliform clouds dominant

ORIGINAL PAGE b
OF POCR QUALITY



(a)

Surface observer
v

Satellite image
observer

(b)

Surface observer
v

Quantimet

()

Satellite image
observer

v

Quantimet

Fig. 10:

Satellte 1mage observer

oli1l2l3ls4lsi6]7]8is
0 1 1
REREI K 26
SI2]3l5[1 9
o
§3 511 6
84 311 4
5_15 2 Z 1 5
;)56 311 11211 9
7 1 1121 1[13l 7125
8 10410
=4 61371 9f 3] 1| 4] 2[15{18{95
Quantimet
otil213t4lslel718]|=
0 1 1
11511813 26
o
g2441 9
2 3 511 6
24 113 A
g5 112 1 1 5
&56 3 111711121 9
17 111 1] sl 7]0]25
8 119010
= olzol13] 1] 3| 20 71 9f21195
Quantimet

ol112]|3talsisl7]8i=
50161 6
gl 113{30] 4 37
()]
82 8l 1 9
%3 1 111 3
Ol 4
g 1 1
35 111]2 4
= 6 111 2
o
(}6}7 417141015
8 1117/18
= 9[30|13] 1} 3] 2| 7| sl21l95

Cuamuliform clouds dominant

68



Sateltite smage cbserver

(@) o|1|213{4]s]s6]7]8l=
0
Surface observer Gl 1T 7
Sl 211 1
\' % 3
o,
o
Satellite image g5
observer 216 ] \ 1
7 211 516114
8 7 {55|62
24 H 1 21 21 1 1216180
Quantimet
(b) ol1l2134lslel|7ls|=
0
Surface observer L INY 2
‘ Stz IN 1
v _’ FE N
o AN
Quantimet g5 N
(‘n::' 6 1 1
7 1111151614
8 81{54l62
RIGINAL PAGE B =001 1 W1 ) 113{60[80
%F POOR QUAL
Quantimet
(©) ol1]213l4]sle]7]el=
o
Satellite image § 1 1 !
oy 2
observer ST | :
v ol 4 1)1 2
o3 1
=l 6
Quantimet S
A 10] 212}
8 3 |58]61
20 ) ) 4 o1 113)80|80

Fige 11: Stratiform clourds dominant



(a)

Surface observer
v

Satellite image
observer

(b)

Surface observer
v

Quantimet

oricINAL
OF ROOR

()

Satellite image
observer

v

Quantimet

" Fig. 12: Cirriform ciouds dominant

Satelile image observer

Qr1121314151617 =,
0
di]al2 5
%2 1 1
al3] 13 3
of g
&
ES
gs 1 1 2
7 1 1] 4 7
8
2y A 1 MW 115 19
Quantimet
Ol112[3141516317 =,
0
116\ 6
§21 1
8311 3
Ot 4
S
QS
U‘BB 111 2
paGe 17| |2 | 112 7
Quati™ g
= 8| 3 N 14 H 2 19
Quantimet
0111231415161 7 =r
014 4
4
t%]dz 7
o2
O
sl 3 1 1
gt 4
£
ES 1 1
=1 6 ] 1
o
;6)7 1112 5
3
=| g| 3 IREEEEL




(@)

Suriface observer
v

Satellite image
observer

(b)

Surface observer
v

Quantimet

(c)

Satellite image
observer

Vv

Quantimet

Fign 13:

Satelite image observer

ol112!3|415]6l7]8l=
0
Rk
3 2
2
83 1 1
84 1 1 2
QS
A6 1 |2 3
7 1 ti1]1l 4
8 11114 3
s 20 i3 21 2t 2113
Quantimet
ol1i213]415]6|718]|=
0
R
gz
§3 1 1
of 4 111 2
&
gl 5
5] 6 1111 3
)
7 111 1d1] 2
8 1114 3
= bzl 2iz2l212013
Quantimet
ol1l213l4islel 7|8z
| 0
g1 111 2
8; A,
ol 2 1 1
O
ol 3 1 1
(&)
al 4
£ 112 3
35
§6 24 2
gl 7 2) |2
8 21 2
P 1l1i2i1 221212113

Cumulonimbiforr clouds dominant

i



2

as the bases of clouds, and he may have difficulty in
distinguishing gaps in the cloud, especially when these

are at low elevation angles. For thesse reasons, the
surface observer may frequently overestimate the cloud
amount.

(b) Satellite image sstimations:

In satellite imagery, the perspective problem is generally
of minor importance; because of the orbiting altitude of
the satellite. In Landsat imagery, for example, the
maximum angle of view from the vertical is nearly 6°. A
problem frequently encountered in estimating cloud

amounts in satellite imagery is that of limited resolution
of the sensor, In most previous studies, the imagery
used was not of sufficient regolution to allow the
detection of small cloud elements. Therefore, the
satellite estimates would frequently be too low on
occasions when small cumulus cells were present. The same
discrepancy, but of different sign occurs when the cloud
amount tends towards 8/8. Here small gaps in the clouds
may not be resolved and therefcore overestimates may occur.

With Landsat imagery, the resolution is sufficiently
goed to minimise the above problems. However, although
small darker, patches in the eloud can be secen, the image
analyst must decide whether these are due to shadows or
actual gaps. It was found in this study that on numerous
occasions, gaps were not identified as such, so causing the
overestimation of cloud amount in the satellite imagery at
the upper end of O to 8 scale.

Despite the good resclution of the MSS, it still proved
extremely difficult to identify thin cirrus clouds reported
at surface statione. This was especially true on the
Quantimet, where the cirrus (if seen) was frequently much
darker than many background features.

The remaining contingency tables (Figures 9 to 13) break
down the data to facilitate comparisons for individual cloud
types:

Stratocumuliform cloud (Fig.9), The overall pattern which
emerges in Fig.9 is similar to thet for all cloud types (Fig.8).
Again the surface observer overestimates, especially in the
middle (% to 5 okta region) of the scale, while at the upper-end
of t%e scale, the estimations from the satellite imagery are the
greater.

Cumuliform clouds (Fig.10). The usual nattern emerges.
Overestimation by the surface observer is move concentrated at
the lower and middle portions of the scale. Again the
relationship between the satellite image observer and the Quanti-
met is fairly consistent.

Btratiform clovnds (Fig.11). Here there are few estimates
in the middle of the scale. Those we obtained are greater for
the surface observer. At the upper end of the scale (7 to 8
oktas) where the majority of estimates occur, good agreemsnt is

scen between all 3 methods. ORKHNﬁl'PAGE]S
OF POOR QUALITY
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Cirriform clouds (Fig.12). This shows the difficulty of
cirrus detection, especially by the Quantimet. Both the
surface and satellite image observerg overestimate with respect
to the machine.

Cumulonimbiform clouds (Fig.13). This cloud type was noi
frequently encountered. However, the general trend of over-
estimation at the surface is seen from the tables.

Figure 14 shows frequency graphs for all cloud types (a)
and individual families of clouds (b) - (e). EBach deplets the
frequency (as a % of the total cases) as the ordinate, and the
cloud amount ag the abscissa. The graphs for all cloud types
(Fig.14(a)) reveals maxima at 1 & 8 cktas. This type of cloud
frequency distribution has been termed "J" shaped (Barrett, 1976b).
Figure 1K(b) shows the freqr wcy of stratocumuliform cloud. Here
the predowinance of large cloud amounts is noteworthy. - Such a
feature is even more marked with stratiform cloud (Fig.14(d)).
For cumuliform cloud (Fig.id(c)) more varied results are obtained
by the three methods of analysis. The surface observer
produces peaks at 1 & 7 oktas, the satellite image analyst at
1 & 8 oktas, with a mincr maximum at 5 cktas also, whilst the
Quantimet operator produces peaks at 1 & 8 okitas with a minor
peak at Y oktas. These differences prcbably result from crmbi-
nations of psychological, mechanical, and other practical
influences. Figures 14ze) & (f) are the most complex, which may
be due in large measure to the comparatively low numbers of
observations which underlie the graphs.

3. Relations between c¢louds and their shadows 1n Landgat 2

imagery

Following the method outlined in Section II1.3, results
of observed relationships between five different types of clouds
and their azttendant shadows on the ground were obtained from
analyses of 5 selected Landsat 2 images.

For each of the five images in turn two tables were compiled.
The first listed co-ordinates of each individuzl analysis area
within that image, together with the numbers of picture points .
in the analysis areas, and a summation of these values to indicate
their total extent. The second gave, for each individual
analysis area, observed amounts of cloud, cloud shadow, and land.
These amounts were eXpressed both as numbers of picture points
and as percentagss of the areas within which they were observed.
Relationships were also calculated to relate the areas of cloud
shadow to the cloud with which it was asscciated, and the size
of the analysis area itself. Tables 6 & 7 exemplify the detailed
findings presented in this form.

From the complete set of results a graph was constructed
(Fig.15) to show the changing relationships between % cloud
cover and associatod cloud shadow as a percentage of that cloud
cover for five different cloud situvations which included some
widely disparate categories of clouds. As might be expected,
the associated shadow is relatively small with sheet clouds like
stratus, increasing markedly with scattered tower clouds of cumu-
liform varieties. 1In the most extreme case (image 2) the cloud
cover in the area assessed on the Harwell system was only 19;2%,
whereas the area affected by cloud plus cloud shadow was 10.2%
higher, at 29.%%, Higher shadow amounts are likely to be
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Table 6

Example from imsge 1, 3 June 1975 (1006:10 GMT). Cloud Type -
Cumulus (mediocris & humilis): Co-ordinates and areas (picture
pointe) of individual gnalysie areas.

Apalysis Co-ordinates Difference Co-ordinates Difference P%z:zzi
Area Xmax  Xmwin X(mex-min)+l Ymax Ymin Y(max-min)+i g v07
Area

1 567 391 176 177 589 49 5k0 -~ SH1 95,757

2 390 31 39 -~ 350 605 325 280 -~ 281 98,350

3 293 %3 180 - 181 324 220 10% - 105 19,005

L 390 245 15 - k6 233 197 36 -~ 37 5,402

5 390 3k5 L5 - k6 195 137 98 - 59 2,71k

6 390 223 167 -~ 168 324 23% 90 - 91 15,288

Total 236,516

Note: The lengbths of the sides of the rectarngular analysis areas
are ghown in the difference columms. To enable the
determination of the number of pieture points in each
analysis area, one must be added to each sgide length before
multiplying the X and Y lengths together.

Table 7

Clcud, Land & Shadow amounts (pileture points, with percentages in

brackets) in each analysis area specified in Table_6

Area Cloud Land Shadow Shadow as a % of Cloud
1 32,370(33.8) 57,551(60.1) 5,836(6.1) 18.0
2 36,78%(37.%) 54,931(55.9) 6,635(6.7) 18.0
3 6,237(32.8) 11,542(60.7) 1,226(6.5) 19,7
L 2,086(38.6) 3,000(55.5) 316(5.9) 15.2
5 1,232(%5.%)  1,283(47.3)  199(7.3) 16,2
6 %4,982(32.6) 9,314(60.9)  992(6.5) 19.9

Totals:83,691(35.4)137,621(58.,2) 15,204(6.4) Mean = 18,2

ORIGINAL, PAGE
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associated with small, cellular, clouds because the total cloud
perimeters within a cloud field will be much higher in
comparison with the total area cloud covered than which f atten
clouds which merge into sheets.

It should be noted that the examples studied in this pilot
projéet were all drawn from the months of June and July, when the
sun elevation was between h9° - 560° The shadow effects in
other seasons of the year will be substantially greater than
those reported here. It would be useful to extend this type of
study to ascertain how closely empirical results conform to a
theoretical model designed to account for the chadow effects which
might be expected in Landsat frames affected by different cate-
gories - and mixtures - of clouds in different latitudinal zones
at different times of the yecar. Such a model might involve the
clouds themselves (height of ecloud base, cloud depth, element
size and spacing, ete.), illum nation variables (solar elevation
and azimuth), and the morphology of the local land surface
(slope angle and crientation).

4, Multispectral characteristics of clouds observed by Landsat 2

For analytical purpcses, all the brightness : .. .
produced by the Photoscan P-1000microdensitometer in terms of 256
grey-levels were converted to optical density values in the range
0 vo 2D, This was a straight-forward prccedure as thes density
bears a linear relationship with the grey-levels, as noted
previously.

Tig.16 shows the 15-step grey-scale tablets, plotted as a
function of density and waveband. The divisions correspond to
the upper limit of each step, the procedure for determining which
was outiined above. Step 8 of sach wedge is shzded to zct asg a
reference. Step 1 (white) is at the left-hand side, and step 15
(black) is al the right-hand side.

Perhaps the most important fact emerging from this diagram
is the wide variaticn of step width. Genzrally., the brightor
steps, with densities less than 1D, are narrower than the darker
steps with densitires greater than 1D. The first step is some-
what anomalous in that it has no lower limit. Another notable
feature ig the variation from image to image in position of
similar steps. This variation occurs both betwesn wavebands for
a particular frame, and alsoc befween one frame and another.
Thus, for example, in the illustratlion of cumulus humiiis,
corresponding steps of band 7 sre generally brighter than those
of band 6. Such differences are due in part to variations in
the processing of Landsat 1images.

A serious problem of interpretation therefore ariscs. Are
the différences in brightness in a particular scene in different
wavebands due principally to differences in target reflectance,
or differences in processing? It 1s clear from our results that
the influences of Image processing must be borne in mind con-
stantly as we move tTowards drawing conclusions from these data.
Ldeally, the two components of variation should be defermined and
separated; this we could not achieve in our study.
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Brightness characteristics of Tandsat-~imaged clouds In summer
graphical results

Figures 17a to £ show frequsncy distributicns of individual
cloud types in each waveband in relation to the 195 step grey-
scale. Frequencies have been converted from number counts to
percentages to facilitate comparison between different cloud
types. Notwithstanding our earlier comments on variations in
picture procegsing, some lmportant differences do occur.

(2) Cumulonimbiform (Fig.17(a)): Bands 4 and 7 show apparently
similar distributions, with band 7 being displaced slightly
towards the darker end of the scale. Bands 5 and 6,
however, possess a strong modal category, well displaced
towards the brighter end of the scale.

(b) Cumulus congestus (Fig.17(b)): The frequency distributions
of all four wavebands range across the whole step-wedge
scale. A1l the distributions are essentially similar,
some minor differences, occurring at the dark end of the
seale in steps 14 and 15.

(¢) Cumulus humilis (Fig.i7(c))s Unlike the cumulus congestus
graphs of Fig.iAb), these distributions are restricted in
range to ths darker cnd of the scale. This reflects thse
lower brightness responses cf these small cloud cells and
the larger areas of dark sea background between them.

(d) Stratiform (Fig.17(d)): Bach waveband shows a marked
clustering of values at the bright end of the scale,
indeed in band 5 almost 100% of the data points are
contained within the brightest gtep. This is undoubtedly
due to extensive saturation of the image by this cloud type.
The distributions of bands 6 and 7 show tails extending
well into the darker portion of the scale.

(e) Stratocumuliform (Fig.17(e)): Bands 4 and 5 have similar
distributions, exbending across a wide range of values,
peaking gently in the centre cf the scale. In pand 6
there 1s a slight displacement towards the dark end of tThe
scale. In band 7 there is a significant displacenant
towards the darker end of the scale, and the range of
values is more restricted.

(f) Cirriform (Fig.17(£)): Bands %, 5 and 6 are similar to one
another, with distributions located in the darker portion
of the seale and a fairly wide range of values (over 8/9
steps). Band 7 possesses a marked displacement towards
the dark end of the scale and the range of values is
limited to the darkest 6 steps.

Figures 17(a)-(f) reveal, therefore, that differences in
brightness occur both between the wavebands for individual cloud
types as well as, more strikingly, between similar wavebands for
different cloud sypes. To facilitate the examination of these
differences, cumulative frequency distributions were plotted (see
Figs.18(a)=(a)).

These graphs consist of plots of percentage cumulative
frequency on an arithmetic probability scale, against image
density on an arithmetic scale. First, the average density of
each step was found. In the caze of step 1 the average density
was found by determining the average density range nf stens 2 to
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5 inclusive. This value was then halved, and subtracted from
the upper 1limit value of step 1 to provide an average value

for the brightness of that step. The advantage of using
arithmetic probability paper in this analysis is that if the
distributions plotted are normal, then a straight lines will

oceur on the graph. A brief examination of these diagrams shows
that the distributions were not normal. The chief points that
smerged from this analysis were as follows:

(a) Band 4 cumulative freguency distributions (Fig.18(a)):
Here stratiform and cumulonimbiform clouds appear to give
similar resulis, both having the majority of their values
at the bright end of the scale. Similarly cirriform and
stratocumuliform clouds are similar to each other, their
curves lying close together across much of the graph.

At first sight this may appear strange as the graphs of
their respective frequency distributions (Figs.17(e) and
1AL£)) apparently revealed considerable differences.
However, when one examines Figure 16, it can be seen that
stratocumuliform grey-scale values are considerably
brighter than corresponding cirriform values. This is
taken into acecount more fully in Figure 18(a) where actual
density values are ocmployed on the abscissa, not grey-
scale step numbers as in Figure 17. Generally, mos?t
cloud types follow paths which are roughly parallel over
much of the scale in Figure 18. The most notable
exception to this is cumulocongestus. The plot for this
cloud category starts well to the left of the graph and
generally rises less steeply than those for the other
cloud types except at the dark end of the secale. The
tendency for this cloud type then, is for its plot to cut
across the plots for cirriform, stratocumuliform and
cumulus humilis.

(b) Band § cumulative frequency distributions (Fig.18(b)):
These are essentially similar to the band 4 plots in
Figure 18(a), However, the stratiform curve is shorter
due to The clustering of its values at the bright end of
the scale. The cumulus congestus curve again lies
across those for the other types.

(¢) Band 6 cumulative frequency distributions (Fig.18(e))s
For the first time stratiform extends into darker
portions of the scale than deoes cumulonimbiform. Strato-
cumuliform 1s now markedly displaced towards the dark end
of the scale in comparison to cirrus. Cumulus humilis
is similarly displaced towards darker levels, although it
retains its approximately parallel position with respect
to cirriform and stratocumuliform. Cumialocongestus
intersects the othor distributions at guite large angles,
28 in bands 4 and 5. At the dark end of the scale, the
final 30% of ite distribution follows a similawr path to
that of cumulus humilis.

(d) Band 7 cumulative frequency distributions (Fig.18(d)):
In this waveband, cumulonimbiform has bsen displaced guite
markedly towards the dark portion of the scale. The
whole of its curve is on the darker side of the stratiform
curve. Cirraform and stratocumuliform distributions now
follow very similar paths, both having been displaced
markedly towards the darker portion of the scale than in
band 6. Cumulus humilis is darker than in band 6. This
1s probably due to the darkening of the sea background
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which comprises a larger proportion of this image between
the small cumulus cells. Thig effect is also seen in
the case of cirriform and stratocumulifcrm, both of which
contain some areas of sea in the lmaging area.

These diagrams, Figures 18(a)-(d), show that marked differ-
ences in reflectance characteristics do occur between cloud
types and that these differences change from one waveband to
another, 1t is thought that such differences are indeed dus
principally to target characteristics, not processing practices,
for more account is taken of the grey-scale differences in fthese
diagrams through the use of the actual density values of the
steps rather than their numbers in the grey-scale.

Brightness characteristics of six categories of clouds in summers
summary statistical results

In addition to such graphical descriptions of the brightness
frequency distributions,; it is possible to gain further insight
into the nature of cloud differences by deriving summary
statistics via the method of moments. This is a computational
method; +the analysis of the mean and standard deviabion was
carried out on the PDP 11/45 mini-computer. Skewness and
kurtosis coefficlents wére determined on a Hewlett-Packard
calculator from the frequency distributions derived by the PDP
%1/45a8 The results of the computations are presented in

able O.

There are some interesting differences between the summary
statistics and the inmpressions gained of the dastributicns
pregented in Figures 17(a2)-(f). For example, the cumulonimbi-
form statistics show that the kurtosis ("peakedness!) of the
distributions increases steadily from band 4 through to band 7.
An ecxamination of Figure 17(a) alone would probably have led one
to conclude that bands 5 and € were more "peaked" than either
bands 4 or 7. Cumulocongestus clouds show relatively large
standard deviations, a fact less unexpected when Figure 17%b} is
examined. A small negative skewness value 1is noted in band 7
which corresponds to The increased freguency of values ot The
dark end of the scale (step 15). The cumulus humilis distri-
butions (Fig.17(c)) are asymmetrical in nature and this produces
negative skewnéss values for all wavebands. Mean brightness
values show a similar trend in all the cloud types. Generally,
the mean brightness of each gsuccessive waveband is slightly
darker than the preceding waveband. There are two exceptions
to this general rule. Both occur in waveband 5 in the cirriform
and stratiforn cloud types. Such a decrease in brightness with
waveband is probably explained by the decreasing brightness of
the background area (the sea) with successive wavebands.

Besides this slight anomaly in the general trend of mean
brightness wvalues, stratiform clouds also present some other
noteworthy summary statistles. The skewness values recorded
are very large, indicating extreme asymmetry of the distribuition.
This is perhaps not surprising when Figure 17(d) is examined,
especially with respect to band 5. However, the kurtosis values
seem excessively high vwhen one considers that in sediment analysis
values of kKurtosis greater than 3.00 indicate extreme lepto-
kurticity (peakedness) and are uncommon. 1S
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Summary statistics for six catccories of clouds in summer

"

Cloud Type
Cumilonimbiform

Cumilus congestus

Cumulus humilis

Stratiform

Stratocumiliform

Civriform

§6

No. of
Waveband Data
Number Points Mean 8.D. Skewness Kuartosis
4 ) 8215 0.65 0.07 1.09 n,13
5 9215 0.69 0.06 1.75 5.94
6 9215 0.71  0.07 1.78 6.02°
7 9215 0.76 0.10 1.90 10.05
4 8084 1.13 0.u48 0.27 1.46
5 8084 i1.17 0.58 0.22 1.35
(4] 808y 1.23  0.57 0.09 1.31
7 8084 1.40 0.52 -(.09 1.38
L 9025 1.5 0.22 ~0.70 3.07
5 9025  1.63 0.28  -0.82 2,54
6 9025 1.8 0.18 -1.17 3.44
7 9025 1.92 0.12 ~1.53 4,52
4 8272 0.63 0.01 1.62 13,44
5 8272 0.57 .01 50.95 2789.26
6 8366 0.64 0.04 10.87 168,44
7 8366 0.66 0,04 3.03 45,02
b 8100 1.12  0.22 0.79 3.21
5 9100 1.20 0.28 0.87 3.29
B 9100 1.0 0.28 0.55 2.35
7 8100 1.5¢ 0.23 0.17 2.08
L 7896 l.14 L.1h 0.83 2.71
5 7896 l1.09 1.09 0.49 2.09
] 7896 1,27 1.21 0.49 2.26
7 7896 1.57 1.57 0.10 1.96
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Spectral reflectance graphs for six categories_of cloudg

The results summarised in the 3 sections above are all
related to chgracteristics of ci.ud . .» viewed over arcas of
about 33.Y km™ on the ground. It would be interesting to
investigate the degrees of similarity between those results and
others for a range of smallcr srsas. Whilst we must be
cautious not to read too much into the results obtained, 1T scems
legitimate to attempt to interpret them in terms of whatlt they
mey indicate concerning the characteristics of cloud elegents
viewed by the microdensitometer over areas of about 337m“ on the
ground. Taking the modal classes in Figures 17(a)-(f) to
indicate the mcst representative brightness values for each cloud
category in each waveband we have compiled 2 set of spectral
reflectance graphs for the six cloud examples (see Figs.19(a)-
(£)). 1t appears therefrom that the spectral refleciance signa-
tures for different categeories of clouds possess some marked
differences both in form and position on the axes. Not
surprisingly the cumuliform and cumulocongestus curves are
generzlly similar, whilst the stratiform and cumulonimbiform
curves are disappointingly alike.

It would seem well worthwhile invegstigating the multi-
spectral differences of Landsat-imaged clouds more carefully,
perhaps through the use of digital data from the CCTs so that
the full resolution of the imagery might be employed and picture
processing problems thereby eliminated.

Discugsion of the Photogean P-1000 rssults

It ig in the field of sedimentary petrology and geology that
these types of statistical analysis have reached their greatest
sophistication. The technique of moment analysls has been used
to identify and differentiate sediments (e.g. Folk and Ward, 1957)
and in the interpretation of the depositionsl histories of
different sediments (e.g. QGreenwood, 1972). Generally, bi-
variate plots have been employed, with each of the four summary
statlstics being plotted in turn against each of the others.
However, Folk and Ward (1957, p.23) managed to produce a four-
variste graph to represent the relationships between the four
summary statistics in one diagram. Oftcn, the analysis of such
data has been extended by using clustering and discriminant
analyses as classification procedures to allow new data values to
be assigned correctly to previously determined grouplngs.

It is felt that this latter type of analysis may prove nost
useful in attempts to assign new cloud information in Landsat
data to previously determined cloud types, defined in terms of
thelir moment statisties. However, some problems would have to
be sclved before this were to be possible. For example,; our
results for stratiform clouds indicate that the appliecation of
such techniques to non-normally distributed data without some
prior Transformation can lead toc misleading, possibly erroneous,
results and conclusions. One solution might be to transform the
data after initial statistics had been calculated.  For exanple,
Folk and Ward (1957) produced a transformed 'urtosis statistic
(K') derived from the ordinary kurtosis value, (X). The
relationship is as follows:

K

K+ 1) B IS
ORKHNﬁlnPAG
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1If this transformation had been applied in our study, the range

of kurtosis values would have ranged from about 0.5 to 1.0, much
less than the range we found. Phis transformation produces an

app;gximately normal kurtosis distribution (Folk and Ward, 1957,
pP-15).

A further problem with our distribubions is that at the
brightest end of the scale they are "open-ended': no lower limit
was defined. Folk (1965), in discussing grain side analyses
of sediments, felt that the application of the method of moments
to such open-ended distributions might not be justified. This
may be pertinent to our extreme results for stratiform clouds,
where likely saturation of the image caused many values to be
located in the unbounded step 1 of the grey-scale step-wedge.

It is apparent, therefore, that considerable work remains
to be done if a worthy aim is to produce an operational cloud
identification scheme for Landsat-type imagery based on cloud
brightness statistics. However, the difficulties should not
prove insurmountable if careful thought is given to experimental
design and operation.

Seagonal variations in brightness characteristics of Landsat-
imaged clouds ‘

In Section II.4t it was explained that, subsequent to the
initial multrepectral cloud study based on data obtained from a
Photoscan P-1000 rotating drum microdensitometcr some consider-
ation was given by an undergraduate student to data obtai:ied
using a much simpler Photolog Cub spot densitomer. Although
these results were obbtained in a less gophisticated mamner for
unit areas of a different size they are worth reporting for the
conclusions they support concerning the degrees of seasonal
variations in cloud brightness and the factors involved in pro-
ducing them. Tabie 9 sets out the numerical results in terms
of accumulated brightness values for each Landsat MSS waveband.
In some cases it was not possible to identify in our image file
a sultable image or 1mages to illustrate a particular category
of cloud at or near a given solstice or equinox. This explains,
for example, why no results are given for any cloud category in
Spring.

(i) Cirriform (Table 9): No suitable example of cirriform
cloud could be found for the periocd around the asutumn
equinox, but the summer distributions of brightness
obtained are very similar to Those obtained by Barrett,
Grant & Harris (1976). The main difference from the
earlier study is that the step values for cloud brightness
are more closely grouped, a feature which is found in mony
of the other cloud families' distributions, and thig
reflects the larger sampling area, which takes the average
value of a much larger numter of pixels on the image.
Bands %, 5 and 6 are fairly similar to one another, with
distributions located towards the darker portion of the
scale, Thig would he expected for a cloud which is thin,
and probably largely composed of ice crystals, so having
a low albedo. Band 7 is markedly displaced towards the
darker end of the scale, and this is found also with all
the other cloud types. In the winter example thére is a
much closer grouping of values, they being found only in
steps 13 and 14,
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(11) Cumuliform (Table 9B): In the summer, there is a steady
change between bands 4 and 7, with each successive image
darker. They are noticeably negatively skewed distri-
butions, with the few brighter values corresponding to
the small scattered bright clouds, but a large number of
dark values recorded miinly over the dark sea hackground.
In avtum, and morc so in winter, the bright teils on the
distribution curves are much more truncated, indicating
perhaps less contrast bebween the sea, though this is
darker, and the clouds as a lower solar elevation results
in more shadows in and around the individual cloud cells.
One might ~lso expect cumulus clouds at these times of
the year to be less active in growth and development,
hence they may be thinner and have 2 lower liquid water
content.

(1ii) Stratiform (Tablo 9C): Here, both summer and autumn
examples have virtually saturated the picitures in bands
4, 5 and 6, and in the autumn example in band 5 all the
brightness values iic in step 1 of the grey-scale. This
saturation effectively conceals any important differences
between summer and aubtumn, though summer stratiform would
probably be brighter on an extended grey-scale. In
winber, distributions are very closely clustered around
step 11 of the grey-scale, this uniformity suggesting
perhaps a fairly even cloud surface. As in summer and
autumn, band 5 appears to have the highest number of
bright values and band 7 the lowest, though there is not
a great deal of difference between any of the bands.

(iv) Cumulonimbiform (Table 9D): This shows the widest
distribution of brightness values of any cloud family,
especially in summer and autumn. It is the only case
wherc the digtributions exbtend further over the grey-scale
than in the Photoscan P-1000 study, and this is probably

Bﬁg{ﬁhe to the necessary inclusion of small dark sea areas

GJSPJJ? tween the large cloud cells in order to make up the
oY Qgg,Qﬂ required size of sample area. There is some evidence of
OF'? double peaking in all wavelengths in the summer, with the

larger peak at the brighter end of the distributiocns
representing the bright tops cof the larser ccnvective

cells and the darker pcak the shadows between cells. The
autuen distribution is fairly similar, though with a
darker modal class, but the winter pattcrn is guite differ-
ent. This is a fairly strongly peaked curve much further
towards the darker end of the scale, and with little
difference between any of the wavebhands.

(v) Stratgcumuliform (Table 9E): The distribution graphs for
the three seasons are very different from one another.
In summer, there is a strong medal category in the
brightest step, suggesting that the large scallops of the
stratocumuliform cloud type are saturating the image.
Unlike stratiform cloud, however, there is a long tail
extending 7 or 8 steps into the grey-scale in response to
much greater surface irregularities. In the autumn
there is no such strong modal class, but rather a gently
Peaked curve, cxtendirf across a wide range of values
either side of the centre of the scale. The winter
curves are very highly peaked in bands 12 and 13 and have
very little spread at all,



o
)i:%

OF POOR QUALI

ORIGINAL, PAGH

B3

Over all, Table 9 shows that there are considerable differ-
ences in brightness distributions in different wavebands and in
different seasons. In general, bands &, 5 and 6 behave fairly
similarly, but band 7 tends to be darker and usually has a more
strongly peaked distribution. There is usually much lass
difference between the brightness values observed in summer and
autumn than between thosc two seasons and winter. The period
around the winter solstice Tends to have curves displaced well
towards the dark end of the scale and noticeably more peaked
than the other seasons.

While these simple distribution curves and tables show some-
thing of the seasonzl and spectral brightness changes, further
statistical graphs of various types are reguired to cvaluate the
differences more precisely. These were derived from the tables
of summary moment statistics calculated by the computer.

Though such results should not strictly be zpplied tc non~
normally distributed data without some prior transformation, it
was felt that the deviations from normality were unlikely to be
of enough significance to invalidats the resultis.

Threec separate sets of graphs were constructed based on
cenbtral measures of cloud brightness for each cloud Lype, each
central value being relaited to the apprepriate grey-scale in
order to minimise the effects of variable image processing (Figs.
20 & 21). The first set of graphs (Fig.20) shows the seasonal
variations in mesn messured brighitness and conveys very similax
impressions to those of the earlier freguency distributions.
Summer is generally brightest as expected, except in the case of
the saturated stratiform imeges, and swmer and autumn values
are usually closcr together than either are to those of the
winter. The quite different forms of graphs in the differcnt
cloud types could be one of the bases for an avtomated cloud-
type identification system of the future. Broadly similar
patterns areapparent in sets of graphs of scasonal variations in
modal brightness. One notable exception is for cumulonimbi-
form cloud, wherc the modes are considerably brighter than the
means, showing a strongly positively skewed distribution
probably due to the exceptional brightness in the limited areas
of the cell fops compared to the rest of the c¢loud mass.

In the graphs of central tendency (Fig.21), an attempt has
been made, using the method suggested by Winston (1971), to
normalize the brightness values by allowing for the differing
intensity of sun illumination for varying solesr elevation. The
first step in their construction was to convert the recorded
optical density values (means, determined by computer) of the
avtumn and winter cloud samples to values of transmission of
light through the imagess this is related more directly to
brightness. The transmission values were divided by the cosine
of the sciar zenith angle in order to standardise for vertical
solar illumination; then the results were mulitiplied by the
cosine of the summer solar zenith angle for that cloud type, and
the resultant transmission values had then been standardised with
respect to summer sun illumination. The transformed transmission
values were converted back into optical density values and the
new readings were compared with the grey-scale for each trans-
paTency.

If there were lsotropic scattering from the clouds, then the
transformed brightness values could be related fairly directly to
gspectral albedo. As has been peinted out earlier, however,
(e.g. by Ruff et al. 1968) this is not quite the case, especially
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at low solar elcvations. Naturnlly, with the mean brightness
values all standardised for summer solar elevation, the graph
curves are generally considerably closer to each other. Winter
is no longer necessarily the producer of the darkest images and
in the longer wavebands in the cumulonimbiform and cumuliform it
becomes the brightest of the three. These two cloud familties
both contain large numbers of clouds with steeply-sloping sides
wWhere a near-horizontal solar beam has more chance of bheing
reflected vertically upwards than it would in the case of a sheet
cloud, In fact, it is found that with the sheet cloud tTypes,
the examples around the winter solstice period are the darkesy
as relatively little radiation can be reflected stecply upwards
even though total albedo may well increase at such low zolar
elevations., There is not much difference between summer and
autumn values, and in the case of stratiform cloud brightness,
an already virtvally saturated aubumn image becomes "super-~
saturated" after transformation.

A useful statisticel measure of spread of a distribution is
the coefficlent of variation (c.o.v.), which a2llows one to
compare several groups with respect bto their relative homo-
geneity in instances where the groups have very different meanss
it is simply calculated, being the standard deviation divided by
the mean. A high value of c.o0.v. i5 due to large variations in
cloud brightness within the sampling area and may indicate
atmospheric instabiliby or large-scale turbulence. The highest
values (sse Fig.22) were obtained in summer and autumn in cumu-
lonimbiform cloud fields, which are very unstable areas. The
winter value of c.o.v. in cumulonimbiform is much lower and
indeed the lowest c.c.v. values are found in winter in all the
cloud families (except in the case of stratiform, where summer
and autumn brightness values are artificially close together duc
to image saturation). Both cumuliform and stratocumuliform
C.0.V. values are highest in autumn, perhaps indicating more
instability or turbulence then than in the summer.

Two further graphs were constructed (Higgitt, 1977: not
included here) to show the seascnal variations in skewness and
kurtosis of brightness frequency distributions. In the first,
winter values were almost invariably the most negatively skewed,
showing a high concentration of dark values along with a lesser
number of brighter values. Stratiform and cirriform showed
little skewness, while cumuliform was the only cloud type
consistently negatively skewed, due to the large area covered
by a dark sea background. Cumulonimbiform and, to an cven
greater extent, stratocumuliform, clouds showed strong positive
skewness, the former being greatest in the nutumn and the latter
in the summer.

For 2 normal distribution, kurtosis values greater than
about three indicate excessive peakednecs, Consequently 1t
appecred that the summer and avtumn values for stratocumuliform
were exceplbional. Probably they were caused by strong contrasts
between relatively uniform bright scallops and more limited
shadow areas surrounding them within the semple area. A gimilar
explanation may account for the high autumn peakedness in cumulo-
nimbiform cloud fields. The clouds (ecirriform and stratiform)
which reflect in a relatively uniform manner showed near-normal
peakedness, while cumuliform, with its dark peak and limited
scattered brighter values was alsoc moderately leptokurtic.
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Conclusions of the seasonzsl cloud brightness study

It would appear that there are considerable statistical
variegtions in the brightness characteristics of cloud familles
with changing season, and that these are not related simply to
the variations in solar angle. Mueh of the change in bright-
ness frequency distributions may be due to changes in water
content, particle-size distribution and form of the upper cloud
surface, Further resszarch is recommended in these directions.
As for multispectral cloud signature characteristics, it
appeared that the results were reasonable comparable with those
obtained earlicr using the Photoscan P-1000 despite the much
larger sampling area and spot size and conseguent loss of
resolution.

5. Simultaneous observations of clouds by aireraft and Landsat 2

This sub-section is concerned with comparisons between
observations made simultvaneously and near-simultaneously over HEast
Anglia by Landsat 2 and the Hercules aircraft of the Meteoro-
logical Research Flight (see Section II.5).

Radiometric data obtained from a Barnes PRT 4 on the
Hercules are summarised in Figure 23, a temperature transform-
ation based on one-tenth of the date frequency recorded during
the flight on 19 March 1977. It is clear from the graph that
considerable temperature wvariations were observed during the
flight, which, fortuitously, crossed cloud fields of some varisty.
The absolute range of observed temperatures was from +1.8°C to
-26,2°C, Because of the significance of quite small changes of
cloud conditions for such detailed compariscns between the
radiation temperatures and reflectance properties of the cloud
surfaces we propose, at this stage, to draw only qualitative
conclusions from the data to hand. At a later stage we intend
to return to these data to consider whether more sophisticated
methods of comparison might yield more guantitative results.

Comparisons between the Hercules radiation, temperature graph
(Fig.23) and the Landsat imagery (Plates 8 & 9)

Initially, between 1008 and 1010, the cloud~top temperature
was cold, between -12 to —1900, At this stage the aircraft was
flying over stratocumulus, reported as 6 oktas by the observer,
who also noted cirrus ahead of the Hercules. Between 1010 and
1012 a sharp rise in temperature took place, to -2,5 C corres~
ponding with a small break in cloud, before decreasing again over
stratocumalus. The cloud between 1012 and 1016 was more broken,
with a more textured surface: this is reflected %n the temper-
ature curve which oscillates between -8°C and -14°C. The
observer at this time recorded 2 oktas cover of cirrus. Some
cirrus is visible in the Landsat imagery, especially on the hand
L image, to the west of the flight path. This appears to be an
aircraft contrail dispersing.

B-tween 1016 and 1017 the edge of the stratocumulus field
was reached, a fact noted by the observer. Correspondingly, the
temperature trace rises sharply for this time and reaches the
maximum temperature of the flight (+1.8°C) shortly after 1018,
Between 1015 and 1025 the airecraft passed over some isolated
cumulus cells and well broken cumulus and stratocumulus. The
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temperature oscillates around 2 temperature of about —300,
occasionally rising above 0°C.

At 1026 the obscrver noted that the aireraft was at che
cloud top, and he reports 8 oktas of eirrostratus. I..is eirrus
is just discernible on the band 4 image, but the lower cumulus
and stratocumulus clouds arec considerably brighter, and not
obscured by the thin cirrus. The temperature dropped now that
the aircraft was over a more continuous cloud field. At 1028,
the observer noted that the cirrus was thickening, and indeed
at this point the upper level cloud begins to obscure the lower
level cumulus and stratocumulus. A very low temperature of
-26.2°C was recorded just before the end of the flight at 1030.
This must have been caused by the surrounding thick cirrus,
given as 8 oktas of cirrostratus by the observer. A rapid rise
in temperature occurred just afterwards, indicating a break in
the cloud canopy.

Comparisons between the Hercules radiation tempecrature graph
(Fig.23) and the Landsat brightness transect graphs (Figs. 24
& 25)

Despite the complications anticipated by the time differ-
ences separating some of the aircraft and satellite observations
notable similarities are evident between Figure 23 and Figures
24 & 25, Higher radiation temperatures, corresponding to
breaks in the cloud are usually reflected in the brightness
transects by higher picture densitics. For example, between
1010 & 1012 a break in the eloud results in an increase in
temperature and a marked decrease in image brightness, particu-
larly in band 7. Certainly the variability of brightness is
generally grcater in band 7 than band 4, which seems to be caused
mainly in this case by spectral reflectance characteristics of
thin cirrus, which =ppears to have 2 greater influence on image
brightness in band 4 than band 7. This conforms to our findings
on the multispeetral characteristics of clouds, reported in
Section III.%.

6. Landsat 2 inmage brightness and observed rainfall intensities
at selected stations across the British Isles

Rainfall intensity data wers tabulated along with
picture brightness data (in the form of normaliscd donsity
values) following the procedures outlined in Seetion II.6. Two
examples of the tabulations prepared for different images are
presented in Table 10. These data rclate to the imnges
portrayed in Plate 10.
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Table 10
{ ]
- Sample tabulations of Landsat image brightness and rainfall
2 intensity data
(a) Southern Scotland, 1038:50Z, 15 July 1975 |
Rainfall_$ntensity HHgER Eiiggggess
Station Cloud type (mm hr.” ") e
L 5 6 ¥
Leuchars Cu + St cu 0 0.52 0.49 0.37 0.52
Turnhouse Cu + St cu 1.0 0.35 O.44 0.31 0.33
Eskdalemuir Cu + Cu Nb 105 0.38 0.44 0.31 0.35
Prestwick  Layd st 2.4 0.37 0.42 0.31 0,31
Glasgow Lays St 2.0 0137 Ol 0233 0,3
g (b) Lake District, 10 January 1976, 1031:20Z
L Rainfall Intensity Image brightness

Station  Cloud type (mm hr~1) per band
A Ry

Carlisle Layered St i o 0.47 0.43 0.1 0.48
Squires Gate n 1.k 0.38 0.35 0.31 0.39
3 Seathwaite " G 0.36 0.33 0.29 0,37
Stoncthwaite i 37 0.37 0.3% 0.31 0.38
Dale Head Ly 20 0.38 0.35 0.31 0.38
Groove Beck " 1o h 0.40 0.37 0.3% 0,40
Threlkeld n 1el 0.39 0.35 0.33 0.39
i How Farm " 1.3 0.38 0.3% 0.32 0.37
Linskeldfield 1 Tr 0.38 0.34% 0.30 0.37
3 Bleaberry Tarn " e 0.38 0.3% 0.30 0.37
Cornhow " Tr 037 0. 33:0L30 0.3%
Lampligh Hall " 143 0439 0.35 0.32 0.39

*Notes- Trace (less than 0.05 mm of rain in the past hour)

It is clear from Table 10 that large variations in rainfall
occurred in some cases with little or no variation in cloud
density. This impressicn is strengthened by Figures 26(a)-(d),
which present the full results for the study. A noteworthy
feature of thesc graphs is their marked similarity to one
another, indicating only small band-to-band changes in relations
between rainfall intensity and image density. The rainfall
intensity values are mostly clustered between 0.2 - 0.5D in all

wavebands, there being little or no systematic change in their
relations with image density. It is possible that some experi-
. mental factors influenced these results. Such factors may have
: included the following:
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(a) The rainfall intensity values uscd in this study were
averaged over 1 hour periods (1000-1100Z), whilst the
Landsat images portrayed instaneous cloud character-
isties. Rainfall intensity at the moment of imaging
may not have been represented well by the hourly rain-
fall data, (Had more time becn available for our study
some of the data could have been re-processed to yield
rainfall intensities for shorter periods of time (e.g.
10 mins. astride the time of the Landsat imagery)).

(b) In assessing image densities,; areas around each rainfall
station (point locations) were examined. These areas
had diameters of 5.4 km on normal-seale imagery,; and 2.3
km on the large-scale imagery.

(¢) Figures 26(a)-(d) do not reve:l the cloud types for which
density values were established. The overwhelming
majorlty of the 195 separate cases cxamined involved
stratified cloud of one or morec layers, oftcn with low-
level stratocumulus. Such situations accounted for 170
CaSES. The remaining 25 cases mostly involved cumulo-
nimbus (22), with a few instances involving cumulus and
stratocumulus (3).

Earlier studies, mainly concerned with tropical or sub-
tropical regions have suggested that relationships generally cxist
between convective cloud brightness (in weather satcllite imagery)
and rainfall, such-that "bright clouds are thicker, and thick
clouds arc wetter" (Griffith & Woodley, 1973). It would appear
from our results thot, in middle latitudes at least, a less
simple relationship exists between cloud brightness and rainfall
intensity, and that additional factors would nced to be taken
into account werc image brightness distributions to be invoked
in programmes to map rainfall wholly or in part from satellite
data. This matter deserves further attention. Perhaps the
most realistic solution for an operational programme would
involve a "man/machine mix" method to integrate conventional
and/or rainfall radar data with cloud imagery along lines
developed by Barrett (sec, c.g. 1974, 1977a & 1977b) or
Follansbee (1976).

7+ Londsat 2 cloud imagery and radar rain-echoes

Section II.7 reported that we were able to undertake
only one comparison between a Landsat 2 scene and rainfall radar
observations, partly due to the untimelinecss of most of our
Landsat imagery vis-a-vis the "on-off" pattern of the radar net-
work in the U.K., which is still in relatively early stages of
testing and development. Plate 11 reveals that, for the case
in hand, the rainfall pattern was centred in a large cell to thé
north and east of the image centre, with some smaller, scattered,
and less intense arcas further south. The size of the main
cell was approximately 90 km by 30 km, the heaviest rain falling
along its north-castern margin (the leading edge, for the cloud
was moving from the south-west). Multilevel cloud is cvi ent
along this margin, with stratus or stratocumulus near the surface,
altocunmulus at middle levels, and a canopy of thick cirrus aloft.
The heaviest rainfall scems to lie in the altocumulus Zo: @,
perhaps as a result of accentuated lifting processes. These
areas of cloud and rain were on the castern edge of a frontal
trough extending from cast of Iceland to northern Spain. It is
possible that the cloud and rain in the Landsat image were :
associated with a weak warm frontal feature shown on the synoptic
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FLATE 11: Landsat 2 imagery over South
Wales, with associated rainfall intensities
derived by Castlemartin radar.

Note: = less than 0.2 rnm.l‘lr-1
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IV  SIGNIFICANT RESULTS

1. The Landsat Cloud Photointerpretation Key

The Landsat Cloud Pnotointerpretation Key presented in
this report is thought to be the first based on Landsat cloud
imagery, and should be of immediate interest and use to the
mebeorological community as well as other Landsat investigators.
However, it willl be of significance also to those concerned with
the planning of fubure satellite projects, most of which will
almost certainly provide higher reseolution data than their
current counterparts or precursors. It seems to be accepted
generally that resolutions of 1.0 - 2.5 km are adequate for
meteorological satellite operations in the foreseeable future;
sensory systems on future polar-orbitirg weather satellites like
Tiros-N (1.0 km) and on geostationary weather satellites like
Meteosat (2.5 km) will have such capabilities.

Our experience with Landsat indicates that a higher reso-
lution has many advantages, not least in cloud recognition.

2. Satellites as platforms for evaluating total cloud amounts

It has been demcnstrated that satellites with a
sufficiently high resolution eapability in the visible region of
the electromagnetic spectrum can be used to check the accuracy
of estimates of total cloud amount assessed subjectively from
the ground, and to reveal areas of performance in which corrsct-
ions should bz made.

Increasing attention is being poid to cloud cover in models
of both the heat and hydrological budgets of the Barth (seé
GARP, 1975). It would secm that satellites imaging onece or
twice daily with a resclution equal to, or a little less than
that of the Landsat 2 system could contribute very significantly
to the mapping of cloud cover for both climatological and meteoro-
logical purposes. It was remarked above that cloud type
recognition can be undertaken with more confidence using Landsat
imagery than imagery from current -perational meteorologiecad
satellites. To this conclusion we can 2dd the complementary
belief That the assessment of toltal cloud cover could be based
with benefit upon higher resolution data than current meteoro-
logical sabellite data and/or ground obscrving proccdures.

3. The significance of clound shadow for Landsat 2 image utllity

It has been demonstrated that, in middle latitudes in
summer, cloud shadow may obscure at least hall as much again of
the land surface covered by en individual Landsat frame as the
cloud itself. Thaot proportion would increase with latitude
and/or time of year towards the winter solstice. We consider
that cloud shadow effects may be of sufficient magnitude in some
cases to woarrant special mention being mede of Them in Landsat
catalogs Tor general circulation to the user community.

%, The multispectral choracteristics of clouds imaged by
Landsat 2

Analyscs of sample multispectral images for six different
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categories of clouds in summer revealed marked differences between
the reflectance characteristics of cloud fields in the visible/
near-infrared region of fThe spectrum. The results hold out hope
that, given the additional (thermal infrared) channel on Londsat
U, an acceptable multispectral method might be devised for the
objective classification of cloud types for unit areas down o
individual pixel size. 3tudies of cloud fields imnged at
different times of the yeor suggest that the reflectance proper-
ties and associated spectral signatures of clouds change season-
ally for reasons additional to the cyclic changes of solar
illumination. These rcasons seer to include changes in cloud
composition and the height and form of the upper surfaces of
clouds.

5. Aircraft as sources of data in support of Landsat cloud image
analysls

One study of Londsat 2 imagery and radiation temperature
data from a synchronised aircraft filight suggests that obser-
vations from aireraft might be very useful in detailed studies of
different cloud ftypes in terms of their radiative properties,
and their influences on local radistion budgets. The svident
relationships observed between cloud types, cloud reflectances,
and thermal infrared raodiation temperature patterns were gener-
ally rather straightforward, and easy to interpret.

6. andsat 2 image brightness and chserved rainfall intensities

in the British Isles

Our rather numerous individual observations of Landsat 2
image brightness and recorded rainfall, when aggregated for each
MSS waveband, reveal no simple relationship and strongly suggest
that imnge brightness alone could not be used as a reliable
indicator of rainfall intensity in the British Isles. It is
possible, however, that useful relationships might be established
through the utilisation of devices (statistical, empirical,
physical) to differentiste between clouds which have similar
appearances in the MSS wavebands, yet perform very differently in
terms of resulting rain.

7. The value of synchronous studies of Landsat 2 cloud imagery
and radar rain echoes

Our single example cf synchronised Landsat 2 cloud
imagery and simultaneous radar rainfoll intensity data revealed
that a synoptic weather structure not represented on the nearest
synoptic chart to it in time was still significant in terms of
beth associated cloud ond rainfall. Landsat 2 has mrre to offer
than meteorological satellites for synchronous studies of tThis
kind in that the relations between clowd and rain can be examined
in greater spatial detail.
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v PUBLICATIONS

The following publications arising wholly and directly from
this BRIS Fcllow-on Study have been made during the 21 months
allocated to it. Purther publications will be made following
the approval of the Final Heport.

1. Quarterly Reports

E.C.Barrett & C.XK.CGrant (1975)

Mososcale assassments of c¢loud and rainfall over the British

Isles. TFirst Quarterly Report, ERIS Follow-on Program Study
No. 29624, NASA-CR-146033, Greenbelt, Md., 28pp.

E.C.Barrett & C.K.Grant (1976)

The identificabtion of cloud types in Landsat MSS images,

Second Quarterly Report, ERTS Follow-on Program Study
No. 2962A, NASA-CR-146647, Greenbelt, Md., 3ipp.

E.C.Barrett & C.K.Grant (1976)

Comparisons of cloud cover evaluated from Landsat imagery
and meteorological stations across the British lsles,

Third Quarteriy Report, ERTS Follow-on Program Study
No. 29624, NASA-CR-148216, Greenbelt, Md., 45pp.

E.C.Barrett,; C.K.Grant & R.Harris (1976)

Multispectral characteristics of clouds cbserved by Landsat 2,

Fourth Quarterly Report, ERTS Follow-on Program Study
No. 29624, NASACR-148982, Greenbelt, Md.

2. Other Landsat Publications
E.C.Barrett & C.K.Grant (in press):

"An appraisal of Landsat 2 imagery and its implications for
the design of future metecrological observing systems",
Journal of the British Interplanetary Societby,

C.K.Grant (1977)

"The apparent shape of the sky and the estimation of cloud
amount!, Bryvegstowe, University of Bristol Geographical
Society, 11, p,3?—$3.
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VI  PROBLEMS

The chief problems encountsred in this 3tudy were of five

kindsg.

(a)

(b)

They may be summarised as follows:

The data coverzge of the study area. It was pointed cut
in Section 1 that this was less complete than had been
expected, and, more seriously, excepting in the case of the
last Landsat Cycle in cur study period, we had no advance
information regarding those parts of the study area which
might be covered in forthcoming cycles. Such difficulties
affected especially the organisation of supporting in situ
obssrvations.

The tvpes of data received. Since the Luandgat data were
provided in image form the dependent studies were rather
more general and less precisce than they might have been had
it been possible to analyse CCTs instead. A related
problem was that the negetives received from NASA were too
denge for positives to be printed from them on existing
photographic equipment in the University of Bristol.
Consequently, when further coples wers required we were
forced to produce them through the intermediate stage of a
new contact negative.

(c) Available ovrocegssing svstenms. As our requirements for

access Lo sophisticated processing systems went far beyond
our existing Departmental resources we had to rely more tThan
we would have liked upon access to equipment ownsd by other
establishments, and, in certain cases located in other
cities. The most useful special facilities to which access
was kindly granted by others included the Quantimet-720,

the Photoscan P-1000, and the Harwell Image Processing
System. In certain cases the pressure on the facilitiles
was so great that our own use of them was more restricted
than we might ideally have liked. Nevertheless we were
deeply grateful to all those who gave practical assisbance
in sueh ways.

(d) Staffing. The Principal Investigator is a Leeturedr in

(e)

Geography in the University of Bristol, and his time for
research is rather limited. Consequently it was fortuitous
that the U.K. Natural Environmen?t Research Council awarded
a 3-year Studentship to the Department of Geogrophy from

1 October 1975 to undertake analyses of Londsat MSS imagery.
Mr, C. K. Grant was appointed to this Studentship and was
able to devote most of his time from that date to the date
of this Final Report to the ERTS Follow-on Study.  Thus,
through the 20 months of this Study some 24 man-months in
total have been expended by the Principsl Investigator and
his Co-investigator to obtain the results reported here.
Others have contributed time and expert advice on a more

ad hoc hasgils, Acknowledgement of thelr services has been

made from time to time in this Report, in addition to the
statements in Section X. An associated problem was that
of

Time. Given the available research personnel, and the

date by which the Final Report had to be presented, less
work was possible than the intrinsic information of our
Landsat data-file merited. This problem was exacerbated
by the receipt of our final batch of images only 7 months
before the termination of the study period. Thus,
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although the spirit of the Study Agreement was met insofar
as the earlier-mentioned problems permitted, it is
expected that further results of interest will be gained
from analyses of the Landsat 2 coverage of the Brifish
Isles after the termination of the formal agreement with
NASA, Some suggestions as to the forms this work might
take were listed in Section Iy others are suggestéd in
Section VIII,

It was as a result of these problems that such deviations as
are evident from the original Statement of Work were made.



VIT DATA QUALITY AND DELIVERY

Over a ]12-month period we received a total of 491 Landsat
frames from NASA, of which an overwhelming majority were of a
high quality. On their arrival in Bristol a small number
were somewhat spoiled by heavy finger-marking, but it was
possible in most cases Lo reduce such effscts on image-gualily
prior To processing and analysis.

The delay betwsen the date of the Landsat imsging and our
recelipt of the resulting imagery in Bristel was approximately
four months at first, lengthening to six months before we
received the final batch. This did not hamper our programme
excepting in its early and late stages: we were able Toc bhegin
our serious research only after the date by which the First
Quarterly Report was due, and some curtailment of our research
was Inevitable in the period leading up tc the compilation of
this Finsl Report on account of insufficient time for the last
sets of data to be fully analysed.

11l
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VIII  RECOMMENDATIONS

The following redommendations may be made as a result of the
studies wndertaken of Landsat 2 imagery for the British Isles:

1s Améndﬁents t0 oberational procedures

(a) The variable effect of shadow from clouds in Landsat
images seems to have a sufficlently signifilcant efrect
on image-processing, analysis and interpretation for
many applications for it to be desirable for NASA to take
account of this effect in assessing the quality and
contents of images for reporting to the user community.
It would seem worthwhile to propose that research be
undertaken to formulate a genaral model relating cloud
and cloud shadow, and that in Landsat Catalogs a column
be included to indicate the percentage of each image
which 1s affected by eloud shadows cast onto the ground.
This would complement the column indicating the
vercentage of each image which portrays cloud-covered
surfaces.

(b) Since rather constant relationships appear to exist
between estimates of total cloud cover made from the
ground at synoptic weather stations and estimates made
objectively or gemi-objectively from Landsat cloud images
the feasibility of satellite-based, or surface-~based and
satellite~augmented, methods for broad-scale cloud mapping
would not seam to be in question. It is recommended that
such possibilities be further explored.

(e) It is recommended that the attention of meteorological
officers and their field observers be drawn to the
apparent errors that are common in Their assessments of
certein sky conditions ag detailed in Sections II.2 &
II1,2, so that the results from the standard conventional
procedures for evaluating total cloud amount might be
improved.

2. Topdcs for further research

(a) Since it is highly desirable for several fubure operational
programmes that a suitable method for sutomatic identifi-
cation of clouds in satellite data be devised, and since
different families of clouds appear to possess different
spectral signatures even across the four wavebands investi-~
gated by Landsats 1 & 2, it is recommended that studies
be undertaken to assess the further assistance that would
bhe afforded to objective cioud mapping methods by the
additional (thermal infrared) data expected from Landsalb
c. It is not impossibls that the combination of channels
in the Landsat C M85 system might be more info.mative in
this respect than the different combination to be
invegtigated by the AVHRR system of Tiros-N.

(b) The very high resolution data from Tandsat satellites
should be particularly beneficial in more extensive tests
than were possible in this study of relationships between
satellite image brightness, radar rain-echoes, and
observed rainfall intensities. Ls expected, image
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but 1t might prove possible, invoking cloud type assess-
ments as well as radar and raingauge data, to develop
schemes whereby more accurate rainfall maps might be
prepared than any achieved currently in operational pro-
grammes. It is recommended that attention be given to
this potentially valuable area of research.

It would seem worthwhile to undertake extendeé studies

of the relations between satellite-observed clouds and
alrcraft observations of their characteristics, cloud-top
helgl.ta; and radiztive properties. Maps of cloud-top
altitude are being prepared already from Noaa imagery cn
a quasi-operational basis {(Koffler et al., 1973), but ro
verifications of which the present authors are aware have
been undertaken to check the acecuracy of the resulting
"J-dimensional nephanalyses'. Synchronised aircraft
operations, in conjunction with Noaa, Tiros-N, or Landsat
passes, should afford valuable data for verification
studies, and could provide data of use in rather detailed
heat-budget and energy-budget studies.

It is recommended that attention be given to the possi-
bility that the needs of the total user community of
environmental satellite data might be met better in the
future by integrated systems of satellites less specifi-
cally designed and designated for separate agenciles than
has been generally the case until now. Manifestly,
atmospheric scientists can derive much useful information
from satellites like Landsat, designed for basic appli-
cations in other areas of environmental science. Indeed,
the high spatial resolution of the Landsat imagery
recommends it highly for certain meteorological purposes -
but its low spatizl resolution places restrictions
presently upon its meteorological utility. In Section
IX some sugpestions are made as to ways in which %the
relative advantages of different satellites and satellite
systems might be maximised to the benefit of many sections
of the satellite data user community.
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IX CONCLUSLONS

At the end of this quite lengthy study it is possible to

summarise ~roadly our conclusions concerning the significance of
Landgat 1 & 2 as remote sensing platforms for atmospheric studies
in two ways. The first is fundamentally practical, and relates
intimately to the programme of work we have completed. The
second is more conceptual, and has arisen from experience with
other sotelliie observing systems as well as Landsat.

10

The velue of Landsat as a meteorological observatory

Although many allusions have been made in the past to a
supposition that the first two Landsat satellites have
offered little of inbterest to the meteorological community
we believe that our studies, several and varied as they are,
strongly refute that point of view. We would not deny the
disadvantages of Landsat 1 & 2 as meteoroclogical observing
systems, associated most notably with the particular range of
wavebands available in their multispectral scanners, the
propensity of the MSS5 image data to become brightness-
saturated by clouds teo early, and the low frequency of the
repetitive viewing of selected geographic locations. We
would wish, however, to emphasise the advantages offered by
Landsat 1 & 2 over and above those of the more familiar
weather satellite systems through the much higher spatial
resolution of their deta (practically a whole order of magni-
tude better than that of the highest-resolution weather
setellite data), and the unigue multispectral capability in
the visible and near-infrared.  Although operational meteoro-
logy may have its immediate needs satisfied by dats from
systems like Noaa and the forthecoming Tiros~N, tThis is not
always true of the research community. Because tomorrow's
operations are influecnced by todayis research the availability
of the spatially ard spectrally wmore detailed Landsat data
for meteorological research hag besn particularly welcome.

It is significant that even this Study, with its various
restrictions, has been able to polint To certain modifications
which might, with profit, be made to existing operaticnal
procecures.

Implications of Landsat for the design asnd operation of
future Earth observation satellite systems

Elsewhere gquite detailed consideration has been given to
the roles and functiocns of satellites within the broader
complex of Earth observaticn systems by conventional and/or
remote sensing means (Barrett, 1976a) The arguments
developed there were based in part upon an appreciation of
the capabilities and potentialities of Landsat as well as
other satellites. It would seem appropriate at this juncture
to reproduce the final section of that paper, which was an
attempt to sketech a fubture optimum system for observing Earth
for many and diversec purposes. Perhaps the key background
consideration is the Tfact that resolution (in space, time, or
spectral bands) is easily degraded if the original data are
too rich for a particular use, but cannot be generated beyond
the design capabilities of the systems providing the original
data. Since advanced remote sensing systems would be
expensive To bulld, maintain, and support, it would seem
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overlap in or between systems designed for different appli-
cations. The concluding suggestions seek to meet these ends.

The optimum gsvstem

This may be considered in terms of three of 1ts basic
attributes, namely its sensor systems, read-out systems, and the
data products it provides.

First, concerning satellite sensor systems, it may be said
that the practice of mission analysis which has been common
hitherto may have involved approaching the problem from the wrong
angle, In the design of multidisciplinary satellites 1t has
been common to nominate those branches of enviromnmental science
which might be served thersby, then to specify the data require-
ments scientists in those fields might have, and finally to draw
up a compromise package. Perhaps a more successful approach
might be to design the sensor system first, and identify the full
range of its potential applications afterwards. New thaet the
clectromagnetic spectrum has been rather thoroughly and system-
matically explored the realisation is dawning that it affords far
fewer opportunities for worthwhile observation of the Earth than
once was hoped. Indeed, the ideal choice of wavebands for many
phecnomena ceoincide. A further development in recent months has
been the tencency to feel that in multispectral monitoring data
from a swall number of channels (two, three or four) is often
adaquate - besides being much easier to use than data from more
elaborate multiband sensors. S0 a manageable set of sensors
might be designed for very general environmental use - including
meteorological, occeanographic, and terrestrial - augmented only
by sensors for more restricted applications where important data
could not be provided by the general package (e.g. atmospheric
depth-sounding units for weather studies).

So the specific needs of different branches of environmental
sclence for satellite products would be met by the data pro-
cessing systems, not by design constraints in the satellites.
Products of the desired fype and resolution would be prepared at
major receiving staticns, subject only to the final constraints
of the resolution and frequency of the input from the satellites
and elsewhere. For this;large, complex compubing facilities
would be required. However, supplementary data products for more
specialised and/or more local use could be prepared cheaply at
local receiving stations where cheap, hard-wired processors might
be employed to exploit those data received from the satellite by
direct read-out links.

Consequently we may conclude with the following propositions
concerning the indicated satellite sensor systems, read-out
methods, and data products for an optimum Earth observation
satellite system operating in conjuanction with an appropriate
network of in situ sensors (see Fig.27k

(a) A satellite sensor system comprised of a basic (general
purpose) package, with ancillary (limited purpose) sensors.

(b) A read-out system involving transmissions of recorded data
to principal reception facilities for global or continental-
scale programmes and direct read-out data to local
reception facilities for more loezl use.
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& {(¢) & cenbtral data-processing systems through which wide ranges
of operational products for many different applications
are prepared, a "total-systems" approach to the analysis
of the satellite data. Simpler, and/or more specialised
products could be prepared s required at local facilities.

Clearly such systems could not be implemented successfully
without a2 global plan to which many nationg should subscribe.
So the over-riding need would seem to be for an international
body - say a Global Environmental Monitoring Agency - to plan,
co-ordinate and aperate and maintain a suitable satellife service
to meet the needs of many other national and international bodies
for that information which is urgently required from remote

sensing platforms to improve our knowledge and care of planst
Earth.
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