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ON THE COMPARABILITY OF CLOUD FRACTIONS DERIVED FROM
WHOLE SKY IMAGER AND CEILOMETER DATA

Daniel Rodriguez

INTRODUCTION

The U.S. Department of Energy's Atmosphé&ediationMeasurement (ARMProgram

was established witlthe ultimate goal ofmproving the parameterizations a@louds and
radiation being used in climateodels (DOE, 1996)Achievement of this goal requires a
better understanding othe processeghat affect atmospheric radiation, wittspecial
attention given to cloud effects and their role in radiative feedback. To expand its basic
knowledgethe ARM Program hadielded an extensive array afistruments...primarily
surface-based, remote-sensing instruments...at its CloudRamiiation TestbedCART)

site in north-centralOklahoma and south-centrddansas. The CART site, whose
dimensions roughly correspond to those dtypical” grid cell (500 X 500 km) in a
general circulation model, consists of a network of instrument clusters. iRstsaments

are currently obtaining large volumes ddtailedmeasurements. Many of themave been
operating, almost continuously, forseveral years. These extended observations are
beneficial to researchers for many reasons. For examplegreater variety of
(climatologically relevant) cloud regimes can be sampled, instruroentbe calibrated, or
intercalibratedmore reliably, anddata can be analyzexver extended periods to produce
more robust and revealing statistics.

The ARM Program's mosheavily instrumented site is it€entral Facility, located near
Lamont, OK. With respect to cloud observations, the instrumentation includes a whole sky
imager, ceilometers, lidar, millimeter cloud radamicrowave profilers and radiosondes.
Data from three of thesanstruments---the Whole Sky Imager (WSBelfort Laser
Ceilometer (BLC) and Micropulséidar (MPL)---are used in this study, primarily to
investigate the utility ofusing ceilometersnow strategically emplaced &bur additional
locations along the perimeter of the CARile, as aids itthe characterization of fractional
cloud coveracrossthe entiredomain. Such "grid-wide"characterizations could, for
example, serve as inputs to SingBolumn Models fortesting and refining cloud
parameterizations. Climataodelershave long recognizethat cloud fraction igprobably

the singlemost importantcloud propertyfor determiningthe surface and top-of-the-
atmosphere radiative fluxes (Arking, 1991). While a site-wide description of cloud fraction
is an anticipated future goal, the major goal of this study isviEstigate the comparability

of time- and space-averaged cloud fractionthatCentral Facilityusing WSldataand a
blend of BLC and MPL data.

INSTRUMENTATION

The Whole Sky Imager is a passive (i.e., non-emissive), autorsydezin for measuring
the sky radiance in approximately 0.3 degree increments over thestgtidome (Shields
et al., 1990). The sky radiances, uncalibrated at present, are acquined I&bit images,
which are used to determitiee presence aflouds on a pixel-by-pixdbasis. Acquisition
of images under all possible lighting conditions (sunlight, moonlight and starlighitjeid



by a rotating spectral filter wheel, containing neudiahsity, red (65¢im) and blue(450
nm) filters. A solar/lunar occultor is positioned betwdéemdomeand thesun or moon to
prevent direct sunlight or moonlight from producing artifacts in the image.

A WSI algorithm ratioghe red and bluemages to produce ratio image. This image is
compared, pixel-by-pixel, to a matchirgear sky image,extractedfrom a library of
background images that cover the full range of solar zenith anglesigdréghm identifies
a pixel as being cloudy if the teghageratio exceeds thbackgroundatio by a specified
amount. The algorithm works quite well for opaque clouds. Thin clateishore difficult
to characterize because of difficulties in differentiatuggy thin cloudfrom fairly thick
haze.While the WSI's solid-stateCCD camera is capable of acquiring radiamteges
once every minute, a 10-minute retrieval is standard during routine operations.

The Micropulse Lidar is a zenith-pointing, opticatemote sensing systerdesigned
primarily to determine the altitude of clouds overhead (Spinhirne et al., 1996peltsting
principle is the same as that of radars. It transmits pulses of energlyeamdeasures the
backscattered signal BOO mrangebins, up toabout 20km. Analysis ofthe backscatter
profile, obtained from 60-s averages, with a threshold algorithm protidéswest cloud

base height in kilometers. The system, which has a narrow field of view (0.006 degrees), is
highly sensitive; the MPL is able to detect both visible clouds and sub-visual cirrus.

Like the MPL, the Belfort Laser Ceilometer is ground-basedpptical remote sensing
instrument. Cloudsre detected bgransmitting pulses of infrarddyht vertically into the

atmosphere, anthenmeasuringhe scattered lightrom cloudsand precipitation with a
receiver telescope. The primary quantities measured bgykiemare thebase heights of
the lowest, second lowest and third lowest clouds, {685 m over 7.6 mmange gates.
Its field of view is 0.17 degrees. Whilke data acquisition cycle can bser-selected, the
current default rate is 30 s.

DATA ANALYSIS

The ceilometer andky imagerdataused in this study wereollected at theClouds and
Radiation Testbed Central Facility between October 1 and Dece8hpé&©96. Thighree-
month period corresponds to the first seWbl data released by thERM's Experiment
Center (EC). While the EC continues to processraleseNSI data, thestudy period is
considered to be sufficiently long to reveal important trends.

Comparisonsbetween the ceilometer argky imagerdata aremade by invoking the
ergodic assumption, whereby ensemble, time a@pdce averages awssumed to be
equivalent. In regard to the ceilometer data, the applicability of the ergedimmption
depends mainly othe length of théime series under consideration andtlo® nature of

the cloud field being sampled, i.e., the data must be sufficiently uncorrelated for the statistic
being used to generate a useful result. No such asswamdee giverfor the hourly and

daily comparisons in this study. Hourly valuesadud fractionfrom the WSI data are
formed byaveragingsix cloud fraction estimates, based on an image frequency of ten
minutes. A corresponding ceilometer estimate is formedooyting thenumber ofcloud
detections, and dividing the result by the number of measurements taken, typically 60, over
the same hour. Among users of MPL and Bd#da, it is generally acknowledgétht the

BLC is best atdetectingclouds inthe 0-3000 m rangewhile the MPL has greater



sensitivity at higher altitudes (Turndr996). The practice ofising one source alata or
another, depending on the height range, is adhered to here. In this study, BBeG0ata
has been temporally matched, within plus or minus 15thet60-s MPL data.Normally,
alternating BLC values are selected.

In reference to "daily averages”, whaky imagesare currentlyprocessed only for the
daylight hours and only when the solar elevation angle is witlis or minus 8@egrees

of zenith. Consequently, when the phrase "daily average" appears belotuaity means

a daylight period lasting about eighburs. Algorithms for processintile remaining
imagesare currently non-existent, but they will be developed in the near future. The
procedures used italculating the daily averages amalogous tdhe procedures used in
forming hourly averages. The daytime WSI files contain hemispheric (horizon-to-horizon),
sector (zenith angles between 0 and 80 degrees, with the resuithapmefraction being

divided into eightsectors), and ten-degrees-around-zenith (hereafter, referred to as 10-
degree) estimates of the cloud fraction. The hemispheric results were largely disregarded in
this study, based ojpustifiable cause (sebelow). After applyingthe appropriateareal
weights to the sector estimates of cloud fracttbe, 10-degree and sector-weighted spatial
averages were compared against the merged BLC and MPL temporal averages over hourly
and daily periods. The results were further sub-divided, basé#ueqgorevailing heights of

the cloud bases. From a quantitative standpoint, the correspondence between the 10-degree
and ceilometedatawas only marginallybetter than thabffered bythe sector-weighted

data. Consequentlyor reasons of "compactness"” and with few exceptions, only those
comparisons involvinghe 10-degree and ceilometdata will be presented here. In
essence, biases the daily averages can, rather easily, be infefreth the biases
appearing in the hourly averages.

RESULTS

Figure 1 showsourly-averaged, hemispheric cloud fractighstted against their sector-
weighted counterparts. The result reveals a distinct linkear with deviatiorfrom perfect
agreement, indicated by the dotted line, increasing with increakodiness. Cloudy sky
images,like the one in Figure 2 for December 4, 1996 at 1535 UTC, sughestall
cloudy imagesave a "clear" annulus arouttteir outer edge. Thehickness ofthe ring
changes from image to image, witie change ascribable to variations in the aerosol load
and the cloud base height. éither event, theing's relative (and artificial) contribution to

the clear-skycomponent irthe cloud fraction calculatiomcreases with increasing cloud
cover, afact usedhere to justify thedismissal of hemispheric estimates frdorther
consideration.
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Figure 1. Comparison of hourly sector-weighted and hemispheric cloud fractions from WSI data.

Figure 2. Processed whole sky image for 4 December 1996 at 1535 UTC.

Figure 3, whichshowshourly 10-degreesersussector-weighted cloud fractions, reveals
several interesting, but not entirely unexpected, features. The point concentrations in the
lower-left and upper-right sectonrsdicate that th&&GP weatherwas dominated bylear

(0% time-averagedloud fraction) or overcagii00% time-averagedoud fraction)skies

during the Fall 0f1996.The broadening of the distributioogrresponding to broken and



scattered cloud fields, suggests that the ergasbomption is poorly satisfied over hourly

time scales. Howevethe symmetry ofthe distribution (thenean and standawkviation

of the differencedpairs are 1% and6%, respectively) alssuggeststhat the levels of
agreement between the 10-degree and ceilomenter data, and between the sector-weighted
and ceilometer data, will be comparable in an ensemble sense. This, in fédehdsorne

out, as will beshown inthe analysis belowThe distribution inFigure 3 is mostikely a
reflection of the upper limit to which or@an aspire inerms of time-and space-averaged

data correlations since the 10-degree and sector-weighted results are derived famethe
population of pixel values.

Figure 4 serves as an "early warning" ttiet correlation between thWSI and ceilometer

cloud fractions will be significantlyessthan the correlation exhibited figure 3. The

hourly 10-degree and merged BLC aMPL cloud fractionsfor October through
December, 199@re partitioned intd0% incrementsThe two sets ofdata thatcomprise

these distributions are unpaired in time. For example, a®®dd fraction estimatéom
ceilometer data may, after time synchronization, correspond to a 0% cloud fraction estimate
from WSI data. Both distributiongndicate apreponderance oflear and overcast skies
(within 10%), but analyses dhe WSI data indicates a greater incidence of clgaes,

while the ceilometer data indicates a greater incidence of overcast skies.
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Figure 3. Comparison of hourly ten-degree and sector-weighted cloud fractions from WSI data.
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Figure 4. Frequency histogram of 10-degree WSI and merged ceilometer cloud amounts between 1
October 1996 and 31 December 1996 at the SGP CART site.

The scatter opoints in Figure 5, based on temporal pairingshefWSI and ceilometer

cloud fractions, reveals the true relationship between these data. In particular, the number of
points that alignthemselves alonghe ordinatewhich corresponds telear (WSI) and
varying cloudy (ceilometer) combinations, shows the poor correlation between these paired
data. Inspection afnany associated dateecords confirmghat theWSI algorithm often
produces cloudraction estimates of zero, whiltne MPL, with its greater sensitivity,
reportsthe presence of thin @ub-visual cirrus. As a case in poitfie 10-degree cloud
fraction estimate for the whole sky image in Figure 6 was zero, while therbffélcted an
unbroken succession of cloud base heights at around 6720 m over 10 nuentesd on

the imaging time. Inthe currentWSI algorithm, yellow patches within an image are
equated with clear pixels, while white and grey areas correspond to cloudy pixels.
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Figure 5. Scatter diagram of theurly, paired-in-time cloud fractions from the 10-degree WSI and
merged BLC and MPL data over the Fall months of 1996.

Although the points to the right d¢iie diagonal line ifFigure 5 constitute amall fraction

of the 535 pairs of hourly valuethat were calculatedand plotted, they meriattention
because of thenown, relative insensitivity of thaVSI algorithm to cloud detection, as
compared tahe MPL and BLC algorithms. Irparticular, the outlier€orresponding to
combinations of WSl/ceilometer cloud fractions of approximately (100/20), (100/27) and
(7717) percent were unexpected. Before examining these cases, a retiew tbe BLC
andMPL data are blended wilnake theseoutcomes moreinderstandable. At a given
time, a BLC-detected cloud is considered to be "valid" whenever its base hejgbater
than zero but less than or equal to 3000 m (a zero value inditedeskies). Similarly, an
MPL-detected cloud is considered to be valid whenever its base height e206€dm.
Cloud base heights, derived from the BLC and MPL measurentbatdall outside these
respective rangeare ignored, unless one dhe instruments iSnoperative or its values
extend beyondhe normal range of acceptabilityFor these casesall data from the
remaining instrumentre utilizedwithout standard height restrictions. These rules are
encapsulated in Table dhich showsthe various combinationghat might exist between
the BLC- and MPL-measured cloud base heights and the resulting cloud-field status.

With these rules irmind, anexamination of thepairs of cloud fractions noted above
revealed the following. In the first two instancds MPL reported clouds 10percent of
the time over théourly period, butheir bases werall below 3000 m.The BLC, on the
other hand, reported clear skies 80 and 73% of the time; the remainingh8aslirements
were out of range (see conditions 2 and 3Table 1). In these latter cases, MPL
measurements were used, which explains the 20 and 27% estimates of cloud fiir@ction
the ceilometers. The third and final case represents an oddityVBheBLC andMPL all
reported overcast conditions. Howeverpst of the BLC-measured cloud base heights
were slightly greater than 3000 m and most of the MPL-measured cloud base heights were
slightly lessthan3000 m (seeondition 6 in Tablel). Usingthe stratagem adopted for
combiningthe BLC andMPL data, the end resutas a 7%estimate of cloud fraction,
corresponding to those times at whitle BLC and/or théMPL cloud bases weravithin
acceptable height ranges.



Figure 6. Processed whole sky image for 4 December 1996 at 2035 UTC.

Table 1. Acceptance ruldsr cloud detections based on combinations of BLC and MPL clmgke
height measurements.

Cloud Base Height (m) Cloud Status
BLC MPL
1. <0, or> 7350 0 clear
2. <0, or> 7350 1-20000 cloudy
3. 0 < 3000, or > 20000 clear
4, 0 3001-20000 cloudy
5. 1-3000 0-20000 cloudy
6. 3001-7350 0-3000 clear
7. 3001-7350 3001-20000 cloudy
8. 1-7350 < 0, or 0000 cloudy

Theseoutcomes prompted twadditional lines of inquiry.First, the correspondence
between the 1-min, paired-in-time BLC and MPL measurements was determined over the
analysis period irthe 0-5000 mheight range. The resulting2546 pairs of valuetell

within clear/clear, cloudy/cloudgind clear/cloudy categorigsb, 38 and 7% ofhe time,
respectively. Second, given that the seven percent level of disagreaigkhtvell explain

those points to right ahe one-to-one corresponderioge in Figure 5,the comparative
WSI-ceilometer cloud fractions werecalculatedusing onlythe MPL cloud detections

and not a blend diPL and BLC data. Theesultsareshown in Figure 7. Although the



distribution is perceptibly altered (cf., Figure 5), there is no quantitative improvement in the
overall results, as determined by the tests described below.
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Figure 7. Scatter diagram of theurly, paired-in-time cloud fractions from the 10-degree WSI and
MPL data over the Fall months of 1996.

The point pairs in Figure 5 were binned ifbav (< 2000 m), middle (2000-5000 m) and
high (> 5000 m)cloud ranges, according the base heights reported hige ceilometers

(see Figures 8-10)The principalreason for doing this was ieolate the effect of the
MPL's greater sensitivity tairrus (which might gaunrecognized by th&/SI algorithm
depending on the cloud's opacity) on the distribution. However, it shouldted thathis
method ofcategorization is imperfecDuring anaveraging period, thelouds can, and

often did,fall into different altituderanges; forthe sake of simplicity,the predominant
(modal) range was allowed to prevail. Also, by categorizing the clouds stricthedrasis

of cloud base height, the method fails to acknowledge variations in cloud depth. This factor
may be important in broken acattered cloud fields, i.e., thmmaging algorithm would
generally "see" both the bases and sideth@tlouds, which wouldend to biaghe WSI

result towards greater cloudiness, while the zenith-pointing ceilometers would see only the
bases. Neverthelesshe endresults of this procedurare illuminating. While the
agreements iall three categories are considepambr, there is amnobvioustrend towards
diminishing correspondence between the WSI- and ceilometer-derived cloud fractions with
increasing cloud base heigfitor the most part, theskewness othe results shown in
Figure 10 reflects the MPL's heightened sensitivity to cirrus, the detection of which often
fell below the WSI's threshold. In contrast, the low clouds, represented by the distribution
in Figure 8, generally had greater appawgsitcal thickness. In othewords, the BLC and

WSI were both capable of detecting their presence.



Hourly Averages

1200 T ‘ ]
_ 100~ o oo © 00000@0%% ]
2 r o <><> o0 i
T 80 o o o .
2 i o oo 7O ]
L L o0 © - ]
ke 60 — <& —
=] L > o o 4
g i 3 o o ]
= 40 - <>"'_ 7
= i 0o’ ]
S 00 B B
= L s ]
ok 80 Low Clouds (< 2000 m) ]
—200 N R B
—20 0] 20 40 60 80 100 120

WSI Cloud Fraction (10—Degree Zenith)

Figure 8. Hourly-averaged 10-degree and merged ceilometer cloud fraftionkbuds whosebase
heights are below 2000 m.
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Figure 9. Same as Figure 8, except for clouds whose base heights are between 2000 and 5000 m.
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Obviously,treatment of thelistributions shown in Figures 8-10 usistandard statistics
would be inappropriate because of their non-normality. Howéere are non-parametric
tests that can provide useful information. For example, the median of the differences of the
ceilometer and 10-degree hourly cloud fractions, equ@lG®, 10.8% and 48.2% for the

low, middle and higlcloud results inFigures 8-10, is a usefuantitative measure,
especially since ipreserves information on distributional bias€Bor purposes of
comparisonthe hourly sector-weighteglersusceilometer differences yieldededians of

1.0%, 12.6% and 48.8% in the low, middle and high cloud categories.) To demonstrate the
effects of a longer averaging time, the daily cloud fractesults forthe chosen ranges of
cloud-base height are presentedFigures 11-13. Not surprisinglyhe correspondence
improves, but the biases seen in the hourly data are still observable in the daily data.

Finally, as a further demonstratitimat thecorrespondence between theurly 10-degree

WSI and ceilometercomparisonsdeteriorates as a function of range, the cumulative
frequencies of the absolute differences of the ceilometer and 10-degree WSI cloud fractions
in the three cloud categories are plotted=igure 14. Asexpected, thdest agreements
occurfor low cloud bases. Within thigategory,35% of the paired values agresxactly

(note the tightly clustered points, corresponding to overcast and near-overcast conditions, in
Figure 8), and 75% dhe paired values agree withiius or minus 10%. However, the
correspondence decays with increasing cloud base height.
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Figure 11. Daily-averaged 10-degree and merged ceilometer cloud fractions for clouds whose base
heights are below 2000 m.
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Figure 12. Same as Figure 11, except for clouds whose base heights are between 2000 and 5000 m.
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Figure 14. Cumulative frequencies of the absolute differences of the blended ceilometer and 10-degree
WSI cloud fractions for cloud base heights in the low-, middle- and high-cloud categories.

DISCUSSION AND RECOMMENDATIONS

The recent release &Vhole Sky Imageratafrom the ARM's ExperimentCenter has
provided an opportunity to investigate the comparability of time- and space-averaged cloud
fractions, usingVSI dataand a blend of Belfort Laser Ceilometer and Micropul&tar

data. In principal,whole sky images (and estimations @bud amount within these
images)can serve asinterpretive aids in analyzinthe utility of time series of cloud
detections from zenith-pointing ceilometers, used as estimators of cloud fractrealitin

all threesystemshave theirstrengths and limitations, whiamust beclearly understood
before theirdata can beombined to provide unambiguous determinationdraagtional

cloud cover.

There may be ways to improvehe conformity of these cloudraction estimates.
Recommendations, accompanied by discussion, are given below.

1) Define the meaning of cloud more exactly.

The mostbasic question to be addressedhis definition of a cloudOften, this
definition varies, depending on tiperformance of a cloud-measuring instrument
and its associated algorithms, the definition is inexact. Lacking a universally-
accepted definition of &loud, then the definition of cloud fractiobecomes
problematic. The ceilometers are affected by resolyiiablems,caused bytheir
restricted fields of view and by the limitesnounts ofdataused to estimateloud
fraction. However, the cloud-resolving capabilities of the ceilometers, especially the
MPL, far exceedhose ofthe WSI. The intrinsic value of th&VSI, onthe other
hand, is that its algorithm provides these same estimatesheventiresky dome,
and not just within a narrow bandhe WSI algorithm is presently tuned to
optically thick clouds because of historic concerns otrex misinterpretation of

14



haziness for cloudiness with the result that its sensitivity to the presence of cloud is
less than that of the ceilometers.

2) Relate the significance of a cloud detection to cloud optical thickness.

Future investigationsnay reveal that, atimes, the MPL is too sensitive for
estimating fractional cloud cover. Tase anexaggerated example, do two
suspended water droplets 10 microns in diametaced200 m apart, constitute a
cloud (Di Girolamo and Davies, 1997). Perhaps, in regards to this stushgra
meanful question might bere all cloud detections of equal importance? For
example, below a certain threshold, a cloud, whether detectable or not, will make an
insignificant contribution to thesurface energy budget. Consequently, the
importance of a cloud detection cagrerhaps, beelated to itsoptical thickness.
Recently, the ARM Experiment Center announttexirelease of severmhportant

data products, includingoptical depth, from a Langley analysis of Multifilter
Rotating Shadowband Radiometeata. Unfortunately, this product tslculated

only twice daily, thereby limiting its utility. However, othARM-funded scientists
arenow attempting to couple range-allocated, particle size spetinareflectivity
profiles, using data from ARM's Millimeter Cloud Radar, which happens also to be
situated at the Central Facilityhis may, in timeyield estimates of clouaptical
thickness, which could then be applied to the problem at hand.

3) Optimize the WSI cloud-identification algorithm.

This effort wouldinclude, amongother things,the absolute calibration of WSI
radiances, and the selection and application of a range of lower threshdéda o
which cirrus isthe prevalent cloufbrm. In all likelihood, theresults of thisvork

will lead to theyellow-colored areas within a processed image being associated
with cloud. However, it may be too much to hdpat even a well-tunedlgorithm

could identify cloud within the 10-degreercle around zenith in Figure 6.
Comparisonslike the onesconducted in thistudy, wouldhelp to identify the
threshold valueghat produces optimal agreement betwdleaWSI| and ceilometer
cloud fractions.

4) Consider alternatives to the current WSI algorithm.

The ARM instrument mentor fothe Whole Sky Imager might consider the
development of new, differential retrieval techniques, ones specifically geared to the
detection oflow (water) and high(ice) clouds, based perhaps aadiance
measurementtakenthrough an infraredilter in the Whole Sky Imager, or the
development of an entirely new algorithm, premised on the recognition of clouds as
fractal objects.

ARM-supported scientisteend to think interms of data fusion, wherebydata from
complementary instruments can be synergistically combined to produce a new value-added
product. In essence, it involves leveraging the strengths of instruthatp®ssesone or

more unique capabilities. As a pertinent examplaeyauld clearly be advantageous to the
ARM Program if a scheme was develoghkdt rationallycombined sky images wittime

series of cloud-base detectionsgenerate cloud fractions as a function of height at the
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CART Central Facility. Thinking even further ahead, tharriage ofsatellite datawith a
spatially-distributed set of these estimates purposes ofcharacterizing the fractional
cloud cover over the entire CART domain is certainly within the realm of possibility.
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