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 SECTION 1.0 INTRODUGTION

Lt has become apparent in recent years that Solar Energy

”'ff”céﬁ be ﬁSed fbr'é1ectric power production by several methods.

:f;BééaﬁSe of the diffuse nature of the solar insolation, the area
1nvolved,1n any central power plant design would encompass several

*square mlles. Detailed design of these large area collection

' __systems Will requlre precise knowledge of the local solar insola-

Lﬁtlon, »Informatlon regarding the total available insolation and
,!sultable 1ntegrals of the data are currently available with of £f
i;;hg_shelf,lnstruments and from many National Weather Service in-
;-stallatiqng, However, for many system designs, detailed informa-
‘tion will alsc be needed concerning the temporal nature of the
_inéolation.and the local spatial distribution. Such information
is not currently available in the literature, Visual observa-
-Vjtibns show that it will be highly probable that different portions

-~ of a large -~ several km across - colledting area will experience

":“dlfferent 1nsolatlon ‘characteristics at different times of the

day dua to clouds smaller than km dimensions. It will be necess-

: ’5fary*tb-taRE‘thesé effects intc account in future analyses of solar

;'collector systems.
The purpose of ‘this research project was the collection

’“and analysms o£ Insolaulon data from a network of sensors distri-

'3:ilbuted over an area seyeral kilometers on a side, Both direct-

‘ ”;_normal and Lotal—horLzonLal 1nsolatlon data were collecLed 1n




order to model various solar absorber system types. The field
of detectors used to gather the data forméd_a 3.6 x 1.6 km grid.
This grid allowed for two independent evaluations of the velocity
and direction of motion for clouds passing overhead. The calcu-
lated velocity was uséd with the duration of‘the.occultation to
obtain a typical dimension for each cloud. A Fourier modeling

of temporal and spatial distribution of the solar insolation over
the field was also done. A complete discussion of this modeling
_and the microclimate trends are presented in the following sec-
tions. A brief suﬁmary is presenfed in the next paragraph.

The data analysis reported here has yielded much valuable
information despite the amount of varience in cloud types observed;
the variety of weather conditions in the area, and the complexity
of the resulting "events". Several interesting features are found
for Tucson's microclimate. These features readily illustrate
the information available for large scale system designs. The
velocities measured for the occulting clouds are principally in
the range from 0.60 km to about 9.7 km with the most probable
extent in the direction :f motion of about 0.19 km. The data span
six months of operation and include more than 200 individual
eveuts. About 407 of these events were represented by sufficient
data to calculate two indepéndent values of the velocity and
direction of motion. About 67% of these correlatable events

showed good agreement in both values of the veloecity and direc-

tion. This suggests a 67% confidence in any single vector velocity



calculation. The analysis results are discussed in detail in
Section 3. A brief review of the instruments and the field

layout follows.

SECTION 2.0 FIELD AND INSTRUMENT DESCRIPTION

2.1 Instruments - Physical

The instruments used to specify the solar insolation are
modified pyrancmeters with a shadow bar that interrupts the direct
solar beam as i% rotates around the detector aperture. A sketch
of the Moving Bar Occulting Radiometer (MBOR) is showm in Flgule
1. The compact size of this instrument -~ about 20x 6.5 x 7 cm -
makes it suitable for field operation. A 4.8 mm diameter circu-
lar detector aperture is located on the axis of revolution of a
circular occulting bar. The surface of the aperture is opal
glass. A detector is mounted beneath the aperture plate as
shown in Figure 2. The area immediately under the aperture
plate houses a neutral density filter required to keep the
detectors from saturating at the maximum f£lux levels. This
surface-filter-detector combination insures an output that is a
linear function of the flux level and a cogine like angulax res-
ponse. The occulting bar is driven at a rate of 4 RPM, and has
" a eross section such that a sharp shadOW*just>c0¢érs‘the aperture.

once per revolution of the bar in the field of wview. To minimize

the error in the diffuse flux caused by ﬁhe‘PreSehce’éf”tHE'bar,ﬁﬁwﬁ“-

its width is specifiied by
| W = d % 2R sin (39)

-3
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where d is the aperture diameter and R is the radius of curvature
of the bar. The bar is also cut so its arc length is sufficient
for the maximum solar altitude. A correction factor has been
caleulated which takes into acecount the diffuse radiation lost
to the detector due to the presence of the bar in the 2Z; stera-
dian solid angle of view. When the bar is out of the detector
field of view, the unit measures the total flux. While the
shadow is over the .detector, the instrument is recording the

diffuse insolation.

2.2 TInstruments - Electronics

The electronic circuit used to amplify the detector out-
put for Chart Recorder display is shown in Figure 3. This opera-
tional amplifier circuit acts like a currcﬁt to'voltage converter
for the silicon detector operating in a zero bias photovoltaic
ﬁode. The load resistance for the photodiode is mear zero due
co the characteristics of the cifcuitf This guarantees a linear
response for the device in terms of output voltage vs flux level.
The resistor R, is used for null adjustment. of the amplifier and
the gain is adjustabie through R, and R,. A reference current
input is also obtainable from V,..r through the precision resistor
R, to allow for periodic gain stability calibration checks. This
‘precisioﬁ.reference current source was extermal to the five indi-
vidﬁa}_cctpct_ci:cuits employed in this research, and was used

as a common source for calibration of the electronics in the field.

-
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Figure 3. Schematic diagram of Helio cirecuit used for
the current-to-voltage transducer.

Ry, Ry feedback resistors (R, = Ry + Ry or R ).
Ry zero offset adjustment.
"4 reference voltage for circuit gain calibration.

ref _
gp reference precision resistor.




Our experience with these detector-circuit combinatidns over
the past two years has shown them to be extremely reliable and
trouble free. In addition, the gain was found to be stable
within 1% of full scale and the zero drift was less than 2%
per month.

The chart recorders used for the read out of the data
are Soltec 10" potentiometric recorders Model 251. The chart
speed was 1"/hr to-start and 2"/hr in later months. This allowed
sufficient reading accuracy for measurements of the flux qualities
at 6 ﬁin intervéls.r Each recorder was equipped with an event
marker driven by an hourly clock pulse derived from a Bulova
interval timer Model TE240. An example of the resulting output
record is shown in Figure 4. This analog output shows, at a glance,
the total, ¢,, the diffuse, ¢,, and the direct, ¢;, insolation

as indicated.

2.3 . Calibration énd Instailation

The instruments were calibrated with respect to an Epplyb
Pyrhéliometer by measuring the direct normal solar flux. Each
MBOR was tilted perpéndicular to the sun, and readings of the
total and the diffuse flux were taken. The difference in these
- numbers was then coméared to the reading from the pyrheliometer
and the sensitivity calculated. The pyrheliometer was recently
calibrated against a group of reference instruments traceable to
the National Bureau of Standards. All five MBOR's Wefe adjusted

electronically to have the same sensitivity of 7.50 mv/w/ 2 .

-8-



OQutput of MBOR Instrument

Figure 4.



Measurements were also made of the minimum résolvable
time for the duration of occultations and the difference in time
of occurance of these events. It was found that 0.1 inch is the
smallest resolvablg occultation due to the width of the chart
recorder pen.- For a 2"/hr chart speed, this results in a maxi-
mum resclvable occultation period of 0.3 minutes. As is discussed
later, "events" of this short a duration were difficult to measure
because they could not be clearly identified and correlated on all
five records. The instruments “rere located on the grid shown in
Figure 5. In this grid; the Helio léboratory was Statidn 5. The
other locations were small convenience markets where electricity
and some equipment security were readily available. Relative
timing between events (oceultations) are used to speecify the
spatial or wvelocity profile of clouds over the field. Measure-
ments of the event timing, between Stations 1 and 2 and between
Stations 3 and 4, yield two independent measurements of the X
component of velocity. Once the veloceity is specified, the size:
of the cloud in the direction of motion can be calculated by
examination of the duration o the individual event at each of
the five stations. The results of these calculations are values
for the representative size, speed, and direction-of motion‘of

the clouds,

-10~-
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SECTION 3.0 DATA ANALYSIS

The analog insolatinrm data records obtained from eacn
station in the field of detectors are of the form shown by the
clear day record in Figure 6 and the cloudy day record in Fig-
ure 7. These data are presented in the following consolidations
or reduced forms:

1.) Event analysis employing the five MBOR
instruments;

2.) ‘Calendar day display of the MBOR data
For one site;

3.) Frequency or temporal analysis - Fourier
Analysis - and modeling for the MBOR data
as read digitally for selected days.
Details of these data presentations are discussed in the follow-

ing paragraphs.

3.1 Event Analysis

For the purpose of this analysis, an event is defined as
any sudden cﬁange in the insolation level. On a clear day, the -
only changes in the insolation are due to angular effects and
atmospheric attenuation due to longer path lengths. These
changes are gradual and result in a smooth data graph such as
shown in Figure 6. On cloudy days, however, there are sharp
changes in the insolation as clouds occcult the sun or holes in
the clouds briefly expose the detector to sunlight. The dura-

tion of these events are typically between 1 and 60 minutes,

-12-
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and they can occur frequently and rapidly throughout the day.
The duration of each évent and the velocity with which the edge
of the cloud or hole traverses the large collector field‘are im~
portant-considerations for the design of solar power plants.

| Each.individual detector in the field used in this study
can yield the mean duration of the event and, therefore, the
duration of the loss of input to a part of the collector field.
Compariéon'of the events between stations can yield the vector
velocity of motion of the cloud across the field, To evaluate
- these quantities for éeiécted cloudy‘days, we measured the event
parameters shown in Figure 7. The quantities T, and Ty are the
times for the down transition and the up transition for the event
respectively. TFrom these numbers a mean difference or shift in
the time of occultation between adjacent stations is calculated.
These differences, shown schematically in Figure 8, are used to
specify the velocity and direction of motion of the occulting
cloud as shown in Figure 9. Both types of events, "hole'" and
"cloud", are represented in Figure 7. The two voltages, V, and

v shown were also recorded for internal use.' If the difference

B’
between these levels is not a large fraction of the total, then
the event is probably uninteresting for anlysis bécause it would
not be representative of a significant loss in input energy to the
collector system. Therefore, we put a limit on the depth of the
occu;tation or the height of the peak such that (V, -~ V5)/V,>0.2.

This threshold value will preclude consideration of the small

w15~



Schematic for the measurement of the time

Figure 8.
shift for a single event at two stations.

At + At
- Station 1 Atqyp = ‘——2?'—[{

)]

————— Station 2 W Duration

At = Time shift for the start of the occultation.

D
AtU = Time shift for the end of the occultation..
VS' VE' V_ are the signal voltages at the start, the end and the
bottom of the event respectively.
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Figure 9,

[v]2ety - £2)?

s5ind =

.‘Vi{tz - t3)

Las

V|2 (ty - £3)%

1 = +

(L1g)?
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Schematic and modeling for the
velocity calculations for the
field of 5 detectors.

Liz2 L33

Yy
[Zp32 (AEyp)2 + Ly R (Btgg)?] 72

1

(%102 + (Ata3)?]

1 /2

_1[512 Atzs] ) (ﬁtzs)
= ———|= tan~ " 2\; :
8 tan T3 At1o A1o
Similarily
] L3y Lys 1
Vi = , = LY
2 2
[Lys2 (Btgy)? + Lay? (Dtys)?] 2 [(sty3)? + 4(beys)?]
. _1 [Lau Atus] . (Atus)
= — —— i = tan~" 2\7/—
8 tan qu Atﬁh AtBH

V = Velocity of the Cloud. 8 = The angle of Motion.
The L, .'s are the distances between stations along the X & ¥ direction.
The Atij' s are as shown in Figure 4.
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variations in insolation such as characterized by the top of
éhe relatively smooth portion of the data in Figure 7 around
11:00. The angle, &, will be converted to compass direction
according to the sche@ule in Table 1.

The velocity vector obtained is an approximation-to
the actual direction of motion due to the possible odd shape of
any one cloud. As an example of the reason for this approxima-
tion, consider the hypothetical cloud shown in Figure 10. Be-
cause the edge of the cloud is tilted to the direction of motion,
therelis aﬁ apparent velocity Vectoi normal to the edge, Vf.‘
This component combines with the actual velocity of motion V_
to form whal we see as the velocity, V,.. The magnitude of the
difference between V, and V, depends greatly on the shape of
the particular cloud observed, and although probably small, is
not easily evaluated. Therefore, the velocities quoted_in this
report will be approximate, but still.very.valﬁable in power
plant design. |

The event duration can be combined with the velocity data

fo obtain representative cloud size data in the form

2 . . .
where V = (V; + V;)z. These cloud "dimensions" are representa-
tive of the extent of the cloud in the direction of motion only.

This is the dimension of principal interest for loss of insolation

~18-~



Table 1. Table for aSsigmnéﬁt of compass caleulations
- from the angle of motion determined in Fig. 5.

Aty Ao =>¢. =

or : or ~ Compass

At oy _ At L5 Direction

+ + ¢ = 8

+ - ¢ = 180°- 8
- - $ = 180°+ 6
~ + ¢ = 360°- 8

~19.



Figure 10. An example of the components of the measured
velocity (V,) due to the actual motion of the

cloud (V,) and due to the shape of the leading
edge of the cloud (Vg¢).
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input considerations. The results of these data analyses are

presented below.

3.2 ldimitations on the Data

Because of the vagarious nature of thé weathér and cloud
formation, the analyses used here are necessarily limited and
approximate. In spite of the complexity of the microclimate
modeled, we are able to make significant conclusions based on
what we feel is a good reliabiliity figure for the data. During
the périodlof observation, we were able to interpret 225 "events"
common to at least three stations in the field and subject to the
restrictions discussed above. O0f these, 134 events did not have
usable data from all five stations, and could not be used to
calculate the two independent values of velocity. One of the
principal c-easons for the loss of comparable data was the late
speed change in the home base chart recorder. .This recorder
was maintained for a longer period of time at the 1" per hour
chart speed convenient to the calendar data display presented
in a later section of the report. This loss of Station 5 data
aliﬁinated 32 events from the comparative data.. Ninety-three
events yielded measurements for all five stations so that the
two independent wvelocities could be calculated. Of these 93
calculations, 62 events yielded agreement in the calculations
of both the velocity magnitude and the direction of motiom.

FTor the purposes of this analysis, the difference assumed as

~-21-"



limits on the "agreement" of any two values are 50% for velocity,
and 45° for direction. In most cases, the angle values resulting
for the correlated data are in agreement within 200, which is
excellent.

The 102 remaining events, unusable for the two indepen-
dent velocity measurements, suffered from various difficulties.
About 407 of the events were typified by very fast fluctuations
in the insolation which resulted in difficulty identifying the
event at corresponding stations. Another 40% of the events
were generally ﬁell defined, but were missing at one of the sta-
tions due to shape, size, or position of the cloud over the field.
Another 10% of the event losses were due to paper drive problems.
Another 5% were lost due to problems with the electronics caused
by electrical storms, and the rest were due to loss of event tim-
ing and aligﬁmeut clock marks due to power outages.

The most common reason for disagreement between the two
vector velocity calculations in the 93 fully represented events
was sign errors in the event timing. The events which result
in these sign errors. do not appear to be cﬁfrelated in cloud size
{(event duration). They also do not correlate with days which
presented difficult alignment or event identification. The
most likely cause of these errors is the random nonsymmetric
shapes or peculiar angles of the leading and trailing edges with
respect to the direction of motion. Of the 93 events, 62 events

or 67% show correlated vector velocities. It is our belief that
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thes level of spatial correlation in the data is excellent con-
éidering the complexity of the atmospheric effects involved in
cloud motion and the simplicity of the mathematical model assumed
for the calculations._ In the following sectipn, the results of

these calculations with the correlated data are presented.

3.3 Reduced Data - Veloelity, Angle, and Size

3.31 Correlated data

An examination of the correlated data shows the findings
regarding ;he local microclimate cloud patterns. These results
are also compared with information available from the Nationél
Weather Service and the Institute of Atmospheric Physics at the
University of Arizona.

The correlated data shown in Figures 11-13 resulted in
most probable cloud speeds between 12.8 and 16 km/hr (8 and 10
mph), a most probable direction of motion to the North-West or
South-East, and a most probable size around 1.6 km (1 mile).

Data published by the National Weather Service for summer Tucson
weather, list average observed ground wind speeds during the
months of June-August as approximately 8 mph. If we assume the
upper level wind speads are of the same order of magnitude, then
we find excellent agreement for our data. Regarding the direction
of motion of the clouds, it is a long recognized fact, conifirmed
by direct communication with the staff of the Institute of Atmos-
pheric Physies, that summcr storms in the Tucseon Valley tend to

move from the SE to the NW. This prevailing pattern is due to
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the topological environment around T&cson, and the availability
of water vapor from the Gulf of Mexico, The Helio detector field
is located in the extreme Northeast corner of the Tucson Valley,
within a few miles of the mountains on the Bast and the North.
These mountains, with peaks higher than 2 700 m (9 000 ft), can
alter the prevailling storm motions by significant amounts. The
data shows a most probable direction of about 1307 for the
observed clouds in excellent agreement with the above paittern.
The cloud size distribution, shown in Figure 14, shows
a relatively strong probability for clouds of approximately
1.6 km (l'mile) extent. This regult agrees very.well with
qualitative visual observations of the cloud sizes. There
appear to be many clouds of extent less than 0.8 km (0.5 miles),
but these do nrt appear in the data because of the time resolu-
tion of the measurement system. Similarily, these observations
indicate that individual clouds with sizes greater than 9 km are
rare. The specific numbers for velocity, direction and size
quoted from the data are only approximate. The variance in the
Qata due to the nature of the events being measured limits the
accuracy of the determinations.

3.32 Correlated plus uncorrelated data

To further amplify on the quality of the data as rep-
resentative of the actual Tucson microclimate, we can examine the
complete body of data, including the 134 uncorrelatable events.

If these data agree with the correlated data with respect to
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cloud speed and direction, we can be confident of the quality
6f the data for use in the modeling.

The speed and direction distributions for the complete
set of data are shown in Figures 14 and 15. The most probable
speed is still about 12.8 km/hr (8 mph), but the most pfobable
direction is closer to due West. Considering the latitude in
the angle measurements and the possible direction alterations
due to mountains, as discussed above, these rasults agreee with
both the correlated data and the prevailing storm patterns in
Tucsan. |

3.4 Power Plant Site Analysis

To analyze the microclimate for a particular power
plant location there are several questions which must be answered.
If we assume, for our model, that the insolation at the site is
oceculted by individual clouds on days of partial cloudiness,
then the questions that bear the most importance to the operation
of a power plant are as listed in Table 2. The answers to
these questions can be related to the possible design features
of individual components of a collector system, or to the dynam-
ics of the whole system. Let us use the central receiver photo-
thermal process as an example. Quéstions 1-3 are relevant to
the initial placement of the system in an area with the least
possible insolation interference. Question 4 can give the
designer an idea of the extent of dead time to be expecied for

each individual mirror in the concentrator field for partly
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Table 2. Microclimatology questions pertinent to power
plant site analyses.

ASSUMPTIONS: 1.) Each occultation is due to an individual
: cloud of approximately circular shape.
2.) For power plant sizing, the system is
assumed to have a 25% overall efficiency
for a peak input of 1000 w/m?, and the
field dimension is adjusted to compensate
for shading.
QUESTIOﬁS: 1.) How often do occultations occur.
2.) What is the size distribution for indi-
vidual occulting clouds.
3.) 1Is the temporal distribution for occult-
ing events random or biased.
4.) How long will an elemental area in the
field be effected.
5.) What fraction of the field is affected
by any single event. -
6.) How long will the whole field be effected }

by any single event.
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cloudy days, and questions 5 and 6 relate to the magnitude and
duration of differemtial inputs to the receiver caused by field
-Shéding, Théﬂanswefs to these queséiéﬁé are presented below.
The data and analysis results amply demonstrate the usefullness
of these analyses.

If we examine the data from our field of sensors in
terms of the number of partly cloudy days vs the total number
of days observed, we find that 29% of all Tucson days have
cloud activity leading to possible short duration occultatioms.
For this purpose; a partly cloudy day is assumed to be any day -
where cloud interference was observed for more than 15%, but
iess than 85% of the daylight hours. (See the discussion of
the calendair day data as listed in Table 4). If We.examine
the data for statistical bias, we f£ind that there is a slightly
greater probability that occultations will occur in the after—
noon and evening hours. This is evident from looking at thg
calendar datarat the end of this repoff. '(On these records,
the time of day reads from right to left prior:to March 18, aﬁd
left to right thereafter). .

The gize distribution for the events obsétvéd"iﬁ Tﬁééoh-
was presented in the preceding section. Thé inierﬁrefation of
this data with respect to rhe effects on an elemental area are -
presented in Fig. 16. The data dlsplayed here is the dlstrl—
bution of the ratio of cloua smze to the veloclty for each |

individual event. Therefore, thls "dead txme‘.repreqepts thﬁjﬂ
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length of time that a particular cloud shades an elemental
area of the field or an individual concentrator element. As
the data show., the dead time is strongly peaked around 6 min-
utes. The importance of this information for the central
receiver concept, for example, is in the design of the individ-
ual concentrator element tracking systems to minimize the loss
of mirror alignment after the event clears.

If we examine the fraction of the field area lost
during each event, we find the results shown in Fig. 17. For
~large field systems wheré the size of the cloud is greater
than the‘mean cloud sizes, the loss of receiver input from the
field could cause differential heating problems. For the
smaller systems, it is likely that the whole system would lose
input due to the cloud, and that the system cooling would be
a problem.

The severity of both of these problems would depgnd
on the length of the dead time associated with the event. These
results -- the answer to question 6 -- are presented in Fig. 18.
As expected, the larger the field, the longer Fhe occultation
will cause problems. Data like displayed in Figs. 17 and 18,
for any area intended for powerplant siting should be used in

optimum size calculations and in the system design considerations.
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3.5 Fourisr Representation

We have found that the solar insolation days for Tueson
fall into one of three categories. Approximately 30-35% of all
days have cloudless skies or very little interference in the
insolation due to clouds. Another 10-15% of all days have heavy
cloudiness or more than 80% sky cover during the daylight hours.
The remainder of the days have moderate cloud activity which may
occur at different - -times and alter the solar insolation for 15%
to 75% of the day. The first type of day is relatively straight
forward and sim@le to explain by the existing insolation models.
These latter types of insolation days may be easily represented
in terms of the frequency spectrum of the temporal changes in
the insolation. A convenient mathematical model for this fre-
quency representation is the well known Fourier representation

of time depen&ent functions in the form

-]

p(t) = %A; + Z(Ancos(nﬁf/T). + anin(nﬂt/T))
where
T .
Ah = Vrf¢(t)cos(nﬁt/T)¢t
~T
T .
'Bn = 1/,1,“_]";;; (t)cos(nwt/T)ot.

In our previous studies, we have found characteristic
shapes for the data when expressed in this form. A plot of C,

with respect to time™?!, results in curves similar to those
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showﬁ in Figure 19. These curves are representative of nearly
all clear and partly cloudy days observed in Tucson at any
particular site and any season of the year. Of course there are
variances in the magnitude of the higher frequency components
depending on the rapidity of the fluctuations in the insolation.
The Fourier expression may also be extended to show the
temporal nature of the cloud motions across a collector field.
If we use the velocities calculated from the event analysis,
in conjuncfion with a representative distance across the field,
r,;» one can arrive at a-model for the temporal-spatial insola-

tion measurements, or local microclimate of the form

..
11

= T nn
¢ (t,xr) = %Ao + ZCncos-—-(t + < 4 Yn)'

T

In this form, the spatial characteristics of the insolation are
represented by an additional phase term.

To evaluate the applicability of this medel to our data,
we studied the ability to correlate the data between the five
individual stations via the addition of various size phase terms
to the Fourier representation of a particulaﬁ day's record. The
ﬁodeling was considered a success in those casés where the
"events" were reproduced from location to location with well
préserved widths and depths, but with appropraite shifts in
time.' The time shifts were deemed excellent if velocities

could be calculated and correlated as discussed above.
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The days which showed good Fourier spatial representa-
tion ,were those days with relatively broad and well-defined
occultations; by broad we mean events of duration greater than
about 0.1 hr. It was noticed that data records which contained
Targeamounts of high frequency structure, or many events with
durations less than 0.1 hr length, were hard to correlate
between station locations. These types of days usually were
associated with a great deal of variance in both the breadth
and depth of individual occultations between the five stations.
This variance was not selective with respect to size of the
event, The velocity correlations descfibed above were also
difficult for such days due to splitting of "events" or
fading of an "event'" between stations. 1In particular, occur-
ances such as absence of an '"event' on one or more of the
records, or "splitting' of a broad event from one station to
the next by a spike in the center of the dip, or the combining of
two events into one broad dip, were common problems for days
with appreciable high frequency activity. These types of
phenomena are probably correlatable to particular types of
cloud structure. It is most likely that the presence of many
short duration events would correspond to 1ighf cirrus clouds,
cumulus clouds with rough (wispy) eges, or other cloud struc-
tures associated with extreme tyrbulence. The better events
are most likely associated with well-defined and well-localized

clouds.
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The Fourier plus phase representation for each day was
judged as good, good-fair, fair-poor, or poor depending on
the quality of the fit to all stations. Of the 41 days
analyzed, a good fit was found for only 15 days. If the fair
to good days are included, the count is increased to 26 days.
The fair to good days are those where the fit was applicable
for more than half of the identifiable events. The greatest
fault was in the reproduction of the widths and depths of the
events. The poor days were generally associated with large
variences in'both width and depth of the events or with missing
events on one or more station record. The ability to relatively
well account for the five stations, 26 out of 41 times using the
phase shift model yields a 637% confidence in the model. We
would, therefore, conclude that .the technique is applicable to
micreclimate .predictions, but limited in its accuracy.

A good estimate of the phase term can be caluculated
by using the most probably magnltude of velocity as detemined
from the velocity profile such 28 siuer. in Figure 14, If one
then references to a particular location in the field, the
phase term can be caiculated for any other point at a distznce
I l away.

By examlnlng the Fourier representations of the days,
one can type days according to the six classifications shown in
Table 3. The applicability of the Fourier-Phase model for
each type of day is shown by a "G" for good, a "G-F" for good

to fair, or a "P" for poor.
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Table 3. Day classifications and the results of Fourier plus
phase modeling for each.

DAY FOURIER
TYPE DESCRIPTION +
NO. | PHASE.

1 Nearly clear with well defined occultations ,
and very little high frequency activity. G

Example: June 29, 1975 - Figure 27

2 Nearly clear with well defined occultations
and some high frequency activity. G~F

Example: TFebruary 16, 1975 - Figure 23

3  30-80% of day contains occultation ''events"
or activity. Much high frequency activity. P
No overcoat period.

Example: January 9, 1975 - Figure 22

4 30-80% of day contains occultation activity.
Overcast for part of day. Little high fre- G
quency activity.

Example: January 7, 1975 - Figure 22

5  30-80% of day contains occultation activity.
Overcast for part of day. Much high frequency P
activity. =

Example: Janﬁary 27, 1975 - Figure 22

6 Overcast day with sharp peaks.

F-
Example: March 8, 1975 - Figure 24 ¢
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3.6 Calendar Representation

The data obtained from the MBOR instruments can also
be displayed in calendar format. This display shows, at a
glance, the nature of the solar insolation during the months.
The number of clear days, the trends through the weeks, and
the types of cloudy days during the month, are all readily
obtainable from even a cursory study of the calendar.

Included in this report as Appendix 1, Figures 20-27
are the calendar data for November 1974 through June 1975,
After June, the Home Station recorder was shifted to the 2"/hr -
speed, making the calendar photography impractical. Inspection
of these records yields some very interesting information. Let
us assume the classification of the days as follows:

Clear - <15% cf day's insolation
interruped by clouds;

Partially Cloudy - >15%, but <85%
of day interrupted;

Overcast - >85% of day interrupted.

Application of this scheme to the five months data results in
the breakdowns shown in Table 4. The data shows a rather
remarkable constancy in the fractions of the type of insolation

days observed during the three seasous.
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Table 4. Division of Calendar-Day data into three classifica-

tions showing similarity of the eight Winter/Spring/
Summer months.

[Wo. DAYS ey  NO. OF DAYS NO. OF DAYS NO. OF DAYS
OF DATA 0.C. PARTIAL CLEAR
30 Nov. 1974 27% 11+37% 17+57%
30 Dec. 1974 3+10% 52179 22+73%
31 Jan. 1975 34107, 8259, 20+65%
26°  Feb. 1975 147, | 8+31% 17+65%
30 Mar. 1975 2+7% 124407, 16+53%
26 Apr. 1975 5+17% 9+30% 12407,
31 May 1975 1+3%, 10+32% 20+65%
26 Jun. 1975 0+0% 4139, 22+73%
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3.61 Comparisons with NWS data

We may also present the data in Table 4 in graphical
form as shown by the solid lines in Figs. 28 and 29. The data
can then be compared to the pertinent National Weather Service
information for the same months. The two sets of NSW data
which should have close correlation to our ''days type" analysis
are the percent of cloud c¢over, and the percent possible sun-
shine. The observations of percent cloud cover are of a quali-
tative nature because they depend on observational judgements of
individuals regarding the fraction of the sky that contains
clouds. It is our experience that the proximity of mountains
and the "bowl" shape of the Tucson Valley yield many days where
there is significant amount of cloud cover which only minimally
obscures the valley floor. Much of the cloudiness is well
localized over the mountains in these cases. This may be the
reason for the relatively poor agreement in the percentages
displayed in Fig. 28. In this figure, the lower lines are the
percentage of days for each month that correspond to "clear™
skys. Clear ckys are defined as days with less than 15% activity
or less than 1 tenth cloud cover. The area between the two lines
represean the partly cloudy percentage glven by 15-85% activity
and 1-9 tenths cloud cover.

0f perhaps more significance is the correlation between
the “percent of possible sunshine" and our analog data. The %

sunshine readings are calculated from the ratio of the total
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numbér of hours when the direct insolation is greater than zero
to the number of hours between sunrise and sunset. There are
many times when occulting clouds to not totally obscure the sun,
i.e. the direct flux does not go to zero during the occultation.
Examples of this are apparent in the calendar records for Novem-
ber in Fig. 20. November 13 and 14 are excellent examples.
These difficulties could easily account for the differences
shown in Fig. 29.. The interesting result of our measurements

is that thé partial occultations are evident in these records.
The % possible sunshine.data can be significantly misleading

as to the total direct insolation available at a site. .It
should be emphasized that the device used to record the "sossi-
ble" sunshine record is merely a switch which turns on or off

as the insoclation exceeds or drops below a threshhold wvalue.

The device is usually adjusted to "turn-on'" when the direct

flux is just enough to yield a definite shadow for an object.
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SECTION 4.0 CONCLUSIONS

The analysis of the data as presented above yields much
valuable information for the designer of large scale solar
absorber systems. The data obtained from this study can be
used to develop the most efficient system configuration and/or
controls for any system for any particular site.. The micro-
climate statistics avajilable from these measurements are a good
representation of the insolation dynamics expected for a large
field array. This data can be statisically analysed to allow
design input of the probability of insolation interference and
the dead times expected for individual elements of the field
or the field as a whole. These data, in conjunction with the
area losses and imbalances due to occultations, are essential
to the achievement of a best cost effective design for large
solar collector systems.

Compariscns of the Helio data records to the NSW data,
results in qualitative correlation. The differences in the
two data sources seem to be aftributable to the loss of infoxr-
mation content inherent to the methods of measurement employed
by the NWS or to the separations of several miles between the

NWS station and the Helioc network.
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SECTION 5.0 RECOMMENDATIONS FOR CONTIWUED RESEARCH

The statistical analyses presented here have demonstrated
the usefulness of the microclimatological modeling of power plant
sites. The data base presented is, however, only minimal, and
should be expanded and refined. It is our belief from visual
observations that a great deal of the cloud ocecultations had
periods less than the temporal resclution of the system. It is,
therefore, recommended that this resolution be improved. This
is easily accomplished by increasing the recorder drive speeds
to "spread out" the data, and the improvement. of the clock
timing system used to correlate the five individual records.

In addition, there are other data correlations which
may prove very useful. In particular, the use of correlated
photography of the occulting clouds and their type may be
useful in relating the field temporal statistics to cloud type
and cloud cover statistics available from the Weather Service.
The data analysis should also be expanded to yield comparative
models for both focusing and non-focusing systems in which we
may be able to describe the magnitude of the insolation changes
at any point in the field, A¢(R;;), in terms of a probability
distribption. These distributions could be calculated for
both the direct and the totél insolation for.applications to
concentrating or planar systems. This modeling ﬁould present
data on the fractional loss of input energy and would be

useful in specifying the type of system best suited to a
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particular site. The continuation of this work is the subject

of a proposal presently being drafted.
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SECTION 6.0 APPENDICES

I. VFigures 20-27
11. References
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APPENDIX 1

Figures 20 through 27:
Calendar display of the analog data for the months
of November 1974 (Fig. 20), December 1974 (Fig. 21), January
1975 (Fig. 22), February 1975 (Fig. 23), Maxrch 1975 (Fig. 24),
April 1975 (f'ig-. 25), May 1975 (Fig. 26), and June 1975 (Fig. 27). .
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