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PREFACE

‘This report documents work on USAFETAC Project #900833 in response 0 a support assistance request (SAR)
from a Canadian AFIT student (Maj Pete Forgues) through Detachment 1, 2d Weather Squadron (ASD/WE),
Wright-Patierson AFB, OH 45433-6503.

The SAR asked for the relative probabilities of certain cnvironmental conditions at 12 Canadian locations, each a
candidate for a Ground-Based Electrooptical Deep-Space Survestlance (GEODSS) sensor. The polential GEODSS
sites span the Canadian landmass 2nd represent all climates. Four GEODSS systems are installed now, with another
(GEODSS-5) scheduled for Portugal.

Canada’s participation in the space surveillance mission dates to 1961 with installation of the first Canadian
Baker-Nunn system (an optical film camcra) at Cold Lake, Alberts. In 1976, a second Baker-Nunn station was
installed at St Ma:garets, New Brunswick. At the request of SPACECOM CINC, the Canadian Forces have agreed
10 operaiz the Baker-Nunn Sysiem at St Margarets until GEODSS-S is operational.

Canadian participation in the space surveillance mission (by locating GEODSS sensors in Canada) once GEODSS-5
is operational is being debated by USSPACECOM and Canadian Mational Defcnce Headquarters (NDHQ). The
NDHQ Directorate of Air Requiremcnts, therefore, has asked that the best GEODSS (and GEODSS-like) Jocations
in Canada be determined. This study concludes which sites are best and worst, and why.

Project analyst was Capt Anthony J. Warren, USAFETAC/DNY, DSN 576-5412.
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‘ 1. INTRODUCTION

1.1 The GEODSS Sensor. The military mission of space surveillance is to detect, track, identify, and catalog
man-made objects in space (USSPACECOMR 55-12). Radar is used to track objects in low-earth orbits (typically
up to 5,000 km, but actual altitude vanes depends on the type of radas). For objects at high altitudes, a global
network of ground-based sensors provides obscrvational data to the Space Surveillance Center (SSC) located at the
Cheyenne Mountain complex, Colorado Springs, CO. The SSC analyzes surveillance data to determine the
locations of orbiting satellites.

The sensor used for high-altilude orbit detection is the Ground-Based Electrooptical Deep-Space Surveillance
(GEODSS) system, basically an optical video camera. Four GEODSS systems around the globe are currently
operational, and a fifth system is scheduled for Portugal. The installztion of a sixth system in Canada is being
considered by the United States Space Command (USSPACECOM) and the Canadian National Defence
Headquarters (NDHQ), whosc Directorate for Air Requirements is seeking to determine the best Canadian GEODSS
locations.

1.2 Environmental Effects on GEODSS. Determining the best locations requires evaluating many criteria;
these include logistics, personnel support, and environmental effects. Tke last (the environment) is critical because
weather elements have a significant effect on GEODSS operation. For example, low temperatures and high winds
prevent the exposure and operation of the antenna system. For successful detection, a cloud-free line-of-sight must
be present. And since the system tracks satellites based on infrared emissions, it can only work at night. Therefore,
all the following conditions (A-E) must be met for successful detection of an orbiting sateltite:

A ... The Sun is at least 6 degrees below the horizon,
... The surface wind speed is less than 25 knots,
.. The temperature is more than -50° C.
... The satellite elevation is at least 15° above the horizon.
... There is a 5-minute cloud-frce line-cf-sight (CFLOS) between sensor and satellite.

1.3 Summary. This repori prescats probabifitics of various combinations of the conditions described by A
through E. The most important of thesc 1s the probability of condition E, given the joint occurrence of conditions A,
B, C,and D. This valuc describes the probability of successfut detection of the satellite given that it is in view, that
temperature and wind conditions are favorable, and that it is dark enough. The methodology used to estimate these
probabilitics is also presented. Six satcHite orbits are considered: an orbiting satellite at 19,600 km with a right
ascension angle of 65° (a consieliation of navigational satellites populates this orbit); and five geostationary orbits
with the satetlite focated at 50° W, 70° W, 100° W, 120° W, and 140° W. Figure 1 lists the 12 stations for which
probabilitics are determined and gives their locations.




Latitude Longhude Block Station
STATION (Deg Min) (Deg Min) Number
Sandspit, British Columbia 53°15'N 131949° W 711010
Churchill, Manitoba 58°45'N 94°05' W 719130
Penticton, British Columbia 49°28'N 119°36' W 718890
Chatham, New Brunswick 47°01'N 65°21'W NN
Torbay, Newfoundland 41°38'N 5°042'W 718010
Alest, Northwest Territories 82°30'N 62°20° W 710829
Frobisher, Northwest Tesritories 63°45°'N 68°34° W 719090
Inuvik, Northwest Territorics 68°18'N 133°29' W 719570
London, Ontario 43°02'N 81°09' W 716230
Moosc Jaw, Saskatchewan 50°20'N 105°33' W 718640
Whitchorse, Yukon Territories 60°42'N 135°07' W 719650
Cold Lake, Alberta 54°25'N 10°17' W 7n120

Figure 1. Tweive propoged sites for placement of a GEODSS sensor.




. 2. FUNDAMENTALS

2.1 Cloud-Free Line-of-Sight. One of the requirements for successful GEODSS detection of an orbitirg
satellite is that there be a S-minute cloud-free linc-ol-sight (CFLOS) between sensor and satellite. The
climatolcgical probability of CFLOS, therefore, is fundamental to evaluating the operational potential of a proposed
GEODSS station. Because CFLOS is not reporied in weather observations, a simulation model is required 1o
estimate probabilities.

2.2 Statistical Modeis.

2.2.1 Cloud Cover Distribution. Malick et al, (1979) developed a model (hereafter referred to as the "Stanford
Research Institute™ or "SRI™ model) for estimating CFLOS probability given two variables: fraction of sky covered
by cloud, and viewing angle. However, sky cover is not routinely reported in some weather observation codes; in
Canada, for example, where airways is the principal observing code, sky conditions are reported as clear, scattered,
broken, or overcast. These airways reports are used to estimate the elements of a frequency distribution of sky cover
known as the "Burger Aerial Algonthm™ (Burger, 1985). The parameters of the Burger distribution are mean sky
cover and sky dome scale distance. Table 1 lists the observed frequency of airways sky-cover categories for Moose
Jaw at (wo different times: January 12Z and July 12Z. Table | also shows Burger distribuiion frequencies for 12
sky-cover categories. A plot of the Burger distribution is shown in Figure 2.

Table 1. Comparison of Moose Jaw cloud cover frequency distribution, 12Z January and 122 Juty
between airways categories and Burger distribution categories. Also lisied are the Burger distnbution

parameters.

AIRWAYS OBSERVATIONS FOR MOOSE JAW

CLR SCT BKN ovC Mesn Sky Cover  Scale Distance
12Z January 0.296 0.191 0.162 0350 0.529 2444
122 July 0.042 0473 0.381 0.104 0488 0.781

BURGER DISTRIBUTION FOR MOOSE JAW

Sky Cover Interval 12Z January 12Z July
000 - 005 0261 0067
0.06 015 0.074 0.127
0.16 0.25 0.039 0.085
0.26 035 0.037 0.082
0.36 045 0028 0.076
046 0.55 0.031 0.078
0.56 065 0.031 0078
0.66 0.78 0028 0.074
0.76 0385 0.038 0.079
0.86 095 0.041 0.080
0.96 100 0.392 0.174
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Figure 2. Cumulative distribution of cloud cover st Moose Jaw, 12Z Januarty and 122 July,
222 Transnormalization. The Burger distribution, which describes the frequeacy of sky cover categories, is

the fundamental component of the USAFETAC Cloud Scene Generstor (CLDGEN) simulation model developed to
simulate a cloud scene at & particular time and location (Rupp, 1990). A detailed technical report on this niodel is in
preparation, but a brief description is provided here.

Sky cover at any given time can be simulsied using the Burger disribution and & random number generator.
However, in order to compute a time series of observations, some echnique must be employed to ensure that the
simula:ed data show the proper serial correlation. The mathematical treatment of comrelation between probability
distributions is relatively straightforward when the distributions are normal. A normal approximation to the Burger
distribution would be invalid in all but a few select cases. The advaniages offered by normal distributions can be
retained through & proczss krown as “transnormalizaticn” (Boehm, 1976). In Figure 2, the cumulstive probability of
obtaining & sky cover of 0.25 or less at Moose Jaw, Canada, (12Z January) or less is 37.4 percent. For a normal
random vasiable with mean of zero and variance of unity, the value cosresponding w0 the sume cumulstive
probability is -0.734. This value is known as the “equivalent normal deviste® (END). Thecefore, the initial sky
cover &t a particular point can be cbiained by generating a random normal deviste; for example, 0.376. The
comresponding cumulative probability for the value is 64.7 percent. Referring to Figure 2, this cumulative
probability corresponds 10 a sky cover of nine-tenths. This is the first simulated sky cover observation; the
simulated observation for the next time increment can be generated by the Ornsicin-Uhlenbeck equation (Whiton
and Berecek, 1982):

2
Yo as =PAd + O\ 1 -0y,




wheee: ¥y s the initial END
¥ + Ar is the END at the next time step
P ¢ is the serial correlation for the time period A ¢

1) is a random normal deviate.

2.2.3 Serial Correlation. Assumptions about the nature of the serial correlation are necessary to obiain a value
for Da. It is g Ily d that logical phenomena are first-order Maskov processes. For such
processes the correlation is given by (Hering, 1989):

pu =€ ®

where T is refemred to as the “relaxation time." A typical value of T is 16 hours, which yields an hour-to-hour
correlation of 0.94, 1t should be pointed out that T refers to the temporal correlation between the ENDs of cloud
cover--not the actual values of cloud cover.

2.3 Boshm Sawitooth Wave Model. The CLDGEN model generates a sky scenc given an observation of
mean sky cover. For specified azimuth and zeaith angles, the mode! will generate either a value of CLOUD or NO
CLOUD. It accomplishes this calculation in several steps. Based on the mean sky cover and zenith angle, the
probability of CFLOS is obtsined from the SRI model. The END of this probability is considered the threshold
END. For each point of interest in the sky scene, 2 random normal deviate is generated; if it exceeds the threchold
END, the sky cover value at this point is CLOUD--if not, the value is NO CLOUD.

In generating a cloud scene, the values of CLOUD and NO CLOUD must correspond 1o the observed spatial
correlation, which is obtained by generating a field of comelated random deviates through a procedure referred to as
the "Bochm sawtooth wave model” (Gringorten and Bochm, 1987). A recent version of this model, the
four-dimensional sawtooth, is capable of generating not only three-dimensional spatial correlation, but also the
temporal correlation described above with the Omstcin-Uhlenbeck equation. Two types of sesial correlation can be
defined. The first is the hour-to-hour correlation of reported sky cover. The second is the time correlstion of cloud
or no cloud conditions at a given point in the sky. A typical valus for the first correlation is 16 hours, while the
sccond is much shorter--about 30 minutes (Hering, 1989). While the correlation structure generated by a single
sawtooth wave is not a Markov-type function, a correlation structure that approximates & Markov decay can be
generated by adding together sawtooth waves of various wavelengths, Discussion of spatial correlation is more
complex. ‘The spatial correlation structurc of the sawtooth wave model is given by Gringorten and Boehm (1987):

p,= 1-85/T+(32)¢ &)

where p, is the spatial comrclation and s is the standardized separation distance. The last vaiue is given by the actual
distance divided by the sawiooth wavclength, A. The sa viooth wavelength is an empirical parameter. Boehm

(personal communication)l recommends the relation:

A =213 @

where r is the sky-dome corrclation scale distance, defined as the distance over which the cosrelation decreases to
099. The recommended value of this parameter for observations of sky cover is 7.2 km. For individual cloud
elements, the CLDGEN imodel assumes that all clouds occur in a single layer at an arbitrary height of 15,000 feet

lAlbcn R. Bochm, ST Systems Cory:, 109 Massachusetls Ave, Lexington, MA 01730
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MSL. At this tevel, the length scale of cloud elemenis is on the order of 10°%, that of synoptic-scale cvents; we
therefore assumed a value of 0.0072 km for the sky-dome corrclation scale distance.

24 Estimating CFLOS Probabliitles. The CLDGEN modcl was used to predict the 5-minute probability of
CFLOS between a point at the sutface and an otbiung satcllite. A separate subroutinc provided the azimuth and
clevation angle of the satellite as viewed (rom the ground. CLDGEN is then used to determine whether the point in
the sky corresponding to the satcllite location is cloud-frec or not. The clock 1s then advanced 10 seconds and the
process repealed.  The number of completcly clear 5-minute intervals divided by the total number of 5-minutc
intervals represents the climatclogicat probability of obtaining a 5-minute CFLOS. The simnulation is then run for
several years (usually 10) to obtain stable staustics.

2.5 Sun-angle Constraint. Since the GEODSS is a passive electrooptical sysiem, it can operate enly in
darkr. ss; specifically, when the sun is below an elevation angle of 6 degrees (defined in Section 1 as condition A)

Thi: condition corresponds to the period between the end of cvening civil twitight (EECT) and the beginming of
morming civil twilight (BMCT). Table 2 depicts the monthly median fraction of time this event occurs, Subsequent
probabiliics are then computed given that cundition A is occurring. At the highi-iatitude stations shorvn below, there
are long periods when cvil twilight does not end; between the inclusive dates shown, P(A)=0. In addison, civil
twilight docs not vccur at Alert between 29 October and 12 February, during this peniod, P(A)=1.

e Alert 25 March - 19 Scptember
* Frobisher 21 May - 23 July
« Inuvik 4 May - 10 August

« Whitchorsc 15 june - 27 June

TABLE 2. Medlan fraction of time that the Sun Is at Isast 6 degrees below the horizon, by month. ‘

JAN FEB MAR APR MAY JUN JUL AUG _SEP_OCT NOV_DEC
Sandspit 06t 054 046 037 028 022 024 033 042 051 052 063
Churchill 064 055 046 034 022 012 016 028 040 051 061 066
Penticton 059 053 046 038 031 026 028 035 043 050 057 061
Chathaa: 058 053 046 039 032 028 029 036 043 050 057 060
Torbay 058 053 046 039 032 028 029 036 043 050 057 060
Alert 100 085 033 00 000 000 000 000 017 061 1.00 100
Frobisher 068 057 045 030 013 000 000 023 037 052 064 071
Inuvik 073 059 044 024 000 000 000 0.2 027 053 068 0318
London 057 052 047 040 034 031 052 038 044 050 055 058
Moose Jaw 060 0535 046 038 030 025 029 034 043 050 G658 061
Whitchorse 065 056 045 032 018 000 01i 027 040 053 062 068
Cold Lake 061 034 046 036 027 020 023 032 042 051 059 0663

2.6 Satellite Elevation Constraint, Thc probab:lity of cvent D, P(D), is the fraction of time the satellilc is
above an elevation of 15° above the horizon. Since gecstationary satellites have a fixed location relative to an
observer on the ground, this probability will be binary (cither zcro or one) and constant. Since these satellites are
positioned over the Equator, oaly a fatiwdc is necessary 1o specify position. Because of the extreme northern
Tocations of the proposed the clevation angles fos all geostationary orbits will be small. In fact, P(D)=0 for
all orbits at Alert and Inuvik. Tablc 4 depicts P(D) at cach site for the polar-orbiting navigational sateltitc.




TABLE 3. Mean fraction of time that a sateliite in the navigationat orbit is visible at each
station.

STATION PROBABILITY
Sandspit 0.28
Penticton 027
. Churchill 0.30
Torbay 027
Alert 0.33
* Frobisher 0.31
Inuvik 032
London 0.26
Moose Jaw 026
‘White Horse 0.3!
Cold Lake 029

2.7 Temperature and Wind Speed Constraints. The probability of conditions B (surface wind speed less
than 25 knots) and C (temperature below -50° C) can be deienained from archived weather observations.
USAFETAC's automat’ 4 1atabase has a period of record (POR) of 1973-1989. All but one one of the twelve
stations in this study repe.ied observations hourly; Alert reported only every 3 hours, During the 17-year POR, no
observations lower than -50° C occurred. Rescarch of the literature revealed that in the POR 1951-1980,
temperatures below -50° C occurred at only two of the stations: Inuvik and Alert (Environment Canada, 1982),

‘ Even at these two stations, such temperatures are extremely rare; ther:fore, P(C) is effectively unity for all twelve
sites.

The value of P(B) can also be obiained from weather gbscrvations. Table 4 lists the monthly probabitity of
condition B given condition A, P(B/A), for each location. Since P(C)=1, this table can also be considered the joint
probability of conditions 8 and C, P(BCIA).

TABLE 4. Fraction of time wind speeds arc iess than 25 knots given that the Sun is at least 6
degrees below the horizon. (The notation "----" indicaics that the sun is never at least 6 degrees below the
horizon,)

JAN FEB MAR APR MAY JUN JUL AUG_SEP OCT NOV DEC

. Sandspit 08 088 092 094 095 097 098 099 096 091 088 088
Churchill 089 092 093 094 096 097 097 095 091 087 088 090
Penticton 097 097 098 099 099 09 099 099 099 098 0% 096
* Chatham 096 096 096 097 099 099 099 099 092 099 097 096
Torbay 071 071 072 084 0% 09 091 095 090 084 077 071
Alert 097 097 098  wor o R 095 097 097 096
Frobisher 093 090 096 097 097 - - 098 097 095 093 095
Inuvik 099 099 099 099 - e - 099 099 099 099 099
London 095 097 097 097 099 099 099 099 099 099 097 096
Moose Jaw 096 097 097 098 098 098 099 099 098 098 098 097
Whitchorse 097 097 099 099 099 - 099 099 099 097 097 096

Cold Lziz 099 099 099 099 0:99 099 099 099 099 099 059 09




2.8 Conditional 5-minute CFLOS Probabllities. Next we will consider the probability of a S-minute
CFLOS (condition £E) given conditions A, B, C, and D, P(E[ABCD). Additional considerations are requued to
cvaluate this conditionat probability. Event A can be. accounted for by merely excluding those cases between BMCT
and EECT. Event C does not pose a problem since P(C)=1. Therefore, P(E/ABCD) = P(EJABD). Cordition D is
not a problem, cither, since the simulation model keeps track of the satellite elevation, one of the two variabies in the
SRI CFLOS model. Event B, however, does present problems in that USAFETAC does not currently have a
simulation model for both cloud cover and wind specd. Although such a model could be developed, it would have
taken 0o fong to be useful in supporting this project. If wind speeds and CFLOS prebabilities are correlated, the
simulation model would have to account for this, thercby increasing its complexity. However, if they are
v -orrelaled, then P(E/ABD) = P(EJAD). If this is the case, the current CFLOS model could be used without
modification to compute the required probabilities.

2.8.1 Correlation of Wind Speed and Cioud Cover. Since CFLOS calculation is based on mean sky cover,
we studied the correlation of wind speed and mean sky cover. The study was restricted to stations at which the
monthly probability of wind speeds greater than 25 knots was more than 5% of the time, given that the sun is at least
6 degrees below the horizon (sce Table 4). Four stations met this criterion (Sandspit, 8 months; Churchill, 8
months; Frobisher, 4 months; Torbay, 12 months). Table § iz a breakdown of observed clear, scattered, broken,
and overcast skies for all hours, as well as for only those hours when wind speed exceeded 25 knots. A chi-square
test was then conducted to test the null hypothesis that istributions are the same; a plot of the various chi-square
statistic valucs is given in Figure 3. Also shown is the level of significance at a confidence level of 95%. For most
of the cases, the (est rejected the null hypothesis, implying that wind speed and cloud cover are ccerelated; that is,
P(EJABD) # P(E/AD).

100
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Figure 3. Vaiues of chl-square statistics comparing the unconditionai cloud-cover distribution
with the conditional distributlon when winds excsed 25 knots. The solid line is the 95% level of
confidence. Plotied letters refer 1o locations; S--Sandspit, F--Frobisher, C-Chucchill, T-Torbay.
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‘Table 5. Comparison of airways cloud cover distributions, winds greater than 25 knots and alt

cases, for four of the proposed station locations.

Wind > 25 Knots All Cases
Sundspit CLR SCT BRN  OVC CLR SCT BKN OVC
January 001 005 0.13 0381 006 020 024 0.50
February 0.04 005 015 0.76 009 022 0325 044
March 0.02 004 009 085 009 029 0.25 037
April 000 006 0.1 0.83 0.28 025 037
Septamber 002 001 011 0.86 028 0.26 032
Ocu. -7 0.00 005 0.3 082 007 028 025 040
Novemiver 001 004 015 0.80 005 028 027 040
December 0.01 009 015 075 025 024 046

Wind > 25 Knots Al Cases
CLR "SCT BKN OVC SCT  BKN OVC
024 012 017 046 022 0.16 030
029 017 017 037 023 0.13 0.29
037 014 009 040 021 0.14 027
0.06 016 0.16 0.62 021 0.17 041
0.02 00 012 082 L 0.17 025 051
002 005 0.2 0.80 1 0.16 0.64
0.06 009 015 0.70 A 3 0.16 053
0.21 013 014 0.52 0.16 033

Wind > 25 Knots
CLR SCT BKN OVC BKN  OVC
0.15 0.10 0.7 0.58 027 0.18 032
0.14 011 010 0.64 029 0.17 0.30
0.12 0.10 013 0.65 A 023 043
0.23 014 013 0.50 023 0.18 033

Wind > 25 Knots
Torbay CLR SCT BRN OVC CLR BKN  OVC
January 002 018 025 035 005 . 024 0.53
February 002 0.16 027 055 0.05 023 0.54
March 0.04 017 018 0.61 008 A 028 0.50
April 002 005 020 0.73 0.06 A 021 0.59
May 0.03 016 0.8 0.63 G.05 A 0.19 0.61
June 001 011 032 0.56 0.04 028 0.53
July 0.01 008 0.1 020 0.05 029 045
August 002 017 020 0.61 0.06 023 048
Scptember 0.03 017 031 049 008 027 042
Oclober 0.02 015 026 0.57 0.06 . 027 046
November 0.02 015 oA 0.60 0.04 3 027 0.50
December 0.01 017 030 053 0.04 A 027 0.53

282 Estmating Condltional Probabilitles. A method had 1o be devised to compuie the conditional
probability, and we took the following approach: In computing statistics for the Burger distribution (mean sky coves
and scale distancej, afl observations with wind speeds above 25 knots were excluded. The probebilities
subsequently computed were then assumed 10 represent the conditional probabitity P(EJABCD).

9




3, »MODEL RESULTS

3. 1 -Five-Minute CFLOS Probabliities. Tables 6 through 11 give monthly S-minute CFLOS conditional
probablhua. P(EfABCD), for six satellite configurations. Tsbic 6 is for the 19,000 km orbit with a 65° angle of
inclination. Tables 7 through 11 arc for geostationary orbits with the satelite at the foliowing positions (degrees
west longitude): 50°, 70°, 100, 120°, 140°.

regrtmvy

TABLE 6. Conditiona! Probability of a S-minute CFLOS for an orbiting sateilite in the navigational
orbit.

JAN
Sandspit 028
Churchill 047 047
Penticton 014 021
Chatham 039 038
Torbay 021 019
Alent 051 048
Ftoblsher 044 046 . X
lmmk 043 043 42 . . 042
Lofdon 020 027 036 039 047 2 X . 0.19
Moose Jaw 042 040 0. 49 051 052 054 0. z X X 038
Whitehorse 035 038 043 036 --- 028 . X 031
Cold Lake 035 035 034 031 031 035 . 031

TABLE 7: Conditional Probabliity of a 5-minute CFLOS for a geostationary sateilite at a longitude
of 50°W.

NOv
Sandspit
Churchifl
Penticlon
Chatham
Torbay
Alert
Frobisher
Inuvik
London
Moosc Jaw
Whitchorse
Cold Lake
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of T0°W.

“Sandspit

Churchill
Penticton

038

023

042
023

048
031
039

0.38

037
041
030

045
037
044

037

046
0.54

042

0.55
0.55

0.36

0.60

044

0.52
050 0.50

037 042

" .YABLE 8. Conditional Probabiiity of a S-minute CFLOS for a geoetationary sateilite at a longltude

041

0.36

Table 9. Conditionai Probability of a S-minute CFLOS for & gecetationasy sateliite at a longitude of

100° W.

Sandspit
Churchill
Penticton
Chatham
Torbay
Alest
Frobisher
Inuvik
London
Moose Jaw
Whitchorsc
Cold Lake

JAN
031

0.51

0.19
044
026
0.24
047
037
0.41

030
G4t
040
040

040

046
0.55
049
045

045
051
041
039

0.62
0.62
034
047

AUG SEP

053
0.59
033
045

052
049
033

0.51
0.26
040 043

0.28
044
026
0.35

022
044
0.34
0.38

Tabls 10. Conditional Frobsbility of a 5-minute CFLOS fer a geostationary sateliite at a longitude

of 120°W.

Sandspit
Chuechill
Penticton
Chatham
Tosbay
Alert
Frobisher
Inuvik
London
Moosc Jaw
Whitchorse
Cold Lake

JAN
033
0.5t
020
040
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' ' Tebie 11, Conditional Probabllity of a S-minute CFLOS for a geostationary sateliiie at a longitude

of 140° W.
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
Sandspit 033 033 043 045 035 035 035 041 041 037 037 035
Churchill 049 047 052 040 030 029 041 040 025 02F 032 045
Penticton 018 024 041 050 045 052 061 059 053 048 025 0.19
¢ Chatham - . evee - e amee mame  cete meee eeee ween ceee
Tosbay e e a e e e e e o e
. Alent e me e e e s e e e e e
Frobisher - — e s eees e e e
Inuvik ———- ———. eeee vaoe eeen B e e —
London een - oo veme  omee B e nen
Moose Jaw 044 039 044 055 049 055 060 060 050 049 043 042 N
Whitehorse 039 041 041 052 042 .- 038 037 039 028 027 037
Cold Lake 039 038 038 044 037 037 046 044 038 042 033 037

3.1.1 How to Use the Tables. Data provided in the various tables can be used to calculate the joint probability
of all five of the conditions A-E. From the definition of conditional probability, several expressions can bs obtained:

P(ABCDE) = P(EJABCD) » P(ABCD) ®
P(ABCD) = P(DJABC) + P(ABC) ©

) ‘ P(ABC) = P(C[AB) « P(AB) M
P(AB) = P(BJA) » P(A) @®

Substituting (6} into (5) yields:

P(ABCDE) = P(EJABCD) + P(DJABC) * P(ABC) )
Combining this expression with (7) and (8) results in:

P(ABCDE) = P(EJABCD)+ P(DJABC) * P(C/AB) » P(BJA) * P(A) (10)

° Event D is independent of events A, B, and C and as a result we can state as P(DJABC) = P(D). Also, since P(C)=1,
the condilional probability of C occurring will always be unily, P(C/AB)=1, Therefore, the final result is:

P(ABCDE) = P(EJABCD) « P(D) « P(BJA) « P(A) an

Another useful expression, derived in a similar manner, is the probability of being able to detect a satellite in the
navigational orbit given that it is within view, P(ABCE|D):

P(ABCE|D) = P(E[ABCD) « P(BJA) « P(A) (12)




3.1.2 Sampile Calculation. To compute the probability that a satellite in the 19,000-km navigational orbit can
be detected by the GEODSS sysiem at Torbay during January given that the satellite elevation angle is at least 15°,
first obtain values for each term in equation 12 from the tables:

* Get P(A) from Table 3 (0.58)
* Get P(B/A) from Table 5 (0.71).
* Get P(E/ABCD) from Table 7 (021)

Multiplying these numbers together gives 0.09; therefore, there is only a 9% chance that weather conditions will
permit detection of the satellite when it is in view. In contrast, the probability st Alect during Januacy is 49%. Table
12 lists probabilitics by month for all 11 stations.

TABLE 12. Conditional probabilities of joint occurrences of conditions A, B, C, and E, given
condition D. Condition A--Sun at least 6 degrees below the horizon; B--surface wind speeds Jess than 25 knots;
C—temperawre higher than -56° C; D--satellite’s elevation angle at least 15° above the horizon; and E--5-minuie
CFLOS between an object in a 19,000 km orbit (right ascension angfe of 65°) and the ground.

Sandspit

Churchill

Penticton

Chatham

Torbay

Alert

Frobisher I

Inuvik A 1 0.12

London 011 014 O A 3 0.18 018 O 0.14
Moose Jaw 024 021 O. A 016 0. 024 022
Whitchorse 022 0621 o A 006 000 O 009 O. 012 0.14 020
Cold Lake 021 019 O A 008 006 O 012 013 018 016 0.19

3.2 Diiferences In the Various Tables. Since all the proposed siations are at far northem latitudes, the
elevation angie of the satellites for the geostationacy orbits will always be low. As a result, CFLOS probabilities
differ only slightly among the various geosiationary positions.




4. DISCUSSION

4.4 Evaiustion of Model Results. Evaluation of the probabilities provided by this simulation is difficult
“becausc databascs of observed occurrences of CFLOS are limited. In place of this type of comparison, (esis can be
conducicd on the dasa 1o casure the results arc consistent with the basic assumptions of the model.

4.2 Relationship between Mean Monthiy 5-Minute CFLOS Probabliities and Mean Sky Cover.
Figurc 4 is a scatierplot of monthly mean sky caver (computed only from those observations when the Sun is at least
6 degrees below the horizon) versus the monthly mean S-minutc CFLOS probability, P(E/ABCD), for the §9,000
km navigational orbit. The plot indicates a very large lincar correlation between ihese two variables (correlation
coefficient of -0.98). Also shown in Figure 4 are the CFLOS probabiliues from the SRI CFLOS model. These
values are point probebilitics based on a 40° clevation angle, the average elevation of the orbiting satellite. The
difference between the curve and the plotied data primarily reflects the effect of the 5-minute window on the
degradation of CFLOS probabilitics. A typical valuc of this degradation is 8%: it is somewhat larger for the smaller
valucs of mean sky cover and somcwhat smaller for the larger values.
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Figure 4. Relationship of mean monthly sky cover with monthly S-minute CFLOS probabliities.




43 Relationship between CFLOS Degradation and Sky-Dome Scale Distance. We define the term
"CFLOS degradation” as the difference between the point and S-minute CFLOS probabilities. Figure 5 is a piot of
CFLOS degradation versus sky dome scale distance. The correlation coefficient of these two variables is -0.74.
This type of correlation is consisient with our fundamental assumptions. A short scale distance suggests that
hour-to-hour values of cloud cover show considerable fluctuation (cumuliform clouds), while a large scale distance
suggests more consisicnt hour-to-hour values (stratiform clouds). With a large scale distence, cloud cover tends to
be either totally clear or cloudy. Therefore, if a 5-minute interval begins with a cloud-free line-of-sight, it is likely to
remain clear for the duration; degradation is small. With a small scale distance, cloud cover tends more toward
intermediate values (partly cloudy). Clouds tend to be scaticred across the sky, increasing the probability of
encountering a cloud at some Lime during the S-minute interval and increasing degradation. The plots in both
Figures 4 and 5 suggest that the CFLOS statistics are consistent with the fundamental assumption made in using the
Burger distribution and the SRI CFLOS model.
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Figure 5. Relationship of the ditference In point CFLOS probabilities and S-minute CFLOS
probablliities (CFLOS degradation) with the sky-dome scale distance.
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5. CONCLUSIONS

5.1 Summary of Results. Weather is not the only consideration in selecting the best location for a GEQDSS
sensor. But bascd only on the results of this environmental study, Moose Jaw stands out as the best choice; winds
are scidom over 25 knots, CFLOS conditional probabilities are consistently among the highest for alt 12 months, and
its southcm location allows the system to be operational during the summer months.

Alert would be a very good choice for detecting objects in the navigational orbit between November and March,
The joint probability, P(ABCDE), in December is 17% at Alert versus 6% at Moose Jaw. However, the probability
is zcro from April through August. For geostationary orbits, it is zero for all 12 months.

Torbay appears to be the worst choice. During the winter, winds in excess of 25 knots occur about 30% of the time.
Throughout the years Torbay's conditional CFLOS probabilitics arc consistently near the bottom of the group.

5.2 Final Poim. This study provided 2 good example of how simulation. modeling can be used to estimate event
probabilities when direct obscrvations are not available. Onc of the advantages of this type of modeling is the
relative easc in link'ng several different models together, as was done here with the CLDGEN and satcllite orbit
models. The data clearly shows the dilferences and similaritics in the 12 proposed sites, and will help
decision-makers pick the best possible site for the GEODSS system.
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