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Preface

USAFETAC prepared this study to answer a reques t from Headquar ters Rome A ir
Development Center (RADC). They require estimates of cloud , rain, and atmospher ic
gaseous attenuation of microwave satellite—to—ground radio transmissions to assist
in a feasibility study of a satelliteborne radar system . This report provides
estimates of atmospheric attenuation for Central Europe and southern Florida in July
and describes the estimating system used. The locations were chosen to represent a
reasonable range of conditions. After RADCs evaluation of this system we anticipate
processing similar information for other locations. In the future only the results
will be provided .

The significant atmospheric factors attenuating radio waves through the
atmosphere are cloud , rain, oxygen , and water vapor. The first two factors, cloud
and rain , are poorly quantified and require a number of untested hypotheses in
their application. If experimental verification of the results is accomplished by
RADC, USAFETAC would appreciate being advised of the evaluation so that the models
and systems we have used may be validated or modified .

If the reques ter or any other agency incorpora tes this repor t into another
repor t, we request that USAFETAC be given proper credit and be furnished a copy of
the new report in all cases where such dissemination is not prohibited .

USAFETAC prepared this repor t to answer a spec ific problem and it is not
expected to have application beyond that problem. We recommend that further
ques tions on this or related subjec ts be referred to USAFETAC for consultat ion and
study.

The author wishes to recognize the following people for their contributions to
this study. Capt Daniel J. McMorrow directed the computer processing of the data ,
directed the development of the gaseous attenuation summary, and made many valuable
suggestions for improving the study. SSgt James E. Warnke assisted with the data
extraction and the processing of computer summaries and calculations. Mr. John
Louer , Miss Gertrude K. Holtzmann , Mrs. Esther R. Laumbattus , and Mrs. Carolyn
Bertrand edited , formatted , and typed the report.
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ESTIMAT ES OF SATELLITE-TO-EAR TH MICR(~JAV E ATTENUATION
BY CLCJJD, RAIN , OX?GEN , AND WAT ER VAPOR

nt~~ d uc t ion

C u r t e n t  knowledge of cloud and r a i n  pa rame te r s  t ha t  i n f l ue n c e  the  a t t e n u a t i o n  of
~~ xo ~~ ves in t i~~ ...~y ions  ~C t~ 62 GHz nn d 92 to 9ó Ghz consis ts  of a very  few
~~e~ rch—type coservations of th~ ne ~sa ry  e lements .  Convent iona l  cl ima to log ica l
.ec ’,ni’~ue ~nc.et these C cu;~~v~ .~ces is to relate the f e w  avai lable  observat ions  to
Od~~ine~ 7—observed eT~ements ~~~~ the intention of developing distributions or prob—
b~ lit~ levels of the desired parameters. Cloud atter.uation of microwave trans—
i~ sions is a function of cloud tenperature, phase , iiqui..—~ ater content (LWC), and
~~Li—size distributions. The cloud phase is 0treated by as~ uming that all cloud
a~.r.,cies are liquid at temperatures above —3.5 C and frozen below that temperature.
udzinsky [14) states that “the ttenuation of snow and hail is expected to be much
less than that produced by equivalent rainfall. ” Other authors indicate it to be as
r~uch as two orders of magnitude less. Therefo~e, for ou r es timates we may conf ine
.ur area of analysis to levels below the —3.5 C height. This analysis assumes the
.~~~ ~n ~louds (with very little objective justification) to be correlated to the

cloud amount; higher LWCs are associated with overcast clouds. Cloud thickness is
~L~~trar1l y related to cloud amount and is used in relating the space—size cloud
1~.tribution to the path length through clouds. A simplified two—d imensional model—
.ng technique performs this function . Factors relating cloud thickness to cloud
amount are also arrived at subjectively. Because of the lack of climatological ob-
servations of these cloud properties a more sophisticated system for calculating
cloud a t t e n u a t i o n  is not considered j u s t i f i e d . Cloud attenuation is probably the
weakest part of the system we are using to derive total attenuation. Lack of a reli-
able data base precludes more accurate estimates.

Precipitation attenuation is related to the average precipitation (rain) rate
over the path length . Prec~pitation is also assumed to be in the liquid form only
from the surface to the —3.5 C height. The rain—rate d i s t r i b t i o n  is also assumed to
be constant from the surface to this level. The system used for obtaining rain at-
tenuation is more reliable than the one used to find the cloud attenuation because
of the availability of better rain—tate data and because the models used have been
tested with good results.

Estimates of gaseous attenuation distributions have been derived using the sys-
tem described by O’Brien (31]. These estimates are considered reliable. All att~n—uations are for one—way transmissions. They should be doubled if one requires
two—way values.

Discussion

a. Cloud Attenuation. The model used in obtaining frequency distributions of
cloud attenuation depends on frequencies of low and middle cloud amount. Summaries
of this parameter are available or may be derived for many stations world—wide . The
model is divided into two parts. The first part provides frequencies. The second
part provides the corresponding cloud attenuations. Observed low— and middle—cloud
amoun ts may be summarized to obtain distributions of eighths Coctas) of sky cover.
This cloud attenuation model assumes that water clouds are confined to th8 layer
between the mean height of the cloud base and the mean height of the —3 .5 C tem-
peratur e. In Central Europe in July these are:

Mean height of —3.5°C — 4.816 km
Mean height of cloud base — 1.829 km
Mean cloud layer thickness — 2.987 (approx. 3.0 km)

Frequency distributions of cloud amounts below 4.816 km are first obtained as
illustrated in Table 1, columns 1 and 2. If , for example, 3/8 sky cover is
occurring , the probability of a vertical beam passing through clouds would be 3/8 or
0.375. If this 3/8 cloud cover occurs 9.2% of the time ’ the beam would pass through
cloud when this amount is occurring 0.375 X 0.092 — 0.035, or 3.5% of the time. I
Frequencies of other sky cover increments are similarly computed and presented in
column 3 of Table 1. Cumulative frequencies of cloud amount cumulating from high—
to low—cloud amount are calculated and presented in column 4 of Table 1.

1

I



-. - . ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~-
-
~ ~~~~~~~~~~~ 

..,_—.-
~

- 
~~~~~~ 

.r,

Cloud attenuation is calculated using the following equation from Benoit 1 4 ) :

Ac — Kpr

where Ac is attenuat ion through the cloud in dB, K is a constant whose value is
related to the frequency of transmission and temperature~ r is the path length
through the cloud in kilometers , and p is the LWC in gm/m i. The value of K at 0°C
is determined from the following:

Frequency (GHz) K

60 3.07
94 7.38

Attenuation is calculated using the assumed LWC (col . 5) of Table 1, and assuming a
cloud—thickness coefficient (col. 6) equal to the particular sky—cover increment ,
i.e., 1/8 sky cover is assigned a (1/8) 0.125 thickness coefficient. Thus, if the
cloud layer thickness is 3 km, the 1/8 sky—cover clouds are assumed to be 3 km X
0.125 or 0.375 km thick. Liquid—water content (LWC) is assigned in column 5. Kn8w—
ing the LWC , ray wavelength, and path in clouds, and assum ing a tempera ture of 0 C,
we calculate the attenuation through the cloud increment. For 1/8 cloud cover , 0.59
dB , we now have the cumulative frequency and corresponding one—way cloud attenu-
ation. Columns 4 and 7 of Table 1 present this information for 90 elevation angle
and 94 0Hz (0.32 cm). In this particular case the cloud attenuation/frequency dis-
tribution is the same to all levels (above 4.816 km).

Note that cloud—layer thickness refers to the entire layer in which water clouds
may occur , while cloud thickness refers to the cloud thickness of each cloud amount
category. Assigning a thickness coefficient which relates thickness to cloud amount
(thought to be reasonable) conve niently solves much of the geome try of the problem,
such as when going from a vertical to a horizontal (or any in between) ray path.
This assumption may be interpreted to indicate that all clouds for each increment
are grouped into one elliptical spheroid whose vertical axis, for example , for 3/8
cloud cover , is 3/8 of the cloud—layer thickness, 3/8 X 3 kin or 1.125 km, and whose
horizontal axis is 3/8 of the horizontal ray path with the ray path limited to the
same magnitude as the di ameter of sky dome observed , or approximately 100 miles.

b. Rain Attenuation. The calculation of rain attenuation is more direct al-
though it, too, requires several simplifying assumptions. As mej’~tioned prev iously,
the rain rate is considered constant from the surface to the —3.5 C level (4.8 km in
Central Europe in July). Frequencies of rain rates come from recorded data in this
case. Bussey (61 hypothesized and offered some proof , which has been valida ted by
stud ies at USAFETAC and by other investigators , to the effect that: distributions
of rain ra ’ es at a point are s imilar to distributions of average instantaneous rain
rates o v r  some distance , and fu r ther , that distributions of point rain rates mea-
sured ove- 1—hour intervals are similar to distributions of average instantaneous
ra in rates measured over distances on the order of 50 km , while d istributions of
rain rates measured over 1—minute intervals are similar to distributions of average
instantaneous rain rates measured over distances on the order of ~ few (<10)
kilometers.

USAFETAC applied this hypothesis to this problem. Distributions of Nclock_hour u
rain rates have been transformed using the system described by Davis and McMorrow
(101 into distributions of 1—minute rates. Using Bussey ’s hypothesis we applied the
1—minu te rain—rate distributions to rain paths less than 10 kin , and the clock—hour s
ra in—rate distributions to rain paths of 30 to 50 km. Attenuation rates correspond-
ing to rain—rate thresholds for each frequency came from Medhurat [301. Table 2
illustrates the computation of the frequency distributions of rain attenuation .
Frequencies of the rain rates indicated in column 8 are tabulated in uclock_ hour N
and al_minute u intervals in columns 9 and 10. Corresponding attenuation rates from
Medhurst (30) appear in0column 11 and one—way attenuation over the specified path
length (surface to —3.5 C) is calculated (path length times attenuation rate) and
listed in column 12. We now have two frequency columns (9 and 10) and one attenua-
tion column (12). Depending on the path length (if less than 10 kin, we use frequen-
cies in column 10, if near 50 kin, column 9) and can construct graphs of rain attenu—
ation as illustrated in Figures 1 through 4.

2 
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~~~~~~o(~~ Att~ :iuttI ~~rt . water v ap”r  ar i d oxyger are Lilt ~~i. L n c .p . .i e.. L~~.

~t~~r ,u o r c i r ad io  t r o n sm ~ ssion ~ in the ~~ to 62 and 92 to 96 GHz ~~~~~~ ~~~~~~~~
..~~ ~~ ~.;pecia1l~ s tr o ng  a t t e n uat o r  in and near  the 61 GHz band reg ion.  The oxygen
~~~~~~~ ci the atmosphere  v ar i~~ only s l i g h t l y  so that  oxygen a t t e n u a t i o n  at the 1%,
3~~, end 50% levels are essentially the same . Water  vapor a t t e n u a t e s  f a r  less than
J xj c ) e n ,  but does v a r y  for  the percent i le  levels. The resu l t  is that  the combined
.jaseous attenuation varies by only  a few ten ths  of a decibe~ f rom the 1— to
JO—percentile levels. Tables 6 and 7 ~~uicate the vertical (90 elevation angle)
.~r e - ~~ay attenuation for th three percentile levels. These are based on a mean July

~ectical atmospheric profile for the location and the specified percentile level of
the surface LWC . Attenuation for other elevation angles is obtained by multiplying
,~y the cosecant of the angle. The system used is described by O’Brien [31 ) .

d. Combined Attenuation . Tables 3 and 4 contain infor~ ation on the input
values and the results of computations for both wavelengths and satellite height!
elevation angles for rain and cloud separately. Table 5 summarizes the combined
rain and cloud attenuation frequencies for three percentile levels for four repre—
~sentative elevation angles. Computer tables of oxygen and water—vapor attenuation
have been provided separately. Tables 8a through 8i list the three percentile
values (1%, 5%, and 50%) of cloud , rain , and oxygen plus water vapor and also
provide estimates of totals based on the assumption that these values are highly
correlated . That is, heavy rain , dense clouds , and high va1u~ s of water vapor occursimultaneously. Finally, total atmospheric attenuation , one way, tJ~rough the
atmosphere from all heights perpendicular to the earth ’s surface (90 elevation
angle) and from each height to one—half the nadir to earth tangent angle are
presented in Tables 9 and 10. In these tables , attenuation is rounded to the
nearest whole decibel.

Conclus ion J
This report explains the methods of calculation and ypothesis used in arriving

at certain percentile levels of atmospheric attenuation of millimeter—band radio
transmissions. Attenuations are calculated separately for clouds , rain , oxygen, and
water vapor , and then combined . Several of the key hypotheses used have very lit—
tie or no objective justification and ate based only on the author ’s opinion. For
th is reason the results obtained should be considered only as very general approxi—
nations of the values likely to be encountered .
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Figure 1. Cloud Attenuation at 90° Elevation Angle for Central Europe During July.
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Table 1. One-Wa y Satellite—to-Earth Cloud Attenuation at 94 GHz (0 .32  cm) in Central
Europe During July .

(1) (2) (3) (4) (5) (6) (7)
Total One-Way Cloud Attenuation (dB)

Low/Mid Freq on Cum Thick Exceeded by Indicated Pergentage
Cid Amt Freq Path Freq LWC Coef Frequency [col (4)) at 90 Elevation

Angle thru Cloud Layer

Octas % % % g/m3 dB

0 15.4 54.1* 100.0 0 0 0
1 17.7 2.2 45.9 0.2 0.125 0.59
2 8.7 2.2 43.7 0.2 0.250 1.18
3 9.2 3.5 •k1..5 0.4 0.375 3.25
11. 7.1 3.6 38.0 o.k 0.500 4.43
5 8.5 5.3 34.4 0.6 0.625 8.4].
6 9.5 7.1 29.1 0.6 0.750 10.18
7 14.9 13.]. 22.0 0.8 0.875 15.35
8 9.0 9.0 9.0 1.0 1.00 22.111.

* 100% - (sum of sky cover freq 0.1 to 1.0)
(2) from records
(3) — (1) x (2) — freq of old amt increment on ray path
(4) — (3) cumulated from 8 octas to 0 octas
(5) assumed
(6) — assigned decimal — to respective octa(7) — calculated attenuation for 94 0Hz, (6) x 3 km path length, and

specified LWC

Table 2. One—Way Satellite-to-Earth Rain Radar Attenuation at 94 GHz (0.32cm) in
Central Europe During July.

(8) (9) (10) (11) (12)

% Time Precip . Rate Measure d Total One-Wa~r Rain Attenuation
Precip . Ove r Indicated Intervals Is Attenuation Ove r 900 to 100 NM Path
Rate Equaled or Exceede d Rate Slant Path — 14.60 km

mm/hr “Clock Hour” 1-Minute dB/km dB

0.25 13.18 3.50 0.25 1.15

0.51 11.66 2.70 0.49 2.25

2.54 2.52 2.149 2.05 9.43

6.35 0.33 0.61 4.00 18.11.0

12.70 0.03 ~ .19 6.8c 31.28

25.140 0.00 0.04 11.70 53.82
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Tab le 3b. Estimate of One-Way Cloud Attenuation. Percent of Time Indicated
Cloud Attenuation ia Equaled or Exceeded .

Attenuation at 94 Q~z (da )

Elevation 900 00 50.690 52.090 54.460 56.250 58.15° 59 35° 60. 260 60 .680

Ets (NM) ?.LL ALL 100 200 500 1000 2000 5000 10,000 22 ,000

100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

P F 45.9 0.6 42.1 0.7 0.7 0.7 0.7 0.6 0.6 0.6 0.6

S R 43.7 1.2 84.1 1.5 1.5 1.3 1.3 1.3 1.3 1.3 1.3

41.5 3.2 252.4 4.4 4.1 4.1 4.1 3.8 3.8 3.8 3.8

E U 4.4 336.5 5.9 5.6 5.6 ~~~~ 5•~ ~~~ 5.3 5.0

~ 
34.4 8.4 631.0 10.6 10.6 10.2 10.2 9.7 9.7 9.7 9.3

C 10.2 757.2 12.8 12.8 12.4 12.0 11.5 11.5 11.5 11.5

22.0 15.4 1177.8 20.1 19.5 18.9 18.9 18.3 18.3 18.3 17.7

9.0 22.1 1682.6 28.8 28.0 27.3 26.6 25.8 25.8 25.8 25.1

Attenuation at 60 R~z (dB)

Elevation 90° 0° 50.69° 52.09° 54.46° 56.25° 58.15° 5 9•3 5
0 60.26 0 60.680

Hts (NM) ALL ALL 100 200 500 1000 2000 5000 10,000 22.000

100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

P F ~5~9 0.2 17.5 0.3 0.3 0.3 0.3 0.2 0.2 0.2 0.2

S 4) 43.7 0.5 35.0 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6

41.5 3.4 105.0 1.8 1.7 1.7 1.7 1.6 1.6 1.6 1.6

E L I  38.0 1.8 140.0 2 .5  2 . 3  2 .3  2 .2  2 .2  2 .2  2 .2  2.1

~ 34.4 3.5 262.5 4.4 4.4 4 .2  4.2 4.3. 4.1 4.1 3.9
C 29.1 4 .2  315.0 5 .3  5 .3  5.2 5.0 4.8 4.8 4.8 4.8

22.0 6.4 490.0 8.4 8.1 7.9 7.9 7.6 7.6 7.6 7.4
• 9.0 9.2 700.0 12.0 11.7 11.4 11.1 10.7 10.7 10.7 3.0.4

(~~\
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Attenuation at 94 GIll (dB)

4)levation1 
900 50.69° 52.09° 54.46° 56.25° 58.15° 5 9•3 5

0 60.260 60.680
Angle

Hts (NM ) ALL 100 200 500 1000 2000 5000 10,000 22,000

3.50 1 1.2 ~
‘ 1.5 1.5 1.4 1.4 1.4 1.4 1.3 1.3

R E 2.70 2.3 2.9 2.9 2.8 2. 7 2.6 2.6 2.6 2.6

• 2.49 9.4 12.3 12.1 11.7 11.5 11.1 11.1 10.9 10.9
N E 0.61 18.4 24.0 23.6 22.8 22 .4  21.6 21.6 2 1.2 21.2
T 

~ 0.19 31.3 40.8 40.1 38.8 38.1 36.7 36. 7 36.0 36.0

Y 0.04 53.8 70.2  69.0 66.7 65.5 63.2 ~‘3.2 62.0 62.0

Elevation 
0°Angle

Hts (NM) ALL

13.11 69.0

R E 1l.6f 135.3

2.42 566.0

N E 0.33 1104.4
T 

~ 0.03 1877.5

Y 0.01 3230.0

Attenuation at 60 GHz (dB)

• 
- 

- 
Elevation 90° 50.69° 52.09° 54.46° 56.25° 58.15° 59.35° 60.26° 60.68°

• fits (NM) ALL 100 200 500 1000 2000 5000 10,000 22,000

• 
3. 50 0.7 0.9 0.9 0.9 0.8 0.8 0.8 0.8 0.8

• R E  2.70 1.4 1.9 1.8 1.8 1.7 1.7 1.7 1.6 1.6

2.49 6.3 8.2 8.0 7.8 7.6 7.3 7.3 7.2 7.2

N E 0.61113.8 18.0 17.7 17.1 16.8 16.2 16.2 15.9 15.9
T 

~ O .19~ 25. 3 ~~ 33.0 32.5 31.4 30.8 29.7 29.7 29.2 29.2
Y 0 .04j 43 .7  57.0 56.1 54.2 53.2 51.3 51.3 50.4 50.4

Elevation 
00Angle

fi ts (NM ) ALL

13.11 41.4

R E ll.6( 85.6

2.42 375.5

N E 0.33 828.3
T 

~ 0.03 1518.6

Y 0.0( 2623.0
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Li ..~~~~. 0. -t . - .i.
~~ -~~o4d Attenuation . Percent of Time Indicated

j 4 - - L~. e~L t cnuati0n L~ t 0 I ~~” 1 Ct Ci! txceeded .

Attenuation at 94 GRz (dB)

Elevation 90° 0° 50.690 52.09° 54.46 ° 56.25 ° 58.15° 59.35° 60.26° 60.68°

fits (NM) ALL ALL 100 200 500 1000 2000 ‘~000 10,000 22,000

100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

P F 19.2 0.9 47.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

E R  18.9 1.6 95.8 2.2 2.1 2.1 2.1 1.9 1.9 1.9 1.9

17.6 5.0 287.2 6.5 6.2 6.2 5.9 5.9 5.9 5.9 5.9

S U 15.9 6.8 383.2 8.6 8.6 8.3 8.0 8.J 7.7 7.7 7.7

13.1 12.4 718.2 15.9 15.9 15.1 15.1 14.6 14.6 l4..-~ 14.6

C 10.3 15.1 861.7 19.5 19.0 16.2 18.2 17.7 17.3 17.3 17.3
‘
~ 5.4 23.0 1340.8 30.1 29.5 28.3 27.7 27.2 27.2 27.2 27.2

3.3 33.2 1915.1 42.8 42.1 40.6 39.9 39.1 38.4 38.4 38.4

- 
‘ Attenuation at 60 GHz (dE)

Elevation 900 0° 50.69° 52.09° 54.46° 56.25° 58 .15° 59.35° 60.26° 60.68°Angle

fit s (NM) ALL ALL 100 200 500 1000 2000 5000 10,000 22,000

100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

~ 
19.2 0.4 19.9 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4

S R 18.9 0.7 39.8 0.9 0.9 0.9 0.9 0.8 0.8 0.8 0.8

1.7.6 2.1 119.5 2.7 2.6 2.6 2.5 2.5 2.5 2.5 2. 5

~ U 15.C 2.8 159.4 3.6 3.6 3.4~ 3.3 3.2 - -  

~ .2 3.2 3.2

13.1 5.2 298.8 6.6 6.6 6.3 6.3 6.1 6.1 6.1 6.1

C 1.0.3 6.3 358.5 8.1 7.9 7.6 7.6 7 .2  7.2 7.2 7.2

5~1 9.6 557.8 12.5 12.3 1.1.8 11.5 11.3 11.3 11.3 11.3

3.~ 13.8 796.7 17.8 17.5 16.9 16.6 16.3 16.0 16.0 16.0
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Table 4c. Estimete of One—Way Rain Attenuation. Percent of Time Indicated
Rain Attenuation is Equaled or Exceeded.

Attenuation at 94 GSa (dB)

Elevation 90° 50.69° 52.09° 54.46° 56.25° 58.15° 59.35° 60.26° 60.68°Mgi.

Sta (NM) ALL 100 200 500 1000 2000 5000 10,000 22,000

3.17 1.4 1.8 1.7 1.7 1.6 1.6 1.6 1.6 1.6
R E  2.58 2.6 3.4 3.3 3.2 3.2 3.1 3.1 3.0 3.0

1.27 11.1 14.4 13.9 13.5 13.3 13.1 12.9 12.7 12.7
N 5 0.60 21.6 28.0 27.2 26.4 26.0 25.6 25.2 24.8 24.8
T 

~ 0.32 36.7 47.6 46.2 44.9 44 .2 43.5 42.8 42.2  42.2

— T 0.19 63.2 81.9 79.6 77.2 76.1 74.9 73.7 72.5 72.5

Elevation 0°
Angle

Sta (Nil) ALL

5.4 74.3

R 5 4.2 145.5

1.9 608.9

N 5 0.9 1188.0
T 

~ 0.4 2019.6

Y 0.1. 3474.9

Attenuation at 60 GHz (dE)

Elevation 90° 50.69° 52.09° 54.46 ° 56.25° 58.15° 59~~350 60.26° 60.68° 
. 

-

fits (NM) ALL 100 200 500 1000 2000 5000 10, 000 22 .000

3.17 0.8 1.1 1.0 1.0 1.0 1.0 0.9 0.9 0.9
R E  2.58 1.7 2.2 2.1 2.0 2 .0 2.0 2.0 1.9 1.9

1.27 7.3 9.5 9.4 9.0 8.8 8.7 8.6 8.4 8.4
N E 0.60 16.2 

~, 
21.0 20.4 19.8 19.5 19.2 18.9 18.6 18.6

T N  0.32 29.7 38.5 37.4 36.3 35.8 35.2 34.7 34.1 34.1
Y 0.19 51.3 66.5 64.6 62.7 61.8 60.8 59.9 58.9 58.9

Elevation 00Angie

fit s (NM) ALL

5.4 44.5

R E  4.2 92.1

1.9 403.9

N 5 0.9 891.0
T 

~ 0.4 1633.5

7 0.1 2821.5 
-
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~~~ ;~~~~~~ :i ‘~nc-v.ay .~~~- i d  ~nd Rain Attenuation for Central Europe During
.J.y.

Percentage of Time Indicated
Nadir Elevation i’requency Attenuation (dB ) Exceeded
An~1e height Angle GHz ____________________________ - - -

50% 5% 1%

0° ALL 90° 94 1 27 36
60 3. 9 35

* 200 NM 52.09° 94 2 28 52
60 1 12 20

* 3.000 NM 56.25 0 94 2 27 39
60 1 11 19

* 20,000 NM 60.68° 914 1 25 36
60 1 10 18

* 4 between nadir and tangent

Table 6. One-Way Vertical Attenuation Table 7. One—Way Vertical Attenuation
• (dB)4 Due to Water Vapor and (dB) Due to Water Vapor and

Oxygen for Central Europe Oxygen for Southern Florida
During July. During July.

Frequency Percent of Time Exceeded Frequency Percent of Time Exceeded
(GHz ) 50 5 1 (GHz) 50 5 1

58 99.3 ~9.4 99.5 58 98.7 98.8 98.9
59 131.3 131.4 131.5 59 131.6 141.6 131.6
60 124.7 124.8 124.9 60 123.8 123.8 123.9
6]. 136.5 136.4 136.5 61 136.6 136.6 136.7
62 120.3 120.4 120.5 62 120.2 120.3 120.3

92 1.0 1.3 1.4 92 1.7 1.8 1.8
93 1.0 1.3 1.4 93 1.7 1.8 1.8
94 1.0 1.3 1.4 94 1.7 1.8 1.9
95 1.0 1.3 1.4 95 1.7 1.8 1.9
96 1.0 1.3 1.5 96 1.7 1.9 1.9

Calculated to 30 km above statiøn level. Calculated to 30 km above stttion level.
* Rounded to nearest 0.1 4j~~ * Rounded to nearest 0.]. dE.
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Tab l. 8. Estimated 0ne-Wa~r Atmospheric Attenuation 
(dB) for Different Attenuators .

(a) ANGLE: 00 nadir; 900 elevation. HEIGHT: All - nautical miles.

PERCENTAQE OF TIME EXCEEDED
ATTENUATOR 94 0Hz 60 0Hz

1% 5% 50% 1% 5% 50%

CENTRAL EUROPE — JULY

Cloud 22.1 22.1 0 9.2 9.2 0
Rain 31.3 0 0 25.3 0 0

+ Water Vapor 1.4 1.3 1.0 124.9 1241.8 124.7

Total 5J1.8 23.4 1.0 159.11 134.0 124.7

SOUTHERN FLORIDA — JULY

Cloud 33.2 23.0 0 13.8 9.6 0
Rain 11.]. 0 0 7.3 0 0
02 + Water Vapor 1.9 1.8 1.7 123.9 123.8 123.8
Total 146.2 24.8 1.7 145.0 133.4 123.8

(b) ANGLE: 0° nadir; 60.680 elev. HEIGHT: 20,000 nautical miles.

PERCENTAGE OF TIME EXCEEDED
ATTENUATOR 94 0Hz 60 0Hz

1% 5% 50% 1% 5% 50%

CENTRAL EUROPE — JULY

Cloud 25.3 25.3 0 10.5 10.5 0

Rain 35.8 0 0 29.0 0 0
02 + Water Vapor 1.6 1.4 1.1 143.2 1113.1 143.0
Total 62.7 26.8 1.1 182.8 153.6 143.0

SOUTHERN FLORIDA — JULY

Cloud 38.0 26.3 0 15.8 11.0 0
Rain 12.7 0 0 8.3 0 0
02 + Water Vapor 2.1 2.0 1.9 1~42.]. 141.9 141.9
Total 52.9 28.11 1.9 166.3 152.9 1141.9
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-~ - r~~~~~~d One-Wa ~tmospheric Attenuation (dB) for Different Attenuators
(Continued) .

Cc) ANG LE : 
~~~~~~~~~; 

60.26° d cv. HEIGHT: 10,000 nautical miles.

PERCENTAGE OF TIME EXCEEDED
ATTENUATOR 94 OHs 60 0Hz

1% 5% 50% 1% 5% 50%

CENTRAL EUROPE — JULY

Cloud 25.4 25.4 0 1O.~ 10.5 0
Rain 36.0 0 0 29.]. 0 0
02 + Water Vapor 1.6 1.14 1.1 143.8 143.7 143.6
Total. 63.1 26.9 1.]. 183.5 154.3 143.6

SOUTHERN FLORIDA — JULY

Cloud 38.2 26.4 0 3.5.8 11.0 0
• Rain 12.7 0 0 8. 11 0 Q

02 + Water Vapor 2.1 2.0 1.9 142.6 1142.5 142.5

Total. 53.2 28.5 1.9 166.9 1.53.6 142.5

Cd) ANGLE: - 
; 59.35° d cv. HEIGHT: 5000 nautical miles.

-
._ _

~~~- • , .

PERCENTAGE OF TIME EXCEEDED

- - . ATTENUATOR 911. GHz 60 GRz
1% 5% 50% 1% 5% 0%

CENTRAL EUROPE — JULY

Cloud 25.6 25.6 0 10.6 10.6 0
Rain 36.3 0 0 29.4 0 0
02 + Water Vapor 1.6 1.5 1.1 1245.1 145.0 144.9
Total 63.6 27.1. 1.1 185.2 155.7 1414.9

SOUTHERN FLORIDA — JULY

Cloud 38.5 26.7 0 16.0 11.1 0
Rain 12.9 0 0 8.5 0 0
02 + Water Vapor 2.2 2.0 1.9 144.0 143.9 143.9
Total 53.7 28.8 1.9 168. 5 155.0 143.9

i —---- . 
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Table 8. Estimated One—Way Atmospheric Attenuation (dB ) for Different Attenuators
(Continued).

(e) ANGLE: — ; 58.15° clay. HEIGHT: 2000 nautical miles.

PERCENTAGE OF TIME EXCEEDED
ArraNUATOR 924 0Hz 60 0Hz

1% 5% 50% 1% 5% 50%

CENTRAL EUROPE — JULY - -

Cloud 26.0 26.0 0 10.8 10.8 0

Rain 36.8 0 0 29.7 0 0

+ Water Vapor 1.6 1.5 1.1 147.0 146.9 146.8
Tote.]. 64.5 27.5 1.1 187.6 157.7 146.8

SOUTHERN FLORIDA — jut.y

Cloud 39.0 27.6 0 16.2 11.3 0
Rain 13.0 0 0 8.5 0 0
02 + Water Vapor 2.2 2.1 2.0 145.8 145.7 1115.8
Total 54.3 29.1 2.0 170.7 157.0 145.8

(f) ANGLE: ~~~~~~~~~~; 56.25° d cv . HEIGHT: 1000 nautical miles.

PERCENTAGE OF TIME EXCEEDED
ATTENUATOR 914 GHz 60 (1Hz

1% 5% 50% 1% 5% 50%

CENTRAL EUROPE — JULY
Cloud 26.5 26.5 0 11.0 11.0 0
Rain 37.6 0 0 30.14 0 0
02 + Water Vapor 1.6 1.5 1.2 150.2 150.0 149.9
Total 65.9 28.1 1.2 191.7 161.1 149.9

SOUTHERN FLORIDA — JULY

Cloud 39.9 27.6 0 16.5 11.5 0
Rain 13.3 0 0 8.7 0 0
02 + Water Vapor 2.2 2.1 2.0 149.0 148.8 148.8
Total 55.5 29.8 2.0 1714.3 160.11 1118.8
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(g)  ANGLE : ~~ L J  ; 54.146° elev. HEIGHT: 500 ns~ttica1 m iles.

PERCENTAGES OF TIME EXCEEDED
ATTENUATOR 94 GHz 60 GHz

1% 5% 50% 1.- 5% 50%

CENTRAL EUROPE — JULY
Cloud 27.1 27.1 0 11.3 11.3 0
Rain 38.11. 0 0 31.0 0 0

+ Water Vapor 1.7 1.5 1.2 153.11. 153.3 153.2
Total 67.3 28.7 1.2 195.8 164.6 153.2

SOUTHERN FLORIDA — JULY

Cloud 40.8 28.2 0 16. 9 11.7 0

Rain 13.6 0 0 8.9 0 0
02 + Water Vapor 2.3 2.2 2.0 152.2 152.1 152.1
Total 56.7 30.4 2.0 178.1 163.9 152.1

(h) ANGLE: — ; 52.09° d cv. HEIGHT: 200 nautical miles .

PERCENTAGES OF TIME EXCEEDED
• ATTENUATOR 94 0Hz 60 0Hz

— _ ±
~ 

5% 50% 1% 5% 50%

CENTRAL EUROPE — JuLY

Cloud 28.0 28.0 0 11.6 11.6 0
Rain- 39.6 0 0 32.0 0 0
02 + Water Vapor 1.7 1.6 1.2 158.3 158.1 158.0
Total. 69.11 29.6 1.2 202.0 169.8 158.0

SOUTHERN FLORIDA — JULY
Cloud 42.0 29.1 0 17.14 12.1 0
Rsin 111.0 0 0 9.2 0 0
02 + Water Vapor 2.4 2.2 2.1. 157.0 156.9 156.9
Total 58.5 31.4 2.1 183.7 169.0 156.9

19



-.----- —“-—--.- —r- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table 8. Estimated One-Way Atmospheric Attenuation (dB ) for Different Attenuators
(Continued).

Ci) ANGLE: 1 ; 50.6 9
° d cv. HEIGHT: 100 nautical miles.

PERCENTAGES OF TIME EXCEEDED
ATTENUATOR 914 0Hz 60 0Hz

1% 5% 50% 1% 5% 50%

CENTRAL EUROPE — JULY

Cloud 28.5 28.5 0 11.8 11.8 0
Rain 40.5 0 0 32.7 0 0
02 + Water Vapor 1.8 1.7 1.2 161.4 161.3 161.2
Total 70.8 30.2 1.2 198.5 173.1 161.2

SOUTHERN FLORIDA — JULY

Cloud 11.2.9 29.7 0 17.8 12.4 0
Rain 14.3 0 0 9.4 0 0
02 + Water Vapor 2.5 2.3 2.2 160.1 160.0 160.0
Total 59.7 32.0 2.2 187.3 172.4 160.0

-

• 
Table 9. Total One-Way Atmospheric Attenuation (dH) for Central Europe During July.

PERCENT OF TIME EXCEEDED
HEIGHTS ELEV

NM ANGLE 94 0Hz 60 0Hz

1% 5% 50% 1% 5% 50%

ALL 90 55 23 1 159 134 125

20,000 60.68 63 27 1 183 1.54 143

10,000 60.26 63 27 1 1814 154 1.44
5,000 59.35 611. 27 1 185 156 145

2,000 58.15 65 28 1 188 158 1147

1,000 56.25 66 28 1 192 161 1~19

ij 
j  

500 54.416 67 29 1 196 165 153

200 52.09 69 30 3. 202 170 158

100 50.69 71 30 1 206 1.73 161
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..tai ~-i~~ -.~~ y a~~. ~u Li it~ Attenuation (dB) for Southern Florida During
Juiy.

PERCENT OF TIME EXCEEDED
HEIGHTS ELEV

N M ANGLE 94 0Hz 60 GHz

1% 5% 50% 1% 5% 50%

ALL 90 46 25 2 111’ 133 1211.

20,000 60.68 53 28 2 166 153 1~~t2

10,000 60.26 53 29 2 167 1511 1143

5,000 59.35 514 29 2 169 15c 121.4

2,000 58.15 54 29 2 171 15~ 1146

1,000 56.25 56 30 2 174 160 1149

500 54. 116 57 30 2 178 164 152

200 52.09 59 31 2 184 169 157

100 50.69 60 32 2 187 172 160

0 
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