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Evidence of Long-Term Correlation Between
Clear-Air Attenuation and Scintillation In
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Abstract—Long-term correlation between microwave scintil- lation using meteorological data [5]-[7]. This model-based
lation and path attenuation in clear-air troposphere is quanti- approach has opened the possibility to include predictors other
tatively evaluated carrying out a numerical and experimental 1o gyrface data, showing that the vertically integrated water-

analysis on a monthly basis. Amplitude scintillation variance is L ’ .
simulated by means of a weak-fluctuation propagation model, V&POr content is significantly correlated with the amplitude

while pa’[h attenuation is obtained from ground_based brightness scintillation variance [6] |ndeed, this extension of the statisti-
temperature data using a radiative transfer model. Both the cal prediction methods is very appealing since the integrated
scintillation and radiative transfer models are applied to a set water-vapor content can be accurately retrieved by both dual-

of radiosounding observations, performed in Milan, ltaly, during  -hanne| microwave radiometers [8], [9] and global positioning
1989. Regression formulas relating clear-air mean radiative tem- . ’
system (GPS) receivers [10], [11].

perature to meteorological quantities and slant-path attenuation . . . .
to amplitude scintillation variance are derived from numeri- The foundations of these new estimation techniques are ba-

cal simulations. Their validity should be restricted, in general, sically related to the correlation between clear-air scintillations
to mid-latitude subcontinental climates. Monthly predictions of and brightness temperatures. This correlation has been shown
radiometer-derived path attenuation and correlation between iy jitarature by using both simulated and experimental data
attenuation and scintillation are tested using both multichannel hort dl ¢ basis [6]. [121-[16]. Si th
radiometric data and Italsat beacon measurements at 18.7, 39.6, on as 'or - and long- (?rm asis [ ]’_ [ ]__[ ]. Since pa
and 49.5 GHz, acquired at Spino d’Adda, ltaly, ground station ~attenuation can be derived from radiometric measurements,

in 1995. A fairly good agreement is found by performing a it is expected that scintillation is also correlated with path

comparison between estimates and measurements. attenuation in clear-air conditions, i.e., without clouds and
Index Terms— Clear-air amplitude scintillation, microwave PreC|P'tat|0n_- _ _ .
propagation, satellite communications. An analysis of the correlation between rain path attenuation

and scintillation intensity has been already carried out using
Olympus measurements on a short-term basis [17]. In rain
_ _ o _ conditions, zenithal path attenuation at 20 GHz can reach
EW fixed and mobile communication services argalues up to 15 dB (for precipitation intensity of about 50
planned to exploit beacon frequencies &t band mm/h). On the contrary, in clear-air conditions, we expect
and above [1]. At these frequencies, scintillation playgenithal attenuation no greater than about 1 dB (for very humid
an important role as a signal degradation source [2], [3Hir with 50 mm of vertically integrated water vapor) [18], [19].
Scintillation phenomena are attributed to turbulent refractivenis means that the dynamic range of path attenuation in clear-
index inhomogeneity, which induces time and space randefi conditions is much smaller than in rain conditions and,
variations of the amplitude, the phase, and the angle of arriv@rrespondingly, when clear-air high scintillation variances are
of the received signal. The renewed interest in scintillatigfresent, the measured path attenuation values are generally
studies is mainly due to their relevant impact on digitadmall.
links that have low fade margins available, but require high |n this work, numerical and experimental evidence of the
performance [4]. _ “long-term correlation between microwave scintillation and
Recently, the application of electromagnetic propagatiqsath attenuation in clear-air troposphere is argued. Amplitude
models, describing the interaction between microwave récintillation variance is derived both from a weak-fluctuation
diation and turbulent atmosphere, has been proposed j@bpagation model and from Italsat measurements at the Spino
developing statistical prediction methods of clear-air scinti'Adda ground station (ltaly). Path attenuation is obtained
from ground-based brightness temperature data, using both
Manuscript received January 22, 1999; revised October 5, 1999. This wak radiative transfer model and a multichannel radiometric
was supported in part by the Italian Ministry of University and Scientific angystem available at the ltalsat receiving station. Both the
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II. THEORETICAL CONSIDERATIONS where G is the antenna-aperture averaging factbris the
In this section, we will briefly introduce the basic relaflevation anglef, is the wave-number in vacuund; is the

tionships which relate, on the one hand, path attenuatibljermittence factor due to atmospheric instabilify; is the

to brightness temperature and atmospheric variables and,"ffactive-index structure constant of homogeneous turbulence,

the other hand, scintillation variance to the refractive-indg¥d~ is the altitude coordinate withl the effective height of

structure constant and to atmospheric parameters. Within fHgPulence [20]. Due tOch? log-normal probability distribution

outlined framework, the numerical and experimental analyggnerally attributed t@y, it is also common to refer to the

will be carried out in Sections Il and IV, respectively. scintillation log-variancédn(c? ), conventionally expressed in
Microwave tropospheric attenuation, during nonprecipita{yp- ) )

ing conditions, is mainly caused by the spectral absorption of =XPerimental and numerical analyses have shown that on

water vapor, oxygen, and cloud liquid water. Under the ag_long-terr_n basis the scintillation variance can be expressed

sumption of local thermodynamic equilibrium, the microwav8S & function of the ground-based meteorological parameters.

thermal emission is expressed in terms of the equivalent blaéklS usual to adopt the following form for the long-term

body brightness temperatuté@’s) using the Rayleigh-JeansScintillation log-variance [6], [7], [21]

approximation. Suppgsing a _plar_le—paralle! atmos_phere a@H[O,Q(f’ 0)]) :ln[GQfa(Sinﬁ)_'a]—i—(ln[aQ (T, RH,, V.)])

neglecting the scattering contribution (no rain conditions), the = * xm

integral form of the radiative transfer equation allows one to (3)

express, explic_itly, the brightness temperatgre as a function gfere and g3 are the frequency and angle scaling exponents,

the atmospheric parameters and optical thickness [8], [9]. respectively, and?,, is the normalized log-variance in general
The slant-path attenuatior(f,#) [dB], calculated at @ fynction of surface temperaturg,, relative humidity RH,,

frequency/ along an elevation anglé (above the horizontal 4nq vertically integrated water vapbg in clear-air conditions.

plane) at the altitude of a ground receiving station is re|at‘?§’omparing (2) with (3), we deduce that the theoretical values
to the measured’s(f,¢) as follows: for o and 3 are 1.17 and 1.83.

(A(Ff,0)) = (A(f,6 = 90°)) cosec (6) _ Ifhthe _refractive index ish comEIex,bas fo.r thefatmosphere

in the microwave range where the absorption of water vapor

=4.343(In [(Tn ([, 0) = T2) /(T (/. 6) (22-24 GHz) and oxy%en (50-60 GHz) arpe dominant, (2) c?an
—Ts(f,0)]) (1) be generalized [22]. In particular, it can be shown that the

where the angle brackets indicate the long-term temporal avefintillation power due to absorption is mainly concentrated at

aging (in this work, on a monthly basisf,.. [K] is the mean !ow temporql frequencies and the high-pass cutoff frequenc_y

radiative temperature and, [K] is the cosmic background increases with the square root of the channel frequency. This
brightness temperature (equal to 2.73 K), incident at the tg}fans that, af band and above, we would expect the bulk

of the atmosphere. The tersd(f,6 = 90°) represents the O the scintillation energy to be below 10 mHz [17].

zenithal attenuation and the cosecant law dependence is dy& Order to avoid this possible contamination in the cor-

to the assumption of a horizontally stratified atmosphere. €lation analysis, on the one hand, we have used an eighth-
Note that due to the nonlinear form of (1), an expliciPrder Butterworth high-pass filter with a conservative cutoff

relationship between monthly4) and (75} cannot be, in frequency (at-3 dB) of 10 mHz [7]. On the other hand, we

general, derived. However, if the ratib /T, is much less have decided to compute path attenuation from radiometric
than one, (1) can be expanded into Taylor's series and a ling4@surements using (1) instead of deriving it from beacon
form can be used as a good approximation. The analysispnel data. Actually, a frequency scaling should be applied
(1) reveals that the total attenuation can be estimated frdfi deriving the beacon path attenuation from the radiometric
microwave radiometric measurements, offtg is known. It Path attenuation on a long-term basis [18], [19].

has been shown in the literature tHEt{, can be estimated

from surface meteorological data, mainly from a combination [ll. NUMERICAL ANALYSIS

of surface temperaturé; and relative humidityRH [8]-[9], In order to simulate the observetl by a ground-based
[18]. However, we will show in the next section that thgnicrowave radiometer at a given frequency and in a given
introduction of the vertically integrated water vapdr [nm  direction, we have used the Liebe model to compute the
or kg/n?] can be also useful for accurately predictifig.  atmospheric absorption [22]. This model gives a detailed
If the Taylor “frozen-in” hypothesis is assumed and thgescription of the spectral molecular absorption of humid air
turbulent eddy sizes lie in the inertial SUbrange of the Kot'possib|y with some cloud ||qu|d) in the frequency range from
mogorov spectrum, we can derive the following expressionto 1000 GHz as a function of the local temperature, pressure,
for the varianceoy(f,6) [dB?] of plane-wave log-amplitude and relative humidity. The radiative transfer equation has been
fluctuations x [dB] at a frequencyf due to horizontally splved numerically considering a stratified atmosphere with

stratified clear-air turbulence [5], [6], [14] levels associated to each RAOB level [8].
o2(f,6) =42.9G2(sin 9)711/%7/6 From the same stratified atmospheric model, we have also
X ) . o . . - - . ..
I computed the scintillation variance through (2), discretizing
/ F(2)C%(2)2%¢ dz (2) the integral and using RAOB data (including the wind ve-
0 locity) to evaluate both the intermittence factdy and the
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Clear-air simutation at 37.8 deg. elevation on hourly basis (Milan RAOB, 1989)
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Fig. 1. Simulated mean radiative temperature at 13.0, 23.8 , 31.6, and 50.2 GHz against surface temperature, relative humidity and pressuig on an hour
basis, using of clear-air RAOB data of 1989 (Milan, Italy) and an elevation angle of 3n&he top panel the bisector is also indicated by a dashed line.

2 - TABLE |
structure constant’; [6]. For the antenna aperture averaging COEFFICIENTS OF THELINEAR REGRESSION(4) TO ESTIATE

factor G we have used the expression recommended by ITU-R SHORT-TERM MEAN RADIATIVE TEMPERATURE Ty, [K]
[24]. To perform our simulations, we have selected cIear-airATS$3-0’ 218' 31.6aND E%O-Z[K?HRZAND'N T';E Banp 1;;;30[55*2”0“‘

, . . . . RFACE TEMPERATURE T's [K], RELATIVE HUMIDITY s [%], AND
RAOB's, vau'_rEd du”ng 1989 twice a day a_rou_nd mldday a\}ERTICALLY INTEGRATED WATER VAPOR CONTENT V. [mm], DERIVED USING
12:00 Greenwich Mean Time (GMT) and midnight at 24:00 RAOB DaTtA ACQUIRED IN MILAN, ITALY, DURING 1989, ASSUMING AN

GMT. It is worth mentioning that due to the time-zone andELEVATION ANGLE OF 37.8’. ROOT-MEAN SQUARE ERROR IS ALSOINDICATED

daylight saving time, GMT midday and midnight correspond Freg. jGhz/ ag aj a2 a3 rmse [K]
H i3.0 90.4692 0.5776 0.1147 0.1562 1.938
to 2 PM and 2 AM local time from March to October and to —355 rEr 7545 o oom RET
1 PM and 1 AM local time the rest of the year. Only clear- __3ts 67.4157 0.6662 0.1289 0.1487 1.961
. , . . . . 50.2 116.6953 0.4933 0.0975 0.1273 1.924
air RAOB'’s have been considered in this work, excluding the—30505" T 56 099 07075 o142 0,079 3613

cloud presence by means of a humidity threshold [7], [9].
We have also considered beacon frequencies at 18.7, 39.6,
and 49.5 GHz with a 37%8elevation angle together with four (0.81) betweerV. and 7, is apparent from the bottom plot
radiometric frequencies at 13.0, 23.8, 31.6, and 50.2 GHzdtthe figure, meaning that the introduction of the vertically-
the same 373Belevation angle. These simulation parametefgtegrated water vapoV. can be also useful for accurately
are those of the Italsat ground station, later on considered&timating;,,. In clear-air conditions, the following regression
the experimental analysis. formula can be used to prediét,, on a short-term basis:

Fig. 1 shows the simulated mean radiative temperature at
13.0, 23.8, 31.6, and 50.2 GHz against surface temperature,

relative humidity and integrated water vapor content on &fhere the coefficients are function of the frequency, but are not
hourly basis (actually, only two hourly samples within &trongly dependent on the elevation angle. In order to compute
day), using clear-air RAOB data of 1989 (Milan, Italy) andhe coefficients of (4), we assumed an additive zero-mean
supposing an elevation angle of 37.8n the top panel, the Gaussian noise with a standard deviation of 1 KZnand
bisector is also indicated by a dashed line in order to sh@¥ of the value on botiRH, andV,. Table | provides these
that the approximatioff;,,, = 7, is not generally adequate. regression coefficients for each radiometric channel and in the
As expected,Z,,, at 23.8 GHz is higher than values atl0-50 GHz band on an hourly basis, together with the root-
the other frequencies. Moreover, the fairly high correlatiomean square (rms) error. Note that inclusion of quadratic terms

Trn(fv 9) = Qo + Clejs + G/QRHS + CL?J/c (4)
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Clear-air simulation at 37.8 deg. elevation Analysis on monthly basis (Milan RAOB, 1989)
5

_015 1
g — g
= + Midday = Jol
So13f [o Midnght | S12 o
© o o
2 5 *
2 8 @
_‘C" 0.1 _‘C“ 0.9 Agf 4
& & /@Fﬂ
N N
s I
5 0.09 5 06 f
o«
° R
0.07 0.3
5 10 15 20 40 60 80 100

13.0 GHz Brightness temperature [K] 23.8 GHz Brightness temperature [K]

Q
~
N
[or]

o]
.t

o
(o]
©
NN
[o2] ~
400

o
w
©
Yy
o
+6%:0
0
o

o
P-Y
hel
\.
N
IS

@t

o
0.2\~
20 30 40 50
31.6 GHz Brightness temperature [K]

=}
w

N
w

31.6 GHz Path attenuation [dB]
50.2 GHz Path attenuation [dB}
N
o
@

i

140 150 160
50.2 GHz Brightness temperature [K]

N
N}

-
w
o

Fig. 2. Simulated brightness temperature and corresponding slant-path attenuation at 13.0, 23.8, 31.6, and 50.2 GHz on a monthly basis, using one
year of clear-air RAOB data, Milan, Italy, 1989, at midnight and midday and supposing an elevation angle %f L3@er regression curves are
also shown by dashed lines.

TABLE I
COEFFICIENTS OF THELINEAR REGRESSION(5) BETWEEN LONG-TERM
SLANT-PATH ATTENUATION (A) [dB] AND BRIGHTNESS TEMPERATURES
(T's) [K] AT 13.0, 23.8, 31.6anD 50.2 GHz, ERIVED FROM THE
SaME RAOB DATA SET OF TABLE |. THE ROOT-MEAN SQUARE
ERROR AND CORRELATION COEFFICIENT ARE ALSO INDICATED

amplitude scintillation intensity statistics. Fig. 3 shows the
simulated slant-path attenuation at 13.0, 23.8, 31.6, and 50.2
GHz against corresponding scintillation log variance at 18.7,
39.6, and 49.5 GHz on a monthly basis, using the clear-air
RAOB data of Milan, Italy, 1989, and supposing an elevation

Freq. [GHz] by b1 rmse [dB] | correlation angle of 37.8 and an antenna diameter of 3.5 m. Path
13.0 -0.0214 0.0122 0.001 0.997 . .
338 00895 0.0160 0.011 0.953 attenuation at 23.8 GHz are higher than at 31.6 GHz due to
316 -0.0290 0.0140 0.004 0.999 the water-vapor peak absorption.
50.2 0.3756 0.0158 0.041 0.909

The latter figure justifies the assumption of a linear form to
relate path attenuation and scintillation log-variance such as

in (_4) doe_s not m(_)dify supstantially the estimati(_)n accuracy, (A(f,0)) = co +c1{ln [o’i(f7 ) (6)
while the introduction oW, in (4), as a further predictor, gives
improvements of about 10% in terms of rms error. where the frequency can indicate both a radiometric and
As anticipated, a linearized form of (1) can be derive@d beacon channel, as shown later. In order to derive the re-
in clear-air conditions. Fig. 2 shows the simulated slant-pa@tiession coefficients of (6), given in Table I, we assumed an
attenuation at 13.0, 23.8, 31.6, and 50.2 GHz against tAdditive zero-mean Gaussian noise with a standard deviation
corresponding brightness temperature on a monthly ba$,1% of its value onln [o2(f,6)]. The rms errors and the
using the same data set as for Fig. 1 and supposing @girelation coefficients are also shown in the table. We have
elevation angle of 378 In particular, for each month, both thechosen to represent the scintillation log-variance, instead of
midday and midnight values have been computed. The limité8 variance or standard deviation value, in agreement with the
spread around the linear best-fit curves (only at 50.2 GHz tB¥pression given in (3). Note that in order to get the variance

dispersion becomes significant) corroborates the assumptiGiue, it is not correct to take simply the exponential of the
of a linear prediction formula; that is log-variance value due to the presence of the temporal average

operator.

As expected, scintillation log-variances increase with fre-
guency even though their dynamic ranges slightly decrease
Assuming an additive zero-mean Gaussian noise with a stavith frequency. This correlation between scintillation vari-
dard deviation of 1 K orf’z, Table Il gives the coefficients of ances and path-attenuation basically depends on the solar
(5) to derive{A) from (I'z) at 13.0, 23.8, 31.6, and 50.2 GHz heating of ground, which leads to an expected increase in
together with the rms errors and the correlation coefficientsthe air temperature and absolute humidity, with a concomitant

After deriving long-term path attenuations from radiometriproduction of atmospheric instability and, thus, scintillation.
data through (5), we can statistically compare them witBince brightness temperature represents the emitted thermal

(A(f,6)) = bo + bi(TB(f,0)). (5)
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Clear-air simulation at 37.8 deg. elevation on monthly basis (Milan RAOB, 1989)
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Fig. 3. Simulated slant-path attenuation at 13.0, 23.8, 31.6, and 50.2 GHz against corresponding scintillation log-variance at 18.7, 39.6Gldnd 49.5
on a monthly basis, using of clear-air RAOB data of Milan, Italy, 1989 and supposing an elevation angle°f8d.8n antenna diameter of 3.5 m.
Linear regression curves are also shown by dashed lines.

TABLE 111 TABLE IV
COEFFICIENTS OF THELINEAR REGRESSION(6) BETWEEN LONG-TERM COEFFICIENTS OF THELINEAR REGRESSION(7) BETWEEN LONG-TERM
SLANT-PATH ATTENUATION (A} [dB] AT 13.0, 18.7, 23.8, 31.6, 39.6, 49.5, SLANT-PATH ATTENUATION {A) [dB] AT 18.7, 39.6 AND 49.5 GHzAND
AND 50.2 GHzAND SCINTILLATION LOG VARIANCE (In (0 )) [Np] AT 18.7, SLANT-PATH ATTENUATION (A) [dB] AT 13.0, 23.8, 31.6anD 50.2 GHz,
39.6,AND 49.5 GHz, BERIVED FROM THE SAME RAOB DATA SET OF TABLE | DERIVED FROM THE SAME RAOB DATA SeT OF TABLE |. THE ROOT-MEAN
ASSUMING AN ELEVATION ANGLE OF 37.8° AND AN ANTENNA DIAMETER OF SQUARE ERROR AND CORRELATION COEFFICIENT ARE ALSO INDICATED
3.5 m. THE rms ERROR AND CORRELATION COEFFICIENT ARE ALSO INDICATED
Freq. [GHZ] dg dy rmse [dB] correlation
<ln(0'21)> at18.7 GHz 18.7-23.8 0.0571 0.3161 0.001 0.999
Freq. [GHz) ) o1 rmse [dB] | correlation 39.6-31.6 0.2104 1.0405 0.002 0.999
5o 51973 3L 0008 0852 49.5-50.2 -0.5547 1.0578 0.005 0.998
18.7 0.8107 0.0816 0.043 0.879
238 2.4720 0.2581 0.138 0.879
316 0.9716 0.0841 0.047 0.868 . . . .
=02 2.9928 0.0626 0.078 0616 basis, using of clear-air RAOB data of Milan, Italy, 1989,
<in(o’,)> a1 39.6 GHz and supposing an elevation angle of 37.8ssuming a linear
Freq. [GH/ <o el rmse [dB] | correlation form and a single-variate dependence, it is possible to set the
13.0 0.1787 0.0136 0.008 0.850 : . .
8 1004 02650 0110 0876 problem by means of the following regression formula:
316 0.8537 0.0863 0.048 0.865
39.6 1.0681 0.0898 0.050 0.865 . _ :
50.2 2.9056 0.0644 0.078 0.618 (A(f] ,0)) = do + di(A(f3,0)) (7)
<n(o’)> 3t 49.5 GHz _
Freq. [GHg] co 1 rmse [dB] | correlation where the subscrigtrefers to the beacon channels and the sub-
130 0.1744 00136 0.008 0348 scriptz refers to the radiometric channels under consideration.
238 2.0261 0.2651 0.141 0.874 . - .
36 0.8265 0.0864 0.048 0863 The regression coefficients needed to apply (7) for attenuation
49.5 24735 0.0680 0.083 0.616 frequency scaling are given in Table IV, together with the rms
50.2 2.8846 0.0643 0.079 0.616

errors and the correlation coefficients. Note that in (7) we have
chosen to select the radiometric channel frequeficglosest
to the beacon attenuation frequengy Multiple regression,
radiation of the atmosphere, which, in turn, is due to atmasing more than one predicting channel, can be also applied,
spheric absorption, an increase in brightness temperature Wit without significant improvements in the final accuracy.
be accompanied by an increase in observed path attenuationScaling radiometer-derived attenuation to the Italsat beacon
In order to scale radiometer-derived attenuation to beactraquencies does not change the comments made for Fig. 3.
attenuation by using (5), we can carry out a further modehis is shown in Fig. 5, where the scintillation log variances at
investigation. Fig. 4 shows the simulated slant-path attenuati®®.7, 39.5, and 49.5 GHz is plotted against the corresponding
at 18.7, 39.6, and 49.5 GHz versus radiometer-derived slastant-path attenuation on a monthly basis. Table Il reports the
path attenuation at 13.0, 23.8, 31.6, and 50.2 GHz on a month#gression coefficients of (6) in this case, as well.
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Clear-—air simulation at 37.8 deg. elevation on monthly basis (Milan RAOB, 1989)
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Clear-air simulation at 37.8 deg. elevation on monthly basis (Milan RAOB, 1989)
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IV. EXPERIMENTAL ANALYSIS thus avoiding any deraining procedure [26]. High-pass filtered

We have considered measurements from the Italsat groitdntillation variances have been computed every minute [7].
station in Spino d’Adda, Italy, close to Milan, where beacorfdeteorological data, consisting of surface temperature and
at 18.7, 39.6, and 49.5 GHz are sampled at 1 Hz rate witplative humidity, were measured at Spino d’Adda every ten
antennas of 3.5-m diameter pointing at 37eevation angle minutes and four radiometric channels at 13.0, 23.8, 31.6, and
[4], [25]. A clear-sky threshold of-1.5 dB has been applied t050.2 GHz pointing at 37 8elevation angle as well, were also
the log-amplitude time series in order to select clear-air evengsailable at the same site. Radiometric systems were routinely
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Radiometric data at 37 8 deg. elevation on monthly basis (Spino d'Adda, 1995)
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Fig. 6. Radiometer-derived slant-path attenuation against measured brightness temperature at 13.0, 23.8, and 31.6 GHz on a monthly basisilusing cle
radiometric data taken at the Italsat ground-station (Spino d’Adda, Italy) during 1995 at midnight and midday with an elevation angfe &fn@am8
regression curves, shown in Fig. 2, are also indicated for comparison.

: - TABLE V
calibrated by means of a tipping-curve method and they WereBlAs AND ROOT-MEAN SQUARE VALUE OF THE PERCENTAGE FRACTIONAL

used to cross check the presence of clouds and rain along tor [%] Due To THE ComPaRISON BETWEEN PATH ATTENUATION AT 13.0,

|ltalsat satellite path [8], [9] 23.8,AND 31.6 GHz, DERIVED FROM RADIOMETRIC MEASUREMENTS AND

 For this work, twelve months of meteorological, radiomet- T'/iflg.N?E, EZT(IS%JEDIQSMG%ETJS;EZDTEEIgzégfglﬁgwLF%(;A)/LTS\IA(%(;E

ric, and beacon data have been available from January 1, 1995

to December 31, 1995 for the three beacons. Unfortunatelyeas Gl | bias 4 rmse | Free. [He] | bias | rose | Freq [GHo | blas | emee

radiometric measurements at 50.2 GHz were not availableZ$-27 L7 276 2836 | 49 | 304 | BAOs | 122 L 82

continuously during the year so that it was not possible

to include them in the experimental data set. Moreover,

radiometric data at 13 GHz were considered reliable only #re noted at 31.6 GHz, especially for path attenuation values

January and February. greater than 0.5 dB, probably due to a calibration problem [27].
Ground-station data time series were windowed aroundFinally, Fig. 7 shows the slant-path radiometer-derived at-

GMT midday and midnight (choosing a period of abouenuation at 13.0, 23.8, 31.6 GHz against the scintillation log

45 min) in order to make them consistent with the RAOBariances at 18.7, 39.6, and 49.5 GHz on a monthly basis at

launch times used in the numerical analysis. Monthly averagesdday and midnight. Theoretical linear regression curves, as

of these windowed measurements were performed separat#gwn in Fig. 3, are also indicated for comparison. Table V

for midday and midnight data, thus providing 24 monthly meaprovides the quantitative results of this test in terms of the

values. bias and rms value of the percentage fractional error, defined
At Spino d’Adda, path attenuation for the ltalsat beacoss the ratio between the attenuatipa,,), derived from ra-

frequencies was derived by using a semi-empirical algorithmliometric measurements, minus the attenuatiéjp predicted

not trained by the Milan RAOB data set as performed in thisy (6), using beacon log-variances and the radiometer-derived

work [27]. Thus, a preliminary check of the prediction formulaattenuation itself; that iss = 100 ({4) — (4,,))/{Am). The

as given in (5), can be a useful test to further apply (6). Fig.&reement between predicted and experimental data is fairly

shows the radiometer-derived slant-path attenuation agaigevd, in particular at 18.7 GHz; the overall percentage rms

measured brightness temperature at 13.0, 23.8, and 31.6 @or is less than 30%. The spread around the regression

on a monthly basis, using one year of clear-air radiometrtirves is higher at 23.8 GHz and the prediction algorithms

data taken at the Italsat ground-station (Spino d’Adda, Italgeem to underestimate high-path attenuation corresponding to

during 1995 at midnight and midday with an elevation angle digh-scintillation variance.

37.8. Theoretical linear regression curves, as shown in Fig. 2,

are also indicated for comparison. The agreement between the

attenuation derived at Spino d’Adda and that obtained by using V. CONCLUSIONS

(5), is fairly good at 13.0 and 23.8 GHz (even though only The long-term correlation between clear-air scintillation and

four samples at 13 GHz were available). Some discrepanc#&ant-path attenuation has been analyzed using both synthetic
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ltalsat data at 378 deg. elevation on monthly basis (Spino d'Adda, 1995)
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Fig. 7. Measured slant-path attenuation at 13.0, 23.8, and 31.6 GHz against scintillation log-variance at 18.7, 39.6, and 49.5 GHz on a monthly basis,
using clear-air beacon and radiometric data taken at the Italsat ground-station (Spino d’Adda, Italy) during 1995 with an elevation angleLofe2r.8
regression curves, shown in Fig. 3, are also plotted for comparison.

and experimental data in the 20-50-GHz band. This statistivedll-established diurnal pattern in scintillation intensity is
relationship has been derived quantitatively by using a couplgénerally peaked in the mid-afternoon so that the applicability
scintillation and radiative transfer model applied to RAOBf the model might fail for the prediction of the worst-case
data and has been tested against Italsat beacon data acquiesihd of the day. However, as mentioned in Section Ill, GMT
in Spino d'Adda, lItaly, during 1995. Slant-path attenuatiomidday and midnight correspond to 2 PM and 2 AM local
has been derived from radiometric measurements, while sdiime for most year, thus taking into account the two possible
tillation variance has been evaluated by high-pass filteriggtremes of scintillation activity. The adequateness of the
the beacon time series. This choice has guaranteed the acs@itcted data set has been also tested in [7] by evaluating
independence of the two data sources, thus avoiding the crititia scintillation variance probability density functions derived
selection of the high-pass cutoff frequency. from both simulation and Italsat data. A fairly good agree-
Linear regression models have been extensively usednient with typical log-normal statistical distributions, widely
set up an effective procedure to retrieve path attenuatitgported in literature, was found. Nevertheless, a quantitative
and scintillation log variance in clear-air conditions. Prelest of the developed methods against more complete beacon
diction formulas of short-term mean radiative temperatufiata sets will be pursued in the future. Further investigation
from meteorological measurement, long-term path attenuatigfould also include the evaluation of short- and long-term
from brightness temperatures, long-term path attenuation fréfeud effects on the correlation between path attenuation and
scintillation log-variance, and beacon path attenuation frosgintillation variance
radiometric path attenuation, have been provided. It is worth
mentioning that even though the results presented here are rel- ACKNOWLEDGMENT

evant to simulations at 37.&levation angle, by assuming (1) h h d ik hank Servizi loai
and (3) as a modeling framework, the angular dependence % N a?t o,r\jll_\;vou it : € tORt an Itelrw?o il(\(leétlaoro ogg:_o
be easily removed and the results generalized to observatio Jonautica Militare ftaliana, kome, ftaly, for kindly provi
. ; Ing radiosounding data.
with angles other than the one considered here.
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