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SUMMARY

The objective of this study is to evaluate and to compare some of the statistical models for the monthly
prediction of clear-air scintillation variance and amplitude from ground meteorological measurements.
Two new statistical methods, namely the direct and the modelled physical-statistical prediction models,
are also introduced and discussed. They are both based on simulated data of received scintillation
power derived from a large historical radiosounding set, acquired in a mid-latitudue site. The long-term
predictions derived from each model are compared with measurements from the Olympus satellite
beacons at the Louvain-la-Neuve site at 12-5 and 29-7 GHz and at the Milan site at 19-77 GHz during
1992. The model intercomparison is carried out by checking the assumed best-fitting probability density
function for the variance and log-amplitude fluctuations and analysing the proposed relationships between
scintillation parameters and ground meteorological measurements. Results are discussed in order to
understand the potentials and the limits of each prediction model within this case study. The agreement
with Olympus measurements is found to be mainly dependent on the proper parametrization of prediction
models to the radiometeorological variables along the earth—satellite pd®97 by John Wiley &

Sons, Ltd.
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1. INTRODUCTION In the past few years many microwave propa-

The rapid development of telecommunications and 9ation experiments have been carried out to evaluate
the increasing demands for larger channel capacity the impact of tropospheric scintillations (and, in
is forcing the use of beacon frequencies in the K general, of atmospheric phenomena) on the budget
band®? At frequencies above 10 GHz, a satellite— design of satellite link3**° These experiments usu-
earth link crossing the atmosphere is affected in ally involve large resources and are generally not
several ways: attenuation caused by a combination€asy to set up for each link. To cope with these
of absorption caused by gases (water vapour andproblems, there has been a growing interest in
oxygen) and extinction caused by hydrometeors, and developing statistical methods for predicting tro-
depolarization caused by atmospheric anisotropiesPospheric scintillations directly from meteorological
and scintillatior?=® Scintillation phenomena result data. On one hand, these prediction models can be
from atmospheric turbulence, causing random vari- based on experimental data of a collection of beacon
ations of the amplitude, phase and angle of arrival sites whose results are generally extended to other
of the received signal in a random wayAs sites and frequencies by means of empirical
expected and proved by various experiments, clear-functions:®-2°On the other hand, numerical models
air scintillation increases as the elevation angle of the interaction between microwave radiation and
decreases and the beacon frequency incréades. turbulent atmosphere can provide a tool to evaluate
The possible presence of cloud liquid water along the received scintillation power and its spectrum in
the path, and even the development of convective a given frequency band and for a given elevation
rain processes, may be a source of scintillation angle?'-2% Generally, these interaction models are a
enhancement!! Intermittence effects can also play function of atmospheric parameters available at
a significant role in determining the scintillation ground or from a radiosonde. The radiosoundings
intensity12:13 can represent a valuable data source because they
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can give a complete characterization of the vertical By using statistical parameters averaged over a long
atmospheric structure, even though large historical period of time (typically a week or a month), a

data sets are not always available for all the receiv- stronger correlation with the ground meteorological
ing stations. Indeed, the atmospheric state could bemeasurements can be achieved. This is the main
also derived by remote sensing techniques, as reason why long-term statistical prediction methods
ground-based radd&fsand microwave radiometefs. are generally proposed, even though diurnal vari-
Ground meteorological data are much easier to ation analysis of scintillation is gaining increasing

acquire and to collocate at the beacon site which is attention in research activitiés.
the reason why prediction models based on them
are widely used and tested.

In this paper, we study the tropospheric amplitude
scintillation occurring for frequencies higher than  The following prediction models are described
10 GHz and for elevation angles above® 10 clear-  together because they are very similar to each other.
air conditions. Most of the commonly-used predic- They both give a statistical method for the prediction
tion models of clear-air scintillation which have been of the cumulative distribution ofy based on the
proposed during the past few years are reviewed andassumption of a Gaussian PDF fgrin the short
applied to Olympus measurements during 1992 at term and a Gamma PDF far, in the longterm.
various sites. Starting from the current state-of-the- The model proposed in Reference 16, hereinafter
art, we also present two new prediction models, the for simplicity called the ‘Karasawa model’, is
direct and the modelled physical-statistical prediction assumed to be valid for frequencies ranging rom 7
models, based on numerical simulations of the to 14 GHz and elevation angles ranging from té
received scintillation power along a slant path 30°. The regression between the monthly averaged
through an intermittent turbulent stratified atmos- value o, of o, (in dB) and the wet-term refractive
phere described by a large vertical profile of atmos- index Nwet (in percentage) at the surface is:
pheric variables, obtained by radiosonde balloons

2.1. Karasawa and ITUR models

(radiosounding database). By means of regression p /G(Reff) . 045 . gin % -
techniques, the new prediction models statistically X
relate the simulated scintillation intensity to ground (0-063211856x Nwet) (2)

meteorological data. After having described the set

of Olympus data used in this work, we use them where Ry = 0-75 D./2) is the effective radius of

in order to check the validity of their assumptions circular antenna aperture of diamet®r, (in m), f

and compare the results of the prediction models is the beacon frequency (in GHz) anl is the

considered within this case study. elevation angle. The antenna aperture averaging fac-
tor G(R.¢) is given by:

2. STATISTICAL PREDICTION MODELS R,
ff

_ Rest
A well established hypothesis is to assume that the G(Rer) =10 -14 - </)\_L> for0 = ﬁ =05
log-amplitude fluctuatiory (in dB) follows a Guas- \ \

sian probability density function (PDF), which is Rosr (=3
stationary in the short term (order of a few =0504- (f) for05=-— =10
minutes ):°1¢ However, over a longer period of time VAL \/E
the standard deviatiowr, (hereinafter also called =3
scintillation intensity) of x varies according to its =01 for 1.0 = N (3)
own PDFp(o,), so that the cumulative distribution VAL

P(x > xo) of x can be written a$®
where \ is the beacon wavelength (in ml), is the
o slant distance over curve earth to heidht(in m)
J p(xlo,) - p(o,) dodx (1) of a horizontal turbulent layerH = 2000 m is
0 suggested) andR.z = 0-75 D,/2, being D, the
antenna diameter (in m).
where x, is a given threshold value am{x|o,) is The International Telecommunication Union
the condition PDF ofy given o,. Equation (1) can  model!” described in Report 718-3 and hereinafter
also be written in terms of the scintillation variance cited as ‘ITU-R model’ for brevity, is mostly derived
a2 of x, instead of the intensitys,. In order to  from the previous Karasawa model, but is applicable
compute this cumulative distribution, it is necessary to frequencies ranging from 7 to 20 GHz and is
to know which is the PDF followed by, and characterized by the following regression between
which are the parameters of this PDF (e.g. the meanthe monthly averaged value of, and surface Nwet:
and the standard deviation). Most of the statistical
models usually try to link the parameters of this —_ . {0583 | qin-12( .
PDF to ground meteorological measurements, such x ClRer) - SIn=0
as temperature, relative humidity and wind velocity. (0-0635103 Nwet) (4)

o0

P(X > Xo) =f

X0
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The ITU-R antenna aperture averaging factor is antennae with diameters of 0-:6 m, 1-8 m and 3-7
also different and is given by: m, respectively®*® The prediction models are appli-
cable for elevation angles from 6-%0 3(°, as
G(x) = 3:86 (x* + 1)**/12. deduced by experimental results.

The methods predict the scintillation varianeg
sin (11 arc tan(l)> — 7.08¢/6 (5) (instead of the scintillation intensity, as before), and,
6 X according to it, the variation ot over a long
period of time (of the order of a month) follows a

Reri \? _ log-normal PDF, i.e.:
wherex = 1-464 - Notice that the value of

/)I 1 I 2\ 2
H is taken to be equal to 1000 m amly = Ravm p(o2) =——— exp (W) (8)
with R, the antenna radius (in m) angthe antenna \Ewi 2s

radiation efficiency. Even though equations (3) and

(5) are derived from different approaches, they give wherep. ands are the mean and standard deviation

very similar results. of In(c2), respectively. As known, is2 follows a
For the rest, the Karasawa and ITU-R models are |og-normal PDF, therin(o2) follows a normal PDE

almost identical. In fact, both assume the following and the mean and standard deviationlrfo?) are

relationship between the variance of and the  directly the p. and s parameters of the log-normal

square of its mean value PDF. This explains why the model regressions are
o made directly onIn(o?). From another point of
=0-10% (6)  view, thinking of the scintillation process as a multi-

plicative random process, the arithmetic average of
and then compute the parameters of the Gammaln(o) is equivalent to the geometric average of
function (see References 16 and 17 for further o%.
details). Two direct relations between monthly mean value

By using some mathematical properties of the i Of In(o%) are proposed. The first linkg to
Gamma PDF in order to invert equation (1) numeri- surface Nwet and is given by (hereinafter, called
cally, the value of the signal levet{ exceeded for  ‘Ortgies-N model’)*®
a percentagé® of time can be expressed by:
p = In (G(Rer) - sin(B)™24 - £2%)

x(P.0,) =m(P) x o, (f, 0, Do, Nwet)  (7) —13-45+ 0-0462 - Nwet (9)

wheren(P) is the time percentage factor. This factor
may be divided into two parts, the signal fluctuation
‘enhancement’ and the signal fluctuation ‘fading’,
having the following expressions.

For 50 = P = 99-99 and only for the Karasawa =In(G . sin(6)-24 . f121) — 12.5+ 0-0865 T
model, the signal fluctuation ‘enhancement™is: H (G(Rer) ©) ) (10)

whereas the second relates it to surface temperature
T (in °C) and is given by (hereinafter, called ‘Ort-
gies-T model’'}*°

n(P) = —0:0597- (log(100- P))° - 0-0835 In both equation (9) and equation (10) the fre-

- (log(100-P))? quency scaling factor is very close to that of the
ITU-R (see equation (4)) and the antenna aperture

~1:258 - (log(106- P)) + 2-672 (7a) averaging factor is given by ITU-R. Notice that

both Ortgies models have been set up by using data

For 0-01= P = 50 and for both the models, the  fom the Olympus beacons in Darmstadt, Germany.

signal fluctuation ‘fading’ is: Concerning the parametex in equation (8)), it
. can in general be expressed with respect to the
m(P) = - 0-061- (logP)* - 0-072 - average intensity of scintillation as follo®s:
(logP)2-1-71 - (log?) + 3-0 (7b)

32:[(0 o2) +(0)] (11)

(03)?

Ortgies experimentally concludes thatappears
to be independent of system parameters and
meteorological quantitites so that is taken as a
The methods proposed by Ortgies for the predic- constant value equal to 1-01. Note that using the
tion of the cumulative distribution ofZ are derived Karasawa assumption given by equation (6),
from Olympus measurements at Darmstadt using would have given roughlys = 0-3 (we cannot
the beacons at 12-5 GHz, 20 GHz and 30 GHz and exactly calculate it because equation (11) requires

Note that the regression coefficients of equation
(7) have been experimentally derived.

2.2. Ortgies models
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mean variances). The estimate of scintillation log-
amplitude probability, given in equation (1), is
derived by assuming a Gaussian distribution for
and a log-normal distribution fos? (see next equ-
ation (18)).

guency, angle and antenna diameter. The turbulence

height H (related toL in equation (12)) has been
fixed as a function of a humidity density threshold,
set to 10° g/m® in this work?? The latter choice
stems from the fact that at radiowaves, the scintil-
lations are mainly caused by the humidity variations
in the first few km from the ground?

The output of the above simulation has consisted

Two new statistical models for the prediction of Of approximately 3600 received scintillation powers
the monthly mean value of the scintillation variance associated to the ground meteorological measure-
from ground measurements are illustrated here. Theyments, to the vertically averaged structure constant
are both based on numerical simulations of scintil- Cs and to the vertically integrated water vapour
lation power as received by a beacon station wherecontent. The reason for focussing on prediction
a large radiosounding data base is available. Therelationships involving only surface meteorological
physical model behind these simulations was measurements is due, on one hand, to the dlfflCUlty
developed by Tatarskiirefined for the intermittent ~Sometimes encountered finding a large historical
turbulence hypothesis in References 13 and 22. If RAOB database at a given site and, on the other
the Taylor ‘frozen-in’ hypothesis is assumed and hand, to the ease of employing formulae involving
the atmospheric turbulence lies in the inertial sub- only surface variables. By applying the statistical
range and is intermittent, the mean value of scintil- regression analysis to the simulated database on a

lation variance(o2) (in dB) can be expressed by daily basis and then taking the average of the results
the following formulat222 over each month, prediction relationships on a

monthly basis have been found depending on the

2.3. DPSP and MPSP models

L regression model function used to relate the input
(a2) =42-9G(Da)k7’6J (C(r)y>&dr  (12) surface variables to the monthly predicted
0 o% or In(g%). Note that in the following section the

overbar will always indicate an average on a
where G(D,) is the antenna averaging factde,is monthly basis.
the wavelength number ards the slant path within The advantage of the above approach is related to
the turbulent slab of slant thickneks Note that the  the possibility of choosing the proper meteorological
ensemble average (indicated by angle brackets) takesjatabase to recompute the regression coefficients by
into account the local intermittence of the atmos- new numerical simulations, thus saving further costs
pheric turbulence in a statistical way. The mean of setting new propagation experiments. Of course,
value of the turbulence structure constaBf(r)) is  the results are conditioned to the goodness of the
given by electromagnetic model describing the interaction
between microwaves and turbulent atmosphere. Two
possible choices of regression formulae have given
interesting results and will be described in the fol-
lowing section.

The first model has been called ‘Direct physical-

(CA(r)) = @2LgFr)(M(r))? (13)

where a 2-8, Loe is the effective outer scale
(approximately 10 m, generallyl;s is the so-called

intermittence factor (giving an average index of the
local atmospheric instability related to the wind
velocity gradient) and(M) is the mean vertical

refractivity gradient. In practical applications, the

statistical prediction’ (DPSP). The ‘physical’ and
‘statistical’ terms refer to the simulation-based and
the regression-based method, respectively,
whereas ‘direct’ refers to the kind of regression

to

ensemble average is estimated through a spatialformula used. This model is based on the direct

average within a layer determined by the vertical
resolution of the radiosounding so that a layered
atmosphere is considered.

In the numerical simulation we have performed,

a large database of radiosounding observations

(RAOBs) with a vertical spatial resolution of
approximately 150 m or smaller, performed at Milan

correlation between the monthly averagyerf
and T (like the Ortgies-T model in equation (10)),
which therefore gives us tkgarameter if log-
normal distribution is assumed (see equation (8)).
A fairly high correlation on a monthly basis has
also been found between the heigdthtof the turbu-
lent layer, defined as stated previously, and ground

between January 1980 and December 1989, has beetemperature data as a result of the corresponding

examined. An accurate selection of the clear-sky
RAOBs has been carried out in order to exclude
rainy conditions. For each meteorological profile set
(i.e. temperature, pressure, relative humidity and
wind vector), the(C2) value at each layer has been
derived from equation (13) and the total received
scintillation power, i.e. mean varian¢eZ), has been

calculated through equation (12) for a given fre-

good correlation between ground temperature and
humidity2° Notice thatH is usually taken as a fixed

value equal to 1000 m or 2008 and plays a
role in determining the antenna averaging factor by

means_of the calculation of the first Fresnel-zone
radius \/ﬁ. To take into account the antenna size

effect in DPSP, we used the antenna aperture aver-

aging factor formula and the frequency scaling factor
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given by the ITU-R (see equations (4) and (5), In(C2) = -31-87 + 006841 (15a)
respectively). The prediction relationship is thus as .
follows: whereH is given by equation (14b) and the factor

(H 400/2000) can be interpreted as the effective
——r = . — thickness of a thin turbulent layer with the bottom
IN() = IN(G(Reri H) - sirr=4 .kl.leﬁ) +In(oXnorm) level at altitudeH. /
(14) The previous formulae need only surface tempera-
ture T as an input parameter. In a more extensive
with work, we also investigated another version of this
_ model usingT and the monthly vertically integrated
IN(05 norm) = —15:84 + 012357 (14a)  water vapour content (VIWVC) as input parameters.
H = 2058 + 945T (14b) It _is worth noting that VIWVC wquld be predictable
with a good accuracy by using a dual-channel
where k is the wave numberf is the elevation ground-based microwave radiometer, i.e. from the
angle and the superscripts ouvdr(in m) and T (in measured brightness temperature at 20-6 GHz band
°C) indicate monthly averaged values. Note that and 31-6 GHz banti. The correlations obtained

dependence of the functioB on H has been writ-  usingT and VIWVC as input parameters are usually
ten explicitly. stronger than by using onlif, so that the model

The validity of equation (14b) is related to the should therefore be more accurate. When using the
climatological region where the radiosounding data VIWVC as a statistical predictor, a correlation
were available, i.e. temperate subocenic climate atbetweenc, and VIWVC stronger than that between
mid-latitudes with monthly average temperatufes In(o%) and VIWVC has been found, thus obtaining
between-5°C and 35C. The comparison of equ- ©, instead ofn. Similarly, a stronger correlation
ation (14b) with the analogous quadratic form, given betweenH and In(VIWVC) has been found than
by Rucker and Dintelmantf, shows some differ- betweenH and VIWVC. Unfortunately, the lack of
ences: for example, witil = 15°C equation (14b)  corresponding radiometric measurements did not
gives H = - 3475 m, whereas from Reference 26 it allow us to check the version of those models using
results inH = 1888 m. On the other hand, the value the V|WVC and T as inputs.
range given by equation (14b) is in a good agree- For o% we assumed a log-normal PDF and
ment with the one given by Vilar and Haddon (from because the PDF followed bp(x|o%) is generally
1 up to 5 kmy* assumed to be Gaussian, thg) can be estimated

The second model has been called modelled by numerically integrating the PDF product (see
physical-statistical prediction (MPSP), where the equation (1)} Using the complementary error
adjective ‘modelled’ refers to the fact that a physical function (ERFC), we give the following result for
model for the regression formula is used. In parti- the case of signal enhancement, which is symmetric
cular, if a thin layer of homogeneous turbulent With respect to the fading signal:
atmosphere (characterized by a thickness and a base

height) is assumed, equation (12) can be solved * Xo
analytically, giving a simple formula to derive scin- P(Xx = Xo) :J ' ERFC( [ ) '
tillation variance and layer parametéss:2: The for- °\2m s -0, V20,
mulation of the model derives from the high corre- (Ing2 — p)?

lation on a monthly basis between the logarithm of exp (252) do,, (16a)

the vertically averaged structure constan({C?) and

the surface temperaturé and from the approxi- P(X = Xo) = P(X = ~ Xo) (16b)
mation of the thickness of the layer by

(H 400/2000). In the latter expression, 400 m and The last equation (16b) holds because of the
2000 m are the common values for the thin layer Symmetry property of the Gaussian function assumed
thickness and the slab height, respectively. The for the short-term log-amplitude fluctuations.
antenna aperture averaging factor formula is that of In the next sections, we will compare the above
the ITU-R (see equation (5)), whereas the frequency DPSP and MPSP models with Olympus measure-
scaling factor is consistent with Tatarskii's theory. ments, setting the value qf =In(s%) as given by

The final relationship for MPSP is as follows: equations (14) and (15). Because the parameter
S= Oin(ed) is needed to specify equation (16a), we

_ have computed its value from our simulated database
In(o%) = In <G(Refr? H) - 42.25- K''® on a monthly basis, getting values from 0-75 (winter
time) to 1-20 (summer time). These values are in
. 400 — fairly good agreement with the range afvalues
H |¥¢ 2000 —— derived by Ortgies, who proposed amtmean value
“Isimm| T sing *In(Cy)  (15) of 1.01. Moreover, the mean value proposed by

Ortgies is consistent with our own experimental
with results (see Section 4) that provide an average



78 G. PEETERS ET AL.

value of 0-92. In the next section, we will set the  Milan data Five months of Olympus data have
s value to the Ortgies value of 1-:01 because it has been available from 1 July 1992 to 6 December
been tested over a large set of satellite measure- 1992 at 19-77 GHz, acquired at a sampling rate of
ments. 1 Hz!" As a result of the lack of a tracking system
and in order to separate the influence of the move-
ment of the satellite, data have first been corrected

3. OLYMPUS AND GROUND by subtracting the Fourier components of period 3,
METEOROLOGICAL DATA 6. 12 and 24 h.
_ _ A clear-sky threshold of1-5 dB has been applied
3.1. Beacon sites and data processing to the log-amplitude time series in order to select

clear-air events. Thereafter, the Olympus signal has
been filtered for rain attenuation studies by using a
low-pass filter with a cut-off frequency of 0-01 Hz,
and for scintillation studies by applying a fifth-order
Butterworth high-pass filter with a cut-off frequency
at -3 dB of 0-008 HZ! The cut-off frequency is
slightly higher than the one used elsewhere
(approximately 0-004 H2)and this is because of
the need to avoid spurious low frequency compo-
nents due to satellite periodic movements mentioned
above. From the spectral analysis of the Milan
Olympus data, it can be concluded that only a
few percent of scintillation power has been lost by
choosing 0-008 Hz cut-off frequency. All the com-

The experimental data used in this work have
been taken during the year 1992 at the two
groundstations of Louvain-la-Neuve (Belgium) and
Milan (ltaly) along the down-link of the Olympus
satellite, designed and launched in 1989 by the
European Space Agency (ESA). Table | shows the
characteristics of the beacons studied.

Louvainla-Neuve data Twelve months of
Olympus data have been available from 1 January
1992 to 31 December 1992 at 12-5 GHz, and 10
months at 29-7 GHz from 1 January 1992 to 31
October 1992, both acquired at a sampling rate

6,26 n-1a- .. . . .
of 1 Hz>* Because the Louvain-la-Neuve (LLN) puted values of scintillation log-amplitude and vari-

groundstation was not e_quped with a_tracking ance have then been resampled every minute for rec-
system, the pre-processing procedure to removeording

errors caused by satellite movements has been car- The main differences between LLN and Milan

ried out manually. . data are basically caused by differences of local

A clear-sky t_hresho_ld ofl _dB has been applied climatology, beacon frequencies and antenna sizes.
to the log-amplitude time series. A further threshold For Louvain-la-Neuve data, the application of a
€threshold on variance data can explain the fact that
the small values of scintillation variance occur only
approximately 1 per cent of the time. For Milan
data, no threshold has been applied because of
the lack of information concerning the noise of
the equipment.

of the noise of the equipment, so that only periods
with scintillation variances greater than 0-x&03
dB? (at 12-5 GHz) and 1-9610°° dB? (at 30 GHz)
have been considered as scintillation events. A low-
pass filtering, consisting of a moving-average win-
dow of 61 s length has been then applied, computing
for each second the mean value and the variance of

log-amplitude scintillations. 3.2. Ground meteorological measurements

At Louvain-la-Neuve, the meteorological data
have been provided as daily mean values of tem-
perature and relative humidity. In order to select
clear-sky data, only measurements with cumulative
precipitation under 0-1 mm have been kept.

At Milan, the meteorological data, consisting of

Table I. Specifications of earth stations at Olympus bea-
cons in Louvain-La-Neuve and Milan

Characteristics of the Louvain-la-Neuve Milan

earth station Microwaves Politecnico surface temperature and relative humidity, were
Laboratory UCL (Italy) measured every 10 min. Only the meteorological
(Belgium) measurements corresponding to the clear-sky thres-
bostion: hold applied on the log-amplitude measured from
. |atitude 5013 N 455 N the satellite have been retained. In the Milan data
« longitude 515 E 9.2 E set, we thus have a correspondence between
« altitude 162 m 25 m Olympus measurements and surface meteorological
Beacon’s frequency  12:5 GHz/29-7 19.77 GHz data every 10 min. Figure 1 shows a three-dimen-
GHz sional plot of mean scintillation intensity as a func-
Antenna’s diameter 1.8 m 1.5 m tion of mean surface temperature and month index,
Antenna’s elevation 27%6 30.6 confirming that the worst months characterized by
angle high scintillation variance are the mid-summer ones
Post-processing 1 Hz 1 Hz (July and August) and the worst hours are the ones
sampling rate around 2 p.m. Similar three-dimensional plots of

surface temperature, relative humidity and wet
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Figure 1. Diurnal and seasonal variation of 19-77 GHz Olympus scintillation intensity (top-left panel), ground temperature (top-right
panel), ground relative humidity (bottom-left) and ground wet refractive index Nwet (bottom-right) from July to November 1992 as
measured at the Milan station

refractivity (Nwet) are also shown in the figure. The we have checked some of the assumptions made in
fairly good positive correlation between scintillation the prediction models studied. To this aim, we have
intensity and ground temperature and the negative used only the Olympus scintillation data at
correlation between scintillation intensity and ground 19-77 GHz measured from July to November 1992
relative humidity is apparent, a result already in Milan.

reported in the literaturé’
As already stated, a common choice is to assumey 1 sgintillation variance estimate from
the effective turbulence heighi equal to 1000 m

) ! meteorological measurements
or 2000 m!®17 Figure 2 shows, in the left panel,

the yearly evolution of the effective heighi as Bestfitting cumulative distribution A well
derived from Milan radiosoundings during 1980, established hypothesis coming from theory and
fixing a humidity threshold (see Section 2), as com- experimentatibis that the log-amplitude fluctu-

puted from through equation (14b), and as imposed ations, i.e.p(x|o,), follows a Gaussian distribution
using a fixed value of 2000 m. Correspondingly, on in the short term. The problem of thepRDF
the right panel, the antenna averaging fackogiven followed by o, in the long term is more debated. For

by equation (3) is also shown using the three ways example, Karasawa and the ITU-R models assume a
of determiningH illustrated in the left panel. The Gamma PDF distribution fos,, Ortgies model sup-
underestimation ofG by using a fixed height of poses a log-normal PDF égrand other¥ use the

2000 m through the year is less than 2 per cent (up Rice-Nagakami foro?. In this test, we have tried
to 8 per cent when choosing = 1000 m), but the all of them, also considering the Rayleigh and the
impact of H on prediction accuracy can be much exponential distributions due to the analogy between

stronger because it can be explicitly present in vari- scintillation and noise process.
ance estimation formulae (as in equation (15)). Figure 3 shows the comparison of the previous
PDF with that measured at Milan in terms of cumu-
4. INTERCOMPARISON OF PREDICTION lative distribution functions. Taple Il lists the para-
MODELS meters of each PDF as derived from Olympus

measurements in order to ensure the best fit. Accord-
Before applying each statistical model to Olympus ing to this figure the log-normal distribution is the

and meteorological data sets previously described, best-fitted PDF for the long-term variati@nltof
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derived from Milan radiosoundings humidity profiles in 1980 (solid line), from the prediction formula given by equation (14b) (dotted
line) and from a fixed value equal to 2000 m (dashed line)
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Figure 3. Bestfitting cumulative distributions of scintillation variance, derived by imposing the statistical parameters listed in Table I,
and compared with Olympus measurements (solid line) at 19-77 GHz at Milan from July to November, 1992. The log-normal, the

Table Il. Statistical

parameters of fitted PDF using

Olympus Milan data at 19-77 GHz

Best-fitted Parameters First Second
probability parameter parameter
density value value
function

Gaussian m, o 0-0091 0-0174
Log-normal [T -5.46 1.23
Gamma o, B 2:36 29:58
Rayleigh N 0-0073

Exponential m 0-0091

Gamma, the exponential, the Rayleigh and the Rice—Nagakami probability density functions are shown

also appears that the Gamma distribution signifi-

cantly underpredicts the high values of the scintil-

lation intensity. To some extent, these results were
expected because Gamma PDF has proved to be
suitable for low elevation angles and humid areas,

producing strong scintillations, whereas log-normal

distribution is adequate for high elevation angles

and continental regions, such as the Milan and

LLN sites.

Mean value of scintillation variance The ana-
lysed prediction models propose various relations
linking the parameters of their assumed PDF to
ground measurements. Because Ortgies models and
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DPSP and MPSP models give the estimate of the

log-normal parameteg., in order to show the results
in a more readable way, we have converjedn
the mean variance scale by usingr? = exp(. +
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fairly good agreement with_meagijreelven
though DPSP tends to overestimatg for tempera-
tures greater than 2Q. The latter result confirms
the potential of the DPSP and MPSP approach and

0-5 s?) with s specified by the model itself. The the advantage to train the model function numeri-

Karasawa and ITU-R will be shown separately in cally on the appropriate climatological data set. Note

terms of scintillation mean intensity. that the Olympus data referred to a period which
Figures 4a and 4b show the predictions given by was not included in the historical radiosounding set

the models using surface Nwet as the input para- used to derive MPSP and DPSP regression coef-

meter, i.e. on the one hand, the Karasawa and ITU- ficients. Moreover, the accuracy of the PSP method

R models and, on the other, the Ortgies-N model. of prediction strongly depends on the turbulent

The ITU-R model tends generally to overestimate atmosphere model used (using equation (13), inter-

the mean intensityor,, especially for small Nwet mittence effects have also been included in the

values. The Karasawa model gives a closer agree-numerical simulations) and on the chosen regression

ment with measurements on average, even though model function.

an overestimation results for smaller values of Nwet.

The prediction given by the Ortgies-N model seems  Standard deviation of scintillation variance By

fairly accurate up to 80 per cent of Nwet, but tends using the available Olympus measurements, we have

to diverge for higher Nwet values. found a rat® between the square of its mean
Figure 5 show the same predictions as in the value o and the variance ob?, i.e.:

previous figure, but for the models using surface

temperatureT as the input parameters, i.e. DPSP,

MPSP, and Ortgies-T models. The relationship pro-

posed by Ortgies using the ground temperature

seems to underestimatg values for largeT values.

The DPSP and MPSP models both seem to be in

R = 02/0?2 (17)
ranging from 2-78 to 6-39, and a mean ratio equal
to 4-27. The quantitative results are listed in Table
Il for the Milan site on a monthly basis.
Both the Karasawa and ITU-R models assume a
ratio R equal to 10 (see equation (6)) which is

] I P much higher than the one derived in this case study.
016} Kerasawa = e eemmeegaeild This high value ofR might explain the significant
_ 'TU-R ot P underestimation of log-amplitude probability when
0 0,44} Oympus 20 GHz R SOPTII LOSELR oS using the above prediction models (see Figure 10
z P - in the next Section).
§ 012 T ¥ i i The Ortgies models assume that the value of the
= PG // ; parameters of the log-normal PDF, given in equ-
- e I P P : ation (8), (also used in the DPSP and MPSP
%008 _____ /_/%* _____ L models) ranges from 0-85 to 1-15 and its mean
%) .- g ' ; ; value is equal to 1-01. From the Olympus measure-
0‘06.__75./..’.1:.-.-__‘.*5---5 ............ b eeieaes i ments, we have found values ranging from 0-69 to
- D x : i E 1-12, with a mean value of 0-92, which is slightly
0045 4;0 s‘lo 8:0 160 lower than the one given by Ortgies.
Nwet (%)
0,045 === e e s . 4.2. Longterm prediction on monthly and yearly
0.04}-| Ortgies-N —— __E ____________ :, ___________ | basis
< Olympus 20 GHz = | ! 5 5 So far the different assumptions made in each
N003S - fmmmmmemee- Lommmmome 4 L
@ : : ; : prediction model have been analysed and tested
Y L separately. In this section, we have applied the
8 0025w gomameaenee I [ A i prediction models as they are proposed directly to
kS : : : monthly averaged ground meteorological measure-
5 002 : ments of the Milan and LLN sites, and show the
S 0015 results in terms of cumulative distribution functions.
k= 0.01 Note that we show all the results in terms of
@ scintillation variance, converting the scintillation
0.005 intensity predictions (Karasawa and ITU-R) by
g means of the discretization of the associated cumu-

lative distribution functions (CDF) and making the

discrete probability sum.

Figure 4. (a)Karasawa and ITU-R predictions of mean scintil-

lation variance against Nwet compared with Olympus monthly

mean values at 19-77 GHz from July to November, 1992 at
Milan. (b) Same as (a), but for Ortgies-N predictions

Cumulative distribution of scintillation vari-
ance Figures 6a, 6b and 6¢c compare the cumulat-
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Figure 5. Ortgies-T, DPSP and MPSP predictions of mean scintillation variance against surface temperaturecompared with
Olympus monthly mean values at 19-77 GHz from July to November, 1992 at Milan

Table Ill. Ratio R, defined in equation (17), derived from
Milan data at 19-77 GHz on a monthly basis

Month of 1992 RatioR at 20 GHz

July 3:83
August 4.-49
September 3-89
October 2:78
November 6-39

ive distribution of o2 resulting from DPSP, MPSP,
Ortgies-T, Ortgies-N models when using beacon data
at 12:5GHz in LLN; at 20 GHz at Milan and at
30 GHz in LLN, respectively. Each figure consists
of four panels where, on a monthly basis, the results
for the worst-case months (July and August) are
plotted; the solid line always represents the Olympus
measurements in all three figures.

The analysis of these figures shows that the Ort-

Karasawa and ITU-R models (plots similar to Figure
6a and 6¢c are not shown for the sake of brevity).
The top panels refer to the results obtained by
directly applying the two models and show a sig-
nificant underprediction for all the probability
values. This is not surprising because we have
already found that using a Gamma instead of a log-
normal distribution leads to the underprediction of
high scintillation values. Moreover, it has also been
shown that the assumed relationship between
o, ando, (i.e. the ratioR given by equation (17)
underestimates the values @(tx with respect to the
available measurements.

The latter consideration and its impact on the
final results has been checked as follows. We have
replaced the value o&fr(,X with the measured value
of o, as derived from our Olympus data (see Table
). The bottom panels of Figure 7 show the same
plots as in the top panels but after modifying the
ITU-R and Karasawa models, and demonstrate that

gies-T model always underestimates the high valuesth® agreement with measurements is strongly

of scintillation, whereas the Ortgies-N model is
fairly accurate even though it tends to overestimate
scintillation in August when the wet refractivity is

increased. This result can lead to the conclusion that
the models of Karasawa and ITU-R are not well
fitted to the meteorological conditions, and partly,

higher. The DPSP and MPSP models give a fairly to beacon specifications analysed in this work. In
accurate prediction of scintillation variance, with fact, the Karasawa model was set up by using a
a trend towards underestimating relatively strong beacon with low frequencies, very low elevation
scintillation at 29-7 GHz, and DPSP variances gener- angles, large antennae, and moreover in a very
ally being higher than MPSP variances. On average, different type of climaté?®
it is the MPSP model which shows the best results In order to apply the above prediction models,
for all the three beacons. created with monthly averaged variables, to periods
Figure 7 shows the same plots as in Figure 6b longer than a month (e.g. a year), we have to apply
for the Milan site at 19-77 GHz, but applying the a probability sum of monthly predictions. In fact,
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Figure 6. (a) (Top panels) DPSP and MPSP predictions of cumulative distribution of scintillation variance compared with Olympus
measurements (solid line) at 12-5 GHz at Louvain-la-Neuve during July (right panel) and August (left panel), 1992. (Bottom panels)
Same as in top panels, but for Ortgies-T and Ortgies-N. (b) (Top panels) DPSP and MPSP predictions of cumulative distribution of
scintillation variance compared with Olympus measurements (solid line) at 19-77 GHz at Milan during July (right panel) and August
(left panel), 1992. (Bottom panels) Same as in top panels, but for Ortgies-T and Ortgies-N. (c) (Top panels) DPSP and MPSP
predictions of cumulative distribution of scintillation variance compared with Olympus measurements (solid line) at 29-7 GHz at
Louvain-la-Neuve during July (right panel) and August (left panel), 1992. (Bottom panels) Same as in top panels, but for Ortgies-T
and Ortgies-N
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Figure 7. (Top panels) Karasawa and ITU-R predictions of cumulative distribution of scintillation variance compared with Olympus
measurements (solid line) at 19-77 GHz at Milan during July (right panel) and August (left panel), 1992. (Bottom panels) Karasawa
and ITU-R predictions of cumulative distribution of scintillation variance, modified by applying the measuredrratiol compared

with Ortgies-N predictions and Olympus measurements (solid line) at 19-77 GHz at Milan for July 1992

by simply applying the methods with input variables tion models for the monthly prediction of the cumu-
averaged over a year (‘average procedure’), it would lative distribution ofy in case of strong scintillation,
result in an underestimation of the high values of weak scintillation, and for periods longer than one
o4 probability because of the smoothing of ground month, even though we illustrate only the worst-

parameter values. On a yearly basis, it is thus month case.

necessary to compute scintillation variance prob-  Figure 10 shows the results for scintillation log-

ability for each month, sum the probabilities over amplitude fading (top panel) and enhancement

all the months, and normalize it in order to ensure (bottom panel) prediction, using the Karasawa and

the unitary normalization of the PDF (‘cumulative ITU-R models for the worst month (i.e. July 1992)

procedure’). at Milan at 19-77 GHz. Figure 11 shows the ampli-
Figures 8a, 8b and 8c show the yearly basis tude fluctuation prediction (without distinguishing

results for DPSP and MPSP, Ortgies-T and Ortgies- between fading and enhancement) for the same

N, Karasawa and ITU-R models, respectively, using month and beacon as in Figure 10, but for DPSP

the above-mentioned ‘cumulative procedure’ for the and MPSP models (top panel) and the Ortgies-T and
Milan site only at 19-77 GHz. Comments on this Ortgies-N models (bottom panel). The Olympus-
figure are almost the same as for Figures 6 and 7. measured cumulative distribution of the signal
Note that the Karasawa and ITU-R models have not amplitude fluctuations is also shown by a solid
been corrected as done in the bottom panels ofline and divided into an enhancement and a fading
Figure 7. component only in Figure 10.

Figure 9 shows the difference between the results From Figure 10, as expected, the Olympus signal
given by the ‘average’ and ‘cumulative’ procedures fluctuation fading is higher than that of the enhance-
in the case of the Ortgies-N model for the LLN ment. The measured cumulative distribution for
site at 12-5 GHz. As expected, the results given by smpaeems to present a concavity showing a
using the ‘cumulative procedure’ are in a better behaviour similar to that also found in other
agreement with measurements than by applying the Olympus®dteth the Karasawa and ITU-R mod-
‘average procedure’. els seem to overestimate small values of log-ampli-

tude fluctuations corresponding to a high percentage

Cumulative distribution of scintillation legmpli- of time (>1 per cent). For relatively high scintil-
tude As explained in Section 2, in Karasawa and lation value®-6 dB), the ITU-R model shows a
ITU-R models the log-amplitudg is divided into better agreement between enhancement/fading pre-
two parts, the fluctuation signal ‘enhancement’ and diction and Olympus measurements with respect to
the ‘fading’ (see equations (7a) and (7b)). The the Karasawa model. The prediction models shown
Ortgies-N, DPSP and MPSP log-amplitude predic- in Figure 11 do not allow the discrimination of
tion has been computed by numerical integration of fading and enhancement components. Again, all the
the formula given in equation (16a), resulting in an prediction results tend to overestimate the amplitude
equal probability of signal fading and enhancement fluctuations for a given probability. The Ortgies-N,
(see equation (16b)). We have tested all the predic- DPSP and MPSP prediction models are in fairly
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good agreement with the Olympus measurements
for probability values less than 0-005, i.e. signal

Cumulative Distribution

log-amplitude fading compared with corresponding
scintillation log-amplitude enhancement

Figure 10. (Top panels) Karasawa and ITU-R predictions of scin-
Olympus measurements (solid line) at 19-77 GHz at Milan for
July 1992. (Bottom panels) Same as in top panels, but for

tillation

ation values, a discrepancy comparable to the one
noticed when using the Karasawa and ITU-R models

fluctuation greater than 0-5 dB; for smaller fluctu-
is found.
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Figure 11. (Top panels) DPSP and MPSP predictions of mean

scintillation log-amplitude compared with Olympus measurements

(solid line) at 19-77 GHz at Milan for July 1992. (Bottom

panels) Same as in top panels, but for Ortgies-T and Ortgies-N
predictions

5. CONCLUSIONS

In this study, we have compared the scintillation
prediction derived from the statistical models of
Karasawa, ITU-R and Ortgies, as well as from two
new statistical models, the direct and the modelled
physical-statistical prediction, which have been
presented here.

After having checked the various assumptions of
each model and comparing them globally with
Olympus measurements, we can conclude that for
our data and in our conditions: (i) the log-normal
PDF seems to be the best fitted PDF for long-term
variations of the scintillation variance; (ii) the model
proposed by Ortgies, and the two new models can
give fairly accurate predictions of the cumulative
distribution of scintillation variance; (iii) Karasawa
and ITU-R prediction models seem less fitted to the
conditions of our case study, but their estimation
improved when using statistical parameters exper-
imentally tuned; (iv) the scintillation variance model
results are also applicable for the prediction of
scintillation log-amplitude, if the mean and standard

ET AL.

deviation of scintillation intensity is properly esti-

mated; (v) in case of intense scintillation, the
assumed symmetrical PDF of log-amplitude scintil-
lation is not generally adequate to explain the
enhancement and fading of measured scintillation
amplitude.

The introduction of new parameters within the
prediction models, such as the effective height of
the turbulent atmosphere and the structure constant
C2, predicted directly from ground measurements,
as well as the use of a parametrized formula for
the antenna aperture factor, might represent an
improvement of existing estimation methods. An
interesting perspective would also be the inclusion
into the prediction models of a larger set of input
parameters, such as the vertically integrated water
vapour content, estimated from measurements of
ground-based microwave radiometers.
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