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[bookmark: dbreak]1	Introduction and goal
Statistics of rain rate and rain attenuation exhibit a high inter-annual variability as already shown by [‎1]-[‎7]. The knowledge of this inter-annual variability of rain attenuation Empirical Complementary Cumulative Distribution Functions (ECCDFs) could be extremely useful for system designers or for satellite operators. This variability has been studied in [8] and [9]. An empirical model, inferred from a limited collection of yearly experimental ECCDFs, has been proposed to predict the risk associated with propagation margins [9].
Recommendation ITU-R P.678 (from version 2) provides a generic worldwide model for the inter-annual variability of Earth-space propagation statistics and for the inherent risk. The complete methodology is available in [11]-[‎24]. It is parameterized with respect to data collected over Europe and Canada [‎12]. This recommendation answers to Question ITU-R 209-1-3.
2	Model of inter-annual variability

Assuming that the inter-annual fluctuations of rain attenuation A are asymptotically normal around the long term probability p=P(A>A*) [‎10] [‎11] it is proposed to model the yearly variance  of ECCDFs so that [‎11]: 

			(1)
where:

	 	is the variance of estimation,

	 	is the inter-annual climatic variance.

2.1	Parameterization of the variance of estimation  of the yearly rain attenuation ECCDFs 

The Complementary Cumulative Distribution Function (CCDF) of rain attenuation can be estimated at the level A* by the ECCDF  given by [‎10] [‎11]:

			(2)

where I is the indicator function equal to 1 when the rain attenuation samples Ai are over the rain attenuation threshold A* and equals to 0 otherwise. This is a random variable -as it is a sum of random variables- and so has a variance. The ECCDF variance of estimation  is given by [‎10] [‎11]:

			(3)




where Δt is the time between two consecutive samples (sampling time), N the total number of samples,  the correlation function of the underlying Bernoulli (or binary) process  and  is the CCDF. Importantly, note in (3) that  and if yearly fluctuations are considered, then NΔt=1 year. 


Several databases of rain attenuation collected over Europe (France, Italy, Germany) and Canada between 12 and 50 GHz have been used to compute the experimental correlation functions of the binary processes  [‎12]. A stretched decaying exponential function is fitted on the mean experimental correlation function of the binary processes [‎12]. So,  can be modelled by:

			(4a)
with:

			(4b)
and where the coefficients a, b1 and b2 are regressed on the mean experimental correlation function of the binary processes:
		a = 0.0265 s-1, b1 = -0.0396, b2 = 0.286	(4c)
Due to the poor reliability of propagation measurements for very low attenuation thresholds (difficult calibration of the 0 dB level) and for very high attenuation thresholds (low number of observations) used to derive the model, Equations (4) are expected to be valid at least for probabilities of exceedance between 0.01% and 2%.

2.2	Parameterization of the inter-annual climatic variance of estimation  of the yearly rain attenuation ECCDFs 







The variance  quantified in section 2.1. is related to the properties of the statistical estimator and to the correlation of rain attenuation time series for some hours. Nevertheless, it is not able to explain alone the total variance that is observed on yearly ECCDFs. Another major source of fluctuation has to be taken into account: the inter-annual climatic variability of rain [‎24]. Indeed, the latter is likely to introduce variability around the “long-term” probability  of rain attenuation. In such conditions, in (3) becomes the yearly probability  to exceed A* and has now to be considered as a realization of the random variable  whose climatological average 
(i.e. computed over an infinite duration) is  and which variance  quantifies the CCDF fluctuations related to the inter-annual climatic variability.




It is then useful to assume that the inter-annual climatic variability comes only from the yearly occurrence of rain rate or rain attenuation . This assumption leads to consider that the conditional CCDF  of rain attenuation or  of rainfall rate are invariant from one year to another [‎13] to [‎18]. In such conditions, a yearly CCDF  can be decomposed into the general form:

			(5)


In (4),  is a realization of the random variable , that refers to the yearly occurrence of rain attenuation on the link (reasonably equal to the probability of rain at least for high elevation angles >30° [‎19] [‎20]). Particularly, for rainfall rate R, then it follows from (5) that the yearly rain amount MT [mm] is given by:

			(6)




where  [mm.h-1] is the conditional average rainfall rate (i.e. when it is raining) and  [h] is the integration duration (here equals to one year). As the conditional distribution  is assumed to be invariant from one year to another, it follows that  is constant and (6) leads in terms of variance to:

			(7)
Considering (6), (7) leads to:

			(8)
So the “climatic ratio” rc can be defined as the following:

		(9)
In order to compute c from Equation (9), meteorological databases giving the annual total rain amount collected over a large number of years (several tens of years) can be used in order to produce a map of rc.
2.3	Map of the climatic ratio rc
In the Second version of the recommendation (Rec. ITU-R P.678-2), the GPCC database [‎21] [‎22] that provides 50 years of monthly rain amounts collected worldwide with a dense network of rain gauges over the lands (spatial resolution of 0.5° in latitude and longitude) and only over the lands, has been used to derive the climatic ratio as shown on Figure 1.
Figure 1

Climatic ratio  computed worldwide from the GPCC database [‎21] [‎22]
[image: Fig6]


To complete the map over the oceans, the Global Precipitation Climatology Project (GPCP) database [‎23] that combines observations and satellite precipitation data into 2.5°x2.5° global grids for 34 years of monthly precipitation dataset from 1979 to 2012 has been used to derive the new climatic ratio  over the oceans.


The values of over the lands have been kept and the values over the oceans have been bi-linearly interpolated to reach 0.5° of resolution. The new climatic ratio  is shown on Figure 2.



Figure 2

New climatic ratio  computed worldwide from the GPCC and GPCP databases
[image: climatic ratio]

3	Risk estimation





Starting from a link budget with a fixed propagation margin AM derived from a rain attenuation CCDF  supposed to be at disposal, the problem is now to estimate the risk  that the yearly exceedance exceeds the value . Recalling from Section 2 that the inter-annual fluctuations are asymptotically normal with variance  given by (1), it follows that  satisfies:

		,	(10a)
or equivalently:

		.	(10b)



Importantly, note that = in (10) leads, as expected, to =50%.
An illustration of the risk predicted on a yearly exceedance is illustrated on Figure 3 for a radio link at 20 GHz between an earth station located in Toulouse (43.57°N, 1.47°E, France) and a geostationary satellite whose longitude is defined so that the radio link elevation is 38.6°. The CCDF is supposed to be the one predicted by Recommendation ITU-R P.618-10. Figure 3 is very interesting for system designers for two reasons:
–	Starting from an available margin of 6.2 dB,

•	the availability of 99.9% is guaranteed with a risk =50% (initial prediction),

•	the availability of 99.83% is guaranteed with a risk =1%,

•	the availability of 99.79% is guaranteed with a risk =0.01%.
–	Reciprocally, to guarantee a targeted yearly availability of 99.9%,

•	with a risk =50%, a margin of 6.2 dB is needed (initial design),

•	with a risk =1%, a margin of 8.4 dB is needed,

•	with a risk =0.01%, a margin of 9.5 dB is needed.
Figure 3

Risk  on the yearly availability for a fictitious radio link at 20 GHz. The CCDF is supposed to be
 the one given by Recommendation ITU-R P. 618-10
[image: Fig11]




Up to now, the prediction model of the CCDF of rain attenuation was supposed ideal. However, in practice, CCDF models of rain attenuation such as Recommendation ITU-R P. 618-10 or rainfall rate such as Recommendation ITU-R P. 837-6 do not perfectly fit the experimental CCDF worldwide and are associated with an error variance . If the error of the CCDF model is assumed to be normally distributed, with mean  and variance , so that  in (10a) becomes:

			(11)


Figure 4 illustrates the risk on a yearly exceedance from (11) for the same fictitious radio link used in Figure 3. The CCDF is still supposed to be the one given by Recommendation ITU-R P.618-10 but now with an error =35%.


–	Starting from an available margin of 6.2 dB:

•	the availability of 99.9% is guaranteed with a risk =50% (initial prediction),

•	the availability of 99.79% is guaranteed with a risk =1%,

•	the availability of 99.73% is guaranteed with a risk =0.01%.
–	Reciprocally, to guarantee a targeted yearly availability of 99.9%:

•	with a risk =50%, a margin of 6.2 dB is needed (initial design),

•	with a risk =1%, a margin of 9.2 dB is needed,

•	with a risk =0.01%, a margin of 10.5 dB is needed.
Figure 4



Risk  on the yearly availability for a fictitious radio link at 20 GHz. The CCDF is supposed to be the one given by Recommendation ITU-R P. 618-10 but now with an error =35%
[image: Fig13]
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