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Abstract 
At cruising altitude airborne satellite connectivity is 

unproblematic since no clouds or precipitation occur 

above the aircraft. The critical portions of the flight are 

directly after take-off and before landing, where 

especially rain can severely influence microwave signals. 

In short term forecasts of precipitation high rain peaks 

may not be resolved due to the inherent averaging of 

forecasts. Here we present an empirical study to 

illuminate the deviations of forecasted data from high 

resolution rain rate measurements of a distrometer 

situated in Graz, Austria. The forecasts are simulated by 

averaging over the measured data to create ideal 

conditions. The focus lies on the averaging effects only; 

the forecast algorithm itself is not examined. The 

integration time is adapted to reflect available forecast 

data in Austria. In addition, potential limits for the 

deviations between high resolution time series of rain 

rates and average values of whole periods are discussed. 

 

1. Introduction 
 

Free-space optical communication (FSO) and the Q-, V- 

and W-bands are ideal for airborne satellite connectivity. 

They provide large bandwidths and no clouds or 

precipitation occur above the aircraft at cruising altitude, 

which would degrade the link quality. The critical 

portions of the flight are directly after take-off and before 

landing, where tropospheric effects may severely degrade 

the signals of the satellite link. In this situation fade 

countermeasures and service capacity management could 

rely on short term forecasts, if they turned out to be 

reliable.  

 

 

2. Forecasting rain attenuation 
 

The most severe impacts on microwave signals arise from 

precipitation. Rain attenuates the signal significantly. On 

basis of weather data and their forecast products a forecast 

of satellite link attenuation may be given. For this method 

especially the work by [1] and [2] is to be mentioned. 

They published results, comparing actually measured 

satellite link attenuation to forecasted values. Principally 

the forecasts do recognize the upcoming attenuation 

events, but the precision in attenuation levels and exact 

time of event is not always perfectly met. One reason for 

such deviations is, that short term forecasts of rain are 

available for whole periods only, not for high resolution 

time series. Occurring rain peaks may be lost due to the 

averaging characteristics of precipitation predictions. Here 

we present a study investigating these averaging aspects. 

 

3. Problem statement 
 

One of the major restrictions in the application of short 

term forecasts is the inherent averaging aspect. Potentially 

occurring peaks in the rain rate can easily disappear due to 

the rather large integration time of the prediction models. 

Thus, the present study focuses on these averaging effects 

and does not deal with the forecast model itself. Figure 1 

shows an example of such behaviour which can be 

described by a moving average filter. The measured time 

series (blue) of the rain rate (measured every 15 seconds) 

is compared to the time series that results from averaging 

the measured rain rate by a moving average filter with a 

window of 15 minutes (red). The sample window is 

chosen according to the available short term forecasts in 

Austria. The INCA (Integrated Nowcasting through 

Comprehensive Analysis, [3]) forecasts provide rain rate 

values every 15 minutes. It can be clearly seen that peaks 

in the rain rate, which have the largest effect on signal 

propagation, could be underestimated significantly. This 

large deviation can be explained by the different 

integration times of the measured data (tmeas = 15 s) and 

the forecasts (tINCA = 15 min). 

 

 

 

 

Figure 1. Time series of the rain rate on May 30, 2016 in 

Graz, Austria from 11:28 to 14:48 local time. The blue 

curve shows the measured rain rate (every 15 seconds). 

The red line represents the signal averaged over 15 min 

processed by a moving average filter. 



4. Potential limits of deviations 
 

Considering relying on averages of rain rates for whole 

periods instead of high resolution time series immediately 

raises the question, if there are theoretical or practical 

limits for the resulting deviations. In the following a 

relevant discussion is given. 

 

4.1 Ratio of integration times 
 

The worst case scenario is that a hypothetical single-peak 

rain event would be averaged over the whole forecast 

interval, which gives an upper bound for the error in the 

rain rate by the ratio of the integration times tmeas/tINCA. 

This is the theoretically maximum of deviations. In 

practice this theoretical limit is of little value for the 

application of satellite slant path characteristics forecasts. 

Considering that an average period of 15 minutes for 

forecasts is quite short already, there still remains an 

uncertainty range of a factor of 60 to a 15 seconds time 

series. 

 

4.2 Finite slopes of rain events 
 

The worst case discussed in above paragraph section 4.1 

is indeed unrealistic, since infinite steep slopes of the rain 

rate do not happen in nature. Analyses of rain rate 

measurements indicate that fast increases of the rain rate 

by at least 2 mm/hr/s may be observed, in which this 

value cannot be considered as an absolute upper limit. As 

an illustrative example, we now assume that before the 

last 15 seconds within a 15 minutes period the rain rate 

rises from 0 to 100 mm/hr with such increase. This would 

take 50 seconds, resulting in a total averaged rain rate of 

4.44 mm/hr for the 15 minutes period or in an 

underestimation by a factor of 22.5, by comparison to the 

100 mm/hr peak at the end of the period. Figure 2 

represents this example. 

 

 

4.3 ITU-R P.837 rain rate probabilities 
 

Considering the above discussed uncertainties for 

conversion of rain rates from a 15 minutes period to a 15 

seconds interval, it may even be more meaningful to rely 

on the rain rate probabilities, which may be derived from 

ITU-R P.837 [4]. For example in Graz / Austria a rain rate 

of 92.7 mm/hr is exceeded by 0.001 % of the time or by a 

share of 10
-5

 of the time. Whereas above paragraph 4.2 

leaves the probability open, that a 4.44 mm/hr rain rate 

converts to 100 mm/hr rain rate (a scenario as shown in 

Figure 2), ITU-R P. 837 states that the probability for a 

100 mm/hr rain rate is not more than 10
-5

. Such value is of 

interest for service providers, who often ask for certain 

reliabilities like 99.999 %. 

 

5. Empirical investigation 
 

Since no useful theoretical relationship between rain rates 

averaged for 15 minutes and time series as e.g. obtained 

from a tipping bucket gauge can be given, we conduct an 

empirical investigation to understand the matter. Rain 

rates from distrometer measurements provide the data to 

examine the influence of large integration times used in 

short term forecasts. The results should then shed light on 

the reliability of these predictions for the use in signal 

attenuation forecasts where the rain rate is the dominant 

input parameter. 

 

5.1 Data from distrometer measurements 
 

The rain rate data used in this study comes from 

measurements of a 2D-Video-Distrometer (2DVD) 

situated in Graz, Austria (47.07° N, 15.42° E) during the 

period of May 1, 2016 till November 3, 2016. The 2DVD 

records single rain drops. The measurements are validated 

by the use of calibration spheres. In said period of time 

only rain events were registered by the device, snow 

could not distort the results. For practical considerations a 

measuring interval of 15 seconds is chosen, which forms a 

sophisticated trade-off between time resolution and data 

amount. 

 

5.2 Method of empirical analysis 
 

The distrometer data is processed into (simulated) forecast 

data by a moving average filter with a window of 60 

intervals of 15 seconds around the input value. This 

corresponds to an integration time of 15 min, which in 

turn corresponds to the time scales of INCA forecasts 

available in Austria. The distribution of measured values 

that contributes to the obtained averaged value for the rain 

rate is then analysed in detail (see Figure 4 in Section 6). 

For the 2DVD data this rather small integration time of 

15 s is chosen, so that very high rain rates during 

intensive rain events can be resolved. The results of the 

empirical analysis are presented in the following section. 

 

 

 
Figure 2. Illustrative synthetic example for a realistic 

single rain rate peak of 100 mm/hr at the end of a 15 

minute period (blue). The averaged rain rate (red) for the 

15 minutes period reads as 4.44 mm/hr and 

underestimates the peak by a factor of 22.5. 



6. Results 
 

Rain rate measurements (recorded every 15 s) and 

simulated forecast data (= averaged over 15 min) are 

compared to each other. The same data are used, but 

analysed on basis of different time scales. 

First, an interval of averaged values that represents 

common rain rates is examined. Figure 3 shows the 

percentage of occurrence of measured rain rate values for 

the averaged interval of 8 to 10 mm/hr. For the intervals 

of common rain rates the distribution of contributing 

measured data is indeed dominated by lower values. As a 

consequence it may be deduced that short term forecasts 

rarely underestimate the rain rates, however there are 

quite a few values significantly higher observed as well. 

 

The big picture is presented in Figure 4. This 2D pseudo-

colour plot depicts the distribution of measured values (y-

axis) that contributes to the obtained averaged value of the 

rain rate (x-axis), where the maximum of such distribution 

is normalized to 100 % in each of the analysed columns. 

Note the logarithmic scale of the colour bar. Moreover, 

the first interval (0 to 2 mm/hr) of averaged values only 

contains values from 1 to 2 mm/hr. The large amount of 

periods without rain would conceal the view on the rates 

of interest (for Graz a 4.9 % probability of rain in an 

average year is expected [4]). 

 

For the most common rain rates from 1 to 40 mm/hr the 

contribution of measured values agglomerates around the 

expected value, which is depicted by the white straight 

line with a slope of 1. Rain rates larger than 40 mm/hr 

occur in only 1 % of an average year. Rainfall probability 

levels according to [4] are represented by the horizontal 

grey lines for 1, 10
-1

, 10
-2

, and 10
-3

 %. 

 

Discussing Figure 4 it should explicitly be pointed out, 

that – as expected - the ratio between the 15 seconds 

measurements and the 15 minutes averages stays well 

below the theoretical maximum of 60. This is seen by the 

large area of 0 % occurrence (dark blue colour) in the 

upper left region of the plot. It points to future work to 

find statistical relationships describing these empirically 

found ratios. Such analysis is omitted here, since the data 

sample for such purpose still seems to be quite limited. 

Future work may give percentiles for actually expected 

rain rates, on basis of forecasts of whole periods. Such 

investigation will not only have to include a wider data 

set, but also measurements from different climate types. 

 

A remarkable appearance in Figure 4 are the horizontally 

spread entries, especially at measured rain rates with 

higher values. They reflect the fact, that each single 15 

seconds measurement interval is included in 60 derived 

averaged 15 minutes periods, given the application of a 

moving average filter. 

 

For low rain rates between 1 and 10 mm/hr the maximum 

rain rates, which can be resolved by a standard tipping 

bucket with a resolution of 0.1 mm per tip, reveal that 

2DVD measurements above these maximum rates (white 

line in Figure 5) could not be registered by the tipping 

bucket. Nevertheless, the vast majority of occurring 

values lies well below these rain rates. Therefore 

estimations of signal attenuation which rely on such 

measurements hardly ever underestimate the actual 

attenuation because of this effect. 

 

7. Applicability to forecast of slant path 

attenuation 
 

The knowledge obtained in this study allows a better 

understanding of applicability of short term weather 

forecasts for satellite channel characteristics prediction. It 

 
Figure 3. Percentage of occurrence of measured rain rate 

values for the averaged interval from 8 to 10 mm/hr.  

 

 

Figure 4. Pseudo-colour plot of rain rates. The percentage 

of occurring measured rain rates (every 15 s) is plotted in 

colour code in logarithmic scale over the rain rate values 

that are averaged over an interval of 15 min. The 

maximum in each column is normalized to 100 %. Dark 

blue areas indicate empty intervals (0 % occurrence). The 

grey horizontal lines mark the rainfall probability levels 

for 1, 10
-1

, 10
-2

, and 10
-3

 % according to [4]. The straight 

line (white) with a slope of 1 indicates the peak for an 

idealized distribution. Note that the first interval (0 to 

2 mm/hr) of averaged values only includes values from 1 

to 2 mm/hr. 



is clearly seen, that on the one hand the values of 

averaged periods cannot be applied without understanding 

that the actual rain rate and thus the signal attenuation 

may be much higher. On the other hand the obtained 

results allow the expectation, that future work could 

provide statistics for error bounds and their probabilities 

of such deviations.  

 

The conversion from rain rate R to specific attenuation 

values γR is given by ITU-R P.838 [5] as γR = kR
α
, with 

the coefficients k and α. For the Q-, V- and W-bands, 

which range from approx. 33 to 110 GHz and on which 

the focus lies in this study, the coefficient α is below 1. 

Therefore Figure 4 also reflects a worst case estimation 

for specific attenuation values. 

 

It must however be pointed out that the herein 

investigated averaging interval of 15 minutes is – at least 

for Austria – the finest time resolution available for 

precipitation forecasts. For coarser resolutions it will be 

much more difficult to establish a relationship between 

averaged precipitation rates and corresponding peak rates. 

 

Similar considerations as presented herein for time 

averaging hold for spatial averaging, as is inherent in 

weather radar observations.  

 

A more refined analysis in the future will also include the 

averaging effects induced by the satellite path, which is 

given as long as the aircraft is well underneath the rain 

height. Depending on wind direction and path orientation, 

the time averaging effects of the forecasts may grossly be 

compensated by the geometry of the slant path. 

 

8. Conclusion and outlook 
 

This study on averaging aspects of short term forecasts 

showed that predicted rain rates can be a valuable input 

for attenuation models despite their deviation from 

measured values. Prevalent rain rates (1 to 40 mm/hr) 

show acceptable accordance of forecasted and measured 

values. Future investigations will focus on the impacts of 

averaging over slant paths and range gates (see Section 7). 

An airborne experiment would be of great value to 

substantiate the acquired results. JOANNEUM 

RESEARCH has already carried out a relevant 

exploratory study and aims at expanding its expertise in 

this field. 
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Figure 5. Detail of Figure 4 from averaged rain rates of 

0 to 10 mm/hr compared to the maximum rain rates that 

could be resolved by a standard tipping bucket with a 

resolution of 0.1 mm per tip (white line). Again, the first 

interval (0 to 2 mm/hr) of averaged values only includes 

values from 1 to 2 mm/hr and dark blue areas indicate 

empty intervals (0 % occurrence). 
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