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[bookmark: _Ref124589705][bookmark: _Ref129681862][bookmark: _Ref129681832]Introduction
Ionospheric amplitude and phase scintillations are rapid fluctuations of amplitude and/or phase of the radio wave signal, respectively, caused by small-scale irregularities that modify the ionospheric refractive index. These phenomena are among the most severe disruptions along a trans-ionospheric propagation path for signals below 3 GHz and may be observed occasionally up to 10 GHz [1]. Scintillations depend on location, time-of-day (as observed in Figure 1), season, solar and geomagnetic activity. During nominal conditions, strong levels of scintillation are rarely observed in mid-latitudes, but they may be encountered daily during post-sunset hours in low latitude regions. At high (auroral and polar) latitudes, moderate to strong levels of scintillations have been observed. 
Ionospheric scintillation 
[bookmark: _Toc255145372]Ionospheric scintillation indices
The most commonly used parameter to characterize intensity fluctuations (amplitude scintillations) is the amplitude scintillation index S4 [1], defined by equation:

			             					()

where I is intensity (proportional to the square of the signal amplitude) and    denotes averaging, usually over a period of 60 seconds. 

Likewise, phase scintillations are characterized by the standard deviation of the phase variations, the phase scintillation index σφ:
								()
 
where φ is carrier phase in radians and  denotes averaging, usually over a period of 60 seconds.

Scintillation strength may, for convenience, be classified into three regimes: 

	Scintillation Regime
	Amplitude Scintillation 
	Phase Scintillation (rad) 

	Weak
	S4 < 0.3
	σφ < 0.25-0.3

	Moderate
	0.3 ≤ S4 ≤ 0.6
	0.25-0.3 ≤ σφ ≤ 0.5-0.7

	 Strong
	S4 > 0.6
	σφ > 0.5-0.7
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[bookmark: _Ref510013227]Figure 1: Occurrence of different scintillation events around the solar maximum of 2014 at low (top) and high (bottom) latitudes.
Proposal 1: Amplitude scintillation shall be characterized with the parameter S4.
Proposal 2: Phase scintillation shall be characterized with the parameter .
Proposal 3: Three different regimes shall be considered for amplitude scintillation: weak (S4 < 0.3), moderate (0.3 ≤ S4 ≤ 0.6) and strong (S4 > 0.6).
Proposal 4: Three different regimes shall be considered for phase scintillation: weak (σφ < 0.25-0.3), moderate (0.25-0.3 ≤ σφ ≤ 0.5-0.7) and strong (σφ > 0.5-0.7).

[bookmark: _Toc255145373]Ionospheric scintillation location dependence
As previously mentioned, scintillation effects differ at low and high-latitudes, and they are not observed at mid-latitudes except for strong geomagnetic storms. At high-latitudes the effect mainly occurs from the high-latitude edge of the Van Allen outer belt into polar region. On the other hand, Equatorial scintillations occur around ±20° of latitude of the magnetic equator and they are due to large (~100 km) depleted ionization volumes driven through the F region, leaving a plume of small-scale (tens of cm to m) irregularities surrounding the depletion, which can extend well through F-layer peak. They are produced by convective plasma processes.  Irregularities with this range of scales are not independent from larger-scale plasma structures to those of smaller-scale  irregularities.

The cross-correlation between S4 and σφ is markedly different between high geomagnetic latitudes and low latitudes.  Amplitude scintillations dominate at low-latitudes, and phase scintillations dominate at high latitudes, however, they are not exclusively and both effects can be expected in the two regions. 

Proposal 5: Depending on the location of the terrestrial terminal, it shall be distinguished between low latitude scintillation and high latitude scintillation, dominated by amplitude and phase scintillation respectively. However, they are not exclusive from  a particular region and both types of scintillation can happen in the two areas.
[bookmark: _Toc255145374]Solar cycle and seasonal dependence
[bookmark: _Toc255145375]Low-latitude scintillations
In general, scintillation activity is correlated with solar activity, increasing during solar maximum periods. There are also seasonal dependencies. According to [2], “from South America through Africa to the near East” indicates “the presence of scintillation in all seasons except the May-July period”. On the contrary, “in the Pacific sector, scintillations are observed in all seasons except the November-January period”. The seasonal dependence is shown in Figure 2. Authors in [2] report that, in the equatorial region during solar maximum period, strong scintillations should be expected around 20% of the time between sunset and midnight, which is in line with Figure 1. 
[image: ]
[bookmark: _Ref510013393]Figure 2: Seasonal dependence of low latitude scintillation in different location around the solar maximum of 2014.
[bookmark: _Toc255145376]High-latitude scintillations
For high latitudes, scintillation also depends on solar activity, increasing during solar maximum period but there is also “a consistent seasonal variation with minimum activity during the local summer when the presence of solar radiation for about 24 hours a day smooths out the irregularities” ([2]). This can be observed in Figure 3 where the seasonal probability of having a scintillation event at 1.5GHz is analyzed at two different high latitude stations.
[image: ]
[bookmark: _Ref510014034]Figure 3: Seasonal dependence of high latitude scintillation in different location around the solar maximum of 2014.
[bookmark: _Toc255145378]Ionospheric scintillation temporal evolution
The scintillation index S4 is related to the peak-to-peak fluctuations of the intensity. The exact relationship depends on the distribution of the intensity (for a single satellite-receiver link). The Probability Distribution Function that best describes the intensity distribution is the Nakagami-m for a wide range of S4 values [1]. Phase scintillation fluctuations are often described following a uniform distribution between 0 and 2π.

In terms of temporal characteristics, the fading rate of ionospheric scintillation is about 0.1 to 1 Hz. The spatial and temporal power spectra exhibit a wide range of slopes, from f –1 to f –6 as have been reported from different observations. A typical spectrum behavior is shown in Figure 8 in [1]. The f –3 slope as shown is recommended for system applications if direct measurement results are not available. This value is representative of weak to moderate scintillation events. The roll-off frequency differs from amplitude and phase scintillation as shown in Figure 4. Phase scintillation presents more pronounced low frequency components than amplitude scintillation.
[image: ]
[bookmark: _Ref510715531]Figure 4: Phase and amplitude spectrums. Extracted from [1].

Proposal 6: If direct measurements are not available the spatial and temporal power spectra shall exhibit a f –3 slope.

[bookmark: _Toc255145379]Frequency scaling

For frequency scaling, typically the following relation on amplitude scintillation S4 index is used:

								()

with n=1.5 recommended for L-band frequencies. In [4], values of n derived from satellite measurement data between several pairs of frequencies from 30 MHz up to 6 GHz are presented ranging from 1 to 2. This relationship is valid particularly for weak scattering assumptions (higher elevations and low to moderate S4 values below 0.6). For high S4 values (S4=1), the relation saturates with n equal to 0.

For phase scintillations, an equivalent relation is used:

		  						()

with n=1 recommended for L-band frequencies and also reaching saturation for high σφ values.

The frequency scaling between GPS L1, L2 and L5 bands (1.57542, 1.22760 and 1.17645 GHz respectively) is presented in Figure 5. Where scintillation events in two bands are compared against each other and against the theoretical values described by (3) and (4).
[image: ]
[bookmark: _Ref384630490]Figure 5: Frequency correlation of scintillation events observed in GPS L1, L2 and L5 bands.
Proposal 7: The relation between amplitude scintillation indexes from different frequencies shall be , with n ranging from 1 to 2 for L-band frequencies.
Proposal 8: The relation between phase scintillation indexes from different frequencies shall be , with n equal to 1 for L-band frequencies.

Conclusions
In this document, the following proposals have been presented in the context of ionospheric scintillation modelling:
Proposal 1: Amplitude scintillation shall be characterized with the parameter S4.
Proposal 2: Phase scintillation shall be characterized with the parameter .
Proposal 3: Three different regimes shall be considered for amplitude scintillation: weak (S4 < 0.3), moderate (0.3 ≤ S4 ≤ 0.6) and strong (S4 > 0.6).
Proposal 4: Three different regimes shall be considered for phase scintillation: weak (σφ < 0.25-0.3), moderate (0.25-0.3 ≤ σφ ≤ 0.5-0.7) and strong (σφ > 0.5-0.7).
Proposal 5: Depending on the location of the terrestrial terminal, it shall be distinguished between low latitude scintillation and high latitude scintillation, dominated by amplitude and phase scintillation respectively. However, they are not exclusive from  a particular region and both types of scintillation can happen in the two areas.
Proposal 6: If direct measurements are not available the spatial and temporal power spectra shall exhibit a f –3 slope.
Proposal 7: The relation between amplitude scintillation indexes from different frequencies shall be , with n ranging from 1 to 2 for L-band frequencies.
Proposal 8: The relation between phase scintillation indexes from different frequencies shall be , with n equal to 1 for L-band frequencies.
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