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ABSTRACT: 

 

The applications of synthetic aperture radars (SAR) have increased manifold in the past decade, which includes numerous Earth 

observation applications such as agriculture, forestry, disaster monitoring cryospheric- and atmospheric- studies. Among them, the 

potential of SAR for ionospheric studies is gaining importance. The susceptibility of SAR to space weather dynamics, and ionosphere 

in particular, comes at low frequencies of L- and P-bands. This paper discusses one such scintillation event that was observed by L-

band Advanced Land Observation Satellite (ALOS)-2 Phased Array L-type SAR (PALSAR) over southern India on March 23, 2015. 

The sensors also acquired data sets on four other days on which the ionosphere was quiet. Ionospheric parameter measurements of 

total electron content (TEC) and amplitude scintillation (S4) index from ground-based Global Navigation Satellite System (GNSS) 

receiver at Tirunelveli was used to establish the ionospheric conditions on the days of SAR acquisition as well as to corroborate the S4 

estimated from SAR. Multi-temporal ALOS-2 data sets were utilized to calculate S4 from two separate methods and the results have a 

good agreement with GNSS receiver measurements. This highlights the potential of SAR as an alternate technique of monitoring 

ionospheric scintillations that can be utilized as complementary to the highly accurate and dedicated measurements from the GNSS 

networks. 

 

 

1. INTRODUCTION 

With the advent of spaceborne remote sensing, the spectrum of 

techniques for Earth observation has broadened. Adding to the 

list is synthetic aperture radar (SAR). The several advantages of 

SAR over other remote sensing techniques, such as all-weather- 

and day-night capability, penetration through the clouds, etc., 

makes it suitable for various applications. Agriculture, forestry, 

disaster monitoring, oceanic-, cryospheric- and atmospheric- 

studies are a few applications that are being widely implemented 

using SAR. The susceptibility of SAR to space weather dynamics 

comes from its interaction with the charged layer of free 

electrons, the ionosphere. SAR sensors operating at low 

frequency bands of L-band (~1.27 GHz) and P-band (~450 MHz) 

are vulnerable to this charged layer in the atmosphere.  

 

1.1 Ionosphere- An introduction 

The ionosphere is defined as the layer of the Earth’s atmosphere 

that forms an interface between the inner atmosphere and the 

outer space. Although the exact extent of the ionosphere is not 

clearly defined, it can be said to extend from nearly 50-500 kms 

and above (IEEE 1998). It is formed by the process of ionization 

of neutral molecules by solar and cosmic radiations. The presence 

of weakly ionized plasma (consisting of free electrons and ions) 

in the ionosphere enables trans-ionospheric radio communication 

and navigation systems to operate (Cannon and et al. 2013). 

Historically, these techniques have been widely explored for 

ionospheric scintillation research benefitting fields like 

atmospheric physics, geophysics, ocean acoustics, astronomy, 

radio physics, etc. Conversely, the charged layer also responsible 

for the different types of signal degradation in these systems 

(Carrano, Bridgwood and Groves 2009). The impact of the 
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ionosphere on technologies relying on trans-ionospheric radio 

communications are affected in two different ways (Carrano, 

Groves and Caton 2012). The first group of impact is caused by 

the presence of the background free electrons and their 

interaction with the signal. Such interactions cause signal loss, 

phase advance, group delays, distortion and degradation of 

signal, etc. (Alizadeh, et al. 2013). Additionally, a change in the 

orientation of polarization of an electromagnetic (EM) wave, 

when traversing through the medium, is experienced in the form 

of Faraday rotation (FR) angle (Bickel and Bates 1965). The next 

category of ionospheric effect is due to the interaction of low 

frequency radio signals with a layer of electron density 

irregularities, and is termed as ionospheric scintillations (Briggs 

1975). 

 

1.2 Ionospheric scintillations 

Ionospheric scintillations are defined as modulations in the 

amplitude (Belcher and Cannon, Amplitude scintillation effects 

on SAR 2014) and/or phase of the radio signal waveform 

(Belcher and Rogers, Theory and simulation of ionopsheric 

effects on synthetic aperture radar 2008). These fluctuations arise 

due to electron density irregularities that occur in low latitudes 

because of rapid recombination of free electrons in the 

bottomside ionosphere after local sunset (Dasgupta, Maitra and 

Das 1985). The equatorial plasma bubbles formed following the 

Rayleigh-Taylor instability is the major contributor to 

scintillations in the equatorial region (Abdu, et al. 2006). At the 

polar and auroral latitudes, scintillations are present almost every 

time during the day and are structured by magnetospheric events 

and solar winds in the form of particle precipitation, plasma 

processes or E×B drifts (Keskinen and Ossakow, Theories of 

high-latitude ionospheric irregularities: A review 1983, 
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Keskinen, The structure of high-latitude ionosphere and 

magnetosphere 1984). The sources and structures of ionospheric 

scintillations vary over the Earth’s surface. Low latitudes 

ionospheric irregularities are viewed as rod-like structures 

aligned with the geomagnetic field lines (C. Rino 1979) while at 

high latitudes they are viewed as sheet-like structures (Rino, 

Livingston and Matthews 1978), thus having varied impact on 

sensors and systems.   

 

1.3 Impact of the ionospheric scintillations on SAR  

The interaction of SAR with the ionosphere is a complex two-

way process (Carrano, Groves and Caton 2012). When the SAR 

signal is transmitted from the sensor, it first interacts with the 

irregularity layer after which the modulated wavefront 

propagates downwards and interacts with the targets. During the 

process of transmission, the interaction with irregularities is a 

diffractive process that modulates the wavefront. Upon return, 

the wavefront is further modulated after it interacts with the 

irregularity layer a second time. The time during which SAR 

transmits and receives the signal is so short that the layer of 

ionospheric irregularity can be considered to have been 

unchanged. The size of the irregularities compared to the first 

Fresnel scale (λz1/2, where λ is the wavelength and z is the 

distance between the target and the layer of irregularity) 

determines the type of scintillation that the SAR signal is 

expected to experience (Briggs 1975). When the ionospheric 

irregularities are larger than the Fresnel zone, the phase 

scintillations occur (Xu, Wu and Wu 2004). These result in loss 

of image contrast and blurring of images. Events of phase 

scintillations are more prevalent at high latitudes compared to 

equatorial regions. However, when the irregularity scale size is 

smaller than the Fresnel zone, we have both amplitude and phase 

scintillation phenomena (Xu, Wu and Wu 2004). SAR sensors 

flying over low latitudes predominantly experience amplitude 

scintillations which appear as stripes in the direction of the flight 

(azimuth) due to diffraction. The intensity and structure of the 

azimuth streaks in SAR images depend on the orientation of the 

local magnetic field direction with respect to the flight direction 

(Meyer, et al. 2016, Kim, et al. 2017).           

 

1.4 Scintillation Monitoring 

Monitoring of ionospheric scintillations have widely been carried 

out by many instruments, such as VHF and beacon receivers 

(Hunsucker 1991), Global Navigation Satellite System (GNSS) 

(Morton, et al. 2014), incoherent scatter radars, etc. Among them 

the most popular technique is using Global Positioning System 

(GPS) (Ciraolo and Spalla 1997). The standard denotation of 

describing a scintillation event is in terms of two measurement 

indices, amplitude scintillation (S4) (Whitney, Aarons and Malik 

1969) and phase scintillation (σφ) (Wernik, Alfonsi and Materassi 

2007) indices. Similar to GPS/GNSS signals, SAR sensors 

operating at L-band and P-band can serve as a good tool for 

observing ionospheric scintillation effects (Pi, et al. 2011).  

 

This work particularly aims at highlighting the capability of SAR, 

as a complementary technique to GPS/GNSS or ground-based 

receiver data, in quantitatively characterizing the ionospheric 

scintillation. This is achieved in describing the scintillation 

parameters of amplitude scintillation index (S4) quantitatively. 

To highlight the improved outreach of SAR for such studies, a 

small region in Tamil Nadu, in the southern part of India is 

chosen. Multi-temporal SAR data from Advanced Land 

Observation Satellite (ALOS)-2 are acquired. The different 

conditions of ionosphere on dates of SAR data acquisition are 

established with the help of GPS measurements. The work thus 

highlights the improving capability of SAR, as a tool, for 

ionospheric studies which seems to be of extreme importance for 

current- and upcoming- SAR missions such as ALOS-2 and 

NISAR respectively.  

 

The organization of the paper is as follows. Details of SAR and 

GPS data used are explained in Section 2. The two techniques of 

computing S4 from SAR is addressed in Section 3. The results are 

discussed in Section 4 followed by the summary in Section 5.  

 

2. DATASET 

2.1 SAR data  

Five polarimetric SAR data sets acquired by Advanced Land 

Observation Satellite-2/Phased Array type L-band Synthetic 

Aperture Radar (ALOS-2/PALSAR-2) have been used in this 

study. Under ionospheric scintillation conditions, stripes are 

visible in one of the SAR intensity image. Comparison of the 

ionospheric conditions is done with the other four ALOS-

2/PALSAR-2 data sets. These data sets have been acquired over 

a period of 1.5 years over the same area and are shown in Figure 

1. The details of the data sets utilized in the study are given in 

Table 1.   

  

Sl. 

No. 

Scene ID, Polarization, 

Off-Nadir angle 
Date 

Ionospheric 

condition 

1. 
ALOS2017990170, 

DP, 28.6º 
2014-09-22 Quiet 

2. 
ALOS2040760170, 

DP, 32.5º 
2015-02-23 Quiet 

3. 
ALOS2044900170, 

FP, 30.9º 
2015-03-23 Disturbed 

4. 
ALOS2065600170, 

DP, 28.6º 
2015-08-10 Quiet 

5. 
ALOS2094580170, 

DP, 32.9º 
2016-02-22 Quiet 

Table 1. Details of ALOS-2/PALSAR-2 data sets used 

 

Figure 1. ALOS-2/PALSAR-2 scenes under study. The white 

and red arrows denote the directions of flight and geographic 

north respectively 
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Apart from the third scene on the list (Scene ID: 

ALOS2044900170) which is fully polarized (HH, HV, VH, VV) 

all other SAR acquisitions are dual polarized (HH, VV). Also the 

off-nadir angles of the data sets are different. Since the orbits of 

the data sets were not completely overlapping, the areas common 

in the quiet- and disturbed-days are taken into consideration in 

the study. Prominent stripes can be observed in the third scene, 

acquired on March 23, 2015, indicating that it was affected by 

ionospheric scintillation (Shimada, Muraki and Otsuka 2008, 

Meyer, et al. 2016) while other scenes were not. The usage of the 

term ionospheric disturbed- and quiet-days are made in context 

with the levels of scintillations measured using the ground-based 

GPS receiver station. Total electron content (TEC) and S4 

measurements from GPS satellites from Tirunelveli are used to 

corroborate the varied ionospheric conditions. These 

measurements are explained at length in the following 

subsection. Figure 2 shows the extent of SAR data sets on the 

ground (after ortho-rectification). The data sets are taken around 

a small area in the state of Tamil Nadu towards the southern-most 

tip. The location of the Tirunelveli station is also indicated in the 

map.   

 

Figure 2. Position of ALOS-2/PALSAR-2 scenes are shown 

with respect to the ground-station at Tirunelveli. The extents of 

scenes with different off-nadir angle are also shown. 

2.2 Ground-based measurement data  

Data from the Tirunelveli scintillation monitoring station under 

the SCIntillation Network Decision Aid (SCINDA) network 

(Carrano and Groves 2006) (geographic: 8.67°N, 77.81°E; 

geomagnetic: 0.17°N, 150.80°E) is utilized to establish the 

ionospheric conditions on the dates of SAR acquisitions. The 

measurements of TEC and S4 also help in validating our results 

from SAR.  

 

The total number of electrons along the slant range direction 

between the signal source and the receiver is called as the total 

electron content (TEC) and is measured in electrons per meter 

square. One TEC unit (TECU) is equal to 1016 electrons/m2. High 

density of TEC does not always indicate presence of irregularities 

leading up to scintillations. Hence we must search for 

disturbances within the diurnal variation of TEC to identify 

scintillation events on a particular day.  

 

Figure 3. TEC and S4 plots from GPS satellites observed at 

Tirunelveli. High scintillation activity can be observed for 

March 23, 2015 
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Figure 3 shows the diurnal variation of TEC and the amplitude 

scintillation index S4 measured on the dates of SAR acquisition. 

The red-dotted line from 1600-2000 UT indicates a 4-hour time 

window within which TEC and S4 are compared and contrasted. 

The time of satellite pass is ~ 1900 UT, corresponding to 30 

minutes past midnight local time. Ionospheric irregularities 

originate after local sunset and develop very rapidly within 1-2 

hours. As the night progresses, these irregularities fossilize and 

drift along the east, because of the eastward plasma velocity (in 

the equatorial region). Thus, by the time SAR observes these 

irregularities at midnight they may have weakened in intensity. 

However, on March 23, 2015, the irregularity strength was the 

highest indicated by the fluctuations in TEC as well as high 

values of S4 ~ 0.6. 

 

3.  SAR FOR IONOSPHERIC SCINTILLATION 

OBSERVATION 

It has been only recently observed that ionospheric studies using 

SAR has gained immense importance. SAR sensors, like GPS 

satellites, operating at low frequencies are severely affected by 

both amplitude and phase scintillations (Belcher and Cannon, 

Amplitude scintillation effects on SAR 2014, Belcher and 

Rogers, Theory and simulation of ionopsheric effects on 

synthetic aperture radar 2008). Unlike azimuthal stripes that are 

the initial indication of amplitude scintillation affecting SAR 

data, SAR affected by phase scintillation have loss of image 

contrast or defocusing of the image. Previous authors have 

developed several methods of quantifying ionospheric 

scintillations in SAR. There are two methods that estimate the 

strength of amplitude scintillation (S4 index) (Belcher and 

Cannon, Amplitude scintillation effects on SAR 2014) while 

other two methods calculate the strength of turbulence strength 

(CKL) (Belcher, Mannix and Cannon, Measurement of the 

ionospheric scintillation parameter CkL from SAR images of 

clutter 2017, Mannix, Belcher and Cannon 2017). The point 

spread function response from point targets, such as corner 

reflectors, as well as the K-distribution from clutter statistics is 

used in determining CKL. With knowledge of the satellite 

viewing geometry, CKL can be converted to S4 (C. Rino 1979). 

However, in the absence of precise SAR clutter statistics and 

unavailability of point targets, we use two methods of 

determining S4 directly from SAR data in the study. Brief 

explanation of the two methods are explained below.       

  

3.1 S4 from radar cross-section (RCS) enhancement 

As the name suggests, the RCS enhancement technique depends 

on the increase in radar cross-section of a homogeneous target 

during the event of scintillation. Targets with uniform cross-

section, under scintillation conditions, have backscatter returns 

from several directions along with the direct ray beam (Knepp 

and Houpis 1991). As a result, multiple interferences occur that 

increase the RCS. The ratio of the mean RCS under conditions of 

scintillations (μIONO) to that of under quiet ionospheric conditions 

(μ) is directly related to the two-way S4x2 (Belcher and Cannon, 

Amplitude scintillation effects on SAR 2014) as 

 
𝜇𝐼𝑂𝑁𝑂
𝜇2

= 1 + 𝑆4
2 

(1) 

 

and the one-way S4 can be computed to be (Knepp and 

Houpis 1991) 

 

𝑆4𝑥2
2 = 4𝑆4

2 + 2
𝑆4

4

𝑆4
2 + 1

 
(2) 

This technique does not depend on any factors, thus giving a 

direct estimate of S4. However, the only limitation is that the 

region of interest (ROI) chosen in the SAR image should have 

uniform cross-section. 

 

3.2 S4 from image contrast 

The second technique of determining the intensity of amplitude 

scintillation is using the information of loss of contrast in SAR 

due to scintillations. Under the assumption that the stochastic 

sum of amplitude samples in a Fresnel zone determine the 

amplitude scintillation in SAR, the amplitude of a SAR image is 

integrated over N such independent Fresnel zones. (Belcher and 

Cannon, Amplitude scintillation effects on SAR 2014) Ratio of 

the standard deviation to the mean of disturbed- and quiet-day 

SAR data sets gives the contrast Cd. The equation for estimating 

one-way S4 from image contrast is given as  

 

𝑆4
2 =

𝑁

12
(𝐶𝑑

2 − 4 + 4√1 + 𝐶𝑑
2 +

𝐶𝑑
4

16
) 

(3) 

 

The determining factor N defined as the number of independent 

Fresnel zones and is given as  

 

𝑁 =
𝐿𝑆𝐴
𝛾𝑍𝐹

 
(4) 

 

It depends on the length of the synthetic aperture (LSA), the size 

of the Fresnel zone (ZF) and γ, defined as the ratio between the 

spatial distance along the aperture and the effective distance 

along the phase screen. Details of computing N is given in 

(Belcher and Cannon, Amplitude scintillation effects on SAR 

2014).  

 

4. COMPARISON OF S4 ESTIMATED FROM SAR AND 

MEASURED FROM GPS 

Results from the above mentioned two techniques of estimating 

S4 are reported in this section followed by a comparison with the 

measurements from GPS satellites. SAR data sets are first 

calibrated (Motohka, et al. 2018). Since the data sets have 

different off-nadir (incidence) angles, they are ortho-rectified. To 

obtain an incidence angle free measure of the SAR return, gamma 

naught (γº) is calculated from the sigma naught (σº) the local 

incidence angle (θi) obtained after terrain correction (Woodhouse 

2006) as 

 

𝛾0 =
𝜎0

cos 𝜃𝑖
 

(5) 

 

The common overlapping area between the SAR data sets 

are chosen from the data sets with different incidence 

angles and shown in Figure 4.  
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Figure 4. Extent of overlapping areas in data with 

different off-nadir (incidence) angle. 

 

Region of interest pertaining to the incidence angle of the 

SAR data sets are extracted.  These are shown in Figure 5. 

To avoid repetitiveness, ROIs from three dates are only 

shown. After the ROI extraction, first the RCS 

enhancement technique is applied on the data. To avoid 

any biasness in the selection of further subsets, the RCS 

algorithm is applied on the entire ROI. Smaller subsets are 

made from the bigger ROI where 50 x 25 pixels are chosen 

in the azimuth and range directions respectively. Ratios of 

the RCS of these smaller subsets, in both disturbed- and 

quiet-days, are then computed to calculate the S4 for that 

particular image pair.  

 

Figure 5. Common region of interest chosen for S4 estimation 

 

As mentioned earlier in the estimation of S4 by the contrast 

method, the number of independent Fresnel zones N, is the 

limiting factor. We have assumed a phase spectral index of 2.5 

and an anisotropy factor of 50:1 in the calculation of γ, an input 

in the calculation of N. These values have been chosen taking into 

account the historical data used in WideBand MODel (WBMOD) 

(Secan, et al. 1995). Details related to the factor γ and its 

computation is given in (C. Rino 1979).  

 

Table 2 below presents a comparative analysis of the S4 estimated 

from the two techniques for all the SAR pair. Each quiet-day 

ALOS-2/PALSAR-2 data is paired with the lone disturbed day 

data, i.e., March 23, 2015 to compute S4. Thus, there are four 

pairs of SAR data that are used in the study. The S4 estimated for 

the ROIs in each pair demonstrates the strength of the ionosphere 

on the disturbed day. We can observe that the pairs 1, 3, and 4 

have almost similar values compared to the second pair.   

 

Sl. No. 

SAR data sets 

paired with  

2015-03-23 data 

One-way S4 

RCS 

enhancement 

Image 

Contrast 

1. 2014-09-22 0.17 0.16 

2. 2015-02-23 0.22 0.23 

3. 2015-08-10 0.18 0.2 

4. 2016-02-22 0.16 0.17 

Table 2. Comparison of S4 estimated from two methods 

 

The data pair of 2015-02-23 (quiet) and 2015-03-23 (disturbed) 

have a comparatively higher S4. This is explained by the small 

temporal gap of one month between the data sets. In the other 

pairs the temporal gap varies between 5 months to 11 months. 

Over this long time gap, one can expect the terrain to have 

changed. The change in terrain may have hampered the radar 

cross-section, that is assumed to be constant for the RCS 

enhancement technique. Moreover, another assumption of a 

statistically homogeneous ionosphere may also have varied 

between the different quiet dates considered in study.  

 

The average S4 measured at Tirunelveli station is 0.21 on March 

23, 2015 (Mohanty, et al. 2018). This has been computed taking 

into account all the satellites observed at the station within a 

three-hour time window (17:30 to 20:30 UT) and satisfied a 

criterion. This is referred to as the plasma drift velocity criterion. 

According to this, measurements from all satellites that have their 

ionospheric pierce point to the west of the satellite track which 

must have travelled eastward between 50-150 m/s so as to reach 

the ALOS-2 track at 1900 UT are included. The same applies to 

satellites to the east of the SAR track post 1900 UT. Details of 

measurement of the plasma drift and the selection of GPS 

satellites to be included in the study are explained and given in 

(Mohanty, et al. 2018). The slight variation in S4 measured from 

GPS and that estimated from SAR pairs is due to the difference 

in position of the ionospheric pierce points of the satellites and 

SAR. Latitudinal separation between them may result in both, the 

GPS receiver and SAR, viewing irregularities at the different 

stages on their evolution. It may happen so that GPS satellites 

may have viewed the ionospheric irregularities at an early stage, 

and by the time they drifted to reach the SAR track the 

irregularities may have fossilized into finer structures. 

Nevertheless, we can observe a good agreement between results 

from both sensors.      
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5. SUMMARY 

This paper demonstrates the capability of low frequency SAR for 

observation and quantification of ionospheric scintillations. The 

scintillation event under study is observed in the southern part of 

the Indian subcontinent. Coincidently a scintillation monitor 

from the SCINDA network at Tirunelveli is taken for validating 

the S4 measurements from SAR. ALOS-2/PALSAR-2 data sets 

over this region is obtained over one and half years to create data 

pairs. As multi-temporal SAR data are useful in drawing 

conclusion about the surface backscatter, likewise these data 

pairs help us infer about the condition of ionosphere. Results of 

S4 measurements from SAR are well corroborated with those 

from the ground-based scintillation monitor. S4 estimated with 

the data pair having the smallest temporal gap has a good 

agreement with ground measurements. Furthermore, with precise 

information of satellite viewing geometry, we can also estimate 

the strength of turbulence which is an inherent property of the 

ionospheric medium independent of satellite geometry. With 

many low frequency SAR missions coming up in the future, we 

can implement these well-established techniques for quantifying 

ionospheric scintillations.   
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