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Abstract 
 

Ionospheric models are used extensively to understand how 

the ionosphere affects radio wave propagation, and how 

this impacts radar, satellite communications and navigation 

systems. Most widely used models either provide a 

monthly median model of the ionosphere or ingest real-

time data to provide a real-time model. In this paper, work 

to incorporate ionospheric variability into monthly median 

models is presented. This is done through the development 

of a global covariance model of the critical frequency 

(foF2) and the height of the peak electron density (hmF2) 

of the ionospheric F2 layer. A method of incorporating this 

into over-the-horizon radar (OTHR) modelling is then 

presented. 

 

1. Introduction 
 

The ionosphere follows predictable patterns diurnally, 

seasonally, with the solar cycle and with geographic 

location. These trends are well captured by empirical 

climatological models. Variability in the ionosphere is also 

driven from above by solar and geomagnetic disturbances, 

from within the ionosphere by plasma instabilities, 

currents, electric fields, ion-neutral interactions, and 

thermal and density gradients, and from below by lower 

atmosphere perturbations such as convection systems, 

upwards propagating tides, planetary waves and gravity 

waves. This day-to-day variability is not currently captured 

by empirical median models. In this paper we focus on 

ionospheric variability under quiet geomagnetic 

conditions.  

 

A significant effort has gone into understanding the foF2 

variability [1-6]. Most of these studies investigated this 

variability in terms of a percentage standard deviation over 

a month. In general, it was found that the percentage 

standard deviation in the foF2 was larger at night than 

during the day, and of the order of around fifteen percent. 

Ezquer et al. [5] investigated the day-to-day variability in 

terms of quartiles and found that the upper and lower foF2 

quartiles were different distances from the median. 

 

The incorporation of ionospheric variability into 

climatological models has long been of interest. Wilkinson 

[7] discussed how deciles of peak electron density could be 

implemented into the international reference ionosphere 

(IRI) to develop a variability model. However, a variance 

model is not yet available in IRI. The ASAPS model 

created by the Australian Bureau of Meteorology, Space 

Weather Services,  provides deciles of the maximum usable 

frequency (MUF), but this product is no longer supported 

[8].  

 

We previously presented a climatological model of the 

ionospheric F2 layer (CLIMF2) which incorporates 

ionospheric variability in the form of the monthly upper 

and lower deciles of foF2 and hmF2, along with the 

monthly median values [9, 10]. We then studied the impact 

of this variance in foF2 and hmF2 on OTHR performance 

modelling by raytracing through an ensemble of 

ionospheres [11]. 

 

In this paper we build on this work through the 

development of a global climatological model of the 

covariance of foF2 and hmF2. A method of incorporating 

this into OTHR radar modelling to understand the 

variability in ionospheric propagation conditions is 

presented. 

 

2. Method 
 

2.1 Developing the covariance model 
 

The foF2 and hmF2 covariance model presented here was 

produced following the method described in [9]. The foF2 

and hmF2 data were obtained from the Global Ionospheric 

Radio Observatory (GIRO) [12] and the Jindalee 

Operational Radar Network (JORN) sounder dataset 

provided by Defence Science and Technology Group 

(DSTG). As detailed in [9], the data was filtered using 

quality control flags and times of geomagnetic storms were 

removed using the disturbance storm time (DST) index 

[13]. 

 

The statistical distribution of the data needs to be captured 

by the covariance model. A normal distribution was 

considered unsuitable, as found by [5, 14] and by noting 

the different distances of the 10th and 90th percentiles of the 

foF2 and hmF2 from the median in CLIMF2. For the 

covariance model presented here, log-normal distributions 

for both foF2 and hmf2 were used, justified by [14]. Hence, 

our model development was performed utilizing normal 

distributions in log space. 

 

For each sounder in the datasets, the foF2 hmF2 covariance 

matrix was calculated for each month and hour that data 

was available, such that a maximum of 31 data points (if 

data was available for all days of that month) contributed 

to any one covariance calculation. Each of the components 



of the covariance matrix were then binned by the solar 

regime (using the S12 sunspot number [15]). The median 

for each component of the covariance matrix for each 

sounder at each hour of the day, month and solar regime 

was calculated. Chebyshev fits over the modified 

geomagnetic dip angle (modip) were then used in the same 

manner as described in [9] to model the covariance for all 

spatial and temporal locations. The fits were performed 

separately for each component of the covariance matrix 

such that global lookup tables of the foF2 variance, hmF2 

variance and the foF2 hmF2 covariance were created. 

 

Global maps of the covariance for low solar activity in 

March at 00:00 UT are shown in Figure 1. Note these 

results are presented in log space. The top panel shows the 

foF2 variance, the middle panel shows the foF2 hmF2 

covariance and the bottom panel shows the hmF2 variance. 

Under these conditions the foF2 and hmF2 variances are 

generally larger at night than during the day (top and 

bottom panels). The foF2 and hmF2 are more negatively 

correlated at night, and positively correlated during the day 

at mid-latitudes (middle panel). 

 

2.2 Incorporating F2 layer covariance into 

OTHR modelling 
 

OTHR modelling uses propagation look up tables to 

characterize the returned power for each radar operating 

frequency and ground range [16]. Propagation look up 

tables that characterize different percentiles of OTHR 

propagation conditions can be modelled using radio-wave 

ray tracing through ionospheres modelled at different 

percentiles. 

 

We used our covariance model to define the F2 layer of any 

percentile ionosphere. An example of the probability 

density of the foF2 and hmF2 from our covariance model 

is shown in Figure 2. An ellipse of a given percentile can 

then be created by finding the eigenvectors for that 

percentile and rotating these to form an ellipse. An example 

of the 10th/90th percentile ellipse is shown in Figure 2. For 

the OTHR modelling scenario, we want to find the points 

on this ellipse which maximizes the impact on HF radio 

wave propagation away from that for the median 

conditions and then define these as the 10th/90th percentile 

ionospheric conditions. 

 

The impact of changes in the foF2 and hmF2 on 

propagation was investigated with a sensitivity study. As 

expected, we found that the maximum radio wave 

frequency that is able to propagate to a given location on 

the ground increases with foF2, and decreases with 

increasing hmF2. The percentage change in the 

propagation frequency (away from that due to the median 

ionosphere) can be approximated by: 
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The two points on the error ellipse that 

minimized/maximized this equation (shown in Figure 2) 

are defined as the 10th/90th percentile F2 layer for the 

purpose of radio wave propagation. 

 

Figure 1. The covariance model evaluated at 0 UT in 

March for S12 = 30. The foF2 variance (top), foF2 hmF2 

covariance (middle) and hmF2 variance (bottom) are 

displayed in log space. 

 

Figure 2. Probability density of the foF2 and hmF2 at 15ºS, 

130ºE at 5 UT in September 2015. The 10th/90th percentile 

ellipse is shown in red, with the locations of the 10th, 

median and 90th percentile combinations of foF2 and hmF2 

indicated by the red circle, cross, and plus signs 

respectively.  

The values for the foF2 and hmF2 which yielded the 10th 

and 90th percentile F2 layer, as defined above, were input 

 

 

 



into IRI via IRI’s user input functionality to create a 10th 

and 90th percentile F2 layer in IRI’s model ionosphere. 

Propagation lookup tables were then modelled by 

raytracing through these percentile ionospheres as 

described by [16]. The 10th, 50th and 90th percentile 

propagation lookup table are shown in Figure 3. The 

propagation conditions are noticeably different between 

each of these tables. The 10th percentile results are shifted 

to lower frequencies and greater ranges, and the 90th 

percentile results are shifted to higher frequencies and 

closer ranges.  

 

 

Figure 3. Examples of propagation lookup tables (unity 

transmitter power and target radar cross section) for the 10th 

(left), median (middle) and 90th (right) percentile F2 layer. 

Modelling was done for a hypothetical radar in New 

Zealand looking North at 5 UT, December, S12 = 70.  

3. Results 
 

The covariance model was verified against backscatter 

sounder (BSS) data from the JORN sounder in Longreach, 

Australia. All leading edges from the Longreach BSS data 

in September 2015 during geomagnetic quiet conditions 

were extracted as described in [17]. The 10th, median and 

90th percentile leading edges in the frequency dimension 

were calculated for each hour, using data from all days of 

the month that were within that hour. The leading edges 

from Longreach beam 4 at 12 UT are shown in Figure 4 

(top panel), with the 10th, median and 90th percentiles 

shown in black.  

 

Backscatter ionograms for the same time and location were 

modelled using the percentile ionospheres generated with 

the covariance model. The observed and modelled 

percentile BSS leading edges were then compared, shown 

in Figure 4 (bottom panel). For this example, the model 

captured the variance seen in the BSS leading edge well. A 

summary of the frequency difference between modelled 

and observed leading edges for September 2015 is shown 

in Figure 5. These histograms include the data from all 8 

BSS beams at all ranges and hours of the day. The modelled 

leading edge differs from the observed by 1.0 MHz, 0.8 

MHz and 0.3 MHz for the 10th, median and 90th percentiles 

respectively. The model would differ significantly more 

from observations at these percentiles if one only had 

access to a median model, especially at larger ranges, as 

can be seen in Figure 4. 

 

 

Figure 4. Leading edge assessment of the covariance 

model for Longreach beam 4 at 12 UT in September 2015. 

Top: Observed leading edges. 10th, median and 90th 

percentiles shown in bold black. Bottom: Comparison of 

the leading edges from the covariance model (solid lines) 

and the backscatter sounders (dashed lines). 

 

 

 

Figure 5. Histograms of the frequency difference between 

the observed and modelled leading edges (Observed – 

Modelled) for the 10th (top), median (middle), and 90th 

(bottom) percentiles. 



4. Conclusion 
 

In this paper we described the development of a global 

empirical model of the foF2 and hmF2 covariance. A 

method of using this covariance model to examine the 

impact of ionospheric variability on OTHR propagation 

modelling was presented. An initial assessment of the 

model against BSS data was also presented. Further 

assessment of the model against data from more times and 

locations is required.  
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