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Abstract  

      The aim of this study is to investigate the response of the Ionospheric E- region 

critical frequency foE and virtual height h’E parameters to the solar cycle 22 over 

Baghdad city (latitude 33.3˚N, longitude 44.4˚E). Both parameters display a high 

relationship with the sunspot relative number within the ascending and descending 

phases of the solar cycle. The E - region response to the solar activity is obvious 

around noon, sunrise and sunset times. Moreover, the gap between local mid-

afternoon, dawn and sunset values expands as solar activity rises. In the declining 

phase, there is an aspect that results in a peak of disturbance. This portion may have 

linked to coronal holes and resulted in high disturbance peak during 1992-1994. The 

impact of this portion is obvious in raising the values of foE, especially in 1993.  
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 الخلاصة
لمطظطقة  h’E العاهري الارتفاع و   foE التردد الحرجمعاملات الهدف مؼ الدراسة هؽ التحقق في استجابة      
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1. Introduction 

       The region of Ionosphere is part of the upper atmosphere, located roughly between about 

60 to 1000 km of height, in which free electrons and ions are sufficiently high to influence the 

high frequency radio wave propagation. At mid latitudes, the Ionosphere is basically produced 

by the solar electromagnetic radiations including extreme ultraviolet (EUV), and X-ray. Both 

radiations have an impact on a different layer of the Ionosphere [1, 2]. 

     The theoretical and modern experiments divide the ionosphere into three regions: D, E, 

and F. The upper ionosphere F- region (between 140 and 600 km in altitude) has the greatest 

concentration of free electrons and splits into F1 and F2, while the D layer (between 50 and 

90 km) vanishes completely at night. The F- region is distinguished by the transfer of charged 

particles in plasma by some complex physical mechanisms, such as thermospheric winds and 

ambipolar diffusion. However, the mid ionosphere layer (E- region of altitude 90–140 km) 

marks the limit of ionization-recombination together with the dynamic and thermal 

operations. The heights of the ionospheric regions vary with solar zenith angle, time of day, 

seasons, and short and long term solar activity [3].  

      For mid latitude region, several studies have discussed the relation between solar activity 

and E region parameters, such as critical frequencies, virtual heights, and total electron 

contents. In Iraq, the earlier studies of E- region were in the early eighties of the last century. 

R. A. Ishak studied the statistical variations of the general characteristics of ionospheric layers 

during 1983, depending on the observations of Ionosonde which were installed in Al-Battani 

observatory, north of Baghdad [4]. These variations were discussed and compared with the 

variations of the Sunspot number(R) and the solar zenith angle ( ). Using the same 

ionospheric station measurements, K. Mouala and B. A. Rahman studied the daily and 

seasonal behavior of E- region over Baghdad during 1983 [5]. They found that E- region 

height over Baghdad extended from about 90-160 km. The maximum electron density located 

at an altitude of 114 km, and the maximum values of seasonal electron density occurred 

during summer. E- layer over Baghdad that appears at summer nights during disturbed 

geomagnetic conditions is associated with low critical frequencies and height. In two other 

studies in Iraq, Al-Shakarchi D. A. and  D. A. Mohammed et al. relied on the data of Al-

Battani observatory Ionosonde to investigate the impact of solar cycle 22 on the two upper 

regions of the ionosphere, F1 and F2 [6, 7]. Both found a high relationship between the solar 

cycle and the foF2 and foF1, respectively. Recently, two studies have investigated E-region 

critical frequency and electron density parameters over Iraq using the International Reference 

Ionosphere (IRI-2016) model. Khalid A. Hadi and A. A. Hamied investigated the impact of 

solar cycles 22, 23, and 24 on the annual critical frequencies of E, F1, and F2 in Iraq [8]. 

Annual fluctuations in foE for the years 1989, 2001, and 2014 found that the values were 

nearly consistent, with occasional variations in the southern parts. In addition, there are slight 

differences in the variations for the years (1986, 1996, and 2008). On the other hand, Asma'a 
A. Hamied and Khalid A. Hadi studied the annual behavior of foE and electron density(Ne) for 

the solar cycle maximum years (1989, 2001 and 2014) and the minimum years (1986, 1996 

and 2008) [9]. The variations for the tested years revealed small variances between them, with 

larger values during solar cycle maximum years and lower values during solar cycle minimum 

years.  

     In this study, the variations of two important E- region parameters ( foE & h’E) have been 

discussed due to the solar cycle 22 over Baghdad, which located on the mid- latitude region 

(latitude= 33.3
◦
 N). Solar cycle 22 duration was from September 1986 to May 1996.   

  

2. The Ionospheric E-layer  

     E region starts from the altitude of about 90- 140 km. Sometimes it contains a sporadic E 

layer (Es),  which is considered to be an independent phenomenon from the normal E- region. 
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Ionization at E- region is caused mainly by X- rays in the (1-17)nm and EUV in the (80- 

102.6)nm (L-Beta), producing ionized particles with a domination of NO
+
 and O2

+
. In 

addition, E- region contains electrons with concentration less than 4 MHz. This value drops 

rapidly after sunset to a very low concentration.   

The E layer exhibits the Chapman model behavior with daily maximum at local noon, 

seasonal maximum in summer, and solar cycle dependence. The basic Chapman theory of 

ionized layer formation begins with monochromatic radiation acting on a plane atmosphere 

with a single ionnizable gas with a constant scale height [3, 10]. 

 

3. Critical Frequency and Virtual Height 

     The process and instrumentation used to calculate the ionosphere's electron density as a 

function of altitude are based on the principle that when an electromagnetic wave vertically 

penetrates ionospheric plasma, it reflects at the level where the refractive index (n) becomes 

zero. The refractive index is defined as the ratio of the sine of the angle of incidence Øi to the 

sine of the angle of refraction Ør for a given pair of media [11]:  

                                     n = sin Øi / sin Ør = √1-(81N / ƒ
2
)                                             (1) 

where ƒ is the frequency of the radio wave in hertz, N is the number of free electrons per 

cubic meter (el/m
3
). According to the magneto-ionic theory of the reflection of radio waves 

from the ionosphere, n is dependent on the plasma frequency fN:   

                                    n
2
 = 1 − (fN / ƒ )

2
                                              (2) 

Where fN and f are plasma and incident frequencies respectively.  

                                    fN = √ Nq
2
/ (4  2 ˳ m)                                                       (3) 

     Where N is electron density, q is charge of electron,   ˳ is the dielectric constant in 

vacuum, and m is the mass of the electron. When the incident frequency f equals fN, reflection 

occurs in the ionosphere. 

     The electron density N changes and rises with altitude, reaching a relative maximum and 

even an absolute maximum electron density NM , which corresponds to the maximum reflected 

incidence frequency, called the critical frequency fo (expressed in MHz). Thus, for a particular 

ionospheric layer, fo is the highest frequency that can be radiated vertically upwards by a radio 

transmitter and returned to earth [3]. 

                                   NM = 1.24 10
10

 fo
2
                                                                            (4) 

The ionospheric layer critical frequency fo linked to the relative maxima for the E- region 

(foE) is referred only to the ordinary ray. The E layer fN is influenced by the solar zenith angle 

χ and solar activity, which is measured by the monthly median sunspot number R according to 

the empirical equation: 

                                  foE (X, R) = 3.3[(1+0.0088R) cos X]
1/4

 MHz                                     (5) 

     It is important to note that the critical frequencies (foE), (foF1), and (foF2), are referred only 

to the ordinary ray. The virtual height is determined from the time it takes for a radio pulse to 

travel to and back from a layer in the ionosphere, assuming the pulse travels at the speed of 

light (C). The height of the reflected incident frequency is given by:   

                                 h’ = c  t / 2                                                                                           (6) 

     Where  t is the delay between the transmission time and the received echo. h’ is defined as 

the virtual height or group height.  

It has been pointed out that if the virtual height of the layer is known, calculation of the 

incidence angle needed for the wave to return to the ground at a given point is relatively easy. 

The Ionosonde, a vertical ionospheric sounder, emits radio impulses that scan the 

transmission frequency from 1 to 20 MHz and tests the time delay of any echoes. It is 

designed to detect electron density of ionospheric plasma as a function of height [12].  

The Ionosonde presents an image(Ionogram) that depicts the virtual height of the ionospheric 

reflection point as a function of frequency, and therefore is a virtual reality instrument (see 
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Figure 1). The signal is slowed as it passes through the ionosphere, and it is found that the real 

travel time between the transmitter and receiver is similar to a signal traveling the virtual path, 

which is not slowed and continues to pass at the speed of light. As a result, the height scale is 

virtual, and it is much greater than the actual height as the electromagnetic pulse slows and 

the ionosphere reaches maximum electron density[2]. 

 
Figure 1: A typical vertical Ionogram. The virtual height is plotted against the receiver 

frequency[13] . 
  
4. The Solar Activity   

     Solar radiation is the primary source of ionization in the ionosphere, according to extensive 

experimental evidence. A long-term cyclical fluctuation is caused by the 11-year sunspot 

cycle. During this period, the number of sunspots varies from a minimum to a maximum and 

then back to a minimum [14]. The solar atmosphere experiences an increase in solar flares, 

filament eruptions, and coronal mass ejections (CMEs) during the ascent phase, resulting in a 

boost in solar wind energy and an increase in the number of geomagnetic storm events, 

However, the frequencies of these occurrences decrease during the descent process. The solar 

activity period has a significant impact on coronal mass ejections, with rates ranging from 0.5 

per day at solar minimum to > 6 per day at solar maximum. They are often linked to events 

like flares, radio bursts, and solar energetic particle events, which can be seen in spectra or 

images using radio waves, EUV, X rays, and H-alp [15, 16] . 

     Coronal holes are vast dark areas in the solar atmosphere that can be seen in extreme 

ultraviolet (EUV) and X-ray imagery. Wide regions of the solar magnetic field with a single 

polarity (unipolar) and extending far out into the solar system produce these holes. Since these 

magnetic field lines do not bind back to the Sun, they are often referred to as 'open' magnetic 

field lines. During the 11-year solar cycle, coronal holes can appear at any time, but they are 

more common near solar minimum, when recurrent coronal holes can form near the Sun's 

polar regions. Coronal holes have the potential to expand and migrate to lower solar latitudes 

[14].  Long-lasting origins of high-speed solar wind streams are persistent coronal holes. A 

compression area, known as a Co-rotating Interaction Region (CIR), forms as the high-speed 

stream interacts with the slower ambient solar wind. The CIR would appear to lead the 

Coronal Hole High-Speed stream(CH HSS) [17]. Strong CIRs and faster CH HSS may have 

enough of an effect on Earth's magnetosphere to cause G1-G2 (minor to moderate) 

geomagnetic storming, though rarer cases of stronger storming can also occur. Coronal holes 

that are wider and vaster can be a source of high solar wind speeds that can last for days [18]. 

Figure 2 depicts solar cycles and geomagnetic disturbances since 1932. A disturbance has 

been described as a day on which the Ap index equals or exceeds a value of 25 for the 
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purposes of this graph, and the number of such days has been counted in each calendar year. 

In the declining phase of most solar cycles, there is a component that causes large peaks of 

disturbance. This portion is linked to coronal holes and creates large disturbance peaks during 

the solar cycles’ descending phase. 

 

 
Figure 2: Variation of Sunspot number and the  geomagnetic disturbances (1932-2014) [19]  

 

      Figure 3 shows the monthly sunspot relative number and the mean smoothed sunspot 

numbers (the 13-month smoothed) during solar cycle 22 [20]. Cycle 22 which started in 

September 1986, reached a peak in July 1989 and fell to a minimum in May 1996 [21]. Cycle 

22 is still rated as the fourth largest of the recorded cycles [22].  

 
Figure 3: Solar Cycle 22 

 

5. Results and Discussions 

     The data of the critical frequencies of E layer foE and the minimum virtual height of the 

ordinary trace of the E- region h’E are obtained from Al-Battani Observatory in Baghdad city 

(latitude 33.3˚ North, longitude 44.4 ˚ East). The ionosonde IPS-42 is a vertical ionospheric 

sounder which emits HF radio impulses that scan the transmission frequency from 1 to 22.6 

MHz.  

      Figure 4(a-k) shows the relation between the monthly mean values of foE and diurnal 

quiet times (in hours) during solar cycle 22(quiet times are durations that not associated with 

geomagnetic storms). R is the monthly mean smoothed sunspot number. For the years 1986 

and 1987 there is no available data from the ionosonde. Thus, we began from 1988, until the 
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end of 1995. In addition, there are many discontinuities between 1992 and 1994. Disturbance 

days, in which magnetic A-index values were greater than or equal to 25, were excluded. 

Large values of A-index are corresponds to the disturbed condition (major and minor storms). 

The A indices data were from Fredericksburg Observatory in the USA [23]. These data are 

generally applicable to mid-latitude areas.  

     The foE values showed high values within the ascent phase of the solar cycle, especially 

around the maximum at local noon times of Baghdad city. These high values begin to decline 

gradually, coinciding with the descending phase in which the number of sunspots decrease. At 

local mid noon times, the mean values of foE around the maximum solar activity years (1989, 

1990, and 1991) are approximately between (4.2 – 3.4) MHz. These values are drop in 1993, 

1994 and 1995, synchronized with the decrease in the sunspot number. The values are limited 

between (3.5 - 3.1) MHz. However, with increased solar activity, the gap between local mid-

afternoon values and dawn and sunset values become wider. It is attributed to the high rate of 

ionic activity at local noon times during solar maximum years [10, 24, 25]. 
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Figure 4 (a-k): The monthly mean values of the critical frequencies of E layer (foE) 

 

     The high electron-density values of the ionospheric E layer could be due to the increased 

number of active regions on the Sun (sunspots) which cause an increase in EUV emissions 

with a wavelength of about 17-80 nm. This impacts directly on the electronic concentration of 

E layer (rate of ionization), where most ions are O
+
, as well as, the enhancement of the solar 

particle emission, especially the low energy particles (solar wind) which transfer through 

interplanetary space, to the magnetosphere, and then to the ionosphere of the earth [1, 10, 11].  

During the maximum solar cycle years, the solar atmosphere witnesses an increase in solar 

flares, filament eruptions and coronal mass ejections CMEs, which leads to a solar wind 

energy enhancement and a rise in the number of geomagnetic storm events. The occurrence 

rate of C, M and X class flares was at its maximum between 1989 and 1991, as well as the 

total solar irradiance(TSI) and the solar 10.7 cm radio flux. (See Figure 5) [26].   
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Figure 5: Panels from the bottom display: sunspot numbers, solar 10.7 cm radio flux (W.m

-2
), 

TSI, C-class flares monthly rates, and X-class flares monthly rates. 

 

     Although the solar cycle descending years witnessed a decline in sunspot number, their 

critical frequency values are not too far from the ascending phase years. Figure 6 displays the 

variation of the sunspot number and the number of mid-latitude geomagnetic disturbances 

(major and minor storms) during solar cycle 22. Data archive is available at [27]. For the 

purposes of this graph, a disturbance has been defined as a day on which the A index   25.   

 
Figure 6: Mid-latitude Magnetic disturbances and Sunspot numbers during Solar cycle 22 

 

     Geomagnetic disturbances followes a pattern that is generally identical to the solar cycle, 

with intervals of decreased disturbance frequency near the solar minimum [28-30].  
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In the declining phase, there is an aspect indicates to a peak of disturbance. This portion could 

be linked to coronal holes and resulted in a noticeable increase in the occurance of  

geomagnetic disturbances between 1992 and 1994. The impact of this portion is obvious in 

raising the values of foE, especially in 1993.  

    

Figure 7(a-j) shows the relation between the monthly mean values of h’E with diurnal 

monthly quiet times (in hours) during solar cycle 22. At local mid noon times, the mean 

values of h’E around the maximum solar activity years (1989, 1990, and 1991) are 

approximately between (128.6 – 115) km. These values becomes lower around the minimum 

years (1993-1995) and sometimes decreases to (102) km. On the other hand, h’E values at 

sunrise reached high altitudes 137 km within maximum solar activity years and 133 km at 

sunset. However, these values declined sometimes to about 114 km at sunrise and sunset 

within the minimum years of solar activity.  
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Figure 7( a-j): The monthly mean values of minimum virtual height (h’E) 
 

6. Conclusions  

     Critical frequency and virtual height parameters over Baghdad city showed a high 

correlation with the sunspot relative numbers within the ascending and descending phases of 

the solar cycle 22. The E layer response to the solar activity is obvious around mid-noon, 

sunrise and sunset times. furthermore, the gap between local mid-afternoon, dawn and sunset 

values expands as solar activity increases. In the declining phase, there is an aspect that 

indicates to a peak of disturbance. This portion could be linked to coronal holes and resulted 

in a high disturbance peak between 1992-1994. The impact of this portion is obvious in 

raising the values of foE, especially in 1993.   
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