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Abstract 
 

In this study, we investigate the dependence of the 
intermediate layers (ILs) altitudes/vertical velocities on the 
geomagnetic activity during the rather extended duration 
solar minimum of 2009. Based on an empirical 
climatological model developed from Digisonde data over 
the Brazilian low latitude station Cachoeira Paulista 
(22.42° S; 45° W, I: -34.4°), the virtual height (h’IL) and 
the top frequency (ftIL) of the ILs were analyzed as a 
function of the different levels of Kp index. Our results 
show that even a small variation in the geomagnetic 
activity during low solar activity can affect the ILs altitudes 
over Cachoeira Paulista. A downward movement of the ILs 
probably due to an overshielding electric field was 
observed during the early morning. Besides that, during 
daytime, the smooth rise of the ILs can be related to the 
regular undisturbed day-to-day F-region zonal electric field 
of the ionosphere. 
 

1 Introduction 
 

The extended solar minimum of the solar cycle 23/24 
provides an unprecedented opportunity to understand the 
variability of Earth's ambient ionosphere. During this 
period, an unusually inactive state of the sun with only 
relatively small sunspot‐ carrying active regions were 
observed. The solar fluxes (UV, EUV, and X-rays) 
responsible for the heating of the upper atmosphere and 
production of the ionosphere and the standard 10.7 cm solar 
radio flux (F10.7cm) presented very low values when 
compared to the previous solar cycle (see for example 
Balan et al. 2012). 
 
Several studies have been carried out in order to understand 
the behavior of different layers of the equatorial and low 
latitudes ionosphere during the geomagnetic storm events 
in this very special period. Liu et al. (2012), for example, 
discussed the impacts of the high-speed stream in the 
equatorial ionization anomaly (EIA) development. Using 
the Digisonde data over Jicamarca and GPS data over the 
American meridional sector during 5-7 January 2008, they 
showed inhibition in the EIA formation probably due to a 
westward disturbance dynamo electric field. The impacts 
on the F region zonal and vertical plasma drifts during a 
weak geomagnetic storm that occurred in June 2008 were 
studied, for example, by Santos et al. (2016). A perfect anti 
correlation between the vertical and the zonal drifts close 
to the evening prereversal enhancement of the zonal 

electric field was observed in the initial and growth phases 
of the magnetic storm.  
 
The behavior of the sporadic E layer (Esq) echoes during 
the occurrence of magnetic storms also was investigated. 
Sreeja et al. (2011) showed that the daytime E-region 
westward drift over Trivandrum (8.5°N, 77°E; dip latitude 
∼0.5°N) on 21–25 July 2009 presented a reduction that was 
simultaneous with the disappearance of the equatorial 
sporadic E layer (Esq) echoes in the ionograms. It was 
suggested that an additional overshielding electric field 
(westward/eastward during the day/night), superposed on 
the ionosphere during the storm main phase contributed to 
the observed reduction in the drift. 
 
Recently, dos Santos et al. (2019) discussed about the 
possible effects of the atmospheric gravity wave 
propagation and the prompt penetration electric field in the 
layers located in the ionospheric valley, which are also 
known as intermediate layers (ILs), during the solar 
minimum of 2009. They showed a case of a daytime 
intermediate layer over Brazilian region that presented a 
strong upward movement that carried the IL from the 
bottom of the ionosphere to the base of the F2 layer in ~ 
1.5 hours. Santos et al. (2021) also reported the upward 
movement of theses layers over the equatorial station but 
during the sunset times. In agreement with the authors, it is 
possible that this rise of the ILs had been caused by the 
action of the prereversal enhancement of the zonal electric 
field and in some events by the additional contribution 
from the prompt penetration electric fields. For more 
details about the ILs over Brazil, see also Santos et al. 
(2020).  
 
Although the effects of the geomagnetic storms on the 
ionospheric layers have been constantly made, additional 
studies need to be done in order to understand the behavior 
of the ionospheric valley region during such conditions. In 
this context, the purpose of this study is to investigate the 
response of the intermediate layers at Brazilian low latitude 
to geomagnetic activity during the solar minimum of 2009. 
 
2 Data Analysis 
 
Using the DPS Digisonde data over the low latitude station 
of Cachoeira Paulista - Brazil (CP, 22.42° S; 45° W, I: -
34.4°) during the deep solar minimum of 2009, the 
dependence of the ILs on the geomagnetic activity was 
investigated. The ILs’ virtual height (h’IL) and top 



frequency (ftIL) were used to develop an empirical 
climatological model following the same methodology of 
Souza et al. (2010) and Brum et al. (2011, 2012). This 
model accounted for the dependences of these parameters 
on time and season, under low solar and geomagnetic 
activities. 
 
Figure 1 shows the behavior of the h’IL and ftIL along the 
year from 10:00 to 20:00 UT (top and bottom panel, 
respectively). During the period that encompasses our data, 
the F107P index varied from 66.5 SFU to 78.1 SFU 
(average of 70.1 SFU). The F10.7P is a combination of the 
daily decimetric solar flux index (F10.7) and one more term 
(F10.7A), which corresponds to the average of the 81 
previous days, thus F10.7P= (F10.7A + F10.7)/2 (given in 
Solar Flux Units (SFU); 1 SFU = 10-22W/(m2Hz) (about the 
F10.7P, see Brum et al. (2012)). All of the data analyzed 
were acquired during very low to normal geomagnetic 
activity (Kpav ≤ 3+ or 3.3). Here Kpav was defined as the 
average of the 3 hours data current Kp value and the 
previous 3 and 6 hours, that is, Kpav = (Kp(ref) + Kp(ref-3) + 
Kp(ref-6))/3, which gives the standard behavior of the 
geomagnetic activity and avoid sharp gradients in the 
temporal edges of this index (every 3 hours). It was 
observed that the occurrence of various levels of magnetic 
activity is well distributed throughout the year. Such 
distribution is very similar to the one found by Terra et al. 
(2020). 
 
The right panels of Figure 1 show the dispersion diagram 
between the model and data considering Kpav<=2.3, 
wherein it is possible to see the good correlation between 
the observation and the modeled data. The left panels show 
the annual variation of the ILs’ virtual height and top 
frequency. It can be verified that the upper intermediate 
layers (~ 180 km) are formed near to winter solstice 
between 10:00 UT and 14:00 UT, with a maximum in 
April/May. A second maximum is observed in November/ 
December, however, in a more restricted range of time 
(from 10:00 UT to 12:00 UT). After 14:00 UT, the ILs are 
generally located at altitudes higher or equal to 140 km. In 
addition, we can observe that the evolution of the ILs to 
altitudes below 120 km was more evident between the 
months of April and May (DOY 92-153). The bottom left 
panel shows a semiannual variation of the top frequency, 
with a maximum at about 15:00-16:00 UT centered in 
February and another in November. We can observe that 
the upper ILs present a lower frequency when compared to 
the layers located near to 140 km. As the ILs descend, they 
can reach the E region and merge with the ongoing Es 
layer, increasing in this way, the top frequency of the layer 
due to the presence of the metallic ions. 
 

 
 
Figure 1. Contour plot of the annual variation of the 
modeled virtual height (h’IL, left top panel) and top 
frequency (ftIL, left bottom panel) of the intermediate 
layers over Cachoeira Paulista. The dispersion diagram in 
the right show the correlation between the observations and 
model results. In each panel on the right, the Correlation 
Coefficient (R) and Root Mean Square Error (RSM) values 
are also provided. 
 
Figure 2 shows an example of the h’IL and ftIL responses 
to the geomagnetic activity. In this case, January 14, 2009 
was selected as the reference day and 18:00 UT as the 
reference time. The upper panel shows the whole data set 
sorted from the lowest to the highest Kpav values and 
divided into eight sections with the same percentage of 
samples for each range of Kpav (12.5%, represented by the 
black vertical lines). This plot also displays the respective 
F10.7P values (red line) and its respective average and 
standard deviation (blue open circles) for the same 12.5% 
occurrence range of Kpav. It is important to note that the 
F10.7P mean variation for each range does not vary much 
which leads us to emphasize that the following variations 
of ILs are due to geomagnetic activity. The bottom panels 
of Figure 2 show the residual average obtained by the 
difference of the registers and the model output presented 
in Figure 1 in function of ΔKpav. The ΔKpav is the mean of 
the respective Kpav value minus the average of the of any 
value below Kpav <=2.3 in a range of ±20 days. The 
average value of height was calculated 30 minutes around 
the reference time, in this specific case, between 17:30 UT 
and 18:30 UT. The open circles represent the average 
values of the height/frequency residuals (Δh’IL and ΔftIL, 
respectively) and ΔKpav for the eight different levels of 
ΔKpav and their respective standard deviations (vertical and 
horizontal lines). The linear fitting is indicated by the blue 
lines. The slope (SLP) of the dependence of h’IL and ftIL 
with respect to the geomagnetic activity variation (km.Kp-

1 and MHz.Kp-1) and the correlation factor (R) are also 
shown. In this example, it is clear that as the geomagnetic 
activity increase, the height of the intermediate layers also 
increases. The opposite occurs with the frequency when an 
increase of the Kp causes a decrease in this parameter. 



 
  
Figure 2. Responses of the intermediate layer to the 
geomagnetic activity for a reference doy (14) and time 
(18:00 UT). The upper panel shows the average Kp (Kpav) 
data organized from the lowest to the highest values and 
divided into eight sections with the same percentage of 
samples for each range of Kp. In addition, the values of 
F10.7P with respect to Kpav and the average of the F10.7P 
(blue open circles) for each section are also presented. The 
bottom panels show the linear regression over the height 
and frequency variability relative to the average Kp values. 

 
Figure 3 shows the ILs’ dependence by the geomagnetic 
activity rates obtained by the method described in Figure 2 
in terms of height (first two columns from left to right) and 
frequency (two columns of the middle) for different 
seasons. The fifth column shows the variation of the Kpav 
index, that is, the difference between the higher and lower 
value of Kpav observed in a given season for each time. The 
gray curve represents the annual average value of the h’IL, 
ftIL and ∆Kpav. The correlation coefficient of these three 
parameters and their annual average are also shown. The 
number of days used in the averages values is indicated in 
the correlation coefficient panels by the red color. In order 
to get a good accuracy in our analysis only the data in 
which the correlation coefficient was higher than 0.5 was 
considered. We can observe that the higher variability in 
ILs’ height with geomagnetic activity occurs at about 10:00 
UT during the September equinox and December solstice. 
In this case the IL goes down fast with the increase of the 
geomagnetic activity. In the following hours, this descent 
decrease until a moment in which an opposite behavior 
occurs, that is, a small rise of the IL start to be observed 
with the increase of the Kpav. During March equinox, such 
characteristic is not observed. However, during all the 
interval analyzed, the slope of the day was positive, with a 
clear tendency of increase as the day goes on. It can be 
observed that during the June solstice, the behavior of the 
height with Kpav was very similar to the annual average 
(gray curve). Regarding the frequency, it can be seen that 
in general, the ftIL decreases rapidly with the increase of 
the magnetic activity, between 10:00 UT and 13:00 UT. 

After this, a tendency of increase is observed except during 
some intervals.  

 
 
Figure 3. Geomagnetic activity effects on h’IL and ftIL 
parameters for different seasons. The first two panels (from 
left to right) show the linear regression of the h’IL as a 
function of the Kp index over the different times of the day 
and the correlation coefficient R. The middle panels 
indicate the same but for the ftIL parameter. The Kpav 
variation is shown in the last panels (from top to bottom). 
The gray curve represents the annual averages of the h’IL, 
ftIL, and Kp index.   
 

3 Discussion and Conclusions 
 
The results presented here showed, for the first time, that 
the most expressive response of the ILs over the low 
latitude region of Brazil to the geomagnetic activity 
occurred during September equinox and December solstice 
during the early morning hours (~ 10:00 UT/07:00 LT), 
when the ILs presented a trend of a rapid descent with the 
increase of the Kpav (as indicated by the negative slope 
values in h’IL panels). It is possible that this variation in 
the height of the ILs could have been caused by a 
disturbance electric field having the nature of an over-
shielding electric field such as that is associated with the 
northward IMF Bz turning. This electric field has westward 
polarity during daytime. As pointed out by Santos et al. 
(2021), depending on the height at which the ILs are 
located, the disturbance electric field can affect 
considerably the vertical displacement of the intermediate 
layers. As shown in Figure 1 the ILs were located at 
altitudes very close to this limit (> 165 km) between ~10:00 
UT and 12:00 UT from October to January, reinforcing in 
this way the idea that a disturbance electric field could be 
responsible for the downward movement of the ILs. 
 
Another interesting point that needs to be considered is that 
the movement of the ILs can also be influenced by the 
regular undisturbed (or climatological) day-to-day zonal 
electric field of the ionosphere that is directed to east/west 
during the daytime/nighttime hours. Therefore, it is 
possible that in the first 2-3 hours of our analysis period, 
the descent of the IL could be a result of a competition 
between the eastward zonal electric field created by the E-
region dynamo and the disturbance westward electric field 



arising from the overshielding process. In the following 
hours, that is, after 12:00 UT or 13:00 UT, the layer descent 
presented a decrease until a moment at which an opposite 
situation was observed, that is, a small rise of the ILs 
occurred in all seasonal periods analyzed, as denoted by the 
positive values of the slope in the first panels on the left in 
Figure 5. In March equinox, this rise was more pronounced 
when compared to the other seasons as can be verified by 
the visual comparison between the respective slope of the 
curves from the different seasons (blue lines) and that of 
the annual average curve (gray line).  
 
At the same time in which a decrease in the ILs height is 
observed, an increase in the ftIL parameter occurs. Taking, 
as an example, the September equinox, at about 10:00 UT 
the slope of the ftIL was positive (~0.4 MHz.Kp-1), 
indicating that during the downward movement, the ILs’ 
top frequency increased from its initial value. This increase 
in the frequency is expected since as the layer descends, 
they can suffer an additional increase of ionization arising 
from the metallic ions that may contribute to the ion density 
in the ongoing sporadic Es layers. As the ILs presented a 
rise after 12:00-13:00 UT, the tendency was that the ftIL 
decreased with the increase of Kpav, except during some 
intervals in June Solstice.  
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