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We have considered the influence of the January 23-27, 2009 sudden stratospheric warming (SSW) event
on HF radio wave propagation in the equatorial ionosphere. This event took place during extremely low
solar and geomagnetic activity. We use the simulation results obtained with the Global Self-consistent
Model of the Thermosphere, lonosphere and Protonosphere (GSM TIP) for simulating environmental
changes during the SSW event. We both qualitatively and quantitatively reproduced total electron content
disturbances obtained from global ground network receiver observations of GPS navigation satellite sig-
nals, by setting an additional electric potential and TIME-GCM model output at a height of 80 km. In
order to study the influence of this SSW event on HF radio wave propagation and attenuation, we used
the numerical model of radio wave propagation based on geometrical optics approximation. It is shown
that the sudden stratospheric warming leads to radio signal attenuation and deterioration of radio com-

munication in the daytime equatorial ionosphere.

Keywords Sudden stratospheric warming - HF radio communication - Radio signal attenuation - Equatorial

ionization anomaly - 3D modeling

INTRODUCTION

A sudden stratospheric warming (SSW) is a strong, sudden, abrupt increase in temperature, some-
times by 50 K and more, which lasts for a few days in the polar and sub-polar stratosphere in winter.
SSW is a large-scale meteorological event associated with global anomalies occurring in the height range
from the troposphere and stratosphere to the mesosphere and lower thermosphere. The influence of strato-
spheric warming events on distribution of meteorological parameters in the troposphere and atmospheric
surface layer, and consequently on weather, has been experimentally and theoretically justified
[Woollings et al., 2010; Kochetkova et al., 2014; Pogoreltsev et al., 2014]. There are a number of obser-
vations of the behavior of mesospheric and lower thermospheric parameters during SSW events, reported,

for example, in [Mbatha et al., 2010], but such observations are rare.
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The prolonged minimum of solar (F;o; ~ 70) and geomagnetic (K, < 3) activity in 2007-2009 allows
us to examine interrelationships between processes in the middle and upper atmosphere because over that
period changes in solar activity and magnetospheric sources had a minimal effect on the variability of
upper atmospheric layers. In January 2009, there occurred a strong SSW event, which was unique in its
long duration. For this event there are continuous measurements made at the global network of incoherent
scatter radars for eleven days, as well as an extensive array of ionosonde observations. Ionospheric effects
observed in Russian Asia during the SSW event in winter of 2008—2009 have been discussed in [Polya-
kova et al., 2014; Shpynev et al., 2015]. Global and mid-latitude ionospheric responses to this event have
also been repeatedly studied [Yue et al., 2010; Pancheva and Mukhtarov, 2011; Bessarab et al., 2012;
Fagundes et al., 2015]. However, most papers have dealt with the response of the low-latitude ionosphere
to the 2009 SSW event [Chau et al., 2010; Goncharenko et al., 2010b] and tried to explain reasons for this
response [Goncharenko et al., 2010a; Chau et al., 2011; Fejer et al., 2011; Pedatella et al., 2015; Yigit et
al., 2015]. In order to assess the validity and importance of each of the proposed mechanisms of the ob-
served morning enhancement of the equatorial ionization anomaly and the afternoon decrease in the elec-
tron density in the equatorial and low-latitude ionospheric regions during the 2009 SSW event, numerous
scientific teams carried out theoretical research using global models of the middle and upper atmosphere,
which represent the thermosphere—ionosphere system [Fuller-Rowell et al., 2010, 2011; Liu et al., 2010,
2013; Bessarab et al., 2012; Jin et al., 2012]. In all these studies, to greater or lesser degree, researchers
qualitatively (not quantitatively) reproduced a low-latitude ionospheric response to the 2009 SSW event.
The difference between theoretical and experimental data can be explained by the controversial choice of
input model data and by the simplified description of some physical processes. In order to achieve quanti-
tative agreement of calculation results with observations, some researchers assimilated observational data
at various stages of modeling of parameters of the middle and upper atmosphere [Wang et al., 2014].
Nevertheless, despite the undeniable progress in modeling the ionospheric SSW effects, there are discrep-
ancies between model results and observational data on the response of the low-latitude ionosphere to the
2009 SSW event [Klimenko et al., 2015; Peddatela et al., 2016]. That is partly why there are still no stud-
ies concerning the indirect effect of SSW events (through changes in ionospheric parameters) on HF radio
wave propagation. Klimenko et al. [Klimenko et al., 2015] by introducing a source of an additional elec-
tric field in the equatorial region managed to qualitatively and quantitatively reproduce the response of
the equatorial ionization anomaly to the 2009 SSW event. This allowed us to study, for the first time,
changes in ray paths and radio wave absorption during the 2009 SSW event. The results of this study are

discussed below.

STATEMENT OF THE PROBLEM

As a model for describing a three-dimensional inhomogeneous and anisotropic medium of HF radio
wave propagation, we employ the global self-consistent model of the thermosphere, ionosphere and pro-
tonosphere (GSM TIP). This model involves numerical integration of a system of quasi-hydrodynamic
equations for continuity, motion, and heat balance for the multicomponent gas mixture consisting of neu-
tral (O,, N,, O, H) and charged (molecular 0,", NO" and atomic O, H' ions, and electrons) particles. At

given input parameters, the GSM TIP calculates global distributions of temperature T,, densities of O,
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Ny, O, and vectors of the mean mass velocity of the neutral components of Earth’s upper atmosphere,
densities, temperatures, and velocities of atomic (O, H') and molecular ions, as well as the two-
dimensional distribution of the electric potential of ionospheric and magnetospheric origin. It has a spatial
grid of 5° in latitude and 15° in longitude in the geomagnetic spherical coordinate system with variable
step in height. The GSM TIP is described in detail in [Namgaladze et al., 1990]. This model has been
repeatedly used to study the ionospheric response to SSW events [Bessarab et al., 2012; Korenkov et al.,
2012; Klimenko et al., 2013, 2015, 2016]. The global ionospheric response to the January 23-27, 2009
SSW event [Klimenko et al., 2015, 2016] was simulated using output data from the TIME-GCM model
[Liu et al., 2010], such as pressure, temperature, density, zonal and meridional wind speeds at a height of
80 km, as lower boundary conditions in the GSM TIP. Besides, we set an additional electric potential so
as to reproduce the zonal electric field at the geomagnetic equator, which causes the vertical electromag-
netic plasma drift with velocities observed at the Jicamarca Observatory. The results obtained from the
model calculations of total electron content (TEC) disturbances correlate qualitatively and quantitatively
with observations (Figure 1). Maximum TEC disturbances over the American longitudinal sector are seen
to be formed in the equatorial region at 15:00—17:00 UT. The maximum is in crests of the equatorial ioni-
zation anomaly (EIA), where the amplitude of TEC disturbances reaches ~ 4 TECU (1 TECU = 410"
cm 7). The agreement with the observational data provided grounds for choosing the GSM TIP to calcu-
late the parameters of the medium of radio wave propagation during the 2009 SSW event. The results of
model calculations for 15:00 UT in the EIA region were used to study the SSW effect on radio communi-
cation due to maximum TEC disturbances in this region during this period as compared to undisturbed

one. As quiet day, we chose January 15, 2009.

This study relies on the previously developed consistent algorithm for numerical calculations of ra-
dio paths with the aid of models of medium and radio wave propagation (RWP). This algorithm is de-
scribed in [Kotova et al., 2014, 2015], where it is exploited to examine the effect of geomagnetic storms
on HF radio wave propagation. This algorithm interpolates ionospheric and thermospheric parameters at
heights from 80 to 800 km in the 3D spatial grid of the GSM TIP into nodes of calculated ray paths in the
numerical model of HF radio wave propagation. These thermospheric and ionospheric parameters are
required to compute complex refractive indices for ordinary and extraordinary waves in the RWP model.
The medium from Earth’s surface to 60 km is considered as homogeneous and unreflective; the medium
parameters between 60 and 80 km are calculated using the empirical models of the ionosphere IRI
[Bilitza, 2001] and neutral atmosphere MSIS [Hedin, 1991]. Solutions at a height of 80 km are joined to
the solutions found with the GSM TIP. Expressions for complex refractive indices are derived from the
dispersion relation for anisotropic ionospheric plasma obtained from the expression for the cold plasma
dielectric permittivity tensor [Bryunelli, Namgaladze, 1988]. The medium throughout the height interval
is considered weakly inhomogeneous, therefore, HF radio wave propagation can be described using the
geometrical optics approximation. The 3D numerical RWP model and stages of its development are de-
scribed in [Kotova et al., 2015]. In addition to the calculation of ray paths, integral and differential ab-
sorption, the model allows us to estimate changes in the angle between the ray vector S and the momen-
tum vector p, which shows the development of inhomogeneity in a wave as it propagates into ionospheric

layers at each point of calculated ray paths.
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RESULTS

In order to choose the position of stations on Earth’s surface, directions and angles of transmission,
we plotted maps of isolines of electron density N, of latitude-height cross-sections for three different lon-
gitudes both for quiet conditions and for the SSW period (Figure 2). Besides, for the same regions we
drew maps of N, disturbances. It is apparent that the most significant N, disturbances occur at F-region
heights. SSW is accompanied by an intensification of the equatorial ionization anomaly: N, decreases at
the equator, the EIA crests shift from the equator, and N, increases in the EIA crests. As the EIA crests
move to the east, this effect in the region of equatorial trough diminishes, and the symmetry of the EIA
crests is destroyed (the southern crest is more pronounced than the northern one). There are virtually no
model variations in N, below 200 km during SSW events, which is contrary to fact. That is why in calcu-

lations without specifying the source of additional electric field, the TEC effects were not reproduced.

The map of isolines of the F2-layer critical frequency disturbances during the warming event occur-
ring in the equatorial region on January 25, 2009 at 15:00 UT shows positions of two hypothetical sta-
tions and direction of HF radio wave transmission (Figure 3). It is clearly seen that during the SSW event
the critical frequency increases by 1 MHz in the EIA crests at geomagnetic latitudes of £21°. This sug-
gests that in these regions N, increases at the F2-layer peak height. Figure 3 also depicts a region of N,
decrease at the geomagnetic equator and in its vicinity expanding during the SSW event up to the geo-
magnetic latitudes of £15°, where negative changes in f,F2 to —1 MHz are formed, while the critical fre-

quency at the geomagnetic equator remains practically unchanged.
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Figure 1. TEC disturbances in the American longitudinal sector (75° W) during the day in the range of latitudes
from —40° to 40° as inferred from calculations made with the GSM TIP (a) and from observations made by satellite

navigation systems (b)
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Figure 2. Height-latitude cross-sections of electron density profiles at geomagnetic longitudes of 0° (a— ¢), 15° (d-f),
and 30° (h—j) in the range of geomagnetic latitudes from —25° to 25°. The N, profiles are calculated by the GSM TIP for

15:00 UT on January 15 (a, d, h) and January 25 (b, e, i). N, disturbances on January 25 versus January 15 (c, f, j)
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Figure 3. Map of isolines of the f,F2 disturbances in the Cartesian geomagnetic coordinate system “longitude-
latitude” in the equatorial ionosphere during the January 25, 2009 SSW event, as compared to the quiet day of Janu-
ary 15, 2009 for 15:00 UT. HF radio wave propagation was calculated from hypothetical transmission stations (aster-

isks). Arrows indicate selected directions of HF radio wave propagation

The first station transmits a signal with different frequencies at different elevation angles a north-
ward and southward (azimuth f=0° and 180°). Its coordinates are ¢=10° S, A=69° W, ®=1.4°, A=0.8°,
where ¢, A, @, and A are geographic and geomagnetic latitude and longitude respectively. The second
station with coordinates ¢=16.2° S, A=59.4° W, ®=-5°, A=10° transmits only northward. This choice

stems from the fact that we are interested in the effect of displacement of EIA crests on RWP.
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Figures 4 and 5 show the results of model calculations of changes in ray paths of HF radio waves for
the first station, received for a set of frequencies and elevation angles a under quiet conditions, and their
changes during the SSW event. The calculations were made for January 15 and 25 for the same
frequencies and elevation angles. All the plots refer to single-hop paths of radio waves propagating in the
ordinary mode. Figure 4 illustrates these paths in coordinates “geomagnetic latitude—height”; and Figure

5, in the geomagnetic coordinates “latitude-longitude”. This demonstrates the 3D character of the RWP.

Figure 4 shows that on January 25, the number of paths going into the ionosphere increases as com-
pared to January 15. At the same time, these paths are refracted at F2-layer heights (~ 320 km). The radio
wave propagation distance changes, and the height of reflection increases from 30 km for 6 MHz to 42.5
km for 8.5 MHz. It may be noted that the ray paths reflected below 180 km remain unchanged. This is
likely not the case. What is the reason for this? We can try to explain this by the fact that, after setting an
additional electric potential, in model calculations we reproduced the observed velocities of the electro-
magnetic drift at F-region heights, but not the effects of the electric field in the lower thermosphere and
ionosphere due to the lack of consideration of the molecular ion transport. Finally, based on the current
level of our knowledge about the formation of the ionospheric SSW effects and taking into account the
insufficient number of available experimental data obtained at heights of the stratosphere, mesosphere,
and lower thermosphere in general and during SSW events in particular, it is still impossible to say what
changes in parameters of the neutral atmosphere at these heights cause such changes in thermospheric pa-
rameters at 80 km, by considering which as lower boundary conditions in the model of Earth’s upper atmos-

phere would allow us to adequately describe low-latitude ionospheric SSW effects at F-region heights.

Figure 5 illustrates the effect of the dynamics of EIA crests on the ray-path changes. Projections of
ray paths on Earth’s surface are bent toward decreasing gradient of N. (to the west) as they approach
boundaries of the EIA crests at geomagnetic latitudes ®=+10°. It is apparent that during the SSW event
radio wave paths deviate from the great-circle arc much more considerably than under quiet conditions.
These deviations do not exceed 0.15° in longitude. Nevertheless, in the transition from angles in degrees

to distances in kilometers, we obtain a deviation of ~17 km.

Let us consider some rays propagating northward (Figure 6) and southward (Figure 7) by represent-
ing them against the isolines of N, whose profiles were obtained along each ray path. Figure 6 depicts
projections of the calculated paths of radio waves with a frequency of 8.5 MHz and an elevation angle
0=30° in the geomagnetic latitude—height plane against N, for January 15 and 25. In these figures, dashed
lines indicate changes in the integral attenuation in dB along the path. Figure 6, c illustrates the behavior
of the differential attenuation (dashed lines) for two days of interest along ray paths, which are given for
clarity. It is apparent that N, in the northern EIA crest during the SSW event decreases. The crest moves
away from the equator. The F2-layer peak height rises by ~ 30 km. This provides a more visible manifes-
tation of the F1 layer. So, if in quiet conditions we can see reflection at ~ 220 km, during the SSW event
at 261 km. Both under quiet conditions and during the SSW event there occurs refraction in the F1 layer
and reflection from the F2 layer. On January 25 as compared to January 15, the arrival point shifts by 4°

in latitude on Earth’s surface. The analysis of the figures with signal attenuation shows that during the
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warming event absorption slightly increases. So, at the same 8° geomagnetic longitude during the SSW
event, the integral attenuation increases by 2% as compared to quiet conditions. Maximum values of dif-
ferential attenuation (dB/km) on January 25 are 7% larger than those on January 15. The attenuation
reaches maximum values in the lower ionospheric layers D and E. These regions are characterized by
non-reflective absorption when the attenuation is large, while ray distortion is small [Bryunelli, Nam-
galadze, 1988]. In the region of reflective absorption (near the turning point of ray path) the expected
increase in differential attenuation is not observed. This is due to the fact that in both the cases, the radio

wave propagates not in the region of the F2-layer peak height — it is reflected from the regions with lower N..

For a 6 MHz radio wave propagating at 180° azimuth at an elevation angle of 45° (Figure 7), the differen-
tial attenuation also increases by 7 %. Due to the frequency decrease, a radio wave is more strongly absorbed,
and the maximum integral attenuation is by 6 dB larger than that in Figure 6. If we now consider, as in the pre-

vious case, the attenuation at ®=-3°, we again obtain an increase of about 4 % during the SSW event.
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Figure 4. Ray structures of ordinary mode in the coordinates “geomagnetic latitude-height” obtained from the model
calculations for January 15 (a, ¢, €) and January 25 (b, d, f) for radio wave propagation with different frequencies and

elevation angles
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The behavior of N, shows that during the SSW event the southern EIA crest shifts away from the
equator, the F2-layer peak height rises by ~15 km, the F1 layer better manifests itself and more strongly
affects radio wave propagation: refraction occurs at 170 and 210 km, and reflection at 250 km, which is
~30 km higher than that under quiet conditions. The refraction at 170 km has also an effect on the differ-
ential attenuation, where we can observe a slight increase in absorption (in this case, the plot for January
25 is higher than that for January 15). This suggests that the radio wave propagates at this height in the
vicinity of the Fl-layer peak height. We can note an increase in differential attenuation in the region of

reflective absorption (it is different from zero).

Let us now consider the results obtained for the second hypothetical station. We will not consider
them as thoroughly as for the first station because the same trends were obtained for the second station:
during a warming event the number of ray paths arriving at Earth’s surface decreases, the operating fre-
quency decreases, and the range of single-hop paths increases. Examine only one example for the fre-
quency of 8.5 MHz and the elevation angle of 30° (Figure 8), similar to the results presented in Figures 6
and 7. Isolines of N, indicate the presence of two EIA crests, which shift from the equator during the
warming event. The N, decrease at the equator deepens. This leads to the fact that the ray path of interest,
which comes to Earth’s surface under quiet conditions, passes through the ionosphere during the SSW
event, refracting on its way in the F1 and F2 layers, and, deviating from the EIA crest, goes upward. It is
evident that in the vicinity of ®=6° there is an increase in differential attenuation caused by propagation
occurring in the region where N, is maximum for the path. Analyzing the plot, we can say that the maxi-
mum attenuation takes place in regions of non-reflective absorption. For this case, also during the SSW

event, there is a slight (~ 3%) increase in absorption as compared to quiet conditions.
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Figure 8. The same as in Figure 6 for the second station transmitting radio waves with f=8.5 MHz, 0=30°, and }=0°
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CONCLUSION

We have examined peculiarities of ray paths of HF radio wave propagation in the ionosphere during
the January 23-27, 2009 SSW event. During this event, the electron density in the equatorial anomaly
crests decreased, thus increasing the number of paths passing through the ionosphere and the length of
one jump (by approximately 4° in latitude). We have shown that during the warming event, deviation of
ray paths from the great-circle arc increased as compared to quiet conditions. The calculation results indi-
cate that during the 2009 SSW event, the attenuation slightly increased by 5%, most likely due to changes

in the composition of the neutral atmosphere during the warming event.

However, the question remains open about the correct modeling of the medium during the SSW event at
heights below 180 km.
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