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Abstract

:

The ionospheric equivalent slab thickness (EST, also named τ) is defined as the ratio of the total electron content (TEC) to the F2-layer peak electron density (NmF2), and it is a significant parameter representative of the ionosphere. This paper presents a comprehensive statistical study of the ionospheric slab thickness at Yakutsk, located at the high latitude of East Asia, using the GPS-TEC and ionosonde NmF2 data for the years 2010–2017. The results show that the τ has different diurnal and seasonal variations in high- and low-solar-activity years, and the τ is greatest in the winter, followed by the equinox, and it is smallest in the summer in both high- and low-solar-activity years, except during the noontime of low-solar-activity years. Specifically, the τ in inter of high-solar-activity year shows an approximate single peak pattern with the peak around noon, while it displays a double-peak pattern with the pre-sunrise and sunset peaks in winter of the low-solar-activity years. Moreover, the τ in the summer and equinox have smaller diurnal variations, and there are peaks with different magnitudes during the sunrise and post-sunset periods. The mainly diurnal variation of τ in different seasons of high- and low-solar-activity years can be explained within the framework of relative variation of TEC and NmF2 during the corresponding period. By defining the disturbance index (DI), which can visually assess the relationship between instantaneous values and the median, we found that the geomagnetic storm would enhance the τ at Yakutsk. An example on 7 June 2013 is also presented to analyze the physical mechanism. It should be due to the intense particle precipitation and expanded plasma convection electric field during the storm at high-latitude Yakutsk station. The results would improve the current understanding of climatological and storm-time behavior of τ at high latitudes in East Asia.






Keywords:


ionospheric slab thickness; high latitude; geomagnetic storm; East Asia












1. Introduction


The ionospheric equivalent slab thickness, τ, is defined as the ratio of TEC (el/m2) to NmF2 (el/m3); the τ is thus expressed in meters, and it represents the equivalent depth of the ionosphere, which has a uniform electron density of NmF2. As it contains information on TEC and NmF2, it can be used to investigate the vertical distribution of plasma in the ionosphere–plasmasphere system and the vertical electron density profile. It is also related to the important ionosphere and thermosphere parameters, such as plasma scale height and neutral temperature [1,2,3,4,5,6,7,8,9]. Moreover, it can find applications in other fields, such as ionospheric modeling and data-assimilation methodologies, as it can convert the TEC to NmF2, and vice versa, according to its definition [10,11,12,13,14]. Therefore, numerous statistical and modeling studies have been performed since the 1960s when TEC measurements from geostationary satellites became available [15,16,17,18,19,20,21,22,23,24,25,26].



In previous studies on τ, researchers have found that the τ has various morphologies in different regions, as it has a special dependence on the local time, season, solar cycle, and geomagnetic activity according to the location [27,28,29,30,31]. Moreover, the effect of geomagnetic activity on τ is still an open question since the effect is strongly influenced by other factors such as location, local time, and solar activity [19,32,33,34]. In a recent survey, we found that the τ usually tends to increase during storm time, except for the sunrise period at Guam equatorial station by defining the disturbance index DI of τ [35].



As the installation and maintaining ionospheric facilities are difficult at equatorial and high latitudes, the studies of τ in high latitude are therefore relatively rare when compared with the studies of τ at low latitude and midlatitude [34]. Jayachandran et al. [36] studied the climatology of τ in Goosebay, which is located at high latitude, and they found that the nighttime mean values of τ are always larger than daytime mean values during both solar minimum and solar maximum. In addition, they discovered that the highest and lowest daytime mean values of τ are in summer and winter, respectively, at Goosebay for both solar phases. As for the effect of geomagnetic activity on the τ, they conclude that the geomagnetic activity would enhance τ values in high-solar-activity years at Goosebay. Using the data of Casey station, which is located at high latitudes in the southern hemisphere, Yadav and Bhawre [37] studied the variation of τ during the high-solar-activity year 2005. They also found that the nighttime mean values of τ are larger than daytime mean values, while they showed that the mean values of τ are largest during the equinox and smallest in the summer, demonstrating a different feature from the τ at Goosebay. In a recent study about the climatological behavior of τ, Pignalberi et al. [34] selected Tromso station (69.6°N 19.2°E, 66.5°N QD latitude) as a representative, and they found that the largest τ appeared during the nighttime and dawn hours in winter and equinox. Moreover, the pre-sunrise peak is more evident in the low-solar-activity period and mid-solar-activity period, except for the summer, and the post-sunset peak is only clearly seen in winter, except for the high-solar-activity period.



Yakutsk is located at the high latitude of East Asia, where the ionospheric instruments are relatively few. As previous studies described, there is still much room for improvement in τ global modeling, especially for the τ at high latitudes, where the pattern of τ is completely different from those at the other latitudes. In previous studies of τ at high latitudes, the main focus is on North American, the Europe sector, or the Southern hemisphere; there are no specific studies investigating the τ in the high latitude of East Asia (best to our knowledge). To better understand the variation of τ in the high latitudes of East Asia and improve the global empirical modeling of τ, this paper investigates the climatology of τ at the Yakutsk high-latitude station. In addition, we investigated the effects of magnetic activity disturbances on τ by using the disturbance index DI of τ. This paper is organized as follows: The data and methodology are briefly described in Section 2. Section 3 presents the results, especially for the variation of τ during geomagnetic storms. The interpretation of the derived results is given in Section 4. Section 5 sums up the paper.




2. Data and Methods of Analysis


The original receiver-independent exchange data (RINEX format) used to deduce TEC are obtained from UNAVCO (University NAVSTAR Consortium) database (http://www.unavco.org, (accessed on 20 October 2022)). After downloading the RINEX format data, the GPS-TEC software Gopi developed by Seemala is used to derive the TEC values (https://seemala.blogspot.com/, (accessed on 20 October 2022)). Moreover, the elevation angle cutoff is set to 30° to eliminate the multiple-path effects. Previous studies described, in detail, how the software works and compared it with other techniques, and the results showed that the software is capable of TEC computation [38,39]. Noteworthy is that this GPS-TEC software has been extensively used in previous studies to derive TEC in the ionosphere [40,41,42,43]. Additionally, the regional kriging interpolation method which converts STEC to VTEC has been applied in this paper to derive more accurate VTEC values after obtaining STEC from the software, rather than using the average values of VTEC data calculated by the software directly.



The foF2 data used in this paper were downloaded from the GIRO (Global Ionospheric Radio Observation) database (https://giro.uml.edu/didbase (accessed on 20 October 2022)) [44]. Only the ionosonde data with a Confidence Score (CS value) larger than 80 are selected in this paper to calculate τ values. The NmF2 are computed by the formula NmF2 = 1.24 ∗ 1010 (foF2)2. Since the resolution of foF2 is 15 min, the TEC data are also calculated with a resolution of 15 min, and the τ is obtained by the following equation:


  τ   =   T E C / N M F 2   =   T E C / (  1.24   ×     10   − 6     (  f o F 2  )  2   )  



(1)




where TEC is measured with electrons per m2, and foF2 is measured with the critical frequency of F2 layer, with foF2 given in MHz and τ in meters. In the following section, this paper uses kilometers to measure τ for simplicity.



As the solar EUV radiation is the main source for the neutral gas to ionize and it can be inferred by F10.7, this paper adopts the F10.7 index which is downloaded from NOAA (ftp://ftp.swpc.noaa.gov/pub/indices/old_indices/, (accessed on 20 October 2022)) to represent the solar activity. Figure 1 displays the overall variation of the solar F10.7 index from 2010 to 2017. As shown in Figure 1, the F10.7 was the greatest in 2014 among these 8 years, with an average value of 145.9 SFU. The F10.7 was small in 2010, 2016, and 2017, with mean values being 80SFU, 8.7 SFU, and 77.3 SFU, respectively. It is of great importance to note that only the first half of foF2 data in 2016 and 2017 are available for the Yakutsk station, while only the second half of foF2 data are available for 2010. Therefore, this paper used 2014 for the high-solar-activity periods (represented with blue line in Figure 1) and used 2010/2016/2017 for the low solar activity periods (represented with red line in Figure 1) to study τ variation in low-solar-activity years at Yakutsk. Moreover, this paper defined summer (May to August), winter (January, February, November, and December), and equinox (March, April, September, and October) according to the classification of Lloyd season.



The effects of geomagnetic storms on τ have been studied for several decades, and it is found that the effects depend on location, solar cycle, and other factors [35,36,45]. To study the climatology of τ under geomagnetic quiet conditions, this study excluded the data during geomagnetic storms, satisfying Dst min < −30, and the Dst data were downloaded from World Data Center (WDC, http://wdc.kugi.kyoto-u.ac.jp/, (accessed on 20 October 2022)). The selected dataset was then binned into monthly/local-time hour grids according to the 0–23LT and Jan–Dec division. Recently, Pignalberi et al. [26] applied a similar methodology to analyze the main global features of τ during the geomagnetic quiet period. It is important to note that the median of τ rather than the mean of τ is used in this paper to study the climatological of τ at Yakutsk, as it could cut off the outliers of the distribution, as Pignalberi et al. [26] suggested. Moreover, adopting the same methodology as our last studies [35], this paper used the disturbance index (DI) to study the effect of geomagnetic storms on τ. The DI index is defined as follows:


  D I =  τ s  /  τ m   



(2)




where    τ S    and    τ m    are the storm-time τ, and corresponding monthly median τ, respectively. Moreover, the monthly median is the median of a 27-day running window centering for the observed day. Figure 2 displays an example during the period 6 June 6 12 UT–8 June 12 UT in 2013 at Yakutsk. Figure 2 shows the Dst variation during this period (top panel), and it can be seen from the figure that the main phase onset of the geomagnetic storm is at 18:00 UT on June 6; the middle panel shows the measured τ (blue line) and corresponding τ median (red line) during 6–8 June; the bottom panel presents the DI index of τ according to Equation (1), using the measured τ and its median value. It is important to note that DI indexes are classified into storm-time DI index and quiet-time DI index to study their characteristics during the geomagnetic storm and geomagnetic quiet conditions, respectively. For example, the DI index in the storm-time period (colored in red) is used to study the features of DI index during geomagnetic storms, while DI index in the quiet-time period (colored in purple) is used to study the one at geomagnetic quiet conditions.




3. Results


According to the 0–23 LT and January–December grid division, Figure 3 displays the median and standard deviation of τ during the geomagnetic quiet period in the high- and low-solar-activity years at Yakutsk. It is important to note that the foF2 data are not available in November of 2010/2016/2017; the mean and standard deviation of τ in November are therefore white colored in the figures of low-solar-activity years. In addition, the sunrise (represented by yellow line) and sunset (represented by black line) time are shown in Figure 3. It can be seen from the figure that the τ is greatest in winter, followed by equinox, and smallest in summer in both high- and low-solar-activity years, except in the noontime of low-solar-activity years, as shown in Figure 3c. Moreover, the τ shows a completely different diurnal variation in winter of high- and low-solar-activity years. Specifically, it reaches its maximum during the noon to sunset hours and keeps relatively small during the nighttime in high-solar-activity years, while it stays large during 16 LT–06 LT, and it is the smallest at noon in low-solar-activity years. In addition, the τ has the highest variability in the winter, as shown in in the standard deviation of τ in Figure 3b,d. The figure also demonstrates that the τ in summer and equinox have smaller diurnal variations when compared to the τ in winter, and there are peaks with different magnitudes in the sunrise and post-sunset periods. Moreover, the τ in the summer and equinox seems to have a larger standard deviation in low-solar-activity years than in high-solar-activity years.



In order to more accurately demonstrates the diurnal variation of τ in different seasons, Figure 4 gives the diurnal variation of the median and standard deviation of τ in winter. It can be seen from the figure that the ionospheric slab thickness has different statistical characteristics in different seasons and solar-activity years:




	(1)

	
In winter, the τ in the high-solar-activity year shows an approximate single-peak pattern, while it displays a double-peak pattern in low-solar-activity years. Specifically speaking, the τ during the daytime is far larger than that in the nighttime in high-solar-activity years, whereas the opposite situation applies for low-solar-activity years. In the winter of the high-solar-activity year, the τ increases continuously after sunrise, reaching its first peak of 675 km at 14 LT, and then it decreases to 579 km at 15 LT and keeps increasing to the maximum of 746 km at 17 LT. After that, the τ decreases to its minimum 325 km at midnight 0 LT. In addition, it changed little during the midnight-to-sunrise period. On the other hand, the τ in the winter of low-solar-activity years showed a totally different pattern. It decreases to the minimum of 242 km in 12 LT during the pre-noon hours and continuously increases to the peak of 445 km at 22 LT. Moreover, it starts increasing at 3 LT and reaches its maximum of 480 km at 6 LT, as shown in Figure 3c.




	(2)

	
In the summer, the τ has a similar variation both in the high- and low-solar-activity years, except that the τ has a post-sunset peak in high-solar-activity years, and τ in the high-solar-activity years is smaller than that in the low-solar-activity years during all periods, except in the evening period (20–22 LT). Specifically, in the high-solar-activity years, it stays relatively steady after sunrise, remaining in the 160 ± 10 km range. From 17 LT, it keeps increasing until it reaches the maximum of 225 km at 21 LT, and then it decreases to the minimum of 93 km at 3 LT. After that, the τ continuous increases to the pre-sunrise peak of 160 km at 5 LT. In the low-solar-activity years, it changed little during the sunrise-to-sunset period, remaining in the 235 ± 15 km range. Moreover, it begins to decrease after sunset, until it reaches a minimum of 161 km in 0 LT, and then it increases until the peak of 240 km at 6 LT.




	(3)

	
In equinox, the τ in low-solar-activity years has a small range of diurnal variation, while in high-solar-activity years shows, it more variability, with τ having a maximum/minimum during the post-sunset/pre-sunrise period. Specifically speaking, it increases rapidly from 3 LT to its first peak of 264 km at 6 LT in high-solar-activity years. It remains stable (264–268 km) during the post-sunrise to afternoon (6–14 LT) period, and then it increases to the maximum of 357 km at 19 LT. From the evening to the post-midnight period (19–2 LT), the slab thickness decreases continuously to its minimum of 166 km at 2 LT. Compared with the τ in high-solar-activity years, the τ in low-solar-activity years shows less variability, especially during the pre-sunrise and post-sunset period, for which the τ does not have an apparent peak.
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Figure 4. The diurnal variation of the mean and standard deviation of τ in different seasons of high and low-solar-activity years. 
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This paper uses the DI index to evaluate the geomagnetic activity effect on the slab thickness, as described above. To demonstrate the difference of τ between storm time and quiet time, we first calculated the DI index during quiet time. According to whether the DI is positive or negative, the daily variation of the mean and standard deviation of the DI index are shown separately. The positive DI variation is represented by blue curves, and the negative DI variation is represented by red curves. As shown in Figure 5a, the magnitude of the ionospheric slab thickness perturbation at Yakutsk station is relatively stable at all times of the day, with the DI index fluctuating between −0.18 and 0.29. In addition, the disturbance is more intense during the sunset time compared with other periods, and the positive/negative DI index is at least greater than 0.21/less than −0.15 within 16:00–20:00 LT, with the DI index reaching a maximum/minimum of 0.29/−0.18, respectively, at 17:30 LT.



Figure 5b shows the variation of DI index during storm time. The variation of the storm-time DI index differs significantly from the variation of quiet-time DI index. The positive DI index in the storm time is far larger than that in the quiet time, with the smallest DI index at 0.32, which is greater than the largest positive DI index at 0.28 in quiet time. In the period from sunset to evening (17:00–23:00 LT), the storm-time positive DI index is less than 0.5. The DI index reached a peak of 1.14 at 2:30 LT after midnight, and another peak of 1.16 is also present at 12:00 LT. Overall, the most intense disturbances in τ and the corresponding largest DI indices were observed before midnight and around the midday hours. In contrast, during the sunset hours, when the DI index is the largest and the disturbance is the most intense on quiet days, the storm time disturbance is the weakest, and the DI index is the smallest. The negative DI index in storm time also shows a different morphology from that in the quiet time. It is relatively stable in the 11–17 LT period, with a value greater than −0.16. The negative perturbation is intense in the period after sunset to before midnight, with the minimum value of −0.29 at 21:00 LT. The negative DI index also reaches −0.27 at 1:00 LT after midnight and −0.25 at 8:00 LT after sunrise. Overall, the intensity of the positive and negative disturbance varies dramatically. The magnitude of the positive disturbance is much larger than the magnitude of the negative disturbance, and the local time variation of the positive/negative disturbance is also different.



To better show the geomagnetic effect on τ, Figure 6a presents the comparison of the quiet-time DI index and storm-time DI index. It is of great importance to note that the DI index in Figure 6a is the same as the mean DI index in Figure 5. As can be seen from the figure, the storm-time DI index has a greater range of variation than the quiet-time DI index. The storm-time positive DI index is larger than the quiet-time positive DI index in all periods, and it is particularly significant in the period from midnight to sunrise and around noon. The storm-time negative DI index has a more variable pattern compared to the quiet-time negative DI index. For most of the time, the storm-time negative DI index is smaller than the quiet-time negative DI index, except for the afternoon period from 12:00 to 15:00 LT when the storm-time negative DI index is slightly larger than the quiet-time negative DI index. Figure 6b shows the difference between the storm-time DI index and quiet-time DI index according to the sign of the DI index. As can be seen from the figure, the difference in the positive DI index is relatively small during the pre-sunset-to-evening period (17–23 LT), with the difference below 0.21. The difference is greater than 0.2 in all other time periods, reaching 0.93/1.02 at 02:45 LT/12:30 LT after midnight/around noon, respectively. On the other hand, the negative DI index difference is greater than -0.2 in all time periods, and even greater than 0 in the afternoon period, 12:00–15:00 LT, indicating that the negative disturbance during the storm is very weak. Therefore, we preliminarily conclude that the geomagnetic storm would enhance the τ at Yakutsk, especially for the τ in post-midnight-to-sunrise hours and noontime.




4. Discussion


Yakutsk is located at a high latitude in East Asia; the most important factors affecting the ionospheric climatological behavior in this region are solar radiation, solar zenith angle, and background atmospheric composition, which are associated with summer-to-winter prevailing circulation [46,47,48]. At the same time, the nighttime downward plasma influx from the plasmasphere and conjugate hemisphere can also significantly influence the ionospheric condition at high latitudes [49,50,51]. In addition, the geomagnetic activity could result in positive or negative ionospheric storms, which severely affect the ionosphere states, according to the local time, season, and other ionosphere–thermosphere system background information when the geomagnetic storms occur [52,53,54]. Consequently, the τ at Yakutsk shows a complicated pattern. Since the geomagnetic activity is the main contributor to the relative ionospheric variability, we first discussed the climatology of τ, followed by the variation of τ in storm time.



To explain the diurnal variation of τ, the TEC and NmF2 during the same geomagnetic quiet period as the period of τ shown in Figure 4 are selected, and we displayed them in Figure 7, according to the definition of τ. It can be seen from the figure that TEC and NmF2 have different morphology in different seasons at high latitudes. The reversal of the meridional wind to equatorward and continuous strong solar radiation in the summer leads to a pronounced increase in TEC and NmF2 during post-sunset period [51,55,56,57]. Moreover, the TEC and NmF2 in Yakutsk display different magnitude ‘winter anomaly’ which referred to the TEC and NmF2 around noontime in winter being larger than those in summer [47,58]. Specifically, the “winter anomaly” of TEC is more evident in the high-solar-activity year, while the “winter anomaly” of NmF2 is more significant in the low solar activity years, consistent with previous studies [48]. It is due to the ionosphere strongly depending on the solar zenith angle in the winter, and the increasing [O/N2] is less/more important than the strong/weak solar radiation in high- and low-solar-activity years, respectively. Therefore, the TEC around noontime is greatest in winter of high-solar-activity years, and it caused the maximum of τ, while the large NmF2 caused the small τ in winter of low-solar-activity years, as shown in Figure 7. Moreover, the Yakutsk Anomaly (YA) is similar to the Weddell Sea Anomaly (WSA), which is characterized by greater nighttime electron density than daytime electron density in summer, as also seen in Figure 6, consistent with previous sub-auroral summer longitudinal anomalies study [59,60,61].



Moreover, we could also calculate the variation rates of τ, which are determined by the variation rates of TEC and NmF2 as follows (deduced from Equation (1)):


     d τ    d t   =  1  N m F 2     d T E C   d t     −     T E C   N m F  2 2      d N m F 2   d t    



(3)







Figure 8 presents the temporal variation rates of TEC and NmF2. According to Equation (3): The increase in variation rates of τ can be classified into the following groups (1) TEC increases and NmF2 drops; (2) TEC and NmF2 rise, but the variation rates of TEC are larger than that of NmF2; and (3) TEC and NmF2 fall, but the variation rates of NmF2 is smaller than that of TEC. The opposite situation applies to the decrease in τ.



As the τ has a totally different diurnal variation in the winter of the high- and low-solar-activity year, we discussed the physical mechanism related to the phenomenon first. As the Yakutsk is located at a high latitude, the solar zenith angle is small and the duration of solar radiation is short in the winter. Therefore, the electron density is highly sensitive to the solar zenith angle in this region [48]. In the high-solar-activity year, the variation rates of TEC are larger than that of NmF2 due to the solar zenith angle increases, although the summer-to-winter circulation would attenuate it (the increase of NmF2 caused by circulation is greater than that of TEC as the main area affected by summer to winter circulation is near the peak height of F2 layer) [47,62]. In other words, the solar zenith angle is more important than the prevailing wind circulation to TEC and NmF2 in high latitudes. Therefore, in the w2 period of the high-solar-activity year, the variation rate of TEC is greater than that of NmF2, and τ is increased. On the other hand, the variation rates of TEC and NmF2 are small in the w2 period of low-solar-activity years due to the low solar radiation in the low-solar-activity year. At the same time, the prevailing summer-to-winter circulation also influences the ionosphere significantly. As the summer-to-winter circulation mainly affects the area near the peak height of the F2 layer, it would result in the NmF2 increase faster than TEC, as shown in Figure 7. Therefore, the τ decreases during the w2 period in the low solar activity. In addition, the opposite situations could explain the increases of τ in low-solar-activity years. As the prevailing circulation effect attenuate, it would result in the decrease in rates of TEC smaller than that of NmF2, and the τ would therefore increase in the first half of the W3 period.



Around sunset hours, the decrease of the O+-H+ conversion height (i.e., the increase of the downward influx of the plasmasphere) also led to the increase of the τ in the winter of the low solar activity year (second half of the W3 period). The weak solar radiation around sunset in winter will not cause an obvious TEC increase, and the increase of TEC and NmF2 after sunset in low solar activity years shown in the figure is due to the lower O+-H+ conversion height. Previous studies also suggested that the decrease of the O+-H+ conversion height has a negative correlation with solar activity, as with the lower recombination rates in low-solar-activity years [63]. As the recombination rates are lower in high altitudes, in the process of downward influx from the plasmasphere and conjugate hemisphere, the increase of TEC is more than that of NmF2, resulting in the increase of τ around sunset in winter of low-solar-activity years. It can also be seen from Figure 4 that there is an increase of τ in the w1 period in low-solar-activity years, and it should also be attributed to the plasma transport from the plasmasphere and conjugate hemisphere. As the w1 period is 2–4 LT before sunrise in winter, the meridional wind is still equator-ward during the period, and the plasmasphere is not exposed to solar radiation. Therefore, NmF2 does not decrease rapidly, and TEC does not increase significantly, as shown in Figure 7, and the peak of the W1 time period is due to the decrease of the O+-H+ transition height, i.e., the transport of plasma flux. As the transport process is downward, and the ionosphere at higher heights than hmF2 has a recombination rate, the variation rates of TEC are, therefore, larger than those of NmF2, resulting in the increases of τ in the w1 period.



As for the τ variation in the summer and equinox, it can be seen from Figure 7 that TEC and NmF2 increase in the summer s1 period, as well as in the equinox e1 period, while it is not a nighttime increase. Because the increases in TEC and NmF2 are due to the change of solar zenith angel during this period at high latitudes, as indicated by Figure 7 the TEC and NmF2 increase continuously even after the s1 and e1 periods, and the increases in τ during the s1 and e1 periods are caused by the greater effect of the solar zenith angle on TEC than on NmF2 after sunrise.



Figure 7 also shows that TEC, as well as NmF2 is still increasing after 18 LT in summer (s2 period), which is due to the change of wind direction from poleward to equatorward around dusk hours and the continuous solar radiation after sunset [64,65]. On the one hand, the equatorward wind would raise the ionosphere to higher altitudes, where the recombination rates of electrons are lower. On the other hand, the topside ionosphere (along with the plasmasphere) is exposed to solar radiation for a longer time than the bottomside ionosphere, and the solar radiation is strong in the high-solar-activity year, so the increase rate of TEC is larger than that of NmF2, causing the τ increases in the s2 time period in high-solar-activity year. Due to the lack of sufficient solar radiation intensity in the equinox, the equatorward wind at sunset could not cause an increase in TEC and NmF2; however, they would cause the rate of decrease in TEC to be less than the rate of decrease in NmF2, which in turn leads to an increase in τ during e2 period. Additionally, as the wind reversal mainly influences the height around hmF2 and the solar irradiance is low in the low-solar-activity years, the increase/decrease rate of NmF2 is more intense/weak than the increase/decrease rate of TEC during the dusk period in the summer low-solar-activity years, resulting the decrease of τ in s2/e2 period in low-solar-activity years.



The geomagnetic storm is an important factor affecting the ionosphere, as it can severely disturb the ionosphere–thermosphere system through various process. Previous studies have found that the correlation between the τ and geomagnetic activity seems to be different for varying location, local time, season, solar activity, and magnetic activity intensity [27,33,34]. As for the effect of geomagnetic storms on the τ in high latitudes, Jayachandran et al. [36] found that the τ would increase throughout the day at Goose Bay, which is located in high latitudes during both the solar minimum year (1985) and solar maximum (1981) by comparing the τ in geomagnetically quiet days (Ap < 10) and geomagnetically disturbed days. In this paper, we also found that the storm-time positive DI index is larger than the quiet-time positive DI index throughout the day, suggesting that the τ tends to increase during geomagnetic storms. By contrast, the negative DI index of τ during storm time varies little from that of the quiet-time negative DI index, which is larger than −0.2 during both daytime and nighttime, indicating that the negative disturbance of τ during magnetic storms is weak.



During geomagnetic storms, there are several processes affecting the τ, and these processes include the following: (1) prompt penetration of the electric field due to the imbalance between the R1 (region1) and R2 (region 2) field-aligned currents FAC; (2) disturbance dynamo electric field due to the storm-time equatorward winds; (3) equatorward neutral wind result from the particle precipitation and Joule heating at high latitude, sometimes accompanied with traveling atmosphere disturbance (TAD); and (4) composition changes caused by the expansion of the neutral atmosphere at high latitudes and transport by the equatorward winds. In addition, there are two important processes that could affect the ionosphere at high latitudes during geomagnetic storms [55]. The particle precipitation gets stronger as there are more energetic particles input to the ionosphere through the nearly perpendicular field line during storms. At the same time, the cross-polar-cap potential drop increases significantly, resulting in the intensification and expansion of the plasma convection pattern. In the following, we present an example on 7 June 2013 to analyze why the τ would increase during the geomagnetic storms. Note that the Dst variation during the geomagnetic storm was presented in Figure 2.



Figure 9 shows the variations of the DI index of TEC, NmF2, and τ during the period from 6 June 12 UT to 8 June 0 UT. Correspondingly, the TEC/NmF2 observations and their monthly median were also presented in Figure 9. It can be seen from the figure that there is an interrupted TEC increase in 0 UT on 7 June, resulting in a TEC positive disturbance that lasts for 12 h (S1 period). Meanwhile, the NmF2 observations are smaller than the corresponding monthly median, and there are negative disturbances of NmF2. Therefore, the τ increases markedly, and there are positive disturbances of τ during the s1 period.



It is generally accepted that the PPEF, DDEF, equatorward neutral wind, and composition changes could influence the ionosphere of different altitudes in a similar way [40,55]. In addition, the ionospheric background and dominant physical process are different for varying altitudes. Therefore, the responses of TEC and NmF2 to geomagnetic storms often behave in a similar way but with different magnitudes for geomagnetic storm periods. Figure 9 shows that there is a contrasting behavior between the TEC and NmF2 during the s1 period, resulting in the positive disturbance of τ. Hence, there might have been other processes affecting the ionosphere at Yakutsk during the storm time. The particle precipitation and convection electric field are two important processes influencing the high-latitude ionosphere. As previous studies suggested, the particle precipitation mainly occurred in the cusp and auroral E region, which are a source of substantial ionization [66,67]. During geomagnetic storms, there is intense particle precipitation in the E region, and the high-energy precipitating particles collide with the neutral composition, resulting the high electron density in the E region. Meanwhile, the plasma convection intensifies and expands to lower latitudes during the storm. Therefore, the increased electron density in the E region could circulate to Yakutsk station through the storm-time, thus expanding plasma convection electric field and resulting in the electron density enhancement in the E region at Yakutsk. On the other hand, the intensified convection electric field would cause the recombination rate of the electron density in the F region to become stronger and electron density decreases. Consequently, the electron density in the E region could be larger than that in the F region. Previous studies have also found that the total electron content in the E region (TEC_E) could be a major component of the total electron content (TEC) during the geomagnetic storms [68,69]. Therefore, we preliminarily infer that it is the intense particle precipitation and expanding magnetospheric convection electric field during the storm that causes the TEC to increase even as NmF2 decreases during the s1 period. More observations and modeling work will be conducted in the future to study the physical mechanism of the storm-time τ increases at Yakutsk.




5. Conclusions


This paper presents a statistical analysis of the ionospheric slab thickness τ at Yakutsk which is located in the high latitude of East Asia, using the TEC and NmF2 data during the years 2010–2017. The results show that τ has great local time, seasonal and solar activity variation, and the climatology of the τ is distinct from that in other high latitude regions. In addition, the geomagnetic storm seems to have a positive effect on the τ, consistent with previous study [36]. The main conclusions of this study are summarized as follows:




	(1)

	
The τ is greatest in the winter, followed by the equinox; and it is smallest in summer in both high- and low-solar-activity years, except in the noontime of low-solar-activity years. It is due to the ionosphere strongly depending on the solar zenith angle in the winter at Yakutsk, and the increasing [O/N2] is less/more important than the strong/weak solar radiation in high- and low-solar-activity years, respectively.




	(2)

	
In the winter, the τ in high-solar-activity years shows an approximate single-peak pattern around noontime, while it displays a double peak in pre-sunrise and post-sunset periods in low-solar-activity years. In the high-solar-activity years, the noon-time peak was caused by the fact that the solar zenith angle is more important than the prevailing wind circulation to t TEC and NmF2 in Yakutsk. In the low solar activity years, the post-sunset and pre-sunrise peaks were caused by the downward plasma influx from the plasmasphere and conjugate hemisphere.




	(3)

	
In the summer and equinox, there is an increase during the forenoon period due to the greater effect of the solar zenith angle on TEC than on NmF2 in the period. In addition, there are post-sunset peaks in summer and equinox of high-solar-activity years, and they were caused by the equatorward neutral wind and continuous strong solar radiation in summer and equinox.




	(4)

	
Geomagnetic storms seem would enhance τ during the storm period, and this effect should be associated with intense particle precipitation and expanded plasma convection electric field during the storm time.
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Figure 1. The F10.7 variation from the year 2010 to 2017. 
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Figure 2. An example for the calculation of DI index during the period 6 June 12 UT−8 June 12 UT in 2013 at Yakutsk. 
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Figure 3. The median and standard deviation of τ during geomagnetic quiet period. (a) Median of τ in high-solar-activity year 2014. (b) Standard deviation of τ in high-solar-activity year 2014. (c) Median of τ in low-solar-activity years. (d) Standard deviation of τ in low-solar-activity years. 
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Figure 5. The diurnal variation of the mean and standard deviation of DI index during the (a) geomagnetically quiet periods and (b) geomagnetic storm periods. 
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Figure 6. (a) Comparison of the quiet-time DI index and storm-time DI index at Yakutsk (the DI index in Figure 6a is the same as the mean DI index in Figure 5). (b) The minus between the storm-time DI and quiet-time DI according to the sign of the DI index. 
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Figure 7. (a) The diurnal variation of median and standard deviation of TEC in winter, summer, and equinox of high- and low-solar-activity years. (b) The diurnal variation of median and standard deviation of NmF2 in winter, summer, and equinox of high- and low-solar-activity years. 
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Figure 8. (a) Variation rates in TEC for winter, summer, and equinox in high- and low-solar-activity years, respectively. (b) Variation rates in NmF2 for winter, summer, and equinox in high- and low-solar-activity years, respectively. 






Figure 8. (a) Variation rates in TEC for winter, summer, and equinox in high- and low-solar-activity years, respectively. (b) Variation rates in NmF2 for winter, summer, and equinox in high- and low-solar-activity years, respectively.



[image: Remotesensing 14 05309 g008]







[image: Remotesensing 14 05309 g009 550] 





Figure 9. The variation of ionospheric parameters during the geomagnetic storm. (a) The TEC observation and its corresponding monthly median during the period. (b) The NmF2 observation and its monthly median during the period. (c) The DI index of TEC and NmF2 calculated from their observations and monthly medians. (d) The DI index of τ during the period. 
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