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Abstract

:

Using the temperature data observed from the Sounding of the Atmosphere using Broadband Emission Radiometry (SABER), we investigate the response of the mesosphere and lower thermosphere (MLT) to two medium geomagnetic storms with disparate durations, on 20 April 2018 and 10 April 2022. The high-latitude MLT temperature increase in the Southern hemisphere can reach 40 K during April 2018 geomagnetic storm with a longer duration (Kp values greater than 4 for 15 h), while the temperature variations are less than 10 K for the April 2022 event (Kp values greater than 4 for 6 h). To investigate the different temperature responses to disparate geomagnetic storm durations and understand what physical process results in this difference, we simulated the two events using the thermosphere ionosphere mesosphere electrodynamics general circulation model (TIMEGCM). The simulations show that more particles and energy input in longer-duration geomagnetic storms produce larger ion drag force and pressure gradient force at ~130 km, and then the enhanced two forces cause faster horizontal wind, leading to larger horizontal divergence. Subsequently, the stronger downward vertical wind is transported to the MLT region (below 110 km) and ultimately makes greater temperature increases through adiabatic heating/cooling and vertical advection. Therefore, the effects of the storm’s duration on the MLT temperature are also important.
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1. Introduction


During a geomagnetic storm, charged particles and electromagnetic energy are injected into the Earth’s atmosphere at high latitudes due to solar wind–magnetosphere–ionosphere coupling, leading to kinetic temperature changes in the mesosphere and lower thermosphere (MLT) region through complex physical and chemical processes, such as Joule heating and infrared radiative cooling [1,2,3]. The storm-time perturbation of the temperature in the MLT region was reported and explained by many studies. Von Savigny et al. [4] found a temperature increase of ~15 K near 85 km in the polar region during the January 2005 geomagnetic storm accompanied by a solar proton event. They speculated that this increase in temperature was caused by the precipitating protons. Pancheva et al. [5] showed that the temperature significantly decreased with an amplitude of 25 K at ~90 km during the geomagnetic storm in late October 2003, which they attributed to the reduction in ozone. Nesse Tyssøy et al. [6] analyzed Na radar temperature data during an intense geomagnetic storm in January 2005 and found that the temperature above 90 km was higher than the monthly average. They concluded that the processes were associated with particle precipitation and Joule heating. Fang et al. [7] and Xu et al. [8] showed that polar heating could penetrate down to 105 km during geomagnetic storms at high latitudes. Yuan et al. [9] studied four geomagnetic storm events, using the temperature/wind Doppler Na lidar, and found a significant temperature increase above 95 km in the middle latitudes. The temperature increases were more than 55 K above 105 km. They suggested that the temperature increase is closely related to the decrease in O/N2. Geomagnetic activity not only affects the wind field in the thermosphere [10,11], but also the wind in the MLT region, which leads to temperature variations. Using the temperature data measured by the sounding of the atmosphere using broadband emission radiometry (SABER) instrument onboard the thermosphere, ionosphere, mesosphere energetics, and dynamics (TIMED) satellite, Liu et al. [12] analyzed the geomagnetic storm in March 2013. They found that the temperature increase was more than 30 K at 80° S around 110 km. They concluded that the global temperature perturbation in the MLT region is caused by global circulation changes associated with heating and ion drag in the auroral region. The simulation results of Li et al. [13,14] show that the warming above 105 km during magnetic storms could exceed 30 K at 60° N. They demonstrated that the mid-latitude temperature variations are mainly caused by adiabatic heating/cooling and vertical transport using TIMEGCM thermodynamic diagnostic analysis during storms in the MLT region. Both heating/cooling terms are associated with vertical wind perturbations due to atmospheric circulation changes. A recent statistical study of SABER data showed about a 4 K temperature increase at the mesopause around 95 km, with a response delay of up to 1 day during strong geomagnetic activity from 2002 to 2018 [15]. Recently, Sun et al. [16] found that the TIMED/SABER temperature increase was greater than ~35 K above 100 km at 80° N in a geomagnetic storm on 7 September 2017. They suggested that vertical winds play a vital role in the warming process. These studies also explored the causes of temperature variations by latitude and found that they are dominated by Joule heating and particle precipitation at high latitudes, and by dynamic and chemical processes in the middle latitudes. In addition, MLT temperature response to different sources of geomagnetic activity varies. Using SABER observations, Wang et al. [3] showed that the temperature enhancement penetrated deeper in CME-induced geomagnetic activities, while the temperature increase lasted longer in CIR-induced geomagnetic activities.



Previous studies focused on the temperature change finding in the MLT region during magnetic storms, physical mechanisms exploration, and analysis of the temperature response under different kinds of magnetic storms. However, the effects of differences in the duration of geomagnetic disturbances on the MLT temperature changes were not clear.



Kp index is an index used to measure global magnetic disturbances, which ranges from 0 to 9. Two medium geomagnetic storms occurred on 20 April 2018 and 10 April 2022, in the same season but with disparate durations of large Kp values. The 2018 storm had a maximum Kp value of 6, and the Kp value greater than 4 lasted for 15 h. In contrast, the 2022 event had a maximum Kp value of 7−, and the disturbance is a bit stronger than that in the 2018 event. The Kp values greater than 4 lasted only 6 h in the 2022 event, which is far shorter by comparison. These two storms in 2018 (weaker but longer duration) and 2022 (stronger but shorter duration) are studied to discuss the differences in the MLT temperature variations during storms with disparate durations of large Kp values using temperature observations from SABER and simulations from TIMEGCM (driven by 3 h Kp index).




2. Data and Method


2.1. SABER


SABER is the instrument on board the TIMED satellite. Its main mission is to provide kinetic temperature, density, infrared radiative rate, and atmospheric composition to improve the understanding of the fundamental processes controlling the energy, chemistry, dynamics, and transport in the MLT region [17,18,19]. We selected two geomagnetic storm events with similar Kp values on 10 April 2018 and 22 April 2022, respectively. The SABER neutral temperature profiles (V2.07, Level 2A) from 80 km to 110 km were used to study the impacts of these storms on the MLT region. The latitude coverage of satellite observations shifts between 53° N and 83° S (south viewing mode) and 83° N and 53° S (north viewing mode) every 60 days. In this work, the TIMED/SABER instrument viewed from approximately 53° N to 83° S.




2.2. TIMEGCM


The TIMEGCM is a self-consistent global numerical atmospheric model developed by the National Center of Atmosphere Research (NCAR) [20,21], which calculates the continuity, momentum, and energy equations to simulate physical and chemical processes. The heights of the lower and upper boundaries of the model are ~30 km and ~600 km, respectively, while the horizontal resolution of the TIMEGCM is 2.5° by 2.5° and the vertical resolution is 1/4 scale height. The convective electric field applied at high latitudes is obtained from the Heelis model driven by the 3 h Kp index [22].



The TIMEGCM calculates the variations of neutral temperature by solving the thermodynamic equation:


    ∂  T n    ∂ t   =   g  e z     p 0   C p     ∂  ∂ Z        K T   H    ∂  T n    ∂ Z   +  K E   H 2   C p  ρ    g   C p    +  1 H    ∂ T   ∂ Z       −   v →  n  · ∇  T n  −  W n      ∂  T n    ∂ Z   +    R ∗   T n     C p   m ¯      +   Q − L    C p     



(1)




where    T n    is the neutral temperature,  t  is the time,  g  is the gravitational acceleration,    p 0    is the reference pressure,    C p    is the specific heat per unit mass for constant pressure,    K T    is the molecular thermal conductivity,  H  is the pressure scale height,    K E    is the eddy diffusion coefficient,  ρ  is the atmospheric mass density,     v →  n    is the horizontal wind velocity,    W n    is the vertical wind speed,    R ∗    is the universal gas constant, and   m ¯   is the mean molecular mass, respectively. The heating and cooling terms on the right side of the equation determine the neutral temperature changes. They are heat transfer by vertical molecular heat conduction (    g  e z     p 0   C p     ∂  ∂ Z        K T   H    ∂  T n    ∂ Z      ), eddy diffusion (    g  e z     p 0   C p     ∂  ∂ Z      K E   H 2   C p  ρ    g   C p    +  1 H    ∂ T   ∂ Z        ), horizontal advection (   v n  · ∇  T n   ), vertical heat advection (   W n    ∂  T n    ∂ Z    ), adiabatic heating/cooling (   W n     R ∗   T n     C p   m ¯     ), and other heating and cooling processes ( Q  and  L ), such as Joule heating and infrared radiation cooling. This equation gives the contribution of each heating/cooling term to the temperature variation, allowing us to quantify the effects of each process, which is known as thermodynamic diagnostic analysis.



The formula for calculating the vertical wind in TIMEGCM is shown in the equation:


   W n   z  =  e  −  1 2  z      e  −  1 2  z    W n    z − Δ z   + Δ z  ∇ H  ·   v →  n   z     



(2)




where    W n    is the vertical wind speed,  z  is the scale height,    W n    z − Δ z     is the vertical wind speed at an upper level,    ∇ H  ·   v →  n    is the horizontal wind divergence, and the expression is:


   ∇ H  ·   v →  n  =  1   R E  cos λ       ∂  U n    ∂ ϕ   +   ∂    V n  cos λ     ∂ λ      



(3)




where    R E    is the radius of the Earth,  λ  is the latitude,  Φ  is the longitude,    U n    is the zonal wind speed, and    V n    is the meridional wind speed, respectively. According to formulas 2 and 3, dynamic diagnostic analysis can be carried out to analyze the cause of vertical wind disturbance.



The meridional and zonal momentum equations are defined as:


    ∂  V n    ∂ t   =   g  e z     p 0     ∂  ∂ Z       μ ∂  V n    H ∂ Z     −  f  c o r    U n  +  λ  y y      V i  −  V n    +  λ  y x      U i  −  U n    −   v →  n  · ∇  V n  +    U n   U n     R E    tan λ −  1   R E      ∂ Φ   ∂ λ   −  W n    ∂  V n    ∂ Z    



(4)






    ∂  U n    ∂ t   =   g  e z     p 0     ∂  ∂ Z       μ ∂  U n    H ∂ Z     +  f  c o r    V n  +  λ  x x      V i  −  V n    +  λ  x y      U i  −  U n    −   v →  n  · ∇  U n  +    U n   V n     R E    tan λ −  1   R E  cos λ     ∂ Φ   ∂ ϕ   −  W n    ∂  U n    ∂ Z    



(5)




where  t  is time,  λ  is latitude,  ϕ  is longitude,  g  is gravitational acceleration,    p 0    is reference pressure,  μ  is viscosity coefficients,  H  is pressure scale height,    f  c o r     is the Coriolis parameter,    λ  y x     and    λ  y y     are ion drag coefficients,    V n    and    V i    are neutral and ion meridional speeds,    U n    and    U i    are neutral and ion zonal speeds,     v →  n    is the horizontal wind velocity,    R E    is Earth radius,  Φ  is pressure, and    W n    is the vertical wind speed, respectively. The terms (meridional) on the right side are the vertical viscosity (    g  e z     p 0     ∂  ∂ Z       μ ∂  V n    H ∂ Z      ), Coriolis force (   f  c o r    U n   ), ion drag force (   λ  y y      V i  −  V n    +  λ  y x      U i  −  U n     ), horizontal advection (    v →  n  · ∇  V n   ), centrifugal force (     U n   U n     R E    tan λ  ), pressure gradient force (   1   R E      ∂ Φ   ∂ λ    ), and vertical advection (   W n    ∂  V n    ∂ Z    ), respectively. The zonal terms are similar to those of meridional terms. By comparing the contribution of each heating term in Equations (4) and (5), the cause of horizontal wind field changes can be explained, which are called kinetic diagnostic analysis.




2.3. Experimental Method


First, simulations with geomagnetic storm effects were obtained using the real Kp value of both events as the driving condition (rkp for short). After that, the Kp values for the day of the magnetic storms were set to a constant value to obtain simulations without storm effects (ckp for short). Based on the mean Kp values for the two days before the geomagnetic storm, the constant Kp value was set to 1− on 20 April 2018, and 2+ on 10 April 2022. The differences between the simulations driven by different geophysical conditions (rkp−ckp) eliminate the effects of factors such as tidal waves and represent the effects caused by geomagnetic storms. Afterward, the differences and causes of temperature variations in high-latitude MLT regions during geomagnetic storms with different durations were revealed by thermodynamic diagnostic analysis. On this basis, the difference in the vertical wind was caused by the difference between vertical wind in the upper layer and horizontal divergence in the same layer. Then, the horizontal divergence term breaks into zonal component and meridional component, and the zonal wind and meridional wind were used to explain the differences between the two storms. Finally, the physical mechanism of the difference in the horizontal wind was explained by kinetic diagnostic analysis.





3. Results


A geomagnetic storm with a short duration of large Kp values occurred on 10 April 2022. To study the effect of the duration of storms on MLT temperature, we compared a similar geomagnetic storm on 20 April 2018. In the 2018 storm, the main phases started at 00:28 UT on 20 April; after that, the recovery phase started at 09:35 UT [23]. The blue lines in Figure 1 give the Kp values during the storms, where the Kp maximum for the 2018 storm event was 6, occurring at 09:00 UT on 20 April. The Kp maximum for the 2022 storm was 7−, occurring at 06:00 UT on 10 April. The first row of Figure 1 shows the SABER temperature variations in the range of 80 km to 110 km at high latitudes (from 77.5° S to 82.5° S) for both events. The zonal running mean was used to remove the effects of tides and small-scale waves [10,24,25,26]. After that, the temperature changes caused by the storms were calculated by subtracting the mean temperature of the two days before the storms. The results show that the temperature increases can reach a maximum value of ~40 K in the MLT region on 21 April 2018. However, the maximum increase in neutral temperature was just about 10 K during the geomagnetic storm on 11 April 2022, in the altitude range of 80 km to 110 km. In addition, both two events showed similar cooling above 100 km from the onset of the geomagnetic storms.



To study the differences between the two storms, we simulated the two geomagnetic storms using the TIMEGCM and obtained the temperature simulations at the satellite location. The same zonal running mean was processed. Then, the average simulated temperature of the two days before the start of the storms was subtracted from simulations driven by the true geophysical conditions. The simulations (same as the first row of Figure 1) are shown in the second row of Figure 1. It shows that the simulations for the two storms agree well with the SABER observations. In the 2018 storm, cooling was observed from 95 km to 110 km at the beginning of the magnetic storm. After that, the simulations also showed temperature increases from 10:00 UT on the 20th. The increases penetrated down to 100 km and reached a maximum of 40 K at 110 km at 06:00 UT on the 21st. In addition, the simulations for April 2022 also showed a temperature decrease after the start of the geomagnetic storm, which reached −7 K at 12:00 UT on the 10th. Afterward, near the end of 10 April, the temperature increase occurred at 110 km, which reached 9 K at 02:00 UT on the 11th and went down to 106 km.



It was noted that the influence of some additional factors, such as local time, F10.7, and so on, between the storms and quiet time cannot be eliminated in the first and second rows of Figure 1. To remove the effects of other factors, temperature changes were calculated by subtracting the simulated data driven by non-disturbed geophysical conditions (ckp) from the simulated data driven by the true geophysical conditions (rkp), which are shown in the third row of Figure 1. The results are similar to those in the first and second rows. The simulations for the 2018 storm first showed cooling above 100 km on 20 April (day 110), which propagated downward over time to 95 km with a minimum of −6 K. The temperature increases initially occurred at 110 km at 10:00 UT on the 20th. The temperature increases can reach 45 K at 110 km and propagate downward to ~98 km over time. In contrast, the simulations for the 2022 storm with a shorter duration were more different. The cooling in the early phase of the 2022 storm was more pronounced, nearly 8 K. Then, the temperature increased less than 10 K in the recovery phase, only dipping to ~102 km. Therefore, the duration of a geomagnetic storm has a significant impact on the magnitude and height of the temperature variation in the MLT region.



Figure 2 shows the southern hemispheric variations of temperature (rkp−ckp) at 110 km for the two storms at high latitudes. The locations of the satellite observation points at the corresponding time were marked with black asterisks in Figure 2. During the initial phase of the storms (the first row in Figure 2, 01:00 UT on the first day of the two geomagnetic storms), the temperature of the two storms did not change significantly. The temperature variations at 12:00 UT on the first day of the two storms, corresponding to the main phase, are shown in the second row. The temperature changes between the two storms were very similar, which showed a minimum temperature region near the poles and two maximum temperature regions near 120° E and 165° W. The decreased temperature minimum for the 2018 storm was −53 K, compared to −42 K and a smaller region for the 2022 storm. Meanwhile, the maximum temperature increase for the 2022 storm was 48 K, which was a great deal weaker than the 75 K for the 2018 storm. At 18:00 UT on the first day of the storms and during the recovery phase, significant temperature variations occurred between the two storms. In the 2018 storm, the region of the minimum temperature appeared near 107° W and 65° S, where the temperature decreases were less than 5 K. There were two maximum temperature regions at the same time. The maximum temperature region at high latitudes was located near 40° E and 70° S, and the increased maximum was more than 100 K. However, the temperature increases of the April 2022 geomagnetic storm were relatively small, and its increased maximum was only about 40 K. At 12:00 UT on the second day of the geomagnetic storm (fourth row in Figure 2), the temperature increases during the 2018 geomagnetic storm were still above 50 K, but those of the 2022 storm are already less than 20 K and will end soon. The position of (78.75° S, 60° E), the green dot in Figure 2, was selected as the reference point for analyzing the physical processes causing the differences in temperature variations between the two storms because it was close to the area with the maximum temperature increases in both events compared with other points at the same latitude.




4. Discussion


The results of the thermodynamic diagnostic analysis from 80 km to 110 km at (78.75° S, 60° E) were shown in Figure 3. The first row showed the difference in the total heating (rkp−ckp) and the following four rows showed the difference in the four main heating terms. The rest of the heating terms (not shown) were minor for the total heating. A cooling occurred and lasted for nearly 10 h at the beginning of the April 2018 storm, which reached −150 K/day at 110 km. The subsequent heating from 10:00 UT on the 20th to 03:00 UT on the 21st was mainly caused by vertical advection and adiabatic heating. The total heating at 110 km reached a maximum of ~530 K/day at 17:40 UT on the 20th, when the contributions of adiabatic heating, vertical advection, and horizontal advection were ~140 K/day, ~620 K/day, and ~−190 K/day, respectively. The beginning of the April 2022 storm also showed a cooling of −150 K/day, but its duration was only half that of the 2018 storm. The subsequent heating had the same duration as the 2022 storm, but was considerably weaker, with a maximum of only ~260 K/day at 12:00 UT on the 10th. The main contributors to the total heating were also vertical advection (150 K/day) and adiabatic heating (90 K/day). The contribution of the horizontal advection to the temperature increases in both storms was essentially negative after 12:00 UT on the first day of the storms. The position was adjacent to the maximum temperature region. As a result, the pressure gradient drove winds outward, and cooling appeared. Similarly, the contribution of Joule heating to the total heating was minor due to the position being located in the polar cap. Therefore, the temperature increases at the position (78.75° S, 60° E) in both events were mainly caused by adiabatic heating and vertical advection, both of which were caused by downward vertical winds. The density of the thermosphere decreases and the temperature increases with increasing altitudes. The downward vertical wind brought the less dense and warmer atmosphere from the upper pressure level to the lower pressure level, which increased the temperature of the lower pressure level through adiabatic compression and heat conduction.



The vertical wind is determined by the vertical term (   e  −  1 2  z      e  −  1 2  z    W n    z − Δ z      ) reflecting the upper vertical wind and the horizontal term (   e  −  1 2  z     Δ z  ∇ H  ·   v →  n     ) reflecting the divergence of horizontal wind at the same pressure level, as shown in Equation 2. To investigate the origin of the vertical wind that caused adiabatic heating and vertical advection as described above, the diagnostic analysis of the vertical wind from 90 km to 150 km at the same position (78.75° S, 60° E) is given in Figure 4. The first row shows the vertical wind difference, and the following two rows show the contributions of the vertical winds and the divergence of horizontal winds, respectively. In the 2018 storm, the upward vertical winds first appeared, with a maximum of 20 cm/s at 110 km. This corresponded to the cooling caused by adiabatic heating/cooling and vertical convection at the beginning of the storm in Figure 3, which directly caused the temperature decreases at 12:00 UT (green dot in the second row of Figure 2) on the first day of the storm. Subsequently, the originally upward vertical winds at 110 km turned downward at 11:20 UT. The diagnostic analysis of the vertical wind showed that the change in the horizontal winds below 150 km first caused horizontal convergence, which weakened the upward vertical winds and eventually changed the vertical wind direction. The downward vertical winds occurred below 140 km. The contribution of the convergence term to the downward vertical winds reached a maximum of 35 cm/s around 125 km at 15:40 UT on the 20th, which greatly strengthened the downward vertical wind at that height. Afterward, the vertical winds were transported to the lower altitudes according to the vertical term (second row in Figure 4), resulting in −15 cm/s at 16:00 UT at 110 km. This process lasted for about 16 h, leading to temperature increases at 18:00 UT in Figure 2 (green dot in the third row). Similarly, upward vertical winds occurred and then turned to downward vertical winds during the 2022 storm. However, they differed from the 2018 storm in many ways. In the 2022 storm, the maximum upward vertical wind at 110 km was 10 cm/s. At 06:00 UT on the 10th, convergent winds, which were related to the longitudinal gradient of the latitudinal wind and the latitudinal gradient of the meridional wind, as shown in Equation 3, occurred from 100 km to 120 km, then caused the vertical wind to turn downward below 110 km. The maximum downward vertical winds reached −5 cm/s at 07:40 UT at around 103 km. The vertical winds were still upward above 110 km associated with the positive vertical term. At 09:00 UT, the positive vertical term became negative at the height of 100–150 km and the horizontal term changed to negative from positive above 120 km. Therefore, both the horizontal and vertical terms resulted in downward vertical winds at 09:00 UT above 120 km. The downward transported to the lower altitudes (below 120 km) due to vertical term. After 14:00 UT, the horizontal term below 130 km was much weaker than that in the 2018 storm. At 120 km, the maximum horizontal term in the 2018 storm and the 2022 storm were ~−25 cm/s and ~−8 cm/s, respectively. The maximum downward vertical winds at the same pressure level affected by differences in horizontal term were ~−60 cm/s and ~−40 cm/s, respectively, and finally caused the vertical winds difference below 120 km through the vertical term. Especially after 20:00 UT, the same reason caused the difference of maximum downward vertical winds below 110 km to exceed 10 cm/s.



For analyzing the reason for the difference in horizontal divergence (horizontal term in Figure 4) below 150 km on the first day of the two storms, the horizontal term (   e  −  1 2  z     Δ z  ∇ H  ·   v →  n     ), the zonal component (   e  −  1 2  z     Δ z  1   R E  cos λ     ∂  U n    ∂ ϕ      ), and the meridional component (   e  −  1 2  z     Δ z  1   R E  cos λ     ∂    V n  cos λ     ∂ λ      ) given in Equations (2) and (3) at 14:20 UT around 130 km (the green asterisks in Figure 4) are shown in Figure 5. The green dot (78.75° S, 60° E) in Figure 5 marks the location where the diagnostic analysis was conducted in Figure 3 and Figure 4. In the 2018 storm, the positive region of the horizontal term mainly appeared between 60° E and 150° E, and 50° S and 70° S, with a maximum of 34 cm/s. From 50° E to 120° E, the zonal wind gradually changed from westward (negative) to eastward (positive), making the positive zonal component, which was the main contributor to the positive region of the horizontal term. At the same time, as the westward wind became stronger from 0° to 60° E below 80° S, there was a negative region of the zonal component. In this region from 90° S to 70° S, the meridional wind speed turned to be negative (southward), leading the negative region of the meridional component above 60° S between 50° E and 80° E. Therefore, combined with the contribution of the zonal component, there existed a negative region with a maximum of −45 cm/s between 0° E and 60° E, with a zonal range up to 90° S. The green dot (Figure 3 and Figure 4) is located in this region, which corresponds to the negative horizontal divergence at the location of the green asterisk in Figure 4. The position of the positive region in the 2022 event was roughly similar to that in 2018. However, its latitude was higher, ranging from 60° S to 80° S, and the maximum was only 14 cm/s. This was caused by wind structure that westward turned to eastward between 60° S and 80° S. Similarly, the negative region had a similar location to the 2018 storm but had a smaller maximum of −24 cm/s. These regions of horizontal divergence were formed due to the same wind structure as the 2018 storm, except that their values were smaller due to the slower horizontal wind speed. In conclusion, the horizontal wind structure is similar for the two storms, but the wind speed is faster for the 2018 storm, resulting in a stronger negative horizontal divergence at the green dot.



To clearly illustrate the difference in horizontal winds between the two events, we selected all grids from 50° S to 90° S to show the statistical results (Figure 6). Figure 6a showed the Kp values on the first day of the two storms. The red line represents the Kp values on 20 April 2018 and the green line stands for the Kp values on 10 April 2022. Figure 6b,c show horizontal wind differences between the two storms over time. Each grid wind velocity during the 2018 storm was divided by the 2022 wind velocity on the same grid to obtain the wind speed ratio for two events in each grid. Then, the number of grids was counted in each ratio, and its proportion to the total number of grids was calculated, where >1 (<1) represents a larger wind velocity in the 2018 (2022) storm. From 03:00 UT to 06:00 UT, the 2022 event first reached a maximum Kp value of 7-, and Kp value was only 4 in the 2018 event at the same time. For zonal wind, most of the grids were generally below 1 during this period, which implied faster zonal wind speed for the 2022 storm. In addition, at 06:00 UT, the number of grids with ratios between 0 and 1 accounted for 74% of the total number of grids. From 06:00 UT, the Kp value for the 2018 event became large and exceeded that for 2022. At the same time, the number of grids with a ratio over 1 gradually increased, which means an increasing number of larger wind velocity regions occurred in the 2018 storm than that in the 2022 storm. At 08:40 UT, 50% of the grids had a ratio greater than 1, and by 11:00 UT, the proportion rose to a maximum of 64%, when zonal wind speeds in 2018 were generally 1.5 times faster than those in 2022. The meridional wind differences between the two storms were shown in Figure 6c. At 06:00 UT, the proportion of grids with a ratio between 0 and 1 was 88%, corresponding to the slower wind speed in the 2018 storm. The proportion of grids with ratios exceeded 50% at 09:00 UT and reached a maximum of 65% at 14:00 UT. Overall, the high-latitude horizontal winds at ~130 km between 03:00 UT and 06:00 UT were stronger in 2022 than those in 2018, corresponding to larger Kp values. After 06:00 UT, the horizontal wind speeds in the 2018 event gradually became faster and exceeded those in the 2022 event around 08:50 UT, which led to a stronger horizontal divergence.



Based on the horizontal wind momentum equation given in Equations (4) and (5), the physical mechanisms leading to the differences in the horizontal winds in the two storms can be further explored. First, to identify the main physical processes affecting the horizontal wind around 130 km at high latitude in two cases, the ratios of the sum of absolute values of the eight terms in the zonal wind momentum equation to their sum were calculated separately, and their variations on the first day of the storms are given in Figure 7a. It is observed that the pressure gradient force, Coriolis force, horizontal advection, and ion drag force were the four most important physical mechanisms in both storms, where Coriolis force and horizontal advection were reaction terms. Figure 7b,c show the four acceleration terms at high latitudes in the southern hemisphere in both storms around 130 km at 07:20 and 12:00 UT. At 07:20 UT, ion drag, Coriolis force, and horizontal advection in the 2018 event already exceeded those in 2022, while the pressure gradient was still a little weaker. Thus, at the beginning of the storm, the faster high-latitude zonal wind speed at ~130 km in 2018 than in 2022 was caused by the stronger ion drag force. By 12:00 UT, shown in Figure 7c, all four terms were more powerful in 2018 than in 2022, and they all contributed to the faster zonal wind speed. The diagnostic analysis of the meridional winds shown in Figure 8 also drew the same conclusion as zonal winds. However, the Coriolis force (   f  c o r    U n   ) and horizontal convection (    v →  n  · ∇  V n   ) are only related to the horizontal wind itself and its gradient, implying that they were not the fundamental cause of the high-latitude horizontal winds changes at ~130 km in the two storms. The stronger ion drag force first appeared. Pressure gradient force appeared later and then continued to enhance horizontal wind. In summary, the longer duration of the geomagnetic storm leads to more particle and energy input, which increases the conductivity and ion drift velocity in the high-latitude thermosphere, resulting in stronger ion drag forces. On the other hand, the longer duration induces a longer effect of Joule heating, which causes more temperature increases. The significant temperature increases are associated with the stronger pressure gradient force. Combining with a stronger pressure gradient and ion drag force resulted in faster horizontal wind speed after 08:30 UT on the first day of the storm in the 2018 event compared to those in the 2022 event. Then, the faster horizontal winds coupled with a similar wind structure resulted in greater horizontal divergence at ~130 km in the 2018 event, which pulled the faster downward vertical winds. The adiabatic heating and vertical advection processes near 110 km in the 2018 event were stronger due to the faster downward vertical winds, leading to more pronounced temperature variations. The entire process is shown in Figure 9. Therefore, for two medium storms, the effects of a storm’s duration of large Kp values is extremely important on high-latitude MLT temperature. Even if the Kp maximum of a geomagnetic storm is weak, the long duration for large Kp values can still induce a prominent MLT temperature response. It is worth noting that the Northern hemisphere also showed similar results as that in the Southern hemisphere for simulated temperature increase and physical mechanisms.




5. Summary


By comparing the temperature changes of SABER observations and TIMEGCM simulations in the MLT region around 80° S during the April 2018 geomagnetic storm and the April 2022 geomagnetic storm, the conclusion is drawn as follows: (1) The high-latitude temperature increase in the Southern hemisphere can reach 40 K in the MLT region (80 km–110 km) during the weaker and longer duration of large Kp values in the April 2018 geomagnetic storm; whereas, in the stronger and shorter-duration April 2022 event, temperature variations are relatively smaller, just less than 10 K. (2) The adiabatic heating/cooling and vertical convection that caused the temperature increases of both events are due to the downward vertical wind, which is stronger at ~−15 cm/s in the 2018 event and weaker at ~−5 cm/s in the 2022 event. (3) The larger (smaller) horizontal divergence associated with the gradient of horizontal winds around ~130 km in the 2018 (2022) storm with longer (shorter) duration produces faster (slower) downward vertical winds at the same pressure level, which can pull the vertical winds at lower altitudes and eventually lead to stronger (weaker) vertical wind disturbances below 110 km. (4) The high-latitude horizontal wind speed at ~130 km in the 2018 storm begins to exceed that in the 2022 storm at 08:50 UT (recovery phase) on the first day of the storm. (5) The more particles and energy input in the 2018 storm with a longer duration of large Kp values causes stronger ion drag force and pressure gradient force. This fundamentally results in horizontal wind speed in 2018 being roughly 1.5 times faster than that in 2022, which causes the differences in the horizontal divergence.
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Figure 1. The difference between the zonal running SABER temperature (first row) during two geomagnetic storms in April 2018 (the left column) and April 2022 (the right column) and the average temperature of the two days before the storms (18–19 April 2018 and 8–9 April 2022, respectively) in the altitude ranges of 80–110 km from 77.5° S to 82.5° S. The second row is similar to the first row, but the data are simulated by TIMEGCM driven by real geomagnetic conditions (rkp). The third row shows the variations in temperature obtained by subtracting the simulation driven by constant geomagnetic conditions (ckp) from the simulation driven by real geomagnetic conditions (rkp). The blue lines are the real Kp values. The red lines are the quiet time Kp values as the driving condition of the ckp simulation. The two ckp are 1+ for 20 April 2018, and 2− for 10 April 2022, respectively. Then the constant Kp values are set the same as the real ones. 
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Figure 2. The first three rows correspond to the temperature difference (rkp−ckp) for TIMEGCM simulations at 01:00 UT (first row), 12:00 UT (second row), and 18:00 UT (third row) on the first day of the storm (20 April 2018 on the left column and 10 April 2022 on the right column) at 110 km in the southern hemisphere. The fourth row is the same as the first three rows but at 12:00 UT on the second day of the storm (21 April 2018 on the left column and 11 April 2022 on the right column). The black asterisks mark the locations of the satellite observation points at the corresponding time. The green dots mark the position of (78.75° S, 60° E), which is used for the subsequent thermodynamic diagnostic analysis. 
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Figure 3. Storm-time differences (rkp−ckp) in total heating terms and major heating terms at the location of (78.75° S, 60° E) in the altitude ranges of 80 km to 110 km in the two storms: total heating, adiabatic heating/cooling, vertical heat advection, horizontal heat advection, and Joule heating. 
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Figure 4. Storm-time differences (rkp−ckp) in vertical velocity, vertical term, and horizontal term at the location of (78.75° S, 60° E) in the altitude ranges of 90 km to 150 km in the two storms. The vertical velocity was the sum of the vertical term and horizontal term. The red dashed lines represent 110 km. The black lines represent the zero value. The green asterisks corresponded to the time and altitude of 14:20 UT and ~130 km, respectively. 
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Figure 5. The left column corresponds to the 2018 storm event and the right column represents the 2022 storm event. The different rows show the effects of magnetic storms on the total horizontal divergence term (first row, same as the third row in Figure 4), the zonal component of the horizontal divergence term (second row), the meridional component of the horizontal divergence term (third row), the zonal wind (fourth row), and the meridional wind at 14:20 UT around 130 km. The green dot is located at (78.75° S, 60° E), which is the location where the kinetic diagnostic analysis is performed. The arrows show the magnitude and direction of the horizontal wind. The black asterisks mark the locations of the South Pole. 
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Figure 6. (a) The red line represents the Kp values on 20 April 2018 and the green line stands for the Kp values on 10 April 2022. (b) Each grid zonal wind velocity during the 2018 storm is divided by the 2022 zonal wind velocity on the same grid to obtain the ratio of the zonal wind speed for two events in each grid. Then, the number of grids are counted in each ratio and its proportion to the total number of grids is calculated. The figure shows the statistical distribution of zonal wind ratios (2018/2022) of grids from 50° S to 90° S in the two events over time, where >1 (<1) represents a larger zonal wind velocity in the 2018 (2022) storm. (c) Same as (b), but corresponding to the meridional wind. 
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Figure 7. (a) The ratios of eight acceleration terms in the zonal wind as shown in Equation (4). (b) Mainly zonal acceleration terms: ion drag force (first column), pressure gradient force (second row), Coriolis force (third row), and horizontal advection (fourth row) for the 2018 event (first row) and 2022 event (second row) around 130 km on the first day of the storm (April 20 for the 2018 event and April 10 for the 2022 event) at 07:20 UT. (c) Same as (b), but corresponding to 12:00 UT. The black asterisks mark the locations of the South Pole. 
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Figure 8. (a) The ratios of eight acceleration terms in the meridional wind as shown in Equation (4). (b) Mainly meridional acceleration terms: ion drag force (first column), pressure gradient force (second row), Coriolis force (third row), and horizontal advection (fourth row) for the 2018 event (first row) and 2022 event (second row) around 130 km on the first day of the storm (April 20 for the 2018 event and April 10 for the 2022 event) at 07:20 UT. (c) Same as (b), but corresponding to 12:00 UT. The black asterisks mark the locations of the South Pole. 
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Figure 9. Schematic figure of the physical process of temperature increases due to geomagnetic storms with longer duration. 
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