
1.  Introduction
The magnetosphere is constantly being ripped and torn by the solar wind, and part of this energy is guided by 
the Earth's magnetic field and deposited into the atmosphere as energetic electron precipitation (EEP) (Mironova 
et al., 2015). Auroral electrons (1–30 keV) from the plasma sheet ionize the lower thermosphere, whereas Medium 
Energy Electrons (MEE) (30–1,000 keV) from the radiation belts cause ionization throughout the mesosphere 
(Sinnhuber et al., 2012). The increased ionization initiates chemical reactions, increasing the production of nitro-
gen (NOx) and hydrogen oxides (HOx). Short-lived HOx gasses will reduce mesospheric O3 in catalytic reactions 
(Andersson et al., 2014), here referred to as the MEE direct effect.

O3 loss due to NOx catalytic cycles is effective only below ∼0.5 hPa, mainly in the stratosphere (Lary, 1997). 
During polar winter, when no sunlight is present, NOx can have an effective lifetime of months (Solomon 
et al., 1982). The winter polar vortex prevents NOx from leaving high latitudes, and the residual circulation can 
transport NOx all the way down to the stratosphere, which is called the EEP indirect effect (Maliniemi et al., 2020; 
Randall et al., 2007). Stratospheric and/or mesospheric ozone loss can lead to a significant polar vortex enhance-
ment on a seasonal scale (Baumgaertner et  al.,  2011; Maliniemi et  al.,  2019; Salminen et  al.,  2019; Seppälä 
et al., 2013).

Andersson et al. (2014) demonstrated based on observations that even moderate geomagnetic activity was respon-
sible for significant mesospheric O3 reduction in wintertime polar regions. The MEE direct impact on HOx and 
O3 has been investigated in several subsequent observational studies (Zawedde et al., 2016, 2018, 2019). One of 
the first efforts to simulate the dynamical impacts of MEE was implemented by Codrescu et al. (1997), applying 
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the Thermosphere Ionosphere Mesosphere General Circulation Model which showed O3 loss up to 27% followed 
by small changes in the temperature and wind field. Semeniuk et al. (2011) revealed up to 60% O3 depletion due 
to MEE in the Northern Hemisphere (80% in the Southern Hemisphere) winter, applying the Canadian Middle 
Atmosphere Model. The NH polar vortex strength showed a statistically significant increase below 30 km alti-
tude, but no significant changes in the residual circulation were evident. Arsenovic et al. (2016) found local O3 
decreased up to 35% associated with MEE, using the chemistry-climate model SOCOL3. These changes were 
followed by an intensification of the polar vortex, as well as mesospheric warming and stratospheric cooling. 
Furthermore, surface air temperature responses were detected in several regions.

Meraner and Schmidt (2018), however, rejected the possibility of a significant dynamical impact of the direct 
MEE effect based on the HAMMONIA model. They studied both the direct and indirect effect by artificially 
introducing a steady O3 reduction in the mesosphere and stratosphere separately. Guttu et al. (2020) applied the 
Whole Atmosphere Community Climate Model (WACCM) version 6 with and without MEE ionization rates, but 
largely limited their assessment to the stratospheric O3 changes, the indirect EEP effect, despite a relatively strong 
direct MEE O3 reduction in the mesosphere. The temperature and zonal wind anomalies found in the mesosphere 
were assumed to be a consequence of the stratospheric O3 reduction.

The above mentioned simulations apply models in free-running mode, which allows for dynamical feedback 
from the stratospheric EEP indirect effect. Furthermore, they show the chemical and dynamical response on a 
monthly or seasonal time scale. Hence, the initial temperature response in the mesosphere might be concealed 
by the subsequent dynamical feedback. Meraner and Schmidt (2018) showed a statistically significant temper-
ature change in the opposite hemisphere for both the mesospheric and stratospheric O3 reduction cases. This 
was interpreted as an indication of inter-hemispheric coupling, which implies that the pole-to-pole circulation is 
impacted. If the pole-to-pole circulation is slowed down, it will result in a reduction of the adiabatic heating in the 
mesosphere and upper stratosphere, including the same altitudes where the initial O3 reduction is introduced. This 
renders the total temperature signal on monthly scales ambiguous and insignificant, as the initial temperature 
response is veiled by the subsequent dynamical change.

Asikainen et al. (2020) demonstrates, based on ERA-40/ERA-Interim reanalysis data, that EEP-related enhance-
ment of the stratospheric polar vortex and other associated dynamical changes are seen only during winters when 
an SSW occurs and that the EEP-related changes are observed systematically, slightly before the SSW onset. 
They hypothesized that the increased planetary wave activity before the SSW favors enhanced wave-mean-flow 
interaction, which can dynamically amplify the initial polar vortex enhancement caused by the O3 loss. Further-
more, Salminen et al. (2020) show that EEP can significantly influence the occurrence rate of SSWs. The initial 
pre-conditions such as SSWs are, however, somewhat challenging to account for in the free-running mode, as the 
EEP impact itself and its dynamical feedback is expected to modulate them. A climate simulation run in a speci-
fied dynamics (SD) mode, where the stratosphere wind and temperature field in the troposphere and stratosphere 
are nudged, enables a unique insight into the role of the MEE direct effect in the mesosphere. It will ensure the 
same planetary and gravity wave forcing of the lower mesosphere for different model run ensemble members, 
regardless of the dynamical feedback of the EEP indirect impact. Note, however, that the SD mode cannot be used 
to study the stratospheric response to MEE. The observed stratospheric dynamics might be affected by the actual 
MEE forcing, which could render the model projection to be dynamically inconsistent with the stratospheric 
observations.

The chemistry climate model WACCM version 6 now includes a more sophisticated chemical scheme, which 
improves the complicated ion chemistry related to NOx and HOx production and losses in the mesosphere 
(Andersson et al., 2016; Verronen et al., 2016). To investigate the MEE direct effect of the atmospheric chemistry 
and dynamics, two WACCM runs in the SD mode for the year 2010 have been studied, one including both auroral 
and MEE forcing (the MEE run) and one including only auroral forcing (the noMEE run). The year 2010 marked 
the end of the deep solar minimum of solar cycle 24. Furthermore, it includes an SSW in January, while the rest 
of the year is dynamically stable.
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2.  Methods
2.1.  WACCM

WACCM is a global chemistry-climate model, developed by the National Center for Atmospheric Research 
(NCAR) (Hurrell et al., 2013). The model version used in this study is WACCM6 (Gettelman et al., 2019), which 
extends from the surface up to about 6 ⋅ 10 −6 hPa (∼140 km geometric height), with 88 pressure levels and a 
horizontal resolution of 0.95°latitude by 1.25°longitude. WACCM6 is able to reproduce the observed climatology 
of temperatures, winds and trace constituents in the middle atmosphere, as well as to reproduce stratospheric 
variability from SSWs (Gettelman et al., 2019; Marsh et al., 2013).

In the Specified Dynamics (SD) version of WACCM, wind and temperatures are nudged with reanalysis data 
from the NASA Global Modeling and Assimilation Office's Modern-Era Retrospective Analysis for Research and 
Applications (MERRA) 2 (Rienecker et al., 2011), by the method described in Kunz et al. (2011). The model is 
nudged from the surface up to ∼50 km (∼1 hPa), with a transition region from ∼50 to ∼60 km, and free running 
above ∼60 km. WACCM-SD is effective for reducing biases in the winds and temperatures and climate noise, and 
reproducing the chemical response to specific events.

The WACCM-D variant includes an improved representation of the ion-chemistry in the D-region, which ulti-
mately leads to more effective NO production in the mesosphere. It is based on a simplification of the Sodankylä 
Ion and Neutral Chemistry and includes 20 positive ions and 21 negative ions, which enables 307 reactions in the 
mesosphere (Verronen et al., 2016).

In WACCM6, the ionization from auroral electrons (<30 keV) is parametrized by the Kp-index. The energy 
spectrum has a Maxwellian distribution with a fixed characteristic energy of 2 keV. Due to the fixed characteris-
tic energy, the resulting ionization rate profile always peaks at around 110 km. In general, the energy deposition 
from auroral electrons is limited to altitudes above 95 km (Roble et al., 1987). Furthermore, the upper boundary 
of WACCM6 is the three-dimensional Nitric Oxide Empirical Model in the lower thermosphere. The model is 
parametrized by the Kp-index and the 10.7 cm solar radio flux (F10.7), based on NO observations between 97.5 
and 150 km made by the Student NO Experiment satellite (Marsh et al., 2004).

WACCM6 is the first version of the climate model that by default includes MEE. The MEE precipitation accounts 
for the ionization from radiation belt electrons, with energies ranging from 30 to 1,000 keV. The MEE ionization 
is parametrized by the geomagnetic Ap-index, and the ionization model is based on observations from the 0° 
detector from the Medium Energy Proton/Electron Detector instrument on board Polar Orbiting Environmental 
Satellites. The energy-flux spectrum of the precipitating electrons has a time resolution of one day. The ionization 
rates are typically found at altitudes between 70 and 110 km, with the peak ionization rate found at about 90 km 
(van de Kamp et al., 2016).

2.2.  WACCM Model Runs

To study the effects of MEE in WACCM, two runs have been performed in the SD mode including the D-region 
ion chemistry (Verronen et al., 2016). The only difference between the two runs is the ionization rate input from 
the medium energy electron precipitation. The “noMEE” case includes only ionization rates from precipitating 
auroral electrons, while the “MEE” case includes ionization rates from both precipitating auroral electrons and 
medium energy electrons. All data shown in this study corresponds to the Northern Hemisphere during the year 
2010. The data has been averaged over the latitude band from 60 to 70°N with a daily resolution.

3.  Results
The year 2010 is characterized by a transition from the deep solar minimum to the ascending phase of solar cycle 
24. This is also reflected in the geomagnetic Ap index which displays low levels of activity until April (the upper 
panel of Figure 1). The subsequent panels show the NO volume mixing ratio (VMR) and zonal wind for the MEE 
(blue line) and noMEE case (green line), along with their differences (black line). The differences in NO corre-
spond well in time with geomagnetic activity (high Ap), and as expected, the MEE case has higher NO concen-
trations than the noMEE case. The largest difference in NO concentration is, however, found in January, where 
Ap shows little activity. During this period the noMEE case surprisingly also shows more NO than the MEE case 
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for several days. At the same time, the zonal wind reverses corresponding to an SSW (as seen in Figure 2 around 
1 hPa). Here, the maximum zonal wind difference is found to be almost 40 m/s between the MEE and noMEE 
case. No comparable large differences in zonal wind are seen at other times of the year.

The wind reversal in the lower mesosphere is associated with the major SSW with the central date of 23 January 
2010 (Jia et al., 2016). Figure 2 shows the zonal wind velocity for both the noMEE (upper panel) and the MEE 
(lower panel) case. 23 January is marked as day zero. Positive velocities correspond to eastward zonal winds, 
typical for the stratospheric polar vortex during winter. It is evident that a wind reversal is present in both cases, 
but differences in strength and timing are apparent.

In the lower mesosphere, both the noMEE and MEE run present a normal winter climatology until day −5. Below 
10 −2 hPa, the zonal wind slows down from more than 40 m/s until it becomes westward from day 0. In the noMEE 
run the zonal wind stays westward until day 9, reaching a minimum of less than −40 m/s. However, in the MEE 
case the westward wind is interrupted several times, first on day 3 as it turns eastward for two days, while it is 
still westward in the noMEE run. Finally, from day 5 until day 9, the winds reverse again, turning westward and 
reaching almost −40 m/s between day 6 and day 8.

In the upper mesosphere, above 10 −2 hPa, the typical winter zonal wind is westward as shown for the first two 
weeks in Figure 2. The wind reversal associated with the SSW occurs already at day −5 in the noMEE case, while 
it occurs later in the MEE case and with a weaker amplitude. Conversely, around the mesopause between 10 −4 
and 10 −3 hPa, the eastward winds are stronger in the MEE case compared to the noMEE case. In particular, in the 
noMEE run the eastward reaches over 40 m/s from day 5 until day 8, a factor 2 larger compared to the MEE run. 
In summary, it is evident that the mesospheric zonal wind signatures during the SSW display different features in 
the MEE and noMEE case, indicating that MEE can somehow impact the dynamics of the mesosphere.

Figure 3 shows the zonal wind difference (upper left panel), the temperature difference (upper right panel), the 
NO relative difference (lower left panel), and the O3 difference (lower right panel) between the MEE and noMEE 
case. The zonal wind differences confirm that between day 3 and 9, the zonal wind discrepancies between both 
runs are larger than 20 m/s throughout the mesosphere and lower thermosphere region. Until day 13, zonal wind 
discrepancies larger than 20 m/s are still present between 10 −2 and 10 −4 hPa. Prior to the wind reversal, from day 

Figure 1.  The first panel corresponds to the Ap index (geomagnetic activity). The second and third panel correspond to the 
NO concentration between 10 −3 hPa and 10 −2 hPa, averaged over the latitude band 60–70°N for both the Medium energy 
electrons (MEE) (blue line) and no-MEE (green line) run, as well as their difference (black line). The fourth and fifth panel 
correspond to the zonal wind velocity between 10 −1 hPa and 10 −2 hPa, averaged over the latitude band 60–70°N for both the 
MEE (blue line) and no-MEE (green line) run, as well as their difference (black line).
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Figure 2.  The upper plot corresponds to the zonal wind velocity for the noMEE run. The lower plot shows the zonal wind 
velocity for the Medium energy electrons (MEE) run. The red color represents positive velocities, associated with eastward 
winds, while blue represents negative velocities, associated with westward winds. The data is averaged over the latitude band 
60–70°N with a daily resolution. The two colored lines represent the mesopause altitude (coldest altitude) for both runs, the 
blue line corresponds to the MEE run, and the green line to the noMEE run.

Figure 3.  Upper plots (from left to right): Zonal wind velocity difference between the MEE and the noMEE run, and temperature difference between both runs. Bottom 
plots (from left to right): NO VMR relative difference, and O3 absolute difference. For all plots, the data is averaged over the latitude band 60–70°N with a daily 
resolution. The two colored lines represent the mesopause altitude (coldest altitude) for both runs, the blue line corresponds to the MEE run, and the green line to the 
noMEE run.
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−8 to day −3, negative zonal wind differences up to 20 m/s are persistently 
seen at altitudes around the mesopause, consistent with the late wind reversal 
found in the MEE run.

On day 3, there is a positive relative difference in the NO abundance around 
10 −3 hPa between the MEE and noMEE case. The anomaly is transported 
downwards during the next few days. On day 9, there is, however, a relative 
NO decrease in the MEE run at around 10 −3 hPa, which is also transported 
downwards during the next few days. The noMEE run has less NO produc-
tion throughout the mesosphere. The only process that can cause the noMEE 
to have more mesospheric NO is a change in the dynamics, either in the 
strength and/or timing of the residual transport. Specifically, the NO increase 
followed by a decrease seen in Figure 3 supports a time shift in the residual 
transport. Note, however, that the positive signal is stronger than the negative, 
which demonstrate overall contribution to the NO production by MEE.

During an SSW, NO typically decreases in the lower mesosphere, since the 
stratospheric wind reversal allow westerly gravity waves to break and deposit 
their momentum in the mesosphere and reduce the residual downward trans-
port (Smith et al., 2011). After the SSW, when the zonal winds again turn 
eastward in the lower mesosphere/upper stratosphere, the downward trans-

port is restored. Based on Figure 2, this likely occurs for a short period of time already on day 3 for the MEE 
run, which coincides in time with the NO relative increase throughout the mesosphere seen in the MEE run in 
Figure 3. Furthermore, the NO relative increase in the noMEE run happens on day 9, which suggest a stronger 
downward transport in the noMEE run. The period coincides in time with an abrupt change in the mesospheric 
zonal wind in the MEE and noMEE model projections. The mesospheric zonal wind are less eastward in the MEE 
run compared to the noMEE run.

Temperature differences larger than 5K are evident from day 3 until day 9 in the upper mesosphere, consistent 
with adiabatic warming associated with the enhanced downward transport found for the NO VMR. The O3 differ-
ence between the MEE and noMEE model projections might further contribute to warmer mesospheric temper-
ature (less radiative cooling) in the MEE run. Before the SSW, temperature differences up to 5K are found from 
day −6 to day −3. This difference consists of warmer temperatures in the MEE run just below the mesopause, 
and colder temperatures above the mesopause. This dipole-like signal suggests that there might be a shift in the 
altitude where gravity waves deposit their energy. In fact, these temperature differences coincide in time with the 
negative zonal wind differences seen around the mesopause, suggesting greater westward gravity wave drag at 
this altitude in the MEE run. A confirmation of this hypothesis will require analysis of the gravity wave forcing, 
which is not currently available for the respective runs.

The overall picture of O3 shows large changes occurring at the same time and location where dynamical changes 
take place. Furthermore, between 10 −1 and 10 −2 hPa, persistently less O3 is obtained in the MEE run. Due to the 
absence of UV absorption during winter, O3 works as a cooling agent (Brasseur & Solomon, 2005), meaning that 
a relative decrease in O3 will lead to a relative increase in temperature. Persistently warmer temperatures around 
2K are found in the MEE run between 10 −1 and 10 −2 hPa before day −8. These warmer temperatures translate into 
a less steep gradient in the lower mesosphere for the MEE run. A change in the temperature gradient will allow 
gravity waves to become convectively unstable and break at a different altitude compared to the noMEE case, 
which can potentially explain the following dynamical differences obtained between the noMEE and MEE runs.

The NOx catalytic cycle destroying O3 is effective only below ∼0.5 hPa, while the HOx catalytic cycle is effective 
already in the upper and middle mesosphere (Lary, 1997). Figure 4 shows the OH differences between the MEE 
and the noMEE case. It clearly displays a change confined roughly between 10 −1 and 10 −2 hPa, the same altitude 
where persistently less O3 is found in the MEE run. It does, however, show no persistent increase throughout 
the mesosphere. There is, however, a tendency of a bipolar pattern with a positive response below the negative 
one. The negative change is consistent with increased downward transport of dry air, while the positive change 
is related to increased OH production. Considering that OH is given as VMR imply that the total amount of OH 
is increased in the MEE run compared to the noMEE run as expected. Moreover, the MEE produced OH will 

Figure 4.  OH absolute difference, the data is averaged over the latitude 
band 60–70°N with a daily resolution. The two colored lines represent the 
mesopause altitude (coldest altitude) for both runs. The blue line corresponds 
to the Medium energy electrons (MEE) run, and the green line to the 
noMEE  run.
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be strongly affected by the respective change in transport in the two runs as previously discussed by Zawedde 
et al. (2016). Also, an unclear signal might be attributed to the time resolution as the lifetime of OH in the meso-
sphere is about hours (Brasseur & Solomon, 2005) while Figure 4 is based on a daily average.

4.  Summary
The existing theory on how EEP can change the atmospheric dynamics, assumes the indirect EEP impact on 
stratospheric O3 as the initial driver (Baumgaertner et  al.,  2011; Seppälä et  al., 2013). The role of the direct 
MEE effect via mesospheric O3 depletion is, however, still unclear. This is partly due to model studies applied 
in free-running mode and/or analyzing the result on a monthly/seasonal time scale, which could cause the initial 
temperature response in the mesosphere to be concealed by the subsequent dynamical feedback.

This study applies the chemistry-climate model WACCM in SD-mode, nudging the atmospheric dynamics to the 
MERRA reanalysis. As such, it prevents realistic assessment of the feedback loops involving the stratosphere, but 
enables an isolated assessment of the mesospheric dynamical response to the MEE direct effect. This approach 
confirms notable changes in the mesospheric zonal wind and temperature due to MEE, which occur before and 
during an SSW in late January/early February. In line with the geomagnetic activity, the MEE case typically has 
more NO in the mesosphere than the noMEE case, as expected. There are, however, also periods in time when 
there is less NO throughout the mesosphere in the MEE case compared to the noMEE case. This NO deficit in 
the MEE case can only be explained by a reduction in the residual circulation transporting less NO from above.

Running the model in SD mode has the advantage of ensuring that both the MEE and noMEE case have the 
same stratospheric wave filtering, which implies that the same planetary and gravity waves are entering the 
lower mesosphere. Gravity waves are the main driver of the mesospheric dynamics and the upper branch of 
the Brewer-Dobson circulation. Hence, a dynamical change implies that the temperature gradient the propagat-
ing gravity waves encounter is different in the MEE and noMEE case. As such, the small initial change in the 
temperature gradient must be adequate to redistribute the gravity wave momentum deposition. The mesosphere 
lower thermosphere region is free-running, which ideally should be studied using multiple ensemble members. 
Hence, the absolute impact of the MEE direct effect on temperature and winds must be interpreted with some 
reservations. There is a risk that changes are an effect of non-linearity effects of the model and not solely related 
to the MEE forcing. Nevertheless, there are no other times or geographical regions displaying such differences 
in temperature or winds between the MEE and noMEE case. This strongly suggest that conditions shortly before 
and during an SSW provide a pivotal point in the model, where even a minor change in ozone and temperature, 
corresponding to a weak MEE forcing, can influence the mesospheric SSW signal.

Asikainen et al. (2020) demonstrated that EEP-related enhancement of the stratospheric polar vortex and other 
associated dynamical changes are seen only during winters when an SSW occurs and that the EEP-related changes 
are observed slightly before the SSW onset. This is consistent with the findings in this study. An initial weak 
temperature increase in the MEE case associated with the mesospheric O3 depletion is found 5–10 days before the 
SSW as shown in Figure 3. Furthermore, Asikainen et al. (2020) hypothesized that the increased planetary wave 
activity before the SSW favors enhanced wave-mean-flow interaction, which can dynamically amplify the initial 
polar vortex enhancement caused by the O3 loss. Our findings imply that this hypotheses may be expanded to also 
include gravity waves. In the MEE case, the zonal wind reversal is less pronounced, which demonstrates that the 
MEE direct effect can influence the Northern Hemisphere mesospheric dynamics during unstable atmospheric 
conditions. The SD run, cannot reveal if the imprint of the EEP direct effect extends to the stratosphere as the 
temperature and wind field are nudged by reanalysis data. However, the temperature and wind fields in Figure 3 
are changed all the way to the nudged pressure level, including the transition layer, suggesting that the impact will 
not be limited to mesosphere in the case of a free running model projection.

The largest dynamical difference between the MEE and noMEE case coincides with a period with low geomag-
netic activity, but also unstable atmospheric mean-flow conditions associated with an SSW. Other wintertime 
periods, characterized by significantly stronger MEE ionization, do not cause a similar temperature or dynamical 
signal in the mesosphere. It has been a common practice in the research field to group the polar winter response 
into a high and low geomagnetic activity and evaluate their difference as a potential EEP imprint (Seppälä 
et al., 2013). The implication of a necessary dynamical precondition for the EEP effect to take place overturns 
this methodology. This implies a non-linear dependence on the EEP ionization rates, where the threshold for 
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altering the dynamics varies concurrently with the dynamical preconditions. This is consistent with Salminen 
et al. (2019) which displays a non-linear tendency between the polar vortex zonal wind and the EPP flux levels.

Finally, these results imply that MEE and EEP in general are able to modulate the strength and timing of the SSW 
imprint in the mesosphere. As such, they support results by Salminen et al. (2020), who showed SSW occurrence 
rates being modulated by geomagnetic activity during the latter half of the 20th century. SSWs have a substantial 
impact on winter weather in the Northern Hemisphere by causing cold weather spells to North America and 
Europe (Baldwin et al., 2021). Including MEE, and EEP forcing in general, in Earth system models, can poten-
tially improve seasonal and regional predictions of SSW impacts on populated regions and as such greatly benefit 
society. A final confirmation of this mechanism will require a more extensive model run including multiple 
ensemble members and/or scaled forcing to exclude potential non-linear artifacts of WACCM itself. Moreover, 
comparison with observations should be applied to validate which model projections best comply with for exam-
ple, temperature observations by Microwave Limb Sounder on the AIM satellite on the Aura satellite.

Data Availability Statement
The Whole Atmosphere Community Climate Model is freely available and can be used by the community (https://
escomp.github.io/CESM/versions/cesm2.2/html/introduction.html). The specific model output can be found in the 
Norwegian data repository https://dataverse.no/dataverse/uib using the doi: https://doi.org/10.18710/9KSAQR.
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