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Abstract. Modelling the distribution of odd nitrogen (NOy) in the polar middle and upper atmosphere has proven to be
a complex task. Firstly, its production by energetic electron precipitation is highly variable en-heurlytime-seales-across a
range of temporal scales from seconds to decades. Secondly, there are uncertainties in the measurement-based but simplified
electron flux data sets that are currently used in atmosphere and climate models. The altitude distribution of NOy is strongly
affected by atmospheric dynamics also on monthly time scales, particularly in the polar winter periods when the isolated
air inside the polar vortex descends from lower thermosphere to mesosphere and stratosphere. Recent comparisons between
measurements and simulations have revealed strong differences in the NO, distribution, with questions remaining about the
representation of both production and transport in models. Here we present for the first time a novel approach, where the
electron atmospheric forcing in the auroral energy range (50eV — 50keV) is derived from a magnetospheric hybrid-kinetic
simulation with a detailed description of energy range and resolution, and spatial and diurnal distribution. These electron data
are used as input in a global whole atmosphere model to study the impact on polar NOy and ozone. We wil-show that the
magnetospheric electron data provides-provide a realistic representation of the forcing which leads to considerable impact
in the lower thermosphere, mesosphere and stratosphere. We find that during the polar winter the simulated auroral electron
precipitation increases the polar NOy concentrations up to 200-%;50-215 %, 59 %, and 7-7.8 % in the lower thermosphere,
mesosphere, and upper stratosphere, respectively, when compared to no auroral electron forcing in the atmospheric model.
These results demonstrate the potential of combining magnetospheric and atmospheric simulations for detailed studies of solar

wind — atmosphere coupling.
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1 Introduction

Ynderstanding-Gaining insight into the polar mesosphere—lower thermosphere—ionosphere (MLTI) region presents—a-tnigte
poses_a particular challenge. The MLTI eovers-the-approximate-altituderange-86—200extends from roughly 80 to 200 km,
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and-is-henee-simultaneously-too-highfor-a range that is beyond the reach of many ground-based observations and teetew
for-efficientin-situ-sateHite-borne-below the optimal range for most satellite measurements (Palmroth et al., 2021). Therefore,

accurate modelling of the MLTI is required-to-complement-essential to augment the scarce direct measurements to-furthereur
knowledge-of-the-and deepen our understanding of this region. The polar MLTT (polewards of 60 ) depends-on-is influenced
by solar radiation, which drives-both-diurnal-and-seasenal-effeets—generates both daily and seasonal variations due to the

planet”’s rotation and axis of-inclination. The magnetosphere.-with-its many poorlyunderstood-mechanisms.also-controls

g . ag =4 e S dr 529 B pOT1d

eharacterized-by-axial tilt. Additionally, this region is also affected by the electromagnetic forces from the magnetosphere,
inyolving several mechanisms that remain poorly understood (e.g. Sarris et al,, 2023). This leads to complex dynamics between
the neutral atmosphere and the electromagnetic-ionosphere;leading-to-greationosphere, creating considerable uncertainties in
our understanding-of-theregion-knowledge of the polar MLTI,

Nitric Oxide (NO), a member of the odd nitrogen family (NOy, defined as the sum of N, NO, and NOy), is one of the
., 2005). is : . . e .

{Barthet-al5200)-Through its descent inside the polar vortex, NOy also provides a dynamical connection between MLTI and

stratospheric altitudes (Funke et al., 2014). In the upper stratosphere, NOy transport from above leads to depletion of ozone
which ean-be-has been measured using satellite-based instruments (Damiani et al., 2016). Because ozone strongly absorbs solar
ultraviolet radiation, it is one of the main constituents determining the thermal structure of the stratosphere. Through ozone,
NOy can have an impact on the radiative balance of the polar atmosphere beyond just within the MLTI.

There-are-essentiallythree-In the atmosphere, NOy is produced primarily as the result of solar radiation. However, in the
olar regions, especiall

Barth et al., 2001). There are three primary EPP sources of NOy: solar pretensproton events, radiation belt electrons, and

auroral electrons (Verronen and Rodger, 2015). The energy of solar protons and radiation belt electrons are large enough for
re and stratosphere, allowing-a-mere-direct-impact-on-ozone—These-twe

during the polar night, energetic particle precipitation (EPP) is a major driver of NOy production

them to penetrate and produce NOy in the mesosphe

-while auroral electrons, the-third-souree

ofisrestrieted-with typical energies on the order of a few kiloelectronvolts, are limited to thermospheric altitudeseue-te-its

disrupts-. Auroral precipitation occurs on a continuous basis into the upper atmosphere in the polar regions, particularly alon,
the auroral oval, located most of the time between 60 and 75 geomagnetic latitude. The auroral electron flux is significantl

enhanced during magnetospheric substorms, when the magnetotail is suddenly disrupted and launches a vast-large number of
electrons and-protons-(and protons) of variable energies towards the ionosphere (Palmroth-et-al;-2017; Palmroth-et-al5-2023)
—(Palmroth et al., 2017; Palmroth et al., 2023) Substorms and pulsating aurora, a phenomenon during the substorm recovery
phase, have been shown to produce NO, (Seppili et al., 2015; Turunen et al., 2016). As-substorms-oceuron-aregularbasis;
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ehma%&%rmtﬂ&&eﬂs—mede}%%yﬁeal%y—melude—fhﬁln fact, auroral electrons are probably the the largest contributor to the
overall polar MLTI NOy

~budget (Sinnhuber et al., 2011).
Atmospheric models are-struggling- MA/ggleNto produce correct amounts of NOy in the MLTI when compared to observa-

tions (Randall et al., 2015)-This-inaceuracy-teads-, leading to an incomplete representation of the radiative balance within the
polar region through the NO 1mpact on stratosphenc ozone (Szelag et al., 2022). Mggﬁmmwmm
Q@V@@W NO defiei

and-these-may—aecount-for-the-missing-production —Further—vary. Previous studies have shown that the transport of ther-
mospheric NOy to the-mesesphere-and-tower-mesospheric and stratospheric altitudes remains a challenge in models (Mer-

aner and Schmidt, 2016; Smith-Johnsen et al., 2022). Hendrickx et al. (2018) also suggested that models underestimate the
radiation belt electron forcing, and that models have inadequate ion chemistry schemes. The lack of defaﬁed——}eﬂg-tefm—&ufefa}

—specific focus on
auroral electron precipitation may also be a contributing factor to the NO underestimation. In long-term climate simulations,
models typically include the NOx production from auroral electrons using proxy models based on geomagnetic indices, and
ically use a simplistic representation for their energy spectrum (e.g. Marsh et al., 2007). Detailed electron models that
include auroral energies exist (e.g. Wissing and Kallenrode, 2009) and have been used in_atmospheric model comparisons
(Nesse Tyssgy et al., 2022; Sinnhuber et al., 2021), but emphasis is often on electrons at medium energies (30-1000 keV).
Tn—this-paper—~-we-The objective of this paper is to present the first results of a new method to quantify the chemical
response of the upper and middle atmosphere to auroral electron precipitation. We report on the first-time combination of

magnetospheric and atmospheric modelling, with-the-aim-of-quantifying-the-auroral-eleetronimpaet-and show impacts on
NOy and ozone concentrations resulting from auroral electron forcing. We use eVlasiator, a variant of the global hybrid-

Vlasov model Vlasiator, to simulate the electron fluxes at auroral energies from 50eV to 50keV. Compared-to-proxy-based

in-more-detatb-Atmespherictonization-Atmospheric ionisation rates derived from these fluxes are then used in the Whole
Atmosphere Community Climate Model (WACCM) to determine aufef&ke}ee&eﬂﬂmpaekeﬁmmmmg NOy and
ozone-O3 impacts from the MLTI to the upper stratosphere. Fina
eoupling This study should be understood as an initial effort towards improving the description of the atmospheric effects of
parametrisation of the fluxes. The modelled magnetospheric electron fluxes characterise the altitude extent and distribution of
the forcing in more detail than proxy-based parametrisations. We also discuss the limitations of our current approach as well
as the potential in understanding the solar wind — atmosphere couplingand-outline-future-steps-of-development.
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2 Methods
2.1 Vlasiator and eVlasiator

Vlasiator is a global hybrid-Vlasov model simulating ion-kinetic plasma physics of near-Earth space (Palmroth et al., 2018),

et al., 2020) and precipitating protons (Grandin et al., 2019, 2020, 2023), which cannot be modelled using the magnetohydro-
dynamic (MHD) codes (Palmroth et al., 2006). The spatial simulation domain is divided into either a uniform Cartesian 2D
spatial mesh or a Cartesian 3D mesh with regions of interest re ned with an octree cell-based re nement algorithm (Ganse
et al., 2023; Kotipalo et al., 2024). Each spatial cell contains a 3D velocity mesh consisting of cubic uniform Cartesian cells.

In order to t the massive amount of simulation data into memory, Vlasiatiizes-utilisesa sparse algorithm (von Alfthan

et al., 2014) where only those regions of velocity space which are deemed to contribute to plasma moments in a signi cant
fashion are stored and propagated. This is implemented through discarding blocks of the grid which have phase-space densit
below a pre-de ned threshold, yet maintaining a buffer region around those cells in order to ensure physical behaviour at the

A typical Vlasiator simulation models the global geomagnetic domain of the Earth, spanning tens to hundreds of Earth
radii (Rg =6371km) in each dimension with a spatial resolution of the order of the ion inertial length, and with an in-

ner boundary positioned at roughly 5 Earth radii. The velocity grid is de ned so to be ahlesdectizediscretisethe

to thousands of seconds, in order to facilitate self-consistent formation of the magnetospheric domain and its dynamics, but
constrained by the availability of computational resources.
eVlasiator is an offshoot of Vlasiator which considers electrons as a kinetic population (Battarbee et al., 2021) instead of

code available via Zenodo (Pfau-Kempf et al., 2022). Thus, eVlasiator can be used to infer kinetic electron VDFs along
connectedeld lines, and thus also allowing the calculation of precipitating electron uxes. Due to numerical constraints,
=10
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2.2 Simulating precipitating particle uxes

In (e)Vlasiator, precipitating particle differential number uxes are calculated in every ordinary space cell, at every output time
step in the simulation. At a given positionin ordinary space, the precipitating electron differential numberFuxvalue at
energyE is given by

V2
Fe(E;r)= m—eﬁe(r;v; O (1)

with v = P 2E=m, the corresponding electron speeu, the electron mas$, the electron phase-space densityhe pitch
angle,” the gyrophase angle, angithe bounce loss cone angle, and witere denotes averagingver, .and' .inside the loss
cone. The full derivation of the version of Eq. (1) for proton uxes can be found in Grandin et al. (2019). Subsequent studies
investigating dayside and nightside auroral proton precipitation under various driving conditions are presented in Grandin et al.
(2020, 2023) and Horaites et al. (2023).

In this study, we present for the rsttime precipitating electron uxes obtained with eVlasiator. The Vlasiator run used as the
basis for the eVlasiator simulation is the same as described in e.g. Palmroth et al. (2023), and the eVlasiator run is the rst 3D-
3V magnetospheric eVlasiator simulation. The Vlasiator simulation is drivendpnatantolar wind ofVy =  750km's L

with a density ofn, =10°m 3 and a temperature @5MK. The inner boundary consists of stationary plasma at a radius of
4:7Rg and is modelled as a near-conducting sphere. The spatial mesh has a base res@006kwfat the lowest re nement

level, increasing up td000kmin regions of interest such as the magnetotail and the magnetopause. The ion velocity cell
resolution is40km s'. The Vlasiator simulation was propagated for a total of 1506 seconds. The eVlasiator run based on the

resolution ofl28km's 1, whilst maintaining the spatial resolution and elds of the Vlasiator simulation. Due to computational
constraints, the eVlasiator simulation was run selectively on the inner magnetosphere only, spagnin@0:1;17:6]Rg
andY;Z 2 [ 20:1;+20:1]Rg, and was propagated for a time extentlods Figure 1 shows the Vlasiator and eVlasiator
simulation domains and examples of electron velocity distributions in eVlasiator.
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2.3 Construction of the auroral-electron forcing dataset
2.3.1 Mapping of the ionosphere grid to the eVlasiator simulation domain

To obtain the forcing dataset for WACCM consisting of precipitating electron uxes at auroral energies (ke85 a
function of magnetic local time (MLT) and geomagnetic latitude (MLAT), we rst construct a MLT-MLAT grid at ionospheric
altitudes, which we map to the magnetosphere. The procedure is similar to that presented in Grandin et al. (2023), with a
notable difference to account for the speci ¢ setup of the eVlasiator run. It is described in detail in Appendix A.

It is worth highlighting that the obtained precipitating electron uxes are the result of the physical processes described in the
eVlasiator simulation. These do not include some of the important processes for auroral electron acceleration and pitch-angle
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To eatibratescalethe eVlasiator differential number uxes with observations, we use two pairs of overpasses of Defense Me-
teorological Satellite Program (DMSP) spacecraft during similar driving conditions. Each pair contains a polar cusp overpass
in the northern hemisphere (NH) and a nightside oval overpass in the southern hemisphere (SH). The dates of the events ar
1 August 2011 (06:00-07:30 UT) and 10 October 2015 (05:30-06:30 UT). We use measurements from the Special Sensor .
(SSJ) instrument (Redmon et al., 2017), which provides particle counts within a eld of view spahnin@0 in the obser-
vation plane (Hardy et al., 2008). Precipitating electron differential number uxes are collected in 19 logarithmically spaced
energy bins between 3 and 3keV. For the rst (second) event, SSJ measurements from the DMSP-F16 (F17) and DMSP-
F18 (F17) spacecraft are considered. These two events were previously used for precipitating proton ux comparison between
Vlasiator and observations in Grandin et al. (2023).

A detailed description of the eVlasiator wealibrationscaling based on the DMSP observations is given in Appepelix

In summary, we apply an energy-dependent correction factor to the eVlasiator uxes in the polar cusp and in the nightside
auroral oval. There is one such correcting function for the cusp uxgs;(E), and another one for the nightside uxes,

night (E). We rst calculate the ratio between the measured differential number uxes by DMSP/SSJ and those obtained with
eVlasiator, along the DMSP orbit, separately for the dayside and nightside overpasses. Then, for a given electron energy, we

2.4 Whole Atmosphere Community Climate Model

The Whole Atmosphere Community Climate Model (WACCM) is a globa)-3D chemistry-climate model that covers the
altitude range from the surface up to about kA0 The model incorporates various physical processes and interactions within
the atmosphere, including dynamics, chemistry, radiation, and their interactions with the Earth's surface and external forcings

such as solar radiation and greenhouse gases (Marsh et al., 2013; Gettelman et al., 2019). Here, we use WACCM-D, a variant o



hensive ionospheric chemistry. This alteration aims to better replicate the observed impacts of energetic particle precipitation

200 on the composition of the mesosphere and upper stratosphere (Merronen et al., 2016; Andersson et al., 2016). We conducte
speci ed dynamics simulations (SD) where horizontal winds, temperature, pressure, surface stress and heat uxes are adjustec
to 3 hourly Modern-Era Retrospective Analysis for Research and Applications (MERRA-2) reanalysis data (Molod et al.,
2015). The model is constrained by the reanalysis data up to abdut S¢hile the dynamics are free-running at altitudes
above. We use version 6 of the model with a latitudengitude resolution 00:95  1:25 .

205 2.4.1 Energeticparticle forcing in WACCM and.implementation of auroral electronsfrom eVlasiator

fault, WACCM input of solar and geomagnetic forcing is taken as recommended for the Coupled Model Intercomparison

210 Project Phase BCMIP6) (Matthes et al., 2017). In addition to total and spectral irradiance, this data set also includes atmo-

215

Unlike. the solar p 5, mec el iforcing is.

a Maxwellian energy distribution and a characteristic energy l&\&Reble-andRidley,-1987Furtherto-accountior-the
220 impactof-electronforeingabeveits-altituderange;WACEM-. WACCM also makes use of the three-dimensional nitric oxide

empirical model (NOEM) to sdtio-atthemodelNO concentratiorat WACCM's upper boundaryt -Theinclusion of

225 mainimpactof auroralelectrondalls well within WACCM's altituderange For this reasonwe focuson replacingthe default

Kp-driven auroralmodelby Roble and Ridley (1987Ayith auroralforcing from eVlasiatorin our WACCM simulations,and
maintainNOEM aspartof the WACCM setup.

In orderto replacethe defaultparametrisatiomf the auroralelectronforcing within WACCM, a new ion productionrate

230 auroralelectronforcing asionisationrates,similar to the otherenergetigparticleforcing inputs. Sincethe gVlasiatorauroral
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ionisationrate calculationwasperformedat energiesl 00eV—30keV.

energies $630keV), the bulkienizatienionisationis restricted to altitudes above ROn.

2.4.2 WACCM simulation setup and output
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(VLAS) wasperformedusingthe new IPR codefor WACCM describedn Sect.2.4.1,We input the auroral|

run was performed using the same data every day, we use e&Kpedalue for the comparison runs. We performed 6 separate
WACCM-D runs, each with a different, xep index value from 0 to 5 (KPO-KP5), but we present hemgrtherunsikPl

10



290 SinceNOEM is drivenby theKp indiceswerealse-xed-fortheMiT-dependentimulationsasindex,this makest necessary

295 around 2 and 3, for 1 August 2011 and 10 October 2015, respectiVelysedthe-xed-thelkp-index2forthe VEASrun-All

the WACCM-D simulations presented here and their differences are given in Table 1.

Table 1. The WACCM-D simulation runs and differences in their setups.

simulation description aurora Kp index ( xed)
REF Reference run with no aurora none 0
KPO Default WACCM-D run with xedKp =0 parameterizeparameterise 0
KP1 Default WACCM-D run with xedKp =1 parameterizeparameterise 1
VLAS Main run with eVlasiator aurora eVlasiator 2
KP2 Default WACCM-D run with xedKp =2 parameterizeparameterise 2
KP5KP3 | Default WACCM-D run with xedkp=5-Kp =3 | parameterizegarameterise 53

3 Results

3.1 Auroral electron precipitation
3.1.1 Auroral electron uxes from eVlasiator

300 Figure 3 shows the integrated parameters of the auroral electron precipitation forcing dataset obtained from eVlasiator, after
the ealibrationscaling with DMSP/SSJ observations (see Se€2.3.2). Each panel gives the data as a function of geomag-

netic latitude (radial coordinate) and MLT (angular coordinate). Figures 3a and 3b show the precipitating electron integrated
energy ux in the northern and southern hemispheres, respectively. We can identify the cusp region on the dayside, between
70 and 80 MLAT and within 9-15 MLT, with ux magnitudes on the order di®keVcm 2s 1sr 1. On the nightside,

305 the integrated energy ux peaks in the pre-midnight sector and within 65MI0AT, reaching magnitudes on the order of
10°keVcem 2s sr 1. The forcing is very symmetrical on the nightside, whereas slight differences can be noted in the polar

11



310

Figure 3. Polar view of integrated parameters of auroral electron precipitation in the eVlasiator rueadéifiesitionscaling with DMSP/SSJ
observations (see Seét?2,3.2). (a-b) Precipitating electron integrated energy ux in the northern and southern hemispheres. (c—-d) Mean
precipitating electron energy in the northern and southern hemisphere. In each panel, the radial coordinate is geomagnetic latitude, and the

angular coordinate is magnetic local time.

cusps — these results are similar to those obtained for auroral proton precipitation and discussed in Grandin et al. (2023). Fig-
ures 3c and 3d present the mean precipitating electron energy. Values are kelMwrithe dayside and reach up t&ed/ on
the nightside.

3.1.2 lonisation rate$rem—-WACCEM-B-

Comparisons of thésnizatienionisation rates from eVlasiator and thg parameterizatioqparametrisatiorare shown in

12
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Figure 4. Vertically integrated aurorabrizatierionisationrates;-aseutputfrom-WACSEM-B-on geographic coordinates for the northern

(9,:h) KP1, (q |) KPZ, (Q, j) KP%KP&:Eor
2

ionisationexceed®:5.. .10 ionscm ?s

maximalinstantaneousVlasiator-derived aurorabnizationratesionisationratesat 00 UT,
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TheeVlasiatorforcing alsoshowsa slight secondarypeakin thedaily averaggonisationonthepolewardsidein Fig. 4a,and

330 shownin Fig. 4f, we seethatthetwo-peakstructurein thedaily averaggonisationresultsfrom thedaysideandnighsideauroral

335 similartotheeVlasiatorionisationin thatthe nightsidehashigherionisationratesthanthe dayside the parameterisatioghows

14
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345

nightside,with little ionisationin the duskanddawnsectors.This structureof day/nightpeaksmatcheswith

Thereis alsoa differenceon the equatorwardside of auroraloval betweenthe eVlasiator-derivedonisationandthe Kp

latitudinal coverage made possible by the used eVlasiator run, as the cutoff latitudeME B3 corresponds to the mapping
of the innermost considered locations in the magnetospheric domaiRg4 e Appendix A). In future runs with an inner
boundary closer to the Earth's surface, this sharp cutoff near the auroral oval's equatorward boundary could befamided.

15
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from3 10 ®hPatol 10 ®hPa( 85-12%m), mesosphere frohhPato3 10 ®hPa( 50-85km), and upper stratosphere from
30hPato1hPa( 25-50km). 17



The strongest impacts are consistently seen in the southern hemisphere. The differences between the hemispheres can |
explained by the instability of the polar vortex in the NH, as well as the sudden stratospheric warming (SSW) that occurred in
385 mid-January 2006 (Manney et al., 2008; Butler et al., 2015). This is likely the cause of the double peaksd@y tinepact

Later in the winter strong downward transport resumed and caused a sharp incid&seintthe mesosphere (Randall et al.,
2009), which is also seen in our simulations.
390 Thedifferencein the descenbf NOy betweert

over the winter monthsfor eachhemisphereln the NH thereis very little_differencebetweenthe auroralrunsandthe REF

395 NOjy pro les mostcloselycorrespondo the KP1 andKP2 scenariosWe alsoseethe scalingof theKp parametrisatiomsthe

For more details on the spatial distribution of the auroral precipitai@y impact, Fig.9 shows the REF wintertime
averages in both hemispheres, and the increase in the VLAS simulation relative te+#eEfhe The REF number densities

400 in thepro les in Fig. 8. In the north,NOy has astrongerpolar peak at thermospheric altitudesutin-the seuththe peakis

405 in the mesosphere, as the proton precipitation penetrates to mesospheric altitudes. The in¢@agpedduction and the

longer chemical lifetime in the winter pole alloO, to accumulate in the SH mesosphere. In the NH the SSW may also be
leading to disruption in the vertical transporti©, so that a greater proportion of produde®, stays in the thermosphere
rather than being transported downward.

410 the SHthemesospherandupperstratospheréNOy is rather symmetrically distributed around the péléneethe seuthern

415 bythelessstablenatureof-theNH-. The mesospheriéNOy peakis alsoslightly shifted comparedo the stratospheridNOy

18
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Figure 8. {a—f)-Altitude-integratedREF-AverageNOy numberdensitiesanepro les. (g—isolid lines)-during wintertime for the retative

In the VLAS run,NOy is clearly increased throughout the thermosphere and mesosphere, and not just in the auroral oval
latitudes, adNOy is transported from the production region. In the upper stratosphere, the impact is con ned inside the polar
vortex latitudes with little impact outside it. The SH lower thermosphere does show the effect of the electron precigitation

NOy peak over the Eurasian longitude sectespectively.
In the mesosphere, the relative auroral precipitation impact is stronger in thth&tthe SH, again explained by the
difference in the REF background levels. This corresponds well to the mesospheric VLAS impacts in Fig. 7c—d. Stratospheric

impact centred around the pole, since M®, produced by the auroral precipitation descends within the polar vortex from
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