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Abstract.
TFheformation-of Polar Mesospheric Summer Echoes (PMSE) formation is linked to the-presenee-ofcharged dust/ice par-
ticles in the mesospherean e i i

the modulation of PMSE b%&%mm based on measurements wﬁeekeukwﬁhﬁe%%leaﬂﬁg

. We investigate

radar and EISCAT Heating Facility during low solar illumination. The measurements were made during-the-night-with-redueed
solar-tHumination—The-EISCAT-in August 2018 and 2020 around 20-02 UT. Heating was operated in subseqﬂeﬂkgyg@évg\

48 s on and 168 s off intervals.

conditions-of-energetic-particle-precipitation—We-observe-mere-More than half of the eyele%bemgﬂﬂﬂﬂeﬂeeérby&ﬁheaﬂﬁg
wﬁh%fedﬂeeé?MSEpeweﬁobserved heating cycles show a PMSE modulation with a decrease in PMSE when the heater is

PMSE-power-is-highmodulations have such an overshoot. The overshoots are small or nonexistent at strong PMSE; neither

are they observed when the ionosphere is influenced by particle precipitation. We observe instances of very large overshoots 5
ary-at weak

BMVSEPI\/ISEHK)WVWVSI%W strongly from one cycle to the next;-they-are-, being highly variable on spatial scales smaller
km-and-time-seales-of-minutes—that-are-than a km and timescales shorter than the scales assumed for the variation of dust
parameters. Averaged-Average curves over several heating cycles are similar to the overshoot curves predicted by theory and

observed previously. Some individua

stronger overshoots than reported in previous studies and they exceed the values predicted by theory. A possible explanation
for-this-difference-can-tie-in-is that the dust charging conditions that-are-different-during-the-night-or-otherconditions-might

of the individual curves show
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as-is—to-be-expectedare different either because of the reduced solar illumination around midnight or because of long-term

changes of ice particles in the mesosphere. We conclude it is not possible to reliably derive the dust charging parameters from
the observed PMSE modulations.
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1 Introduction

Polar mesospheric summer echoes (PMSE) are strong, coherent radar echoes frem-observed from altitudes of 80 to 90 km
altitade-that-are-observed-at high and mid-latitude-during-mid-latitudes during the summer. It was first noted in the 1970s that

thethese coherent radar echoes that-were-observed-during-the-year-were-tnusually strong-and-from-unusually high-altitude

during-the-summer-were unusually strong (Ecklund and Balsley, 1981; Czechowsky et al., 1979); and that they originate from
the height of the extreme temperature minimum around the mesopause that occurs at high and mid-latitudes in summer-the
summer months(Ecklund and Balsley, 1981). Later, the echoes were observed from ether-places-and-with-various locations
using radars with frequencies ranging from 50 MHz - 1.3 GHz (Cho and Réttger, 1997). The PMSE are-observed-from-mid
May-te-is observed from mid-May to the end of August in the northern hemispherewith-, with the main occurrence during local
noon (Latteck et al., 2021)eoineiding-with-maximum-solariHumination—,

The observed reflection of the radio waves results from strong variations in the electron density andthus-, thus, the refractive
index. The echoes are particularhy—strong because the backscattered radio waves interfere constructively when the distance
between the scattering centers is half the wavelength;-which-ts-radar wavelength, called the Bragg condition. Scattering at the
Bragg condition is typically caused by neutral turbulence in the atmosphere. In-ease-of-the PMSE-it-arises- PMSE echoes arise
from a combination of neutral turbulence and the presence of charged ice particles that form near the cold mesopause and
influence the electron distribution; the presence of the-these ice particles expands the Bragg scales for which the echoes are
observed (Rapp and Liibken, 2004). The spatial distribution of the ice particles at these altitude-altitudes is influenced by the
complex neutral atmosphere dynamics caused by the upward propagating gravity wavesand-, It can also be seen in the structure
of the-neetilueent-Noctilucent clouds(NLC) (Dalin et al., 2004).

The region of PMSE occurrence overlaps with that of neetitucent-clouds;—whieh-are-NLCs, an optical manifestation of
these ice particles. Temperature studies of the summer Arctic mesosphere suggest that both phenomena are temperature con-
trolled and occur at temperatures +30—1504-150 K and lower around the mesopause (Liibken, 1999) where water ice parti-
cles can form. Since 2007, the water ice particles have also been observed by satellites in so-called polar mesospheric clouds
(PMCs); and-the-measured-cloud-extinctions-are-explained-with-the-the optical properties of water ice explain the measured
cloud extinctions with inclusions of smaller meteoric smoke particles (Hervig et al., 2012). The meteoric smoke particles are
nanometer-sized-nanometer-sized dust particles that form from ablated meteoric material in the altitude range 70—110km
(Rosinski and Snow, 1961; Hunten et al., 1980; Megner et al., 2006). The satellite observations also supperted-the-already
support the existing hypothesis that the ice particles are formed by heterogeneous condensation, which has justrecently been
supported by a study that applies a new theoretical condensation model (Tanaka et al., 2021). The surface charging of dust
particles, be it meteorite smokeer—iee-particles, ice particles, or a mixture of both, is an-impertant-a necessary process that
influences the growth of partieles-and-ice particles and, at the same time, gives clues to their size and composition (Rapp and
Thomas, 2006). The charges-and-sizes-of-the-dust-partictes-aretargelyunknown—dust can, for example, become negatively
charged from electron attachment in the PMSE altitude range. This is indicated by rocket measurements of so-called electron
bite-outs(depletion in electron density) where PMSE is present (Rapp and Liibken, 2004) (and references therein).
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Many-authors-have-suggested-Previous works have shown that the modulation of PMSE during artificial heating with HF
radio waves could be used to study the underlying plasma and dust particles (Biebricher et al., 2006; Mahmoudian et al., 2011,
2020). During such heating experiments, the electron temperature is locally and temporarily enhanced (Rietveld et al., 1993);
and it-was-first-noticed-by-Chilson-et-al(2000)-Chilson et al. (2000) first noticed that PMSE can be modulated during such
heating. The PMSE often almost disappear-disappears when the heater is turned on and then retura-returns when the heater
is turned off again. It is assumed that the increased electron temperature during heating and the resulting increased diffusion
reduces the fluctuations in the electron density and thus the PMSE power (Rapp and Liibken, 2000). Havnes (2004) found that
with an adequate on/off time of the heater, a se-ealted-so-called overshoot characteristic curve could be generated, in which
the PMSE power did not return to the original value after heating ;-but exceeded it. Such overshoot curves have been observed
in many simultaneous radar and Heating-heating studies of PMSE made with EISCAT. The overshoot curves have also been

observed for some polar-winter-mesospherie-echoes-Polar Mesospheric Winter Echoes (PMWE) (Kavanagh et al., 2006; Belova
etal., 2008; Havnes et al., 2011). Most PMWE-PMWEs do not appear to be associated with the presence of dust (Latteck et al.,

2021);-but-these-showing-evershoot Still, those showing overshoots are more likely asseer&ed—m%hrdeMhe presence of
small dust particles, possibly meteoric smoke.

With this work, we want to investigate whether and how the PMSE modulation during heating can be used for systematic
investigations of the charged dust component. We present observational studies of PMSE with the EISCAT VHF radar dur-
ing four VHF/Heatlng campalgnswhieh—wef& all done in August during twilight or night conditions. And-we-investigate-the

ts-This is the first systematic investigation of PMSE modu-

lation under reduced phote-emission-conditions-during-the-night-sunlight conditions and toward the end of the PMSE season.
The remaining manuscript is structured as follows: First, the-section 2 introduces the PMSE modulation during heating and

the overshoot effect. Section 3 describes the experiments we performed, including the radar and heating parameters, and gives

an overview of the observational results. Then a discussion of the PMSE modulation is given in section 4 where we first give

tey the cases of quiet ionospheric conditions
and of an ionosphere that is moderately influenced by energetic particle precipitation and then give an overview of the observed
PMSE modulation. We make a comparison with a model calculation and discuss the overall outcome. A short conclusion is

given 2, and additional information on observational data is giver-provided in the appendix and supplementary material.

2 PMSE and Heating

The EISCAT Heating faeility-Facility transmits high-frequency radio waves of high power into the atmosphere (Rietveld et al.,
1993). Electron oscillations that-are-assoetated-with-the-associated with wave absorption translate into thermal motion, heating
the electron component while the other plasma components keep their initial temperature. As was-mentioned-abovementioned
above, it was found that this active heating influences the PMSE signal. During the experiments, the heating is ir-a-sequenee
switched on and off in pre-defined time intervals (here-we-tse48 seconds on and 168 seconds off)and-the-, The PMSE echoes
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are simultaneously observed with the EISCAT ¥HF-radar. The time variation of the observed PMSE power is sketched in
Fig. 1 to illustrate the observed phases of the PMSE heating cycle and the often seen overshoot curve: decline, heating phase,

recovery/overshoot, and relaxation.

Amplitude
Rs
1
\
AN Overshoot
N Relaxation
\\~~ _ 4
. 1
Decline Recovery 1
Heating :
Ry R,
Heater
off on off on
Time

Figure 1. Sketch of the PMSE modulation due to HF heating in a typical overshoot curve; the power amplitudes during different times of the

heating cycle are defined.

The amplitudes (Rg, R, R2, R3 and R4) marked in Fig. 1 will be considered in our analysis of the observations below, where
R, is then the start (Rq) of the next subsequent cycle. We follow previous studies (e.g. (Havnes et al., 2015)) and refer to the
curves that describe the measured PMSE during one heating cycle (On and Off time) as overshoot curves.

Decline - Ry—R1q —R;: As the heater is switched on at Ry, the power effectively falls off instantaneously (depending
on the radar frequency used) (Havnes, 2004). The back-scattered power drops because the heating enhances the electron
temperature andeensequently-, consequently, the electron diffusivity so that the large electron density gradients are reducedand
therefore-, Therefore the backscatter is less efficient (Rapp and Liibken, 2000).

Heating - R; —R3: During the heater on phase from R; and Ry there are some variations in the power amplitude. Because
of the higher electron temperature, the charging electron flux on the dust particles increases during the heater on period, and
often an increase in the power can be seen. The charging timescales become shorter and compete more with the faster electron
diffusion (Mahmoudian et al., 2011).

Recovery/overshoot - R, —R3: The power then increases when the heater is switched off (recovery), and in many cases,
the power rises above the previous undisturbed level (overshoot). When-the-heater-is-switched-off-again;—the-The electron
temperature drops quickly to the initial value before the heater was-is on due to the highly collisional regime present-at these

altitudes. The dust particles carry a higher charge than before and therefore-repel the electrons more strongly. The electrons

follow the ion diffusivity, and as a result, the electron density gradients are-targerthan-initiatly-and-therefore-the-backseatteris
higherbecome larger. This causes the backscatter to be larger, creating an overshoot in the-power.
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Relaxation - R3 —R,: During-the-next-phase-the Now the power relaxes back to the previous undisturbed level-With-, with
a varying relaxation time depending on the conditions. With a long relaxation time, new and undisturbed plasma can enter the

radar beam, or the dust present has time to decharge-discharge (Havnes, 2004).

3 Observations

We first describe the overall observation conditions, radar eperation-operations, and radar analysis and present an overview of

the data.
3.1 Overall observation conditions

The presented observations were carried out during the “Mesoclouds 2018 and “Mesoclouds 2020 campaigns condueted-in
a-collaberation-between-in collaboration with UiT Tromsg and IRF Kiruna. The EISCAT VHF radar and the EISCAT Heating
faethity-Facility are located in Ramfjord near Tromsg, Norway (69.59°N, 19.23°E). The observations were made on 11/12
August 2018, 15/16 August 2018, 05/06 August 2020, and 06/07 August 2020, respeetively-during the night between 20:00
and 02:00 UT. Mostobservations of PMSE and heatine have been done around noon-and-often durine -hiech summer; June

and-July—These observations thus represent dusk and night conditions with reduced influence of sunlight on the observational

volume compared to other observations—We—e

Tuly,

The solar zenith angles during the observations are in the range of 88-97 degrees, where the sun is below the horizon for
all angles above 90 degrees. PMSE at 80-90 km altitude are still sunlit but to a lesser extent for most of the previous PMSE
observations. To estimate the difference we compare the solar illumination at the time of our 15 August (2018) at-2th-and

h—0 see-e—g-Giono-etal«(2018)for-how-this-can-be-done)—Where-we-used-solarflux—for-the-observations to those of
the summer solstice in the same year. We derive the solar UV flux by calculating the absorption of the solar UV flux by Oy

along its path through the atmosphere (described by(Giono et al., 2018). We use solar Lyman-« line (121.56 nm) flux from the
SOLSTICE instrument on the SORCE satellite (https://lasp.colorado.edu/home/sorce/data/ssi-data/) and neutral-densityfor-Oq

densities from the NRLMSISE-00 Atmosphere Model (Hedin, 1991) for the location of the EISCAT VHF radar. We estimate
that the solar Huminatien-photon flux in August at PMSE altitudes is reduced by at least one order of magnitude incomparisen

to-the-observation-compared to noon conditions in Juneduring-the-day—This-influenee-should-transtate, as seen in Fig. 2. This
influence translates to a reduced photo-emission current and-thus-influenee-by an order of magnitude. It thus influences the

dust charging conditions since the photo-emission current is proportional to the photon flux (Mahmoudian et al., 2018).
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Figure 2. Estimated photon flux for the Lyman « line for 21.06 at 12h (UT) and 15.08 at 22h and 24h (UT) at 85 km altitude. Solar zenith
angles used in the estimation included in the label are from the IRI model (2016)

Simultaneous optical measurements of NLC were done using two optical NLC cameras located at Kiruna and Nikkaluokta
(Sweden)—Beth-lecations—of-the NEC-ecameras-are-about-200km-, about 200 km south of Tromsg;—whichpermits—making
NEC-triangulation-measurements). There washewever-, however, no NLC observation above the radar site, mainly because

of weather conditions. —During the night

of 15/16 August, faint NG-NLCs were observed from Kiruna close to the horizon, approximately above Andgya, i.e., more
westward than the EISCAT site. ¥
Fig. 3 a-and-b-(a) and (b) show the temperature profiles (blue line) as measured by the Aura satellite and frost point tempera-

ture profiles (green line) estimated using the Aura water vapor data (both the temperature and water vapor were measured with
the Microwave Limb Sounder, MLS instrument) -

to-the-times-of-the PMSE-observations—The height ranges in which the temperature is lower than the frost point temperature

indicate the regions where ice particles can form. This gives a good indication of the conditions present in the atmosphere,
showing that the temperatures are cold enough to facilitate ice particle formation at PMSE altitudes;-hewever-. However, there
could be variations due to the spatial and temporal differenee-differences between the measurements that must be kept in mind.

These measurement points were the closest in time and space to the PMSE observations; the horizontal distance to Tromsg is
about 490 km in Fig. 3 (a) and about 293 km in Fig. 3 (b).
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Figure 3. Temperature profiles (blue line) as measured by the Aura satellite at 12.08.18 and 16.08.18, and frost point temperature profiles

(green line) estimated using the Aura water vapor data. Clesestmeasurements-Latitude and longitude of the measurement points are given in
space-the figures by ¢ and time:-) respectively

3.2 Radar operation and data analysis

The radar observations were made in the zenith direction with the EISCAT VHF (224 MHz) antennas near Tromsg (69:-5864~
N49:2272269.59°N, 19.23°E). The radar code used was Manda, and reference to EISCAT documentation Tjulin (2017) and
radar and heating system parameters are given in Table 1. The EISCAT Heating Facility (Rietveld et al., 1993, 2016) was
operated with a vertical beam at 5.423 MHz with a nominal 80 kW per transmitter which corresponds to Effective Radiated
Power (ERP) in the range between 500 and 580 MW, and X-mode polarization were-was used with a sequence of 48 s on and
168 s off. The vertical extension of the heater beam extends far beyond the region covered by the radar. Given that the vertical
winds and velocity fluctuations of the PMSE observed with EISCAT VHF are within few m/s and horizontal winds possibly
few 10 m/s (Strelnikova and Rapp, 2011), the radar at all times measures PMSE that are influenced by the heating.

A standard incoherent scatter analysis, GUISDAP (Lehtinen and Huuskonen, 1996), was used to derive the radar data
products. It provides the electron density derived from the incoherent scatter spectrum, and a value proportional to back-
scattered power for the coherent scatter of the PMSE. Wetherefore-, therefore, use the unit of equivalent electron density as

was done previously for observations of PMWE (Kavanagh et al., 2006; Belova et al., 2008) and PMSE (Mann et al., 2016).

This equivalent electron density is just the backscattered power multiplied by some constant. In turn, the backscattered power
is proportional to 1/(1+ T./T; + o) as is shown by Pinedo et al. 2014), indicating that when the heater is turned on, 7,

increases and consequently the backscattered power decreases. The post-experiment integration time used throughout this
analysis was 24 s for computational reasons except for one of the observations when we compare with simulations;-ther-a-, A
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resolution of 4.8 seconds was used. We found that choosing a higher time resolution for the overall discussion did not result in

additional information. We

Table 1. Parameters for EISCAT VHF radar operation and EISCAT heating facility. Half of the VHF radar-antenna is used for transmitting,
and the entire radar-antenna is used for receiving(beam-width-beam-width adjusted accordingly)

EISCAT VHF

Frequency 224.4MHz | Resolution in range 360 m
Wavelength 1.34m System Temperature 240-370K
Transmitter peak power 1.5MW | Antenna gain 43 dBi
Radar Code Manda | Half-power beam width 1(2)x2.4x1.7°

EISCAT Heating Facility

Frequency 5.423MHz | ON time 48s

Beam Width 7° OFF time 168s

3.3 Overview of observations

The observations were made from 20:00 to 02:00 UT during-on four nights in August 2018 and 2020. The observations are
displayed in Fig. 4 shown for the entire time-period and with altitudes from 80— 110 km—Fhis-altituderange-allowsus—te

hao ho PAMSE nracan A athe ala ntanfarm OR a1 A NFACHD OR nd

OW v B as-wellas o v ormation. Dd B pitation-and-possible sporad ayers, hence

including PMSE and the conditions of the surrounding ionosphere. White vertical areas are observation gaps due to eperation
problems—In-each-data-set-we-operational problems. We identified interesting measurement intervals thatin each data set we

considered for analysis. A closer look at each area is given in Appendix-A-as-well-as-a supplement to the paper, and an overview
of the time and altitude range of the areas are-given-is shown in Table A1 in the appendix.
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Observation 1: 11/12 August 2018 During-the-firstnight PMSE-were PMSE was observed until around 01:30 am. One can see
that the electron densities above and partly below the PMSE are high, showing the typical appearance of particle precipitation.
In area 1, the precipitation is espeetallystrongstrong, and enhanced electron density was observed as low as 80 km, well below
the PMSE layer. We considered:

— Area 1: PMSE with strong precipitation in the altitude range 83.4 —85.6 km from 21:36 UT lasting about 20 heater cycles

— Area 2: high altitude and tengtived-long-lived PMSE layer extending from 86.3 —90km during about 40 heater cycles
starting from 23:06 UT with some precipitation.

— Area 3: low altitude PMSE at 83.4—86.4km from 00:00 UT lasting about 30 heater cycles with some precipitation at
end-of-the end of the layer.

Observation 2: 15/16 August 2018. During-the second-observation; PMSE-were PMSE was observed before midnight and then
again at 2:00 am at the end of the measurements. A-The first observed PMSE (Area 1) seems not influenced by precipitation;-it

atmestseems-thatit-was-triggered-by-the-heating—, The PMSE observed later (Area-Areas 2 and 3) are influenced by moderate

precipitation. Modulation is seen in the backscattered power of the lightly ionized portion of the ionosphere from 90-110 km
which can be seen around 20-21 UT. We considered:

— Area 1: high altitude weak PMSE observed around 20:30 UT at 88 —90 km
— Area 2: PMSE observed from 20:50 UT to 21:50 UT PMSE at 86— 88 ki, in parts influenced by precipitation

— Area 3: PMSE from 22:00 UT PMSE-influenced by moderate precipitation extending over altitudes 83.4 — 87.8 km during

about 30 heater cycles

Observation 3: 05/06 August 2020.During-the-third-ebservation, PMSE-were- PMSE was observed only before midnight.
Some of-the-observations-(Area-observations (Areas 1 and 2) show no apparent influence of precipitation. Before the start of
Area 1, there is PMSE present;-hewever-. However, this is not eonsidered-due-to-operational-probtemsincluded in the analysis
due to (most likely) direct interference from the heater caused by arcing and can be seen as vertical lines extending through all

altitudes. For completeness, we also consider Area 3, which displays a layered structure and is influenced by the heating. Both;

the-The height and the shape suggest, however, that this is not PMSE and-rather-but rather a sporadic E-layer. We considered:

— Area 1: strong PMSE in the absence of apparent precipitation for about one hour from 21:30 UT at 82 - 88 km
— Area 2: PMSE at 83 — 87 km in the absence of apparent precipitation between 22:50 UT and 23:50 UT

— Area 3: structure observed above 90 km from 22:45 UT consistent with a sporadic E-layer. Not included in analysis.

11
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Observation 4: 06/07 August 2020. From the fourth observation, we see a low altitude PMSE layer only slightly influenced
by precipitation, a second layer at high altitude influenced by heating that also might be a sporadic E-layer, and a third area
extending over a long period in time and many altitudes that dees-do not seem to be influenced by particle precipitation. We

considered:

— Area 1: a long interval of PMSE between 81—88 km partly in the quiet ionosphere and partly influenced by eleetron

precipitation
— Area 2: Sporadic E-layer above PMSE height. Not included in analysis.

— Area 3: a weak PMSE with little apparent precipitation for about one hour from 21:30 UT at 82 - 88 km

We findin—general—, in general, that the overshoot effect disappears in the presence of strong or moderate precipitation,
as ean-be-seen in the 15/16 August 2018 observation fer-example-in Fig. 4. This is better illustrated in the figures given in
Appendix-A-the supplement to the paper, where each area is enhanced. Ia-At the beginning of the observation campaign on
15/16 August 2018 (area 1), a weak PMSE developed under very quiet ionospheric conditions. We-speculate-that-the-heating
possibly-triggered-the formation-of PMSE-in-thisinstanee-The echoes are only weakly enhanced in comparison to surrounding
areasand, the back-scattered power is reduced during heating, and also an overshoot is observed (see Fig. 2?-in-Appendix-AA4

in the supplement to the paper).

4 Observed PMSE modulation

Firstwe-, we discuss two selected cases, one with little or no particle precipitation and one with moderate precipitation. Then we
summarize the heating effect and overshoots visible in all the observations and discuss these findings in the context of previous

observations.

preeipitation—FinallyFinally, we compare a selected case with simulations of the overshoot cycle and discuss what information

we can gain from modulating PMSE with heating.




245

250

255

260

13



87 R T U S E
86
g
=,
5 85
o]
=
=
= 84
= |
83 N N N N N N | N N N N N N I
S Y A IO 0 AN B i SO I i LN i BTN B A S B e EATO B
23:00:00 23:15:00 23:30:00 23:45:00
Time [UT] Aug 05, 2020
[ . . S 22 e
9 9.5 10 10.5 11 11.5 12 12.5 13

logy of equivalent electron density per m®




265

270

275

280

4.1 PMSE modulation under quiet ionospheric conditions

To discuss PMSE modulation under quiet ionospheric conditions, we choose-an-area-where-there-is—chose an area with no
apparent energetic particle precipitationseen; we consider the-observations—marked-as-area 2 infrom the Aug 05-06, 2020
observation —A-firstinspeetion-of-the-(Fig. 4 (c)) . The overshoot curves can be made-assessed using the overall power plot
shown in Fig. 4.1. The beginnings of new heating cycles are marked with dashed lines when the heater is turned on. The dotted
line indicates the time when the heater is turned off again. One-can-see-that-in-many-casesIn many cases, the PMSE signal
changes both-at the heater on and heater-off-time-as-wel-as-off time and during the cycles themselves. The PMSE layer lies
within the altitude range of 83-87 km with a maximum extension of 2 km at its widest. There are clear indications of areduced

PMSE power when the heater is onand-; in many cases, we can see clear overshoots.

In Fig. 6, we have selected two altitude sections for a closer look, altitude 85.2 and 85.6 km, where we can elearly-see

overshoots in many of the cycles. In general, the overshoots are rathertargerelatively large, with some an order of magnitude
larger than the pre-heater value and some showing no apparent increase in the PMSE power after heater turn-off. This seems te
be-especially true for the top altitude where the PMSE power is at its highest, the lower altitade-height has a somewhat lesser
PMSE power, and more overshoots are visible. The decline {due-to-the-heater)-is-elearly-is visible in many of the cycles and
is very strong for cycles 40-47. One can also see that characteristics of decline and overshoot espeetatty-often change between

adjacent heating cycles and height intervals, as-for-examplefor example, in heating cycle 41.
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Figure 6. Back scattered power at altitude 85.2 (lower plot) and 85.6 km (upper plot) and heating intervals observed during the night of
August 05/06, 2020 in area 2. The estourcolor of the dots folew-follows the eolonr-color scale of Fig. 4.1

For a closer investigation, we describe the ratios of the amplitudes during the different phases of the heating cycle. The

different power amphtudes are marked in the overall sketch given in Fig. 1¢Rg—amp¥&ude%efefe—hea{eﬁeﬂ~f%ramph&}deﬂftef

R(retheﬁ&bsequef%hea{eﬁeyele—"Fh&MIQg different amplitudes observed during the heating cycles for-the-ebservation-in
question-are plotted in Figure-7Fig. 7, where the amplitude ratios are considered. We find that during most heating cycles, the

signal drops when the heating is switched on (decline Ry <Ry, Fig. 7 (a).
We assume that the observed signals are PMSE when they-exeeed-a—valae-of10-5-in-the-givenseale - (ogarithm—of-the
equivalenteleetron-density-per-m>Ro > 1015 (which corresponds to around 3.16e+10 m? 3(Ullah et al., 2019)), and one can

see that in many-cases-that-fall-eut-of range-of-this-eondition-most cases that do not meet this requirement, there is no PMSE
modulation seen;-hewever-visible. However, as we will see later, this condition removes a few eases-of-lowpower-modulated

PMSE-as-wellinstances of low-power modulated PMSE with large overshoots. The same can be said for the green points that
show a decline but are below the thresholdthat-they-eeuld-toe-. They could also be showing a decline but in-faet-be noise due

to random fluctuations from the two measurement points.
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Figure 7. Comparison of the power amplitudes observed on the-5/6 August 202041, area 2.
The ratio of the amplitudes Ry and R3 describes the-overshoot-when-an overshoot (Ro <R3), and this comparison shows that

overshoots and undershoots are equally abundant independent from-of the signal strength (Fig. 7 (b). Comparing the signals at
the beginning of subsequent cycles (Fig. 7 (c) shows no trend and a broad range of values which suggests variation either due
to ionospheric conditions or due to neutral turbulence (rather than dust).

One can see in Fig. 7 d-(d) that for strong signals, the amplitude stays constant or decreases slightly during the heater
on-heater-on phase. The change of amplitude during the heating can pessibty-indicate the charging process of the dust par-
ticles—Where-, where the faster timescale of diffusion or dust charging dominates (Mahmoudian et al., 2011). According to
Havnes et al. (2015) large PMSE structures can cause the diffusion timescale to be longer and consequently, a quicker and
larger increase in power during the heater-on phase. The comparison of R, and R3 in Fig. 7 e-(e) describes to what extent
the signal inerease-increases again when the heater is switched off. This increase is seen in most cases except for the small
amplitudes, these-which might be either very-tow-pewerlow-power PMSE or random fluctuations.

Finally, in Fig. 7 £(f), the ratio of R3 and Ry describes the signal after the heater is switched off again—Point-below-the

stgnals-are-more-constant-in-time—(relaxation). One can see a broad scatter symmetrically around the diagonal, indicating that
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the natural variations in the PMSE power are dominantand-any-. Any relaxation after heating is difficult to discern from this
since their contribution could disappear due to a farge-significant background increase in PMSE power. This is due to the large
time-span—considerable period between the two points (168 seconds), which according to Havnes (2004), is enough time for
the ionosphere to change or dust to become decharged-where-as-discharged, whereas 48 seconds used for the on time is not.
To-quantify-theresultsfrom-Fig—7-we-compile-the-We compile these results in histograms of the valuesfor-the-amplitude
ratios—amplitude ratios (Fig. 8). The histograms contain only cycles thathave-with a value Ry > 105 of the PMSE amplitude
before the heater is turned off to only include those eyetes-thathave-with PMSE and exclude the cycles that contain noise or
are dominated-by-mostly noise. We also-only include those cycles that show a decline due to heating in all the histograms. In
Fig. 7a8 (a), we see that 55 % of the ratios are smaller than 1, and thus show a decline (affected by the heater) and that the
average value of those ratios that are below 1 have-has a value of 0.72. Se-This is a reduction of 28 % of the pre-heater value
on average when the heater is turned on. faFig—7b-we-We have the overshoot and-enty-in Fig. 8 (b). Only 10 % of the cycles
show an overshoot with an average value of 0.44which-even-. Even though there are not many overshoots for this observation,
those that-are-observed show an average reduction by-more-than-a-of more than half, indicating very large overshoots. Fig. 78
(c) shows that most (95 %) of the observations show a decrease in power while the heater is on. Figure 7-d8 (d) shows that 66
% of the cycles show an increase in power when the heater turns off, which is similar to the ameuntnumber of cycles that show
a toR- power reduction when the heater is turned on. Then in Fig. 7ewe-see-that-thereis-§ (e), we see a general
increase in power from cycle to cycleand-thus-. Thus a general decrease to pre-heater value can not be determined, most likely
due to increasing background PMSE dominating the signal and the histogram, where 87 % of the cycles show an increase
in power in subsequent cycles. This can be related to the-reasor-why we see so littte-few overshoots in this observation, and
that increase in PMSE power is large-significant for many of the cyclesand-the-. The overshoot disappears due to background

variations.
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Figure 8. Average of (a) decline, (b) overshoot, (c) heating, (d) recovery, (e) relaxation for the observed data on the-5 August 2020 in area 2.
Only overshoot curves with a minimal background amplitude of Rg > 10'°-5 are considered. The ratios are chosen -sueh-a-way;so that, if
we observe an overshoot curve like shown in Figure-Fig. 1, all ratios are smaller than 1. Thus, the histograms are clipped at a maximum ratio

of 3. The green line and the corresponding number disptays-display the mean for all ratios smaller than 1.

4.2 PMSE modulation during moderate particle precipitation

Conditions with moderate particle precipitation are observed in Area 2 of the observation made-during-the-campaign-on-from
Aug 15/16, 26482018 (See 4 (b). The overall power plot is shown in Figure-Fig. 9. As in-the-otherareapreviousty-discussed
above, there-are-some heating intervals with-have noticeably very strong overshoots (14,15,16,17). One can note that the
influence of the heating is most pronounced i#-at the beginning and the very end of the observation interval when there is no
apparent particle precipitation. Precipitation is-elearly-present-occurs in cycles 18 and 19 and then in cycles 24 and 25. Here
when-When the heater is switched on, there is no reduction in power, and the precipitation dominates the received signal for all
altitudes in these cycles. The power plot for two selected height intervals shown in Fig. 10 shows this in a-mere-detailed-way-
Where-the-modulation-fully-more detail, where the modulation entirely disappears in the cycles influenced by precipitation.

This is to be expected and has been shown before;-ene-. One of the reasons why the modulation disappears in the PMSE layer
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is that the atmosphere below the layer is ionized due to the strong precipitation, and the HF radio wave might be strongly
absorbed before it reaches the PMSE layer and thus not be strong enough to apprectably-heat the electrons appreciably in the

layer.
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Figure 9. Back scattered power as a function of altitude and heating intervals observed during the night of August 15/16, 2018, in Area 2.

The different amplitudes observed during the heating cycles in this area are plotted in Figure-Fig. 11. We find that during
most heating cycles, the signal drops when the heating is switched on (decline, Fig. 11 a(a)). The cases that show no decline
are spread over all amplitudes, indicating the cycles that might be influenced by precipitation and thus might show an increase
in power when the heater is on. The overshoots and undershoots are equally abundant independent from-of the signal strength
(Fig. 11 B(b)). As observed in the area discussed above, there is no trend when comparing the signals at the beginning of
subsequent cycles (Fig. 11 €(c)). The change of amplitude during the heating (Fig. 11 d(d)) is small for most ofthe-observations-
observations.

In most cases, the amplitude increases (Fig. 11 e(e)) when the heater is switched off, similar to the eyeles-being-heated
heated cycles, which is to be expected. Finally, in Fig. (44+-£)-11 (f), the ratio of R3 and Ry describes the signal-after-the-heater
; itched off again, showing somewhat more of the cycles that are influenced by the heating showing relaxation, showing a
large spread around the diagonal with somewhat more observations showing a reduction. This large spread can be attributed to

the ionospheric variability due to the large timescale of the off time, as was mentioned previously.
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Figure 10. Back scattered power at altitude 87.4(lower panel) and 87.8(upper panel) km and heating intervals observed during the night of
August 15/16, 2018 in area 2. The estour—color of the dots folew-follows the eelonrcolor scale of Fig9

The histograms of the power amplitudes are shown in Fig. 12 with the same criterion as before (also given in the figure
text). Here the overshoot is seen in 55 % of the cycles with an average of 0.75 decline ratio (Fig. 12 (a), similar to the previous
observation. Here the overshoot is seen in 31 % of the observations with an average of 0.64 overshoot ratio (Fig. 12 b)—Whieh
(b)), which is more than the previous observation, even with the-presenee-of-precipitation. Similar to the previous observationwe
see-that, when the PMSE power increases in-general-(and is not influenced by precipitation), we see an influence of the heater
but not an overshoot er-a-very-smat-overshoot(or a minimal overshoot). For the cycles with a lower PMSE power (like in cycle
15), the overshoot is large, but the background PMSE power is lowerand-thus; thus, the overshoot is easy to see. During the
heating, there seems to be a general decrease in the values, with 76 % of the values showing a decrease during heater-on-the
heater-on phase (Fig. 12 ¢(c)). The recovery (Fig. 12 d(d)) ratio shows that 58 % has an increase in power when the heater is
turned off—Shewingstmitar-valuesas-, showing similar values to those for when the heater is turned on (decline). Then there

seems to be a little over half of the cycles that show a general increase in pre-heater values between cycles (Fig. 12 e(e)).
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Figure 11. Comparison of the power amplitudes observed on the 15 August 2018 in area 2.
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Figure 12. Average of (a) decline, (b) overshoot, (c) heating, (d) recovery, (e) relaxation for the observed data on the-15 August 2018 in area
2. Only overshoot curves with a minimal background amplitude of Ry > 10'°-5 are considered. The ratios are chosen i-steh-a-way;so that
+if we observe an overshoot curve like shown in Figare-Fig. 1, all ratios are smaller than 1. Thus, the histograms are clipped at a maximum

ratio of 3. The green line and the corresponding number disptays-display the mean for all ratios smaller than 1.

4.3 Qverall observational discussion

lement to
with most of the average ratios showing values close to 0.75. These calculations show only the observations with a value of
Ry > 10127 to indicate the presence of PMSE and exclude noisy data.

This, however, causes the faintest PMSE to be excluded from the histograms, as is seen for the overshoot ratio for area I
from 15 August 2018; here, the PMSE power is below the threshold. Thus no cycles are included in the calculation despite
100 % of the cycles showing a decline due to heating. This would suggest manually inspecting low-power PMSE influenced
by heating would be a better option or introducing other criteria to include these.

Here we summarize, in Table 2, the decline and overshoot ratios for all the observations (See Fig. D1-D4 in the su
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Table 2. Summary of histogram results (see part D in the supplement to the paper) for the decline (R /Rg) and the overshoot (Ry/R3) ratio

when they are smaller than 1 (indicating heating effect and overshoot) for all four observations. These numbers only include observations

with minimum background amplitude Ry > 101%-°. A1 refers to area 1 for that observation’s date and so forth,

Decline Ry /Ry < 1

Overshoot Ry /R3 < 1

Average of ratio % of ratio
Average of ratio % of ratio
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To summarize, we see only overshoots in less than half of the cycles, with many cycles often more influenced by backeround
ionospheric conditions that might overshadow the heating of the PMSE. Ullah et al. (2019) show a more significant occurrence

of overshoots in their observations, with around 40-70 %, where their observations were during daytime. Havnes et al. (2015)

2

observations had a much larger ratio of cycles with decline present and a slightly higher percentage of overshoots present.
380  However, in our case, we see a few instances where the overshoot in some cycles is unusually large. Myrvang et al. (2021)
found that a higher electron temperature due to heating could be achieved during night-time compared to daytime which
might help explain some of these large overshoots. However, Kassa et al. (2005) found for their observations that the heating
temperature effect observed increased for the observation with the most amount of sunlight (near noon).
Other possible reasons for unusually large overshoots could be a change in the PMSE/NLC season, as is noted by Latteck et al. (2021)
385  that the season is getting longer. Since our observations are in reduced sunlight and close to the end of the season, more varying
background conditions might influence our observations than those during the day in June/July.

4.4 Comparison of a selected observation to simulation

Here we take a closer look at the approximate one-hour time interval, which is marked as area 2 in the observation from 15-16
of August 2018, shown in Fig. 13; the data cover the heating cycles 12 to 27 and range over seven height intervals of around
390 360-m360m each. The ionosphere is influenced by precipitation in cycles 18 and 19 and then again in cycles 24 and 25,

and there are no overshoots present in those heating cycles:

s—, as mentioned before. The PMSE in intervals marked with A, B, and
C in the figure elearly respond-to-the-heatingshows a decrease when the heater is on and overshoots when the heater is turned
off. Interval A shows relatively low PMSE power but quite high overshoot curves ineomparison-compared to intervals B and

395 C, as we will new-investigate further.
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Figure 13. Overview of Area 2 - 15 of August 2648-With-2018, with interesting visible overshoot cycles marked with intervals A, B, and C.

Data resolution is 4.8 seconds. Cycles are marked in the figure (from 12 to 27) as well as their corresponding Onand-/OFF period

Individual heating cycles are shown in Fig. 14 a-(a) for both altitudes from interval A, with PMSE power ateng-with-and
measurement error provided by the EISCAT GUISDAP analysis. Shewn-The corresponding average overshoot cycle for the
respective altitude is shown on the right in Fig. 14 b-(b) in blue is the corresponding average overshoot cycle for the respective
altitude. As can be seen, the overshoot is ratherrelatively strong for many of the heating cycles, especially strong-overshootis

400 the strong overshoot seen in cycle 15 for both altitudes with rather-relatively high but decreasing overshoot on both sides of
the cycle. Note the two different-y-axis scales for the different altitudes, where the heating cycles from altitude 88 km has-have
such a low background PMSE power that the scale is an order of magnitude lower than the altitude below. Both altitudes have
relatively low background PMSE power compared to intervals B and C, where-the-eyeles-with the PMSE at 88 km altitude the
PMSE-is-barely present or the irregularities on the limit of being seen by the VHF radar. It is thus interesting to find such large

405 overshoot cycles for this particular interval.
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Figure 14. Individual overshoot curves (a) from interval A (from Fig. 13 shown with their corresponding altitude average on the right-hand
right-hand side (b). Heating cycle numbers are shown at the bottomas-weH-as-the-or-, and eff-the on-and-off period for the averaged cycles.

Note that the Y-axis scale for altitude 88 km is an order of magnitude smaller than for altitude 87.7 km.

Individual heating cycles from intervals B and C are shown in Fig. 15 a-(a) with their corresponding altitude average on the
righthand-right-hand side in blue (Fig. 15 (b) (Note that here the y-axis scale is the same for all the altitude ranges). They cover
heating cycles 21, 22, and 23. For-the-lower-altitudes-the-The overshoots are present for the lower altitudes but are not as high
as in interval A. However, the overshoot does not decline evenly but increases again before reaching the initial signal levelis
reached. This influence can be elearly-seen-also-seen in the averaged heating curve for altitude 86.7 km, where after about 120
seconds, the power starts to increase again. We-think-that-this-ts-This is either because of the beginning influence of particle
precipitation on the ionosphere or variation of the PMSE structure due to the long relaxation time (Havnes et al., 2015). This
influence is very strong in the subsequent cycle (cycle 24), where the PMSE power increases during the heater-en-heater-on
period. This type of ionospheric variation can influence the observations to an-extentthat-the-the extent that heating effects are
less visible. In the same time interval (intervals 21, 22, 23) at the altitude above, the overshoots are small, especially for the
first cycle (21), while the PMSE power is also-ratherrelatively low. This is in contrast to the observation made at the higher
altitude in interval A where a large-significant overshoot is observed at low PMSE power. This might indicate that for-these

two—eases-there are different conditions at play —for these two cases. Havnes et al. (2015) has mentioned that higher altitudes
of PMSE reside in more turbulent conditions, thus a more significant variation in cloud structure and a longer relaxation time

after heater turn-off as a result.
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Figure 15. Individual overshoot curves (a) from interval B and C (from Fig. 13) shown with their corresponding altitude average on the right
hand-right-hand side (b). Heating cycle numbers are shown at the bottom as-wel-as-the-on-and eff-the on-and-off period for the averaged

cycles.

Comparison-A comparison of the average overshoot curves for each interval (A, B, and C) is shown in Figure-+6-on-the-left
stde-Fig. 16 (a) and their corresponding normalized average curves on-theright-sidein panel (b). The values are normalized
to the initial PMSE power taken as the average of the last 5-five values (24s) before the heater is turned on. This is chosen so
that-we-to have sufficient data when some measurement points are missing and to better compare to the rest of the data used
in this article which are at a resolution of 24 seconds. Data were normalized after averaging the cycles from each interval. We
can elearty-see that the highest normalized overshoot (rightb) is the one from interval A, which has the lowest background
PMSE power (lefta) and that the lowest normalized overshoot is from interval Cthat-, which has the corresponding highest
PMSE background power. This high PMSE power is possibly due to an onset of precipitation which becomes apparent in the
subsequent cycle 24 right after intervals B and C.
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Figure 16. Average overshoot curves for each respective interval (rightleft) and normalized average overshoot curves (feftright) for the same

intervals. They are normalized with the average of the last 5-five values before the heater was turned on.

We compare these selected overshoot curves to a computational model which—was-initially developed at Virginia Tech.
It treats the plasma as a fluid including an arbitrary number of charged particles, neutral particles, and dust particles; the
dust charging is described in the Orbital-Motion-Limited (OML) approach (see, e.g., Scales and Mahmoudian (2016)). The
parameters-of-the-medelmodel’s parameters include the electron diffusion time scale, the charging time scale, and the time
evolution of electron and ion densities. The dust charging causes electron density depletion, and the amplitude of electron
density fluctuations determines the radar back-scattered amplitude. The simulations assume an initial plasma temperature of
T; =150 K and a background electron density of 2% 10° m~=3. Which fits well with the same parameters derived from the
IRI-medeHRI model (2016) for the time and date of the observation. The simulation also assumes a reduced photo-emission
rate used in the charging equations in line with the experiments being done for conditions with low photo-emission.

The resulting simulated overshoot curves are shown en-the-—right-in Fig. 17 (b) and for comparison are the averaged and
normalized observations from intervals A, B, and C (marked in the same color and symbol as previous figures) shown on the
left. The simulations shew-best fit to the observed overshoot curves for 3 nm dust particles. However, there is little difference
for similar sizes of dust (e.g., 3-4 nm). This result fits well with the altitude range we measure the observed PMSE echoes
sincein-general, in general, we can assume to find smaller particles of dust at higher altitudes (however subject to neutral air
movement) as well as the fact that there were no NLCs observed and thus the particles were not optically visible (larger >20
nm).

The normatised-normalized and averaged data from interval A has a higher overshoot than what-the simulations can produce,
where the simulation has an overshoot of around 8.4while-the-. At the same time, the observations show an overshoot of almost
9.9. Nete-also-the-The timescale of the simulation for interval A runs for 300 seconds, while the observation has a much

quicker equalization towards the "background" PMSE value/undisturbed plasma values. For the simulation to reach such a
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high overshoot, the ratio between dust and electron number density is only at 35 %, and with a heating ratio increase for
electron temperature of 8 times the pre-heater value. This would indicate that the dust density is lower than for the other two
intervals and that the effect-of-the-heating-heating effect is consequently larger. As discussed later, The electrons gain a higher
temperature, and charging onto the dust particles isconsequently-more-effeetive—Where-, therefore, more effective, where some
dust particles can gain more than a single chargeas-is-discussed-later.

Comparison-A comparison of observations for intervals B and C and their corresponding simulations show a better “mateh™
agreement where the overshoot and relaxation are very similar. For these overshoots to be produced in the simulation, the
ratio of dust to electrons is-highermust be higher, with 60 % for interval B and 68 % for interval C. The increase at the end
of the relaxation period for both intervals is not reproduced in the simulations;; this is assumed to be due to the influence
of the precipitation that occurs clearly in cycle 24 and already-is-is already increasing the background PMSE power in the
previous cycles. Compared to the observations, the simulated signals drop moere-stewly-slower during the heater ON phase and
rise more slowly to the overshoot when the heater is switched off again. The measured response of the PMSE to the heating
is instantaneous within the 4.8 seconds resolution of the data. A possible explanation for this difference is that the numerical
model might have missing parameters or processes that-are-presentin-orderto simulate this increase. This is in contrast to the

decrease we see in most of-the-observationsobservations, as was discussed previously.
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Figure 17. Comparison of the averaged and normalized heating cycles for each interval (left) to its corresponding simulation of the overshoot

cycles (right). Note the longer timescale of simulation of interval A (longer time needed for simulation to return to equilibrium
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On-theJeft-hand-On the left-hand side in Fig. 18 a-(a), we can see the average charge number found for the simulation for
each respective interval (marked in the figure). For interval A the average charge number reaches a maximum of about 1.38
charges per dust particle during the heater on phase. This indicates that ir-erder-to achieve such a high overshoot, the charging
efficiency of the dust particles needs to be high and that (due to high electron heating temperature) many dust particles will
gain more than one negative charge during the heating cycle. Note the longer timescale shown in the simulation for interval A

(300 seconds), indicating that it takes a-longer-time-longer for the overall average charge on the dust particles to equalize back

to pre-heater values. Fhis-is-alse-truefor-the-simulationof-the-timesealefor-interval- A-(Fig—-8b)-where-the-timeseale-goes

—As was mentioned before,
the dust population seems-to-be-is much lower for interval A compared to the other two intervals since the ratio of dust to
electrons is lowerand-consequently-the-targe-. Consequently, the significant increase in temperature (by a factor of 8) causes a
larger average charge number on the dust particles during the heater on phase. For the other intervals (B and C), the maximum
average charge number is less than one during the on phase of the heater for both cases, with interval B being around 0.9
charges per dustand-fer-interval-C. For interval C, the average dust charge lies areund-at about 0.86. Which-This corresponds
well with the observed and simulated overshoot curves from Fig. 17, where the higher overshoot is observed in interval Band
thts-, Thus the average charge number is consequently higher. So the effective charging of the dust during heater on for these
intervals is less than for interval A, and a smaller overshoot is observed.

On the right-hand-right-hand side in Fig. 18 b(b), we have the ratio of the diffusion time to the charging time scales for
each respective interval. Here we can see the variation between the two timescales and how this changes during the heating
cycle. For all the intervals, there is an increase in the ratio when the heater turns on, a relaxation during the heater on periodand
ashort, a sharp increase when the heater is turned off, and a slow decrease during the heater off period. The large-inerease
at-heater-on-significant increase in the heater-on time could be understood in-terms-of-as the charging timescale becoming
smaller with increased electrons charging onto dust particles due to the increased electron temperature. This corresponds well
with the increased average eleetrons-electron charge on the dust particles seen in Fig. 18a, (a). Here the average dust charge is
highest for interval A, and the ratio of timescales is also highest for this interval-Whieh-, which might indicate a faster charging
timescale for that interval than for the other two. The increase at heater turn-offis-then-turn-off is also due to a decrease in
the charging times;—; more dust is being charged now by the ion portion of the plasmawhich-drag-, which drags the electrons
along and eause-causes the observed overshoot. Thus for interval A the simulation of the overshoot curve fits best with a lower
ratio of dust particles to electron densityand-thus-, Therefore we might argue that there is more plasma eempared-to-than in the
other two intervals. This larger plasma population might then charge the dust more ¢ i ause-quickly, causing a

smaller charging timescale andeenseguentty-, consequently, a larger overshoot in interval A.
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Figure 18. Simulations of average dust charge number on the left (a) for each respective interval and the ratio between the diffusion time and

the charging time scales for the same intervals on the right (b).

Another m%mw%wﬂ%%%%ﬁes%&éﬁaawem%n the diffusion timescales ef-in the

respective intervalsb

eonsequently-a-. The diffusion timescale is proportional to the ion-neutral collision frequency, which decreases with decreasin,

neutral density. Hence in interval A at a higher altitude and with lower neutral densityrflihiﬁsma}l—fedﬂeéexfmﬂeﬁ&a}deﬂsﬁy

proportional-to-the-collision—{frequency—Where-the-diffusion—, the diffusion timescale can be e%ﬁma{ed—w&hﬁe—feﬂewmg

)\irreg) 1
2o /(1 + %)(1 + Z%”ZO)

Tdff ~ Vm(

Where4-1s-the-shorter than in the other interval (Havnes et al., 2015). The estimated ion-neutral ee}hﬂeﬂ—ffee:tﬁeﬁey—y\m
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ollision frequeney4{(polarization)-can-be-estimated-using

my Qo

N,
Vin = 25.879 x 10716 ZFt
/my 7

mi + Moy,

frequencies are given in Table 3, which are derived using neutral density from NRLMSISE-00 Atmosphere

Model (Hedin, 1991)}-is-shown-inTable-3-belowHere-we-can-sce-that-the-estimated-timescale-of the-diffusionfor interval A

Table 3. Neutral density for each interval from NRLMSISE-00 Atmosphere Model )-(Hedin, 1991) taken at 21 UT and the estimated ion-
neutral collision frequency (Egsee. ??)-and-a-rough-estimate-of-the-diffusion-timeseale-(Eq—22-right-before-heater-is—turned-on-and-ri

before-the-heater-is-turned-off(Ieda, 2020; Cho et al., 1998

Interval  Neutral density [m ™3] v, [1/5] Faqr7-atO-see-rqrr-at-48-see

A 1.19 % 1020 3.44 % 10* 0-0256-0-0188
B 1.33 %1020 3.85 % 10* 0-0407-0-0304
C 1.48 % 1020 4.26 % 10* 6:0443-0-0327

The timescale that is the fastest is the dominating one. So when the heater turns on, the diffusion timescale might be lower
for interval A. So when the heater is turned on, the diffusion timescale decreases even more due to its dependence on the
temperature ratio (Te/Ti), and we expect/need a larger-more significant temperature increase for the electrons in interval A to
explain such a large overshoot. As the heater is turned on, the charging timescale decreases due to the increase in electron
temperatureand-a-. A larger charging effect is seen in the interval A simulation (average charge number) compared to the other
intervalsand-consequently-. Consequently, a larger overshoot is seen.

So to summarizeit-might-appear—that-, the decreased diffusion timescale for interval A due to deereased-reduced neutral
density and the targe-significant increase in electron temperature combined eeuld-help explain the large overshoot that-is
seen for interval A. However-where-the-effect-of-the-heater-The higher electron temperature could be explained by greater

absorption of the heater’s energy in the interval. According to Havnes et al. (2015), the amount of electron density per altitude

will determine where the heater’s energy is absorbed and how muchmusthave-something-to-say-—Isome-amount-of-the-heater
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- This generally causes lower altitudes
of PMSE to become more heated than higher altitudes. Interval A is at a higher altitude than the other two intervals. Stll, the
precipitation present in cycle 18 before intervals B and C could cause the altitude regions below these intervals to have a higher
electron content and, thus more absorption of the heater’s energy below.

5 Discussion and Conclusion

For the presented observations, we find that the artificial heating affects the PMSE signals during less than half of all the

observed heating cycles with a pre-heated PMSE power Ry > 1010-5;
the pre-heated value. The cutoff, Rg > 1015, excludes cycles that are-notshowing PMSE-and/or-do not show PMSE and cycles

being highly influenced by noise. With this criterion, we covered most of the PMSE;-however-. However, some very faint ones

were excluded, seme-of-them—were-clearly-and some were affected by heating and showed an-evershootlarge overshoots. We
find that the heating has little effect on PMSE during ionospheric conditions with particle precipitation which is-alse-seen-by

; the average reduction of the power is about 25 % from

other-authors-other authors also see. This is especially so for strong and moderate particle precipitation. We assume that under
these conditions of higher ienisation-ionization, the heating waves are mainly absorbed at-in lower altitudes, thus not causing

a heating effect in the PMSE layer. Often the background ionospheric conditions strongly influence the PMSE profile during

one heater cycle and it is partieularly-diffieultto-derive-thethus challenging to derive a correct relaxation time, which would be
an interesting parameter because it depends on the dust conditions present in the layer. Typically-the-overshootisnotso-strong
PMSE . Heofi e ionization.

As to the shape of the PMSE modulation curves, the variation of the PMSE during the heater-on period(from R; to Ry)
is affected by two competing processes: the charging and the diffusion. For the presented observationsmest-ef-the-ebserved
. most heating cycles display a signal decrease from R1 to R2. Less than half er-the-eyeles-that-are-of the cycles influenced
by heating disptay-show an overshoot when the heater is turned off. However, observed overshoots are generally high and, in
some cases, very high. These high overshoots could be attributed to the fact-that-the-dust charge in the presented observations
is-being more strongly influenced by heating, as the influence of photoemission is smaller than during day-time-observations:
daytime observations.

It is also possible that the size of ice particles and their formation and sublimation rates are different at-this-time-toward the
end of the PMSE season; most other heating studies were carried out earlier in the year. A general trend towards a lerger-more
extended PMSE season (Latteck et al., 2021) and larger particles at PMSE altitudes (at high latitudes) due to increased water
vapor content (Liibken et al., 2021) could also cause these recent PMSE observations to show different modulation curves.

The heating-computational overshoot model we considered cannot account for some of the very-high overshoot cases we

observed, and we are not-aware-unaware of a model that does so%hefe—nﬁgh%b&sem&pfeee%e%ha% MW@L
need to be included to reproduce these speet

average-curves-including-several-heating-eyeles—Wefind-that-thecases of large overshoots. The influence of variation in the
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ionospheric background with time over the cycles reduces the overshoots and dominates the relaxation phase. We formhoewever
, however, averaged curves as was done in other studies and compare those to the model calculations. We find that simulations
assuming-with dust size around 3 nm fits-best-best fit to all cases considered;-white-. _

While different electron heating ratios and differentratios-of dust-to-eleetron-density-dust-to-electron densities are needed to
match the observational data, with-a-targer-a larger temperature heating ratio and a lower dust density is-reeded-are required to

best match the large average overshoot seen—

The amount of absorption from the heater’s energy is important in how effectively the electrons can be heated. And since there

is precipitation between the first interval with large overshoots and the two other intervals, it stands to reason that the altitudes
below the PMSE - H i b

content after moderate precipitation, This causes a larger absorption of the heaterwaves-already-’s energy below the PMSE -

layer. Therefore a combination of decreased heater energy and lower diffusion time can help explain the large overshoot in the
first interval,

The-We conclude that the presented observations during HF heating confirm that PMSE-amplitudes-are-modulated-by-high-
power radio waves modulate PMSE amplitudes, with the observed modulation varying on short spatial and temporal scales.

Presented-The presented observations differ from previous studies since they are done late in the PMSE season as-wel-as-and
during lower solar illumination (dusk/night). In general, we see both an influence of the heater-as-well-as-heating and an over-

shoot in about half of the heating cycles, which is somewhat lower than previous observations done earlier in the season around
midday. We see eases-of-very high overshoots compared to otherprevious-observations—However-due-to-the large-background

pa sThortzontal-and-v OV O ayer-active-tarby

-dust-charge-and-size-distributions-within-th v

layer-and-in-the-layer-where-the-effect-of-the-heater-is-mainly-absorbed—previous observations and note that increased PMSE
ower is connected to smaller overshoots.

Code and data availability. EISCAT VHF data used is available under https://madrigal.eiscat.se/madrigal. EISCAT GUISDAP analysis tool

used is available under https://eiscat.se/scientist/user-documentation/guisdap/. Information on the Manda radar code is available under https:
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Additional figures are given in

eontains-the supplementary material to the paper. They show each marked area in the observations, a comparison of the-power
amplitudes for each respective measurement rangeand-Appendix—22-contains-, and histograms of these amplitudes. All figures

can also be accessed at the UIT data repository; https://doi.org/10.18710/NGISOA.
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Appendix A: Overview of the measurements

Table Al. Days of measurements and selected areas. tstart and tena define the beginning and the end of the area. The altitude of the

atmosphere, where the analysis is done, are described with hiow and Anigh.

Day / Area tstart tcnd hlow hhigh
Night of Aug 11/12, 2018 Aug 11, 20:00 Aug 12, 02:00 80.0 km 110.0 km
Area 1 Aug 11, 21:36 Aug 11, 22:42 83.4 km 85.6 km
Area 2 Aug 11, 23:06 Aug 12, 01:17 86.3 km 90.0 km
Area 3 Aug 12, 00:00 Aug 12, 01:28 83.4 km 86.4 km
Night of Aug 15/16, 2018 Aug 15, 20:00 Aug 16, 02:00 80.0 km 110.0 km
Area 1 Aug 15, 20:06 Aug 15, 20:25 88.1 km 89.6 km
Area 2 Aug 15, 20:48 Aug 15, 21:47 86.3 km 88.5 km
Area 3 Aug 15, 21:57 Aug 15, 22:59 83.4 km 87.8 km
Night of Aug 05/06, 2020 Aug 05, 20:25 Aug 06, 00:00 80.0 km 110.0 km
Area 1 Aug 05, 21:25 Aug 11, 22:50 82.0 km 88.0 km
Area 2 Aug 05, 22:50 Aug 12, 23:50 83.0 km 87.0 km
Area 3 Aug 05, 22:45 Aug 06, 00:00 90.0 km 100.0 km
Night of Aug 06/07, 2020 Aug 06, 21:15 Aug 07, 02:00 80.0 km 110.0 km
Area 1 Aug 06, 22:53 Aug 07, 02:00 81.5 km 88.0 km
Area 2 Aug 06, 22:43 Aug 06, 23:29 91.0 km 94.0 km
Area 3 Aug 06, 21:15 Aug 06, 22:15 82.0 km 85.0 km
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Table A2. Values of ERP given in the EISCAT Heating facility logs from sample beam patterns for each of the measurements for reference.

It seems that on 6 Aug 2020 at around 23:08:25 UT three transmitters changed phases such that the beam became broader, with about 360
MW X-mode and 17 MW O-mode which remained so until the end, which is why we have 359 MW X-mode at 01:07:13 UT (7 of August)
below) 359 at 7

Day Time (UT) | ERP

11 August 2018 | 20:50:13 | 560 MW
12 August 2018 | 01:20:13 | 541 MW
15 August 2018 | 20:06:19 | 568 MW
16 August 2018 | 00:39:49 | 580 MW
05 August 2020 | 20:47:01 | 495 MW
06 August 2020 | 19:29:58 | 567 MW
7 August 2020 01:07:13 | 359 MW

695

700

705 Al Nightof-Aug05/06,2020
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