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Abstract10

This study presents the first experimental investigation of Polar Mesospheric Summer11

Echoes (PMSE) response to high-frequency (HF) pump power modulation using the EIS-12

CAT VHF radar system. Two modulation schemes were employed during a recent cam-13

paign: stepped-power modulation (24 July 2019) and quasi-continuous power sweeping14

(26 July 2019). Coherent VHF radar spectra were analyzed to evaluate the impact of15

HF heating on PMSE characteristics. Results consistently show a contraction in the VHF16

spectral area with increasing HF pump power (40–80 kW), indicating suppression of small-17

scale electron density irregularities. This spectral narrowing is attributed to enhanced18

diffusion and dust charging processes driven by elevated electron temperatures. The ra-19

tio of diffusion to charging timescales (τdiff/τchg) is used as a key diagnostic to interpret20

these changes. Numerical simulations incorporating realistic dust cloud parameters re-21

produce the observed trends and reveal layer-specific responses, with lower PMSE lay-22

ers exhibiting stronger overshoots and higher dust densities. These findings demonstrate23

that the spectral area under the VHF echo serves as a sensitive proxy for electron tem-24

perature enhancements during HF heating, offering a valuable diagnostic tool for study-25

ing mesospheric turbulence and dusty plasma dynamics.26

1 Introduction27

PMSEs are striking radar reflections that can be detected at altitudes between 80 to 9028

km during the summer months at higher latitudes. These strong, coherent echoes were29

first identified in the 1970s, with researchers such as Ecklund and Balsley (1981) and Czechowsky30

et al. (1979) noting their unusual intensity. It turns out these echoes originate from the31

mesopause, where the temperature reaches its lowest point during summer at these lat-32

itudes. Over the years, PMSEs have been captured from various sites using radars op-33

erating at frequencies from 50 MHz to 1.3 GHz, as detailed by Cho and Kelley (1993)34

and Cho and Rottger (1997), among others. Mahmoudian et al. (2022) made a signif-35

icant breakthrough by delivering the first comprehensive volume observations of the PMSE36

source region using four radars operating at frequencies of 8, 56, 224, and 930 MHz. Their37

findings demonstrate that the model effectively accounts for the known neutral air tur-38

bulence alongside the influence of heavy dust particles. This combination, referred to as39

dusty turbulence, plays a crucial role in explaining the radar cross-section observed at40

these four frequencies.41

Recent studies have highlighted the significance of PMSEs as natural tracers of meso-42

spheric wind fields over broad spatial scales, making them valuable tools for mapping43

neutral atmospheric dynamics (Chau et al., 2018). Sommer and Chau (2016) employed44

radar imaging with the Middle Atmosphere Alomar Radar System (MAARSY) to demon-45

strate that PMSEs are composed of ∼1km-scale patches of isotropic scatterers. These46

patchy structures effectively trace small-scale atmospheric dynamics and turbulence.47

High-frequency (HF) pump radiowaves have been widely used to investigate the mod-48

ulation of the polar mesospheric summer echo (PMSE) source region by artificially heat-49

ing the ionospheric plasma. When transmitted into the D-region (typically 80–90 km al-50

titude), HF heating temporarily elevates the electron temperature, which affects the charg-51

ing of ice particles and modifies electron diffusivity—key mechanisms governing the for-52

mation and persistence of PMSEs (Rietveld et al., 1993; Scales, 2004). This modulation53

often results in a measurable suppression or enhancement of coherent radar echoes, de-54

pending on heating parameters and background conditions (Chilson et al., 2000; Havnes55

et al., 2003). Early experiments at EISCAT using 224 MHz radar demonstrated that PM-56

SEs weaken rapidly following heater turn-on and often recover shortly after heater turn-57

off (Belova et al., 2003; Biebricher et al., 2006). The response is strongly tied to electron58

cooling and recombination timescales, as well as the interaction between dust particles59

and the modified plasma environment (Mahmoudian et al., 2011, 2020). These studies60
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highlight the utility of HF modulation as a diagnostic tool for probing mesospheric plasma-61

neutral-dust interactions.62

To date, the EISCAT facility remains unique in combining a high-power HF radio heat-63

ing transmitter with radars operating at appropriate wavelengths for investigating ar-64

tificially modified polar mesospheric summer echoes (PMSE). As a result, most exper-65

imental studies have been limited to the EISCAT VHF (224 MHz) and UHF (930 MHz)66

radar frequencies (Rishbeth and van Eyken, 1993). Nonetheless, unmodulated PMSEs67

have been detected at lower frequencies, such as 2.78 MHz, using colocated instruments68

(Bremer et al., 1996). Recent developments—including the use of the MORRO radar at69

56 MHz (La Hoz and Havnes, 2008; Pinedo et al., 2014; Havnes et al., 2015) and enhance-70

ments to the EISCAT HF facility enabling both heating and radar operations—have made71

routine observations at longer wavelengths feasible.72

Considering the model prediction of the different behavior of PMSE at the HF band (e.g.,73

8 MHz) and VHF (e.g., 224 MHz), a simultaneous experiment using the two radars was74

conducted at EISCAT in 2013 for the first time (Senior et al., 2014). The diffusion and75

electron attachment onto the dust particles (dust charging) are the two processes that76

control the electron density fluctuation amplitude and the corresponding radar echoes77

(Scales and Mahmoudian, 2016). Mahmoudian and Scales (2013) investigated how radar78

echoes change over time during PMSE modulation experiments involving positive dust79

particles. Their findings indicate that the anti-correlation between ion and electron fluc-80

tuations is less pronounced before the radiowave is turned off. This occurs due to a slower81

ambipolar diffusion and a smaller amplitude of ion irregularities, leading to a predicted82

reduction in the overshoot observed after the turn-off in the presence of positive dust par-83

ticles. Gunnarsdottir et al. (2023) explored how high-frequency heating affects PMSEs84

under conditions of low solar illumination. Their findings indicated that some individ-85

ual measurements exhibited more significant overshoots than those found in earlier stud-86

ies, surpassing theoretical predictions. A potential reason for this discrepancy might be87

the different dust-charging conditions, which could stem from reduced solar illumination88

around midnight or from long-term variations in ice particles present in the mesosphere.89

Recently, Mahmoudian et al. (2020) introduced an innovative approach to study dust90

charging in the region responsible for PMSE. This technique involved high-frequency mod-91

ulation of the PMSE, utilizing various levels of pump power, and was carried out dur-92

ing a recent experimental campaign at EISCAT.93

This paper presents, for the first time, the response of the coherent VHF PMSE spec-94

trum to HF radio wave modulation under two distinct experimental configurations. Data95

from power-stepping modulation (24 July 2019) and power-sweeping modulation (26 July96

2019) experiments are analyzed to investigate the spectral contraction of radar echoes97

during heating. These contractions are attributed to the dominance of electron diffusion98

in suppressing electron density irregularities. The simultaneous behavior of PMSE at two99

altitude layers and their respective responses to HF pump modulation are also exam-100

ined. Additionally, a numerical simulation framework is employed to explore radar echo101

characteristics as a function of dusty plasma parameters. Dust cloud properties specific102

to each heating cycle are inferred through comparison between observational data and103

simulation results. Information on electron temperature elevation, derived from coher-104

ent spectral analysis, is incorporated to constrain model parameters. The agreement be-105

tween the numerical results and the proposed hypothesis regarding the coherent spec-106

trum’s sensitivity to HF pump modulation is evaluated. A summary of the key findings107

and concluding remarks are provided at the end.108

2 Numerical Model109

A hybrid computational model is employed to examine the temporal dynamics of irreg-110

ularities during the active modification of PMSE (Scales and Chen, 2008; Chen and Scales,111
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2005). This model characterizes electrons and ions using fluid equations, while dust is112

represented through simulation particles via the Particle-In-Cell (PIC) approach. The113

changes in ion density are articulated through the continuity equation. The mesopause114

temperature for both ions and electrons is set at Te = Ti = 150 K. At the PMSE height115

range, proton hydrates with masses ranging from 59 to 109 proton masses are the pre-116

dominant ion compositions. O+
2 ions outnumber NO+ ions, and in combination, NO+

117

and O+
2 can be slightly denser than proton hydrates at altitudes of 88 km and above (Kopp118

et al., 1985). It’s important to point out that fluctuations in ion mass from 50 to 100119

proton masses do not significantly affect the evolution of irregularity amplitude during120

heating. The ion-neutral collision frequency is estimated to be around 105 s−1 (Lie-Svenson121

et al., 2003). Predictions suggest that this frequency varies between 3×104 s1 and 3×105
122

s1 within the altitude range of 80–90 km (Turunen et al., 1988), and this paper exam-123

ines its impact on irregularity amplitude during active modification. We focus on the tem-124

poral behavior of charged dust related to electron irregularities that occur during elec-125

tron temperature increases resulting from radio wave heating. The model incorporates126

the effects of temperature on the electron-neutral collision frequency and the recombi-127

nation rate coefficient. It is assumed that the collision frequency varies with tempera-128

ture as νen ∼ Te, while the dependence of the recombination rate is modeled as α ∼129

T
1/2
e . The charging of dust particles is described using a standard continuous charging130

model. Research by Chen and Scales (2007) indicates that a discrete charging model be-131

haves similarly to a continuous one for dust grains of relatively small size at PMSE al-132

titudes. Additionally, the charge on each dust particle changes over time according to133

the Orbital-Motion-Limited (OML) approach as outlined by Shukla and Mamun (2002).134

3 Experiment setup135

The HF pump modulation campaign took place from July 22 to July 26, 2019, at the136

EISCAT facility close to Tromsø, in northern Norway. Each day, the experiments were137

initiated around 7:00 UT and continued until approximately 13:00 UT, depending on the138

mesospheric conditions and the presence of a PMSE layer. The VHF data discussed here139

boasts a vertical resolution of 300 meters and a time resolution of 4.8 sec, which reflects140

the integration time of the radar echo’s autocorrelation functions. A pulse-to-pulse cor-141

relation modulation scheme was implemented, using the HF facility to heat electrons in142

the mesosphere while conducting VHF radar observations (Rietveld et al., 2016). Over143

the three days highlighted, ten transmitters operated with Antenna Array 1 at a frequency144

of 6.2 MHz, employing a vertical beam and X-mode.145

July 24, 2019: On July 24, the HF experiment utilized X-mode heating, leading to im-146

pressive PMSE modulation, which will be elaborated on shortly. During the first part147

of the day, power output was adjusted to levels of 40, 60, and 80 kW, and in the final148

hour, it shifted to 10, 20, 40, 60, and 80 kW for each new heating cycle. The nominal149

power levels of 20, 40, 60, and 80 kW for these cycles yield effective radiated powers (to-150

tal transmitter power multiplied by antenna array gain, ERP) of roughly 52, 114, 240,151

380, and 485 MW, respectively, assuming a perfectly conducting ground. The heater was152

activated for 48 sec, followed by a 120-sec off period.153

July 26, 2019: On the final day of our experiment, we observed a continuous increase in154

heating power throughout the cycle. The VHF radar began operating at 07:00 UT and155

continued until the scheduled conclusion at 11:00 UT. During this period, we detected156

PMSE echoes, which remained stable for the initial two hours, though their strength was157

moderate. The 62.4-sec heater cycle with linear power sweeping commenced at 07:19 UT,158

while the HF experiment utilized X-mode heating once more. In the first two hours, the159

HF heater executed a linear power sweep, gradually ramping up from zero to full power160

over the 62.4 sec. This was followed by a 144-sec off period, resulting in a complete cy-161

cle of 206.4 sec. To ensure a scientifically robust design for investigating the dust charg-162

ing process in the Earth’s middle atmosphere, we employed a quasi-continuous power163
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stepping method, which involved numerous small adjustments every 0.515 sec, rather than164

relying on basic on/off cycles. Specifically, the power across the ten heating transmit-165

ters was elevated in 120 increments (corresponding to the 62.4-sec on period), reaching166

a nominal 80 kW per transmitter, followed by a 144-sec off phase. At approximately 09:02167

UT, the experimental protocol was modified to match the power stepping program used168

on July 25. During the latter half of the run, we noted that the VHF PMSE echoes be-169

came weaker and more variable, with some instances of complete absence.170

4 Results171

One way of understanding the response of the electron density fluctuation amplitude to172

the background dust plasma parameters is to use the analytical expression for the timescale173

of physical processes that actually affect the density fluctuations. In general two processes174

of charging (electron/ion attachment to the dust particles) and plasma density diffusion175

determine the steady state amplitude of fluctuations in the plasma density. The diffu-176

sion process tends to smooth out irregularities and can be approximated for the natu-177

ral PMSE layer (Te/Ti = 1) by (Chen and Scales, 2005; Mahmoudian et al., 2011, 2017,178

2018, 2020):179

τdiff ≈
(
λirreg

2π

)
1

KTi
miνin

(1 + rh)
(

1 + zd0nd0
ne0

) (1)

where νin, zd0, λirreg and vthi are the ion-neutral collision frequency, charge density on180

the dust particles, electron density irregularity wavelength and ion thermal velocity, re-181

spectively. According to the theoretical expression of diffusion time scale this is mainly182

due to the dependency of diffusion time scales on λirreg.183

The timescale for electron attachment onto the dust is approximated by184

τchg =
1

| < Ie + Ii > |
≈ 1
√

8πr2
dvte0e

φ
rh
√
rh

(2)

While such simple theoretical expressions predict the dependency of radar echoes on the185

background dusty plasma parameters, they are unable to predict the time evolution nor186

steady state amplitude of irregularities (δn2
e) responsible for radar echoes. Therefore, a187

complicated computational model is incorporated in this paper to study the character-188

istics of radar echoes with respect to the dusty plasma parameters. As can be seen in189

Eq. (1), the diffusion timescale depends on the λirreg. The numerical simulations pre-190

sented in this paper are associated with radar frequencies slightly different from the ob-191

servations due to a limitation of the model having a discrete spatial grid. The difference192

is of the order of a few centimeters in fluctuation wavelength, and are not expected to193

change the physical processes and the results.194

In this section, results of the power-stepping on July 24, and the power-sweeping mod-195

ulation on July 26, will be presented.196

4.1 Experiment 1: July 24, 2019197

On this day, the HF pump power was varied between 40kW, 60kW, and 80kW. Each power198

level was applied for 48 sec, followed by a heater-off period lasting 120 sec. Figure 1 presents199

the backscattered VHF signal recorded during five heating cycles between 09:15 and 10:00AM.200

Two distinct PMSE layers are clearly visible throughout these cycles. Changes in the201

separation distance between the upper and lower layers are also evident; for example,202

cycles 1 and 2 exhibit the greatest separation, while the layers appear closer together in203
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cycles 4 and 5. The modulation effects on these two layers are examined in detail for cy-204

cles 1, 3, and 5 in the following sections.205

cycle 1: cycle 1 began at 09:18:44 UT with HF pump modulation at 40kW. The upper206

layer expanded from 83.07km to 84.15km, while the lower layer ranged between 87.7km207

and 88.4km. As shown in Figure 1, weak modulation of the VHF PMSE is observed for208

both layers at this power level. Modulation at 60kW started at 09:21:32 UT. Compared209

to the 40kW cycle, both layers appear thinner, but the reduction in VHF PMSE strength210

is significantly greater. Finally, the 80kW modulation began at 09:24:20 UT. During this211

period, the lower layer exhibits a noticeable downward shift, with its center around 83km,212

while the upper layer remains approximately at the same altitude as in previous heat-213

ing periods. However, the natural PMSE intensity in the upper layer weakens substan-214

tially. Both layers display a pronounced weakening of the echo during the modulation.215

cycle 3: Among the five cycles shown in Figure 1, cycle 3 exhibits the weakest natural216

PMSE in both the upper and lower layers. Additionally, the two layers are noticeably217

closer to each other compared to cycle 1, especially during the 40kW modulation. This218

cycle begins with the 40kW modulation at 09:35:32 UT. The center of the lower layer219

is at 84.5km, while the upper layer is centered at 87.03km. Similar to cycle 1, only weak220

modulation is observed at this power level. The 60kW modulation started at 09:38:20221

UT. Here, the layers are more separated than during the 40kW modulation, but still closer222

than in cycle 1, with the lower layer center at 84.15km and the upper layer at 87.7km.223

The upper layer also exhibits a notably small thickness during this period. The final mod-224

ulation for this cycle, at 80kW, began at 09:41:08 UT. As in cycle 1, the strongest echo225

weakening occurred at this power. The centers of the lower and upper layers remain at226

approximately 84.15km and 87.7km, respectively.227

cycle 5: Finally, the last cycle studied here is cycle 5. This cycle exhibits the strongest228

natural PMSE, with the layer thickness greater than in the other cycles. Notably, the229

lower layer experiences more pronounced modulation than the upper layer. The cycle230

began with 40kW modulation at 09:52:20 UT, with the lower layer centered at 83.7km231

and the upper layer at 87.03km. The 60kW modulation started at 09:55:08 UT, during232

which the lower layer center shifted slightly down to 83.4km, while the upper layer re-233

mained at 87.03km. The final modulation at 80kW commenced at 09:57:56 UT. As with234

the other cycles, the 80kW power produced the strongest modulation in both layers. A235

detailed comparison of the modulation amplitudes for different power levels, as well as236

between the upper and lower layers, is presented in the normalized echo power analy-237

sis that follows.238

To analyze the modulation effects of different HF pump powers on echo strength and to239

compare the responses of the upper and lower PMSE layers for cycles 1, 3, and 5, the240

VHF radar echoes were normalized to the echo levels recorded just before the HF heater241

was activated. Figures 2 and 3 present the normalized PMSE echoes for the three stepped242

power levels (40, 60, and 80kW). In these figures, the red lines correspond to the upper243

layer, while the lower lines represent the bottom layer. In Figure 2, the left column cor-244

responds to cycle 1 and the right column to cycle 3.245

The normalized echoes in Figures 2 and 3 show consistent behavior across the three cy-246

cles displayed in Figure 1, exhibiting similar suppression amplitudes, turn-off overshoot,247

and relaxation times at the different HF power levels. Across all three cycles, the 80kW248

power produces the strongest modulation in both layers, consistent with the observations249

in Figure 1.250

Some differences in modulation patterns between the two layers within the same heat-251

ing power are noteworthy. For example, Figure 2a shows nearly identical modulation pat-252

terns for 40kW, but the lower layer exhibits a larger turn-off overshoot. In Figure 2b,253

the lower layer experiences stronger modulation than the upper layer, although both lay-254
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ers show similar turn-off overshoot. Figure 2c presents an interesting case at 80kW: the255

lower layer initially shows a steeper modulation slope than the upper layer, but after some256

time, the upper layer exhibits stronger modulation. The lower layer also has a signifi-257

cantly larger turn-off overshoot. Figures 2d–2f display normalized echoes for cycle 3, where258

all power levels show greater modulation in the lower layer compared to the upper layer.259

Surprisingly, the difference between the layers’ modulation is most pronounced at 40kW.260

Finally, Figures 3a–3c, illustrating normalized echoes for cycle 5, reveal that at 40kW261

and 80kW, the lower layer modulation exceeds that of the upper layer, while at 60kW,262

both layers exhibit nearly identical modulation levels.263

Another interesting aspect to investigate is the effect of HF modulation on the VHF PMSE264

spectrum. Figure 4 displays the VHF PMSE spectra at two time points—before mod-265

ulation and immediately after heating is turned on—for both the upper and lower lay-266

ers (left and right columns, respectively) at three power levels (40, 60, and 80kW) dur-267

ing cycle 1. In all cases, the spectral width and amplitude are greater before modula-268

tion than after heating begins. This observation aligns with the explanation that, fol-269

lowing heater activation, enhanced diffusion reduces electron density irregularities, lead-270

ing to fewer scatterers and consequently narrower spectral widths.271

To better visualize the modulation effects on the spectrum, Figure 5a–5c show the nor-272

malized area under the spectral curve over 48 sec for cycles 1 and 5. Dashed lines rep-273

resent cycle 5, solid lines represent cycle 1, and red and blue colors correspond to the274

upper and lower layers, respectively. A notable feature across all power levels is a sharp275

contraction of the spectrum immediately after heater activation, followed by a relatively276

stable area with small fluctuations throughout the remainder of the modulation period.277

Another key point is that the degree of spectral contraction increases with pump power,278

with the greatest contraction observed at 80kW.279

4.2 Experiment 2: July 26, 2019280

On this day, as previously mentioned, the HF power was swept linearly over 62.4 sec,281

followed by a 44-sec off period, resulting in a complete cycle duration of 206.4 sec. Fig-282

ure 6 shows the backscattered VHF signal recorded between 08:10:43 UT and 08:41:41283

UT. Initially, the PMSE layer is centered around 82.7km with a thickness of approxi-284

mately 3km. Between 08:21:02 UT and 08:24:29 UT, an upward motion of the layer is285

observed. Afterward, the center stabilizes near 84.15km with a significantly reduced thick-286

ness of about 1km and remains constant until 08:41:41 UT. Solid white lines in the fig-287

ure indicate heater-on periods. Nine heating cycles are evident during this time span.288

Among these, cycles 2, 3, 4, and 9 were selected to analyze the modulation effects on both289

the echoes and the spectra.290

Modulations due to HF heating are observable in all these cycles. Notably, a gradual weak-291

ening of the backscattered signal occurs throughout nearly all cycles, consistent with ex-292

pectations from power sweeping. This contrasts with the power stepping experiments,293

where a sharp decrease in echo power was seen immediately after heater activation, fol-294

lowed by a relatively stable period. To better illustrate this gradual weakening, Figure295

7 presents the normalized echo amplitudes for these four cycles. Despite some fluctua-296

tions during the power sweep, all four cycles show a general decreasing trend in echo power,297

with cycle 4 exhibiting the smoothest decline. cycle 3, however, demonstrates the strongest298

modulation.299

Now, we focus on the response of the PMSE spectrum to this experimental setup. We300

expect to observe a gradual contraction of the spectrum over time. To investigate this,301

the spectra for the four selected cycles are shown at three time points: 0 sec (before heat-302

ing), 28.8 sec, and 57.6 sec, represented by red, blue, and black lines, respectively, in Fig-303

ure 8. For all cycles, a progressive decrease in both the spectral width and amplitude304

is evident as time advances. Furthermore, to better illustrate this gradual effect, the area305
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under the spectrum over the 62.4-sec heating period is plotted in Figure 9. This clearly306

demonstrates a gradual decrease in the spectral area, with some fluctuations, consistent307

with our expectations. Similar to the normalized echo power shown in Figure 7, cycle308

4 exhibits the smoothest decline in spectral area, while cycle 3 shows the most pronounced309

reduction as time progresses.310

5 Discussion311

As discussed previously, under conditions of constant HF pump power during the heat-312

ing ”on” period, the area under the spectral curve decreases and then stabilizes. Figure313

4 presents VHF PMSE spectra at two time points—immediately before modulation and314

just after heater activation—for both the upper (left panel) and lower (right panel) lay-315

ers observed on July 24, 2019. The top, middle, and bottom panels correspond to HF316

pump powers of 40 kW, 60 kW, and 80 kW, respectively. A clear narrowing of the VHF317

spectrum is observed following heater turn-on. Figure 5 shows this behavior for both the318

up and down layers during heating cycles 3 and 5, where the spectral area remains rel-319

atively stable with minor fluctuations throughout the remainder of the modulation pe-320

riod. The amplitude of electron density fluctuations—responsible for the coherent VHF321

echoes—is governed by two primary physical processes: diffusion and dust charging. Dif-322

fusion tends to suppress the fluctuation amplitude, while enhanced dust charging, due323

to increased electron temperatures, can amplify it. Additionally, dust density fluctua-324

tions driven by neutral air turbulence can further enhance electron density fluctuations325

through the charging process.326

Equations (1) and (2) describe the characteristic timescales of the diffusion and charg-327

ing processes. These timescales—and their ratio τdiff/τchg—depend on background dust328

and plasma parameters, as well as the heating ratio (Te/Ti). Given the short duration329

of each heating cycle, background conditions can be considered constant, with HF pump330

power being the primary variable. In the July 24 experiments, the pump power remained331

constant during each individual cycle. The observed reduction and stabilization of the332

spectral area reflect this influence. Minor recoveries observed during some heating pe-333

riods may be attributed to modifications in the recombination rate, which will be dis-334

cussed alongside numerical results. The observed correlation between decreasing spec-335

tral area and increasing pump power further supports the interpretation that diffusion-336

induced suppression of electron density fluctuations is reflected in the spectral response.337

To evaluate the proposed relationship between the area under the coherent spectrum and338

HF pump power, this method was applied to the experimental data from July 26, 2019.339

Figure 8 presents the spectral profiles for four selected heating cycles at three distinct340

time points: 0 sec (pre-heating), 28.8 sec, and 57.6 sec, indicated by red, blue, and black341

lines, respectively. A clear suppression of the spectral area is observed as the heating cy-342

cle progresses, corresponding to increased HF pump power. This validates the relation-343

ship between heating ratio and reduced fluctuation near VHF wavelength that can be344

justified with ratio τdiff/τchg. Figure 9 shows normalized area under the spectral curve345

over a 62.4-sec interval for 4 selected heating cycles on July 26, 2019. The dashed line346

represents the ratio τdiff/τchg, calculated from Equations (1) and (2) using a stepwise in-347

crease in the heating ratio (Te/Ti) every 4.8 sec during the heating cycle. A continuous348

decrease in the normalized spectral area is observed as the HF pump power increases,349

aligning with the evolution of τdiff/τchg. These results support the hypothesis that the350

area under the coherent spectrum serves as an indirect indicator of the heating ratio Te/Ti351

during HF heating.352

The primary trend observed in the normalized radar echo amplitude aligns with the grad-353

ual decay in the area under the coherent spectrum curve. This behavior is consistent with354

a slow increase in electron temperature relative to the background ion temperature (rh),355

and in agreement with the theoretical expectations from expressions (1) and (2), corre-356
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sponding to diffusion and charging timescales, respectively. Specifically, a gradual de-357

cline in the ratio τdiff/τchg is expected, indicating that the relative timescales of diffu-358

sion and charging govern the amplitude of density fluctuations.359

Table 1 summarizes the area under the coherent spectrum curve for heating cycles 1, 3,360

and 5, both immediately before and 4.8 sec after the HF-heater is activated. These re-361

sults encompass both the up and down layers, with values grouped according to heat-362

ing cycle and HF pump power. Table 2 presents the corresponding ratios of spectral area363

decrease following heater activation. A clear decreasing trend in the ratio of spectral area364

reduction is observed with increasing pump power, consistent with the influence of dif-365

fusion and charging dynamics governed by the heating ratio (Te/Ti). Interestingly, the366

reduction in spectral area relative to the natural (unheated) layer is less pronounced in367

the down layer, suggesting that the heating effect is stronger at lower altitudes compared368

to higher-altitude layers. Furthermore, the spectral contrast becomes more prominent369

as the pump power increases from 40 kW to 80 kW. These observations impose constraints370

on the Te/Ti ratio that must be incorporated into numerical simulations to achieve con-371

sistency with experimental data. Adopting this approach will enhance the accuracy of372

dust cloud parameter estimation while narrowing the range of input parameters required373

in the computational model.374

To investigate the parameters and temporal evolution of dust/ice cloud formation, ob-375

servational data are compared with numerical simulations. The model explores a wide376

range of scenarios, varying dust radius, density, and the heating ratio (rh). The primary377

objective is to constrain the heating ratio by analyzing the area under the spectral curve,378

which correlates with the applied heating power. A consistent increase in the electron-379

to-ion temperature ratio (Te/Ti) is observed across heating cycles of 40, 60, and 80 kW.380

The optimal dust parameters are determined by identifying the simulation that best matches381

the observational data.382

Figure 10 represents the simulation results associated with dust radius (rd) of 3 nm. Pan-383

els (a) through (c) correspond to background dust density variation with respect to elec-384

tron density (nd/ne0) of 90%, 110%, and 150%. The recombination rate is 0.1. The heat-385

ing ratio (Te/Ti) is varies from 1.25 to 3. The radar frequency is 224 MHz. The dust den-386

sity fluctuation amplitude δnd/δnd0 is 0.5. The color and line style corresponding to each387

Te/Ti values is assumed to be the same in all panels. At lower dust density of nd/ne0 =388

90%, the normalized radar echo amplitude reduces to 0.6 and the turn-off overshoot varies389

between 1.2 to 2.4 as the Te/Ti ratio increases from 1.25 to 3 during HF-pump heating.390

As the dust density nd/ne0 increases to 110% and 150%, the normalized radar echo shows391

a deeper reduction during heating with a suppressed turn-off overshoot. The maximum392

turn-off overshoot reduced to 1.8 and ∼1.3 in the case of nd/ne0 = 110% and 150%, re-393

spectively. The results are summarized in Table 3.394

Figure 11 presents simulation results for larger dust grain radii of 5 nm and 10 nm. Dust395

number densities are varied at 20%, 40%, 60%, and 80% relative to the initial electron396

density (nd/ne0), with a fixed heating ratio (Te/Ti) of 2 in all cases. The right-hand panel397

of the figure shows results incorporating an enhanced recombination rate, increased by398

a factor of four. The recombination process is modeled using the expression Li = αneni,399

where α = 10−12 m3s−1 represents the recombination rate coefficient characteristic of400

mesospheric altitudes.The simulations indicate that recombination primarily influences401

the recovery of the suppressed radar echo during HF-pump heating. An increase in α402

by a factor of four results in a significant enhancement in the recovery of fluctuation am-403

plitude, suggesting that recombination plays a critical role in post-heating echo dynam-404

ics. These recombination effects will be incorporated into further modeling efforts to achieve405

optimal agreement with observational data, particularly for the up layer during heating406

cycle 3. As can be seen, at higher dust densities and larger dust radius the normalized407

radar echo amplitude reaches zero and turn-off overshoot barely passes its initial ampli-408

tude before heater turn-on. For the sinusoidal perturbations used in this work to model409
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the irregularities, the radar reflectivity (ηk) is proportional to (δne)
2 where δne is the410

electron irregularity amplitude.411

During heating cycle 1, under low HF pump power (40 kW), the normalized radar echo412

amplitudes reach 0.5 and 0.4 for the upper and lower layers, respectively. In this case,413

the lower layer exhibits a turn-off overshoot of approximately 1.3. The VHF echo asso-414

ciated with the upper layer shows significant weakening during the turn-off period, mak-415

ing it difficult to quantify a clear overshoot. At an intermediate pump power of 60 kW,416

the upper and lower layers show minimum turn-on amplitudes of 0.4 and 0.2, with cor-417

responding turn-off overshoot amplitudes of 1.4 and 1.6, respectively. At the highest pump418

power (80 kW), the lower layer exhibits a turn-on minimum of 0.2 and a turn-off over-419

shoot of 1.9. Due to reduced modulation effects and nonlinear echo behavior, no reliable420

minimum or overshoot values could be determined for the upper layer at this power level.421

Numerical simulations closely matching these observations suggest a dust radius of 5 nm422

for both the upper and lower layers. The best-fit dust densities are 70% and 80% of the423

background electron density for the upper and lower layers, respectively. The correspond-424

ing heating ratios (Te/Ti) obtained from the simulations are 1.8, 2.0, and 2.2, consistent425

with the observed trend of enhanced temperature effects influencing the VHF spectral426

response.427

During heating cycle 3, the VHF echo exhibits distinct signatures at both the upper and428

lower layers. In the upper layer, a gradual recovery is observed following the initial am-429

plitude reduction immediately after HF pump activation. The minimum normalized echo430

amplitudes reach 0.5, 0.4, and 0.3 for HF pump powers of 40 kW, 60 kW, and 80 kW,431

respectively. Corresponding turn-off overshoot amplitudes reach 2.0, 2.4, and 1.6. Par-432

tial recovery to amplitudes of 0.8 and 0.55 is observed at 40 kW and 60 kW, respectively.433

Numerical simulations that best match these observations indicate dust parameters of434

radius rd = 5 nm and relative density nd/ne0 = 60% for the upper layer. The corre-435

sponding heating ratios (Te/Ti) derived from the simulations are 1.8, 2.0, and 2.2, con-436

sistent with the trend of increased electron temperature effects observed in the VHF spec-437

tral profiles. An enhanced recombination rate of 0.2 and 0.15 was required to match the438

observations at 40 kW and 60 kW, respectively.439

In the lower layer, the normalized echo amplitudes decrease to 0.4, 0.3, and 0.2 for in-440

creasing HF pump powers of 40 kW, 60 kW, and 80 kW, respectively, with correspond-441

ing turn-off overshoot amplitudes of 1.4, 1.4, and approximately 1.0. Numerical mod-442

eling that reproduces this behavior suggests dust parameters of rd = 3 nm and nd/ne0 =443

150% for the lower layer. The best-fit heating ratios (Te/Ti) in this case are 2.25, 2.5,444

and 3, further supporting the observed trend of temperature-enhanced diffusion effects445

in the VHF spectral response.446

During heating cycle 5, the down layer exhibits a minimum normalized amplitude of 0.4,447

0.3, and 0.18 following heater activation, corresponding to pump powers of 40, 60, and448

80 kW, respectively. The reduced echo remains at a nearly constant amplitude through-449

out the heating cycle. Upon heater turn-off, an overshoot in the down layer is observed,450

with peak amplitudes of 1.2, 1.5, and approximately 1.15 for increasing pump powers.451

In comparison, the upper layer demonstrates a more moderate response during heater452

turn-on, with amplitude suppressions of 0.5, 0.3, and 0.2 at pump powers of 40, 60, and453

80 kW, respectively. A turn-off overshoot of 2, ∼1.5, 1.1-1.2 is observed. The compar-454

ison with numerical simulations reveal that the parameters associated with the down layer455

are nd/ne0 = 150%, rd = 3 nm, and recombination rate = 0.1. The heating ratios (Te/Ti)456

shows an increasing trend of 2.25, 2.5 and 3 associated with increasing pump power of457

40 kW, 60 kW, and 80 kW. This is also consistent with the general behavior observed458

in the VHF spectral response to increasing HF-pump power. The closest numerical re-459

sults to match the observations at the up layer reveal dust parameters of nd/ne0 = 110%,460

rd = 3 nm, and recombination rate = 0.1. Overall, the general trend obtained through461

comparison of numerical simulations and observations show that both layers start with462
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lower dust density ∼ 70−80% and larger dust particles 5 nm in heating cycle 1. Later463

on, in heating cycle 3 the radar echoes are consistent with numerical results of smaller464

dust size of 3 nm and larger dust density 150%. The upper layer remains populated with465

larger dust of 5 nm and slightly lower density in heating cycle 3. During heating cycle466

5, both layer show to be populated with small dust size of 3 nm and high densities of467

110% and 150% at up and down layers, respectively. This observation is consistent with468

the prevailing hypothesis that dust and ice particles responsible for PMSE formation orig-469

inate at higher altitudes near the upper boundary of the PMSE source region. Initially470

forming as nanometer-sized charged clusters, these particles grow through processes such471

as condensation and coagulation, subsequently increasing in mass and descending to lower472

altitudes within the mesosphere (Rapp and Lübken, 2000; Havnes et al., 1996). The ver-473

tical transport is influenced by gravitational settling, ion drag, and background turbu-474

lence, which together shape the vertical distribution and layering of the dust population.475

As these particles grow in size, their interaction with the ambient plasma becomes more476

effective, enhancing the conditions necessary for radar backscatter and influencing the477

altitude-dependent structure of PMSE layers (Lie-Svendsen et al., 2003; Rapp et al., 2004).478

These processes play a critical role in the temporal and spatial evolution of PMSE and479

are essential for interpreting observations of layer descent and spectral modifications dur-480

ing heating experiments.481

6 Summary and Conclusion482

This study presents detailed observations and numerical modeling of the coherent VHF483

radar spectral response to high-frequency (HF) pump power modulation in the presence484

of polar mesospheric summer echoes (PMSE). Two experimental configurations were an-485

alyzed: a power-stepping modulation on 24 July 2019 and a power-sweeping modulation486

on 26 July 2019. The results demonstrate a clear correlation between increasing HF-pump487

power and suppression of the VHF spectral area, consistent with enhanced electron tem-488

perature and dominant diffusion processes affecting electron density irregularities.489

Specifically, this study investigates the response of VHF coherent radar echoes from PMSE490

to HF pump heating using both experimental observations and numerical simulations.491

Systematic analysis reveals that the area under the VHF spectral curve consistently de-492

creases during HF heating, with the degree of suppression correlating with increased HF493

pump power (40–80 kW). This spectral narrowing is attributed to enhanced diffusion494

processes and dust charging effects caused by elevated electron temperatures. The ra-495

tio of characteristic diffusion and charging timescales (τdiff/τchg) derived from theoret-496

ical expressions is used to interpret the observed echo suppression and its evolution dur-497

ing modulation.498

Distinct responses were observed in both upper and lower PMSE layers, with measur-499

able differences in minimum echo amplitudes and turn-off overshoots. These variations500

were successfully interpreted using numerical simulations that incorporated dust cloud501

parameters such as particle radius and relative dust density. Best-fit simulations yielded502

Te/Ti ratios ranging from 1.8 to 3.4, which aligned well with observed spectral trends.503

Additionally, enhanced recombination rates were introduced to match specific cases, fur-504

ther improving model consistency with measurements. Experimental results from mul-505

tiple heating cycles demonstrate layer-specific responses, with the lower layer showing506

greater overshoot amplitudes and more stable post-heating echoes. Through close com-507

parison with simulations, optimal dust cloud parameters—radius, density, and recom-508

bination rate—are determined for each case. The best-fit models indicate increasing heat-509

ing ratios (Te/Ti) with pump power, supporting the interpretation of temperature-driven510

modulation in echo strength. Specifically, lower layers are associated with higher dust511

densities and smaller grain sizes, while upper layers show a trend of larger particles and512

initially lower dust densities. The observed evolution of dust parameters across heating513

cycles is consistent with the hypothesis that PMSE-related ice particles originate at higher514
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altitudes and descend over time as they grow in size. These findings reinforce the role515

of dusty plasma dynamics in shaping the spectral and spatial structure of PMSE dur-516

ing active HF modulation, providing new constraints for modeling mesospheric turbu-517

lence and dust cloud evolution.518

The agreement between experimental data and numerical results supports the hypoth-519

esis that the area under the coherent spectrum serves as an indirect proxy for estimat-520

ing electron temperature enhancements during HF heating. This work reinforces the util-521

ity of spectral diagnostics in PMSE studies and provides a framework for future inves-522

tigation into dusty plasma dynamics in the polar mesosphere.523
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Area under the curve

cycle 1
Heating Power 40 KW 60 KW 80 KW

Up layer
Before

After

9.3x1011

4.2x1011

3.5x1011

1.1x1011

5.6x1011

1.2x1011

Down layer
Before

After

9.8x1011

3.6x1011

7.4x1011

1.6x1011

4.9x1011

9.05x1010

cycle 3
Heating Power 40 KW 60 KW 80 KW

Up layer
Before

After

8.9x1010

3.8x1010

7.1x1010

2.4x1010

Down layer
Before

After

3.3x1011

1.1x1011

5.7x1011

1.7x1011

2.7x1011

5.1x1010

cycle 5
Heating Power 40 KW 60 KW 80 KW

Up layer
Before

After

1.3x1012

6.6x1011

1,4x1012

3,8x1011

1,09x1012

1,9x1011

Down layer
Before

After

5.5x1011

1.5x1011

9,05x1011

2,4x1011

1x1012

1,6x1011

Table 1: Area under the spectrum curve for two layers of PMSE Corresponding with three
heating powers .

ratio of decrease in the area under
spectrum after Heater turn-on 40 kW 60 kW 80 kW

cycle 1
Up layer 0.45 0.31 0.21

Down layer 0.36 0.21 0.18

cycle 3
Up layer 0.42 0.33 N/A

Down layer 0.33 0.29 0.18

cycle 5
Up layer 0.5 0.27 0.19

Down layer 0.27 0.26 0.16

Table 2: Summary of normalized area under the coherent spectrum curve for heating
cycles 1, 3, and 5.
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Figure 1: Time evolution of VHF PMSE during a modulated HF pump power heating
experiment conducted at EISCAT on July 24, 2019. This experiment represents the first
implementation of pump power stepping at a constant level during radio modulation of
PMSE.

Heating
cycle

Pump
power

Up/Down
layer

Min Amplitude
during heating

Turn-off
overshoot

Dust cloud parameters obtained from simulations

cycle 1

40 kW
Up 0.5 N/A nd/ne0 = 70%, rd = 5 nm, Te/Ti = 1.6, recomb = 0.1

Down 0.4 1.3 nd/ne0 = 80%, rd = 5 nm, Te/Ti = 1.8, recomb = 0.1

60 kW
Up 0.4 1.4 nd/ne0 = 70%, rd = 5 nm, Te/Ti = 1.8, recomb = 0.1

Down 0.2 1.6 nd/ne0 = 80%, rd = 5 nm, Te/Ti = 2, recomb = 0.1

80 kW
Up N/A N/A N/A

Down 0.2 1.9 nd/ne0 = 80%, rd = 5 nm, Te/Ti = 2.2, recomb = 0.1

cycle 3

40 kW
Up ? 0.5 (0.8) 2 nd/ne0 = 60%, rd = 5 nm, Te/Ti = 1.8, recomb = 0.2

Down 0.4 1.4 nd/ne0 = 150%, rd = 3 nm, Te/Ti = 2.25, recomb = 0.1

60 kW
Up ? 0.4 (0.55) 2.4 nd/ne0 = 60%, rd = 5 nm, Te/Ti = 2, recomb = 0.15

Down 0.3 1.4 nd/ne0 = 150%, rd = 3 nm, Te/Ti = 2.5, recomb = 0.1

80 kW
Up 0.3 1.6 nd/ne0 = 60%, rd = 5 nm, Te/Ti = 2.2, recomb = 0.1

Down 0.2 ∼ 1 nd/ne0 = 150%, rd = 3 nm, Te/Ti = 3, recomb = 0.1

cycle 5

40 kW
Up 0.5 2 nd/ne0 = 110%, rd = 3 nm, Te/Ti = 3.2, recomb = 0.1

Down 0.4 1.2 nd/ne0 = 150%, rd = 3 nm, Te/Ti = 2.25, recomb = 0.1

60 kW
Up 0.3 ∼1.5 nd/ne0 = 110%, rd = 3 nm, Te/Ti = 3.3, recomb = 0.1

Down 0.3 ∼1.5 nd/ne0 = 150%, rd = 3 nm, Te/Ti = 2.5, recomb = 0.1

80 kW
Up 0.2 1.1-1.2 nd/ne0 = 110%, rd = 3 nm, Te/Ti ∼ 3.4, recomb = 0.1

Down 0.18 1.1-1.2 nd/ne0 = 150%, rd = 3 nm, Te/Ti ∼ 3, recomb = 0.1

Table 3: Dust cloud parameters obtained from comparison of experiment and simulation
for heating cycles 1, 3, and 5 on July 24 .
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Figure 2: July 24, 2019. Normalized PMSE echo during heating experiment at EISCAT
(48 sec heater on period and 120 sec heater off period). The modulated PMSE echo asso-
ciated with heating cycle 1 (left column) and cycle 3 (right column) as shown Figure 1 is
shown. The PMSE echo and modulated signal in the top and bottom layers are investi-
gated separately.
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Figure 3: Normalized PMSE echo during heating experiment at EISCAT (48 sec heater
on period and 120 sec heater off period) on July 24, 2019. The modulated PMSE echo as-
sociated with heating cycle 5 in Figure 1 is shown. The PMSE echo and modulated signal
in the top and bottom layers are investigated separately.
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Figure 4: VHF PMSE spectra at two time points, before modulation and immediately
after heating is turned on for both the upper (left panel) and lower (right panel) layers on
July 24, 2019. Top, middle, and bottom panels correspond to 40 kW, 60 kW, and 80 kW
HF pump power, respectively.
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Figure 5: Corresponding normalized area under spectrum associated with two cycles 3
and 5 that are shown in Figure 2 and 3. The down layers are shown in blue and upper
layers are shown in red.
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Figure 6: Time evolution of VHF PMSE during a modulated HF pump power heating
experiment conducted at EISCAT on July 26, 2019. This experiment represents the first
implementation of pump power sweeping during radio modulation of PMSE. The heating
cycle is 62.4 sec.
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Figure 7: Normalized PMSE echo during heating experiment at EISCAT on July 26,
2019. The HF pump power gradually ramped up from zero to full power over the 62.4 sec.
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Figure 8: The spectra for the four selected cycles on July 26, 2019 are shown at three
time points: 0 sec (before heating), 28.8 sec, and 57.6 sec, represented by red, blue, and
black lines, respectively
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Figure 9: Normalized area under the spectral curve over a 62.4-sec interval for 4 selected
heating cycles on July 26, 2019. The dashed line corresponds to τdiff/τchg obtained from
Equations 1 and 2 with varying Te/Ti during heating. The temperature increments are
employed in 4.8 sec steps.
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Figure 10: Simulation results for a dust radius (rd) of 3 nm. Panels (a)–(c) show the
effect of varying background dust density relative to electron density (nd/ne0) at 90%,
110%, and 150%, respectively. The recombination rate is fixed at 0.1, and the heating
ratio (Te/Ti) varies from 1.25 to 3. A radar frequency of 224 MHz and a dust density fluc-
tuation amplitude of δnd/δnd0 = 0.5 are used. The color and line style representing each
Te/Ti value are consistent across all panels.
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Figure 11: Numerical results for larger dust radii of 5 nm and 10 nm. Simulations con-
sider dust densities of 20%, 40%, 60%, and 80% relative to the initial electron density
(nd/ne0), with a fixed heating ratio (Te/Ti) of 2. The left panel shows results with a base-
line recombination rate, while the right panel presents corresponding results with the
recombination rate enhanced by a factor of 4.
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