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Abstract. We have compared radar observations of polar

mesospheric summer echoes (PMSEs) modulated by artifi-

cial electron heating, at frequencies of 224 MHz (EISCAT

VHF) and 56 MHz (MORRO). We have concentrated on 1

day of observation, lasting ∼ 3.8 h. The MORRO radar, with

its much wider beam, observes one or more PMSE lay-

ers all the time while the VHF radar observes PMSEs in

69 % of the time. Statistically there is a clear difference be-

tween how the MORRO and the VHF radar backscatter re-

acts to the heater cycling (48 s heater on and 168 s heater

off). While MORRO often reacts by having its backscatter

level increased when the heater is switched on, as predicted

by Scales and Chen (2008), the VHF radar nearly always sees

the “normal” VHF overshoot behaviour with an initial rapid

reduction of backscatter. However, in some heater cycles we

do see a substantial recovery of the VHF backscatter after its

initial reduction to levels several times above that just before

the heater was switched on. For the MORRO radar a recovery

during the heater-on phase is much more common. The reac-

tion when the heater was switched off was a clear overshoot

for nearly all VHF cases but less so for MORRO.

A comparison of individual curves for the backscatter val-

ues as a function of time shows, at least for this particular

day, that in high layers above ∼ 85 km height, both radars

see a reduction of the backscatter as the heater is switched

on, with little recovery during the heater-on time. These vari-

ations are well described by present models. On the other

hand, the backscatter in low layers at 81–82 km can be quite

different, with modest or no reduction in backscatter as the

heater is switched on, followed by a strong recovery for both

radars to levels several times above that of the undisturbed

PMSEs. This simultaneous, nearly identical behaviour at the

two very different radar frequencies is not well described by

present modelling.

Keywords. Atmospheric composition and structure

(aerosols and particles)

1 Introduction

The polar mesosphere contains the visually observable noc-

tilucent clouds (NLCs), the highest clouds in the Earth’s at-

mosphere, observed at heights from ∼ 80 to ∼ 90 km. In the

Northern Hemisphere the NLCs appear in May, when the

temperature near the mesopause drops from a winter tem-

perature around 220 K to sometimes as cold as 130 K (von

Zahn and Meyer, 1989; Lübken, 1999), the coldest region

on Earth. NLCs are visual manifestations of the polar meso-

spheric summer echoes (PMSEs) which are mainly observ-

able by radar. The difference in visibility is a result of differ-

ences in dust/ice particles sizes. NLCs and PMSEs appear as

temperatures become lower than ∼ 155 K (Cho and Röttger,

1997; Rapp and Lübken, 2004; Friedrich and Rapp, 2009),

when water ice nucleates, possibly on meteoric smoke parti-

cles (MSPs) (Hunten et al., 1980; Rapp and Thomas, 2006;

Megner, 2007; Ogurtsov and Raspopov, 2011). It appears

that the icy NLC/PMSE particles also act as sinks for metal-

lic atoms injected into the upper mesosphere by evaporating

meteors (Plane, 2004; Lübken and Höffner, 2004; She et al.,

2006, Raizada et al., 2007). They therefore do not consist
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only of water ice but can also contain meteoric material in

atomic and molecular form. In addition to this, they probably

contain large numbers of MSPs embedded in them (Havnes

and Næsheim, 2007; Hervig et al., 2012; Kassa et al., 2012;

Havnes et al., 2014).

The mesosphere is at altitudes too high for balloons and

too low for satellites, and in situ observations can only be

done by rockets. Rockets have been essential in investigat-

ing the mesosphere, discovering, among other things, the

extremely low mesopause temperature at ∼ 85 km height

(Theon et al., 1967), the mesosphere temperature profile (In-

hester et al., 1994; Lübken et al., 2002) and the turbulence

distribution (Lübken et al., 1993, 2002), and they showed

that dust could have a profound influence on the charge bal-

ance in the mesosphere (Pedersen et al., 1969; Havnes et

al., 1996). However, launches of rockets to investigate the

mesosphere are comparatively rare and other methods of in-

vestigations are necessary. Powerful remote sensing tech-

niques using radars, satellites, lidars and other instruments

have been developed and are major tools for investigating

the mesosphere. One method is to observe the NLC/PMSE

clouds by radar and at the same time modify their plasma

environment by the use of artificial electron heating such as

used by the EISCAT Heating Facility (Rietveld et al., 1993).

That the NLC/PMSE radar backscatter could be affected by

heating was first shown by Chilson et al. (2000), who demon-

strated that, with heater cycles having equal and short (10–

20 s) on- and off-times, the radar scattering from PMSEs

could practically disappear when the heater was switched

on, and reappear at approximately the same intensity when

the heater was switched off. This was explained by Rapp

and Lübken (2000) as a result of changes in the electro-

static pressure when the electrons were heated, leading to

reduced electron gradients and reduced radar backscatter.

They also recognized that the dust charges would be af-

fected by the heated electrons. Havnes (2004) and Havnes

et al. (2003) predicted and demonstrated that, by using a

comparatively short heater-on period of 20 s followed by a

long heater-off period of 160 s, thereby allowing the plasma

and dust charges which had been influenced by the heated

electron gas to relax back to their undisturbed equilibrium

conditions, one could create an overshoot effect where the

PMSE backscatter strength when the heater was switched off

could jump to values several times higher than that before

the heater was switched on. The initial models for the over-

shoot effect (Havnes, 2004; Havnes et al., 2004; Biebricher

et al., 2006) assumed instantaneous adjustment of the elec-

tron and ion density when the heater was switched on and

off. In addition to this the electron and ion density was as-

sumed to be described by a Boltzmann distribution within

the local scattering dust clumps or dust depletions (holes)

of the NLC/PMSE clouds. Radar backscatter models from

electron density gradients based on these assumptions re-

produce well most of the cases where the overshoot effect

was observed by high-frequency radars such as the EISCAT

VHF (224 MHz) and UHF (930 MHz) (Næsheim et al., 2008;

Biebricher and Havnes, 2012). At these frequencies the most

efficient backscatter dust irregularities, with sizes of half the

respective radar wavelengths – the Bragg scale lengths –

are at 67 and 16 cm respectively. For such small dust inho-

mogeneity dimensions the plasma adjustment time will nor-

mally be shorter than the dust charging time and the instan-

taneous plasma adjustment model will for most cases be ac-

ceptable (Biebricher and Havnes, 2012). However, for low-

frequency radars such as the MORRO radar at 56 MHz or the

EISCAT HF at 8 MHz (Senior et al., 2014), the Bragg lengths

will be 2.7 and 38 m respectively. In such cases the plasma

adjustment times can often be considerably longer than the

dust charging time. Modelling shows that this can have a

profound influence on the radar backscatter during a heater-

on and heater-off time cycle and the overshoot characteristic

curve (OCC), the backscatter variation during one heater cy-

cle (Havnes et al., 2004), can be very different from what

it normally is for the EISCAT VHF and UHF frequencies

(Scales, 2004; Næsheim et al., 2008, Scales and Chen, 2008,

Mahmoudian et al., 2011; Biebricher and Havnes, 2012). In

Fig. 4 we show an example of the “classical” OCC for an

EISCAT VHF observation. We see a rapid initial weakening

as the heater is switched on, some recovery of the backscatter

during the time the heater is on (caused by additional charg-

ing of the dust by the heated electron gas) and thereafter the

rapid overshoot as the heater is switched off, followed by a

relaxation back to normal conditions. For wavelengths longer

than the VHF, and occasionally for VHF also, the additional

charging of dust by the heated electrons may occur as fast or

faster than the plasma density adjustment. This can cause a

rapid recovery of the backscatter signal after a brief weaken-

ing of the backscatter as the heater is switched on to a level

above that before the heater was switched on. In more ex-

treme cases, modelling shows that the backscatter may not

even weaken but can apparently start to increase as soon as

the heater is switched on, causing an onset overshoot (Scales,

2004; Chen and Scales, 2005; Scales and Chen, 2008; Mah-

moudian and Scales, 2012). This has recently been observed

by Senior et al. (2014) for a HF (7.953 MHz) radar collocated

with the EISCAT VHF radar.

In the following we will focus on the observations by two

radars, MORRO at 56 MHz and EISCAT VHF at 224 MHz,

both at the Tromsø EISCAT site (69.6◦ N, 19.2◦ E), on one

day during a Norwegian–UK campaign in July 2013. These

are the first reported simultaneous and collocated PMSE ob-

servations at these two frequencies. The day, 26 July, was

picked as it indicated the probable presence of an onset over-

shoot during parts of the observing time of 3 h 50 min. We

will examine to what degree the observed OCCs for the

two radars, their similarities or differences, agree with pre-

dictions of existing models (e.g. Mahmoudian et al., 2011;

Biebricher and Havnes, 2012). In Sect. 2 we compare the

PMSE height profiles for the two radars to examine to what

degree we find significantly different PMSE height profiles
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Figure 1. The overall view of the PMSEs on 26 July 2014 with the two radars MORRO at 56 MHz and VHF at 224 MHz. The scale is in

arbitrary units.

Figure 2. Vertical profiles of PMSEs for cycles 42 to 65 for the

MORRO and VHF radars. The plotted profiles for each cycle corre-

spond to the backscatter averaged over 10 s just before the heater is

switched on. MORRO profiles are red; VHF profiles are blue. The

cycle numbers are shown in the lower right-hand corners.

for the two radars. We thereafter look at the statistical prop-

erties of the OCCs for the two radars to see if they show clear

differences and if those are compatible with model predic-

tions. In Sect. 3 we compare several OCCs for two cases. The

first case is one low layer where the backscatter is reduced by

little or nothing immediately after the heater is switched on

but where a strong increase in backscatter (recovery) builds

up when the heater is on. The second case is for higher layers

which show an OCC similar to that of Fig. 4, where the re-

duction in intensity is clear and present for both radars. Sec-

tion 4 concludes the paper.

2 Observations and statistics of heater-affected PMSEs

at the radar wavelengths of 1.3 and 5.4 m

The observations presented here are part of a Norwegian–

UK campaign in July 2013 where EISCAT radars at frequen-

cies of 7.953, 224 and 933 MHz (Senior et al., 2014) and

the University of Tromsø MORRO radar at 56 MHz were

used together with the EISCAT Heating Facility (Rietveld

et al., 1993). The heater was run at 6.77 MHz with effective

radiated power (ERP) of 600 MW, in O-mode polarization.

A main aim of the campaign was to look for cases where

radar backscatter after the heater was switched on showed

an immediate increase (onset overshoot) instead of reduc-

tion as in Fig. 4, and to compare the observed backscatter

at different wavelengths (see also Senior et al., 2014). The

onset overshoot appeared to be clearly present over a period

of 15–20 min during 26 July. For this day we will look at the

observations by the two radars MORRO and EISCAT VHF.

See Fig. 1 for an overview of the PMSE layers as observed

with the two radars. According to predictions based on nu-

merical modelling, there should in general be a considerable

difference between the OCCs observed for these radars with

their different Bragg scatter scale length (Mahmoudian and

Scales, 2012; Biebricher and Havnes, 2012)

MORRO has a total beam width of ∼ 7 km at the PMSE

height, compared to 1.5 km for the VHF beam. PMSE struc-

tures which are within the MORRO beam and detected by it

may therefore not necessarily be detected by the VHF radar.

In Fig. 2 we show a comparison between the vertical pro-

files of PMSEs taken with MORRO and VHF for 24 heating

cycles from 42 to 65. The PMSE intensities as function of

height which we show for each cycle are the average over an

interval of 10 s just before the heater is switched on (R0; see

Fig. 4). We see that there are several cases (e.g. cycles 45 to

48) where the MORRO radar shows a relatively strong and

wide PMSE layer, while the VHF radar observes none, or a

www.ann-geophys.net/33/737/2015/ Ann. Geophys., 33, 737–747, 2015
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Figure 3. For each cycle and each PMSE layer in a cycle we plot the corresponding maximum PMSE values for the two radars. The left

panel shows all points where both VHF and MORRO observe a layer. The scales are normalized by putting the largest maximum equal to 1

for both radars. In the right panel we have done a running mean over three data points. The linear correlation coefficient ρ is given for each

case.

Figure 4. An overshoot characteristic curve (OCC) for VHF show-

ing the backscatter sampling intervals R0, R1, R2, R3 and R4. The

width of the sampling intervals can be changed. The heater is on

from the start of the R1 interval to the end of the R2 interval. See

text for details.

weak PMSE. In a few other cases (e.g. cycles 50 and 55), we

see the opposite behaviour, where VHF observes a moder-

ately strong low PMSE layer while MORRO observes little

or nothing of this layer. This last situation probably indicates

a patchy horizontal structure of the low PMSE layer, which

may occasionally fill some of the VHF beam but only a small

fraction of the MORRO beam.

It is also clear that the shape of the turbulence spectrum

must influence the strength of the radar backscatter and that

it can affect the height profiles observed by the two radars.

The turbulence, in combination with heavy charged dust par-

ticles (Kelley et al., 1987; Rapp and Lübken, 2004), creates

small-scale structures both in dust and plasma density (Rapp

and Lübken, 2003) In the PMSE region the volume reflec-

tivity for the MORRO radar can apparently be from some

hundreds to several thousands of times that of the EISCAT

VHF radar (Rapp and Lübken, 2004), and this, together with

a much wider beam, should favour the MORRO radar. If the

difference in volume reflectivity is dominant in causing dif-

ferences in backscatter between MORRO and VHF, we ex-

pect that there should be some correlation between the ob-

servations by the two radars. The correlation may be weak

if the VHF Bragg scale is in the dissipation range of the

spectrum (Rapp and Lübken, 2004). We searched for a cor-

relation by examining the maximum backscatter for the two

radars, for all the cycles and all the layers in them. In Fig. 3,

left panel, we have plotted the 66 pairs of values where both

MORRO and VHF observe the same PMSE layer. We see at

best a very weak correlation with a linear correlation coeffi-

cient of ρ = 0.13 as given in the figure. It is more conspicu-

ous that there are 17 cases where MORRO sees a layer but

where VHF does not, even if these cases involve the strongest

MORRO backscatter. This is what we expect for the large dif-

ference in beam widths if the PMSE has a patchy structure

which allows structures to be present in the MORRO beam

but not in the VHF beam. We have also looked for effects of

calculating a running mean for the VHF observations, after

rearranging the data so that the MORRO backscatter is in as-

cending order. In Fig. 3, right panel, we show the effect of a

running mean of three data points, which leads to a linear cor-

relation coefficient of ρ = 0.50. This indicates that much of

Ann. Geophys., 33, 737–747, 2015 www.ann-geophys.net/33/737/2015/
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Figure 5. The distribution of the ratio R1 / R0 for the MORRO

radar and the EISCAT VHF radar. The percentage values refer to

the fraction which has R1 / R0 > 1, indicating onset overshoots. The

included ratios are for cases where the PMSE signal strength R0 is

at least twice that of the background strength. The sampling time

interval for R0 is1t0= 9.6 s for all cases, while1t1 is given values

from 2.4 to 19.2 s as shown in the figures. The heater is on for 48 s.

The average values of R1 / R0 are indicated by the vertical red lines.

For a case of 1t1 = 1.2 s (not shown) the percentages for MORRO

and VHF with R1 / R0 > 0 are 40 and 2.1 % respectively.

the variation from cycle to cycle is caused by a patchiness of

the PMSE layer and that the effect of this is partly smoothed

out in Fig. 3, right panel, to reveal the expected positive cor-

relation between the backscatter for the two radars.

In order to discuss the variation of the backscatter through-

out a heater cycle, characterized by the overshoot charac-

teristic curves (OCCs), we will use the parameters R0, R1,

R2 and R3 (Havnes et al., 2003), shown in Fig. 4, to obtain

statistical information. R0 corresponds to the average of the

backscatter within a given time interval, just before the heater

is switched on. R1 is the average in an interval just after the

heater has been switched on, while R2 is the average of an

interval just before the heater is switched off again. R3 is the

average of an interval just after the heater has been switched

off, while R4 is the average some time after the heater has

been switched off, in order to get a measure of the relaxation

rate of the overshoot. R4 is not used in this paper. To reduce

the effect of noise in the data, we average over a number of

samples corresponding to a time interval of1tα , where α = 0

to 4. We will still maintain R0 as containing only data from

before the heater is switched on, R1 and R2 containing data

when the heater is on, and R3 and R4 containing data in the

relaxation phase with no heater on. The OCCs displayed by

the UHF and VHF radars (Havnes et al., 2004; Næsheim et

al., 2008) normally have R1 / R0 < 1 as in Fig. 4, demonstrat-

ing that the backscatter weakens when the heater is switched

on (Chilson et al., 2000). Depending on the recovery during

the phase when the heater is on R2, which most often is less

than R0, can be larger than R0 if the recovery is fast. For an

onset overshoot we will have R1 / R0 > 1 (Scales, 2004; Chen

and Scales, 2005; Biebricher and Havnes, 2012). Normally

an overshoot is characterized by R3 / R0 > 1.

Figure 5 shows the distributions of the ratio R1 / R0 for the

MORRO and VHF radars for different values of the sampling

interval for R1. The immediate reaction of the backscat-

ter to the heater being switched on is best demonstrated by

the first row, which has a short sampling interval for R1 of

1t1 = 2.4 s. The interval of R0 is 1t0 = 9.6 s in all cases.

We see that there is a large difference between the distribu-

tions for MORRO and for VHF. While at best only a few

cases with onset overshoot (R1 / R0 > 1) are observed by the

VHF radar, the situation is quite different for MORRO. At

the shortest sample time, as many as 39 % of the MORRO

cases seem to experience the onset overshoot. Even if some

of those cases may be due to noise effects, it is clear that

MORRO observations far more often than the VHF obser-

vations show a near-to-immediate increase in the backscatter

when the heater is switched on. This behaviour, which is con-

trary to the drop in intensity seen when heating effects were

first observed in PMSEs by Chilson et al. (2000), and which

was also found in later observations with VHF and UHF (e.g.

Næsheim et al., 2008), was predicted by Scales (2004) to

be present particularly for long-wavelength radars. The rea-

son for this near-to-immediate increase in backscatter as the

heater is switched on is that, for the larger dust density struc-

tures, which scatter at long wavelengths, the plasma den-

sity adjustment time can be longer than the dust charging

time. In such cases the additional charging of the dust can

be rapid enough to more than compensate for the effect of

increased electron gas pressure on the plasma distribution

when the electrons are heated. When electrons are heated the

plasma density tends to be smoothed unless the additional

dust charging is fast enough to counteract this. If plasma ad-

justment is the faster process, electron gradients will weaken

and so will the backscatter. On the other hand, if dust charg-

ing happens fast enough, this will steepen the electron den-

sity gradients and increase the backscatter. If we increase the

sampling time for R1 in Fig. 5, we see that for VHF the av-

erage of the ratio R1 / R0 and the percentage of cases with

R1 / R0 > 1 steadily increases, indicating that for VHF there

is often a considerable recovery of the PMSE strength after

an initial rapid decrease as the heater is switched on. For the

MORRO observations the situation is different. The drop to

21 % when the sample interval for R1 is increased from 2.4

to 4.8 s for the MORRO data may partly be caused by aver-

aging out noise effects. However, this behaviour is also qual-

itatively similar to cases which have been predicted (Scales

2004; Chen and Scales, 2005; Biebricher and Havnes, 2012)

when conditions in the PMSEs are such that the plasma ad-

justment time is comparable to the dust charging time for

heater-affected PMSEs. Chen and Scales (2007) show that a

www.ann-geophys.net/33/737/2015/ Ann. Geophys., 33, 737–747, 2015
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Figure 6. The relation between the strength of the different param-

eters R0, R1, R2 and R3. The sample times for R0 are 9.6 s for both

MORRO and VHF, while the sampling times for R1, R2 and R3 are

2.4 s for VHF and 2.88 s for MORRO. The requirement for points to

be included is that the value of R0 is twice or more than that of the

background noise. The axes have arbitrary relative scales for each

radar. The red lines give where the different ratios are equal to 1.

brief onset overshoot can be followed by a drop in backscat-

ter intensity. However, it is more surprising that, when the

sampling time 1t1 is increased to 19.2 s, covering 40 % of

the time the heater is on, about 20 % of the samples show

a ratio of R1 / R0 > 1 for both MORRO and VHF. This is

apparently contrary to model predictions (Mahmoudian et

al., 2011; Biebricher and Havnes, 2012), which indicate that

even if a radar at the MORRO frequency observes R1 > R0

for much of the time when the heater is on, the observa-

tions with the VHF radar should consistently show a much

smaller value of R1 / R0, which even tends to be smaller than

1 (Biebricher and Havnes, 2012). The indications that the

recovery of the VHF backscatter for a significant number

of cases can be large, lends support to the finding by Se-

nior et al. (2014) that there appears to be some additional

charging effect which increases the space charge of the dust

density structures during the heater-on time, compared to

what the models predict. This is also needed in the models

of Biebricher and Havnes (2012) to produce a sufficiently

large recovery for VHF during the heater-on phase. We have

no strong candidates for this but wonder whether this can

have any connection to the surprising amount of positively

charged nanometer-sized particles found within and near to

NLCs and PMSEs by the dust probe MASS (Robertson et al.,

2009).

In Fig. 6 we show more details on the difference between

the OCC for MORRO and VHF by plotting the values of R1,

R2 and R3 against the corresponding R0 or R2. The most

obvious difference between the VHF and MORRO observa-

tions is that for MORRO there are no very strong tenden-

cies. For all the distributions shown in Fig. 6 we find that

for MORRO there are a comparable number of cases above

and below the line in red at which the ratio is 1. This is most

likely a result of the fact that the MORRO radar wave scatters

from sufficiently large structures so that the plasma adjust-

ment time, depending on the dusty plasma conditions, can

be both larger and smaller than the dust charging time when

the heater is switched on or off. Lie-Svendsen et al. (2003)

find a plasma diffusion time of td,i ∼ 25 s for a scattering

structure of L= 3 m at a height 85 km. The diffusion time

is proportional to L2, so td,i ∼ 1 s for the VHF structures.

We make an estimate of the charging time tch by calculating

the time for the dust charge to be increased by one nega-

tive unit charge, −e. Using the electron current Ie from, for

example, Havnes (2004) we find tch ∼
104

r2
d

s. We have used

an ion mass number of 30, a heated electron temperature of

300 K, and an electron density of 2× 109 m−3. This leads to

charging times between 100 and 4 s for dust sizes from 10 to

50 nm. For larger electron densities and higher heated elec-

tron temperatures, the charging time will be smaller. For the

VHF the Bragg scale length is sufficiently small for a plasma

adjustment time around 1 s, when the heater is switched on

or off, to be nearly always considerably shorter than the

dust charging time. We see clearly from the distributions

in the first column, showing R1 against R0, that MORRO

has a considerable number of cases with both R1 > R0 and

R1 < R0, while there are very few cases (4.7 %) for VHF with

R1 > R0. This also follows from the first row of Fig. 5. VHF

generally shows the “classical” weakening, where R1 < R0

(Næsheim et al., 2008). The second column indicates that

for both radars there are many cases with sufficient recovery,

even after a probable initial drop in intensity as the heater is

switched on, to produce R2 > R0. However, it appears that in

most cases the recovery is either not present or sufficiently

low so that R2 < R0. The third column shows that for both

radars there are a comparable number of cases with over-

shoot (R3 > R0) as with R3 < R0. The results in second and

third columns may to some degree be affected by a drift of the

NLC/PMSE clouds since the time between observing R0 and

R2 or R3 is 52 and 54 s respectively. A drift of ∼ 50 m s−1

(Rapp et al., 2008) would move a PMSE edge ∼ 2.5 km hor-

izontally. From Figs. 7 and 8, showing the OCC for several

heater cycles, we occasionally see large deviations from the

ideal OCC (Fig. 4) within such timescales. We also see from

Fig. 2 that there can be a considerable change in the PMSE

height profiles for both radars from one cycle to the other.

This indicates that some change can, at least occasionally, be

caused by new cloud material being brought partly into or

out of a radar beam in the time interval from R0 to R2 or R3.

The time differences between R0 and R1 in the first column

and between R2 and R3 in the fourth column are only 6.4 and

2.8 s respectively.

Ann. Geophys., 33, 737–747, 2015 www.ann-geophys.net/33/737/2015/
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Figure 7. The OCC for four cycles for each of two low single layers

at heights∼ 82 and 81.5 km shown on a linear scale from 0 to 1. The

OCCs for each cycle have been normalized to coincide at t = 0.

VHF is blue; MORRO is red. The heater is on between the two

vertical red lines. Heater cycle numbers are given at the bottom of

each figure.

The last column shows that VHF in the majority of cases

reacts when the heater is switched off by rapidly increas-

ing the backscatter so that R3 / R2 > 1. This is the overshoot

which is expected from the first overshoot models and obser-

vations of it with VHF (Havnes et al., 2003). For MORRO the

increase in backscatter (R3 / R2 > 1) also dominates, but there

are a significant number of cases with R3 / R2 < 1. Such cases

have been found in models (Biebricher and Havnes, 2012)

but for Bragg lengths longer than that for MORRO. The rea-

son for this is again that, for large structures, the plasma ad-

justment time, after the heater is switched off, can be longer

than the dust charge adjustment time.

3 Individual OCC profiles for MORRO and VHF

We now compare observations from MORRO with those of

VHF for the same cycles and PMSE layers. We look at two

different situations, and for each of them we will consider

the OCC for four different cycles. In each cycle the OCC

will be an average of the OCCs within a height interval of

1.35 km for MORRO and 1.62 km for VHF, centred on the

height with the strongest backscatter in the layer we consider.

The first situation include the cycles from 42 to 45, where

VHF sees only one low PMSE layer at ∼ 82 km in all cycles.

MORRO sees the same low layer in all the four cycles, but

it also observes the start of an additional layer at ∼ 87 km

in cycles 44 and 45, as can be seen from Fig. 2. The second

situation involves the cycles from 52 to 56, where we have

the same low layer, now at ∼ 81.5 km, and also two higher

layers, one at ∼ 85 and one at ∼ 86 km height. In Fig. 7 we

show the OCCs for the low PMSE layer as seen in cycles 42

Figure 8. The OCC for the same four cycles for each of two differ-

ent layers at heights 86 and 85 km shown on a linear scale from 0

to 1. The OCCs for each cycle have been normalized to coincide at

t = 0. VHF is blue; MORRO is red. The heater is on between the

two vertical red lines. Heater cycle numbers are given at the bottom

of each figure.

to 45, and the same low layer now in cycles from 52 to 55.

In both situations we have a situation which is very different

from the classical overshoot behaviour of Fig. 4. There is

little or no reduction of the backscatter power after the heater

is switched on, but instead we see a very strong and rapid

increase (recovery) of backscatter with time for both radars.

This is most pronounced for the cycles from 42 to 45. This

recovery may flatten out, or even decrease, until the heater is

switched off. The considerable overshoot for VHF and small

overshoots for MORRO is again a consequence of the larger

size and longer plasma adjustment time of the dust density

structures which are scattering the MORRO beam.

All modelling so far predicts a considerable difference in

the behaviour of the backscatter variation (OCC) for the radar

frequencies of the MORRO and VHF radars. MORRO and

lower-frequency radars may show an immediate increase in

backscatter after the heater is switched on, while for the same

conditions VHF has a tendency to observe a reduction of

the backscatter (Mahmoudian et al., 2011; Biebricher and

Havnes, 2012) or at least a much slower increase than for

the MORRO frequency. We see from Fig. 7 that this is not

the case for the cycles in these two low layers where both

radar observations change in a similar way after the heater

is switched on. The VHF, but not MORRO, does some-

times show a small initial decrease in backscatter, but there-

after both radars observe the same rapid and strong increase

(recovery) in the backscatter which, to our knowledge, the

present overshoot models do not fully predict. The way the

increase in backscatter for both radars is reduced after 15 to

25 s from the time the heater is switched on is also qualita-
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tively similar, and both radars apparently see the same re-

laxation time, which we roughly estimate to be ∼ 50 s. We

find it likely that the overall physical conditions in the parts

of the clouds which are within the two different radar beams

are similar since they both show a stable low layer, at ap-

proximately the same height, over more than seven cycles

corresponding to ≥ 25 min.

In the second situation we observe multiple layers, in this

case three layers at around 86, 85 and 81.5 km respectively.

In Fig. 8 we show the cycles from 53 to 56 for two upper

layers, while for the lowest layer we showed cycles 52 to 55

in Fig. 7. The reason for this cycle shift is that for MORRO

there is no low layer at cycle 56. We therefore shifted cycles

for the low layer down by one.

As is already apparent from Fig. 2, the upper layers of-

ten show a considerable “activity” in the sense that the layers

observed by MORRO and VHF often show different shifts

in height and intensity. This is probably mainly a result of a

PMSE cloud structure which varies both horizontally and in

height, something which will influence the two radars differ-

ently due to their large difference in beam width. This shows

up in Fig. 8 especially in the long relaxation phase (168 s) af-

ter the heater is switched off at 48 s. Ideally the OCC should

show a gradual relaxation back to the initial backscatter level.

In our cases, the lowest layer shown in Fig. 7 indicates a

relaxation-like variation for both radars, probably because

this layer is relatively stable and extended (Fig. 2). For the

two upper layers in Fig. 8 the situation is quite different.

MORRO shows no relaxation except possibly in cycle 54.

VHF shows a relaxation in the upper layer but no relaxation

in the layer at 85 km. The relaxation time in these two lay-

ers in the upper height region of PMSEs appears to be close

to 100 s, which is considerably longer than what we found

for the low layers shown in Fig. 7. The relaxation times is

determined by the rate at which the dust particles lose their

excess charge and the electron gradients return to their pre-

heating value. This should have a connection to differences

in the ion densities in the upper and lower PMSE region and

to dust sizes since the ion–dust collision rate is proportional

to ion density and to dust radius squared. If very small dust

particles, e.g. meteoric smoke particles, are involved in the

overshoot process, they may contribute to a rapid relaxation

since they will quickly lose their negative charge by photode-

tachment (Havnes and Kassa, 2009; Rapp, 2009). Such par-

ticles may be more abundant in the lower parts of the PMSE

region if they are released from NLC particles as they start to

evaporate.

The profiles for MORRO and VHF for the upper two lay-

ers in Fig. 8 are well described by present model results for

dust particles of sizes of 10 nm or lower (e.g. Biebricher and

Havnes, 2012; Fig. 12). This agrees with the picture that dust

particles are formed high up in the PMSE region and grow

as they sink down into the lower layers. The upper layers

are therefore expected to contain relatively small dust parti-

cles, while larger particles are found mainly in the low layers

(Nussbauer et al., 1996; von Zahn and Bremer, 1999; Kaifler

et al., 2011), where they are expected to eventually evaporate.

For the low layer in cycles 52 to 55 in Fig. 7, the observations

resemble those of the low layer at cycles 42 to 45 except

that we now generally see a more pronounced instantaneous

decrease in the backscatter after the heater is switched on,

and we see a slower recovery and a smaller total increase

in backscatter during the heater-on period, followed by rel-

atively strong overshoots, especially for VHF. Many of the

differences in OCC between high and low PMSE layers can

be ascribed to differences in electron heating and in neutral

gas density. The heating effect in the PMSE region is primar-

ily dependent on the total electron content below the region

of interest, which leads to heater wave absorption, causing

the lower parts of the PMSE region to be heated more than

its upper parts (Belova et al., 1995; Kero et al., 2000; Kassa

et al., 2005). With a lower neutral density in the upper PMSE

region we will normally have the situation that the electron

and ion ambipolar diffusion is more rapid there than in the

lower layers. The higher electron temperature in the lower

region when the heater is on will tend to cause a more rapid

charge adjustment here than in the upper region. Both fac-

tors should favour situations where plasma adjustment dom-

inates in the upper parts and charge adjustment in the lower

parts of the PMSE region. In addition to this, there are more

complicated combined dependencies on factors like electron

and dust density, as well as dust sizes (Havnes, 2004; Scales,

2004; Biebricher et al., 2006; Scales and Chen, 2008; Mah-

moudian et al., 2011; Biebricher and Havnes, 2012).

4 Discussion and conclusions

In agreement with previous studies (Bremer et al., 1996;

Rapp et al., 2008), we find from the simultaneous MORRO

and EISCAT VHF observations that MORRO shows more

PMSE cloud cases than the VHF radar does. We often see

that cloud structures generally appear in the MORRO obser-

vations before they appear in the VHF, and that they often

persist for some time in MORRO after they disappear from

the VHF. There is also a lack of direct correlation between

the observed MORRO and VHF strengths. This is proba-

bly for a large part a consequence of the cross section of

the MORRO radar beam being around 20 times larger than

that of the VHF beam. We find that MORRO observes one to

three layers for all the 64 heater cycles which were run, while

VHF observes these layers for 69 % of the cycles. MORRO

and VHF observe two layers in 47 and 22 % of the cycles,

respectively. For three layers we find 13 and 6 % respectively

for MORRO and VHF. However, as shown in Fig. 3, right

panel, we see the signs of an underlying correlation between

the two radar backscatter strengths when we smooth the VHF

data with a three-point running mean.

The statistics shown in Figs. 5 and 6 confirm the conclu-

sions from model calculations (Scales, 2004; Mahmoudian

et al., 2011; Biebricher et al., 2012) that there will normally
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be a considerable difference between the rate at which the

plasma adjusts and dust is charged in structures scattering the

MORRO radar beam and in the EISCAT VHF radar beam.

On the other hand, it also appears from our statistics that the

recovery of the VHF backscatter, during the time the heater

is on, in a considerable number of cases is large enough to

bring the backscatter up to a level well above that just before

the heater was switched on. This can be problematic to re-

produce simultaneously for both MORRO and VHF with the

present models (Biebricher and Havnes, 2012).

If we compare the OCC profiles for MORRO and VHF

for the two cloud layers at 85 and 86 km in Fig. 8, they ap-

pear to be of a type with a considerable and rapid decrease

in backscatter signal as the heater is switched on, a modest

recovery or decline during the heater-on period, followed by

a rapid increase as the heater is switched off. These profiles

can probably be well reproduced by present models. How-

ever, for the low single PMSE layer at 81.5 to 82 km shown

in Fig. 7, we see a strong recovery during the heater-on pe-

riod for both MORRO and VHF (see also Senior et al., 2014).

The recovery can lead to levels of backscatter which are in-

creased by a factor 2 to 3 above that just before the heater

was switched on. The recovery profiles are similar for both

radars. The VHF shows strong overshoots which can bring

the backscatter level up to 3 to 5 times that before the heater

was switched on. For MORRO we see modest to small over-

shoots except in cycle 53, where a large overshoot leads to

a total increase up to ∼ 4 times the undisturbed level. These

profiles are not readily reproduced simultaneously for both

radars by existing models (Biebricher and Havnes, 2012).

The models predict that the recovery should be largest for

the longer radar wavelength, while we observe that the ini-

tial recovery for the first 15–25 s after the heater is switched

on most often is practically the same for both radars. This

requires a substantial increase in dust charging, above that

predicted in present models, and was also noted by Senior et

al. (2014), who suggested that there is a need for a refinement

of the dust charging models.

We note that the OCC in the upper PMSE layers, which are

within the turbulent PMSE region, produce OCCs which are

well described by present models. However, the low layers

where this is not the case are situated in a region where little

turbulence should be present (Rapp and Lübken, 2004). We

suggest that this can lead to a situation where, in the high

PMSE layers, turbulence keeps the dust structures freshly

stirred up so that the dust sizes are well mixed and dust size

distributions are the same at both MORRO and VHF scale

lengths. For the low layer, the absence of turbulence should

allow especially the smaller dust to diffuse out to form wider

structures. The MORRO scattering in low layers may there-

fore be more influenced by smaller dust than what is the case

for the VHF radar. We should also be aware that the over-

shoot models so far have been one-dimensional and that full

three-dimensional models may modify some of the conclu-

sions on plasma adjustment time as the heater is turned on

and off.

The main conclusion of the present paper is that the list of

effects included at present to model the reaction of the PM-

SEs to artificial electron heating is probably incomplete. This

could possibly be coupled to incomplete charge modelling,

where our results indicate that in many cases the modelled

charging is too slow compared to the plasma diffusion time,

at least down to structures scattering the EISCAT VHF radar

beam.
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