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Abstract. There have been reports in the literature thatl Introduction
spaced-antenna MF radars may provide a source of data on
Polar Mesospheric Summer Echoes (PMSE). Even though .
the expected scatter from PMSE at MF frequencies is ver)}\';ﬁ:ér mesospherlc(; sumnr:er echoes E]PM?!E)O?re ?bﬁerved at
much weaker than at VHF, the wide distribution of sites and as strong radar echoes near the altitude of the sum-

long duration of data sets for MF radar systems could providemer mesoparL]Jse_. tThelr oicurrergﬁ IS rgliteltlj o fgé%sg?
valuable information about the occurrence of PMSE. ThisM€M MESOSpheric lemperatures (Cho and Kelley, , o

paper tests whether there is any evidence of PMSE in thé’md Rottger, 1997) and this fact, along with their association

profiles derived using the MF radar at Rothera, Antarctica,With noctilucenF clguds, has led to an interest in their possi-
one of the few such radars at high southern latitudes. OverﬁIe use as an indicator of glopal climate change (Thomas,
year of data during 1997/1998 has been analysed for the o 1996). The echoes are persistent, often_ lasting for sev-
currence of persistent features around midday in the aItitudt?ral hours_, although th_e Ir strength and_ vert|?al structure can
range 60-95 km. Criteria were chosen to test the likelihood’2"Y considerably on 'qmescales of mmutesn(@er etal,

that some of the narrow peaks in the power profiles Were1988). Most observations have been made in the northern

manifestations of electron density structures associated Witltfemlsphe're, particularly at h',gh and m|d-to-h|gh latitudes,

PMSE. Although a small number of persistent features wereWhereas in the southern hem|sp_here ob_servatlons of PMSE

seen at altitudes of 80—85 km that are tvoically associated'€ VeY sparse due to the scarcity of suitable radar systems.
ypiealy t has also been suggested (Balsley et al., 1995) that PMSE

with PMSE, there was no seasonality in their occurrence. ) ; . .
A detailed analysis of specific days showed that two peaksare weaker at southern latitudes due to hemispherical differ-

were often seen with altitude separations consistent with th&Nces the mesospheric temperature and/or water vapour

vertical wavelength of the diurnal tide. Persistent featurescontent: weaker PMSE would make their observation less

were also detected at altitudes of 70 km and 90 km during”kely' Whilst_commonly seen during the summer months at
the winter months, thus showing a quite different seasonal—frequencIeS in the VHF band, and even at higher UHF fre-

ity to that of PMSE. An estimate of the turbulence caused byquenmes (Rttger etal., 1990; Cho etal., 1992) any manifes-

the breaking of gravity waves that have propagated up fro tations of PMSE are expected to be very much weaker at the

the lower atmosphere shows that at Rothera significant enower MF frequencies on which this paper chuses. Never-
ergy is deposited near 80 km during summer, and near 7(Sheless, there have been reports of PMSE-like scatter from
and 90 km during winter. This seasonal variability is driven a r(;urlgt])er o{grggarfg at frequenc(;eshof 2 to'éMH?{ Fraserf
by the screening effect of stratospheric winds, and it appear rI:/ISE an (h ¢ 3 wstfsugr?este bt € pzSEI e2|an;|encedo
that breaking gravity wave dynamics, rather than PMSE phe- on the fading of echoes observed by a Z ragar

nomena, can explain many of the localised altitude feature%‘t Scott Base, Antarctica (77.8). A more det'alled study .
in the MF radar data. y Bremer et al. (1996) extended the analysis of PMSE in

MF radar signals by comparison with VHF radar signatures

K ds. Met | d at heric d ics (Mid at 69.6 N. Using a rather limited dataset they showed that
ey words. Meteorology and atmospheric dynamics (Mid- strong peaks in the MF radar signal sometimes occurred at

g:gjetr;)osphere dynamics; Turbulence; Instruments and tec he same time as PMSE were seen by a nearby VHF radar.

Despite what they called “strong hints that PMSE also occur
at 2.78 MHz", Bremer et al. (1996) acknowledged the con-
siderable variability of the partial reflection contribution to
the profiles of scattered signals. Also, they did not present
Correspondence tayl. A. Clilverd MF data from outside the PMSE season for comparison.
(m.clilverd@bas.ac.uk Hoppe et al. (1990) had earlier used the same MF radar
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Fig. 1. The hourly averaged SNR profiles for 24 December 1997.

system during simultaneous PMSE measurements at VHR Peaks in SNR profiles
but had found no evidence of PMSE. More recently, Mur-

phy and Vincent (2000) analysed several years of MF radapartial reflection signals from the mesosphere at 1.96 MHz
data from Davis, Antarctica, (68.6) searching for ampli-  are very variable with both height and with time. In general,
tude enhancements. The peaks they identified at PMSE akhe SNR increases with altitude as the electron concentration
titudes only occurred in a very small percentage of profilesincreases through the D-region. However, the changing ef-
(<0.1% at 77 km) and were short-lived, typically lasting 2 fects of solar illumination, particle precipitation and dynam-
minutes or less. Nevertheless, they tentatiVEIy linked them tha| influences introduce a |arge degree of Variab”iw (Man-
PMSE, principally because of their tendency to occur duringson and Meek, 1989). In this first section we exhibit two case
the summer months. studies from the Rothera MF radar showing the variation in

In this study we analyse data from the 1.96 MHz MF radar SNR profiles during a typical day. The presentation format
at Rothera, a high-latitude southern-hemisphere site (&.5 s similar to that used by Bremer et al. (1996) who compared
68.Cr W) We test for the occurrence of persistent enhancehourly MF prOf”es with simultaneous observations of PMSE
ments in profiles of radar signal to noise ratio (SNR), calcu-made using a VHF radar. Figure 1 shows mean hourly pro-
lated using the full correlation analysis technique (SA-FCA, files of SNR from the Rothera MF radar on 24 December
Gregory and Manson, 1975), that last for 15-30 min as m|ght1997 The eXpected increase in SNR with altitude is Clearly
be expected from a signature associated with PMSE. Thé&een in profiles throughout the day, but here we focus on the
analysis uses a filter algorithm to detect soundings that exOccurrence of narrow peaks in the profiles and their variabil-
hibit peaks in the signal above the normal background prodty from hour-to-hour.
file, looking particularly for features with a narrow vertical  Between 00:00-02:00 LT low SNR values are seen at
structure. Data was gathered from March 1997 to Octo-heights below 82 km and high SNR at heights above 90 km.
ber 1998, centred on the austral summer (the best seasoh peak evolves at 94 km around 06:00 LT, with evidence of
for PMSE occurrence) and based on soundings recorded @& secondary ledge structure at 82km. The high peak drops
3-min intervals. The data set is examined for the occurrencén altitude to 88 km by 11:00 LT and 85km by 13:00 LT.
of any PMSE-related enhancements as well as for annuarhis peak then persists at this height until 15:00 LT, where-
trends or seasonal differences. upon it appears to widen while the altitude increases slightly.
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Fig. 2. The hourly averaged SNR profiles for 16 January 1998.

A separate ledge near 76 km forms at 17:00 LT, lasting un- In order to automate the identification of peak features
til at least 20:00 LT. During this period the two peaks exist within the MF radar dataset, the average monthly SNR pro-
concurrently with a vertical separation of about 14 km, a dis-files were first derived for use as a reference against which
tance consistent with the vertical wavelength of the diurnalpeaks in the individual profiles could be identified. The in-
tide Forbes (1985). The SNR peaks shown here are remarkrestigation was confined to the period centred on local mid-
ably similar to those described by Bremer et al. (1996) asday, 11:00-13:00 LT (15:00-17:00 UT) which is commonly
coinciding with strong PMSE seen simultaneously at VHF regarded as the most likely time to observe the strongest
(see their Fig. 5). Whilst we do not have a co-located VHF PMSE (Palmer et al., 1994). Once the background profile
radar for comparison, we have extended our study at Rotheravas known, an algorithm was applied to the data to look
to many more days of MF radar data in order to allow a sta-for enhancements in SNR and to identify a peak. The cri-
tistical study of the SNR peaks and to assess their occurrenderia used to identify such a peak were similar to those used
against PMSE criteria. by Murphy and Vincent (2000) except that here we test for
A second example in Fig. 2 shows a very similar set of longer-lived events:
profiles, this time from 16 January 1998. On this day a wide
peak persists for most of the day. Over the local noon period 1. The enhancement should exceed the background profile
of 11:00-13:00 LT it is a wide curve with smaller sub-peaks by >3 dB.
at 86 and 92 km. These persist until 14:00 LT when the be-
ginning of a ledge structure at 78 km is also seen, becoming 2. A peak must occur within a set height range, typically
fully formed by 17:00 LT at altitudes of 80 km and persisting between 60 and 95 km. Any PMSE-like echoes would
until 20:00 LT. Once again the altitude separation of the two b€ expected to occur near 82km (Cho andttger,
concurrent peaks is in the expected tidal wavelength range ~ 1997).
of 10-15km. In fact, the similarity in the nature of the twin

peaks in Figures 1 and 2 is suggestive of a common influence - P€aks should persist in time so as to be present in at
such as tidal activity, as will be discussed later. least 50% of the profiles within a half-hour interval.

This test was added to eliminate spurious short-lived
peaks, where there is a poor SNR measurement due to
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Fig. 3. The annual variation of peak heights for persistent events, showing the three preferred heights bands at 65km, 77 km, and 90 km.
(Shaded sections represent gaps in the available data)

the effects of noise or meteors, and to select featuresults showed no obvious correlation between the dates and
with similar temporal characteristics to PMSE. times on which PMSE were seen by this VHF radar and those

when peak features were seen by the Rothera MF radar.
Figure 3 shows the annual distribution of SNR peaks de-

tected using this algorithm, with individual peaks represented
by a small cross. Three preferred heights are apparent near
65km, 77 km and 90 km, each having different number den-3 Discussion
sities and seasonal distributions. There is strong preference
towards summer in the occurrence of peaks at PMSE heightk the Rothera MF data we find that there are several pre-
of 80—-85km, but the numbers in this height range are lesderred altitudes at which persistent peaks are observed. This
than in the preferred height bands above and below. In termfinding is consistent with the work of Schlegel et al. (1977)
of the actual percentage of days in each month for whichwho used the 2.75 MHz radar at Tromso (69\j and found
peak features were found at each height, percentage occuthree distinct height regions where stronger scatter was re-
rence levels were low, typically5%. However, during the ceived, namely 65 km, 75 km, and 83 km. The measurements
southern hemisphere summer months the occurrence levelsere made during the northern hemisphere summer of 1975.
rose to 15-20% at altitudes of 78 km. Whilst the peaks at al-The preferred altitudes were inferred to be associated with
titudes near 76 km show seasonal behaviour, biased towardsolar radiation influences (upper altitude region) and thermo-
the summer months, the altitudes associated with PMSE ocdynamical effects of the neutral atmosphere (lower altitude
currence (82 km) have a relatively low peak occurrence rataegion). The preferred altitude ranges were expected to ex-
and show little seasonality. hibit annual height variations of 2—4 km which would be im-
Further confirmation of the lack of direct association be- possible to resolve accurately with the MF radar’s restricted
tween specific peak features at MF and the presence of PMSEeight resolution. However, such a height variation alone
was suggested by provisional results from a short campaigidoes not explain the presence of the third preferred height
of simultaneous PMSE observations at VHF. For ten daysband near 75km. As shown by the Rothera results, it is this
during February 1998, a ship-borne VHF radar made ob-third band that shows the most significant annual variation,
servations in the vicinity of Rothera (R. F. Woodman, per- with peaks only occurring between the months of September
sonal communication). A qualitative assessment of the reto March, i.e. the austral summer months.
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A similar summer-dominated occurrence pattern of peaknear 10 km that is constant betweeid0 m/s (Alexander and
features has been reported by Murphy and Vincent (2000)Rosenlof, 1996).
They used a negative gradient detection algorithm to identify
peaks in MF radar echoes at Davis, Antarctica (68) The Gravity waves propagating upward from below will not
vast majority of their peaks were observed close to local mid-reach heights above which their phase velocity matches the
day, a finding which adds weight to the selection of that timemean wind velocity. To account for this, the 5km vertical
interval in this work. Whilst the seasonal variation of the resolution CIRA-86 model (Fleming et al. 1990) was used
results is similar to ours, the peaks selected by Murphy andn a monthly basis to eliminate those waves from the distri-
Vincent (2000) were mostly of very short duration, typically bution reaching each 5km altitude interval between 65 and
only a few minutes, with even the longest event at 77 km al-105km. The remaining waves were integrated in equation
titude lasting only 13 minutes. The algorithm we used to1 to estimate the relative turbulent diffusion at each alti-
search the data at Rothera was chosen to identify the largetude in the range during each month. This procedure did
scale peak features such as those illustrated in Figs. 1 and Bot account for seasonal changes in the gravity-wave spec-
This required a much longer time persistence of 30 min, andrum, characteristic horizontal scales or the strength of grav-
in practice the chosen events often lasted even longer thaity wave sources. However, Alexander (1998) has shown that
this. Nevertheless, by allowing the SNR peaks to fluctuate inthe background wind filter can reproduce the geographical,
amplitude during the 30 minute selection interval, any short-seasonal and vertical variations in gravity-wave observations
lived but repetitive events would also be selected. Anothemwithout any variations in the spectrum or amplitude of grav-
difference from the results of Murphy and Vincent (2000) ity wave sources in the troposphere. Thus, it would appear to
was that their short-lived events tended to occur at altitudede adequate to estimate the relative seasonal variations in the
that were 3—4 km higher than the persistent events at Rotheraltitude profile of gravity-wave generated turbulent diffusion
This may be due to the efficacy of the Murphy and Vin- for comparison with the MF radar enhancements. The calcu-
cent (2000) algorithm at different altitudes, or the different lated mean monthly profiles of turbulent diffusion will indi-
geographical location of the Davis radar. cate those regions and periods of high gravity-wave activity.

One possible cause of peaks in the radar SNR profile idHowever, since gravity-wave processes are intermittent, one
the effects of deposition of energy that has propagated upvould then expect more peaks, or perturbations to the mean
from the lower atmosphere (Fritts et al., 2003). The breakingmonthly SNR profile of the MF radar in those regions.
gravity waves can produce turbulence that will create den-
sity fluctuations that reorganise the ionisation profiles locally. The altitude distribution of wave-generated diffusion, sub-
Even taking into account the smoothing due to thékm  ject to the constraints described above, is shown in Fig. 4
height resolution of the MF radar, and the fact that localisedas a function of season. Here we see that the southern-
turbulence does not always produce associated refractive iliemisphere winter region (centred on day number 172) is
dex variations and enhanced backscatter (Gibson-Wilde etharacterized by large values of wave-generated turbulent
al., 2000), we would expect to see evidence of such an effeatliffusion extending up through 95 km. Thus it would appear
in the statistical distribution of SNR peaks. The climatologi- that the winter solstice period is characterized by stronger
cal altitude distribution and seasonal behaviour of the turbumesospheric winds that interact with the waves to create tur-
lent diffusion generated by gravity waves may be estimatedbulent diffusion that both heats the ambient atmosphere and
using the expression given by Garcia and Solomon (1985): enhances vertical mixing. During the late winter (e.g. day
225) there are two distinct heights of maximum diffusion,
one near 90 km and one below 70 km. It is these same height
bands that contain the most SNR peaks during the winter sea-
son, as shown in Fig. 3. Conversely, during the summer sea-
son (e.g. day 0/365), it is clear from Fig. 4 that the bulk of

Here,y is an “efficiency” factor that accounts for the prob- turbulent diffusion is generated below 80 km. The height of
ability that the waves will not be present at all times, and isthis feature also coincides with the summertime band of SNR
taken to be 0.12 (Garcia and Solomon, 1985). The zonal opeaks that are seen in Fig. 3. To emphasise this connection,
meridional wave number of the gravity waves is givenkhy the average summertime profiles of SNR peak occurrence
which is assumed to be a constant 100 km for all the wavesnd turbulent diffusion are overlaid in Fig. 5. The largest oc-
in the distribution (Garcia and Solomon, 1985). The zonal orcurrence of SNR peaks is seen to be concentrated near 78 km
meridional phase speed of these waves is given, land the  showing how the height of the MF peak features correlate
scale heightH, the Brunt-\aisiilla frequency,V, and the  closely with the height of maximum turbulent diffusion. In
mean zonal or meridional wind, are evaluated at each alti- addition to the wave-generated diffusion, tidal-driven turbu-
tude, z, for which the turbulent diffusion is to be calculated. lence can also produce density fluctuations (causing greater
This expression was used to roughly estimate the turbulenMF scatter) in a similar way. This could explain the altitude-
diffusion generated by gravity waves over the 65 to 105 kmspaced peaks that were illustrated in Figs. 1 and 2 and whose
region by considering only the zonal wind component, andseparation corresponds to the expected vertical wavelength
by assuming an initial phase-speed distribution for the wavef the diurnal tide.

(a—c)“( 1 3812/3z> 1)
2H 2@i—c)
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4  Summary Balsley, B. B. and Huaman, M.: On the relationship between sea-
sonal occurrence of Northern Hemispheric polar mesosphere
We have analysed data from the 1.96 MHz radar at Rothera summer echoes and mean mesopause temperatures, J. Geophys.
for the occurrence of persistent SNR peaks around midday in Res., 102, 2021-2024 1997.
order to test the possibility that PMSE features could be deBalsley, B. B., Woodman, R. F., Sarango, M., Urbina, J., Ragaini,
tected at low, MF radar frequencies. Although peaks were E. Carey, J., Huaman, M., and Giraldez, A.: On the lack of
found at PMSE altitudes, these features were seen during southern-hemisphere polar mesosphere summer echoes, J. Geo-
both summer and winter months, and the occurrence rate phys. Res., 100, 11685-11693, .1995' ]
. . ho, J. Y. N., Kelley, M. C., and Heinselman, C. J.: Enhancement
in both seasons W_ere Smal!er _t_han for similar features at of Thomson scatter by charged aerosols in the polar mesosphere:
other non-PMSE altitudes. Slgnn‘l_cant occurrence rates were | o.q rements with a 1.29 MHz radar, Geophys. Res. Lett., 19,
found for peaks below 80 km during the summer months, a 1097-1100, 1992.
small number of which coincided with simultaneous peakscho, J. Y. N. and Kelley, M. C.: Polar Mesosphere Summer radar
at higher altitudes. The statistics of their occurrence suggest Echoes: Observations and current theories, Rev. Geophys., 31,
that most of these features are unlikely to be linked to PMSE. 243-265, 1993.

Analysis of specific days during the summer shows thatCho, J. Y. N. and Bttger, J.. An updated review of polar meso-
SNR peaks sometimes occur at two altitudes simultaneously, sphere summer echoes: Observation, theory, and their relation-
with an altitude separation of about 12km. This separa- ship to noctilucent clouds and subvisible aerosols, J. Geophys.
tion is consistent with the vertical wavelength of the diur- Res., 102, 2001-2020, 19_97' - .
nal tide suggesting a dynamic, tidal influence on their cre—ESpy' P. J. and Steg’.“a”' J: Trends and variability of mesospheric

. ; - temperatures at high latitudes, Phys. Chem. Earth, (6-8), 543—
ation. During the equinoxes large numbers of peaks were

- . 553, 2002.
detected at higher altitudes of 90-100 km. These features aReming, E. L., Chandra, S., Barnett, J. J., and Corney, M.: Zonal

pear as broad ledges covering a large range of altitudes and mean temperature, pressure, zonal wind, and geopotential height

are probably caused by enhanced ionisation levels associated as functions of latitude, COSPAR International Reference Atmo-

with high geomagnetic activity. sphere: 1986, Part II: Middle Atmosphere Models. Adv. Space
A climatological estimate of the turbulence af ®caused Res. 10, 11-59, 1990.

by breaking gravity waves that have propagated up fromForbes, J. M.: MST radar detection of middle atmosphere tides,

lower altitudes shows that significant energy is deposited at Radio Sci., 20, 1435-1440, 1985.

80 km during the summer months and at 70 and 90 km durFraser, G. J. and Khan, U.: Semidiurnal variations in the time scale
ing the winter months. This seasonal variability is driven by of _irregularities near the Antarctic summer mesopause, Radio
the screening effect of stratospheric winds and the interac- Scl., 25, 997-1003, 1990. ]

. L. . . . . Fritts, D. C., Bizon, C., Werne, J. A., and Meyer, C. K.: Layer-
tion of _the remaining waves with the mesospheric wind field. ing accompanying turbulence generation due to shear instability
_There is a strong correlat_lon betwee_n these seaspnal changes,q gravity wave breaking, J. Geophys. Res. Atmos., 108, (D8),
in turbulence and the height of persistent peaks in MF SNR  ga52_g465, 2003.
profiles suggesting that enhanced turbulence is influencingarcia, R. R. and Solomon, S.: A numerical-model of the zonally
the increased radar scatter. Thus it appears that turbulence averaged dynamical and chemical-structure of the middle atmo-
resulting from breaking gravity waves can explain many of sphere, J. Geophys. Res., 88, 1379-1400, 1983.

the persistent peak features in the MF radar data, whereas rféarcia, R. R., and Solomon, S.: The effect of breaking gravity

clear link can be forged with PMSE. waves on the dynamics and chemical composition of the meso-
sphere and lower thermosphere. J. Geophys. Res., 90, 3850—
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