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Abstract.

A 25-kW peak power 50-MHz radar was installed at the Peruvian

baseon King GeorgeIsland, Antarctica (62øS),in early 1993. A searchfor
polar mesospheric
summerechoes(PMSEs) was made during late Januaryand
early Februaryof the first year of operationwith negativeresults. Theseresults
havebeenreportedin the literature [Balsleyet al., 1993; 1995]. We report here
resultsobtainedduringthe australsummerof the secondyear (1994)of operation.
Observationsduring the secondyear werebegunearlier, i.e., closerto the austral
summer solstice. PMSEs were observedduring this period, albeit the echoeswere
much weakerthan what one would expect basedon earlier Poker Flat radar resultsat

a comparable
latitude (65øN)in the NorthernHemisphere.A largeand measurable
asymmetryin PMSE strengthin the two hemispheres
thereforeexists.We explain
this asymmetry by postulating a differencein summer mesopausetemperatures
betweenthe •wo hemispheres
of -07.5 K. This differencehas been estimatedusing

an empiricalrelationshipbetweenthe variationsof the PokerFlat PMSE power
as a function of temperaturegiven by the massspectrometerincoherentscatter
extended(MSISE-90) model.
bulent mixing processes,however, sincethe meter-scale
turbulence responsible for the VHF echoes is difficult
A relatively recent geophysicaldiscovery[Ecklund to support with the accepted energy dissipation rates
and Balsley,1981]hascometo be knownaspolarmeso- expected at these altitudes. This difficulty arises bespheric summer echoes or PMSEs. These are mani- causethe "inner scale"of turbulence(i.e., the smallest
festedas very strongVHF (30-300 MHz) radar echoes fluctuation length-scalethat turbulence can create as it
near the mesopauseat high latitudes during summer works against the competition of molecular diffusion)
1. Introduction

(see Cho and Kelley [1993],Rb'ttger[1994],and Cho is thought to be somewhatlarger than the meter-scale
and RSttger[1997]for recentreviews).
wavelengthsto which the radar is sensitive. In other
There is currently no satisfactory theory to explain
PMSE occurrence. A possiblyrelated but weaker mesospheric echo is observedat lower latitudes at VHF dur-

words, echo-producingmeter-scale turbulence may be
very difficult to sustain, since viscosity and diffusivity
will heavily damp such small-scaleirregularities.
ing all seasons. These echoes,which are still signifiThe stronger P MSEs observedat higher latitudes are
cantly stronger than incoherent scatter returns, have even harder to explain on the basisof the same standard
been postulated to arise from small-scale turbulent turbulent mixing theories. P MSE observationsat even

fluctuationsin the ionization density [Woodmanand higherfrequencies(UHF = 300-3000MHz) [RSttgeret
Guillen,1974;RoyrvickandSmith,1984].Theselower- al., 1990a]make their existenceevenmorepuzzling.
latitude echoesare only marginally explainable by tur-
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ice particles[Choet al., 1992],whichalsoexplainsthe in the two hemispheres,it did changethe estimated
closealtitudinal, latitudinal, and seasonalrelationship magnitude of the differenceby -•8 dB to 26-36 dB.
In the presentpaper we will discussthe significanceof
of PMSE with both noctilucentclouds(NLCs) and a

relatedphenomenon,
polarmesospheric
clouds(PMCs) our secondyear's results in the context of our previous
[Thomas,1991].It alsoexplainsPMSE occurrence
un- (largelynegative)results.In addition,we will compare
der only the coldestmesospheric
conditions(i.e., dur- our results with more quantitative statistics derived
ingsummerat highlatitudes).Additionalexperimental from the Poker Flat VHF radar (65ø08'N,147ø27'W).
supportfor the existenceof chargediceparticlesduring After consideringthe influenceof other mesospheric
PMSE conditions
is givenby Zadorozhny
et al. [1997]. state parameters as possiblesourcesof the north-south
Althoughthe correlationbetweenPMSE occurrence PMSE asymmetry, we will concludethat temperature
and that of NLC has not been well established, close is possiblythe most critical parameterdeterminingthe
coincidenceshave been reported, indicating common difference. Assumingthat this conclusionis correct, we
physical
processes.
Morerecently,
Inhesteret al. [1994] will use the temporal behavior of P MSE strength and
havefoundagreement
betweenicecloudmodelcalcula- measured mesopausetemperature at near Poker Flat
tions and P MSE occurrence. Their model calculations latitudes to "calibrate" an empirical echo power versus
use simultaneousfalling sphere mesospherictempera- temperature relationship. We will then show that an
ture measurements and 50-MHz radar P MSE observa- interhemispherictemperature differenceof 7.5 K, comtions. This study givesstrong supportto a direct re- parable with expectedvaluesderivedfrom existingemlationship between the two phenomena. In addition, pirical models, could explain the observedasymmetry
Inhester et al. [1994]directly establishan upper limit in P MSE strength.
of 140 +5 K as a temperature threshold for the existence
of PMSE.

Even more recently,Nussbaumeret al. [1996]found
very close agreement between NLC, as observedby a
lidar, and the presenceof PMSE. In two of the four cases
presented,the NLC cloud delineatesalmost exactly the
bottom edgeof the P MSE region. The closeconnection
between the two phenomenais a consequenceof using
the lidar to observeNLC in the samescatteringvolume
as that

of the radar.

Thus the possibilitythat VHF P MSEs are generated
at temperatures low enough to freeze water vapor is
definitely a valid working hypothesis. It is, moreover,
one that we shall use in discussingour results.
The purpose of this paper is to report the results
of Antarctic P MSE observationsmade during the austral summer of 1993-1994. During the previoussummer

2. Experimental

Description

2.1. Radar System and Operations

Until January 15, 1994, the radar systememployedat
the Machu Picchu site during both the 1992-1993 and
the 1993-1994campaignswasthe samesystemreported

by Balsleyet al. [1995].This earlysystemuseda single
systemthat was switched manually between three antennasfixed to point to the vertical and to 15ø off verti-

caltowardthe north andeast[Sarangoet al., 1994].An
improved system was put into operation after January
29, 1994. This new system was capable of controlling
and parallel processingthree independentradars with
antenna beams pointing in three different directions.
Furthermore, each of these radars could processdata
on line simultaneouslyfrom both the mesosphereand

(1992-1993),our team of Peruvianand North American the troposphere
[Sarangoet al., 1995].For the present
and technicians had installed a VHF radar
purposeswe usedonly the beam positionsthat were diat Peru's Machu Picchustation (62ø06•S,58ø28•W)on rected to the vertical and 15 ø off vertical to the north.
King George Island, Antarctica. The most interesting The pertinent parametersthat determinedthe sensitivresult of the first campaign was the discoverythat es- ity of these systemsare shownin Table 1.
sentially no P MSE was observed,althoughthe latitude
scientists

and season were consistent with observationsof very

strongPMSE returnsin the NorthernHemisphere[Balsleyet al., 1993]. A moreextensivesummaryof the first
year'sobservations[Balsleyet al., 1995]comparedour
surprising(negative)SouthernHemisphereresultswith

Table

Northern Hemispheric, high-latitude observations. We
concludedthat Antarctic P MSEs, if they existed at all,

Antennaarea,vertical,m2
Antennaarea,15ø westward,
m2
Antennaarea, 15ø northward,m2

had to be at least 34 to 44 dB weaker than their North-

ern Hemispheric counterparts. We also reported, as the

note added in proof in our previousstudy [Balsleyet
al., 1995], that a more thoroughanalysisof the first
year's using refined noise reduction techniquesyielded
one very weak PMSE return that lasted for a few hours.
While

this result did not alter our fundamental

1. Machu

Picchu

Radar

Parameters

Parameter

Peak transmitter power, kW
Pulse width, /•s
Interpulse period, ms
Coherent integration time, ms
Receiver bandwidth, /•s
Receiver noise figure

conclu-

sionsregarding the disparity betweenP MSE intensities

aWhen a 16/•s pulse width is used

Value

2500
5000
2500
25

8, 16
1

128

8, 16a
•3

dB
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Figure 1. Summary of the observationalmodes used during the austral 1993-1994 summer
campaign. The graph also showsthe quality of the observations.

Althoughwe arrivedfor the summercampaign(1993- plitude characteristics. The amplitudes are presented
1994) in mid-December,much earlier than that of the and discussed
in termsof signal-to-noise
ratios (SNRs)
previoussummer, we did not get a fully working system expressed in decibels. At 50 MHz the noise level is
until mid-January. Unfortunately, the antennas had determinedprimarily by the (known) sky radio temsufferedsomedamagefrom the harsh winter conditions perature (cosmicnoise). SNR thereforecan be usedto
and repair was not possibleuntil the ice coveringthe compare signal strengths at Machu Picchu with those
ground structure and foundation had melted. Because obtained by other systemsat other geographicallocaof this problem, only a partially working north point- tions. We have normalized all signal powers relative
to a single value of noise that was obtained from the
noise level of a particular time period around 2100 LT
designsensitivityuntil 2100 LT (60øW) on January11, on January 14, when the noise was low and the signal
1994. In spite of this limitation, during this period, ex- was free from interference.
cept for a period between December22 and 24, a 2 hour
The "signal" used in the SNR is that obtained aftime window beginning at local noon was dedicated to ter subtracting the noise and interferencecontributions
mesosphericobservations. A summary of the observ- from the total signal receivedat a given time and from
ing times for the secondsummer campaign, including a given altitude. It is important to point out that we
"down" times and times with questionable system sen- occasionally experienced interference problems with insitivity, is shown in Figure 1.
terference power levels comparable to the noise level.
As shownin Figure 1, the systemoperatedusingonly This interference,which originated primarily in the prothe north directed beam until 1400 LT on January 11. cessingand control electronics,was, for the most part,
After 2100 LT on January 11, the systemwas switched independent of altitude. Both the cosmic noise and the
to the repaired vertical beam and an improved receiver altitude-independentinterferencefor a givenintegration
systemand the operating mode was changedto contin- time were estimated from the lowest 10 mesosphericaluously sample the mesosphericaltitudes.
titude samples. This procedure took advantage of the
Followinga systemfailure on January 15, no observa- fact that PMSEs are never observed at these altitudes.
tions weremade until January 29. At this point a newly

ing antenna was placed into operation on December 16,
1993. We suspect that this system did not achieve full

developed,multibeam and multirangesystemwas put

3. Data

in operation. This new systemused both the north and
vertical antennas and sampledtroposphericand meso-

3.1.

The

Presentation
Antarctic

Results

sphericheightssimultaneously.This operatingmode
Except for a seriesof weak echoesthat were observed
continueduntil the end of the campaignon February on January 9, the entire data set containing detectable
13.

echoesis presentedin Figure 2. In Figure 2 the echointensities have been plotted using a gray scaleaccording
2.2. Processing Techniques' Overview
to the logarithmic scale shown at the bottom of the figIn the following sectionswe will discussP MSE char- ure. Note that the detectable signal level is around 14
acteristics obtained during the entire 1993-1994 cam- dB below the noise level. Antenna pointing directions
paign. Note that we will mainly discussjust PMSE am- appear in Figure 2, top, in the black (systemdown)
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Figure 2. Range-time-intensity plot covering the period between late January 11 to midday
January 15, 1994, when continuousobservationsat mesosphericheights were made and polar

mesospheric
summerechoes(PMSEs) wereobserved.

area. The weak January9 echoes(not shownin Figure of altitude. Their intensity, even at maximum levels,
2) wereobservedusingthe marginalsystemon the north never exceeded 3 dB above noise level.
directed antenna and lasted during the entire 2 hours

The January 11 echo event that was obtained using

of the (mesospheric)
observingperiod during that day.

the

north

directed

beam

between

1000

and

1400

LT

These echoesoccupied a single height range at 82 km

appears in Figure 2, top left. The remaining data in

WOODMAN

ET AL'

POLAR MESOSPHERIC

Figure 2 correspondto the period between January 11
and 15 when the antenna was directed vertically. This
was the only period when we observedthe mesosphere
almost continuously and when PMSEs were present.
Although we have no data for the period January 16
to 29, we do have continuous data using the updated
system for the subsequentperiod between January 29
and February 13. These data are not shown since no
echoes were

detected.

The

lack of detectable

echoes

implies that if weak echoeswere present, they were at
least 14 dB below the noise level.

The two-hour-per-day mesosphericmidday observations made prior to January 11 require a separate discussion. Although the radar was not operating up to
its full specificationsduring this period, the data are
not completely devoid of usefulinformation. Data during this period are very important for our discussion
because, based on Poker Flat PMSE analysis, this is
the seasonof strongestechoes. Therefore any information, albeit qualitative, available from the Machu Picchu data during this period is important in assessing
relative differencesof echo strengths between the two
hemispheres. Specifically,the radar used until January
11 was sufficientlysensitiveto detect reasonablystrong
P MSEs. We know this because that system typically
recorded tropospheric echoesup to •5-km altitude on
the north directed beam. In fact, on one occasion,we
were able to obtain tropospheric echoesup to 10 km,

SUMMER ECHOES IN ANTARCTICA
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and we did detect PMSE on the north-directed beam on

January 9 and 11. However, we were unable to detect
mesosphericechoesprior to 9 January. On the basis
of the strengthsof the typical troposphericreturns,we
can establishthat the lossof sensitivity was lessthan
•10-20

dB.

On the basisof theseargumentsand the _<10 dB SNR
levels in Figure 2, we deduce that P MSE intensities

prior to 9 January could not have been much stronger
than the strongestPMSE illustrated in Figure 2. It
followsthat PMSE intensitiesprior to January9 were
either comparable or weaker than the echoesobserved
later or were nonexistent.

It is clear from Figure 2 that the observedSouthern
Hemispheric echo returns are similar to Northern Hemi-

sphericPMSEs. They havethe samemorphology
(regionsof echointensitythat movedownward
with time)
as similar plots taken at other Northern latitude sta-

tions. Furthermore,the altitude range of our observationslieswithin the samerangeasthe strongestechoes

obtainedat PokerFlat [EcklundandBalsley,1981]and
otherNorthernHemispheric
observations
[e.g.,Rb'ttger,
1994].In addition,both the velocityandspectralwidth
of the returns correspondto thoseexpectedfor PMSE
values. Thesestatementsare supportedby Figure 3,
whichshowsboth instantaneous
SNR profiles(Figure

3, left) and a typicalDopplerspectrumprofile(Figure 3, right). The mean velocitiesare consistentwith
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Figure 3. Typical (left) powerprofileand (right) spectralcontourplot of mesospheric
echoes
obtainedby the verticalbeamradar at MachuPicchustation,Antarctica,January12, 1994,1650
LT. Contours are shownevery 3 dB. The lowest contour is at the detectable level.
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the expectedvelocityof vertical PMSE returns (typi- (NOAA). Weekly power level statisticsobtainedfrom
cal short-periodgravity waveverticalvelocities),while these data are shown in Figure 4. The results include
the spectral width is that which would be expectedfor data from both off-vertical (north and east) beams,
beam-broadenedspectra, i.e., a width determinedby since both data sets were obtained with the same sensiDoppler shifts due to the projection of the horizontal tivity. The statistical curves are shown in terms of permesosphericvelocitiesto all the lines of sight included centile contourlevels. Here the signal-to-noiseratio of a
within the beam width of the antenna.
point in a given percentile curve should be interpreted
One conspicuousfeature apparent in Figure 2 is as the level that the signal has exceededthe percent-

the quasi-periodic(30-60 rain) occurrence
of downward ageof time givenby the subscript.The 50% percentlie
propagating structures mentioned above. Note, for example, the almost identical features between 1640 to
1740 LT on January 12. The form of these features
is very similar to other isolated features, which can be
seen at 1030 and 1500 LT on the same day, at 0500,

curve P50 can be interpreted as the weekly median SNR
as a functionof season.The 10% and the 90% percentile
curvesconveyinformation on the variance of the power
level for a given period. Also plotted in Figure 4 are the

0730 and 0900 LT on January 13, and again at 1800
LT on January 14. All of these structuresappear to
progressdownward,slowly at the beginningand more
precipitously at the end. This downwardphase progressionand its quasi-periodicitysuggesta closerelationship with gravity waves. Such a relationshiphas

for the correspondingweekly periods.
In Table 2 we have tabulated the critical system parameters of the vertical antenna system of the Machu
Picchu radar for the secondcampaign as well as that
of the east and west Poker Flat systems. These specific
values were used to obtain the data shown in Figures 2

maximum(1-houraverage)powerlevelsPmax observed

alsobeenobservedat northernhigh latitudes[Balsley and 4. The comparativevalues(Machu Picchu/Poker
et al., 1983;Fritts et al., 1988;Rb'ttgeret al., 1990b]. Flat) are expressedin dB. Examinationof Table 2 shows
The 5 days displayedin Figure 2 showminimum activity somewhere around 2100 and 0300+ LT, with a
maximum activity occurring somewherebetween 0600

that the overall sensitivity difference between the two
systems is 21 dB. Note that we have assumed a 5-dB
enhancementfor the height-averagedaspectsensitivity,
and 1900LT. This featuresuggests
strongsolarand/or i.e., a correction to take into account the higher power
diurnal tidal control. Unfortunately, the time seriesis levels at vertical incidence relative to those made at

not long enoughto derive a climatology. This behav- obliqueangles. This value has been adoptedusingthe
ior in time is somewhat similar to the northern latitude
recentresultsof HuarnanandBalsley[1998]for the altiP MSE counterpart. At northern latitudes a minimum tudesof interest(84-88 kin) usingthe samePokerFlat
in activity has been reported between 2100 and 2400 CEDAR database. The "processedbandwidth" indiLT [Balsleyet al., 1983],althoughthe minimumshows cates a gain in sensitivity obtained by the digital proa larger day-to-day variability. The broad maximum cessingof the data, mainly due to differencesin the co-

alsoagreeswellwith the maximumactivityreportedby
Bremeret al. [1996]usingthe ALOMAR-SOUSYradar
at Andenes(69.28øN,16.02øE),
althoughour minimum
is shiftedtowardslater timesincludingtimeswhereAndenesshowsa secondarymaximumaroundmidnight.
Note that the measuredechostrengthsoverthe Machu
Picchuradar rarely exceed•10 dB (or 6 or 7 dB, if
we usehourly averagesas in Poker Flat) overthe noise
level. The maximumvalues,moreover,neverlast longer
than an hourduringthe entireperiod. Mostof the time,

herentintegrationtimes(digitalfilter bandwidth)used.
In addition to the Poker Flat statistics,we have plotted in Figure 4 the resultsof both seasonalcampaigns
in Antarctica. The sensitivitydifferencein the two systems has been addressedby the use of two SNR power
scalesthat differ by 21 dB. The left-hand scalerefers to

Poker Flat results,while the right-handscaleof Figure
4 refers to results from Machu

Picchu.

Plotted

in this

way, the relative differencein power obtained at the two
sitesis valid if read from either the left or the right scale.

when echoesare visible, the power levels lie near 0 dB

These differences should be attributed

or weaker.

the nominal echo crosssection in the two hemispheres.
We should also note that

3.2. Interhemispheric

to differences in

we have added an additional

Differences

2 dB to the first-campaign Machu Picchu observations
At this point, the two most important inter hemi- to account for the fact that they were made using an
spheric differencesin PMSE behavior lie with the echo off-verticalantenna(-5 dB) but with twice (+3 dB) the
strength and the seasonalduration of the echoes. In

order to discussour results quantitatively in relationship to the extensive observations carried out at Poker

area used on the secondcampaign.

A commentis in order regardingthe temporalscale
of Figure 4. Note that we have shifted the Machu Pic-

Flat in the Northern Hemisphere, we have evaluated chu resultsby 6 monthsto correspondto the compaNorthern HemispherePMSE statisticsusing the so- rableseasonin the NorthernHemisphere.Accordingly,
called "clean" reduced(hourly averaged)parameter December, January and February in Antarctica corredata files obtainedfrom the AeronomyLaboratoryof spondto June, July, and August in the Arctic, respec-

the National Oceanic and AtmosphericAdministration tively.
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Figure 4. Statisticaldistributionof the echopowerlevelsobservedat PokerFlat between84

and90 km withtheeastandnorthbeamduring1984.One-hour-averaged
maximum
powers,
in
1-weekperiod,are shownasjoinedcrosses.Powerlevelsexceeded
for 10, 50, and 90% of the
time are shownas joineddiamonds,triangles,and squares,respectively.The isolatedcrosses
and the isolated triangle correspondto the same definitionsbut for the Antarctic observations.

The isolatedcrossfor the first weekof February(August)showsan upperlimit. The labelson
theleft axiscorrespond
to powerlevelsusingthesensitivity
of a Poker-Flat-like
system,
andthe
onesontherightaxiscorrespond
to onewiththesensitivity
of a Machu-Picchu-like
system.The
additional temporal scaleson the bottom have been shifted 6 months and show the times when

observations
weremade,with eithergoodor questionable
sensitivity,
andthe timeswhenechoes

were received

in Machu

Picchu.

The 1-hour-averagedreceivedSNR values at Machu made toward the end of January 1993. Observationsof
Picchuare shownin Figure 4 by the two isolatedbold the absenceof PMSE activity during the first week of
crosses
at +7 and -4 dB. One cross(7 dB) corresponds February for both campaignsare indicatedby a third
to the hourlyaveraged
maximumsignalobserved
during isolated cross at the-14 dB minimum detectable level.
mid-January(January13) 1994and shownin Figure In this instance,the crossis shownabovea sequenceof
2; the other (-4 dB) value corresponds
to observations dotsto indicatethat the crossis an upper limit of PMSE
SNR valuesand that valuesbelowthis are possible.To
comparehourly averagedmaximum SNR levelsbetween
Table 2. MachuPicchu(MP)/Poker Flat(PF)
the two stations, the bold Machu Picchu crossesshould
Sensitivity Comparison
be comparedwith the joined crossescorresponding
to
Parameter
MP
PF
MP/PF a Poker Flat values.
We alsoshowa singlestatisticalpoint (the bold isoAntennaarea,m2
2,500 30,000
-11 lated triangle) in Figure 4 for the Machu Picchu radar
Averagepower,Watts
250
10,000
-16
(P50). This point showsthe SNR level that was ex1/bandwidth,/zs
8
l0
-3
ceeded50% of the time during the entire vertical beam
1/(processbadwidth),ms
128
49.3
+4
Aspectsensitivity
b
128
49.3
+5
mid-January1994observations.During this period (see
Figure 2), the -14-dB minimal detectablelevel wasexOverall sensitivity
ceeded
(that is, echoeswere observed)50% of the time.
difference
-21
It is possibleto establishthe value of this point, despite
a All values in dB
the fact that for the other 50% of the time the sigHeight-averaged
nal was below the sensitivity of the system. Note that
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this point is muchmore statisticallysignificantthan the
maximum power estimates derived from a singlepoint
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ferencesbecome even larger as the end of the season
approaches.Indeed, the negative results obtained during the first week of February in the Antarctic suggest

and correspondsto the median PMSE. It should be directly compared to the seriesof weekly medians, P50 that the echoes could be at least 40 dB weaker than
their northern counterparts for the same season.
(joinedtriangles),for July in the PokerFlat results.
Note that the maximum power level and the 10•
Finally, despitethe lack of sensitivityduring the last
percentlie curve for the Poker Flat radar remain rela- half of December and the first of January, we can claim
tively flat during the nonsummermonthsbetweenmid- that the echostrengthscouldnot havebeenmuchhigher
September and mid-May. The median SNR value dur- than 20 dB above the detectable level: that is, they
ing this period is •10 dB SNR, with peaksreachingthe must be comparable to, or weaker than, the maximum
20-dB level. Typically, these echoesare of relatively strengths reported for the middle of January when the
short duration and occurusuallyat times of energetic system was working properly.
Clearly, thesenew observationsreinforceour previous
particle precipitation. As one would expect, the correlation is highest when the D region solar ionization conclusions
[Balsleyet al., 1995]that therearelargedifis at minimum and the ionization is mainly produced ferencesbetween the powers of the PMSE observed in
by the energeticparticle precipitation. During sum- the two hemispheresduring comparable periods. How
mer, Ecklundand Balsley[1981]and Czechowsky
et al. can we accountfor suchlarge hemisphericdifferencesin
[1989]found a minimal correlationbetweenprecipita- behavior at these two high-latitude locationsthat differ
tion events and P MSE intensity at high magneticlat- only 3ø in latitude? It continues to be reasonable to
itudes. Apparently, given sufficientionization by so- postulate that inter-hemispheric differencein temperalar radiation, enhancementsin echopowerproducedby tures postulatedby Balsleyet al. [1993]is a primary
PMSE-related
mechanisms mask the enhancements crecause. In the followingparagraphswe will extend these
ated by energeticparticle ionization. It is worth noting early discussionsand consider other mesosphericstate
that becauseof the lowergeomagneticlatitude of Machu parameters and conditions that could influence PMSE
Picchu(-55ø dip), onewouldexpectprecipitationevents intensities. The points outlined below will confirm that,
only during extreme magnetically disturbed days.
indeed, temperature is the most critical parameter. Following that, we will use the Poker Flat results in con4.

Discussion

4.1. Observational

Summary

junction with empirical temperature models to obtain
a more quantitative evaluation of how large this temperature difference could be.

The observationsmade during our secondAntarctic 4.2. The Role of Temperature and Other
(1993-1994)campaigncomplementour observations
of Mesospheric State Parameters of Importance
the previousyear campaign,insofaras they provideobservations closer to the austral summer equinox. Although the second-campaign
observationsreportedhere
were not made as early in the seasonas we had hoped,
they do coverthe important transition period between
the time when (basedon earlier Northern Hemisphere
results) (1) PMSE shouldachievemaximumSNR val-

We assume the presence of ionized ice aerosolsdiscussedin the introduction, as a reasonableworking hypothesisfor the occurrenceof VHF PMSE. However, regardlessof the anticipated importance of temperature in
PMSE production, the other state parameters and con-

ditionsof the mesosphere
couldhave a bearingon the
strengthof PMSE and cannot be ignored. Specifically,
we need to consider the possible importance of water
Inspection of Figure 4 shows that the strongest vapor,partial pressure(or mixing ratio), phasestate of
(Pmax) echoesreceivedin mid-Januaryat Machu Pic- water, turbulence and gravity waves,ionized particles,
chu (•7 dB SNR, on the right-handscale)correspond electrondensity(indexof refraction),and condensation
to about a 28-dB SNR (left-hand scale)echoat Poker nuclei. The intensity of gravity wavesalso comesinto
Flat. This level is clearly 22 to 26 dB weaker than the the picture since it affects the instantaneoustemperthat the
actual Poker Flat SNR values,dependingon whether we ature [Reid, 1975]. Furthermore,considering
two radars, besidesbeing at different hemispheres,have
use a 50- or 54-dB value for the maximum SNR ratio
plotted for the equivalent period at Poker Flat. Simi- different longitude and latitude, we first need to examine possiblelatitudinal and longitudinal dependencies
larly, the median (P50) valuesat MachuPicchuare •25
dB weakerthan the Poker Flat valuesfor the samepe- of the same quantities in either hemisphere. This is
riod. Machu PicchuPMSEs, toward the end of January done in the following section.

uesand (2) they disappearat the end of summer(at
leastfor radarswith sensitivities
comparable
to ours).

(July in the NorthernHemisphere),as depictedby the
Pmaxvalues,are even weaker,althoughthe PokerFlat 4.3. Possible Longitudinal and Latitudinal
echoesremainrelativelyconstant.Thus, duringthe end Effects on PMSE Intensity in the Same
of January(July), the maximumstrengthsof the Machu Hemisphere
Picchu PMSEs are some 32-35 dB weaker than the maxRegarding longitudinal dependencies,the most senimum strengths seen at northern latitudes. These dif-

sitive state parameter at high latitudes out of the ones

WOODMAN ET AL.: POLAR MESOSPHERIC SUMMER ECHOES IN ANTARCTICA
mentioned above is the mesospheric ionization level.
The two primary sourcesof ionization are solar radiation and particle precipitation. Clearly, solar radiation
has no longitudinal dependence.Particle precipitation,
on the other hand, depends strongly on geomagnetic
latitude. Geomagnetic latitude, in turn, dependsheav-
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carefully, since small temperature changescan strongly
affect the water vapor saturation temperature. Thus a
few degreesin temperature can make the differencebetween water being in the ice phase or not. According

to the MSISE-90 model [Hedin,1991],the summertime
mesopausetemperature at a latitude 3ø south of Poker

ily on geographiclongitude. Although the geographical Flat is 1.5 K warmer than the mesopausetemperature
latitude

of the Poker Flat and Machu

Picchu sites differs

at Poker

Flat.

We

will

consider

this

difference

when

by only 3ø, the geomagneticlatitude of the two stations we quantitatively discusspossibleinterhemispheric temis very different. Poker Flat has a dip angle of 77ø and is perature differences.
often subjected to particle precipitation; Machu Picchu
has a dip angle of -55 ø and is only subjectedto particle
4.4. Possible Interhemispheric
Asymmetries
precipitation events during very disturbed conditions.
In contrast with the expected latitudinal and longiTwo studies of the effects of particle precipitation on

PMSE activity [Ecklundand Balsley,1981; Czechowskytudinal insensitivity(within the samehemisphere)diset al., 1989],however,haveshownthat duringthe sum- cussedabove, there are reasonsto expect differencesin
mer months there is little correlation between particle
precipitation and echo strength. On the base of these
results, it appears that the Sun by itself provides sufficient ionization to produce very strong PMSE. PMSEs
are strong in the absenceof precipitation events. We
need to qualify this last statement slightly to account
for a weak variation in PMSE intensity that depends
on D region ionization as observed by an absorption

mesosphericsummertime temperature and water vapor
at comparable latitudes in the two high-latitude hemispheres. Specifically, mesopausetemperatures in both
hemispheresare strongly influencedby the atmospheric
general circulation. The cold summer mesopausetemperature is a consequence
of adiabatic coolingproduced
by the vertical component of the summer-to-winter cir-

culationcell [e.g., Garcia,1989,and references
therein].
instrument [Czechowsky
et al., 1989]. This small ef- This samecirculationinfluencesthe water vapormixing
fect definitely cannot explain the large observedpower ratio equilibrium profile in summer. In addition, there
differencesbetween the two hemispheres.We could ex- is a steep vertical gradient in the water vapor mixing
clude from our comparisonsthe times when there was a ratio that arises from photodissociationat higher alprecipitation event and still be left essentiallythe same titudes. This gradient is maintained by the upwelling

large differencesin power levels.
There is no reason to expect a significant longitudinal dependence, at mesosphericaltitudes, in any of
the average properties of any of the other parameters
mentioned above, e.g., turbulence, condensationnuclei

of the water vapor that is driven by the same circula-

tion [Thomas,1996b].This meridionalcirculationcellis
driven,in turn, by the momentumdepositionof gravity
wavespropagatingfrom below and breakingat theseal-

titudes[e.g., Garcia,1989]. Thusorographicdifferences

(meteoricactivity), or gravity waves.We are not aware and differencesin troposphere circulation and convecof any observationsshowing the contrary. In any case, tive activity in the two hemispherescan reasonablyprowe are assuming such independence. It is reassuring ducedifferencesin gravity waveactivity that couldlead
to note, in passing,that the the mass spectrometerin- to differencesin circulation, temperature and water vacoherentscatter extended(MSISE-90) model [Hedin, por mixing ratio.

1991],which doesshowa measurabletemperaturedifference between hemispheres,showsnegligible longitudinal temperature differences at mesopause altitudes
during summer. Thus, at least to first order, both stations can be considered representative of their correspondinglatitude, except that a slightly higher average
power at the Poker Flat radar might be observableduring periods of high energeticparticle precipitation.
Concerning a possible latitudinal dependence, we
should recall that the latitude

difference between Poker

Flat and Machu Picchu is only -•3 ø. Except for a mesospherictemperature effect, the expected differencesin
any other relevant state parameters for such a small
changein latitude are insignificant.Differencesin solar
ionization levels could be consequentialbut only during
local sunset and sunrisetimes. At any other time, the
difference in solar incidence angle and thus in ionization and PMSE strength would be comparableto that
produced by less than I hour in local time. Temperature changes,on the other hand, need to be considered

As discussed
by Balsleyet al. [1995],a difference
in both upper level gravity wave activity and meso-

spherecirculationhas been noted by Vincent [1994].
In his preliminary study, Vincent found that the mesospheric meridional winds and the gravity wave vari-

anceat Mawson (67øS,63øE) were approximatelyone
half as large as correspondingquantities at Poker

Flat. More recently,Huaman and Balsley[1998]compared summer mesospheric wind velocities obtained

usingthe Poker Flat (65øN) mesøsphere-stratøspheretroposphere(MST) radar and the Mawson(67øS) and
McMurdo (78øS)HF radars. They find that the Northern Hemispheremeridional winds are •00-15 m/sec
stronger than the southern ones. In relative terms the
difference also correspondsto a ratio of the order of 2
to 1. Moreover, the MSISE-90 model, which incorporates rocket and satellite measurementsof temperature,
showsan interhemisphericmesopausetemperature difference of 5.4 K at 62ø near the time of expected temperature minimum. Taking into accountthe latitudes of
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the two stations, this differenceincreasesto --7 K. Although one could questionthe accuracyof the MSISE90 model in representingthe southernmesospherictemperatures, because of the scarcity of measurements,in
the following sections,we will argue, using only Poker
Flat and Machu Picchu PMSE observations,that temperature differencesof this order could indeed be suf-

mesopausetemperature and the occurrenceof NLCs.
They postulate that, given the large equatorward summertime mesosphericwinds and the relatively long time
it takes the ice particles to grow and sedimentto NLC
altitudes, what matters is the temperature at the nucleationaltitudes (-,•88km) severalhundredkilometers

ficient for explainingthe observeddifferencesin PMSE

in the meridional

strength.
There is, as yet, no analytical empiricalmodelfor water vapor. In fact, most quoted valuesare derivedfrom

to lower latitudes in the Northern Hemisphere than in

north

of where

the NLCs

are observed.

winds therefore

A difference

would advect NLCs

the SouthernHemisphere.Although this is a plausible
mechanismfor NLC, we do not believeit playsa similar
theoretical considerations based on modifications of the
directrole in the generation(advection)of PMSE, the
Garcia-Solomon
model[Garcia,1989; Thomas,1996b]. main differencebeing the ice particle sizesand growth
The models do not discusspossibleeffects due to dif- times involved in both phenomena. We should recall
ferences in circulation between both hemispheres, but
that the maximum occurrenceand maximum power of
one can notice that at any given time and altitude, they PMSE occurverycloseto the mesopause
(-,•87km), i.e.,
show relatively constant values of water vapor mixing the coldestaltitude, the reasonbeingthat very soonafratio for a wide range of latitudes. One can then in- ter the ice particles are nucleated,they already would
fer that water vapor mixing ratio is relatively constant have a large enoughsize to alter their diffusivity and
over a wide range of values of vertical circulation veloc- hencetheir corresponding
Schmidtnumber JUlwicket
ities. Thus, in spite of the differencesin circulation, it
al.; 1988]. PMSEs, then, are moresensitiveto the local
is reasonable to assume that there will be little asym- temperature conditions. NLC ice particles, on the other
metry in water vapor between the two hemispheres. hand, need to obtain larger sizesto becomevisible and
This assumption is corroborated by recent Microwave are advectedfarther away from their nucleationregion.
Limb Sounder(MLS) water vapor far-infraredbrightNevertheless,the north-south asymmetry in meridness [Pumphreyand Harwood, 1997] global measure- ional winds does exist. We have taken care of its indiments. Even more recently,Huaman [1998]has com- rect effectsthrough its consequences
in the mesopause
pared water vapor mixing ratios in the two hemispheres temperature. The asymmetry in the meridional winds
usingHalogenOccultationExperiment(HALOE) and is one of the reasons, besides the different adiabatic
MLS satellite data and found differencesof only •1
coolingproduced by different vertical velocities,for the
ppmv at PMSE altitudes. This differenceis of the or- asymmetry in mesopausetemperatures, which we claim
der of 20% of the measuredlevelsof •5 ppmv (with the is responsible for the difference in PMSE occurrence
Northern Hemispherebeing drier).
and strength. The temperature of the mesopausecan
The importance of water vapor in explaining the in- be taken, then, in addition to its own significance,as a
terhemispheric asymmetry of PMSE can be reduced proxy of the asymmetric meridional circulation. Moreeven more if we consider its relatively weak effect over, it can be taken as a proxy of the gravity wave
on condensation in contrast to possible differencesin activity, including the breaking of the wavesinto turmesospheretemperature. According to the ionized ice bulence, all of which are necessaryfor the temperature
aerosol hypothesis we have assumed, the existence of to be lower than the value it would have under radiaP MSE depends primarily on proper temperature and tive equilibrium conditions. The turbulent breakdown
water vapor conditions. Specifically, the water vapor is necessaryfor the gravity wave momentum to be departial pressure must exceed the saturation pressure posited and drive the circulation.
(supersaturation)by somereasonablethreshold. Temperature is the more crucial of these two parameters,
4.5. A Quantitative
Estimation of the
since the supersaturation ratio depends only linearly
on partial pressure but depends exponentially on tem- Interhemispheric Temperature Asymmetry
perature [Reid, 1975; Gadsden,1981]. To illustratethis
Is it possiblethat the temperature differenceof •7 K
point, for a supersaturationratio of I and a mixing ratio obtained from the empirical MSISE-90 model can exof I ppmv, one can show that the freezing point tem- plain the large PMSE intensity differencesin the two
perature is decreasedby only 2.7% for a 200% increase hemispheres? We believe that the answer is affirmain mixing ratio (1 to 3 ppmv). Thus we concludethat tive. In fact, we can independentlyestimate what the
temperature is the most likely major contributor to the temperature differenceshouldbe, basedon the power
north-south asymmetry in PMSE intensities.
levelsof the Machu Picchustation. To accomplish
this,
One could argue, basedon the findingsof Hansen and we will use Poker Flat PMSE power levelsto empiryon Zahn [1994],that there is a direct effectof the in- ically "calibrate" radar power as a function of mesoterhemispheric asymmetry in the meridional winds in spherictemperaturebasedon the seasonaltemperature
the asymmetry of the P MSE intensity. The referred variations at this location derived from the MSISE-90
authors find a lack of correlation
between the local
model[Hedin,1991]. Note that this approachis similar
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to that taken by Hall [1995]to estimatethe regionsin 13, are approximately May 25 and August 17. Accordspaceand time wherePMSEs shouldbe observed.He ing to the MSISE-90 empirical model, the Poker Flat
usesthe temperaturefor week 20 at 69øN as a calibra- mesospherictemperatures for these dates are 143 and
tion point, basedon the onsetof PMSE at the European
IncoherentScatter (EISCAT) VHF radar.
We are, in a way, assumingthat the temporal variations in PMSE strength as a function of seasonat Poker
Flat are due to the variations of mesopausetemperature, both through its direct effect on the formation of
the necessaryice nuclei and as a proxy of the intensity
of the meridional circulation, gravity wave, and turbulencethat made it vary. Moreover, of all possiblepoints
in this empiricalrelationship,we will useonly one (actually, two redundantones),in whichwe canhavemore
confidencefor the reasonsexplained below.
The maximum power as a function of time of the year
at Poker Flat is depicted in Figure 4. The MSISE-90
model gives us a functional relationship between the
mesopausetemperature and the time of the year. Both
functions parametrically define an empirical relationship between P MSE maximum power and the corresponding temperature using time as the common parameter. Here we are assuming that the same relationship for the two original functions repeat, within
their typical standard deviation, every year. This is
implicitly the casefor the MSISE-90 model sinceit has
been derived from many years' observations.The yearto-year consistencyof the Poker Flat PMSE temporal
behavioris discussed
by Balsleyand Huaman [1997].
Of all possiblepoints in the derived power versustemperature function, we are interested in only one, that

153 K, respectively. Here we have taken the lowest diurnal value given by the model, taking into account that
there is a diurnal

and semidiurnal

tide with fluctuations

of +2 K, accordingto the same model.
Note that we have already encountered a difficulty,
since accordingto our assumptions,these two temperatures should be equal. They differ instead by 10 K.
This is a large difference. We next considertwo possibilities that could explain this discrepancy,namely,

(1) year to year deviationsof actual temperaturevalues
as comparedwith the model averagebehavioror (2)
possibletemporal variations in other mesosphericstate
parameters.

The discrepancybetween the two temperatures at the
transitions can be reduced considerablyif we allow the
phaseof the annual temperature curve to vary from year
to year by ,,•8 days. An 8-day shift, necessaryto make
both transitions occur at the same temperature, results
in a transition temperature of 147.5 K. Note that it is
not necessary to shift the model but, rather, the actual temperature behavior for 1984, when the statistics
shown in Figure 4 were obtained. By way of justification, it is important to remember that the MSISE-90
model results from many years of observations. An 8day shift in the actual values for any particular year
is certainly within the residual values quoted for the

model [Hedin, 1991]. We shouldcompare147.5 K, the

estimated temperature at Machu Picchu from comparacorresponding
to the maximumpowerlevel(28 dB) ob- ble power levels at Poker Flat, with the actual temperserved at Machu Picchu on the week of January 13. ature at Poker Flat, 137 K, on July 13 (January 13 at
From Figure 4, we note that there are two times dur- Machu Picchu),i.e., the date of the actual observations
ing which Poker Flat showspowers comparable to the being compared. The differenceis 10.5 K.
The above relatively weak argument is supported by
maximum observedat Machu Picchu, one at the beginthe
very recent falling-sphere10-year-averagedtemperning and the other at the end of the Poker Flat PMSE
ature
statisticsobtainedby Liibken[1999]in the Arctic.
season. Fortunately, these two points fall at the lowThese
are in much better agreement with the expecest levels of the two very fast and drastic transitions in
tation
of
equal temperature at the time of the PMSE
power level. The fast transition allows for a very accurate determination
of the time of occurrence and hence
power level transitions at Poker Flat. According to
of the corresponding
(hopefullythe same)temperature. these measurements, the mesopausetemperatures for
Note in passing that the transitions involve a very May 25 and August 17 are 139 K and 141 K respecdrastic drop in the derived power versustemperature tively, only 1 K different from a 140 K average. The
function. The large change in magnitude, close to 3 temperature difference between this 140 K value and

to July 13 (January 13
ordersof magnitude(-•25 dB), can be taken as almost the temperaturecorresponding
at
Machu
Picchu)
is
10.7
K,
in
good
agreementwith the
a yes/no transitionfor the occurrenceof PMSEs. It is
reasonable

to assume that

this drastic

transition

is due

10.5 K value obtained above using the MSISE-90. Although these rocket measurements were made around
70øN, we do not expect much difference between the
above relative value and one taken a few degreessouth.
For the secondpossibility mentioned above, we can
relax our implicit assumptionsregarding the constancy
of the other state parameters during the 2 days used
for this calibration and discusstheir possible effects.
Except for water vapor, a change in any of the other

to a changein phase in the averagestate of water, from
vapor to ice, and should correspondto a critical saturation temperature. This givesus additional confidence
in the role of temperature as compared to other state
parameters, at least during these critical times. It is
difficult to find any other state parameter that would
producesucha large jump in power in sucha short time.
Examination of Figure 4 showsthat the dates when
Poker Flat goes through 28 dB, the maximum power state parameters will have the effect of increasingor
level observed at Machu Picchu on the week of January decreasingthe echo power levels by someamount, but,
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giventhe steepness
of the transitionlinesat the edgeof
the P MSE season,changesin any of the other parameters would have very little effect on the dates used for
the calibration and hence on the correspondingtransition temperature. Water vapor mixing ratio, on the
other hand, doesindeedhavea direct effecton the freez-

on the minimum fluctuation temperature, the difference
in the mean temperature between the two stations must
be reduced from 10.5 K to 9 K.

The above correction assumesice particle growth
times comparableto half the period of the gravity wave.
It couldbe overestimated(and the asymmetryunderes-

effectpostulatedby
ing temperature. In fact, Balsleyand Huaman[1997] timated)if a gravitywavehysteresis
have postulated a possible differencein water vapor Turcoet al. [1982]actuallytakesplace.The hysteresis
mixing ratio to explain a shift in PMSE occurrence comesabout becausethe evaporationof the ice particlesin the positive temperature excursionis faster than
data. However, as discussedabove, an order of magni- its growth during its negative fluctuation. It is difficult
tude differencein mixing ratio is required to compen- to assesshow important this mechanism is, since the
sate for a 10 K temperature difference. Such differ- authors model an unrealisticallylarge wave amplitude
encesare not supportedby the theoreticalmodels[e.g. of closeto 4-25 K and do not considerthe exponential
Garcia, 1989; Thomas,1996b],nor by the mostrecent increaseof the fluctuating wave parameterswith altisatellite[Pumphrey
andHarwood,1997;Huaman,1998] tude. The latter would favor insteadthe negativeover
or groundbasedobservations
[Kirkwoodet al., 1998]. the positivetemperature excursions.The effectshould,
In fact, both theoretically and experimentallyobtained in any case,be even smallerfor the smallerice particles
water vapor valuesshowcomparablevaluesat the times (fastergrowthtime) requiredfor PMSEs than for the
larger NLC particles consideredby the authors.
of the sharp P MSE seasontransition.
To summarize our discussion,the above reasoning
Regarding the secondcorrection, accordingto the
leads us to a deduced temperature value of -•147.5 K MSISE-90 model, the temperature differencebetween
for the mesopausetemperature over the Machu Pic- 65øN and 62øN is 1.5 K, with the higher latitudes bechu radar in mid-January. This value should be com- ing colder. Taking both correctionsinto account, we
pared with 137 K obtained from the MSISE-90 model deduce an average temperature differencebetween two
for Poker Flat during mid-July. The differenceis 10.5 comparablelatitudes in both hemispheresto be closeto
K. Thus mesopausetemperatures at roughly midseason 7.5 K.
over Poker Flat and Machu Picchu could differ by 10.5
K, with the Southern Hemispherebeing warmer.
5. Concluding Remarks
It should be stressedthat the temperature difference
of 10.5 K estimated above should be fairly independent
We have shownthat the large interhemisphericasymof the absolute accuracy of the temperatures quoted, merry in P MSE power cannot be easily accountedfor
since they have been either measured with the same by either longitudinal or latitudinal differencesof the
techniqueor obtainedfrom the samemodel. Any biasin two radars used in this comparison. We attribute the
statistics relative to seasonal mesospherictemperature

the absolute value would be eliminated when differences

asymmetry to mesopause temperature differences be-

are evaluated.

tween the two sites. We, furthermore, estimate this

There are two corrections
to be taken

into

account.

to this estimate
The

that need

first correction

arises

differencebetweensitesto be •9 K. Takinginto accountthe 1.5 latitudinal differenceof the two sites,this

from measured interhemispheric differences in gravity suggestsa difference of ,.•7.5 K for radars at the same
wave activity and considersdifferencesin "instanta- latitude (around62ø) in the two hemispheres.
neous"temperatures[Reid, 1975]. The other relates Severalassumptionshad to be made to arrive at this
to temperature differencesdue to the different latitudes figureasa consequence
of our insufficient
knowledge
of
of the two radar sites.

the physicalprocesses
responsible
for the largeenhance-

To accountfor the gravity wave differences,we shall ment in the receivedsignalpowerduringPMSE condiuse the 50% value in gravity wave velocity variance tions. The most important assumptionis that VHF
from Vincent [1994] to evaluatethe temperaturedif- P MSEs require the presenceof ionizedice aerosolsas a
ferencesarising from gravity wave activity in the two necessarycondition for the formation of the meter-scale
hemispheres. For this variance ratio, the gravity wave fluctuationsin electrondensityresponsible
for the scatamplitudesin the SouthernHemispherewould be only tering. The strongtemperaturesensitivityof ice forma70% of the equivalent amplitudes in the north. This tion allowedus to minimize(althoughnot exclude)the
differencewould, in turn, producetemperature fluctu- importance of the possibledifferencesthat could be due
ations of only 70% of those in the north. If we now to other mesosphere
state parameters,includingwater
attribute the (approximately)5 K temperaturefluc- vapor mixing ratio. This minimizing was further justuations observedin typical rocket-measuredtempera- tified by the sharp and large transitionin echopower
ture profilesto gravitywaves[e.g.,Liibkenet al., 1996], actuallyobservedat the beginningand endof the Poker
correspondingfluctuations in the SouthernHemisphere Flat PMSE season.
would yield only a 3.5 K fluctuations, i.e., 1.5 K less
Our deducedtemperaturedifferenceis acceptable
than in the north. Since water vapor freezingdepends from both an experimental and a theoretical atmo-
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sphericdynamicspoint of view. It agrees,within expected errors, with the MSISE-90 empirical temperature model and with recent (seebelow) satellitemesospherictemperaturemeasurements.It is alsoconsistent
with theoreticalexpectationsbasedon interhemispheric
asymmetriesin circulationdue to differencesin gravity
wave activity.
We are now even more reassuredof the plausibility of

our temperature asymmetryestimate after the recent

findingsreportedby HuamanandBalsley[1999].After
the initial submissionof this paper, Huaman and Bals-
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