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The D regionwinteranomalyat highandmiddlelatitudesinducedby planetarywaves
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An observationalstudyof the D regionwinter anomaly at high and middle latitudeshas beenmade
duringthe periodof a suddenstratospheric
warmingof the 1967/1968winter.From isoplethanalysisof
the absorptionindex,fmin,systematic
large-scale
distributionsof the absorptionare found at even
higherlatitudesthan 60ø geomagnetic
latitudeas well as at middlelatitudes.On the basisof evidence
that geostrophicwindsinducedby well-developedplanetarywavesextendto the upperD region,it is
found that when southwardwinds are dominant, the absorptionsbecomeweaker at high latitude but
strongerat middle latitude, indicatingthat abundantNO could be carried away from high-latitude
sourceregionsto middle-latitudesink regions.Thus large amplitudeplanetary wavesin the D region
couldinducethe winter anomalythroughNO transportnot only at middle but also at high latitudes.
1.

INTRODUCTION

The winter anomaly of radio wave absorption in
the D region (60-85 km), which is directly due to
remarkable enhancementin the electron density, has

transport of NO by enhanced eddy diffusion. A
recent numerical study by Jones and Avery [1984],
on the other hand, demonstratesthe role of planetary
wave wind transport of NO from high latitudes in
producing the irregular components.There are some
inconsistenciesin theoretical studies of irregular

been an important unresolvedphenomenonin the
lower ionosphere[Offermann,1979]. According to
Arnoldand Krankowsky[1977], necessaryconditions components.
An observationalstudyby Kawahira [1982] of the
for the observed electron density increase are an
winter anomaly at middle latitudes at suddenwarmabout tenfold increase of ionization sources as NO

(andO2(xAg))
anda temperature
riseof a fewtensof ings has given observational evidences that a NO

degreesKelvin due to a strongtemperaturedepen- increase by well-developed planetary wave wind
dence of the conversion rate of molecular ion to clus-

transportsfrom the polar region, where NO is most
abundant [Cravens and Stewart, 1978; Iwagami and
Ogawa, 1980], could produce irregular components
of the winter anomaly. Recent observationalstudies
by Pakhomov et al. [1984] have also verified the
effect of large-scalewinds on the winter anomaly at

ter ion. Thus it is important to identify what processescould bring about these conditionsin the
winter D region.
With the use of a two-dimensionaldynamical and
chemicalmodel, Solomonet al. [1982] simulatedthe
middle latitudes.
winter anomaly at middle and high latitudes,reThese observational
studies are confined to south
sultingfrom a NO increasedue to verticaltransport
of
60
ø
geomagnetic
latitude,
south of aurora region.
from the lower thermospheresourceregion by eddy
diffusion and meridional circulation. Their results are However, well-developed planetary waves in the
consistentwith the regularcomponentof the winter mesospherecould induce a NO change by wind

anomaly [Schwentek,1971]. Furthermore, they transport effectsalso at high latitudes, as shown by a
pointedout the importantcontributionof aurora numerical study by Roble and Gray [1979] in the
eventsto the high-latitudeNO increaseassociated case of NO transport in the lower thermospheric
with energeticelectronprecipitations[Kondo and polar region. Indeed, recent LIMS satellite observaOgawa,1976].Concerningthe mechanism
of the ir- tions of NO2 in winter high latitudesby Russelet al.
regularcomponent
of the winteranomaly,Offermann [1984] find the large-scale distribution at polar
et al. [1982] stressed
the importantrole of vertical winter night latitude above 70-km height. This first
Copyright 1985 by the AmericanGeophysicalUnion.
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finding verifies a planetary wave effect on the D
region chemical species,not only at middle but also
at high latitudes. Although the high latitude winter
anomaly has been studied mainly in relation to
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dencefor the mechanismof this winter anomaly as a
NO increase due to southward transport from high
latitudes by well-developedplanetary wave winds. A
schematic picture of the mechanism is shown in
Figure 2 rKawahira, 1985]. These large-amplitude
planetary wavesin the mesospherehave been identified by satellite observationsof temperatures [e.g.,
Hirota and Barnett, 1977]. Thus the figure showsa
realistic pattern of geopotential height, especiallyits
large variation along latitude circle, in the winter D
region at the time of stratosphericsuddenwarmings.
Then strong southward geostrophic winds could
transport abundant NO from high to middle latitudes and here bring about an enhancementin NO
concentration, resulting in the winter anomaly. On

the other hand, northward winds could cause a decrease
at middle latitudes. As suggestedin Figure 2,
;(u•• •*•:'t.,tu,
O•_
or '150
•'.
WAN
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even
at
higher latitudes than 60ø geomagneticlati•
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tude,
there
would be a large-scalewind effect on NO
o
variationsin addition to geomagneticstorm effects.
In order to elucidate the effect of planetary wave
•00
winds on the absorption, the isopleth analysis of
z•,
:
,
Afrei., which is the deviation from monthly median
2000
value of frei., is made at high and middle latitudes
includingaurora region.The Afain is a good indica, ! , I , I I , I • I •,/, • ! Jlo
3OOO
tor of the absorption [Sinno and Higashimura,1969],
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the isopleth of Afmincorrespondsto that of the elecFig. 1. Variationsof geophysical
and ionosphericparameters tron density in D region produced by ionization of
duringDecember1967andJanuary1968[afterRoweet al., 1969]. NO due to Lyman • solar radiation, because the
analysis is confined to the south of the polar night
dominantgeomagnetic
effectssuchas energeticelec- latitude (70øN).
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tron precipitation[see review of Thomas,1980], the
presentstudy aims to elucidatethe dynamicaleffects
of planetarywaveson the winter anomaly at high
latitudesfrom an observationalanalysis.

[NO]increase
ß

2.

RESULTS

The present study concentrateson the winter
anomalywhichoccurredduringa suddenwarmingof

ß

the 1967/1968 winter from late December 1967 to

early January 1968. Variationsof geophysicaland
ionosphericparametersare shownin Figure 1 [Rowe
et al., 1969].It is apparentthat the absorptions
enhanceas the warmingsdevelop,as seenin Figuresl a
and ld. Accordingto Roweet al.,theelectrondensity
observedat Pennsylvania(40øN) reachedits maximum at 75-80 km height during the period from
December25, 1967,to January1, 1968.They further
noticedthat the winter anomalyhas an intimate relationshipto suddenwarmings,but not to geomagneticstormsfrom the long-termcomparisonbetween
,4p indexand the absorption.
Kawahira [1982] proposed an observationalevi-

ncreuse
Fig. 2. A hemisphericchart of geopotcntialheight in the
•intcr D region at the period of suddenwarmings,and schematic
illustrationfor the mechanismof the •inter anomaly[after
hira, 1985].
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Fig. 3. Large-scaleisoplethanalysisof the absorptionindex,Afmin,in the form of 3-day runningmeansusing
the 3-hour averageat 11, 12 and 13 local time of the deviationfrom the monthly medianvalue of frei. (a) on
January3, 1968,and (b) on January 10, 1968.Positivearea is an increasein absorption,and negativearea is a
decrease.Dotted line indicates60ø geomagneticlatitude (A - 60ø).

The results of January 3 and 10, 1968, are shown tudesis clearly detected;the scaleis similar as that of
in Figure 3, when the warming reachedits peak and planetarywaves.It is noted that the distributionof
the absorption enhancementwas remarkable [Rowe Afminalong 60øN is not uniform but showsa "wavy"
et al., 1969; Kawahira, 1982]. A systematicand large- pattern.Furthermore,thereis a negativecorrelation
scaledistributionof the absorptioneven at high lati- of the absorptiondistributionsbetweenmiddle and
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Fig. 4. Vertical profile of geopotentialheight along 60øN from 0øW to 180øW. Real height is shown in the
right-hand side,and the scaleof the geopotentialheight in the left-hand sideis twice the real height.The thick line
is after the Upper Air SynopticMap (NOAA), and the dotted lines are estimatedfrom hydrostaticbalancewith use
of observedtemperatureat Fort Churchill and West Geirinish, (a) on January 3 and (b) on January 10, 1968 [after
Kawahira, 1982].

by planetary waves as shown in Figure 4. Thus the
planetary wave induced winds would be dominant
60øN.
even up to the upper D region, becausethe data at
Then the evidence of large amplitude planetary College are the average between 75 and 105 km
waves in D region during the 2 days was given by height layer.
Kawahira [1982] as shownin Figure 4, where geopoAlthough there are no wind data in Europe,it can
tential height distributions along 60øN in western be suggestedfrom Figure 4 that northward winds
longitude from 0øW to 180øW are shown from 30 to may have been dominant on January 3, sincelowest
70 km height. It is apparent that over North geopotentialheight at 70 km is located near 10øW,
America, geostrophicsouthward winds are dominant but southward wind on January 10, since the monoduring the 2 days, sincegeopotentialheight become tonic increase toward west of geopotential height at
higher in west side than east side. The southward 70 km is seen.
winds over North America are consistent with the
The comparisonbetweenFigures3 and 4 indicates
winds observedat College by meteor radar by Hook a tendencythat southwardwinds(northward)would
[1972] as shown in Figure 5, where zonal and merid- cause an increase (decrease)of the absorption at
ional componentsof the winds averagedbetween 75 middle latitudes, but a decrease(increase)at high
and 105 km height reverseduring the period of peak latitudes.Large-scalewave winds thus affect the disstratosphericwarmings (Figure 1). In Figure 5, wind tribution of D regionNO evenin the auroral region
changes at White Sands by meteorological rocket as has theoretically been studied by Roble and Gray
soundingsare also shown, which represent similar [1979], becausethe life time of NO is comparableto
changes as those at College. It is evident that the that of atmosphericmotion. It is to be noted that the
southward winds in meteor height at College are wind directions at College (Figure 5), being southconsistentwith geostrophicsouthwardwinds induced and westward, are consistentwith the distribution of

high latitudes;e.g., along 90øW positiveAfminis located south of 60øN and negative Afmin, north of
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Fig. 5. Variationsof windsin the uppermesosphere.
W and E indicatethe wind toward westand east,
respectively,
andlikewiseN and S towardnorthand south:(a) observed
by meteorradarat College[afterHook,
1972]'(b)observed
by meteorological
rocketsoundings
at WhiteSands[afterKawahira,1982].

the absorptionmaxima on January 3 and 10, being influencedby NO changesowing to energeticelecfrom northeast to southwest over North
tron precipitation associated with geomagnetic
America as seenin Figure 3. This fact would also storms, but at Boulder they may be influenced by
supportthe planetarywave wind effecton the winter NO changesowing to transport effectsassociated
with neutral winds. In order to see these effects, there
anomaly.
The effect of planetary waves on high-latitude D are shown the absorptionchangesobservedby riregionis furtherinvestigatedfrom the time changeof ometer at Dixon Island (Figure 6a) as an index of
the absorption and meridional winds as shown in energeticelectronprecipitations,and the meridional
(FigFigure 6. Figure6b showsthe time changeof Afminat windsat Collegeand White Sands,respectively
the two stations, Fort Churchill, which is located ures6c and 6d).
The absorptionchangesat Fort Churchill seemto
north of 60ø geomagneticlatitude, and Boulder,

located

which is located south of that latitude. Thus vari-

ations of the absorptionat Fort Churchill may be

correlate well with that of the riometer absorption,
which could indicate the NO enhancementthrough
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high-latitude sourceregions to middle-latitude sink
regions.As a result of this effect, NO increasesat
middle latitude, but the decreaseat high latitude is
induced as suggestedfrom the schematicpicture of
Figure 2; in other words,the meridionalgradientof
NO profile between middle and high latitudes becomeslesssteep.
The sameanalysisover Eurasia is shownin Figure
7. Some different featuresfrom Figure 6 are seenin
that middle-latitude absorption(at Garchy) is comparable to that in high latitude (at Murmansk). This
may be due to a differencein a NO distribution over
the aurora region between North America and Eurasia [Cravens and Stewart, 1978]. However, during
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Fig. 6. Time changesof physical quantities. (a) The riometer
absorption at Dixon Island (A - 63ø) which is defined as a diurnal
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maximum value among every hourly observedones.(b) Afmi, at
Fort Churchill (A = 68.7ø) and Boulder (A -49.0ø), respectively.
(c) Meridional wind at College observedby meteor radar [Hook,
1972], and (d) meridional wind at White Sands observed by
meteorologicalrocket soundings.

College(645øN,1475'W)

energetic electron precipitations [Iwagami and
Ogawa,1980]. Althoughthe absorptionat Boulderis
not remarkablecomparedto that at Fort Churchill
during nearly all periods,exceptduring the period
from late December to early January when the clear
reversedchangesare seen,the absorptionat Boulder
becomesstronger,but at Fort Churchill it becomes
weaker, and furthermore then southward winds are

dominant (Figure 6c and 6d). These resultswould
indicate that the large-amplitude planetary wave
southward winds carried away abundant NO from
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Fig. 7. Same as in Figure 6, but (Figure 7b) is at Murmansk
(A -- 63.5ø)and Garchy (A -- 49.6ø).
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sorption at Garchy (47.2øN, 3.1øE) are compared.
Similar changesof the two parameterswould suggest
that abundant atomic oxygen in the polar region
could also be transported by southward winds associatedwith planetary waves.
It is to be noted that roles of eddy diffusion owing
to breaking gravity waves [Lindzen, 1981] are still
important as stressedby Offermann et al. [1982], becauseits continuous transport of NO from the lower
thermospherecould maintain higher NO density in
the polar region.Further eddy diffusionitself may be
influenced at the time of sudden warmings due to
zonal wind variations which affect vertical propagation of internal gravity waves as discussedby Dunkerton and Butchart [1984]. These variations will be
studied in more detail.

In the presentstudy, temperature rise effectson the
absorption could not be elucidated. Temperature
changesduring the warming are seenas a rise in the
stratospherebut a decline in the mesosphere[Hirota
and Barnett, 1977]. Thus the absorption enhancement during the stratosphericwarmings may be due
to a NO increase.However, seasonallyaveragedtemperatures of the winter D region are warmer than
those of the summer. Thus the cluster ion density in
3. CONCLUDING
REMARKS
AND
DISCUSSION
winter would be far lessthan in summer even during
In the present paper, from meteorological and ab- sudden warmings. Therefore a warmer winter D
sorption data analysis at the high and middle lati- region could give an adequate condition for electron
tudes,it is found that large-amplitudeplanetary wave enhancement[Arnold and Krankowsky,1977].
winds transport NO-rich air from high to middle latThe effect of atmosphericwaveson the polar lower
itudes, resulting in a NO (absorption) increase at ionosphere,as discussedin the presentpaper, may be
middle latitudes but a NO (absorption) decreaseat quite interesting and important in the aeronomy of
high latitudes. However, during the period of less the mesosphereand lower thermosphere. Since the
active planetary waves, the daily changesof the ab- polar region acts as the chemical source region of
sorption at high latitude are similar to that of ener- NO and O, which are produced by geomagnetic
getic electron precipitation, but those at middle lati- storms, the transport process in the polar region
tudes are weak. These resultsshow interestingeffects could be one of the important factors in the chemisof meteorologicaland geomagneticdisturbanceson try and thermodynamicsof the mesosphereand even
the high-latitudelower ionosphere.
upper stratosphereat middle and high latitudes.
Furthermore, the planetary wave wind transport
Acknowledgments. The author would like to thank the refrom the polar region at the time of suddenwarming
can play an important role not only on NO but also viewers for their constructivecomments. He also expresseshis
heartythanksto YoshidaFoundationfor Scienceand Technology
on atomic oxygen (O) changes,becauseits lifetime is for helping him to attend the workshopat MPAE.
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