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Abstract

‘Radiosonde data have been examined for evidencg of small-scale
.motions. The.rate of switching produced by the windwill has been
uséd to séparate variations in ﬁhe rate of decrease of pressure
dué to air motions from those due to changes of the rate of ascent
of the radiosonde balloon through the air. Varilations of this
lattér typé do occur mainly because of changes of the drag coefficient
of thé‘radiosonde bélloon during a sounding gut are usually small.
Ratés of ascént as large as 15 m sec-1 in the upper tr;posphere which -~
havé occurred may be due to small-scale turbulence in the atmosphefe.
Other disturbancés appear to be mainly caused by the passage of the
radiosondé through deep systems of lee waves, present not only in the
troposphere but also occasionally in the lower stratosphere. The
records from Shanwéll (on the east coast of Scotland) for'1964 show
ﬁhat fhé stréamliné displacements in the waves there exceeded 100 m
about 107 of thé time at 2 km and about 27 of the time at 16-km.
Thé fréquéncy of 1ée wavés at 2 km appears to be smaller than theories
indicate and the inferred wavelengths in the stratosphere are shorter
than éxpectéd. Régions of the atmosphére where the parameter (gBU-Z)
is constant with héight appear to favour the development of the waves.
This féaturé and the correspondence between the wave period and the
Brunt-Vaisala period suggest that pronounced lee waves occur in
systéms with vértical phasé—lines. In séveral respects pronounced
leé wavés conflict with ideas about the 'trapping' of wave energy.
Departures of the alr flow in lee wavés from the conditioﬁs normally

assumed to be present may be important.
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Chapter 1 - Introduction

1.1 Introduction

Corby (1957) showed that radiosecrs  .ita ~ould be used
to detect departures of the vertical velocity ¢! the instrument, of
. a few m séc—l, from a mean value. Occasionally marled periodic
variations of the vertical velocity along the path of the balloon
suggésted thé presence of atmospheric gravity waves, almost certainly
dué to orography, éxtending through a considerable depth of the
atmosPHéré. Corby limited his study to levels below 40,000 ft;
howévér; on somé occasions thé wavés”which he inferred maintained
.considerablé vertical motions up to this level and may have extendéd
considerably higher. 1In the présent investigation improved radio-
sonde data have been éxaminéd for indications of small-scale air
motions at all levels. Some emphasis tas been placéd on motions in
'the stratospﬁere, which ﬁave considérable practical interest in
view of the imminent opération of supersonic aircraft there. -
| The roﬁtiné soundings ave been ﬁsed to proﬁide an estimate
of the fréqﬁency of Small-scalé air motions. An equally interesting
application of radiosondé data has been found in the examination of the
association of lee waves and tﬁe conditions of wind and temperature
" in thé atmosﬁhéré. It appears that tﬁe value of these paramétérs
méasured by the radiosondé is influencéd by the vertical air motions;
however, Corby has shown thaﬁ the corréction to the temperature is
usually small, ‘When the sfability and the wind are measured as
évéragés in layers a féw kilométers deep the corrections are further
diminished. The §ertica1 distribution of the parameter 12 which is

important in the theory of lee waves may be accurately inferred in
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such layers and used to discuss factors which appear to»favour.

the lée waves. Soundings launchéd from Shanwell, on the east

coast of Scotland, during 1964, have provided the bulk of the

data, but othér records showing spécial féatures have also béen

used. For comparison with the Shanwell soundings somé récords

from Wéather Shipé I and J, far from any orographic featuré; have
been inSPécted. Six months data from Muharraq in the Persian Gulf
have provided comparison with a site at which there are no m;rked
orbgraphic féatufes.but thé winds‘aré strong at high lévéls due

to the preséncé of the subtropical jét stream near this latitude %g;”"

some months of the year.

1.2 The radiosonde and ancillagzﬁéquigment

Tﬁé Méteorological Office radiosonde (Mark 2B) is
contained in a cylindricgl case from which protrude the three
shielded meteorological sensors and the windmill. The pressure
measuring instrument is a steelyaneroid capsule clamped on one side
and attached to a small armaturé on tﬁe other. The témperature
measuring element is a Bimétallic strip rolled info a cylinder and
attached to a similar armature., The humidity measuring instrument, a
small piécé of gold beater's skin, is likewise attached to én
armature. Tﬁe movement of éach armature varies the air gap with the
pole piécés of an indﬁcéor core and each inductor coré is switched
successivély into an audio—frequéncy circuit. The rate of switching
is detérminéd by the rotation of the windmill which will be régarded
as a simplé anemometer mounted in a vertical plané on the outside

of the radiosonde. ' -

-~



The movement of each armaturé varies the inducténcé
in the éudio-fréquency circuit, For éxamplé, a pressuré change
of 1000mb produces a movémént of about 2 mm and producés a
frequency change of about 200 c séc_1 in thé audio-frequency.
fhis signal modulates a high radio-frequéncy carrier wave and is ,,~“
transmitted to thé ground whéré each successive audio-frequency 1is
,measuréd. In the data examinéd‘by Corby the fréquency was measured
using an qscilliscope and recordéd manually; howevér, in present
radiosounding practicé the measuqémént is recorded automatically as
a function of time on a paper chart: v

In flighé the radiosonde is susﬁénded about 30m bélow/é
hydrogen—filléd balloon about 2m in diameter. A small parachute is
usually connected immediatély below the balloon and below it the
radar reflector, a large opén-mesh structure which has very little
drag. The balloons uséa in most of thé soﬁndings had a mass of
1 kgm but in some more recent soundings ﬁigh—altitude balloons of
ﬁass 2 kgm were used.

Thé radar which is used to track the refléctor and
determine the winds measures the elevation angle, the azimuthal angle;
-and the slant range of thé radiosOndé af tﬁe énd of each minuté
interval. In normal practice the horizontal range and the azimuth
are plotted on a chart and thé speéd and diréction of thé wind are
then determined as an averagé over two or three minutes. The
measuréments may, however, be readily used to calculate the wind
and vertical velocity at one minute intervals providing avefage
values over layers about 400 m déep.

-

. The radar in use at Shanwell during 1964 was of the



G.L.3 type which was adapted from an anti-aircraft set by
extending the range and increasing the sensitivity. The instrument
itsélf is capable of measuring the range to z 10 m and the angles
to thé néarest 0.10; howevér, thé accuracy is dependént on a clear
signal and with normal reception the rangé is accuraté to about

z 30 m and thé anglés to = 0.1°, In more recent soﬁndings launched
from Shanwéll a Cossor radar was uséd; the instrument tracks the
balloon and is set to read out the azimuth and elevation angles

and thé range automatically at one minute intervals. Thé range is.
accuraté_to about 2 15 m and the angiés aré accuraté to the

néarést 0.07°.

1.3 The radiosonde as a detector of small-scale air motions

The radiosonde ascends fhrough thé air at about 6 m sec-1
and the rotation of the windmill switches bétwéén the préssure,

- temperature, and relative humidity sensors-at such a rate that each
succéssivé measuréménf is transmittéd for about 6 séc. The individual
préssure measuréménts which normally lie on a smootﬂ curve on the
paper chart are theréfore about 20 sec apart, corresponding to a
vertical ascent of thé radiosonde about 100 m. Evidence of small-
scale air motions can be more réadily and accuratély inféried from

. changés in tﬁé s;ope of this‘curve than by converting the individual
pressure‘measuréménts into mb. This is bécause thé pressuré—

measuring instrument is chiéfly subjéct to systematic errors and

évaluation of éach préssure measurémént introduces an error of a
féw mb whéréés diréct méasu;emént of the rate of décreﬁsé of pressuré
largely avoids this error. It appears that changés of the vertical

vélocity of the radiosondé by 1 m séc-1 or moré produce detec£ab1e

v



changes of slope on thenpressuré récord.

Thé radar measuréménts d ﬁeight may bé used to
evaluaté the vertical vélocity of the radiosondé indépéndently,
during 1 minute intérvals; or in layérs about 400 m deép. Unlike
the préssure méasﬁréménﬁs'thé radar méasuréménts aré subject mainly
to randomrérrors.,'Thése appear in the héight chiéfly because the
.élévation angle is rounded off to thé néarest 0.1° and in many.
cases is only accurafé to 0.2° or less. The error in the height is
about z 100 m and af long rangés thé error in thé vértical vélocity

. N ) . . .
which is measured as a difference between successive heights is

-

greétér than the magniﬁude of the vertical Qélocity."Nevertheless;
thé radar méasﬁréménts can oftén be uséd to confirm changés of
vertiéal vélocify indicated by the préssure tracé, and by méasuring_
betwéen radar héights a few km apart a useful and accurate mean
valgé of the vértical velociﬁy can bé obtained.

Thé pressuré and radar méasureménts aré capablé of
‘indicating small-scale air motions with’vertical velocities af a
few m séc_l. In an isotropic éddy, for éxamplé, Horizonfal pert-
urbation vélocities of a similar magniﬁude to the vertical velocities
would be éxpéctéd and it is possiblé that the radar data might
.show ﬁhésé féatures also. 'Thé error in ﬁhé méasureménts of
_ horizontal wind”dépénds on the error in the measured azimuth anglé
and thé érror in fhé range. 'Tﬁese fwo érrors'havé different
magnitudés and iﬁ has beén found usefﬁl to express thé horizontal
wind in two componénts: a cbmponént radially away from the station
which has a constant érfor.of about 1 m sec-1 during the sounding,

and an azimuthal component in which the error increases with range
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and is usually considerably more. It appears that small—scalé
motions_migﬁt be défectéd in thé radial componént of fhé wind if
théy have horizontal velocities of a few m sec-'1 présent in
layers nof 1éss than 400 m déep, although évén thén it may bé
difficult to separate thém from changés of the wind with height.

Chapter 2 - The use of radiosonde data to detect
small-scale air motions in the' atmosphere

2,1 Introduction

-

Thé vertical velocify of a radiosondé may be measuréd

" either as the rate of changé of radar heigﬁt or from the rate of
décreasé of pressﬁré. ‘Thé papér chart on wﬁich thé pressuré values//
are dis?layed may be convéniently uséd to detéct small départures of
lthe vertical vélocity from a mean value. The rangé of scales
détéctablé is sucﬁ thaf vérfical air motions of 1 m séc-l or more,
present in phénoména such,as cumulus convécfion or leé waves, should
be réadily visiblé on the préssure record. It is possiblé that some
iﬁcorréct behaviour of thé anéroid instrumént might form similar
distufbancés on the préssure record but tﬁe radar méasurements can »
often be used to detect these. A more important source of uncertainty
in the intérprétation of disturbances on the préssure récord_is likely
to be variations of thé raté of ascént of tﬁé radiosonde through the
air. ‘ These variations which might conceivably producé disturbances
on the préssure record similar to those producéd Ey small-scale air
motions aré the principal subjéct ofAthis chaﬁtér. A

2.2 Factors affecting~thé rate of ascent of a
radiosonde through the air

In radiosounding practice it is desirable to achieve an

almost constant rate of ascent of the radiosonde through the air in

P
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ordef to maintain the ventilation of the méteorqlogical.units and
to simplify thé lag corréction applied to the ﬁempératuré
méasurements. This rate of ascent is normally about & nnséc-l and
is détérminéd principally by the free 1lift, L, of the balloon (the
différénce betwéen thé total buoyancy, B, and the total weight, M,
of thé balloon;‘radiosondé, and accéssoriés). A freé 1ift of 2.5
kgm is normally used because a greatér value would lower the height
at which the balloon burst, while the rate of ascént produced is légge"
énough for tﬁé completé sounding to be madé within an hour.

A constant rate of asceﬁ£ is also desirable for the g
récognition of small-scalé motions as departurés from a méan_vert{éal
vélocity. iThé free 1ift of a balloon ascénding stéadily is balanced
by the drag, D, so that L is a funcﬁion of

L o=} paf WiCq @
the rate of ascent throﬁgh the air, Wa , tﬁe air dénsity, Pa , the
ﬁbrizonfal cross-section of thé'balloon; A, and the drag‘coefficient,
cd | Thé raté of ascent is tﬁereforé a function Qith sévéral
variablés and also depends on départures from the stéady staté L = D.
These laﬁtér do not, howéver, affect Wy much: for éxamplé, an
increment to Wa of 1 m séc-1 above its équilibrium value bf 6 m sec-1
increasés fﬁé drag fdrce by abouf 500 gm. Tﬁis réducés the increment
of V% to 1/e of its initial value in about 1 sec so that for
practical purposés Wa 1is deﬁerminéd by équation 1.

Variaﬁions in L during a sounding may bé produced only by
changés of the bﬁoyancy. ‘This is determined by the mass of air
displacéd by the balloon: .

B = (Pa-Ph) V Q
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where ®h is the density of hydrogen and V is the volume. Because
the pressuré inside ﬁheAballoon is barély more than outside and
provided the températuré is the same inside and out thé dénsities
remain in'constant proportion during a sounding. The buoyancy
therefore also remains constant because the mass of hydrogen inside
the balloon remaiﬁs.constant.

In practicé, however, as the balloon éxpands with height
the hydrogén inside tends to cool and solar radiation warms ig. Any
consequént differencé betwéen thé témRerature inside and outside the
balloon produces changes in the free 1ift, for éxample a temperature -
differencé of 20°C would change the freé lift by about 10% and the
rate of ascént by about i m sec—l. Solar radiation can typically
heat thé balloon at lOscal min—l; howevér, it can be shown that con-
duction through the thin skin of the balloon on the shaded side could
kéép thé témperature differénce down to 1°C or léss. Thé situation
Lwill Be more complex than this with the gas filling of the balloon
warmér on thé sunlit sidé of the balloon; névertheless, the rate of
ascent is not 1iké1y to changé suddenly and Ee confﬂséd with small-
scalé air mofions. 'Thé efféct of éxpansion of fhé balloon on the
témperature of thé gas filling can be compensated for by a flow of
heat less than 104 cal min~t through the skin of the balloon; this is
possiblé with a very small témperaturé difference and the effect is
théréforé négligiblé.

Thé dénsity of thé air affects the rate of ascent through
two factors: thé dénsity of air oﬁstructing the passage of the balloéﬁ
decreases with héight but the volume and the cross—séction increase.

These variables are related in equation 1 to Wo , C; and the
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constant L. Thé cross-séction of the balloon is related to the
volume througﬁ the radius of the balloon; R; and from équation 2 it
appéars that R is proportional to FQT% . Substituting for A
in équationvl shows that the rate of ascent is proportional to pa-t .
Tﬁé raté of ascénf of radiosondé balloons should therefore incréase P',"
with height.

Although the depen&énce on density is small most radio-
sondé ascénts pass througﬁ a considérablé deptﬁ of the atmosphere
and the rafe of ascént could bé ex?écted to increasé by a factor of
about 2, A comparison of the expected raté of ascént and observed
vertical velocity in two soundings is made in figures.l and 2. In~
both cases the vértical vélocity increases stéadily up till twenty
minutes aftér launch in fair agreémént with the éxpectéd Behaviour;
After twenty minutés thé vértica1>vélocity first tecomes larger than
expécted then rapidly beéomés sﬁallér and réasonably steady and other
factors must bé important.

Thé shape of a balloon influénces the rate of ascent
through thé cross-séctional area A and the drag coéfficiént cd
A reduction of both these factors may be produced by an elongation of
the balloon and it is possible that a large rate of ascent may be
caused in this manner. At launch, radiosonde balloons are visibly
péar-shapéd, particulérly the 2 kgm balloons intendéd for high ascénts,
but as théy rise in the atmOSphéré and éxpand the shape should become
more spherical. In figures 1 and 2 thé béhaviour of thé rate of
ascent in the earlier part of the flight is consistent with the dénsity
éffect alone and there does not appear to be any need to consider a

change of shapé.
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The flow around a sphere is dependent on the Reynold's
numbér Re

Re = 2P, R W, pfd ®

«
where M is ﬁhé coefficient of viscosity of air. ' The Reynold's
number of a radiosonde balloon is typically in the rangé 106 to 105
and decreases during a sounding. In this rangé of Réynold's number
the flow around a smooéh sphere is observed(to changé from a supér—
critical condition when the boundary layer is fully turbuléﬁt to a
subcritical condition whén it is not. Thé drag coefficient is
gréater in the latter condition because the Spheré has a broad wake_v'“
behind it. It appéars that radiosonde balloons do experiénce suchra
critical changé and that the corresponding increase of drag reduces
the rate of ascént in the stratOSphéré below what might be expected
on the basis of the density effect.

The critical changé for a smoofh solid sphere in a wind-
‘tunnel is quite abrupt but the Réynold's number at which thédchange
takes placé varies in the rangé 1X105 to 6X105 (Hoé¥ner 1958) ,and
for a smooth sphere depends méinly on the amount. of turbulénce in
the airstream (Goldstein, 1938). Values of the drag coefficient of
a smooth sphere are typically 0.45 on thé subcritical side of the
changé and 0.08 on the supércritical side incréasing to over 0.1
at slightly greatér Reynold's numbers. Changes of the drag coefficient
of this magnitude in radiosonde balloons could evidently éroduce
cﬁangés of thé raté of ascént by a factor of 2.4.

2.3 Two.case-studies involving large changes in the
rate of ascent: ‘

The case represented in figure 1 was the sounding launched’
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from Shanwell at midnight preceding thé 20 January 1964, It was
exceptional amongst thé yéar's récords in having a véry marked
décreasé in the slope of the pressure trace immédiately above
the tropopause. Howevér, plotting the vertical velocity measured
ovér oné-minuﬁe inﬁervals éhowed that there was a similar increase
in the ver tical velocity in the uppér troposPHeré; although, it
was not so abrupt. The radar measuréménté of vertical velocity also
showed this but had a much larger scatter of values. The rate of
switching tﬁ:tweén thé pressuré, tgmpératuré, and humidit*y elements,
producéd by thé windmill, indicated Eﬁat the rate of passagé of air},~"
past{thé radiosonde behaved in a similar manner. i
Thé potential témperature lapsé raté and two components
of the wind aré also shown in figure 1. The stability évidéntly
décreasés with height and bécomés quité small in thé upper troposphere
where_thé vertical vélocity reaches its maxiﬁum value of about
9 m sec-l. :Thé tropopausé is réachédf29 minutes aftér launch and
the stability incréaséd much more than usual. As wag frequently found
among the Shanwéll records, a étrong wind shear, confirmed by the
two independéntly méasured components, was presént near the trop0pausé.
Other quite pronouncéd wind changes wéfé encountéréd during the
sounding and using the indicated values places where thé Richardson
numbef was less than 1 are marked by a singlé line.. Places where
the Richardson nﬁmbér was less than { are shown by a double line.
Tﬁe wind was from a SW'ly diréction below thé fropopause at about
12 km and abové if veered.
Thé sécond casé, in figure 2, has béen treatéd in a

similar manner. A discontinuity in the slope of the pressure trace
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near 38 minutes indicated that the vertical velocity decreased
suddenly near this level. The radar measurements also showed
this and have been plotted in this figure because they are
relatively free of random errors and may probably provide
a better estimate of the true vertical velocity than the pressure
measurements. The vertical velocity evidently increased in .
accord with the density effect alone up to nearly 30 minutes at
184 mb. Subsequently, it rises to the exceptionally large value
of 15 m sec-1 near the tropopause, The rate of switching behaves
similarly except for an anomalously high value at 33 minutes.

The potential temperature lapse rate shows that the
" troposphere was rather unstable except near the tropopause where a
number of stable layers occurred. The wind was from a generally-
SE'ly direction in the troposphere, but again changed ét the tropo-
pause and backed strongiy in the stratosphere. A number of layers
of low values of the Richardson number were present in the lower
troposphere but there were also some in the upper troposphere,

In thé six months of data from Muharraq in the Persian
Gulf covering the period October 1967 to March 1968 inclusive, 6
cases were found where there was a decrease of the vertical velocity
greater than that present in the Shanwell case. Although the
balloon used in the second case study was of the 2 kgm high-
altitude type this does not appear to be an important factor because
4 of the 6 Muharraq cases used 1 kgm balloons similar to those
normally used at Shanwell. The décrease of vertical velocity in all
cases occurred near the tropopause and it _appears that the change of
stabiiity there mus t bé important. The gréater frequéncy at

"
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Muharraq suggests that somé climatic fééture may bé important.

The two casé—studies appéar to bé examples of particularly
pronounced changés of the rate of ascent of radiosongé balloons.

It seems likély that these changes were produced by variations of
the drag coéfficiént and assuming that the balloons were 5phérica1
some values have been calculated in figuré 3. The Réynold's number
"and the drag coéfficiént have béen calculated aftér 10 minute inter-
vals and also béforé and after the abrupt decréases of rate-of
ascénﬁ néar the tr0popausé. ’Fordcomparison; somé méan values are
shown for ascents with 1.25 kgm balloons, with freé lifts of 2.1 kgm, -
taken from the Handbook of Météorological Instfuménts. The curvés‘
représénting the changé of drag coefficient for a solid sphéré in 5
wind tunnél; wﬁich aré also sﬁown, correspond to critical cﬁangés at
the greatésﬁ and least valﬁés of the Reynold's number givén by
Hoerner (1958).

The critical changé for radiosonde balloons is,évidéntly
less abrupt than for solid Sphérés and usually involves a much smaller
change of drag coefficient. The drag coefficient is usually much
greatér than for solid spﬁéres but, éxcéptionally; for the Muharraq
casé iﬁ drops ﬁo near the valﬁe for solid Spherés béforé'the critical
change; and 'rises almosf tﬁe full amount éxpectéd for solid spheres
at thé critical changé. "In both casé—sfudiés thé critical changé
involves a considerable decréase of Reynold's nﬁmber because the rate
of ascent decreases. The Re ynold's number for rising balloons is not
the independént variable of the éxperiment but dépénds on thé rate

of ascent and ultimately on the drag coefficient.
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The critical change for radiosonde balloons occurs in
the same range of Reynold's number as it does for solid spheres.
Departures of the rate of ascent from the steady incfe;se which
might be expected from the décrease of density, may reasonably be
attributed to changes of the drag coefficient. The critical change
is usually not véry‘pronounced for radiosonde balloons, possibly
because the Reynold's number is not an independent variable for the
flow but depénds on the rate of ascent and finally Cd. The ’
rémarkably large changes of drag coefficient which occur occasionally
appear to occur near the tropopause. The influence of turbulence
in an airstream on the position of the critical change'for a solid
sPheré, has alréady been noted and it is possible that a smaller
intensity of small~scale turbulence above the tropopause is important.
It is also possible that a large intemsity of small-scale turbulence -
may triygér thé onsét of thé large rate of ascent occasionally
observed in the upper troposPhe;é.

Some low values of the Richardson number are evident in
figure 1 near the level where the rate of ascent takes up its highest
valué, although thése are by no means the lowest values encountered. :
Thére are, howevér, difficultiés in measuring the Richardson number
acqurately bec;usé of the inaccuracies of the wind data. Moreover,
turbulencé of a scale which is likgly to affect flow over the surface
~of a radiosondé balloon probably results from a cascade from larger
scales and need not nécéssarily be accompanied by a value of the
Richardson number below }. Some values below 1 are also present in

figure 2 near where the rate of ascent increases markedly. The

lowest values in this case occur in the lower troposphere where the

v
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‘rate of ascent is evidently unaffected by any perturbation.

There does not appear to bé any conclusive evidence
that turbulent layers did exist or even that they could have affected
the radiosonde in the way observed. However, the high tropopause
at Muharraq (near 17 km in the cases noted) suggesﬁs that a low air
density which Brings the balloon towards a large rate of ascent may
‘be significant as an initial factor. The mean wind shear in the upper
.tropoéphéré in winter, which is larger at Muharraq than at éhanwell;'is
possibly‘thé climatic féature which favours the observed balloon
béhaviour and indicates that‘turbuience is probably the direct cgpse./

2.4  Self induced balloon motions

Recent work using precision radars has made it clear that:
rising balloons undergo short-period motions not caused by any
atmospheric factor. These motions are not éaused by changes of
* balloon shape (Murrow aﬁd Henry, 1965) but appear to be related to
éhanges of the aerodynamic lifﬁ_force, which acts primarily in ab
horizontal direction (Scoggins, 1965). For balloons in the subcritical
regime the motion appears to be fairly regular but near the critical
changé large erratic lateral motions appear which obscure much of the
,small—scalé détail of the wind. For radiosonde balloons the hanging
load will médify the lateral motion in a variety of ways, involving
éspecially the coupling between the balloon lateral motions and the
swing of the radiosonde. Scoggins shows that the American rawindsonde
system is a poorer wind détector than free balloons and fails completely
to detect wind changes in a layer less than 500 m deep.

Many of the wind changes in figures 1 and 2 do take place
.over height intervals of about 500 m. Oftén they are part of a

wind change, probably real, over'a deeper layer, such as near the
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tropopausé in the two casés,'but sometimes, as in the stratosphéré )
in figuré 1; tﬁéy may Be spﬁrioﬁs. 'The rafe of switching which

‘ could concéivably Be afféctéd By lateral motion of afr past thé

;_radiosondé, also sﬁows’somé variaBiliiy of a similar period in thé
stratosphéré in figﬁrévl. 'Tﬁe slopé 6f the préssure tracé does not
usually sﬁow any variability over intervals longér than about 20 sec.
The rate of switching does appéar to vary on smaller time scales and
is possibly rélaﬁéd_to motions induced by the swinging of the radio-
sondé bélow éhé’balloon, which has a period about 10 séc. The
wind measﬁréménfs mus t évidénfly be used ‘cautiously when the wind/;v‘/

shear 1s measured over shallow layers.

. 2.5 The calculation of the rate of ascent of radiosondes

Tﬁe corréSpondénce Betwéen the rafe of switching of tﬁe
radiosonde and the vertical velocity in figufe 1 and 2 éuggests thaf,
the windwill switch could be caiibrated to ﬁrovide a measure of the
rate of ascent of the radiosonde relative to the air. This value
could provide a véry valuaﬁlé méans of calculating tﬁe vertical

-velocity présént in small-scale air motions:By subtraction of the
rate of ascent from thé vértical vélocity méasured from thé préssure
or the radar réadings. ' The simple construction of the windmill
switch may lead to difficultiés becausé a calibration bétWeén thé
rate of switching and the air spééd past one radiosonde may not be
applicablé to all radiosondes. 'Mofeovér; the friction in the géars
may changé during the ascent becausé of wéaring of_thé métal. On the
other hand, bécaﬁsé changés of the vértical vélocity over quite long
time intervals are fairly well reflected in the rate of switching,

it is reasonable to suppose that changes of the rate of ascent through
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the air over shortér time intervals should be as wéll or bétter
répresentéd by thé rate of switching.

A wind tunnel was used to calibrate twoﬁradiosondés:_
one was an old model with 3 cups on the windmill, and the second
was a more recent model which had the 6 cups normally used at present
in radiosounding.practicé. Thé résults aré shown in figure 4 whére
théy are compared with a line représénting a constant anemometer
‘factor of 2.5. This factor is the ratio of tﬁé Spéed of the air o
past the windmill to the linear ?peéd of the cups and is nearly
constant for anemometers ﬁséH in practice. Calibration at air speeds.-
dbove 9 m sec_1 sﬁowed that tﬁe rate of switching did not increasé.
This was attributed to a sideways defléction from their plane of
rotation of ﬁhé cups of the windmill,by air forced outwards by tﬁe
measﬁring elements. Removal of the measuring elements produced
switching rates which increased above 9 m sec ! but it appeared that
:at ﬁigh air speéds the radiosonde did réstrict the airflow through
thé windtﬁnnel. 'Moreovér; from soundings it appéafed that-there was
a smaller rate of switching produced by a given rate of ascent high
in the atmOSphere fhan at low 1évéls. For these reasons a less
fundaménfal approach sﬁggestéd by Hawson (1967) was adoptéd.

‘ If the vertical velocity is measﬁréd using the radar
héighﬁs at 10 minuﬁe intervals, not on1§ are randoﬁ érrors to which
the radar méasurementsaré subject insignificant, but also, the éffect
of any small-scale air motions present will probably be removed.
Thésé valﬁes may be considéréd to be estimates of the rate of ascent
and may be comparéd with thé rate of swiﬁcﬁing avéragéd ovér thé

same 10 minute intervals. Because it is normally found that the rate
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of ascent réachés a maximum near the middle of each sounding and
subsequently decréaseé; positions on each sidé of the maximum may

be located wﬁére thé rate of ascént is the same and tue ratio of

the rates of switcﬁing may be calculated. The décreasé may be
considéréd to dépend on the air density which aiso decréases, and
the ratio may be comparéd with thé ratio of fhe dénsities at the two
positions, on logarithmic graph paper. It isenormally found then
tﬁat points for several comparisons normally 1ié néar a straight
line and the rate of switching dépéﬁés on a small positive power of;
the density. Correction of the rate of switching to-an équivalenf
rate of switchingbat ground lével thén allows calibration points to
be plottéd, somé examples of which aré shown in figure 4. The rate
of switching measuréd ovér 1 minuté intérvals may bé similarly.
adjustéd for the effect of decréasing density with héight. ‘Referencé
to a curvé drawn through the appropriaté calibrafion points-then
yields valués which may be regardéd as reasonable é;fimates of the
rate of ascent of thé radiosonde through thé air.

2.6 Some examples of non-periodic air motioms

On radiosondé récords inspécted it is usual for all the
pressuré values to define a curve (called the 'préssure tracé')
whose smoothness frequently makes a wave-like form obvious. With
the aid of a straight-edge the wave-like form is espécially easily
détécted and disturbances with vertical velocities substantially less
than 1 m séc_l may be inférred; théy are probably caused by lee waves.
Other disturbances are rare and it is rema?kablé tﬁat the vertical air
motions in cumulus clouds and cléar air turbﬁlénce which are fréquently

present in the atmosphere are not represented on thr pressure trace.
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It appears that these must normally involve air motions which are
too small in éxtent or amplitude to be détected. Occasionally,
however, radiosondes do seém to abruptly encounter substantial
vertical air motions) two examples are subsequéntly discussed.

2.6.1 The sounding launched from Crawléy at 1130 GMT e
on the 23rd August 1964

On this sounding ‘the slope of the pressure trace indicated
that the vertical velocity of the radiosonde abruptly decreased for
12 seconds when the radiosonde was nearly 11 km above the ground.

v

Tﬁe slopé of the temperaturé trace was similarly affectéd, as might .
be anticipated. The humidity trace was waffected cpnsisténtly with

a high lag. The réadings wéré régularly spacéd showing that mal=-
functioning of thé cﬁart recordér wns not responsiblé for the change

of slope of thé traces. Thé raté of switching was not measurably
diminished during the 12 seconds but was cléarly_increaséd over a
longer périod. It appears that the radiosonde éncountered a downward
air current of about 41 m secfl, during which time the radioéonde rose
about 36 m and drifted horizontally about 600 m.

At the bottom right of figure 5 the vertical velocity
determinéd from éach reading of pressuré is plottéd. The detail on the
‘témperature.tracé has also been uséd to measuré the avérage value of_be/ﬁﬁl'
during 12 secondAintervals. Because the radiosonde rises through.the
air at Wym séc-l thé oBserved value of thé paramétér, (’“9/97)‘must be
correctéd for tne éffect of the vértical air spéed (Wmn séc-l) by
the équation:.

28 War W (Eg)'
2 Wa 02 @ T
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The uncorrected value of the parameter (ve/o2) . is shown by the
circlé in figuré 5. The wind between 27 and 31 minutes is
representéd by thé radial and tangéntial componénts,-measured as
averages over 1 minute intervals.

The disturbance was at about the level of a MW'ly jet-
stream and above a layer in which the wind shéar was quite 1a£ge.
The levels marked (H) and (M) are the heights which Ludlam (1967)
inferred for high-level and medium-level billow clouds observed
during the late morning on the 23rd August, 1964, from Ascot. The
radiosonde was launched from Craw1e§ about 50 km downwind of Ascot, .
and it is possible that it intersected a billow—wavé; From thé
conventional smoothed wind data‘the,disturbancé appéars to be abové
the layer in which the wind shear is largest. However, using the
components of the wind averaged over 1 minute intervals the Richardson
number i1s less than 0.25 and a point of inflexion occurs in the
‘wind profile between 27 and 29 minutes, fulfilling the known criteria
for the occurrence of Kél&in—Helmholtz instability..-Thus it is
plausible that an alr motion caused by Kélvin—Helmholtz instability
should be detected in this layer. No disturbance is visible on the
‘radiosondé record near the height of the medium-level billows nor is
the Richardson number near this level small.

The rate of ascent of the radiosondé through the air,
estimatéd from the raté of switching, is compared with the rate of
change of radar héight at the top of figuré 5. The random scatter
of the radar méasurements is rémarkably small and slight changes of
the vértical vélocity correspond on the wpolé to similar changes of

the rate of ascent. A small increase of the vertical velocity between
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28 and 29 minutes is also present i the rate of ascent and in the
vertical velocity measuréd from thé pressure trace (not shown) but
in this latter case over a longér time interval. Tﬁi& increment
probably représents an incréase of the rate of ascent through the

.air rather than an air motion and its position in the uppér tropo-
sphere suggésts that it may be rélated to a témporary reduction of
the drag coefficient. It & possible that Kelvin-Heluholtz
instability led to the presencé of turbulent motion on véry small
scales which reduced tﬁe drag coéﬁficiént of the surfacé of the
balloon. V

2.6.2 The sounding launched from Muharraq at 2330 GMT
on the 7th November, 1967

Among 350 Muharragq soundings inspectéd théré wéré 3 cases
with abrupt changes of siopé of the préssure tracé probably caused by
air motions. Oné of these occurred in thé uppér ;ropOSpheré and two
in the stratosphere. An examplé which occurred about 45 minutes
aftér launch, when the radiosonde was about 17 km above the gfound,
is shown in figure 6. The vertical vélocity measured from the
pressure tracé decréaséd and tﬁen increaséd before returning to the
former value. The rate of :witching changed slightly but it does
appear that thé greatér part of thé disturbance on the pressure trace °
was caused by an air motion.

The vertical velqcity méasuréd from thé slope of thé
pressuré trace is plotted against time after launch at the top of
figuré 6 and on an expanded scale at the right of the diagram. The
rate of ascent of the radiosonde through the air is also shown at the

top of the diagram. Values of the wind and temperature are plotted
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ét the standard levels and it is evident that the vertical air
ﬁotion lies in a layér in which the wind decreases markedly with
height. Thé paramétér 027 is plotted in détail at Jthe right of
the diagram and is corrécted %or the.efféct of the air motion. The
wind is plottéd in the form of radial and tangéntial componénts
and the Richardson numbér is measured as an avéragé over 1 minute
intervals.

The form of the disturbancé, impiying a change in the
.vértical speéd of the air from 3 m secm1 downwards to 3.5 m sec-1
upwards, suggests that the radioson&é passéd through a wave-like
motion present in only a shallow layer. The stability between 44
and 48 minutés is smaller than is usual in the stratosphere except in
a shallow layér just before 46 minuteé. The Richardson number using
thé indicated valués is minimum néar 47 min, however, the wind shear
is probably modified byAthe disturbance ané could havé been much
larger when the disturbance was initiated. It is difficult to imagine
what other than Kélvin—Helmholtz instability éould Ee résponsible,
and the observations suggest that the criteria for this instability
weré probably fulfilléd.

Chapter 3+ =  The analysis of periodic disturbances in the
pressure record

" 3.1 Introduction

Tﬁe fréquent periodic disturbances on the pressuré trace
appear to be the samé as those detected by Corby (1957) and aré
probably lée waves. Occasionally these disturbances occur in the
stratosphéré and aré so well marked and their charactér so similar to

those occurring in.the troposphere that they are strongly suggestive
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of 1eé wavés in thé stratosphére;
Of other possiblé causes, small—scalé convection,

intermittent précipitétion and intermittent icing of “the balloon.
are evidently not relevant in the stratOSphéré. A plausible cause
of wave-like disturbances might be small departurés from the normaliy
sﬁooth functioning of the pressure aneroid capsule. Perhaps a more
important sourcé might be periodic fluctuations in the raté of
ascént of the balloon through the air related to changés of Ehe drag
. coefficient causéd by a succession of turbulent 1ayérs. Another

important consideration in the stratosphéré is the température effect /
A.on the préssure sensor. This might also produce wave-1like disturbances

on the pressure trace if the balloon rises through layers of varying

stability.

3.2 The calculation of the vertical air speed

For the abové réasons a procedure to‘calculaté the vertical
air speéd éncountered by the raaiosonde as a function of timé has
been developed. |

~ 3.2.1 The radiosonde record

Figure 7 is a photograph of a séction of a record for the
sounding launched from Shanwéll at 1130 GMT on thé 15th:Juﬁé, 1964.
The sounding.begins at the left of the figure and successive minutes
aré marked by héavy lines. Thé humidity marks aré the most variable,
excépt béyond 15 minutés wheré the lag bécomes-important. The
‘témperature marks are less variable and havé a distinctly wavelike 7

form. The pressufe marks'bégin near the middlé of the chart and change

regularly. The individual marks'aré connected by pencil lines on the
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record and significant points are marked according to conventional
criteria. This is a particularly pronounced example in which the
form of thé disturbance on the pressuré trace strongly suggests the
-

passage of the balloon through lée waves. It is evident that the
time taken between successive crests on the pressure trace is
related to the wavelength of the lee waves and that the departuré
of the préssure tracé from a mean undisturBed path is rélatéd to thé
disPIacéments of thé streamlines in the wavés. The gradient of thé
pressuré trace may bé méasured and used to calculaté the vertical
velocity of the balloon. J

3.2.2 The 'Q' corréction

| Thé changing témperature during a sounding produces a
variation of the pérméaﬁility of the mumetal cores of the inductances
which control the transmitted frequéncy from thé thrée meteorological
sensors of the radiosonde. There is a smaller effect of températuré

on the resistance of the coils in the inductance, and a compensating

factor for both these effects, called the 'Q' correction, has to be

-
P

applied to the préssure measuréménts. A similar correction for the
témperature unit is unnecessary since it is included in the calibration
and noné is applied to thé humidity méasurements bécause théy aré not
considered sufficiently accurate.

The 'Q' correction varies from one instrument to another
and is largest at small préssures, sometimes producing very largé
corrections to the height of a radiosonde in the stratosphere. In
radiosonde practice the 'Qf corréction is combinéd with the sensitivity
of the pressure wmit and the so—calléd modified 'Q' factor is formed.

Tables then give the correction in millibars to be added to or sub-

tracted from each pressure reading as a function of the factor
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and the temperature.

Changes of the slope of the temperature trace act in
such a way as to produce apparent changes of slope of the pressure
trace. In same cases when the atmosphere is stratified in. such a
way that the rising radiosonde encounters an approximately periodic
variatien of 1apse rate, wave-like disturbances might be inferred
from associated periodic variations of the slope of the pressure
trace. 'Fortunately; the sign of the effect for most radiosondes
is such that wave-like disturbances on the pressure trace are

;
‘produced by disturbances with opposite phase on the temperature trace./”
These may be distinguished from lee waves which produce disturbanees
with the same phase on the temperature and pressure traces. No
cases where pronounced wave-like disturbances were caused by the
.temperature dependence of the pressure unit were found using this
criterion in the 1964 Shanwell records. The 'Q' correction of many
radiosondes was small and 1arge'temperature oscillations infrequent,
so that it does not appear that this was a significaht source of wave-
like disturbances.

Nevertheless, the vertical velocity inferred from the
slope of the pressure trace must be corrected for the effect of
temperature.- The procedure ) which has been adopted is to plot all
the significant points defining the temperature as a function of time.
The temperature change per minute may then be determined and each
value multiplied by the change of Q' correction (mb) per °Cc at the
appropriate temperature. These values in wb rnin"1 may be conuerted

by means of the hydrostatic equation into a correction Cp to the

-
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vertical vélocity “&: (njmin—l) inferred from the recorded rate
of changé of pressuré.

Figure 8 illustratés a casé in which the*correction was
important and had a wavelike variation; it'amountéd to as much as
100 m min--1 in the straﬁosphere. The modified 'Q' factor of the
préssure instrﬁmént decreased from 1.80 to 1.40 during the sounding.
The uncorrected vertical velocity from the pressure measurements,
the corréction Cp in mb min—l, the témperature, and the corfectéd
vertical velocity We are’ shown in figure 8. The correction in m
min--1 is not important until after 20 min and introduces new wave-
1like féatures after 44 min. Other features are altéred in form gy
the correction. |

3.2.3 Vertical air motions in thé atmosphéré

Two methods of méasuring the yértical vélocity of a
radiosonde relative to the ground have been described in Chapter 2.
An important correction for thét dérivéd from thé pressuré méasurements
has been described above and this corrected vertical velocity may
usefully be compared with the rate of change of radar height. Such
a comparison is madé‘in figuré 9 for the sounding at 2330 GMT on the
~4th Sépfembér; 1966, when the improved (Cossor) radar was in use at
Shanwell. .

The énfirely independént measures of vertical vélocit&
agrée saﬁisfacﬁorily in the périod up to about 20 minutes after the
launch, and indicaté thaf the pressure élémént was operating correctly.
Subsequénfly a ‘'small péak of ascent speed betwéen 20 and 21 minutes

appears on both records and is probably real; the next peak at 24

minutes is well definéd. The minima at about 28, 34 and 42 minutes,
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and seaks at about 31, 37 and 44 minutes are probablf real.

Tﬁé gradual détérioration affér 20 minutés in thé
agréement between the two measures is accompaniéd by an increase in
the scattér of the vertical velocities indicated by t;é radar. This
scattér may be attributed to errors in the indicated elevation angle
E, which is read only to thé néarest 0.1°. The magnitudé of the
érror in the vertical velocity which may thus be incurred is plotted
as a function of time in figuré 9 and is compéréd with the difference
between the two measurés.. This difference can évidéntly be explaiﬁed
simply as thé error incurréd by r;unding off the élévation angle
indicated by the radar.

Thé error to which thé vertical velocity inferred from
thé pressuré trace is liable is also shown (by thé pécked lines) in
figuré 9 and is % 40 m min - throughout the ascent. It has beén
assesséd as a 107 random érror in méasuring thé slope of the pressure
trace on the papér record. Up to 20 minutes after launch this error
may evidently be the more important; subsequently the vertical
velocity inferred from the pressuré trace is the better estimate of
the true vertical velocity of the radiosondé.

It appears that the vertical motion of the radiosondé does
.undérgo real wave-like variations throughout almost the whole ascent.
It doés not appéar that the rate of ascent of thé radiosondé through
‘the air; indicated by the rate of switching, was similarly affected
and the obsérved disturbances must thérefore have beén causéd by real
air motions. Values of the rate of ascent aré included in figuré 9

and the result of subtracting these values from the vertical velocities

inferred from the pressure trace, which can be regarded as a
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représéntation of thé actual Vértical Vélocities of the air
relative to the ground, is also shown. The form of the variation
and the nature of the méteorological situation and of the airstream
strongly suggést that the encounteréd disturbancés weré dué to the
passagé of the balloon through 1eé waves présént to high lévéls.

" 3.3 The“analysis of wave-like disturbances on -
the pressure trace

The many more numérous casés of smaller wavé-like
disturbances aré not so réadily analyséd in the abové manner bécausé
: théir vértical-air Spééds are ab&ht,thé samé as the érrors in
méasuring them, It is advantageous to treat them in a simpler ‘//"/
manner to derive their amplitudés. |

Much of the subsequent discussion will refer to'wave- -
like disturbances. Some precise meaning must be givén to the term
'wave-like' to énsure, as far as possible,-that the disturbances are
due to real waves in the atmosphere rather than any other air motion
or irrégular behaviour of the radiosonde or the balloon. It has been
found convéniént to définé a wave-like disturbance as a disturbance
of thé pressuré trace of smooth character which shows two or more .
wavé troughs. Whéré moré than two troughs aré visiblé‘a regular
'périodicity is also required. |

Wave-like disturbances have two well-defined properties:
a périod, thé timé bétwéén two consecufive troughs or crésts, and an
amplifude; which is thé maximum deviation in Cintel-paper divisions
of fhé départure of thé preSSuré trace from a méan undisturbéd path
estimated with a straight édge. Radiosonde data from Shanwell have

been‘systematically examined for disturbances on the pressure trace
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‘and thé properties of the wave—liké féatures found is thé basié
of some following sections.

There is some indirect evidence that ‘th; majority of
the wave-liké disturEancés aré due to 1eé wavés. "Thus, no cases
of wavé—like disturbancés have been found on the records when the
wind approachéd Shanwell from thé Mrth Séa. ’Furthér evidencé has
Béén obtained from an iﬁvestigation of mdiosonde records from
Weather Ships. It was found tﬁat there were no wave—liké disturbances
at all on records from Wéather SH&p”J, west of Iréland, during a
périod when disfurbances occurred véry frequéntiy on the Shanwell///
records. Some disturbancés were présént on othér reéords from
Weather Ship I, but they were much less frequént than at Shanwell
and usually lacked tﬁé distinct périodicity. 'Thése may havé béén
caused by travelling gravity waves associated with wéathér systéms.

3.4 The amplitudé of lee waves

The amplitude of the wave-like disturbances is measured
in divisions of tﬁe vertical coordinate of thé Cintel récording
paper. This coordinaté for the préssure tracé corresponds to
pressure and it is evident that deviations -of thé trace from a méan
‘can be éxpréssed diréctly as a préssure deviation or height intérval.
A radiosonde rising through a system of lee waves in which the
phase-linés are vértical, or nearly so, will risé and fall about the
path it would havé takén had te waves béen absént, and it can
reasonably be assuméd that the maximum déviafion will correspond to
an avérage vertical displacement of the lee-wave streamlines over a

1ayef a few kilometres deép.
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Two difficulties arise in measuring the amplitudé:_
first, a curvature of the pressuré trace; which is gréatest near
and above thé tropopause, hindérs the idéntificatioﬁ‘of wave-like
disturbances in this région and makes reliable measurement of
amplifﬁdé impossiblé. Sécondly, the sensitivity of the préssure
anéroid to chaﬁgés of héight decréases upwards and lée wave stream
vliné displacéménts of 100 m, which can produce readily visible
disturbances in the troposphere, can have no detectable infiuéncé .
on the préssuré tracé if they océug}abové about thé 50 mb lévélp

In the tropospheré; although the sénsitivity of the ;adio:/
sonde anéroid to changés of height.decréasés with the préssuré,van
increase in the rate of change of fréquency occurs and fully
compensatés for the former effect. Accordingly, up to about 300 mb
a change of height of 25 m typicaliy produc;s a change of abo;t i
-Cintel papér division in the préssure tracé. 'Wavé-liké_disturbances
of this amplitude aré usually readily visiblé on ﬁbé préssuré trace
and so a fairly compléte climatology of léé waves of amplitude gréater
than 25 m can bé constructéd.

Tﬁe fréquency of occurrencé of Wavé-like disturbancés on
500 Shanwell récords for the year 1964 has been assessed in two parts
of the radiosondé récord; corrésponding to héights of about 2 km and
16 km (figure 10). As the radiosonde may rise a few kilometers
Whilé passing throﬁgh one complété wavelength thé inférred amplitude
mus t necessafily bé an average ovér such a distancé, and lée waves
confined to shallow layers aré likély to escapé détéction. The two

heights chosen appear to be representative of the levels at which

lee waves most frequently have their maximum amplitude in the troposphere

v
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. and lower stratosphere respéctively. At 16 km the sensitivity of
the radiosonde is still édequaté to détécf wavés of amplitudé 50 m
or gréater. ' .

Owing to the difficulty in éstimating thé amplitude of a
lee wave in the stratosphéré diréctly from the préssure tracé, it
‘has been assumed that all 44 cases (out of 500) where a distinct
periodicity was evident in the préssure trace at about 16 km,
répresent cases of leé wavés of amplitudé gréatér than 50 m. !Thréé
of these contained espécially marg?d disturbancés and from thé
périod and the vertical vélocity, the amplitudé of the waves was '),/”
estimated as about 150 m. In the same way it appearéd that there Were
" 21 records ind icating lee waves i th amplitudés éxceéding 75 m.

This evidence is the basis for the line (b) drawn in the fréquency
diagram figure 10. )

If it is assumed that thé frequéncy of amplitudes greater
than A is représénted by similar lines in figuré 10, at other heights
and in othér locations, further statistics can be préparéd.‘ Thus for
an intermediate heigﬁt, say 10 km, Corby's (1957) data on the heights
of the maximum amplitudés may be wed to draw another line; this
would be below both (a) and (b) becausé the fréquency is about 1/7
that ét 2 km. At Muharraq, the frequéncy of the waves in the six
months of data analyséd may be used to construct similar lines. No
wavés weré detectéd in thé amatospheré but in the 1owér troposphére
it may be inferred that the streamline displacémént exceeds 100 m
about 0.37 of the time. At Wéather Ship I inspection of the data
fqr the months December and January 1964 showed . that wave-like features,

possibly gravity waves, have streamline displacements exceeding 100 m ~

v
-
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about 0.8% of the time at 2 km and 0.57% of the time at 16 km.
Thé frequéncy of pronouncéd Wave—liké disturbancés has
been estimated over périods of 3 months at Shanwell using data
between 1964 and 1967. The data for 1965 was préparéd by Stewart
(i966) and no fréquencies for waves in thé troposPhéré are availablé.
Rougher statistiés‘wéré prepared for 1966 and 1967 and the pr0portioh
of soundings with pronouncéd wave-like disturbances are shown in
“Table 1. For this table a pronounced wave is understood to be one
which has either a 1arge amplitudé or extends through a largé dépth
of thé atmosphéré. - e
Pronouncéd waves occur most fréquéntly in.thé winter
_months, both in the troposphere and in the stratosphere. During the
summér thé frequéncy in thé stratosPhére décreasés more markédly than
in the troposphere; this indicatés that the strong W'ly winds it the
stratosphéré during ;hé wintér favour leé Wévés théré. Thé séasonal
fréquéncy from year to year varies markédly.

3.5 The périod of lee waves

A most distinctive featuré of wave-like disturbances is
the régularity of the time intérval betwéen successivé crests or
“troughs on thé pressuré trace. This corresponds to the time takén
for a given air parcél to traverse one wvave-length - the wave period
- if the wave crests and troughs lie in vertical planes and the period
remains comstant in the layer under consideration. In a real case, the
period of a Wavé-liké'disturbancé will bé approximately thé périod of
the wave if the two conditions are néarly met. |

The periods of the wave-like disturbances represented in

figure 10 have been noﬁed, and the frequéncy of o ccurrence of
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individual periods (to the nearest whole minuté) has been expresséd
as the histogram‘of figure 11. The data at 2 km contain a
considerable proportion of waves of amplitudé between 25 and 50 m,
not représénted in the data at 16 km.

The most frequént periods at 2 km lie between 6 and 10
minutes and corrésﬁond to typical values of the Brﬁnt—VaiSala period
(2w (q8 )_%). The high corrélation betwéen the wavelength and the
mean wind spéed obsérvéd by Corby (1957) also shows that the beriods
in his data clusﬁer aboﬁt'S minutes with a maximum valué of 10
minutes. The most fréquént period aé 16 km is 5 minutés which
corresponds to the Brunt-Vaisala fréquency when the témpérature

1

. ) . e o -
increases with height at gbout 2 °C km .

3.6 Some case-studies of promounced lee waves in the atmosphere

~ 3.6.1 The sounding launched from Shanwell én the 5th Sept;mber,1966

This radiosoﬁdé was launched from Shanwell at 2330 GMT
on the 4tﬁ Séptembér; 1966. Wave-liké disturbances wéré present on
thé pressuré trace throughout almost thé whole ascént. The variation
of the vertical air speéd éncoﬁntéred during the ascent has been
calculated in section 3.2.

At the time of launch scattered smAll cumulus and some
altocumulus wéré observéd. The wind was wésterl%v, about 10 knots ’
at the surfacé but incréasing to nearly 50 kts bélow thé 900 mb
level. A MW'ly jet stream of about 150 kts was present at 250 mb,
and remained near Shanwell for a few days following this ascénti
Corby (1966) has described wave-like féaturés on the ascént from

Shanwell 36 hours later and has associatéd.thém with leé wave clouds

visible in a satellite picture. Numerous reports of pronounced lee
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waves were made during this period by aircraft pilots.

Figﬁré 12 shows thé distribution of the vertical
air motions with time and héight, and the stratification of the
atmospheré and thé winds indicated by the sounding. Thé corréction
to the témperature for tﬁé éfféct of the vértical air motions 1is
not included because it does not significanﬁly alter the form of
the témperaturé profilé. Moreover, in thé study of leé wavés,
shallow 1ayérs in which thé correction to thé 1apsé rate may be
important seem less significant than deépér layers in which the éfféctr
of thé upward and downward air moti&%s tend to cancél out. Thé
correction to the stability in layers 2 km deép may be conveniénti&
estimated using equation & and in typical pronouncéd lee waves
amounts to aboﬁt 1% km_l.

Thé strong jét stream with a maximﬁm sPéed of ovér 30
m sec—1 at aﬁout 10 km is a striking féafure. The most intensé
Wavés appear to occur a little below 3 km, not in a région of strong
wind shear as would commonly be anticipatéd; but in’a région where
the wind Spééd is almost constant with héight. The waves become
wéakér at higher 1évéls bﬁt at 7 km quite pronouncéd waves appear and
aré present throughout much of thé rémaindér of thé ascént;

Thé,fairly régular periodicity charactéristic of many
wave-1like disturbances is well illustrated in this case. The time’
takén for thé radiosondé to pass from Sné région of upward air motion
to the next has a téndency to decrease with héight: thus, the interval
between the first two updraught maxima is 9 minutes, and that between

the first two downdraught maxima is 8 minutes while at high levels it

. is about 7 minutes.
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. . ' ' » S s 2
An important function in the theory of lee waves 1s 1

which has dimensions of [ léngth_zj s

- vyt
_ez = 3 8 U 2 - U‘ U @
where g is the acceleration due to gravity, B is the stability "5}‘?‘

Z
and V" is ™'Y/33* ., The function 12 varies rapidly with héight ’
but horizontal v;riations aré usually only important on scales
’ greatér than thosé affécting léé Wavés. 0f the two principal terms
of 12, ( QE?LFI) varies gréatly when measured in shallow la;ers but
ﬁériés 1éss and more regﬁlarly,wﬂen,méasuréd over layérs 1 km or )
moré déép. 'The term ( " v ) also variés rapidly in shéllow lazérs,)
and cannot be méasured in layers less than about } Em deép using
lconvéntional wind obsérvations. If éstimated over greatér dépths its
magni tude varies more .regularly but tends to zero as the smoothing
réducés the curvature of the wind profilép

The parameter wﬁich has been plottéd in figure 12 is
(2w L (3(ﬂ~%) which will here be referred to as m. It is related to
¥1mm:_ L% = avw — v
If the period of thé lée waves is the Brunt=-Vaisala period this
paramétér is simply the wavéléngth. It is estimated over dépths of
2 km, théré@y removing the influence of irregularities of ﬁind and
témperature over smaller depths, which probably are not significant
for lée waves. This parameter is néarly constant in a déép layer in
the lower troposphere on this occasion.

3.6.2 The sounding from Shanwell on 3lst January 1964
The radiosonde was launched from Shanwell at 2330 GMT

on 30th January, 1964. At the time of launch small amounts of low

- cloud and some dense cirrus, but no medium-level clouds, were reported.



40.

An intensé NW'ly jet sfréam.was présént ovér Scotland with its :axis
néar Shanwéll; fhé maximﬁm wind spééd encountéréd ovér Shanwell

‘was 70 m sec—l. Wave-like disturbances wéré visible over much of
thé pressuré trace and those occurring in thé stratospheré were as
marked as any found in the 1964 records. In‘common witﬁ all wave-
like disturbancés occurring on the 1964 records their amplitude
appéaréd to havé a minimum néar thé 1évé1 of the jét stream.

Dﬁring'1964 a G.L.3 radar was in use at Shanwell and

 the measuréménts of height made with it were too inaccurate to be
useful. ' The témperaturé corréctio;m for the préssure unit was
négligibly small in this casé; and the véry distinct périodicity of;'
thé wavé—liké'disturbancés suggests that malfunctioning of thé présSuré
aneroid was unlikély. ‘The rate of ascent of the radiosonde through
the air can again be estimated from the rate of switching. Figuré.

13 shows the derived vertical air vélocitieé, which are larger in

the stratosPhéré than in the troposPhéré.

The stratification of the atmosPhéré, the wind di;fribution

and values of m (= ?Tft35155¢>are also shownlin figﬁré'13. ‘A
major featuré is again a strong jét stream in the uppér tr0p05phéré.
On this occasion there is a shallower 1ayér in the 1owér‘trop05phéré
in which the wind is approximately comstant with héigﬁf; there are
two values of about 30 m sec T obtained well above the jét stream
béfore thé ‘radiosondé passéd out of radar range. 'Evidencé from
other radiosonde stations suggésﬁs that the wind spééd did not -

change much at greater heights, up to 20 km. It is probable therefore

that m was nearly constant in the stratosphere up to 20 km and this
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may have béen important for the pronouncéd 1eé wavés présént there.
It is rémarkablé that tﬁé interval between thé wavés

in the stratosphere is clearly about 6 minutés, whéreas in the

tropospheré it appears to bé about 10 minutes, valués whicﬁ are

close to the Brunt-Vaisala frequencies. The equation

.\-’%—'% + (Ji""“kz} = o @3

(k=’2"1Lm9Lq;iS thé horizontal wavéléngth) uséd in thé theory of

lee waves impliés that the crests and troughs are aligned vértically

if 1 =k, In régions where the wind shear is small this implies

that the wave period is given by thé‘Brunt-Vaisala frequéncy which -~
is the fréquéncy of a simple inértial oscillation of-a paréél givé;

a small vérﬁical diSplacémént. It seéms réasonablé that lée waves
should have a frequency about this valué; moreovér, this is

consisténf through équation 6 witﬁ the fréquéncy détécted by the
radiosonde. | '

If might’alternativély bé suggestéd that the Hor@zontal
wavéléngth is much longér and thé wavéfronts tilt uﬁstréam so that
the rising radiosonde intersécts Succéssive crésts gbout 6 minutes
apart in the stratosphéré. Considération of similar ﬁriangles shows
_that thé differéncé bétweén thé trué horizonﬁal wavéléngth'and that
inferréd from radiosonde data cannot éxceéd 207 of thé wavelength
unless 12'-k2 éxceéds 0.40 kmfz. This is impossible with typical
cases of pronouncéd 1éé waves becausé,l2 itself is usually less than
.40. In fact, much ambiguity only arises when m is less than about

5 km. In figure 13 the wavelength in the stratosphere is about 1I'.5 km.
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3.6.3 The sounding at Shanwell on the 4th Décémber, 1964

This radiosonde was 1aunched from Shanwéll at about
midnight béforé thé morning of thé 4th Decembér; 1964. Wave—liké
disturbances wéré éxcéptionally fréquént during this month, mainly
on thé nigﬁt soundings. At thé timé of launch no clouds wéré
réported. A sérong jét stréam.was present in thé uppér ﬁroposphéré
but in this case also; there was a layer in the lower tropospﬁere
where the wind was less strong and approximatély constant with Héight.

Figure 14 shows the vegtical air vélocity as a.function
of timé and héighf. 'Thé balloon was Buf of radar range below 14 km
and no confirmation coﬁld be obtained of the disturbancés iﬁférréd"/
from the pressuré trace above this héight. The 'Q' factor was again
small and thé changés of slopé of thé préssuré tracé probably
accuratély répresentéd the air motions présénf. '

The stratification of the atmosﬁhere; the wind spéed and
thé diréction éxpréssed to the néarést 10°; and fhé héight aré also
shown in figuré 14. Thé paramétér m is plottéd for iayérs 2 km deép
éxcept between 4 and 5 km in an inversion 1ayér in which the term
(U"Ufl) is large. The disturbances are more régular in the strato-
sphéfe than in thé troposphere and havé a périod about 5 minutes.

 3.6.4 The spﬁnding at Shanwell on 3lst Decémbér, 1964-

This radiosonde was launchéd from Shanwéll at 2330 GMT
on the 30th Décémbér, 1964. At the time of launch only some scattered
stratocumulus and cumulus weneréported. Tﬁére was mno jét stream
present in ‘the ﬁpper tropospheré and the maximum wind speed measuréd
was néar the highésf point reached during the flighf.

The rate of change of radar height was used to confirm
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the vertical vélocity measured from the présSure trace. - The
témperature corrécfion for the préssure unit was again small

and no 'Q' correction was applied to the vertical vél&bitiés.

The vertical air vélocities, inferréd from the préssuré méasurements
. and thé raté of switching; are shown in figuré 15. The disturbancés
aré more regular.iﬁ the stratospﬁére than in the tropospﬁere and
havé a period about 6 minutes.

Thé stratification, wind and values of m aré included
in-figuré 15. The tropopéusé is rélgtivély low and the maximum
value of m occﬁrs bélow this level. 1In thé stratospheré m
incréases a little with héight.

Chapter &4 - The relation of the observations to theories of lee waves

4,1 Introduction -

If has been shown in Chaptér 3 that iée waves are only
rarely very pronouncéd and it is the aim of this chapter to isolate
thé factors which appéar to favour their dévélopmén;. ‘Simple-
interpretations of theories of 1ée waves wﬁich aré used as a basis
for forecasting lee waves also indicate conditions which favour 1eé
wavés. Comparison bétweén obsérvation and théory in this and othér
réspécts shows that somé discrépanciés aré present.

4.2 The frequency of occurréncé of lee Wavés

Pronounced lee waves are thought to occur in conditions
under which the wave énérgy is 'trappéd' in the lower troposphére,
an idea déﬁéloped by Scorer (1949). Such lee waves have been termed
'résonant' and théir éxisténcé dépénds on a sufficiently 1argé

decrease with héigﬁt of the parametér 12(=gBU_2 - Q"Cfl). This
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decrease is most réadily producéd by an incréase of wind spéed
with héight. 'Two other conditions of a réaéonably self-evident
nature havé béen récogniséd: that fhé wind diréctiog should not
éhangé greatly with héight; and.that thé wind vélocity should have
a componént pérpéndicular to the ridgé(s) producing the waves.

Inspection of Inéan monthly data shows that these sévéral
conditions must be fulfilled a substantial proportion of thé timé
ovér Scotland. 'Thé wind spééd often incréasés up fo ;O km, usﬁally
with only a small changé‘of dirgftion. Thé prevalént westerly.
airstreams pass over high ground before réaching Shanwell in-its leé. -
Wé might reasonably éxpéct to obsérve leé wavés ovér.Shanwéll on 6;ér
half the radiosondé récords, with amplitudes comparablé with the
magnitudé of the height of the high ground (sévéral hundréd m) .
Howévér; leé wavés of amplitudé 100 m or more appéar to occur on only
aboﬁt 10% of the radiosonde records .

The numerical studies of Sawyér (1960) show that in an
airstream with typical variations of wind speéd and,poténtial témpératuré
with height léé waves exist with maximum stréamlinéu'displacements
' comparablé with the héight of the ridge producing tﬁé waves . insofar
as the assumptions of the model allow a comparison with the atmosphere
it doés appear that quité pronouncéd wavés should Be very fréquént,
occurring not only when the Wavé energy is’trappédﬁbut also in
conditions which cannot be simply interprétéd.

- It migﬁt bé arguéd that résonances vith the prominént
détails of thé orography aré important for thé formation of pronounced
waves in the lee of mounfaiqs, but the wide Variéty of wind directions

on the occasions of strong lee waves make this seem unlikely.
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Moreovér, thé régularly spacéd bands of cloud sometimes visiblé on
satellite photograpﬁs which may be ascribed to lee waves (é.g.
Corby (1966)) extend 1atéra11y for hundreds of km and %or thesé,
détails of thé orography can havé only a minor influence. Thé very
complex sfructure of thé topography may bé viewéd as having only a
statistical éffect’(Bréthérton (1969)) - the orography génératés a
widé range of fréquenciés in tﬁe airstréam but only discrété valués
attain a significant émplitudé in the atmospheré. ’

: The small freqﬁéncy ofdoqgurrénce of pronouncéd leé'wavés
may indicate a real defect in the assumptions of the theories. Th%s“:
is given some sﬁpport by the comparisons of Davis (1969) between
prédicted systém of 1éé waves and those obsérvéd in a tank containing
a sfably stratified liquid. 'These expériﬁénts were similar to those
of Long (1954) but contained the improvements that a continuous
strafification was uséd and the théory incorporatéd thé éxact shapé
of the ridgé producing the disturbance. The tﬁeory used was ron-
linear and thé usual restriction to small amplitudé waves was not
present; other assumptions wéré similar to those in thé linear théory
of Sawyer. Typically in all the éxpériménts pérforméd, the wave
amplitudés downstream were smaller than predictéa. ‘When thé théory
prédicted compléx lee wavé systems theré was not even qualitativé
agréément with obsérvation and Davis attributéd much of the discrépancy
to turbulence in the liquid. It is not cértain how far thé fluid
flow in thé tank does réprésent flow in thé atmosphéré; however, it
is clear that a déficiéncy of this non-linear théory which produces
moré ﬁronouncéd lée waves than aré obsérvéd couid equally wéll be
présént in tﬁé similar and less compléte théoriés appliéd to the

-

atmosphere.,
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4.3 Conditions which favour the development of lee waves

In order to maké somé comparisons of the conditioms in
which pronouncéd lee waves occur with simplé interpretations of
theory some observed values of (gBLL-z) are shown in figure 16.

This first term of l2 makes the more important contribution to the
variation through the depth of the troposphere, and between O and

1 km where the term (u"dfl) is almost cértainly dominant the parameter
is not plotted. Otherwisé it is plotted for layers 2 km deep, with

a logarithmic horizontal scalé to show thé variation of the parameter
more cléarly. |

The values of’%Bu-z) shown in figuré 16 correspond fo .
tﬁrée soundings made during 1964 at Shanwell. On the one launched at
1130 GMT on thé 15th June very pronounced waves were present in the
lowér tropospheré but not at higher levéls up to 20 km. The second
sét of valués are for the.sounding launched ;t 2330 GMT on the
30th January on which occasion lee waves were especially pronounced
in the 1oﬁer stratosphere and less so in the troposphére. The third
case providés a comparison when lee Wavés were pronounced neither in
the troposphere nor in the stratosphere, and corresponds to the
sounding iaunched at 2330 GMT on the 16th Novémber.

Thé wind was strong in each case and a jét stream was
present in the upper troposphere; the wind direction did not vary much
with Héight and, in fact, varied less in the case (c¢) when no waves
weré present than in the case (b). The wind direction in each case
was reportéd as 290° at about the 900 mb level near the tops of the
hills'bf Scotland and the airstreams probably traversed similar

topography. The three cases have very different systems of lee waves
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"and sexrve to emphasise the importance of thé frequéncies to which .
the airstréam is responsive as opposed to thé frequencies generatéé
by the ranges. The vertical distribution of (gBer; in cases (b) and
(c) is similar and very small Qalues are present in the upper
troposphere. Ihis condition is favourable for 'trapping' the wave
enérgy in thé troposphere yet one case haa no pronounced lee waves
theré and the other had pronouncéd 1eé wavés abové the level at
which the energy should have been 'trapped'. Moreover, the case (a)
“in which the leé wavés were pargicularly pronounced in the 1owér
tropospheré lad a comparatively small décrease of the parameter_with
, héight and should not havé been a particularly fav;urable case.

The mean monthly data shows that it is unusual for 12 not
to décreasé upwards in the troposphere, but they also show that it is
unusual for 12 not to increase upwards in the stratosphéré, and so the
observed éxisiencé of 1ée waves in this latter region of the atmosphere
séems to conflict with ﬁhé idea of 'resonant’ wavés. Tt aﬁﬁears that
lee waves occur most frequently in the stratosphere during Decémber
and January at Shanwell and the presencé there of the strong winds
associated with lower part of the polar night jét stream is almost
.\certainly important. In the regions of the stratosphere where radio-
sondes détect lee waves the mean December and January data show that
the wind is nearly constant with height. It is possible that the
associated small variation of 12 with héight may be a factor‘favouring
the occurrence of 1ée waves in the stratosphere and pérhaps also in
thé tropospheré. |

| Somé régularly spacéd routine soundings made at Shanwell

in December 1964 also suggest this. This month was chosen for study
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because although the day-timé soundings showed no unusual incidence
of 1ée waves thé night—time soundings showed exgeptionally frequent
1ée waves in thé stratosphéré. Their presence, often in very déep
layers, can he used to show clearly an associated relativelconstancy
of . with height..

Thé variation of m (=2ﬁr&(g3)—%jwith height is shown in
figure 17 for twelvé‘occasions during December, 1964. The first four
. %
day-time soundings were on occasions when a pronounced jet stream was
present in the uppér trospheré. The wind direciionchanges :1ittle with

height and indicétés tha£ the airstreams passed over hills before
reaching Shanwell. The increase of m with height corresponds to a
décréasé of 12 with height and on the basis of the presently accepted'
criteria for the occurrence of lee waves all four should be favourable
situations. Yet lee Wavés'with amplitudes greater than 50 m were not
présent. 'Thé last two day-time ascents show small values of m
corresponding to thé low wind spéeds présént. Thé airstreams for very
su?stantial dépths Wére approaching Shanwell from the North Sea and
thé absence of lee wavés was not remarkable.
The midnight soundings in figuré 17 show more nearly uniform
profilés of m. The occurrence of wavés of amplitude greater than
50 m in the stratosphere in four out of six cases was remarkable; they
seem to appear on occasions when the variation of m with height is
1§ast. Wavés were présént throughout the ascent on the 25th December,
in the excéptional circumstance that this parameter was nearly comstant.
It is interésting to discuss the four cases of strong

stratosphere lee waves described in Chanter % in the 1light of the above



49.

evidence. In three of thé four cases there were 1argé changés of

m; however, in éach of the thrée cases there was a region of small
wind shear and constant m in the 1owér tropsophere, and bécause of
the largér dénsity the't conditions in tais 1ayér may be important.
The largér vertical air velocities of Case 1 were associatéd with a
greatér vertical éxtent of this region in Case 1 than in the othér
‘cases. In Case 4 no jet stream was presént and m is fairly constant
in the stratosphere and in a shallower 1ayér'in thé tropoépﬁéré.' Tﬁé

“vertical velocities in Case 2 and,Case 4, which were larger in the

- - —

stratosphere than in the troposphere, may have been associated With_/f’/

thé exténsion of thé région of constant wind and m through a gfeafer
. depth in thé stratoéphere. The interesting correspondencé of m in thé
1owér troposPhéré and in thé stratOSPhéré in Casé 2 may also be
significant. Th; discussion of thé 1eé Wavés éxtending tﬁroﬁgh thé jét
stream in Casé 1 is posfponéd till séctionf4.é@

It has beéh suggésted above that cond?tions'in'which m
doés not Qary nuch with héight are the most favouraﬁlé for thé dévélopmént
.of lee waves. This condition appears_to be normally only present
when the wind speed does not changé much with héight,‘ahd is in.confiict
with the acceptéd view that considerable wind shear is ainecéssary
c§ndition fof pronounced lee waves in the lower troposphere. Howévér,
in such casés among the Shanwell records thé shéar had often béen
confined to a small dépth including an invérsion, and the régions above
and below havé containéd relative1y>small shears.

An éxample in which lee wavés occurréd in similar atmospheric
conditions is showa in figure 18, Thé végtical air motions weré inferred
by Corby (1957) and tﬁé maximum vélocitiés aré shown in the figure.

M
v
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Above and below the inversion the wind spéed is néarly constant with
héight, but in the invérsion 1ayér bétwéén 1} and 2 km m (curve a)
varies considérably becoming quite small and has notfbeen calculated
in this interval, nor close to the ground where the lapse rate was
supéradiabatic7 Elsewhéré it was calculatéd as an avéragé over a

. depth of 2 km.

It is evident that m increases by very little across the
inversion layer producing a layér in which m is nearly constant. This
case contained the 1argést vertical air speeds found by Corby in 1449/
radiosondé récords, and is without parallel in the 1964 Shanwell,/”"

records. This exceptional nature is accompanied by quite a small

increase of m throughout the tropsophere; indeed, the increase is

- proportionately less than that occurring in the mean April conditions

(b in figuré 18).

Anothér casé,which occurred in similar atmospheric conditions
during April 1967; in a périod of strong winds and-fréquent‘leé waves,
is shown in figure 19. The amplitudé (about 300 m) was comparable
with the 1argést values which occur at Shanwell moré than oncé a year
(figuré 10). Heré, rather more stable conditions and a highér inversion
' allowéd a réliable estimaté of m to be made in thé lowest 2 km of the
troposphere, Rémarkably, this is almost équal to the value immediately
above the invérsion and again suggests that the deép layer with néarly
constanﬁ m is pérhaps the most important féature favouring the most
pronouncéd lee Wavés; This féature, dépéndént upon the presence of
a stronger wind and a more stable stratifiqation above an inveréion,

is remarkably similar to that which appearsto be associated with the
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pronounced waves in the stratosphere in Cases 2 and 4 in Chaptér 3.

It can bé furtﬁér shown that in général thé wind shear
in the troposphere is not large on occasions of pron;unced 1ée
waves. Thé 19 soundings from Leuchars (néar Shanwéll) from which
Corby inferréd'p;onouncéd lee waves (with vertical velocities excéeding
1% m séc_l) with distinct horizontal wavéléngths aré réprésented in
Tablé 2. The wind spéeds and diréctions at four 1évéls in the
;roposphéré are combaréd.with six-monthly méan values of the wind
spéed, baséd on data for thé monéhs,Octobér to April for thé yéars 1951
to 1955. The mean wind spéeds for the 19 cases are shown ét théf»//
bottom of thé table. | g

At all levels thé mean wind speéd for the occasions of
wavés is gréater than the six—month méan, as might be anticipatéd.
Howévér, this différéncé is gréatér at low 1évéls than at-300 mb and,
in fact, the incréase of wind from 850 mb to 300 mb is only about half
of that which occurs in the méan. Moréovér, four of the cases had a
substantial incréase of wind at a stablé 1ayér bétween 850 and 700 mb
‘and this appéars to Have been partly responsiblé for the quite largé
increase of wind spééd in the lower troposphéré, not present in the
méan. Abové 700 mb thé increase of wind speéd in the casés of waves
is in aBsolﬁté terms about half of that occurring in the mean and
proportionatély is much less. It is in this region of the atmospheré
that we might.éipect the major increases of m which should ‘trap' the
1eé ;avés. Bécausé of thé rather small incréase of wind spéed a
constant valué of m théréforé again appéars as a factor which may

favour pronounced lee waves.

Another well known occasion of very pronounced lee waves
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was that of the Sheffiéld Galé on the 16th February, 1962. Winds
néar the ground in thé Sheffield aréaat about 0600 GMT averaged
40 kts and gusts to ovér 80 kts were récordéd. Many buildings wéré
sévérély damagéd by the high winds, which have been ascribed to local
concentrations of wind speéd near thé ground under the troughs of
léé wavés, pronéﬁﬁced at higher lévels (Aanensen, 1965). An aircraft
report of lée waves with vértical‘velocities of about 10 m sesc:—l at
" 8000 ft. in the vicinity of Sheffield was made during the gale. It
apééars tﬁat tﬁe partiéulér arrangémént of thé ridgés immediatély
upwind of Shéffield may havé contributéd to the amplitu@e of the waves:/
Analyses of radiosonde récords for 0000,1200 and 24OGVGMT
on the 16th Fébruary from Aughton (néar Livérpool) and ‘Hemsby (near
thé Norfolk coast and about 130 miles downwind of Sheffield) do not |
show éronouncéd 1eé ﬁavés. Lee waves in thé lower troposphere with a
maximum streamline displacement of about 100 n were present downwind
of Aughton at 1200 GMT on the 16th Fébruary and . rather moré pronounced
lée waves wéré présent on thé samé récord just abové thé tropc pause
when the radiosondé was about 60 miles downwind of Aughton and nearly
abové Shéffield. The temperature, wind, and thé parameter m are shown
in figure 20 for 0000 GMT and 1200 GMT at Aughton on the 16th February
and the wind at 0600 GMT is also shown. Dﬁring this périod there was
a general cooling of thé atmosphéré, most pronouncéd at about 2 km, a
strengthéning of the wind at low lévéls until 0600, followéd by a
slight weakening, and a veering of the wind.
The incréase of wind abové the boundary layer was at no
time‘largé and at 0600 GMT when the gale was at its height fhé wind

increased by about 307 Between 1 and 5 km. The small stability beneath
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a strong inversion and the more stable conditions abové are featurés
which were also present in the cases of very pronouncéd lee waves in
figure 18 and figuré 19. Here thé value of m in the aner abové the
inversion did not increase much during the 12 hours covéring the
storm. Howévér, due largély to the decréasing stability of the layer
near tﬁe'ground‘m-incréaséd gréatly (from 13 to 28 km) during the
péfiod of thé storm and at 0600 when the leé Wavés were probably most

-

pronounced the stability and the wind may have produced a layer in

which m was nearly constant. ’

4.4 The variation of amplitude with height o

The basic hydrodynamic equations may be used to derive the

eqﬁation for flow in the x-z  plane,
-\11—3;1’_&‘.’1 « (£2-KH = 0o ®

which is wvalid, for airmotions in the rangé of scales typically found
in lee wave systéms, providéd that the flow is laminar; stéady,
frictionless and isentropic. The equation relates the vertical variation
of thé amplitude to the function l2 and the horizontal wavéléngth (27 /).
In layers of the atmosphéré in which l2 and k2 can be supposéd constant
with height the amplitude varies éxponentially ( wec expli-8)5) or
harmonically ( Wwe exp‘i(.é"ah’)fa) with héight according to wﬁéther 12 is
léss or gréatér than kz.

Queney (1947) has considered lee waves in a model which has
a constanﬁ valué of l2 throughout thé aépth of thé atmosphéré. The
problém was made 2-dimensional by considér?ng flow over an infinitely
long ridge and was linéariséd by keéping the ridgé low. Of the infinite
number of wave solutions which had zero amplitudé at the ground only

one had waves confined to the lee of the ridge. The amplitude of these
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lee waves décreased downs tream but increased upwards due to the
decrease of dénsity with height; in fact, the wave energy éf@VJz
décreaséd in bofh directions as rrl, corresponding to cylindrical
radiation behind the mountain. The amplitude of the lee waves in
this model varies harmonically with height at all levels and the linds
of crests (and tfoﬁghs) slopé upstréam.
Pronouncéd léé wavés in thé 1cwér troposphéré havé somé
: properties‘inconsistént with waves in Quénéy’s model: they d&-sometimes
éxténd for many waveléngths downwind of mountain ranges without
diminishing much in amplitude, tﬁey do not incréase in amplitude up -
to stratosPhef&:lévéls in the atmosphere, and they often appear to
havé vértical phases. Scorér (1949) has shown that in a modél in which
a layer of constant 12 overlies a layer with a sufficiently largér value
of 12 1ée waves with amplitudes wﬁich incrégse upwards to a maximum in
the lower tr0pospﬁere then decréasé abové could éxist. The waves have'
vertical phasés and do not décréasé in amplitudé downstréam; in these
réspécts they'are similar to pronounced lée wavés in fhe lower trOPOSphéré.
Thé exténsion of thé theory, however, to moré fréquent situationé whére
"such a simple ﬁwo—layér répresentation of the atmosphere is mnot
possiﬁlé would suggésf that all thé frequént occasions whén the wind
speéd incréasés sﬁbstantially with height should be favourable for
pronounced léé waves; in fact, this does not appéar to be true.
Model atmospheres with three or more discrete layers may
also contain 1eé waves but intérprétation is not as easy as for the
'trappéd' wavés in Scorér's two-la&er modél. In général, theré aré a

number of solutions with different horizontal wavelengths which satisfy

equation 6 and have zero amplitude at the ground. All are valid
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solutions and thé dégreé to which.éach is éxcited in a given air-
stream depends on the width of the ridge. Corby and Sawyer (1958)

have shown that somé séluﬁions réach théir maximﬁm amﬁlitudé in

the uppér trOpospﬁeré or stratOSphere; and that thésé sclutions havé
relativély long Wavelengtﬁs. The strong influénce of 12 at ﬁigh

lévéls on thésé éoiutions is shown in figuré 21 for a system of 1éé
waves computed by Sawyer (1960) in a model atmOSphéré in which 12 varies

. continuously with height. This case illustrates the sort of

complication encountered in the real atmosphere and has a continuous

-
-

variation of apparént horizontal Wavéléngtﬁ Witﬁ héight, corréspondihg'
to a continuoﬁs change of the dominant solution with height;‘ /

In section 4.3 observations havé beén interpreted as
implying that a tonstant valué of m, and hencé of @852, in a déép layer -
is favourablé for thé déyélopment of leé wayés. This would suggést
that a singlé—layér model might be appropriaté. However, a mgximum
amplitﬁdé which fypically'occurs in the lower troposphere on occasions
of pronoﬁnced lée waves is not é féature of fhé one—layér model but is
a féaturé of thé two-layér model Wﬁich in otﬁer réspects appéars
" inconsistent with the obsérvatioﬁs. 'For these reasons fhé‘variafion
of amplitﬁdé with héight in sqmé real cases has been considered in
térms of fhé'equation 6.

4.4;1:Thé balance of terms for lee waves in the stratOSphéré

The soﬁnding réferréd fo as Case 2 ﬁas Béén uséd to
calcﬁlaté the values shown in Table 3. The valﬁés of m in,figure'iB
have been used to calcﬁlaté (gBKf-z) in iayérs 2 Rm deép and values of
fﬁé wind Spééd close to thosé méasuréd havé béen uséd to ésﬁimaté tﬁé

term (U" u-l)."The maximum vertical air velocities (WWrwax) in the
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waves havé béen used to calculate (MW\M—l) in the lower tropospheré
and in thé lower stratosphéré assuming vérfical tr;ﬁgh lines. At
intérmédiate héights tﬁé function has not been calculated bécausé
radiosondé évidénce suggésts tﬁat thé wavéiéngth vaxiéd witﬁ héight.

Thé valﬁé of f? used corresponds to a wavéléngth of
11.5 km which is ‘seen to be présént below 5 km and above 11 km. This

is Béséd af low levels on the time between succéssive wave crests
which is about 10 min and the wind sPééd which is about 19 m sec-lg

at high lévéls thé radar‘méasure?énts of tﬁe Borizqntal rangé of
successivé Wavé cresis (or trougﬁsjfsﬁow tﬁat tﬁé waveléngtﬁ is néa?.,f
11.5 km. ' The ambiguity in the Waveléngth whicﬁ occurs in radioséﬁdé
data bécause thé instrﬁménf risés abouf 2 km'wﬁilé passing Bétwéén
succéssivé crests has been shown in section 3.6.2 to be unimportant
becaﬁsé of the small valﬁés of 12 which occur. Between 5 and 11 km
the horizontal rangé bétweén,succéssivé wave features increases up to
40 km; iﬁ is not possiblé that the horizontal wavéléngth was 11.5 km
Becaﬁsé a véry largé downs tream tilt would be needed for the radiosonde
to intersect the crésté at the observed intérvals; this is impossiblé,
bécause of fhé négativé valués of lz—kz'in the upper troposphere.

It appéars ﬁhaﬁ thé Wavéléngth in thé tropospﬁéré may havé variéd in a
manner similar to that présénﬁ in figuré 21.

Thé equation 6 requirés that thé terms in the last two
colums of Table 3 should bé’équal and opposite. 'In this and
éubséqﬁént éaBléS éhis is only approximatély trué as migﬁt'Bé'anficipaﬁédv
with values obtained on réal'occasions. 'The term W" wrl)vis probably
tﬁefmost inaccurafe becaﬁsé of uncérﬁainfiés about tﬁé curvaturé of

twmax with height and about the vertical disposition of the waves.
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‘ . . o - . o -2
The basic wind and temperature measurements from which (gBU .

)

and (u"Ll_l) aré inferréd contain evidéncé of staﬁlé 1ayérs and
shéar zonés sévéral hundréd méters deép. Tﬁése'producé considérablé
irrégularitiés in the 12 profilé; Howéver; these irrégularitiés are
not diréctly réfléctéd in the changé of amplitudé or Wavélength

: wiﬁh Heigﬁt in éompﬁtéd systéms of 1éé wavés (Sawyér, 1960) . 1In -
Tablé 3;,it séems réasonablé that ihé-z km depth of the 1ayérs Which.
is a small proportion of thé.waveléngtﬁ (11.5'km); sﬁould include
many of thé'imporﬁant atmospﬁeric,féatures affécting thé changé éf
amplifudé with Heigﬁ;. The discrepéﬁcies in the last two colums qf«”/
TaBlé 3 pérhaps réfléct thé éxtént to whicﬁ this is not trué. ‘

Thé largest valué of GM"\er) occurs at 2 km where théré
is a 1argé conVéx.cﬁrvature of éhé amplitudé profilé; It is balanced'
in équafion 6 partly bécause of fhé convéx sﬁapé of tﬁé wind profilé
in thé boundary 1ayér,aﬁd partly by thé 1argé valué,of (gBkJ-z)
‘(although m only incréaseé from 9 to 11 km’Bétwéen 2 énd 4 km,(gBer)
diminishés by a.mﬁch 1argér proportion). At 4 knm o&"vf'l) is balanced
" mainly by (@" u'l) and tﬁé‘incréase of amplitudé near 12 km also sééms
to occur bécausé of thé concave wind profilé.

Tﬁé valﬁes in Table 4 are Based on tﬁe sounding reférréd
to as Case 1. The uniqué occurrence of quite pronouncéd lee waves
tﬁroﬁgﬁ théﬂjef sﬁréam on this occasion suggésts that the situation
was ﬁnﬁsﬁally éompléx. In fact, the break in the périodicity of the
: véréical air spééd (figure 12) near 20 min at a héight of about 6 km
suggeétﬁ that above ﬁhis héight another system of lee waves becomes
dominant. 'The radar measurements of rangé also indicate this: up to

20 min the distance between successive crests is constant and about
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.10.5 km but betwéen 20 and 30 min it increasés to.9vér 20 kmn.

Bétweén 30 and 45 minutéS'fhé distancé bétweén.Succéssivé crésts is' '
remarkably constant and near 10.5 km. The small values of 12 up to

. 16 km show that fhé Wavéléngtﬁ was approximatély equal to thé distance
bétweén crésts éncountered by the radiosonde; and it seéms likély

that tﬁe uppér'system of the waves above 12 km is developed bécause
thé wavéléngtﬁ coincidés with the value in thé lowér troposPhére.

This also appears to be trué of Casés 2 and 4.

Thé values of k2 correspond to Wavéléngtﬁs of 10.5 km and
25'km’wﬁich givé valués of 12_k2 co;sistént up to 16 km with the_tgrm“//
GN"\Jl) in'eqﬁation 6 estimated for two systems of lee waves éacﬂ‘
with vertical crésts. ' The éxisfencé of the 1eé Wavés within thé jét
stream can be ‘related to the large posifive value of 12—k2 at 10 km
which makes a sfeady system of lee waves confinéd to tﬁé jet stream
possiblé. At 16 km 12 is positive and large énough so that the lines
of’crésts and troughs could slbpé considérably; the évidénce;of waves
1is léss definite aﬁ tﬁis héigﬁt but those indicatéé in figure 12 after
45 min are néarly consistent with a systém.wifh a horizontal Wavéléngth
'abbﬁt 10 km' and which slopé upstréam'with a gradient about 0.7.

4.4.2 Thé variation of amplitude in the troposphere
| .Tablé 5 contains valués for thé sounding 1aunchéd from
Shanwell at 1130 GMT on the 19th April 1967. ‘The waves were unusually
pronounced in fhe lowér tropospﬁere but noné wéré détécted in the
stratospheré and tﬁe’conditions which appéared to fé.vour the waves havé
alréady beén noted. 'Thevvalues of m in figure 19 in layers 2Akm déep
havé\béen used to infér the values of (gB}}_z) excépt for thé valué at

2 km which is measured to include the stable layer. The terms " u"l)
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and @W'W_l) have been calculated from the values of U and Wmax
shown and'kz'corresponds to a wavéléngth of 16 km éstimatéd from
the radar data. | | | L.

Rémarkably, at 2 km the wind prqfilé is conéavé and even
With the';élafively 1argé'va1ﬁé of (gB(ff?) thévcﬁrvature of ﬁhé
ampliéudé is small. The maximum amplitudé oécﬁrs rather higﬁer than
usual, near 4 kmg a similar sitﬁation occurs in figure 18 and it
séems éhat Ehé'convéx porfion of thé wind profilé abové the inversion,
wﬁicﬁ prodﬁces a posiéivé'valué'in 12—k2; is a very important factor.
The term (W"\Mfl) is of a 1argé magﬁifﬁdé at 12 km because of the
small valué of W max.

Some conjectured values of the amplitude for the Sheffield
, Galé are shown'in Table 6. The aircraft réport of maximum vertical
: vélocitiés of.abouf 10 m Séc_l in the 1éé wavés ét 8000 ft. has beén
ﬁséd.fo fix the amplitﬁdé at 2 km and the ;mplitudé has been assumed
to be zero at the“ground. 'The other valﬁes of amplitude havé been
obfainéd'by'infégrating equation 6 ﬁpwafﬂs. 'Thé wi;ds measuréd at
.Aughﬁon at 0600 GMT and the stability at 0600 GMT estimated from the
0000 GMT and fﬁé 1200 GMT Aughton soundings have Eeén uséd to calculaté

2

" Ufl) and (gBU )."Thé wavéléngtﬁ of 22 km computed by Aanensen

(1965) has.geén uséd fo,détefminé kz. 'Thé values of 12—k2 déterminé
the amplitude up to 14 km.

| Tﬁé‘valﬁés of 12—k2 aré small in thé trOpOSpheré.dué to
the generally small stability and thé higﬁ winds. Tﬁe relafively
1argé valﬁé at 2 km is dﬁé partly to thé invé;sion and partly to tﬁe
' curvatﬁré of the'wind profilé iﬁ tﬁé boﬁqdary 1ayér but thé valué is

small when compared with those typical of the lower troposphere. As a
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résult ﬁhe convex curvature of the amplituée'profilé is not 1argé
and fhé ampliiudé incféases a little abové 2 km. 'At.oihér héights
~up to 12 km 12—k2 and hence the cﬁrvafuzé of the amplitudé profilé
are small sb that the amplitudé remains 1argé. The observation of .. -
mothér~of;pearl-clouds from Manchésfér in&icatés éhat thé amplifude
‘rémainéd Iargé up to aBout,Sd km. The sounding from Aughton at
1200 GMT shows.evidencé of lee waves with véftical vélqcitiés of
aboﬁt 6 m Séc-l‘aﬁ 16 km - and nearly.ovér Shéffiéld; éven 1argér
amplitﬁdé Wavés may havé béen preseﬁt éarliér in the day. Abové 14 -
km the amplitﬁdé'may Havé variéd périodicaliy Wifh height becauséféf
the 1argér values of 17 préséni.
The amplifudes in Tablé 6_sﬁggest that very pronouncéd léé‘
Wavés Wéré présénﬁ ihroughout ﬁﬁé éroposyhéré and ofhér évidéncé sﬁows
that théy extended well into the strafosphéfé. 'The conditions which
favoured tﬁém includéd strong winds and small stability and ﬁavé Béén
observed before to be associated with véry pronouncéd lee waves. Tﬁis
case, howéver, représénfs a moré extréme éxgmplé of these conditions
so that the values of 12—k2'aré véry small and the amplitudé remains
largé through the tropospheré. |

4.5 Thévléngth of lee waves

Mékingthé fﬁrthér assumptions, besides those made in section
’3.5'to infer the wave period; that tﬁe waves aré stationary Wiﬁh
respécﬁ‘to tﬁé ground and lie across thé wind, multiplication of the
wave périod by the wind sPééd in the layerixpwhich the périod is
measﬁréd yiélds thé wavéléngtﬁ. Typical Yalues shown in figuré 22,
are of thé magniﬁude observéd in 1eé wavé clouds but corréspond in

" detail to the wavelengths inferved .ror. o oiun midnighc soundings made
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dﬁriﬁg January 1964 at Shanwell. The wavelength is .shown as a
function of périod and linés of constant proporiion; the wind spééds
through the waves are marked in m sec L. “

The plotféd points have a much gréaier spréad than the
valués of thé périod in figuré 11 and it appéars that in général as
well as in parti;uiar cases the wavelength inferred from radiosonde
‘records varies with héight. The range of valuéslliés chiefly within
the wind spééds 10-40 m sec_l and.évidénfly impliesthat the oécurréncé

of lee waves is favoured by winds stronger than the mean January wind

-

sPééd averagéd over tﬁe troposphéré (1iné a). On the othér hand, in
thé stratosphéré the poinis aré moré evenly disfributéd about thefﬁéan
January wind sPééd between 12 and 20 km (line b). The wavéléngths are
: shortér than tr%posPhéric Wavelengfhs for ﬁhis réason as well as Bécauéé
of tﬁeif shorfer périodsf

The assumptions which lead to these values of the Wavélengih
aré not unreasonabié. Wavés Whicﬁ are orographic ig‘origin migh£ bé
expected to be stationary. 'Leé wavé cloﬁds in satéllite photographs
do usually lie across the wind direction. The assumption of little
changé of périod within each 1ayér is also reasonable in so far as the
periods of the wave-like disturbances observed vary only slbwly with
héight. 'Thé.assﬁmption tﬁat the crésts and*trougﬁs‘in thé 1ée Wavés
afe aligned approximafely vertically ﬁas been shown to be'true if thé
inferred wave périod is near the.Bruni—Vaisala périod and 12 is sufficiently
small; these conditions are often fulfilled in pronouncéd léé waves.

4;5;1'Thé.léngth of lee waves in the stratospheré

The periodicity of the wave-like disturbances on the
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pressure trace even when the wind changes mérkedly with height
suggests that it is usual for thé dominant 1eé wavéléngth to change
with height. ' The sysfem of lee waves in figuié 21 shows that -
computations that représént tﬁe usually compléx siructure of thé
atmosphére also prédict that the horizontal wavelenéth changes

with héight. ' The' dominant wavéléngth9 howévér, tends to increase
with héight at all levels; whéréés wavélengths inférred from radio-

sonde records, although often long in the upper troposphere, tend to

" be shorter in the stratosphere.

From considérations of the propagation‘of gravity wavgg//
in the atmOSphéré the préséncé of shorter‘waveléngthé in the |
stratosphéré is surprising. Eliassen and Palm (1960) have used a thregf
1ayér model of the atmosphéré'to show ihat low values of 12 in the
uppér'froposphéré maké'it act as a réflecting barriér to upward
propagaﬁing gravity Wavés. 'Thé dégréé of réflection dépends on the
dépth of thé réflécting 1ayér and the différéncé be;wéen 12 in the two
lovest layérs. 'In the cases of strafospﬁéric waves discussed in
Chaptér 3 thé lower troposphere, fhé uppér troposphére.and the lower
sﬁratosphéré do roughly corréspond fo 1ayérs of comstant 12. The
refléction coéfficiént of the upper ﬁroposPHére fér the wavelengths
found in the 1owér,troposphéré (which aré évidéntly close to those in
the strafosPHére) is about .98 in Casés 1, 2 and 3 and about .70 in
Case 4 so the observed amplitudés are on this basis impossible.
Moréover;on1§'wavé1éngths 10ngér than the maximum value of m in the
upper trOposphéré can propagaté freély into thé stratosphere.

Névérfhéléss, furtﬁer evidencé_indicatés that short waves

often occur in the lower stratosphere. In months when the wind speeds
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are considerably less than those typical during January ovér Scotland
lee waves with lengths of only a few km might be expectéd. Such
wavés might often be present but not détéctable in radiosonde data.
Occasionally paroxysmal volcanic éruptions inject into
the lower st;ato;phere dust clouds which persist for somé months and
spréad ovér most of a hemisphere, producing abnérmal twilight phenomena.
Recént ékamplés of such éruptions Weré those of Mt. Spurr, in Alaska
(9th July, 1953); Bezymianny, in Kamchatka (30th March, 1956); and
Mt. Agung in Bali (17th Ma.rch, 1963) .
The dust itself may be visible as a haze layér with soge*”v/
streaky &étail, although not usually in thé day-time éxcépt for a/
Wﬁilé after extreme eruptions such as that of Krakatau (1883).
However, even the more tenuous layers éré often visible about sunrise
and sunsét, Wﬁen the illumination .is favourable, espécially if the
hazé layer has a wavy form. Thén at low elevations about the sun's
azimnth the hazé usually appéars in faint waves approximately'paralléi
to the horizon; two examples are shown in figures 23 and 24.
: Néar the énd of July 1953 and during the following August
such haze was frequéntly observed over England from thé ground and
from aircraft, which on a spécial flight found it in a thin‘layer at
a height of 15 km; it was subsequently reportéd by ?ilots that the .
layers sométimés wére slightly 'waved' or rolled’ (Jacobs, 1954).
The undulations were occasionally clearly visible from the ground
(Ludlam, unpublished), and were observéd to change in form and to
mové only véry slowly, if at all; It theréfore»séems likely that the
unduiations were produced by leé waves. The wave-length varied somewhat

with position in the sky, and from occasion to occasion; assuming a

“ -
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height of 15 km it variéd between 1.4 and 4.2 km in 17 measurements
on 5 separate occasions, with an average valué of 2% km. Wave
lengths of about or somewhat less than 4 km were t&pical also of
similar haze clouds obsérved in southern England in May, 1956
(following thééruption in Kamchatka), and December, 1963 (following
thé eruption in Bali). |

The undulations were ordinarily orientated approximately
across the 1iné of sight towards thé setting sun, consistent with the
W'ly direction of the winds at about 15 km. Howevér, on 10th May and
27th May 1956 the undulations were across lines of sight towards NNW _ =
and N res%éctively, while the winds in the lower stratosphere were érgmr"
thé NNW and 'S respéctively. Bécause of thé uncértainfy of the actual
héigﬁts of thé undﬁlations it is hgrdly possiblé to compare the
estimated wavé—lengths and thosé implied by the Brunt-Vaisala period,
bﬁt in thé éﬁmmers of 1953 and 1956 the wind spéeds were about 10 m
séc-l, implying a wavé—length of about 3 km, close to that usually
obsérved. ' On 29th Decembér, 1963 a rathér strdngér wind of about 20 m
séc-1 impliés a wavé-léngth of 61 km, whén thé obsérved value was about
5 ka.

These obsérvations evi&ently indicate that waves which are
virtually stationary, and thérefore are probably leé Wavés, may rathér
fréquently occur ovér 1argé aréas of fDuthérn England during both
summer and winter. Their wave~length is a few km, and the observation
that théy aré mosﬁ cléarly defined at an elévation of betwéen abouf 7

and 10° (ﬁ’tan-10.15) probably indicates that their usual amplitude is

about (0.15/2w) of the wave-length, or about 100 m.
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4.,5.2 Thé estimation of the wavelength
The magnitude of the horizontal wavélength is clearly
related to the wind épéed: the longer stratosphéric wavelengths
occur when the wind is strong and Corby (1957) has shown that there
is a high correlation between the wavélength and the tropospheric
mean wind speed. The reason appears to be that the wavé périods ténd :
to cluster round méan values which corréspond to typical values of

the Brunt-Vaisala frequency. In particular cases also the wave period

is related to the stsbility of the atmosphere,so that in Tables 3 - 6

k*has similar values to (gBer). In Tables 3 and 4 k2 in the lower -

troposphere and lowér stratosphere is approximatély'équal to (gBifz)
in those régions of.thé atmosphéré. In Tables 5 and 6 k2 is inter—
médiate betwéén thé gréatest and léast valués of (gBer) in the whoié_
troposphéré. "In fact, for thé casé in Table 5, takingl as thé mean
wind speéd betwéen 0 aﬁd 10 km and B méasﬁred with the temperatﬁres
at these two heights;‘(gBu-z)'équals 0.16, just the vélue of K2,

Some valués of m (= 27 U (gB)-%)‘evéluatéd with U and
B measuréd in'thé samé way aré shown in Tablé 7. They are compared,
with values of the préférréd horizontal wavélength computed by
~ Wallington and Portnall (1958) using a multi-layer répreéentation of
‘the atmosphere, and wavelengths inferréd from radiosonde data by Corby
- (1957). Thé préférred wavéléngth corresponded to one of thé sévéral
‘solutions which had zéro amplitude at thé ground; an additional
condition, that the solution should be rélativély indépéndent of
..conditions in thé stratosphexé, usually favoured oné wavélength above
ofhérs. In somé cases, howevéf;'no such solution éxisted or the

solution had a negligibly small ampiitude; no wavelength is shown for

v
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these cases. The agreement between the observed wavelength and
the two sets of estimated wavelengths is tested quantitatively
and the results are shown in Table 7.

. L. .
Wallington and Portnall calculated a preferred horizontal

'

wavelength in 13 of the 19 cases giving good agreement with Corby's
measured values. ‘' There is a similar though slightly less good

‘agreement between Corby's values and m in the 13 cases; however,

R T

m gives an unambiguous value in the other 6 as well. The averaging
' 13

of m over 10 km is fairly arbitrary and it is possiblé that in the

cases when m is nmot a good estimate of the wavelength a smaller depth .~

is more appropriaté. For examplé, in the sounding on the 21st
Décémbér; 1953 which'accounts for ovér half of thé value of )ﬁi
thé léé waves wéfé pronounced only‘bélow about 5 km and averaging U
and B bétwéén 0 and 5 km'givés a valﬁe of 10.0 km agreéing exactly
with Corby's cbserved value.

It can bé inférred from tﬁesé résults that the horizontai
wavélength can be éstimated simply from the Bfunt—Vaiéala pgriod and
thé average Qind spéed in the troposphére. Cohen and Doron (1967)
havé comparéd similar éstimaﬁes with wavéléngths measuréd on satellite
phoﬁographs. tTﬁéy found thaf fﬁé métﬁod ﬁsing simply m was supérior
to theorétical valqés. To fﬁe éxﬁent that m provides a single

estimate for the wavelength in every case in Table 7, it also

appears to be superior than Wallington and Portnall's method. Moreover,

the approximate correspondence between m and the observed wavelength
in the stratosphere, where present theories indicate that the
dominant wavelength should be much longer, suggests that this relation

is more than an empirical coincidence. It appears, in fact, that only

-
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frequencies near the Brunt-Vaisala frequency attain a significant
amplitude in the atmosphere.

4.6 Lee wave systems in the atmosphere

Regular radiosondé soundings indicate the conditions .
favourablé for pronounced leé wavés. The wind and~témperature are !
disfurbéd by thé éir motions but aré not much afféctéd by thé waves
normally éncountered. The waves found on the soundings from Shanwell
are usually over the North Sea, many milés from thé‘highest mountains
in Scotland and are theréfore true lgé waves. _Tﬁe amplitude of the
waves may be measured as a stréamline displacémént, accurate to ahout
25 m whilé the balloon is in the tr0posphéré, or as é vertical velocity,
agcuraté to about 1 m séc—1 in most soundings. Since the most
pronouncéd lee ;avés have amplitudés about an order of magnitude
greater than thésé valuesgnéarly all waves will be détected; The
,wavéléngth may also be measuréd whén sevéral assumptions are made;
thésé do not appear to be umreasonable. ’
The discussion of these asPécts of the results in the
.preceding sections suggésts a important généralvfeature about lee
wavé systems. Thus, thé horizontal waveléngtﬁ is approximately equal
to m.avéragéd‘ovér a suitablé dépth. Moréover, a small variation of
this‘paramété¥ with height is desirable for 1argé amplitude waves and
it follows tﬁat 1ée waves aré pronouncéd if thé wavéléngth ténds~to be
constant with height. It has also appearéd that the crests align
vertically in most pron0uncéd lee waves and the oscillations in the
Wavés théréforé involve deép columns of thé atmosphére. This is

consistent with the observation of Larsson -(1954) that deep pilés of

wave clouds are usually vertical.
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In real cases detected by radiosondes the situation
is often complex. In Case 2 the wavelength in the upper troposphere
varies with heighﬁ. 'However, the first pronouncéd crést after 30 min
is exactly 6 wavélengths downwind of the first crest in the
troposPhéré and fhé lée waves involve vertical columms excépt
that the oscillations near the trcgcpa;seaaré small. A similar
situation appears in Case 1 but with an additional system of
pronounced lee Qaves present in the wpper tro?OSphere. In the other -
two casés considéred in Section 4.4 m véfies substantially with‘
héight in that layér in which the waves are pronouncéd. Howéver, it -
has appearéd in Section 4.3 that with the excluéion of thé shalloﬁ/
inversion layér m is nearly constant with héight in thé lower
troposphere. It is possiblé that this is a necessary initial
condition for thé devélopment of the lée‘waves but because the
amplitudé of the oscillations is arge thé colums are affected by
a greatér depth of atmosPhéré. Thé waveléngth in Table 5 cofre3ponds
to the ¥alﬁeijﬁﬂk;in4 colums 10 km.déep whereas the larger amplitude
oscillations in Table 6 have a Wavéléngth dépénding on a layer aboug
15 km deep. | .

Airstréams normally approach Shanwell having passéd over
high hills causing displacements of a few hundréd m,but the observed
disPlacéménﬁs near Shanwell aré much smallér. This is supportéd by
thé obsérvation by Metemological Officé pérsonnél at Shanwell that wave
clouds aré frequéntly visible ovér the hills but are not visible ovér—
héad nor aré 1ée waves pronounced on tﬁé radiosonde record. This

situation is unfavourable for lee waves perhaps because the horizontal

wavelength tends to change with height. The oscillations of columms
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in the waves camnot then be regular and méchénisms which dissipaté
the waves may operaté in such systems.

Figuré 25 shows isopleths of potéﬁtiai temperature
deduced from aircraft flights in thé Rodkies W of Denver during the
afternoon of thé 15th Fébruary 1968 (about 0000 GMT 1léth February).
The usual assumbﬁions of lee wave théory that the £low is steady,
iséntropic, laminar and 2 diménsional imply that thé flow is along
the isentropes. 1In fact, on the sidé of the gidgé where the'iséntropes
intersect the ground this & impossiblé and in the stratosphere where
static instability occurs this is uﬁlikély. In the lee waves the / v'/
displaceménts are smaller aﬁd thé'assumptions aré probably more ﬂearly
fulfilled. 'The'wavélength in the low troposphéré is about 16.5 km;
in thé upper troposphere it appears to bé néar 30 km, Imn the
stratOSphéré thé displaceménts are irregular and may bé uns teady but
thé scale of thé disturbances is small (about 3 km), and is typical
of lée wavelengths inférred in this thesis,

The disturbancé over the mountain is more pronouncéd than
thé lée waves. A radiosondé launched from a position comparable with
thé location of Shanwéll in rélation to thé Scottish.Highlands
: (sevéral wavéléngths downstream of the ridge) might iﬁterséct a few
1ée waves at low levels. These would not be classéd as pronounced when
their amplitudé was comparéd with height of thé mountain range. At
higher levels it is doubtful whetaer any waves would be detected. In
ﬁhésé réspects this system of léé waves appéars similar to those
typicallj détécéed on soundings from Shanwell and can uséfully be
comparéd with Figuré 21 which shows a typical systém of leé wavés

predicted by a linear theory.
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An important‘difference betweén the two systems of lee
waves is the largé irregular disturbancé in the stratosphere over
thé rangé in thé réal casé. A linear theory in which the amplitudes
are small would not, however, be expéctéd to predict this fégture.
Pérhaps a moré significanﬁ différénce is thé absence of leé waves .
with strongly sloping crests and troughs in the observéd system,
’apparéntly bécause thé amplitude in layers Whéré thé wavelength changes
with héight is small. A similar féature is suggésted by radiosonde
data and it seéuB th at méchanism§ dissipate waves with sloping phases
more rapidly tﬁan any présent in Fiéﬁré 21. Thésé must operate thrgugH"
smail departurés of the real flow from assuméd conditiéns, possibi&
involving non-laminar flow. The éxperiménts of Davis (1969) also
suggést that mechanisms outsidé thé scopé of présent théories‘dissipafe
lee waves and allow only sin@lé @stems‘té exist.

Thé short wévelengths in the sﬁratosphere in Figure 25 are
accompanié& by cléar air turbulence and both may be associated with a
dissipation of the kinetic énérgy of the mean flow.. This seems likely
on thérmodynamic grounds bécause departurés of thé air trajectories
from tﬁé isentropes in the stratosphere would almost certainly lead to
an irreversible transfer of kinetic energy to héat; the waves and
turbulencé. possibly répresent intermédiate statés of the energy.
‘Thé energy for thé mosf pronounced 1ée waves in the stratosphere
déﬁéctéd Ey soundings’from Shanwéll may have originatéd in ‘a similar
ménnér. 'If sééms unlikély that it can havé proéagated up from the
lowér tropospﬁére partly bécausé of the high refléction coefficient
of tﬁe upper troposphéré, and partly, bécausé thé strong wésterlyy winds

up to very high levels which favour lee waves in the stratosphere are
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the conditions least likely to lead to an accumulation of wavé
energy at a 'critical level’.
Chapter 5+ =  Conclusions

| Thé Météorological Officé radiosondé (Mark 2 B), although
principally an instrumént to méasure atmospﬁéric paramétérs for
synoptic-scalé analysis, makés measuréménts of préssure7températuré,
and relative.humidity fréquentlyvenough ﬁo énable small—scalé détails
in the sounding to be studied. The préssure measuréménts which are
‘ disPIayed as a function of time on a papér chart, decréase regularly
as the balloon rises and it might be/anticipated that rapid changes/pf'/;
the vertical velocity by 1 m sec_l or moré are readily detectableﬁif
they aré présént in a layer 100 m or moré déep. A radar is used to
track the balloon and déﬁé:miné the winds,and the méasureﬁénts obtained
may also be uséd to deﬁérminé tﬁe height of fhé radiosonde after each
‘minute intérval. 'Thé raﬁé of changé of rad;r héight, may be compared
with the vértical vélocity calculatéd from the raté of décreasé of
pressuré, and frequéntly provides indépéndénf confirﬁation of
departurés of the vertical Vélocity of the radiosonde from a mean value.
.Such‘départur%s may be dué to either a variation of the rate of ascent
of thé radiosondé through thé surrounding atmosphere or to a changé of
- the vertical épéed of the aif surrounding the radiosonde balloon.

| It appéars that thé rate of switching betwéen signals

corré3ponding to méasureménts of pessure, témpératuré and relativé
.humidity; govérned by a windmill whosé cups révolve in a Vértical plane
on the outside of the radiosondé, is chiefly détérmined‘by the vertical
'passagé through the air and may be used £o_éstimaté the rate of ascent

of the radiosonde. The rate of ascent does change in nearly all
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soundings due partly to variations of thé-drag coefficient of the
balloén and partly to thé decréasing dénsity of the air. 'Tﬁé
résulting variations in thé raté of ascént are sméli excépt in rare
“casés whén 1argé décreasés aré present near thé tropopausé from
excéptionally 1argé ratés of ascent in thé uppér troposphere. Thé
décréasé may Bé'ascribéd to the criiical changé in the flow conditions
around thé surface of thé radiosondé balloon which is expécted at
Réynold's‘numbérs between 105 and 106. In these cases fhé‘increase of

drag coefficient at the critical change approaches the magnitude of

e
~

that expériéncéd by solid Sphéres in a windtunnel and the close .-
corrésPOndénce witﬁ thé fropopausé suggests that the flow over the
surface of thé balloon is influenced by fhé stability or possibly
small-scalé turbulencé in tﬁé atmosphere. 'The Beﬁaviour of the drag
coéfficiénf of solid SPHeres néar tﬁe critical change is known to dépend
mainly on the'turbulénce in the airstream and it seems likely that
small-scale turbulencé also pfoduced the unusual béhaviour'of the
balloons.

Othér changés o the vértical véloci;y of the radioso?de
appear ﬁo be mainly caused by vertical alir motions; most take the farm
- of smooth périodic disturbancés on thé pressuré trace and are probably
dué to lee %aves. Occasional irregular disturbances occur which
affect the rising radiosonde only for short times and contain vertical
air spééds of a féw m sécﬁl. "It is not possible from the radiosonde
data'to infér the form of the disturbancésj howévér, in one case
indépendént evidence suggests that the radiosonde intersected a billow

wave present quite extensively within a shallow layer; Similar
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“disturbances are infréquent, occurring much ﬁwre rarely than
turBuléni.layérs déiécted by gusf—sondés, but may bé moré important
for aircraft.
Léé wavés inferréd from éhé récozdS'from Shanwell (E.
Scotland) for 1964 occupy 1ayérs somé kilométérs déep and on
.occasions exténa into the lower stratospheré. It is thén usual for
thé wavé amplitude to become small in the upper tropospﬁére and to
increase again in the lower stratosphere. The streamline displaéements
in'the waves excéed 100 m on about 107 of tﬁe records at 2 km and on
aBout 2% of thé régords at 16 km. ‘gt 10 km only about 1% of thé.
récords havé stréamliné displacements excéeding 100- m. The fréd;éncy
of hée Wavés is greatést during tﬁé wintér months; during the
.summér thé fréquéncy in thé lowér stratOSpﬁere deqréasesamoré markediy
Ehan in the tropoSphéré. Récords from.wéathér Ships I and J and
Muharraq show thaf ihésé. 1l ocations have a mﬁcﬁ smallér fréquéncy of
wa&és (pérﬁaps gravity wavés) tﬁan Shanwéll doés. }
Thé timé takén for ﬁﬁe.radiosonde fo p;ss from one region
of upward (or downward) air motiom to the next, which is the wave
périod if thé crésts and troughs lié in vériical linés, is found to
,corréspond to ﬁypical valﬁés of the Brunt—-Vaisala périod.“Obsérvations
of dust layérs in thé stratOSphéré suggest that leé wavés with lengths
of only a few kilométérs do occur; consisténtly with wavé périods about
the'Brunt—Vaisala périod. This was dso trué for ﬁhé most pronounced
lée wavés détécﬁed in £he stratospheré; howévér, becausé of the strong
winds which favour thé wavés; the wavelength was about 10 km. The
: verticai air speéd éxperiéncéd by a supépsonic aircraft travé11ing-in thé

stratosphere directly across these waves would change at a rate of about
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im secm2 (or g/20), with a period sbout 20 sec. in waves with

: s ' . -1 ..
lengths of 3 km and vertical velocities of { m sec ~ similar

.accélérations-could bé producéd but with a Périod of 5 sec. Such
conditions could bé frequéntly present becausé small amplitude waves
aré noﬁ deﬁéctéd by radiosondes in the stratosphére.

Prqhounced lée waves in the lower troposphere are thought
to occur in coﬁditions wder whiéh the wave énérgy is 'trappédg an
idéa dévélopéd by Scorér (1949) from é two-layér model. Thé’extéﬁsion

of the model to more typical atmosphere conditions indicates that a

sufficiéntly large decrease of 12 with Héigﬁt in the troPOSphere
should be favourable.for pronounced lée waves . Sawyér's (1960) i
compﬁtations which illustraté tﬁe sort of complicatibn of 12 éncountered
in the'atmospﬁeré; confirm that pronouncéd lee waves migh; be expécted
in condi#ions of décreasing 12 in the tropOSphéré. These conditions

’ are;'howévér; oftén préééné in tﬁe 1owerAt£oposphere and are more
'fréqﬁént ﬁhan pronouncéd leé wavés.

Thé'conditions which do, in faci, favouf lée waves in the
lowér troposphere have a rélativély small.deéréase of 12 with height;
Ehié is usﬁally associated with a strong wind which does not changé
much with héighf. ‘Thé most pronoﬁnced lée waves tend to.havé long
wavéléngtﬁs.andvthis factor togéthér with the small magnitudes of 12
which occur impliés that the values of 12 - k* are small. This also
‘conflicts with the idea of 'trapped‘~wavés for which a largé negative

. value of 12 - k2

in the upper troposphere would more effectively confine
the disturbance to lower levels. In one case of exceptionally

pronounced lee waves the dominant wavelength appears hardly to be

"trapped' in the troposphere at all.
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The éxistencé of lée waves in tﬁe S£rat03phere is also
inconsistent with noﬁions of 'frapping' because it is unusual for
12 to decréasé with heigﬁt in éhis région of fhé atmoéphéré.
Moréovér, the most pronouncéd stratosplieric 1ée Wavés encountéred in
‘thé Shanwéll data havévwavéléngtﬁs for wﬁich thé enérgy should havé
been 'frappéd' in.thé 10wér troposyhéré. Thé wavés are unliké Systems
ofAléé wavés prédictéd by present théoriés in thé réspécts tﬁat they
often have shorter wavéléngths than are typical in the tropoéphére,
" and have phasés which are vertical.

The variations of amplitude with height which occur in -

lee waves can in practical cases be described by the equation:

2\ ;
YT - ok =0

The’small values of 12 - kz'which occur in pronouncéd waves only suffice
for the changé of ampliﬁudé and show that systéms of lee waves which
have»sloping pﬁasés are ot favoured. 'Thé curvature of thé wind
profilé is an important term in 12 for the variatioq of amplitude with
héighﬁ,and the maximum amplitudé which is most fréquently présent near
2 km may be associated with the change of wind in thé boundary layer.
The‘léngfh of lee waves inferred from radiosonde data
corrésponds ﬁo typical valﬁés of the Brunt-Vaisala périod multiplied by
thé avéragé %ind speéd in a 1ayér. 'Tﬁe déptﬁ of thé layér which'seéms
most significant for pronoﬁnced 1ée waves is typically about 10 km.
Thé condiﬁions in which pronOuncéd lee wavés occur favour a wavelength
which tends to.bé conétant with héight and suggééf that a régular
dispositioh of crésﬁs in fhé aﬁmospﬁéré is.nécéssary for the

development of lee waves. Pronounced waves appear to normally have
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vertical crests and involve the oscillation of deep colummns of the
atmosphere. The dissipation of less regular systems of lee waves
probably explains the small frequency of pronounced lee waves éand

may involve departures from the conditions normally assumed to be

present in lee wave systems.
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Tables -

TABLE 1 : _Thé pércéntage of Shanwéll récords wi;:h pronouncéd wavés.
Thé wini:er frequéncy is based on the records for Décetxibér of
prévious year, January.,' and FeBruary. Tne su’bséquémt seasons are
f.akén Iin périods of 3 mom;.hsA. ‘Where less than 3 months records were

available the percentage refers to the records used.

' Wint_ér "~ Spring V_Sur‘m‘nér_ . Aui:umn.
Trop = 14% "4z 117 117
1964 | | B
Strat 9% © 3% ' 3% 6% L
Trop 177 - - -
1965 | _ |
Strat 16% . 97 2% 27
Trop 43 7% 9% 107
1966 .
- Strat 4% 47 - 2% . 7%
Trop '13% 167 - -
1967 . :
Strat 97 3% - - i
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TABLE 2 ~The wind speed at 4 levels in the troposphere on . occasions
of lee waves. The time and date of 19 soundings at Leuchars from
which Corby (1957) inferred pronounced lee waves and the wind speed

and direction at 850,700,560 and 3C0 mb are shown.

Date Time U (850Ykts U (700} kts U (500 kts U{300)kts
8 oMt
14=11-53 1400 281/35 285/45 273/50 272/56
18-11~-53 1400 262/39 262/43 268/55 . 265/62
20-11-53 0400 268/34 251/15 270/31 280/52
j30-11-53 - 0200  264/60 247/88 2447105 236/90
121-12-53 1400  305/38 306/54 ©309/49 304/94
3-1-54 0300  345/43 '353/62 - 354/77 007/77
13-1-54 1400 - 0Ol4/47 019/63 007/77 358/76 .-
4-1-54 0200 048/27 027/51 019/39 017/44 -~
11-1-54 0200  336/34 321/28 ' 319/37° 1 '337/23
11-1-54 1400  314/24 309/25 314/37 226/17
12-1-54 1600 240/38 227/42 232/38 249/36
14-1-54 0200 297/37 297/32 315/30 - 312/80 °
123-1-54 1400 201/21 198/24 218/20 210/24
24—1-54 1400 204/37 202 /40 214740 248/29
21-3-54 0200 262/41 265/44 - 261/57 272/58
11-4-54 1400 256/27 276/31 " 284728 272/29
14=-4-54 1500 299/54 - 308/54 " 314/60 " 312/84
15=4~54 0200 322/62 324/63 322/61 - 317/72
15=4-54 1400 349/25 358/56 ' 350/62  344/76

Mean wind speed " 39 45 50 57

.Six month.mean
~ wind speeds - = 26 27 36 51
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TABLE 3 : The terms of the equation W"Wf1+(12-k2) = 0 in layers
2 km deep are shown for the sounding launched from Shanwell at

2330 GMT on the 30£h.January, 1964,

E U wut gBU—Z _'Kz., . Womax ,W"Wfl . 12 -
0 5 . 0 _
2 18 -.14 - <49 .30 1.5 -.37 .33
4 22 .16 .34 .30 0.8 .12 -.12
6 40 .08 .08 - 0.6
-8 70 -.11 .02 - 0.6
| 10 70 =-.12 . W04 - 0.7 )
12 36 .20 .34 .30 1.0 .18 -.16
14 30 .02 .38 .30 2.0 -.12 .06
16 26 - 2.0 .
TABLE 4 : As Table 3 but for the sounding at 2330 GMT on the
4th September, 1966
‘U uwTt o guT? k2 W max L 12 - &2
0 5 0
2 23 =.22 W42 .36 2.5 -.38 - .28
4 20 .15 42 .36 .06 1.2 0.0 .10 -.09
6 29 .03 .15 .36 .06 0.4 0.5 225 =.05 "=.24 .06
8 41 .11 .06 .36 .06 .0.0 0.9 .06 -.11
10 71 -.26 .04 .36 .06 0.0 1.5 -.27 24
12 30 .30 .15 .36 .06 0.4 0.5 -.45 .25 =.51 -=.21
14 24 =.04 47 .36 .06 1.5 0.0 -.18 .15
16 15 .07 1.2 .36 1.5 ‘ .27 °
1o 5 S
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TABLE 5 : As Table 3 but for the sounding at 1130 GMT on the

19th April, 1967.

H U ol geuT? ®* W mex W 122
0 16 0
2 20 0.11 0.34 . 0.15 2 -.06 .07
4 33 -0.11 0.20 0.15 3.5 -.19 .15
6 31 0.00 0.10 0.16 2.4 0.02 -.06
8 30 0.02 0.06 '0.16 1.5 0.07 -.12
10 32 0.02 0.11 0.16 1.0 0.07 -.07
12 36 -0.12 . 0.24 0.16 0.75 -0.16 +.20
14 24 0.0

I

TABLE. 6 : 'Tﬁé terms of the equation estimated for about 0600 GMT’,/"
on the 16th February, 1962 at Aughton, W is calculated by integrating

12 - 2 upwards.

H v ounwTh T gauT? k2 12ek2=w"wfl W sec -
o 17 0
237 =12 .20 .08 .24 10
4 40 0.00 .13 .08 .05 10.4
6 44 .01 .06 .08 -.03 : 8.8
{8 50 -.04 .03 .08 -.01 8.2
10 49 -.03 .01 .08 -.04 8.0
12 43 .03 .04 .08 -.07 9.0
14 42 -.05 .16 .08 .13 . 12.4
16 32 .05 .32 .08 .20 '
;ISf"”'29,"”"'”'"”
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- TABLE 7 : A comparison of preferred wavelenzths calculated by
Wallington and Portnall (1958), those observed, and values of
Qn-Ll(%iZ)‘é (where B and U are simple averages over the lowest

10 km of the atmosphere).

- - : 1
~ Time and Date =~ Observed (0) Wallington (0%33)2 27U(gB) 2 (O—-Ez')2
Wavelength km & Portnall —e——— (E,)) ————
E 2 E
(E) 1 2
1400 4-11-53 13.3 14.5 0.10 12.0 0.14
1400 18-11-53 13.3 15.0 0.19 14.5 0.10
0400 20-11-53 8.9 8.9 0.00 9.0 0.00
0200 30-11-53 26.7 C - - 23.0 -
1400 21~-12-53 10.0 13.0 0.70 16.0 2.24
0300 3-1-54 18.5 17.0 0.13 17.0 0.13
1400 3-1-54 18.5 18.0 0.02 17.0 0.13
0200 4-1-54 10.0 10.0 0.00 10.0 0.00
0200 11-1-54 12.0 - - 9.0 —_
11400 11-1-54 5.9 7.6 0.38 7.0 0.17
1600 12-1-54 8.9 11.0 0.40 12.5 1.04
0200 14-1-54 10.4 - - 11.5 - .
1400 '23-1~54 5.6 " 5.7 0.00 6.0 0.03
1400 24~1-54 Lr¢ - - 8.5 -
0200 21-3-54 8.7 - - 14.0 -
1400 11-4-54 8.7 7.8 0.11 8.0 - 0.06
1500 14-4-54 24,1 - - ' 20.5 —
0200 15-4-54 18.7 23.5 0.98 17.0 0.17
1400 15-4-54 14.4 11.5 0.73 14.5 0.00
2 o—g)* '
LD JL—WE”E;‘ ' 3.84 4,21

Both E1 and EZ are significant estimates -of O at the 57 level

(%% = 5.39).
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Figure Legends

Figure 1 The rate of switching, Rs, as a function of time, t,

is compared with thé vertical veloclty inferred from the pressure
ﬁeasurements, Wy . The increasé of poténtial temperature per
kilometer{ae/@zz, and the Winds measuréd over intervals of one

minute aré shown; the lattér in the form of two components: one
radially away from thé radiosonde station, V, , and oné azimuthal
componént Ve - The intervals when the Richardson nwumber R; was

less than 1 are shown by é single line and when R,<; a double line

is marked. Thé sounding was launched from Shanwell at 2330 GMT,

19th January 1964. '

Figure 2  This sounding was launchéd at Muharraq at 1130 GMT,

27th Octobér, 1967. The rate of switching, Rs’ and the rate of change
of radar heighf, VJr, are COmparéd as functions of time after launch,
t. 'The/razé of increase of poténtial temperature,®&/oz, the one-
minute winds as radial, VR, and azimuthal, \79< s componénts, and the
régions where the Richardson number R; was less than | are also shown.
Figure 3 Some values of the drag coefficient, C4 , as a function
of the Reynolds numbér,.Ré. The tﬁo curves représént'the change of
with Re for solid spheres in a wind tunnel. Tﬁese two Wére the extremes
of séVeral éxéériméntal curves given by Hoérner (1958). The points (a)

: représént méan values of Ca for a number of eiscénts using 1.25 kgm
Balloons with frée lifts of 2.1 kgm. The data was taken from the
Handbook of Met eorological Instruments. The points (b) represent
valués during the sounding launched at 2330 GMT, 19th January, 1964.

Thé values of C4 and Re were calculated at-10 minute intervals and also

before and after the critical change. The points (e correspond to
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similar values for the sounding at 1130 GMT, 27th Cctober, 1967 from
Muharraq.

Figure 4 A comparison of values of the rate of switching, RS, with
thé raté of ascént, W, , in a wind-tunnel and in thé atmosphere.

Thé points (a) représént values obtained in a wind-tunnel with a
radiosonde with éli elements in position and six cups on the windmill.
The points (b) corréSpond to a similar situation but with all the
eleménts rémovéd. The points (é) are values for the second r;diosonde
with threé cups on the wiﬁdmill and all éiéménts in position. The
points (d) wéré dérivéd from the sounding launched at Shanwell at {¥,~
2330 GMT, l9th January 1964, tﬁe points(e) aré from the Muharraq |
sounding on the 27th October 1967, and the points (£) from the Shanwell
sounding on thé StH Séptember 1966.

Figuré 5 An irregular air motion encountered by the sounding launched
from Crawley at 1115 GMT on the 23rd August, 1964. The vertical
veloc1ty from the radar measurements We, the rate of ascent VVQ, and
the helght H above the ground are plotted against the time after
.launch, t. The wind direction and speed U, are plotted at the
standard lévéls, thé héigﬁts (H) and (M Wﬁich Ludlam (1967) inferred
for billow clouds and thé Richardson number are also shown. At the
bottom right of thé diagram thé pressuré vértiéal velocity W, and

the parameter ?8/yz are plotted in détail on an expanded scale; the
components Ve V¢ of thé wind and the Richardson number are shown

at 1 minute intervals.

Figure 6 . An irrégular air motion éncountéréd by thé sounding launched
from Muharraq at 2330 GMT on the 7th November 1967. The vertical

velocity from the pressure measurements W, , the rate of ascent W, ,
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and the héight H abo&é the ground are plotted against the time
after launch t. The wind direction aad spéed ¢ and the témperature
T are plotted at the stands+d levels. The vertiéal velocity MWip,
the parameter €45, and the wind components Vg, \l5; are plotted
against t on an expanded scale.
Figuré 7 A section of a radiosonde record received at Shamwell
from the sounding launched at 1130 GMT, 15th June 1964. The
individual markings by thé pén_on thé chart représént successive
values of:_préssure, témpérature,;and relative humidity. The pressure
records bégin near the middle of théfrecord and change scale after 7
minutes . Thé marké have beén connected by péncil lides on the re;ond"/
in accordance with radiosounding practice.
Figuré 8 Thé 'Q' correction for values of thé vertical velocity
inferréd from the slope of the pressuré trace, %/i. - The radiosonde
was launched from Shamwell at 2330 GMT on the 4ch Séptember 1966. The .
corréction, Cp , the temperature, T, and the corrected vertical
velocify, We aré also shown,' All quantitiés aré averéges over 1
minute intervals and aré plottéd against the time after 1aunch,'t.
Figure 9 Féatures of the vertical motion of the radios§nde launched
from Shanwell at 2330 GMT 4th September, 1966, plotted against t, the
time after launch.
Top: a comparison of thé correctéd vertical velocity Wp

.inferréd from thé pressurévtrace and that inférred from the’radar, We

i Sécond from top: a comparison(of the difference between
W, and W, (circles), the éxpectéd maximum errors in the derivation
of thé vértiCal vélocity from the pressure«traéé,<Ep(pecked line), and

‘from the radar observations, €. (continucus 1ine).



87.

KA

Third from top: the rate of ascent of tné radiosondé through
thé‘air,v\la , derived from the rate of switchiag.

Bottoﬁ: the vertical air speédlv encountered by the radiosonde,
déducéd from the difference between W, and Wa .
Figure 10 Thé fractional frequéncy F of wavés with maximum streamline
displacements excéeding A, (a} at low levels (about 2 km) (b) in the
lower stratosphére (at about 16 kﬁ); the points plotted are based on

an analysis of 500 soundings at Shanwell in 1964.

Figure 11  The fractional frequency F of waves of a given period

(expressed to the nearest whole minute), (a) at low levels (about 2 kno;

(b) in the lower stratosPhére (at about 16 km), based on an analysié

of 500 soundings at Shanwéli in 1964.

Figure 12 Wave motions and thé atmospheric structuré inferred from
The Shanwell sounding at 2330 GMT, 4th September, 1966. The vertical
air speéd,\M » is plotted at the top of the diagram against t, the

time after launch. The height of the radiosonde méasured By the radar,
H, is also shown against time after launch; the profiles of wind

direction and speed U, and the temperature T, appear on the left of

-

: » . : : -1
the diagram. The profile of the parameter ZwU(gB) * (B = (28/2)/

Whéré & is tﬁé poiential temperature), is shown on the right of the
diagram.

Figure113 Wave motions and the atmpsPhéric structuré inferred from
the Shanwell sounding at 2330 GMT, 30th January, 1964. The vertical
air spééd,\v , and thé héight H, are plotted against t, the time after
launch. Thé other parametérs:,wind direction and speed U , temperature
T, and 2:rU(gB)_% are plotted against height_and a suitable horizontal

scale.
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Figure 14 . Wavé motions and the atmospheric structure inferred from

the Shanwell sounding at 2330 GMT, 3rd Décémbér, 1964. The vertical

air speéd; W , and the heigﬁt of thé radiosondé H, are plotted

against t, the time after 1au;ch. The vertical structure of the

wind diréction and spéed u, the témperature T, and the parameter
Zn'U(gB)-% are ‘also shown.

Figuré 15 Wave motions and thé atmosphéric structure inférred from

the Shanwell sounding at 2330 GMT, 30th Décéﬁber, 1964. The'vertiéal

air speéd,b/ , and the héight of ghé radiosonde H, are plotted against

t, the time after launch. The vertical structure of the wind directionﬂ

=

and spéed u, fhé témperature T, and the parameter Zﬂﬂl(gB)— aré
also shown.

Figure 16 A comparison of the vertical distribution of_(gBU.z) on
thrée occasions during 1964. The paramétér is measured as an average
over layérs 2 km'deép, and thé wind diréctiﬁns in whole degxées are
shown at régular intervals. Thé thrée sets of values (2), (b) and (c)
corréspond réspectivély to the soundings from Shanwéil at 1130 GMT on
the 15th June 1964, 2330 GMT on the 3lst January 1964 and 2330 GMT

on the 16th November 1964.

Figuré 17 The vertical distribution of the paramétér Qﬁ'U(38yéat,
'intérvals during December 1964. The 1130 GMT soundings commencing on
ﬁhé 2nd Decembér, are représented in the upper portion of the diagram
and thé 2330 GMT sbundings, commencing on tﬁe 4th December, are-
répreséntéd in thé 10wér portion. Thé paramétér is measured as an
:avéragé over 1ayérs 2 km deep, and the wind directions in whole‘degrees

are shown approximately at the standard ievels. Regions where the
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wave amplitude A éxceeded 50 m are shown by a thicker 1iné, drawn
coﬁtinuously whére thé amplitude éxceédéd 100 m, but otherwise pécked.
Figuré 18  The maximum vertical air SPeéd Mgﬁéncounéered on the
sounding from Lenchars at 1400 GMT, 15th April, 1954 (Corby, 1957).

The profiles of wind speed U, temperature T and the parameter

Dl

Qﬂll(gB)_% (liné a) are also shown. The profilé of ZmU(gB)
corresponding to mean April data for thé yéars 1951 -~ 1955 is shown
by the line (b).
Figuré 19 Wavé motions and theiétmOSPheric structure inferred from ;~
_thé Shanwéll sounding at 1130 GMT, 19th Abril 1967. _Thé vertical'éir
Spéed W at the top of the diagram and the height H of the radiosonde
are plottéd as functions of the time after launch, t. The profiles
of the wind speéd, u o, the témperature T, and the parameter
27TU(gB)_% aré also shown.
Figuré 20 The atmospheric structure on thé'occasion of the Sheffield .
Gale. The wind direction and speed U, the températuré T, aha the
| paramétér 2nu(gB)—% are shown for 2330 GMT on the 15th February 1962,
aﬁd.for 1130 GMT on thé 16th February 1962. 'Tﬁe wind at 0530 on fhé
16th Fébruary is also répresentéd.
Figuré‘21' Displacémént of the stream lines computed for a typical
alrstream (aftér Sawyér 1960) . The léft-hand.section of the diagram
shows the assuméd potential témperafure, € , wind spéed U, and the
paraméfer 12. 'Thé vértical displaceméntf of thé stréam linés is plottédl .
for éach levél on thé same scale as the mountain profilé at the bottom
Qf the figuré, this scale is 4‘times greatér than the scale for tﬁé
vertiéal separation of thé curves. Abové 16 ku comstant valﬁes of 12,

-2 '3 LE, .

= 6 km (continuous lines), = C km (nonied linesy, are assumed.
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Figure 22 The WaveleﬁgfhiL of Ee waves inférred from all night
soundings at Shanwéll in January, 19064. The abscissa is the wave
period and the lines of constant ratio aré 1abé11ed with the mean
wind spéeds (m séc-l) in the layers in which the waveléngths aré
inferred. The péqked lines représént the mean January wind speéd
based on data from the years 1951 - 1955 (a) in the troposphere (b)
in thé 1ayér 12-20 km. Wavelengths in the troposphéré are shown by

crosses and wavelengths in the stratosphere are shown by circles.

Figuré'23 and 24 Haze undulationé photographed from Dunstable, looking
west. 'Figuré'23 was taken at 1920 GMT and Figuré 24 at 1942 GMT J
on the 17th August 1953. A contrail which is white in Figure 23vis
dark and further right in Figuré 24 and is evidently below the
wndulations. Similar billows were cbserved intermittently until

28th September, 1953. On this occasion, assuming a height of 15 km,
Wavéléngths were measured as 1.8, 1.8, 4.0, 4.2, 3.8, 3.4, 4.0 km.
Figure 25 Isopleths of poténtial témpératuré dédugéd from aircraft
flights (dottéd 1inéé) W of Denver on the 15th Fébruary 1968 (after
Kuettner & Lilly, 1968). Balloon flights are shown by dashed lines and

turbulent flight paths by jaggéd lines.
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