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V~ rti :a1 p r o f i l e s  of ozone mixing ratio , averaged to re-

Th~~V (  the  f ] u c ~1.u at i on s , are Cons i s t en t  with a hct production

i n  iho upper ~tratosphero and a net destructiot~ at the earth’s

.sur lace . The mean mix ing  ratios decrease downward by more

than two orders of magn itude , but the  g rad i en t  is not u n i —

form . Most of the grad ient is concentra ted in the lower

stratosphere , from 25 km down to the tropopause. This

reg ion is , in e f f e c t , a transition region between the

dynam icall y active troposphere and the chem ical ly active

• s t ratosphere. I ts  mean circulations and wave motions are

strongly forced by and coupled with those in the troposphere .

The coupling ]eads to a direct ma~;s cxch~.n ge , transporting

ozone , radioactivity and potent :~ vorticit.y horn the

lower stratosphere into the troposphere .

Tran~ port occurs when the boundary between the strato-

sphere and the troposphere deforms , becomes vertical in the

core 01 the jet stream , and then folds beneath the jet core .

Reed arid DanieL’en (1959) showed that the folded structure

could be identified by its large values (stratospheric values)

of potential vorticity and used the term “tropo pause fold ing ”

to describe the process.

Af ter completing several case studies of large-scale

cyclogenesis i n  which the three-dimensional trajectories

weze determined from isentropic analyses , and the associated

mast ; I t n sp o r I~~ fruin he~~- ; ra 1 ~~~~H 1( ’ i t ’ W(~~~~’ ~øni p t i t ed

D~tn i  .! ~~~ ( l O~ 9) Lonc [L ~~L ~t Lh  L i  o iau~~. I o ld i u~, w ~~ an



- - -.
‘~~, - ~~~~~~ 

____ 
—‘~~~~~ ‘ ‘~‘ ‘ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~

I,

integral part of cyclogenesis and that , therefore , the net

• seasonal and annual transport of mass could be estimated by

multi~ lying the mass transport per cyclogertes~s times the

number of cyclogenetic events. His estimate of 4.3 x 1020 gm

year 1 implied that a mass comparable to the entire Northern

Hemispheric  stratosphere was exchanged in one year , the out-

flow being from the lower stratosphere on the cyclonic side

of t he jets , the inflow implied at higher elevations on the

anticyclonic side of the jets.

An obvious implication of the above estimate is that

radioactivity injected or produced in the stratosphere will

be rap idly transported into the troposphere whenever it

reaches the lower stratosphere . To prove that bomb debris

is so transported by the tropopause folding phenomenon ,

Danielse~ organized and directed Project Springfield in

April 1963. In this multi-aircraft experiment the phenomenon

was predicted , and aircraft equipped to measure radioactivity

were vectored to intersect the predicted , folded structure .

The results (Danielsen , 1964; 1968) conf i rm the  hypo thes i s .

• Another  obvious impl ica t ion  of the  s tratospheric-

tropospher ic exchan ge is tha t  ozone is r a p i d l y  removed from

the lower stra tosphere , and that the seasonal and annual

removal rates can be estimated if the .nean mixing ratio is

determ ined in the outuiowing air. On the basis of

.s t r~)rt t i i i r n - 90 ;on c i i it r a t i  on~; measured - i n  t r i o  l ower ~ L r a t o —

spi ie io  in  1960 and 19(33 , and i no a t h l y  depos iL ion  ci ~ r — ’3U 

-.- —- - -~~~~~~-- ~ - - - - - - — ~~~~~~~~~— - -~~~~~~~-- - .  -~~~~. -
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H at the surface , Danie].sen has deduced a mass outflow rate

from the stratospher e,

~~OU~flL 
+ 1. 5 coa ~~~~~ (

‘
t — ±j~~)Jx io

20 gm yr~ (1)

whore  t 1 year and t varies from 0 to 1 year .

The maximum outflow in mid-April is 3 times the minimum

in mid-October and the annual outflow is about 80% of the

total Northern Hemisphere ’s stratospheric mass.

A similar expression for the ozone mass mixing ratio in

the lower stratosphere,

xln .3 + 0.3 cos ~ - 

~W~j 
x io

_6 
~~~~ (2)

was derived from ozonesonde data (Hering and Borden , 1964).

These magnitudes also agree with those derived by Danielsen

from the positive correlation between radioactivity , poten—

tia~ vorticity and ozone.

The product of (1) and (2) predicts an annual outflow

of 4.7 x 10k” gni of 03 or 5.8 x 1O~~ molecules . This value

- 

- 

corresponds to an average vertical flux of 7 x 10I 0  molecules
_ 2 _ 1

cm sec for the Northern Hem isphere , fall ing between the

4 x i0~ ° estimated by Paetzold (1955) and the 14 ± 2) x 101 0

computed at O’Neill , Nebraska by Regc~ier (1957). It is close

to the upper limit of 7.6 x 10 1 0  moleculos cm
2 
sec~~ estimated

by Fabian and Junge (1970) and 1.7 times their lowcr limit.

A l  ~-.( )  , t r  nn t he  produ c I of  ( 1) and ( 2 ) ,  one can ~;how t t i~tt-

the  ozone injected in to  the troposphere in la te  spr ing  is 

----j -—-.- --- 
-
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approximately 5 times that injected dur~ng the late faI~~.

Observations of near surface ozone show a comparable t r~~;cI .

For example , the late spring maximum at Boston is 5 times the

late fa l l  minimum. This trend could survive even with a local

production by ultraviolet light and hydrocarbons if the

pru duct ion  is proportional to the amount of ozone present.

When converted from mass to number mixing ratio the

limits imp] led by (2) are 600 to 1000 ppb , i.e., 8 to 12

times the 80 ppb specified by the Environmental Protection

Agency as an upper limit in air if it extends over an hour.

The ozone extruded in the folded tropopause , therefore , Las

the potential for exceeding the EPA standard . To what

extent it wi l l  cxLeed the standard depends upon the d i 1~.~~ion

caused by m i x i n g  during the air ’s descent. Measuremor~ts of

r ad ioac t iv i t y  wade in Project Springfield show that tno

d i l u t i o n’ is concentrated along both the upper and lower

boundaries , i . e . ,  the zone or layer is main ta ined  by a

conv~rgcnt inflow normal to the boundaries which counterac;ts

the turbulent diffusion . In the center the dilution is

usually less than a factor of 3 to 5. Therefore , if the

layer descerid~ close to the ground the EPA standard can

be exceeded .

Data from three examples of tropopause folding will now

he presented which demonstrate the rlntential . The measure-

ments were made in Project DUSTORM during April 1975. Largo-

e~i Ic  cy 1~~~:~n ’ ’~-~ i s  was p r e d i c t e d  to st udy  the  ~ 4 ’fe~~1 s 0

soil —g encra~.~~i aerosols on severe convect Ly e  s torm.;.  

- ---  - -~~~~~ 
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cause the extruded stratospheric air is entrained into the

j developing cumulonirnbus clouds , a comprehensive set of

rrn:asuremonts were made aboard the Electra aircraft in the

b ided structure . Ozone was measured by two sensors - a

potassium iodide sensor supplied by the Aerosol Project of

the National Center for Atmospheric Research (NCAR), and

an ethylene chemiluminesceflt sensor supplied by the

Atmospheric Science Research Center of the State University

of New York at Albany (SUNYA). Because these sensors cannot

operate ag:iinst a large pressure differential they were con-

nected to the co.aprcssed air entering the cabin. An ozone

loss is , -therefore , unavoidable and the values presented are —

estimated to he about 70% of the environmental values.

The Electra flights were made between 21,000 and 25,000

ft. (6.3 to 7 kin) . The aircraft first traversed the folded

tropopause at the lower altitude , flying perpendicular to

the wind . After the limits of the zone were determined , the

plane turned back and re—entered the zone. Three upwind-

downwind sampling flights were made — one near the warm

boundary , one in the center and one near the cold boundary .

Then the - aircraft ascended and this flight pattern was

P repeated .

On the same day , but not simultaneously, V. ~(ohnen

of SUNYA traverse d the same s torm system on a commerc ial

a t r ’r :t I , fl;i king o;~one m~’asu reinents at approx I mately 39, 000—

41. ,000 1 ( 1 .1. 9 10 ~~ 5 km) . These data wi 11 also I~ ) ) 1 (  --
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~~C~~ILeCI and compared to the lower level flight data.

Case I — 18 April 1975

The first; flight was directed southeastward from Denver

toward Oklahoma City. Flying toward the trough , the Electra

approached the layer of stratospheric air from the cold
I

boundary side. Observed winds and height contours at

0000 GMT, 19 April , are shown in Fig 1. Asymmetry char-

acterizes the contour gradients and the observed wind speeds ,

with velocities of 150 kts-, 75 in sec~~ from the southwest at

Oklahoma City. The red overlay delineates the intense

potential temperature gradients in the folded tropopause

zone and th o  extreme asymmetry that always typifies a

horizontal cross-section of the :~one. It extends from

Los Angeacs, California to Green Bay , Wisconsin over 3,000

kin , but is only 220 km wide . 
-

Figure 2 shows the vertical cross—section along the

flight paths drawn from the radiosonde data. Isotherms

of potential temperature drawn at a 2.5°K interval are tightly

spaced in the sloping hyper-baroclinic zone. The red over-

lay depicts the isotachs and the boundary of the folded

tropopause (dashed lines). This boundary is vertical through

the jet core , separating cyclonic -~‘rom anticyclonic relative

vorticity on the isentropic surfaces.

Flgurc
~ 

I and 2 were analysed from only th’~’ radiosonde

S t  ~a Li i i  the  ugr ~ c:~t~ut  w i  IL the  E leet i~t a i r t ra I I d a t a  ~s
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excellent . Profiles of temperature and wind speed measured

d u r i ng  the f i r s t  traverse at 443 mb , -21 , 000 f t .  or 6 .4  km ,

arc presento’4 in Fig 3, which also delineates the cold and

warm boundaries. The cold boundary is well de f i n e d  by a

rapid change in the temperature and wind speed gradients.

The warm boundary is much less evident , being complicated

by large amplitude perturbations about the mean . The periods

of these perturbations measured by the aircraft vary from

1 to 6 mm , which corresponds to wavelengths of about 9 to

54 km. These waves cannot be resolved by the radiosonde

data , so low—pass , Fourier filters will be designed to

e l i m i n a t e  them . The f i l t e red  data will  then be compared

to the radiosonde data. -

The ozone and dew point profiles (red overlay of Fig 3)

are effectively filtered by the sensors themselves. The

ozone profile is from the potassium iodide sensor , which

cannot respond to the short period wave perturbations. It

also has a significant delay , > 3 mm , when the ozone is

decreasing, so the profile from the maximum at 2057 GMT to

the warm boundary has been adjusted to agree with the pro-

file measured on the return flight across the warm boundary.

Data from the ethylene sensor is not shown . The sensor

operated for only short periods beca~sc the ethylene level

was too low . However , data obtained when the sensor was

o p e r a tin g  w i l l  he u~- ;r ful  for  e v a l u a t i n g  the  wave r ) e r t l ) r h n —

W12S .

- . --
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In general , there is excellent agreement between the

temperature , wind speed , ozone and dew point profiles. In

all p r o f i le s  t h e  g rad ien ts  are a maximum near the  cold

b o u n d ar y  and arc  much smal ler  near the war~ boundary .  In

~t t ; r e e m en t  ‘~.ith t h e  c i r c u l a t i o n s  proposed by Danielsen ( 19C8)

the  a :-a;endin~ mot ion i n the  cold air  leads to sa tura ted or

near saturated moist air being entrained along the cola

boundary, while the descending motion along the warm boundary

leads to the e n t ra i n m e n t  of re la t ively  dry  a i r .  Note t i :a t

the dr ies t  air correlates w i t h  the  ozone r ich a i r  f rom the

stratosphere.

The maximum ozor e measured on the f i r s t  traverse was

225 ppb . D u r i n g  the  sampling miss ions  at the same level

(443 mb) a ~ i i u i 1 a r  maximum was obsc~~ved . The maximums

measured’ d ur i n g  the  ascent and d u r i ng  the  sampl ing at 388 nib

are s t i l l  u n d e t e r m i ne d  due to t he  hys t e re s i s  of the p o t a ss i u~

iodide sensor and the  low e thy lene  levels in tht ~ other

sensor. After the complete data from Project  DUSTORM :~. i’e

processed the response charac te r i s t ics  of the potass~ w~;

iodide sensor w i l l  be de te rmined  by comparison wi th  the

ehtylene data , and adjusted values will be obtained .

The ozone profile obtained from the commercial flight

is shown in Fig 3b. Between Bostoi; Massachusetts and

Duftalo , New York the plane was In the troposphere at 238

iii! ’ . A ftt - r t ie a ,-;, ’t~t i t  t ’  ~97 nh , the 11 ~~~1it 1.0 ~~~ i For~~ia

wa~; cut i . e  I ~ in the ~t r a l  , 1 ) L L I ( ’

- 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The large-scale variations , including a minimum over

M Lchigun , a maximum over South Dakota and another minimum

over Neva da , correspond to the large—scale ridge/trough/ridge

pattern shown in Fig 1. The maximum values, 450 50 ppb ,

are twice those measured at 444 mb by the Electra. The

-~~~ m :Lxituuln v a lu e n  are also positively correlated with the warm-

est temperatures , highest values of potential temperature

encountered .

The small-scale minimums correlate with narrow regions

of an t icyclon ic  shear where the s tabi l i ty  is s u f f i c i e n t l y

large to be considered as stratospheric , but the small

absolute vor t i c i ty  makes the potential  vo r t i c i t y  as small

as those iii the troposphere . More comprehensive analyses

on i sentropic surfaces are necessary to determine the

t ropospher ic  o r ig in  of th i s  air. Similar low values of

potential vorticity associated with anticyclonic shears

in the stratosphere can be seen in Fig 4 of Danielsen ’s

1968 paper. No radioactivity measurements were made in

these regions , so the proof of its tropospheric character-

istics were unconfirmed.

Case II — 26 April 1975

On the 26th the Electra was flo~~ westward 
4’rom Denver

to approach a folded tropopause from the warm boundary side .

‘ft~’ Mont gnriIrrv s l ro :un  func t i on  ana Iy
~ 

i ‘; and  1 ho ~~~n~~CI ~ \-eu

W i n d s  Oil t he  :;2o x ~ sen i r u p i  ~ _ ~.ur lace are ~howii ~~~ l i~ 4
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Air with stratospheric values of potential vorticity are

shaded . The E]ectra flew through the jet near the Colorado-

Utah  border and then  proceeded past $alt Lake C i t y ,  through

the  t rough , i n to  the  nor the r ly  flow over eastern Nevada.

The commercial flight , traveling southwestward from Chicago ,

crossed the same trough at higher elevations between 1200 and

1330 GMT on the 26th. During this period the trough and

• jet moved slowly eastward and then retrogressed , so no

substantial displacement is involved .

The vertical cross—section , Fig 5, indicates a typical

pattern of i sentropos and isotachs for a narrow , intense

trough. At the Electra flight levels , the isentropes are

domed , with highest elevations In the trough. At the

commercial aircraft level , 210 mb (39 ,000 ft.; 11.5 km) the

isentropes are domed at the tropopause (the wind maximum )

and have their lowest elevations in the trough .

Observations from the return flight of the Electra

at 7.7 km (373 mb) are profiled in Fig 6. The wind speed

profile is a classic. Speeds increase parabolically from

15 m sec
1 in the trough to 68 m sec 1 at the jet , then

decrease quas i - l inea r ly  in the tropospheric a i r .  A spectrum

of waves complicates thc potential temperature profile ,

but if OflC visualizes a smooth , filtered curve a ~similar

t rend Is evident . An increase in potential temperature ,

from 311 to 317 K , is indicated by the cross—section , which

ti ) a. n~i~i() O th ( ’d pro r 1 e i ii 1. h~ s t r n  t U: -pher i e a r .

~~~~~~~ . -. —
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However , in the troposphere , over the mounta ins , the f l i g h t

data show potential temperatures that are 4 0 to 6° cooler

than those in the cross—section . This deviation , plus the

large fluctuations , suggests gravity wave modification caused

by the rnou~it a in s .

The ozn:~ profile from the ethylene sensor is anti-

corre la ted wlth the large—scale features since the s t ra to-

s p h er ic  air .is cooler here than the tropospheric a i r , ~iut

it is po~ itive1y correlated with most of the wave p e rtu r b a -

tions. Ma ’:iinum values at this level were 320 ppb with ~i

very rapid decrease near the warm boundary. The profile

measured ~roin the commercial f l i g h t , Fig 6b , is approximate ly

Gaussian bcLween the two jets with a maximum of 500 ppb.

It is posit~vely correlated with the large-scale potential

temperature pattern which increases from 3350 at the jet

bound;u ies io 355 K in the trough.

If the maximum of 500 ppb at a potential temperature of

355 K is compared to the 320 ppb measured aboard the

Electra at 313 K , the gradient Is 43 ppb (°K) ’. Extra-

polating the same gradient down to the coldest stratospheric

potent ia l  temperatures implies 265 ppb at 300 K. The largest

values measured at 300 K were 180 ppb , implying a more

e f f e c t i v e  d i lu t i on  in the  folded s t ructure , which is logical

due to the close proximity of the tropospheric boundaries.

‘~~‘~~~~~~ilu~~ i (~ a i  r is  en t r a in e d  and t i t  i ~ed a 1 u i i ~ bo t h bc)wlda r

spite Lhi~ dilution , ~~e values at 250 to 3~O ppb iiica~.u rcd
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~ ~) O1 - Cii t i a)  t (  Itiriera Lu ~~~~~ 1 ror~i :io~ to 31 3 K , ‘.he 160 to

I ~,~)1) in ’ - :  j c ~ i ror n ~ (i () to  3~~ K , and the  f~ r t t h a t  th~ sc

a ~~-ii p~~~~~ :i Lu re ; j r 1 ;j~~o~, j j i l e r~ ;ec~ th  round i n

wo - i  ( ‘ I ’ ll ( o I ~~j a d o  a n i p t i o . ; t he  po~ s ib 1 1  i t y  t h a i  : u r f ace

~‘. i ~c va cou d excei~d t he FPA ~ Landai  d

~1

Case I I I  — 27 A p r i l  1D7~

A r~~w cyc lone  was predicted to form over Colorado d u r i n g

the 27th , and a i r c r a f t  were dispatched to Texas and Oklahor .~

on 1h- : . 25th  anc  26th for a major  DU STCItM exper iment  .

a i r~ ~~~~ I t  op e r a l e d  dun fl f ~ the a l t o  m uon of the 27th , when

I I t ’  ~ 0< ’  f !~~ I ~~~I I ,U LI) ~~- O i<  hi ~ L 1 )  d< (‘0 t (‘V I denco

- 4 ‘ I ~~ i a  I ~ ‘ ‘t  t ( ‘1 ~ r 1’ ~ ~~ t i  i t  7 ~J . ’J) c to I h ’  4~~I I i l 1~~g0~ -i I . l t : i  1

o ’ ’  ‘i r ’ ’c  ~ i n  th e  ,jC t  s t r u o t l i t e  ho t  \ ‘u’ej ’ th e  ‘(th ind 2 7 t h .

A r Ii th C-’ nI~i i n  j~~t over Ut ah , i i ov t n g  at -  s ;ieods of 60—65

m ~ec cont  inuc • d n or t h w a r d  and tu rned  a n t  icyc1onica~ I y

over s o u t her n  C a n a d a .  But , as indicated by the  dashed I m e ,

SOti O ( > 1  t he  slower mov~ ug a i r  closer to the  t rough was t U~~) ii U

e ( J O f l i  call  y l iv t h e  eastward prop~t g at i ng  pressure  pat  t e r n

a id t h I  01 ~cc e cra t ed  acro~~-, no r t  ‘ t e rn  Ar i ~.or and N~ ~c 2c ~ c c

1 ~ 1 i ) t i p ; t t l o ~~’ , i1~( i7 i t  30iJ to  , pu! ( l i t .  ; c l  t t . ! f l l J i ’) ’ - 4 . 4

4 
\~ :1 4 k d V  I ( ‘ I < ‘d ‘. or Cu 1 0 1 ) 1  i lu

V d ht ii t h e  )~ l o i ~’ I . ; i , . , o~~n t t , d oo~i~~I u i  T)i. It\’e r 1(1 ‘111 i i i l i

2 1  
• 000 I L .  ; (; . ~i k i t )  i I t a t  or ~a.~ I ed t h i  1 u” ; I. ro~~, t , p : i l I ’~~0

a 1 1 7~ ; c ’
~’ ‘ i ~ r ’  I he n u t  1 i :  •~~

—
~~ ~ i u r . . ,2 (~

(‘ l f l f lC  I r ~C : a ’ .e, i ‘~~~~i ’~i :  ~~~ - . i ~~~u . - •
°
~~~

‘) 
~~~~~~ !f l  

~ ~~~~~~~~~~~~~~~~

~ 
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sph er(~, to 150-200 ppb. F ] y i n ~ southward the  E lec t ra  passed

ov e r i h ’  co ldes t  t r op opau s(  (300 K) near the Colorado—New

M i .~ . i - u ,  ho rcjeu. . T h e  ai re r ’a FL  t hen  f l ew  several Upwi ii d—

(Iii . w i  l Id  ~~~~~~ 1 n~ pat  turns on the  cyclon ic and an t icy c l on i  c

~;idc :~ of thie ’~ joI. A secondary jet was intersected over

the Texas pai handle alter which the aircraft encountered

d u st .  Danic sen directed the aircraft to ascend to 23,000

I t  (7 km; 407 ~~u )  where they entered clean air. The heavy

du:-~t s t i r r ed  up to the  6.5 km level can be seen on the

s;~t e l li t e  vi~~ua ph otographs .

The v e r ti c :t l  cro ss—sec t ion , Fig 8, is drawn from the

(R)O() Q M’’ 2 <~ A ’~r i 1  radiosonde d a t a  ( four  hours  a ft e r  t h e

i i i  ~h t  pa L l~ ~-;L ’tchcd in Fig 7) whcn t he  El cc t  r~~ was re t :~r’:~

t o  1h~i vei’ . Pa i i rig these four  hours the I aopopau~ c was

~~~~~~ b~’ u s c ( f l ( t i n g  mois t  a i r  to about  the  350 nib l evel  acu~

a p o t e n t i a l  t emp e r a t u r e  of 305 K as shown in F ig  8. The

sp l i t  h a r o cl i n ic  structure over Amarillo is supported by

t h e  E lec t ra  data , but  the  a i r c r a f t  measurements  i n d i c a t e

a double  j ot  st r uct u r e  which could not be deduced from the

sp~,r ~-c ra ( I los c ) Iu d e  da t a .

P o t i o c t i a !  ~v mp e r a t u r e , w i n d  speed and ozon e p r o f il e s

f or  the soa !i c - ~~1 y fligh t arc pri ent~d in 1 i g  9. The t une

sc,t l  is di :o n  n~~ou:; because the  up and downw in d  samp~ i ru

per~ od:~ were e l i m i n a t e d  t o . s imu l a t e  a continuous f1~~ghi t .

i i) , ~~~~~~~~~ ~< 1 u ’’d p I ’( f l  ~ ~ h i c  s t t , i o -  : ) : ) ( , r } ( ~ ) t i ~~ ’ ~~~

S I I I  ) , ~i a I ) ( )  I U , V l i t  , i i  I i  ¶ L IS  I l ’ ( ‘~~~
( 0 1 11 t Y  t~ I C a

- -_
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is more l i nea r . The decrease i n  po ten t i a l  t e m per at u r e  f r o r~
312 to 303 K corresponds to the  doming up of t h e  i s e i uL r o p e o

over the Colorado-New Mexico border.  A s i m i l a r  decru . t s in g

t rend , 320 to 180 ppb , is Cl ident in the ozone r~ax ii-ae .

Note that  the sudden drops in ozone are correlated wt~~

drops in p o t e n t i a l  t empera tu re  and wind speed. Ti c ,c

co r r e l a t i ons  are cons i s t en t  w i t h  air hav ing  been forced

upward from lower a i t  I. t. udes .

The more - i  i to so idal  osc i l la t ions  in the  OZU~~(: ~it0 f 1 l e

h orn 2030 to 2015 GMT are ex t remely  in tcr e~;t ing  Ues:~~s t ! i C

corre la t ion  between ozone and po ten t ia l  t em p er a  L e e

b at i o n s  chanpos fr Om p o s i t i v e  to negat ive  a t  2~Y .2 C’- i ’ . Th i s

reversal  in the  cor re la t ion  is COflSlStCfl L W i t h  1 I ’ a 2 4 . .~’ 4. ’( su

waves i n c l i ne d  loss steeply t h a n  the  is en t ropu ~; nod  1~~t~’

S I  f a c t  t ha t  the  mean i sen t ropic  g rad ien t  is c o n t i n u o C - ,  ~L;’ot~gh

the zone , while the mean ozone gradient reverse:; sihut at 2038

4 GMT . The 1. 5 mm oscillation corresponds to about l i—iS

km wavelength along the flight path.

Simi la r  c o r r e l a t i o n s  are e v i d e n t  in p u r t t o ns  of c h e

data  from t h e  f l i g h t  of 18 April , when the e t h y l e ne Si f lSOf

was operating. Much mo re work w i l l  be done to a n a l  j- ~e these

correlations with the objective of identifying these w t.ve

modes and determining their momentum and ozone f1uxc~ . The

v a l u e  of  t he  f a s t  r e spond ing  ozone sensor is t;erLa~nlv

‘~~~ I , ,~~ ~ 
c’ ; ( ‘  ;~ , J- 0 i I l 1 S t  t ‘a’ a vo l  i at ,  “ ‘

thermal , o~:one and inertial nav~~ation data ar~ available

—.--- -.
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I
w h i e l i  o f ’ t es a po s s i b i l i t y  to i d e n t i f y the  wave modes.

Summary

The p r e l i m i n a r y  evidence presented here f rom the

I- ;Ie ;t r a  and cor amarc ia l  f l i g h t  da ta  obtained du r i ng  t h e

operation of Project DUSTORM confirms the concept of t rupu—

pause i c ] d i r ~g ,  as did the  r a d i o a c t i v i t y  and a i r c r a f t  d at a

f r o m  ~‘ao3cct  Springfield. However , we now have much more

a c c u rat e  and f~~s~ er responding  ~ns t rurn en t s  w h i ch  p e r n i i c  os

to r e s o l v e  not •j us t  the  large-.scale s t r u c t u r e , bu t  also Ut e

t r a n s v e rse  w a ve modes. The close correspondence b otw~ cn
S a . i a ly s e a  d r a w n  lre!n radiosonde da ta  and th e  st ru c tu res

ob se rved b~ the  a i r c r a f t  indica tes  tha t  the  s i g ni f  L c a n t

p o t r n t i a J . v o r t i c i t . y boundaries  can be pos i t ioned  to w i t h i n

CO 1~rn f i~a ;n th e  i ’adiosonde d a t a  above. These data  also

c o n f i r m  the  assumpt ion  t h a t  ozone r i ch  ~ ir is t r an sp o r s- d

i n t o  the  t r u s spher e w i t h  each major  cyclon ic  dl ve lo L ; - ~L n t

and t h a t .  th s os- no r i c h  a i r , a l t ho u~ h d i l u t e d  by m i x i n g

wi th  tropo ;~ph~ -~ .c a i r , can occas iona l ly  r each  t he  s u r f . c ’

of the  ear Li at va lues  w h i c h  exceed the  EPA st a n d a r d .  Toe

su r f a c e  depo a i  ~ea p at t e r n  is s t r on g l y  as~;m I n e t r i c a l  due

10 t he  n a i r u w i es s  of the  fo lded  st r u c t u r e  and the si t O i l g

( 101 ormat ~OflS i n  t h e  (lC Sc( f l d i f l~r al r .  Some ;) C~ I 1 rc’gi ()5~-~ ILI \’

be i n f l u e n c e d  by t h i s  ozone r.ich l ayer  h e r  j Ust  2 or 3

h ou r s , t~~ 1 1 4 . 1 1 or 5 ,  ‘- ‘ are ~~~~~~~~~~~~~~~~ is  ne~’” -~ I S V

Lo qUalt I ‘ j i e  i I ee l  :- ‘~~~~ Ll~~s 
( ..of lo se;;re ’ o t t

—5--— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a—-
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Ovone chemistry. Because some ozone is requ i red to make

f l I O F O  ozone , this source could he s i g n i f i c a n t  to the  su r face

ozone p ro b lem .

H
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FIGURE CAPTIONS

I i  imn r e 1 Hei g ht  c o n t o u r s  and observed winds at 400 mb ,
000() (;MT 19 Ap ri 1 1975 . Each ba r b equa l s  10 ~.t b
a t r i a ng l e  e q u a l s  50 k t s .  Red o v ( r i a y  ~~f lL ’ i U (1U~ ’-

i s o th er ms  of poi en t i a l  t e m p e r a tu r e  J f l  O~~~ ~~~~~~~~~ I L l

lines), boundaries of folded tr~.:~~ ,au~-.c’ (,., •hee
l i nes )  and E lec t ra  f l i g h t  pa th .

Figure 2 Ver t ica l  cross—sect ions  a long  E l e c t r a  f i i g a .
path normal  to fo lded  tropopauso ad je t  st r e ar ~ ,
0000 G 1u~T 19 A p r i l  1975. I so the rms  of p o L L : r . t J a
temperature drawn at 2.5°K interval. Red cver~~~

4. 
includes isotachs at 10 m sec~~ i nt e rv a  (sc i~~cilin e s ) ,  folded tropopause (dashed  l in e s ) ,  an d
Elect ra  f l i g h t  levels.

- 
S 

Figure 3 Time p r o f i l e s  of temperature and wind  speed
measured along 6 .4  km Electra f l i g h t  l eve l
across tropopause f o l d . Red overlay ~n c l u c es
p r o f il e s  of  oZOne (nu m b e r  m i x i n g  r a , , io )  an d dew
p o i n t .

-
• 

- Figure 3b Time profiles o~ ozone number  m i x i n g  r a t i o , a r id
t empera tu re  measu  red a l o n g  c or r i r er  ica l  11 ig i 1t
path on 18 April 1975 . Tropopause ‘evel (das~ ed
line) is from conventional tropupau .~,e analv.s~ s
charts.

Figure 4 Montgomery stream function contours and oh’-~ervcdwinds  on 320 K i s ent r o p i c  s u r f a c e , 0000 C~4.~ ’
27 April 1975. Also , flight path o Electra ard
commercial aircraft.

Figure 5 Ver t ica l  cross-sect ion along E l e c tr a  f l i g h t  p a t h ,
• 0000 GMT 27 A p r i l  19’/5. See Fig 2.

F igure  6 ‘rime profiles of p o t e n t i a l  t emp e r a t u r e , wi nd spe~ u
and O7 5oflC measured  a l o n g  7.7 k~r~ El ectra fI
level  f~~ lower e t r : u  t o spherr  n t o  t r o p o a }u  ore
Ozone it ~~n~hcr  ~~~X i  

~1’ i’a L iO iS (Th tu e  r i g h t .

F i gu r e  ( b  T im e p r o F i l e s  of  ozu, e r o imbec  f l f l X 1 1~~5 I ’LL ( 1 0 , W I h O

speed and t emp( ra n r c  s~ asured .L ~~ C ) l i i i , (I t  •OC1S i i
fl i gh t  p at h  0(1 26 Ap r  t i 107 i . i r o p ~~~~L U s ( ’  \~~

(da shed 1 i n o )  i~~~ fr o:ti convent iotisl I
:ii l LI / S ,— t u:  —
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Figure 7 Locat ions  of j c t s  and Electra f l i g h t  pa ths  at
0000 GMT on 26th and 27th of Apri l . Dashed 1 inc
denotes trajectory of ozone rich air from 26th -

to 2 7 t h .

Fi gure 8 V e r t i c a l  cross—section along El ectra f l ig h t  p a t h
* showing folded tropopause, 0000 GMT 28 April 1975.

Se~ Fig 2.

Figure  9 Time p ro f i l e s  of potential temperature , wind
speed (black lines) and ozone (red l ines )
measured along 6.3 km Electra flight level.
See Fig 3.
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