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ABSTRACT

A systematic program to measure vertical ozone distribution was established by the
Air Force Cambridge Research Laboratories in January 1963. High resolution meas-
urements with the Regener chemiluminescent ozonesonde have been obtained from a
network of twelve stations in North America, which extends from the Canal Zone to
the Arctic region. Processed data from the first two years of network operation were
used to analyze the broad-scale characteristics of the ozone distribution.

Detailed meridional cross sections of ozone mixing ratio were constructed and
compared with simultaneous distributions of other atmospheric tracers including
potential vorticity and radioactive debris. The striking consistency in the behavior
of these tracers, each having quite different sources and sinks, suggests that the
extratropical lower stratosphere is strongly stratified but on the average remains well
mixed along surfaces which have a significant slope downward toward higher latitudes.
To a good first approximation in all seasons, trace substances in this region of the
atmosphere tend toward a uniform distribution along surfaces of constant potential
vorticity. Direct computations of the temporal eddy ozone flux indicate that the north-
ward transport across middle latitudes over North America occurs predominately at
the base of the stratosphere near the tropopause. The average flux strength observed
in the summer and fall seasons is less than one-third of the average winter and spring

transport.

1. Introduction

The development of an effective balloon-
borne ozonesonde by V. REGENER (1960, 1964)
has led to a systematic program for the meas-
urement and analysis of the vertical ozone
distribution. A network of ozonesonde stations,
as shown in Fig. 1, was established in January
1963 by the Air Force Cambridge Research
Laboratories with the cooperation of the opera-
tional weather services of the United States
and Canada and several universities in the
United States. The widespread network extends
from the Canal Zone at 9° N to Fairbanks,
Alaska, and Thule, Greenland, in the polar
region. In general, sounding balloons equipped
with Regener instruments have been launched
at 1200 UT each Wednesday at each participat-
ing station. The program also has included
special periods of more frequent ozone observa-
tions at selected stations and has been further
supplemented by eozone and other meteorolo-
gical measurements made with a high-altitude
research aircraft.

Although the experimental ozone network is
sparse in relation to the synoptic-scale changes
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in the ozone distribution, the resultant date
provide an opportunity to study the over-all
structure and behavior of an atmospheric tracer
constituent with a completeness heretofore
unattainable. This paper presents a preliminary
analysis of the broad-scale ozone distribution
as derived from the relatively large number of
high-resolution vertical profile measurements
made during the first two years of the program.
The distributions of ozone and other tracer
quantities are compared and discussed in rela-
tion to large scale mixing processes in the atmos-
phere.

2. Ozone measurements

The dry-chemical method of ozone measure-
ment as described by REGENER (1964) is based
on the luminescent reaction of ozone with an
active substance consisting primarily of silica-
gel and an organic dye, rhodamine B. Under
controlled aspiration of ambient air, the photon
yield of the disk is proportional to the ozone
density. The emitted light intensity is detected
by a photomultiplier tube and the resultant
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F1a. 1. North American ozonesonde network.

current is fed into the transmitter circuitry of
a radiosonde, which is flown in combination
with the ozone instrument. Commutator se-
quencing allots approximately equal time to
ozone and meteorological data over a 15-second
cycling interval. The response of the sensor to
changes in ozone concentration is instantaneous,
so that extremely high resolution is achieved
in the vertical distribution measurements.

For absolute measurement of ozone, the chemi-
luminescent sonde must be calibrated. Cali-
bration is achieved in the network program
through reference to the total amount of ozone
in & vertical column overhead as measured by
an ozone spectrophotometer (Dosson, 1937).
The observed concentration of ozone at all
levels for an individual sounding is adjusted
by a single factor given by the ratio of the total
amount measured by a spectrophotometer to
the vertically integrated amount measured by
the ozonesonde. Also a uniform correction (see
HeriNG & BOrDEN, 1965) was applied for a
systematic change in sensor sensitivity during
ascent in soundings made during the period
September 1963 to May 1964.

The absolute accuracy of the ozonesonde data
is difficult to assess. The errors inherent in the
observations of the vertical distribution include
the errors in the measurements of total amount.
For example, systematic differences of about
six per cent exist between spectrophotometer
obgervations made simultaneously using dif-
ferent pairs of wave-length intervals. Estimates
of the relative accuracy of the chemiluminescent-
type ozonesonde data have been made through
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analysis of serial ascents and by comparison
(see HErING & DutscH, 1965) with vertical
distribution measurements using the Brewer-
Mast electrochemical ozonesonde. These results
indicate that the standard error of relative
partial pressure is about 10 nanobars (mb x
10-¢).

3. Characteristics of the vertical ozone dis-
tribution

The data for all individual ascents made in
the network program are being published in &
geries of reports (HErRING, 1964; HerING &
BoORDEN, 1964) which are available upon request
from the AFCRL. These reports also provide a
description of the data processing procedures
followed and contain climatological summaries
of the ozone data.

An ozonesonde ascent that is typical of those
made in the tropical region is shown in Fig. 2.
The basic features of the Canal Zone profiles
remain essentially the same during all months
of the year. Low concentrations prevail
throughout the deep and well-mixed tropo-
sphere, although minor increases in ozone
amount are frequently observed in the upper
troposphere in association with occurrences of
a more stable temperature structure in the
region immediately below the tropopause. The
very prominent increase in ozone with increas-
ing height in the lower stratosphere consistently
begins at the cold tropical tropopause, and the
layer of maximum partial pressure is almost
invariably centered in the 25 to 27 km altitude
range. Perturbations in the ozone and tempera-
ture structure in the tropical stratosphere are
characteristically of small vertical scale and
are small in amplitude.

Also shown in Fig. 2 is an estimate of the
photochemical equilibrium distribution of ozone
adapted from the computations of LoxNpox &
PraBHAKRARA (1962). The deep production layer
is centered near 30 km in the equatorial region.
The ozone concentration above the source
region is controlled essentially by photochemis-
try (see, for example, Craic 1950). However,
below about 25 km ozone is a relatively stable
constituent until it is eventually transported
down to the surface level where it is destroyed
by reaction with ground cover, aerosols and
pollutants. Although many uncertainties remain

Tellus XVIII (1966), 2



OZONE AND ATMOSPHERIC TRANSPORT PROCESSES

OZONAGRAM

331

STATION__ AN zow
DATE
TIME_ 122

"7 Integrated Ozone

»

40

Total Ozone ______°7

EQUIPMENT_S77_ Residual Ozone. .. .

276 2000 *
45
25

~

[

5 %) 01 ATM-CM s 5
” pa
10l L) \"\ { 10
T\ ) e S I (s N R
R ‘3 '\ 3 \ R
. | NS ] K \ézL\ <~ 0 E
s R 3 2* s
s o ¢ \ M ! \ STATION s
v r \ 4" ™ camyzom 00 v
® g /] 10 \( I OATE _3-20-6) R
¢ % o8 2T e % ?w €
W 4 }
" o {mb]
T
100 } 100
s \
i
1 \ ""O\J
200 K \ 5 % 200
L 10 NN, \
\‘\ \% \ 209
! #\ e \
so0L—2 N 500
4, T— 5 I~ .,
} . \ ...”_\\ \
1000 '} Al 2 < 3 20
X 50 100 150 200 250 300 -80 -60 ~40 20 w00

PARTIAL PRESSURE OF OIONE {umb)

& -20 0
TEMPERATURE {c)

F1c. 2. Ozone, temperature and dew point profiles made at Albrook AFB, Canal Zone, on 20 March

1963. Continuous curve on left diagram is an esti
bution (adapted from LoxpoN & PROBHAKARA,

in the photochemical computations, it is seen
that the observed distribution in the equatorial
region conforms in general with the theoretical
equilibrium profile. The deficit of observed
ozone with respect to equilibrium amounts
clearly must be accounted for by a net transport
downward and toward higher latitudes.

In striking contrast to equatorial ozone be-
havior, the ascents made in the middle and high
latitudes show large synoptic-scale and seasonal
variations go that it is difficult to define a
typical sounding. The Thule, Greenland, ascent
shown in Fig. 3, which was made on the same
day as the example Canal Zone ascent, closely
resembles the average spring profile for the
polar region. Large concentrations relative to
photochemical equilibrium amounts exist in the
lower stratosphere. Although large fluctuations
occur in association with the development and
motion of large scale disturbances, the maximum
partial pressure is usually found near the 16
to 18-k altitude range.
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mate of the photochemical equilibrium ozone distri-
1962).

4. Analysis of the broad-scale ozone dis-
tribution

It is important to remember in the following
discussion that it is the ozone mixing ratio
(not density and not partial pressure) which
is conservative following the air motion. For
example, vertical displacements occurring in the
22 to 30 km altitude stratum with an ozone
distribution similar to that shown in Fig. 3
would result in only small local changes in
ozone, sgince the vertical gradient of ozone
mixing ratio is small. On the other hand, ozone
would be a very sensitive indicator of vertical
motion on this day and location in the altitude
interval 8 to 20 km, where the relative change
in mixing ratio with height is large.

The average seasonal distributions of ozone
mixing ratio along a cross section extending
from the Canal Zone to Thule were constructed
from a total of 421 ozonesonde ascents obtained
in 1963 and 1964. Fig. 4 shows the average
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Fie. 3. Ozonagram for 20 March 1963 ascent at Thule AFB, Greenland. (See Fig. 2 for legend.)

ozone cross section for the spring, which is the
season of maximum ozone. The average tropo-
spheric ozone amount is quite low (near 0.05
ppm) at all latitudes, with a small but signifi-
cant maximum at 30 to 40° N. Average values
in the stratosphere range from 0.3 ppm near
the tropopause to over 13 ppm at 30 km in the
equatorial source region. The average mixing
ratio surfaces in the lower stratosphere have a

prominent slope downward toward the north
in middle latitudes. The meridional gradient of
mixing ratio decreases with increasing height
and reverses direction at about 25 km. Near
30 km, the average ozone mixing ratio at the
equator is almost twice as large as the polar
region values.

As shown in Fig. 5, the mean mixing ratio
pattern in the fall (minimum ozone season) is

MEAN OZONE MIXING RATIO (ug/g) FOR MARCH, APRIL,MAY (1963, 1964 )
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quite similar to the spring pattern, although
lower average amounts are observed throughout
the cross section. The largest vertical displace-
ments with season in the mean ozone surfaces
occur in the lower stratosphere in association
with the seasonal variations in tropopause posi-
tion. The seasonal decrease in total ozone mass
from spring to fall that is represented by the
patterns shown in Fig. 5 is 17 per cent, and the
change for that portion of the cross section
north of 45° N is 25 per cent.

For a more complete understanding of the
circulation processes which maintain the ozone
distribution, it is instructive to compare the
observed structure with the distributions of
other atmospheric tracer quantities. One such
quantity, potential vorticity, can be determined
from conventional radiosonde observations and
has been used extensively (REED, 1955; DaNI-
ELSON, 1959; StArLEy, 1962) for the analysis
of atmospheric circulation dynamics. (Potential
vorticity = —g7(20/2p), where g is gravitational
acceleration, 7 is the absolute vorticity com-
puted on an isentropic surface and 80/ap is the
vertical gradient of potential temperature with
respect to pressure.) Potential vorticity is a
conservative property following the air motion
(see STALEY, 1962) except for changes due to
friction and changes due to a vertical gradient
of diabatic heating. Fig. 6 shows a comparison
of the average distributions of ozone and poten-
tial vorticity along 75° W for February—March

ALTITUDE (Km)}

-

" cT0ME MIXING RATIO (pay)
.

. === POTENTIAL VORTICITY

05 sag ok 'wei )

005 4
50 008

333

AVERAGE QZONE MIXING RATIO (ng/g) 1963-1964
32 T T T T T

T

ALTITUDE (Km)

T TTrT7 1T T1TT1TT

1 I L
[ a0 30+ Jeor 10°

1 1
T0° 60* | so°
BEDFORD TALLAH[ASSEE GRAND TURK CANAL ZONE

(i()()SEI Bay

Fie. 5. Comparison of 2.year (1963-1964) average
mixing ratio cross sections for the spring and fall
seasons.

1963. A striking similarity is noted in the pat-
terns of these tracer quantities in the lower
stratosphere poleward of about 20° N and below
20 km. Comparisons made for other months
indicate that the correspondence in the average
distributions in this region is maintained in all
seasons, although the ozone amount associated
with a given value of potential vorticity is
somewhat higher in the spring than in the fall.

This evidence supports the hypothesis (see
Gopson, 1960, FEeLEYy & SPar, 1960, and
NEweLL, 1961) that the flux of tracer sub-
stances is governed largely by eddy transport
mechanisms. Furthermore, the correspondence
in the ozone and potential vorticity patterns
suggests that the eddy mixing occurs preferen-
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Fia. 6. Average ozone and potential vorticity distributions for February—March 1963.
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F16. 7. Comparison of the mean distribution of Strontium-90 in the Star Dust sampling corridor, June-
September (from FRIEND e al., 1962) and the average potential vorticity distribution (heavy lines with

circles).
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transient eddies from December to May 1962-1964.

Fig. 9. Transient eddy ozone transport, 1962-1964, in 10—® gm sec—! cm~2,

tially along the surfaces of constant potential
vorticity. Good agreement in the tracer pattern
configurations is observed below 20 km in
middle and high latitudes, where large scale
disturbances primarily of tropospheric origin
are observed. Poor pattern correspondence is
noted in low latitudes, where an essentially
zonal flow regime is maintained, and in the
upper stratosphere above the region normally
influenced by tropospheric wave development.

A similar mixing behavior was noted by
FeerLey & Spar (1960) and NEweLL (1963)
from an analysis of the spread of a specific
radioactive nuclide, W15, introduced into the
equatorial stratosphere during the 1958 nuclear
test series. The test debris was observed to mix
northward and downward along surface having
a slope greater than that of the mean potential
temperature surfaces, which are less steeply
inclined than the average potential vorticity
surfaces. Further evidence of selective mixing
along potential vorticity surfaces is shown in
Fig. 7. The rough comparison of the average
distribution of potential vorticity with the
quasi-steady state distribution of Sr®® in the
summer of 1961 near the end of the relatively
long moratorium period reveals good pattern
correspondence in the extra-tropical lower
stratosphere. Thus, the overall consistency in
the behavior of various atmospheric tracers in
this region, each having different sources and

sinks, suggests that all tracer substances tend
toward a uniform distribution along the mean
potential vorticity surfaces.

5. Preliminary calculations of ozone trans-
port

Estimates of the downward ozone flux to the
earth’s surface by REGENER (1957) and indirect
analyses of the ozone budget (see, for example,
JungE, 1962) show that a very substantial
amount of ozone ig transported annually from
the source region in the equatorial stratosphere
northward and downward to the sink in the
surface boundary layer. Rough calculations of
the horizontal eddy transport of ozone have
been made by NEwELL (1961, 1964) assurning
that the ozone density in the lower stratosphere
is proportional to the observed total ozone
amount. These results show both northward
and southward ozone transport by the transient
or temporal eddies over broad regions of the
hemisphere at 100 mb. However, a substantial
net ozone transport northward by the temporal
eddies was computed for the hemisphere across
middle and high latitudes in both the winter
and summer half years. Similarly, his indirect
computations of the standing wave component
indicated a consistent northward flux in all
seasons.

Although the ozonesonde network data are
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limited to only the North American portion of
the hemisphere, it is of interest to examine the
results of direct computations of the transient
eddy flux from the simultaneous measurements
of the wind and ozone profiles. Fig. 8 shows the
2-year average values calculated for the winter
and spring seasons for three stations near 40° N,
where the data are most plentiful. The profiles
for the winter half year consistently demonstrate
that the maximum northward transport by the
temporal eddies across middle latitudes over
North America occurs at the base of the strato-
sphere near the tropopause. The indicated eddy
flux diminishes sharply above 16 km to rather
small values. Fig. 9 shows the 2-year average
temporal eddy flux for the winter and summer
half years as given by the combined data sample
from the 3 midlatitude stations. Although the
average transport remains northward at all
levels up to 22 km, the over-all flux strength
is much weaker during the less vigorous and
less disturbed circulation regime in the summer
and fall seasons. If the indicated transports
are indeed representative of the average hemi-
spheric flux, the total northward ozone trans-
port across middle latitudes would be 1.4 x10°
tons for the cold half year and 0.4 x10° tons

335

for the warm half year. The calculated annual
ozone transport of 1.8 x 10° tons is very close
to the average burden of total ozone in the
northern hemisphere as given by an analysis of
ground-based spectrophotometer measurements
(LoNDoON, 1962).
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O30H M NIPOIECCHI IEPEHOCA B ATMOCOEPE

B anBape 1963 roma B HemGpumkcKkoit BoeHHO -
BO3[YIUHOl McclefoBaTeabcKoll JabopaTropum
OBLTM HAYaTH CHCTeMaTHYecKHe N3MepeHNs Bep-
THKAJIBHOTO pacnpefienenus ozona. Cucrema us
ABeHAAIaTH CTAaHNMiL, pacmojoseHHHX B Ce-
BepHoit Amepure ot IlaHaMckoro kKamHajga no
ApxTtnueckux objacreit, mpousBoguiia uUsMepe-
HHA BBHICOKON TOYHOCTM C MOMOINBI0 XMMHKO-
JIIOMHUHNCIEHTHOTO 030HHOrO 30HAA PereHepa.
ITonyyeHHHe B TeyeHMe MePBHX ABYX JeT AaH-
HHE NCNOJb30BAHH AJA aHAJIN32a KPYHNHOMAcC-
mTaGHBIX XapaKTepUCTHK pacnpefiesieHus 030Ha.
IMocrpoena peTanbHad KapTa pacnpenejeHHA B
MEpPHIMOHAIBHON IIIOCKOCTH IPOLEHTHOTO CO-
Aep:KaHMA 030HA U IPOU3BEAEHO CpaBHEHHe ¢
AHAJOTUYHBIMU OlHOBPEeMEHHHIMI KapTaMM pac-
npefielieHNA JAPYrAX aTMocepHBIX XapaKTe-
PHCTUK, BKJKOYAA MOTEHLMAJABHHA BHXDb MU
PaAMOAKTHBHBEIE OCAJAKM. YAHBHTEIbHAA IOCIe-
HOBaTeJIbHOCTb B MOBEJEHUM STUX KApT, KamMIad
U3 KOTOPHIX MMeeT COBEpIUEHHO pAa3JIUYHEE

MCTOYHUKM M CTOKM, HABOJAUT HA MBLICIb, YTO
BHEDKBATOpUMAJbHOE IIOHHKEeHHe cTrpaTocheps
CHWJIBHO CTpPaTMPUIMPOBAHO, HO B CpeIHEM
OCTAeTCA XOpOINO INepeMeiuaHHHIM BAOJb II0-
BePXHOCTel, MMEKWINNX 3HAYUTEIbHBI! HAKIOH
BHHU3 110 HANPABJIECHHUIO K BHICOKUM lIMpoTam. B
NnepBoM NpuOINMEHNHU, TOTHOM IUIA BCeX ¢e30-
HOB, pacnpejelieHue BellecTsa (JIMHUE 110-
CTOAHHBIX B3HAYEHUH XApPAKTEePUCTUK) B ITOM
obmactn armocdepn NpubIUKAETCA K paBHO-
MEpHOMY B[IOIb IOBEPXHOCTEH MOCTOAHHEIX
3Ha4YeHMIl mnoTeHIManbHOTO BUXpA. Hemocpen-
CTBE€HHOE BHUYMCJIEHME BABKOrO IOTOKA O30HA
MOKA3HIBAET, UYTO I[I€PEHOC 030HA B CEBEPHOM
HoJylapuu uvepes cpegnue wmuporsl Hapx Ce-
BepHO!I AMEpPHMKON HPOMCXOAMT B OCHOBHOM B
HWKHHUX cI0AX cTpaTocdephl. CpenHsasA MHTeH-
CUBHOCTh MOTOKa, Ha0J0JaeMaA JEeTOM U
O0CeHbl0, MeHbIIe YeM OJHA TpeTb CpeaHero
3UMHEro U BeCeHHEro HoToKa.
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