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The observed self-affine fractal behavior of ozone, wind, and temperature in the stratosphere is used to produce
an indication of the rate of occurrence of chemistry relative to that of fluid mixing which, unlike the usual
method, is independent of an assumed mechanism sequence of elementary chemical steps followed by
application of the law of mass action to obtain differential equations describing the temporal and spatial
evolution of the reacting gases. Rather, the occurrence of chemistry is deduced from the scaling of the observed
variability; it is applied empirically to deduce the presence of chemical processes that are faster than fluid
mechanical mixing above an altitude of 19 km during a balloon flight, and in the Antarctic spring, Arctic
summer, and Arctic winter during high altitude aircraft flights. The method should apply to any volume of
reacting molecules to which the equations of fluid motion apply and for which measurements can be made
over a range of scales.

Introduction to the scale of a mean free patii an experimental technique

. . . . was available. In this work, the range of scales is obtained in
It has been the practice to identify the occurrence of chemlstry\?%he vertical by 1 Hz observations frgm a balloon ascending at

in the atmosphere by proposing a mechanism, often deduce 1 . .
o : m s between 0 and 40 km and in the horizontal by 1 Hz
from the presence of_obserV(_ed Source species, apply!ng the_la observations from an aircraft flying at 200 midor up to 1)6 3
of mass action, and integrating the resulting set of differential h. The technique works best over great circle tracks .flown
equations forward, thus expressing the molecular concentrations_* . . ; . . .
at a point as a function of time. These predicted concentrations%or'zontauy W'th.OUt vert_|ca| excursions, although scaling stil
occurs during aircraft climbs and dives.

may then be tested by observation. While this is frequentl L2 . .
y y vad : S ! quenty The application of fractal analysis to atmospheric data was

successful, particularly, for example, in the case of the upper . d bv Lovei loud imet lationshi
stratosphere, there is in many cases substantial doubt. This doupf'oneerea by ovejdy or cloud area perimeter relationsnips
been extended into multifractal techniques by Schertzer,

. : d has
arises from the fact that the chemistry often proceeds at about@nd ™ ) 12
the same rate or slower than fluid mechanical processes of OVEIOY, and their collaboratof8."? They have developed a

transport and mixind. There thus is value in obtaining an universal multifractal scheme that uses a three-parameter
indication of the occurrence of chemistry by direct inference description and have employed it to question the existence of

from observations, independent of application of the law of mass 3.” atmosp?erl(t:) :ransmon from t\;vo-dlrré%nsmnzg.fto thlree-
action to a posited reaction mechanism of elementary collisional dimensional turbulence at mesoscales (ordéiki). Bifracta

steps analysis and the use of high-order structure functions was used
Re(.:ently it has been shothat ozone, wind, and temper- to investigate radiative transfer in stratocumulus clouds by Davis
ature measured from the ER-2 high-altitude aircraft behave asand collabpratoré? Schertzer angl Lovejoy haye made a start
self-affine fractals in the lower stratosphere. These quantities on generating structures of the kind observed in the atmosphere
were shown to obey single exponent scaling over 4 orders of via multifractal cascade dynamics and turbulent intermittéAcy.
magnitude in horizontal length scale, up to one Earth radius The$e references should_be consulted for a guide to the
(~6900 km) under the Hurst exponértHs, as computed by application of fractal techniques to atmospheric observations.

the first-order technique of rescaled range anafysigre we
show that ozone displays persistenek, > 0.60, in circum- Methods

stances where its Hurst exponent is greater than that of the we employ many time series of ozone observed from the
horizontal wind speed; in the great majority of ER-2 observa- NASA ER-2 high-altitude aircraft-15during three missions that
tions to date, both wind speed and ozone hlactlose to the  investigated ozone photochemistry in polar regions and one
random valué of 0.50. We note that in principle the Hurst observed by essentially the same instrurtfedtrring a high-
exponent technique may be applied to any volume in which ajtitude balloon ascent to 3 hPa (40 km altitude). The ER-2
fluid mechanical assumptions are valid, a scale as small'@s 10 mjissions were the Airborne Antarctic Ozone Experiment
m”® at STP in air; it is only necessary to have good enough (AAOE),!7 the Airborne Arctic Stratospheric Experiment
observations over a wide enough range of scales. In fact, Sinc§ AASE) 18 and the Photochemistry of Ozone Loss in Arctic
Brownian motion is fractal with; = 0.5, it would work down  Regions in Summer (POLARIS§which took place respectively
during August-September 1987 from Punta Arenasi(s3 7T
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¥ NOAA Aeronomy Laboratory. W),.JanuaryLFebruary 1989 from Stavanger (99, 6° E), and
 CIRES. April —September 1997 from Fairbanks, AK (68, 148" W).

8§ WMO. The rescaled range analysis fdf has been described previ-
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Figure 2. Large balloon flight, ascent from the surface to 40 km at
(32° N, 96° W) on 19831010. The abscissa is time in UTC seconds.
The ordinates are ozone partial pressure (solid curve), balloon altitude
(dotted), and Hurst exponeht;(Os) over 256 s intervals (dots joined
by lines). Note the transition at 19 km k. (Os) from random values
(~0.50) to persistent values=Q.65).
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sistence inH1(O3), lowering the values below the random

60+ o number of 0.5. It should be noted also that there is a number
of flight segments with values oH31(O3) = 0.60 with no
40 - counterpart in thed([u? + 499 histogram. It is upon these
flights that we will concentrate: many of those involving long
20+ i flight segments occurred in the Arctic during summer 1997,
with the remainder occurring in late Auguastarly September
0 T - 1987 in the Antarctic vortex and during JanuaRebruary 1989

1 1
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. in the Arctic vortex. We also use the balloon flight to 40 km to
Hurst Exponent Bins

demonstrate the existence of a sharp transition in the vertical
Figure 1. Histograms of the Hurst exponent from all qualifying ER-2  petween a tropospheridower stratospheric regime where

horizontal segments (334 from 191 flights) between January 1987 and H,(Q3) is random and the region above it to 40 km, in which
September 1997 for (a) ozone, (b) wind speed, and (c) temperature.Hl(Oa) is persistent '

ously, as have histograms givikf for ozone, wind speed, wind
direction, vertical wind speed, and temperaturéhe most
frequent value oH1(O3) was 0.57 with a median of 0.54; those Figure 2 displays the time series of ozone measured during
for wind speedH;([u? + %9 , whereu = eastward velocity  the large balloon flight of 19831010 (yyyymmdd date format)
andv = northward velocity, were 0.41 and 0.46, respectively, from Palestine, TX (32N, 96° W), along with the altitude of
while for temperatureHy(T) the values were 0.85 and 0.84. the balloon. Also plotted is the trace Bifi(Os), evaluated at
Those results came from four missions and used 170 horizontalintervals of 256 s. This interval was chosen as the smallest over
flight segments from 95 flights. Values here were derived from which the scaling was arithmetically adequate, in an attempt to
eight ER-2 missions spanning all seasons, latitudes froh§72 examine structure above and below the primary change in
to 9C° N, and longitudes from I5E through 180 W to 165 regime located at 1920 km. Below 19 km,H;(O3) varies

E between January 1987 and September 1997. A total of 334somewhat about a mean close to the random value of 0.50, while
horizontal flight segments from 191 flights were used; all were above 19 km, the value ¢f,(O5) transitions to a value of about

in the stratosphere and of at least 1500 s duration. The 0.65: at 19 km, there is a sharp change in ozone behavior.
histograms foH1(0s), Hi([uZ + 245, andHy(T) are shown Above this altitude, ozone behaves as a persistent self-affine
in Figure 1. Where ozone was a self-affine random fraddal (  fractal, while below it, it is a random self-affine fractal. It has

~ 0.50) we relate this, on an empirical and intuitive basis, to long been calculated in numerical models of stratospheric
the near random fractal behavior of the wind speed; physically, composition that there is a change from a photochemically
the speed shear of the horizontal wind leads to the exponentialdominated regime in the upper stratosphere to a dynamically
stretching and distortion of ozone mixing ratio isosurfaces when dominated regime beneath, but the altitude at which this occurs
the chemistry is too slow to compete. We note that relating the has been usually given as considerably higher than 19 km. The
production of sharp gradients and filaments to the Navier altitude as deduced from, for example, correlation between the
Stokes equation for fluid motion on the rotating Earth is a mean profiles of ozone and potential vorticity has been given
difficult endeavort? When the added complexity of the equa- as~24 km, and as ranging from 20 km in the tropics to 40 km
tions describing chemical evolution is considered, it will at the poles based on calculat®nWe note that the in situ
probably be some time before the physical interpretation of data used here are of very low noise, have high time resolution,
empirical scaling exponents is on a mathematically secure and are accurately calibratét6the balloon instrument provides
footing. H; values for ozone and wind speed.5 are the case 5 m vertical resolution since the ascent {ssam s1 and the

in much of the lower stratosphere, as witnessed by the similarity instrument has 1 Hz time response. These characteristics should
of the histograms in Figure 1a,b. Note, however, that the ozoneallow a more accurate study of the variability and scaling.
histogram is positioned about 0.1 toward the high end of the Although we are not concerned here with the second-order
Hurst exponent axis, which ranges from zero to unity, relative structure ofH;(Os) in Figure 2, we note that detailed investiga-
to the histogram for wind speed. The low wing of the ozone tion of the vertical scaling using multifractal techniques may
histogram, values less than about 0.45, corresponds to sharprove fruitful in the future, if additional scaling regimes in fact
gradients at filament edgés)ew filamentation causes antiper-  exist.

Results
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Figure 3. (a) Trace of ozone mixing ratio vs time, taken by the ER-2
in the Arctic lower stratosphere on 19970707 betweer? (65148
W) and 90 N and return. (b) logrlog plot from rescaled range analysis

of the data in (a), the slope of which is the Hurst exportgffOs).

Having empirically associated persistenceHi{Os) with a
regime in which photochemistry outpaces mixing, we now
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Figure 4. Values of the Hurst exponerii;(Os), from all usable ER-2
stratospheric flight segments between the end of climb after take off
and the beginning of descent before landing, taken in the Arctic between
April and September 1997. Number densities were used in the
calculation. There is randomness in spring and autumn, persistence in
midsummer.
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Figure 5. Data from an ER-2 flight into the Antarctic vortex on
19870830. The ozone trace is the solid line, the CIO is dotted, and the
wind speed is gray. Hurst exponents for ozone number density were
evaluated for the two horizontal segments inside the vortex, poleward

examine the aircraft data. The ER-2 fljes at a velocity close to of the points where CIO= 100 pptv and separated by the dive and
200 m s, so the 1 Hz data from the aircraft represent a factor climb maneuver in the middle of the flight.

of 40 more in length scale horizontally than the balloon’s 5 m

sl in the vertical. Figure 3a represents an ER-2 ozone time and autumn. The midsummer persistence is therefore concluded
series obtained 19970707 during a flight from Fairbanks to the to originate with photochemistry, since the wind demonstrates

North Pole and back. The ledog plot for the northbound flight
segment, from whiclid1(O3) was obtained, is shown in Figure
3b. The rescaled range analydisis taken the data from Figure

continued randomness or even a small degree of antipersistence
from spring to fall.
Another location wherél;(O3) = 0.60 was observed was in

3a and transformed it to the straight line in Figure 3b. Note the Antarctic vortex in late August and early September 1987.

thatH;(O3) = 0.61, a persistent value on the high wing of the
histogram in Figure 1a. More spectacular exanfdiese shown

Typical traces of ozorié and chlorine monoxid@ are shown
in Figure 5, along with the wind speé&g@Poleward of the wind

that even the wildly variable ozone mixing ratios seen at middle speed maximum, CIO increases dramatically by more than 1
and high latitudes in winter and spring can be transformed into order of magnitude and ozone drops by up to 30%, characteristic
straight lines. This indicates that the variability can be described signatures of the ozone hole. For 9 of the 10 flights from
by a single power law exponent; this exponent can then be 19870823 to 19870922 the horizontal segments of the flight
associated empirically with different regimes of chemistry and track (two in number, on either side of a dive and climb in the

mixing. The values oH;(Os3) seen in the Arctic between April

middle of the flight) which were inside the vortex (Ct© 100

and September 1997 are shown in Figure 4. It is clear that in pptv) were analyzed foH;(Os). The flight of 19870921 had

spring and autumn the values Hf(O3) fall in the middle of

too short a track in the vortex region of gross chemical

the histogram (Figure 1a) but that in midsummer the values perturbation to provide a reliable calculation of Hurst exponents.
are persistent. Reinforced by the balloon profile, we suggest The resulting time behavior of the Hurst scaling exponent from
that this indicates the occurrence of chemistry in midsummer late August to late September is shown in Figure 6. In late
which is proceeding faster than the wind speed can impose August, there is persistenckl;(Os) is greater than 0.60. By
randomness, or even some antipersistence, in the fractal scalinglate Septembeit;(O3) has declined, approaching the random
and so succeeds in producing persistence in the ozone.value of 0.50. The decline is significant; recall that such a
Persistence means that there is positive correlation amongtransition characterized the balloon data above and below 19

neighboring data intervals, on all scafe$he mean value of
Hi([uZ + 3% for the same flights remained essentially

km, and also the difference in the Arctic aircraft data between
midsummer on one hand and spring and autumn on the other.

unchanged at about 0.42 throughout the Arctic spring, summer, The value ofHi([u? + +?]°9) remained near the mean value of
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Figure 6. Hurst exponentsiy(Os) for vortex ozone, evaluated as in  flight segments poleward of the wind speed maximum (inside the

Figure 5, plotted for 9 of the 10 flights from 19870823 to 19870922. yortex), while the filled circles refer to those equatorward of the wind
The flight of 19870921 had an insufficiently long track in the high  gpeed maximum (outside the vortex).

CIO region to yield an accurate Hurst exponent. Note the decline from

persistence in late August toward randomness in late September; . . 5 210
although the linear fit extends to values of(B) less than 0.50 in 0.65 forHy(Os) as intermediate between thig([u? + 27°%) of

late September, such values were not observed. ~0.42 and theH(T) of ~0.85. These two represent the basic
physical effects whose interplay determines the ozone scaling.
0.49 throughout the sequence of 10 flights, showing that the On one hand, temperature is the macroscopic manifestation of
scaling of the wind speed was unchanged while that of the 0zonemolecular motion-the translational energy of the molecules that
changed from persistent toward random. is expressed via the MaxwelBoltzmann distribution and that
We consider also the Arctic winter vorté%2#in which the equilibrates at every collision; it is therefore nonconservative.
ER-2 completed 14 flights in January and February 1989. Figure For a molecule affected by a chemical process that occurred at
7 shows a plot oH;(O3) vs Hi([u? + 2]99), evaluated for every collision, we might expect a Hurst exponent equal to that
flight segments both inside and outside the vortex. It may be of temperature. On the other hand, in practice, the randomizing
seen that the points representing flight segments inside the vortexeffect of wind speed and its shear reduce it to the lower values
lie above the 1:1 line, i.e., th&t;(O3) > Hy([u? + +4°%9). The actually observed. The occurrence of activation energies in the
points representing flight segments exterior to the vortex tend chemical steps will also slow the chemistry and reddeggOs)
to lie along the 1:1 line, with a few points above it. The latter compared tdd,(T). However, we note that the present empirical
probably represent air equatorward of the wind maximum which analysis is the simplest possible and that more sophisticated
has experienced PSC processifighe small number of points  schemes using multifractal techniqé®e® or higher order
significantly below the 1:1 line can be traced to the flight of structure functior’$ may well reveal more subtle interpretations.
19890120; it is not known if the cause is instrumental problems As we have noted, secure mathematical linkages between the
or an unusual atmospheric condition. The time series of governing equations for reacting air on the rotating Earth and
H1(Os) for air inside the vortex fluctuates during the period of the generation of the observed scale invariant structures in
the mission, with large values following PSC episodes by a few chemicals and meteorological variables have not been demon-
days between 19890103 and 19890210. This behavior suggeststrated.
that continual PSC processing may be necessary to maintain & Tpe opservation of persistence in the Antarctic vortex ozone
fully processed vortex over a period of a week or more. in late August and early September, followed by a decline during
September toward randomness may offer interesting insights
into the behavior of the chlorine-mediated loss occurring
We suggest that the occurrence of persistence in stratospheri¢here?225 We suggest the following interpretation. The trans-
ozone, as indicated by the Hurst scaling exporéf{Ds) > formation of chlorine from the ozone-inactive forms (HCI,
0.60, is induced in certain locations by photochemical reactions CIONO;) to the active ones (g|Cl, CIO, CbO,, HOCI) starts
that proceed more rapidly than the randomizing effects of wind to occur well before midwinter, probably about 6 weeks before
speed and its shear can maintaig(Oz) ~ Hy([u? + 149 ~ solstic&®27 with ozone loss 0f~25% occurring in the sunlit
0.5. Intuitively, this is reasonable: in such locations as the outer vortex between early June and early Augdft.The
summertime Arctic or the subtropical upper stratosphere at spatial and temporal incidence of the polar stratospheric clouds,
autumn turnaround the stratosphere is characterized by low windwhich are the agents of such chlorine activation, peaks in
speeds (generally< 10 m s and slack gradients. The  August, declining through September, and ceasing in OctBi&r.
photochemistry consists of a sequence of elementary steps,Thus, in late August it is reasonable to expect ozone to be
which in the atmosphere tend to have low activation energies. persistent, reflecting the ability of the frequent PSC processing
Chemical reaction will thus tend to produce positive correlation to maintain a fully processed vortex with the concomitant high
in neighboring volumes of the stratosphere, resulting in the and relatively uniform abundance of CIO and ozone, the latter
observed persistence, by tending to move toward a commonof which is in decline but not yet lost. However, as the PSC
photoequilibrated state characteristic of the region containing frequency declines through September, some extra variability
the volumes. The mechanism will propagate at all scales, from may occur, arising from variably longer periods since air parcels
that of the molecular mean free path upwards, and might thuswere in a PSC and from the resupply of unprocessed air in the
be expected to maintain fractal scaling while producing persis- mixing zone centered on the jet stream c&r&> The high wind
tence, as observed. We may also regard the persistent value oshears on all scales in this region (Figure 5) are what cause the

Discussion and Conclusions
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near random value oHy([U? + 229 ~ 0.49, which was Finally, we remark that our technique needs precise, accurate,
observed from late August to late September. Note that this and fast data and that it is applicable along individual aircraft
interpretation does not imply a cessation of ozone loss chemistryand balloon trajectories of sufficient length. In this respect, it
or low average CIO by late September; what it does imply is a is different from the classical Gaussian second moment tech-
decline in the rate of the ozone loss chemistry relative to the nique of using the relative dispersidn(standard deviation
rate of the fluid mechanical mixing. While the occurrence of divided by the mean) that combines data from disparate sources,
photochemical ozone loss has been demonstrated beyond douliften on a global scale; given fractal behavior, there is no
in the Antarctic vortex22536it is less obvious for the other  guarantee that Gaussian statistics will work, because a few
regimes considered here: the 1989 winter vortex and the 1997outliers may then determine the mean or higher moments of
summer anticyclone in the Arctic. We offer the observed the integrals may not converg2?® More sophisticated multi-
persistence of ozone scaling in these locales, in the presence ofractal analysi¥ 13 may yield more refined or subtle interpreta-
steady randomness in the scaling of wind speed, as an argumeriions; in the meantime, single scaling exponent analysis offers
that the ozone photochemistry is outpacing the mixing and a consistent empirical interpretation of the observations. Per-

transport. This result is in accord with earlier analy$é&using sistence in ozone is observed where photochemistry has been
nitrous oxide-ozone correlation in the Antarctic spring and in ~ calculated to be importantin the winter/spring vortices, in the
the Arctic winter. polar summer anticyclone, and in the upper stratosphere. It is

It is perhaps surprising that the wind speed shows only a therefore a useful_ methpd for diagnosing empir_ically the
small tendency to exhibit persistence, even during flights along °ccurrence of chemistry without recourse to a numerical model.
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