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Summary (GASP) which also showed that considerable
variation in the fraction of ozone destroyed could be

It has been speculated that the episodes of ozone expected based on the aircraft ventilation system
sickness experienced by some airline passengers and cofgrtn(e.6)

crewmemersdurng he inte an spingof 977 Although ozone has always been present in the
were induced by abnormally high concentrations of stratosphere, during 1977 airliner cabin ozone levels
ambient atmospheric ozone. To investigate the became a matter of widespread public concern (refs.
possibility that 1976-77 was anomalous, ozone 7 to 10). Was this concern the result of new aircraft
measurements from balloons for up to 13 years and design (ref. 8), higher flight altitudes (ref. 8),
from Global Atmospheric Sampling Program increased public awareness (one account describes
(GASP) equipped aircraft for three years have been ozone sickness as a "'new"' danger (ref. 10)), or was

*studied. The analyses presented herein show that the the winter of 1977 an anomalous period with respect
winter and spring seasons of 1976-77 were average to ozone as suggested in references 7, 8, and 11I? That
statistically, and no evidence was found to suggest reports came initially and most frequently from

*that there was more than a usual variation in the B747SP airplanes is not surprising in view of recent
frequency that commercial airplanes encountered analyses of cabin and ambient ozone data from a
high ambient ozone concentrations. GASP-equipped SP which showed that 83 percent of

the outside ozone was admitted into the cabin (refs.
12 to 14)1. In addition, the analyses in reference 6

Introduction showed that the GASP-equipped B747SP was
Ozoe n te tmophre s t las asvaiabein encountering high ambient ozone much more

Ozonhre sinl iamsheens atd least aibe, in os frequently than any of the other GASP-equipped
aolthr cosptialientsnios anfi tie, astmostri airliners. The authors attributed the difference to the

circulation. On the average, ozone levels (mixing hgeaer freqtudenpc l of hSP atlight latituest h
ratios expressed in parts per million by volume) are getefrqncoflihsahghatud.
relatively small and constant with altitude through The purpose of this report is to investigate, from
the troposphere, but they increase rapidly with alti- an observational point of view by using all available
tude above the tropopause (refs. 1 and 2). Thus the ozone measurements made from airplanes or
mean ozone level encountered on any given route is balloons, the possibility that anomalous weather

inflencd b th frqueny ad eten of conditions contributed to the problem. Specifically,
pnleneto int the stashreq e . Bndecaue the two questions will be addressed in this study:
ptrtonus te sgetdonwar. towa the oe 1. Were atmospheric ozone levels higher than
andhas sloes enhet duwwrd twintrad th oe normal during the ozone season (December-May) ofandhasloestmen higts urng iner ndspring 1976-77?

* -and because lower stratospheric ozone levels are 2. Were high ozone levels encountered more
greatest in the spring (ref. 3), it follows that, at any frqetyhanomldigtisiepro?
given flight level, ozone amounts are greatest in the frqetyhanomldigtisiepro?
spring at middle and high latitudes. However, since
stratospheric ozone amounts vary greatly about their
mean values and are highly influenced by weather Results and Discussion
systems (refs. 2 and 4), very large values can be found
at other locations during other seasons also. Mean Value Statistics

Ozone is a relatively unstable gas, but apparently
partly survives compression. A brief measurements Olzonesond. -Because of their relatively long
campaign in the early 1960's established that the period of record, balloon ozone data are useful for
ozone ingested by aircraft operating in the deciding if the atmospheric ozone levels at airliner

* stratosphere is only partially destroyed by the
aircraft's compression-ventilation system (ref. 5). 'Subseuent air conditionins modifications, inciudins a futer

Thiswaslate cofirmd b meaureentsmad by nstallation, reduced this value to Iess than 8 Iletoet. For comnpr-
Thiswaslatr cnfimedby easremntsmad by ison, note that the reten ti ratio for a 8747-100 was found to be

the NASA Global Atmospheric Sampling Program 47 pe~ cet(es 12 to 14).
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Figure 1. - Distribution of Northern Hemisphere GASP routes and ozonesonde stations
used in present analysis.

cruise altitudes were higher than normal during the TABLE I. - OZQNECqDE STATIONS
1977 ozone season (the term ozone season will be
used to indicate the period December through May Station Lattude Longitude Years of data
and is divided into the calendar seasons of winter, Resolute 74.70 N 95.0 0 W 1966-78
December-February, and spring, March-May). churc58.80N 97. 10 W IM7-78
Balloon soundings of atmospheric ozone Edmonto 53.60 N 114.1 ° W 1972-78
(ozonesondes) have been carried out at many stations Goose 53. 3P N 60. 10 W 1969-78
in the past (ref. 3), but for this study only stations Berlin/ILndenberg 52.50 N 13.40 E 1966-72, 1975-78
with data into 1977 were used. The stations thus Bobsupsis.enrg 47.80N 11.00 E 1966-75, 1977-t8suited for use here are shown in figure 1 and listed in Payerne 46.80 N 6.99 E 1968-Jan. 197
table I. These stations each averaged about five wallopu 37.ON 75.s 0 W 1970-78
observations per month; at least one study (ref. 11) -

*has shown that five observations are enough to give
representative mean values. Unfortunately, the
ozonesonde stations over Japan averaged less than gitude between 15' E and 115" W (see fig. i). The
six observations per year during 1976 and 1977 and solid line through each curve in figure 2 is the long
could not be included here. Ozonesonde data used term station-mean mixing ratio and, for easy
were obtained from the World Data Center for reference, error bars extending one standard error of
Ozone in Toronto, Canada. the mean on either side of the mean have been placed

Mean ozone mixing ratios during winter and spring on the line at 1977. In no case for the stations in
at 200 and 150 hectopascals (hPa), near flight levels figure 2 can the ozone be called abnormally high
390 and 450 (39 000 and 45 000 ft), respectively, for during 1977, in fact, only the winter values at Berlin
three stations are given in figure 2. The three stations and the 200-hPa spring value at Goose are above the
are located near 50" N latitude and are spaced in Ion- long term means.
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Figure 2. - Time series of seasonal mean values of zone mixing ratios at ozonesonde stations
near 500 N. Errors bars extend one standard deviation above and below the Iong term mean.
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A summary of the ozonesonde data at all eight (bell-shaped) distribution, this ratio can be expected

stations is given in table 11. The final column of this to exceed 1.3 about I out of 10 times (once Per
table gives the difference between the 1977 mean and decade) and to exceed 2.0 in I out of 50 times (twice
the long term mean, divided by the standard de- per century). Only the 150-hPa winter value at
viation of the long term mean, to help normalize the Hohenpeissenberg is a I in 10 value, and no value
values among the stations. For data with a normal approaches the 1 in 50 limit. Note also that the

TABLE 11. - COMPARISONS OF SEASONAL MEAN OZONE FROM OZONESONDES FOR ALL YEARS OF

RECORD WITH THE SEASONAL MEANS DURING WINTER AND SPRING OF 1976-77

Station Season Level Mean, Standard Number Mean for Number (1976-77) - mean

(hPa) ppmv deviation, of 1976-77, of a
a, years ppmv observa-

ppmv data tions for

were 1976-77

taken

Resolute Winter 150 1.014 0.199 13 1.051 11 0.2

200 .511 .082 13 .530 11 .2
Spring 150 1.075 .145 13 1.049 12 -. 2

200 .731 .105 13 .817 12 .8

Churchill Winter 150 .687 .067 5 .657 14 -. 4

200 .356 .057 5 .378 14 .4
Spring 150 .832 .147 5 .862 7 .2

200 .580 .061 5 .556 7 -.4

Ed. onton Winter 150 .538 .110 6 .386 13 -1.4

(see fig. 1) 200 .292 .092 6 .169 13 -1.3

Spring 150 .671 .081 6 .576 12 -1.2

200 .482 .056 6 .470 12 -.2

Goo3e Winter 150 .797 .136 10 .726 14 -.5

(see fig. 1) 200 .431 .061 10 .394 14 -. 6

Spring 150 .805 .146 10 .753 12 -.4

200 .577 .063 10 .627 12

b Berlin Winter 150 .553 .116 10 .620 14 .6
* (bee fig. 1) 200 .315 .048 10 .343 14 .6

Spring 150 .664 .111 10 .59S 12 -.6

200 .456 .069 10 .426 12 -. 4

Hohen- Winter 150 .503 .094 13 .653 9 1.6

peiss enberg 200 .266 .065 13 .3,12 9 1.0

Spring 150 .661 .18.8 12 .443 13 -. 9

200 .412 .177 12 .217 13 -1.7

Payerne Winter 150 .434 .080 9 .429 22 -. 1

200 .220 .036 9 .210 24 .0

Spring 150 .569 .102 8 M 0 M

200 .331 .055 8 M 0 M

Wallops Winter 1.50 .71 .0.1-1 5 .414 11 1.2

200 .218 .083 5 .241 11 .8

Spring 153 .408 .069 5 .455 13 .7
200 .282 .012 5 .283 13 -1.4

4
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S1976-77 value was less than the long term means at 2 to be in excellent agreement with comparable

slightly over half of the stations and levels compared. ozonesonde data. We shall consider here over 20 000Thus, both inspection of the data and statistical tests GASP observations in the Northern Hemisphere

show that, at ozonesonde stations from 35' to 75* N spanning three spring seasons (Mar-May 1975, 1976,
latitude and 15* E to 115' W longitude, the ozone
levels at airliner cruise altitudes were not abnormally
high during the 1977 ozone season.

Seasonally averaged data, as used above, give a
coarse picture and may conceal features that would
be evident if a finer time interval were used for Flight level
averaging. In particular, there was a major ..... 450 (150 hPa)
stratospheric sudden warming (refs. 15 to 17) during 390 QDD hPal
late December 1976 and early January 1977, which .8 - Long term seasonal mean
disrupted the atmospheric circulation patterns
throughout the stratosphere and troposphere. Edmonton
Although the disturbed circulation may have affected .
ozone at higher altitudes or at other locations, it did .6 / N
not significantly raise the ozone levels during / , j

January 1977 at the three stations near 50" N shownin figure 3. Similarly, the monthly mean data at the .4 - "- I
other five available stations gave no indication that \

ozone levels were abnormally high during January
1977. Thus we find, from direct analysis of .2-
ozonesonde data, no evidence to suggest that abnor-
mally high ozone levels were present in the 1976-77
ozone season, either seasonally or in conjunction 0
with the stratospheric warming. This conclusion is
contrary to the suggestion (ref. 11) that a long period 1.0 0
oscillation caused high ozone levels in 1977. Goose/ \ i

The preceding results cannot be directly It/ / ,,
generalized to areas where there are no ozonesonde r .8 V
stations. However, since the heights of pressure levels
near the tropopause are known to be highly- .
correlated with the ozone amounts at those levels .-
(ref. 4), height data may be used as an indicator of
ozone in areas where ozone was not directly 8
measured. In particular, at say 60* N, 180" W (along 4 /
the North Pacific flight route where many of the . ," ,
cases of discomfort attributed to ozone were
reported), the deviations of the monthly mean 300 '

hPa heights from a 10 year mean (ref. 18) were no .2
larger than the corresponding height deviations at the
ozonesonde stations. This comparison suggests that .8
ozone levels over the North Pacific were probably no Berlin• I

more anomalous than those given in table 11. Of A

course, direct measurements are always more .6 - •
desirable than proxy data such as height fields, and,
even though they span only a few years, the GASP
ozone data presented in the following sections fully .4-
support the above conclusion.

GASP Aircrqft Memurements.-Another set of -- ' \ /
ambient ozone data which is directly relevant to this Z 1 1
study was acquired by the NASA Global 70 72 74 76 78
Atmospheric Sampling Program beginning in March Year
1975 using automated sampling systems on several Figure 3. - Tine series of January nun values
Boeing 747 airliners in routine commercial service of ozone mixing ratio at ozonesonde stations
(ref. 19). GASP ozone data were shown in reference near 500 N.
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TABLE II. - INTERANNUAL COMPARISON OF GASP MEAN OZONE DATA AT

FLIGHT LEVELS 335 TO 385

(a) Winter

Cdea Mean Std. dev. # Obs.

Median 84% 98%

Latitude 1975-76 1976-77 Both

0
°

-100 0.032 0.021 7 0.030 0.014 165 0.030 0.015 172

0.035 0.056 0.059 0.029 0.042 0.076 0.029 0.044 0.075

10 0-200 0.021 0.035 88 0.042 0.021 179 0.035 0.028 267

0.009 0.039 0.106 0.038 0.062 0.099 0.033 0.058 0.102

200 -300 0.056 0.040 459 0.062 0.031 429 0.058 0.036 888

0.043 0.094 0.172 0.057 0.093 0.146 0.049 0.093 0.160

300 -400 0.087 0.087 531 0.112 0.098 616 0.100 0.094 1147

0.060 0.140 0.377 0.083 0.189 0.461 0.074 0.168 0.394

400 -500 0.177 0.163 325 0.218 0.138 347 0.198 0.152 672

0.124 0.356 0.656 0.194 0.351 0.551 0.161 0.353 0.576

500
-
60

°  
0.280 0.204 197 0.231 0.149 80 0.286 0.191 277

0.283 0.498 0.734 0.200 0.390 0.580 0.244 0.474 0.708

60
° 
-70

°  
-0 0.258 0.103 16 0.258 0.103 16

- 0.240 0.391 0.442 0.240 0.391 0.442

(b) Spring

Latitude 1975 1976 1977 All

0 -100 0.010 0.011 53 0.032 0.007 46 0.019 0.009 158 0.020 0.012 257

0.008 0.024 0.040 0.033 0.039 0.055 0.017 0.023 0.046 0.018 0.033 0.048

10 - 20 0.034 0.026 329 0.052 0.023 207 0.033 0.020 137 0.039 0.025 673

0.030 0.057 0.089 0.049 0.075 0.109 0.029 0.049 0.103 0.036 0.062 0.107

20 - 30
° 

0.072 0.039 396 0.091 0.043 669 0.087 0.056 773 0.085 0.049 1838

; 0.072 0.114 0.162 0.086 0.134 0.205 0.078 0.137 0.246 0.079 0.132 0.224

300-40
° 

0.179 0.158 382 0.137 0.119 997 0.150 0.152 1008 0.149 0.141 2387

10.122 0.353 0.634 0.097 0.208 0.550 0.092 0.255 0.679 0.098 0.239 0.620

40
°
0 -500 0.348 0.217 208 0.272 0.192 749 0.262 0.227 772 0.276 0.213 1729

1 0.386 0.609 0.748 0.226 0.485 0.729 0.164 0.632 0.795 0.208 0.518 0.767

500 -600 0.323 0.238 117 0.351 0.219 403 0.284 0.205 479 0.316 0.217 999

0.313 0.583 0.883 0.362 0.661 0.728 0.232 0.488 0.832 0.267 0.578 0.808

60
° 
-700 ---------- 0 0.561 0.130 138 0.467 0.233 38 0.541 0.163 176

..- ----- ------ 0.575 0.653 0.821 0.525 0.732 0.812 0.569 0.676 0.819

70°-80 .------ 0.488 10.087 26 ---------- 0 0.488 0.870 26

. ------ 0.481 0.581 0.68- -------------- - 0.481 0.6U1 0.6871

6 6 a0 os in ppmv.



and 1977; hereinafter designated S75, S76, and S77) 1.0
and two winter seasons (Dec-Feb 1975-76, and
1976-77; designated W75-76 and W76-77). .

The quantity and geographical coverage of the .8 Year Number of
GASP data varies among the seasons as functions of observations

the number of aircraft in service (up to 4) and their .6 7-76 75

routing. Ozone observations are nominally made at 1975-76 253

10-minute intervals during flight. GASP data records
include location, meteorological data, constituent .4 -
measurements, and tropopause pressure. All are
obtained by the automated systems except for .2
tropopause pressure, which is time-and-space-
interpolated from National Meteorological Center
(NMC) archived fields (ref. 12). Additional 0
supplemental meteorological parameters, including (a) Winter.
potential vorticity, geostrophic winds, and static Z 1.0-
stability were computed for each GASP observation - 1977 5973
from the NMC isobaric height fields (ref. 20). -- 1976 6629

GASP ambient ozone concentrations in the . ---- 197 3013
Northern Hemisphere between flight levels 335 and Shaded area shows * 1 I

385 (33 500 and 38 500 ft pressure altitude) are .6 standard deviation from
summarized in table III by 10' latitude intervals for ensemble means
winter and spring of each year. In addition to the
mean, standard deviation, and number of obser- .4-
vations, the tabulation includes the median (50th
percentile), 84th percentile, and 98th percentile .2 -

.8 - 0a]

-300 -200 -100 0 100 200

Year Number of Distance above or below tropopause, AFL - ft/100
.6 - observations (b) Spring.

1975-76 1607 Figure 5. - Distribution of ozone with respect to NMC

(Flattery) tropopause from GASP observations.

E . values. These last three parameters will be discussed
" in a later section on encounter frequencies.

1 The latitudinal distribution of the seasonal mean
F 0 -- ozone values in this altitude range is shown in figure
B (a) Winter. 4. The corresponding curves for individual months
E .8- lead to identical conclusions, so for simplicity of

197 3365 Ypresentation we will confine further attention to
6- 1976 5 146 seasonal distributions. The large natural variability

e am of ozone at these flight levels is indicated by the
stndrd dev r shaded area which represents + 1 standard deviation

.4 ensemblemuns fm from the seasonal ensemble mean for each 5' latitude
es n -' interval. In comparison with this, the differences

among the means for the individual years is small,
.2- but since this would be expected from statistical

, considerations alone, a more careful analysis in
regions of apparent differences is warranted. In this

0 10 m 30 4D 50 60 70 regard, bear in mind that because ozone increases
tLtitude. d g N rapidly above the tropopause (see fig. 5), above

S Ifb) spring, average ozone concentrations at cruise altitudes will

Figure4 -variation at amiwt ozone mixing ratios with result from lower than average tropopause heights,
latitude from GASP observations at flight ills 0'to or higher than average ozone levels in the lower
35 in winter enW s'ing, stratosphere, or both.

7
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TABLE IV. - INTERANNUAL COMPARISON OF GASP MEAN OZONE LEVELS

AT 0 TO 5000 FEET ABOVE TROPOPAUSE

(a) Winter

odea: Mean S. dev. # Ob.

Latitude 1975-76 1976-77 Both

200
- 
300 0.131 0.063 32 0.171 0.070 19 0.146 0.068 51

18 -50 377 16 -57 406 17 -53 388

30 _ 400 0.204 0.102 168 0.216 0.126 315 0.212 0.119 483

21 -52 379 21 -56 390 21 -54 386

400-50
0  

0.243 0.122 235 0.241 0.136 316 0.242 0.130 551

24 -55 373 28 -55 372 26 -55 372

50 0 600 0.363 0.152 101 0.264 0.131 50 0.330 0.153 151

28 -55 357 38 -53 358 31 -54 358

60 0-700 0.217 0.121 6 0.250 0.067 9 0.236 0.094 15

25 -56 331 28 -52 364 27 -54 351

All 0.246 0.135 542 0.230 0.131 709 0.237 0.133 1251

23 -54 372 25 -56 380 24 -55 376

(o) Spring

Latitude 1975 1976 1977 All

20 0- 30 0 0.160 0.007 2 0.089 0.003 5 0.187 0.052 28 0.172 0.058 35

_ _ 2 -55 371 3 -56 390 7 -64 410 6 -62 405

300-400 0.362 0.194 158 0.317 0.147 285 0.351 0.200 332 0.341 0.182 775

____ 24 -55 378 23 -55 388 19 -58 396 21 -56 389

400 -500 0.415 0.180 237 0.372 0.165 635 0.391 0.201 488 0.386 0,182 1360

31 -54 374 24 -54 380 25 -54 380 26 -54 379

500560
° 0.362 0.194 1031 0.437 0.136 269 0.360 0.198 342 0.389 0.181 714

_ _ 26 -54 350 24 -54 372 26 -52 369 25 -53 367

8600-700 0.261 ----- 1 0.498 0.122 109 0.507 0.274 20 0.498 0.156 130

7 -45 290 27 -53 361 33 -51 358 28 -53 360

0 070 -80 ° ---------- 0 0.441 0.066 11 ---------- 0 0.441 0.066 11

- 26 -59 350 ---------- ----- 26 -59 350

All 0.386 0.189 501 0.383 0.161 1314 0.369 0.203 1210 0.378 0.183 3025

28 -54 370 24 -54 378 23 -55 382 24 -54 378

aOzone in lpmv.

"P is the mean pressure interval from tropopause.
T is the mean ambient (static) temperature.

FL is the mean flight level.

* ... .



TABLE V. - INTERANNUAL COMPARISON OF GASP MEAN OZONE LEVELS

AT 5000 TO 10 000 FEET ABOVE TROPOPAUSE

(a) Winter

Co Mean Std. dev. #bs.

Ep T F

Latitude 1975-76 1976-77 Both

300- 400 0.262 0.179 15 0.371 0.211 107 0.358 0.211 122

77 -43 370 70 -52 416 71 -51 411

40° -50 ° 
0.416 0.149 56 0.407 0.227 153 0.409 0.209 209

83 -50 389 78 -50 398 79 -50 395

500- 600 0.444 0.130 43 0.542 0.256 138 0.518 0.236 181

79 -51 357 78 -51 401 78 -51 390

60 0-700 ---------- 0 0.442 0.137 52 0.442 0.137 52

--------- 81 -49 390 81 -49 390

All 0.406 0.157 114 0.444 0.235 450 0.436 0.222 564

81 --49 374 76 -51 402 77 -50 397

(b) Spring

Latitude 1975 1976 1977 All

30 0- 400 0.593 0.200 24 0.418 0.165 61 0.585 0.220 71 0.521 0.213 156

71 -51 395 73 -48 402 70 -50 399 71 -49 400

400-500 0.578 0.217 105 0.497 0.175 273 0.580 0.230 179 0.539 0.206 557

68 -49 391 72 -49 408 72 -48 398 71 -49 402
0 500-600 0.521 0.206 24 0.575 0.166 148 0.567 0.195 236 0.567 0.186 408

83 -46 368 83 -46 382 77 -46 390 80 -46 386

600 -700 0.550 0.058 13 0.632 0.104 51 0.500 0.264 17 0.591 0.158 81

96 -43 329 78 -48 372 82 -44 372 82 -46 366

700-800 ---------- 0 0.629 0.056 5 ----------- 0 0.629 0.056 5

- 70 -43 351 ----- ---- 70 -43 351

All 0.570 0.206 166 0.523 0.175 538 0.572 0.214 503 0.550 0.198 1207

73 -49 383 76 -48 396 74 -47 393 75 -48 393

aozone in ppmv.

* 'P is the mean pressure interval from tropopause.

T Is the mean ambient (static) temperature.

FL Is the mean flight level.

Note specifically in figure 4 for latitudes from 35 corresponding period of either 1976 or 1977. To
to 50° N that the mean of all ambient ozone examine these apparent anomalies further, considerobservations made by GASP airliners was higher in first the distribution of ozone with respect to distance
the winter of 1976-77 than in the winter of 1975-76, from the tropopause for each year and season in
and higher in the spring of 1975 than in the figure 5. From this and from tables IV and V, which

*9



give mean ozone levels and standard deviations for 0
to 5000 feet and 5000 to 10 000 feet intervals, respec- Year Correlation

tively, above the tropopause, we conclude that there 0- 1976 -77 Flattery
were no significant interannual differences in the - - 1975 - 76' Gustafson -50 hPa
distribution of zonal mean ozone with respect to the 570- 10
tropopause in either season. 490

Proceeding, figure 6 shows the winter and spring 410-
Northern Hemisphere zonal mean tropopause 370-
pressures from NMC archived fields 2',3 . For all 330 "

latitudes poleward of 35 * N, the tropopause pressure W

levels are nearly equal each season, and we conclude I
that the tropopause pressures were not anomalous in 4M I
1976-77. ta) Winter.

Having concluded that neither the zonal mean 1977 Flattery
tropopause location, nor the distribution of ozone Gts -- 197 uat 50 hPa50-S- - -- 1975" Flatery- 0 ~
with respect to the tropopause were anomalous in E 10 . 1975 Flattery
any of the seasons examined, we are led to 4 - 5
hypothesize that the differences in mean ozone levels 410-- 2 
in figure 4 are the result of longitudinal or synoptic 370-
biasing in the GASP data sample (i.e., the GASP 33 --

means do not always represent zonal mean
conditions). I I

To investigate this hypothesis, consider the mean 0 10 20 3 40 50 60 70
tropopause pressures from the GASP data sample Latitude. deg N
shown in figure 7. First, the winter curves in this figure (b) Spring.
clearly show that poleward of 35° N, the tropopause Figure 6. - Variation of zonal mean National Meteorological Center
level from the GASP records in 1975-76 is higher than tropopause pressures with latitude. ('See footnote 2.1
for the 1976-77 sample. Comparing these curves with
the corresponding ones in figure 6, it is apparent that
the W76-77 GASP mean tropopause pressure curve is
in good agreement with the zonal mean tropopause 0- Year Number of
pressure but that poleward of 35° N, the W75-76 observations
GASP mean tropopause is high. From this, and the 570 - 1976 (832

• relation between ozone and distance from the 490 - 19 76=  1607
:" ~~tropopause, it follows that the W76-77 GASP ozone 41 -"

means are average but that the W75-76 GASP ozone 370 K i w tat
means are low. 8 3 3

A completely parallel argument regarding the 5 2o -Z
spring mean tropopause and ozone levels leads to the . 2 -J
conclusion that the 1976 and 1977 GASP mean ozone

l Winter.levels are representative of zonal means in average W
years, but that the spring 1975 GASP mean ozone ,

i 570 1977 3365
1. 00"- - 1976 3235

.g 490 - -- -- 1975 14852 Note that the tropopause pressures shown for S75, W76-77, and 450 a
S77 were determined by the Flattery global analysis method, 410
whereas NMC tropopause pressures for W75-76 and S76 were ob- 370 -
taned using the Gustafson method, and that, in ref. 12, it was - - '

reported that the schemes appeared to define different tropopause 3 ( -0 7
locations. We have therefore reduced all NMC tropopause 290

pressures for W75-76 and S76 by 50 hPa based on (unpublished)analyses of GASP data from July 1976 through September 1977 40 0 0 2 0 0 5
for which tropopause pressure values from both schemes were Ltiue 4d deg N
available.
3 Tropopause pressures for 0 to 30' N from the NMC 65 by 65 grid lb) Spfi

are known to be too high (i.e., 573, W75-76, S76, here) but since fig ure 7. -Mean froppuse pressures from GA S P orone dsta records
GASP observations are below the indicated tropopause in this ot flight levels 335 to 315 Icorrasfla ig oone Welis are shown in
region, the error in distance from the tropopaue is of minimal fig. 4l.
consequence in our analysis.
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4 values are high because the mean tropopause heights 95th percent level) and apparently normal ozone
from the GASP sample points are lower than the difference between the Atlantic and Pacific
zonal mean levels.

As pointed out in the Introduction and as is
apparent in the previous analyses, mean ozone levels Region Number of
vary significantly with season, altitude, and latitude. .6 observations

Pacific 1 143In addition, however, because of longitudinal mean --- Atanic 1431/

meteorological differences in the strength of synoptic Atlantic 451
scale weather systems, one cannot overlook the
possibility of significant longitudinal mean ozone A

differences. Consider, for example, the mean ozone .2
levels from GASP observations in the Pacific
(750 W-1800 -105- E) and Atlantic (105 ° E o -
-0-75 ° W) hemispheres at flight levels 335 to 385 Si
in the winter and spring of 1976-77 (fig. 8). (a) Spring 1975.

In the winter no comparison is possible poleward 8. .8
of 500 N, as GASP obtained no data over the - Pacific 2398
Atlantic at these latitudes; however, mean ozone . --- Atlantic 920
levels in the Atlantic and Pacific Hemispheres are
virtually the same from 350 to 50 ° N latitude. In the
spring mean ozone levels for the Pacific hemisphere .4 -
were from 80 to 150 percent greater than the
corresponding values in the Atlantic hemisphere for .2-
latitudes poleward of 45 0 N. Note, however, in figure
9 that the interhemispheric differences are about the
same in the S75 and S76 mean values and that in 0 10 20 30 40 50 60 70
figure 10 ozone levels over the North Pacific in S75 Latitude, deg N
and S76 were greater than those observed in 77.

Thus, again no interannual ozone anomalies were (bI Spring 1976.
detected, but there is a statistically significant (at the Figure 9. - Latitudinal ozone distributions from GASP observa-

tions for Atlantic (1050 E to 750 wi and Pacific (750 W to 1050 D
Rhemispheres in spring at flight levels 335 to 385.
Region Number of

observations
.4 Pacific 2229

--- Atlantic 486

* - .2

0 Season Number ol
(a) Winter. observations

.8 S75 1143.6 S76 23
C Pacific 3137 - S77 3137

E Atlantic 897 E 6

.4 &" .46-d is

'.4-

L n I:: I 2

1 10 20 30 40 50 60 70
Latitude. deg N

(b) spring. 0 10 20 30 40 50 60 70

Figure 8. - Latitudinal ozone distributions from GASP obser- Latitude, deg N

vations for Atlantic (1050 E to 750 W) and Pacific (750 W to Figure 10. - Latitudinal ozone distributions from GASP obser-
1050 El hemispheres in winter and spring 1976-77 at flight vatlons for Pacific (750 W to 1050 E) hemisphere In spring
levels 335 to 385. at flight levels 335 to 385.
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C- 80 Year Number of
1.0 observations

1.0 - 1976 - 77 347

S 60- 1975 -76 325

.8 .

o .o

.6 0 40

.4 0 20-

.2 I I I

o 0 .2 .4 .6 .8 1.0
0- .Ozone mixing ratio, ppmv

fat Domestic: March 31 to June 13. 1977. Figure 12. - Cumulative frequency distributions from
. 1.0 GASP data (table Il1) for winter; 400 to 500 N latitude;

flight levels 335 to 385.

.8

.6

.4 0

.4

00

0 I 30
-300 -200 -100 0 100 200 Year Number of

Distance from tropopause, ft/100 --- observations

bi International: April 26 to May 31. 1977. 20 1976 -77 347
- 1975 -76 325Figure 11. - Flight-mean ambient ozone as function of

flight-mean distance from tropopause for 134 spring
1977 GASP flights. Shaded area shows ±1 standard is 10
deviation from 1975-77 ensemble spring mean. S

0 .2 .4 .6 .8 1.0
Ozone mixing ratio, ppmv

Figure 13. - Ozone frequency distributions from GASP
data for winter; 40o to 500 N latitude; flight levels
335 to 38.
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hemispheres at latitudes poleward of 450 N in the distributions in figure 13, which show that, although
spring. This is probably because of the strong ozone levels from 0.15 to 0.35 ppmv (typical of the
quasipermanent trough (relative minimum in the first 5000 feet above the tropopause) were
height of a constant pressure surface) over the encountered more frequently in W76-77, both very
Aleutians and North Pacific and the inverse low and very high ozone levels were encountered
relationship between pressure-height and ozone level, more frequently in W75-76.

Finally, it is interesting to compare individual As a second example, consider the same latitude
flight averages with the ensemble results shown interval, 40* to 50' N, in the spring. The cumulative
above. Thus, in figure I I average ozone levels for 134 frequency distributions, plotted from table 1ll, are
GASP flights in spring 1977 (refs. 12 and 13) are shown in figure 14. Clearly, high ambient ozone
plot ted against the mean distance from the levels were encountered much more frequently in S75
tropopause during each flight. Averages from flights than in either S76 or S77, as would be expected since
in the contiguous U.S. and to Hawaii are shown in the low altitude of the GASP-sample tropopause in
part (a), and averages from international flights are S75 resulted in a larger than normal percentage of
shown in part (b). The shaded background is :d I observations in the stratosphere (74 percent for S75
standard deviation from the ensemble mean for all compared with 40 percent for S76 and S77).
GASP spring data 1975-77. It is apparent here that Recall that in the preceding mean value analyses,
the variability among individual flights is of the same ozone levels were higher over the North Pacific than
order of magnitude as that of the ensemble. over the North Atlantic. If we select 45' to 550* N as a

representative interval with a statistically significant
Encounter Frequencies difference in mean levels between the Atlantic and

Pacific hemispheres, we see in figure 15 that, for any
Since winter-spring 1976-77 was average with given year, the probability of encountering a

respect to mean ozone levels at commercial airplane specified ozone level is indeed higher in the Pacific
cruise altitudes we would expect that high ambient hemisphere than in the Atlantic. Note also, in part
ozone levels were encountered by the world aircraft (d) of this figure, that the encounter frequency dis-
fleet at an average frequency, excluding of course tributions for the Pacific hemisphere are comparable
any differences attributable to changes in routing or in S77 and S76, but that all ozone levels greater than
flight levels during 1977. The completeness of the 0.1 ppmv were encountered more frequently in S75
GASP data permits analysis of encounter frequencies than in either S76 or S77.
directly; however, one must not assume a priori that Thus, although there is again no evidence that
results from four B747's are representative of anomalously high ozone levels were present in the
conditions encountered by all aircraft. winter and spring of 1976-77, the GASP zonal mean,

In addition to the means and standard deviations Altantic hemisphere, and Pacific hemisphere
discussed previously, table III include median (50th
percentile), 84th percentile, and 98th percentile10
values for each latitude interval, year, and season.
Although methods for estimating encounter Year Number of

cr observationsfrequencies from mean and standard deviation data ^I
have been shown to give reasonable estimates (ref. ~ 0 \N.1977 772
21), it is of course better to use empirical probability d ~ \ -1976 749

1975 206data directly when they are available.
Referring to table 111, for winter and 400 to 50* N, 60 -

we ind that the mean and median values were :S\
smaller in W75-76 than in W76-77, which is \ \
consistent with the higher GASP mean tropopause I \
for W75-76, but that the 84th percentile values for
the two winters were nearly equal. The cumulative

* frequency distributions4 , plotted in figure 12 from " 20 '
table IIl data, show this and suggest that a broader
range, and higher peak ozone concentrations were %Z
encountered in W75-76 than in W76-77. This is
confirmed by the complete empirical frequency. 4 .6 8 1.

Ozone mixing ratio, ppmv
'These curves show the percent of observations (on the ordinate)Fiue1,-Cmltvoznfrqncdsrbtosin which the ozone level equalled or excceeded any given ozone level fgrem GAS daCumuliative ozon forequency1 d~trio Ns
(on the abscissa). latitude, flight levels 335 to 385.



100
Region Number of Region Number of

observations observations
80 J Pacific 64 - Pacific 69

-Atlantic 116 -- Atlantic 398

60 \ -

40 40

it

zl

0

(a) Spring 1975. lb) Spring 1976.
5. 100

Region Number of Seao ubro

711ti

i3observations I-Season Number of

80 - -- Pacific 211 . Observations
. -- Atlantic 399 S\. .. 75 64L a 3 576 69

60 - S77 221

0

--
20-

0 .2 .4 .6 .8 1.0 0 .2 .4 .6 .8 1.0
Ozone mixing ratio, ppmv

4c Spring 1977. Wl) Pacific hemisphere.
Figure 1. - Cumulative ozone frequency distributions from GASP data for spring 450 to 550 N latitude;

flight levels 395 to 385. Atlantic hemisphere. 1050 E to 750 W longitude; Pacific hemisphere, 750 W
to 105o E longitude.

encounter frequencies for the different years show b. There is a statistically significant and* considerable variability. This suggests that the apparently usual ozone difference between the
. observed differences are representative of the range Atlantic and Pacific hemispheres at latitudes

of ambient ozone encounter frequencies to be poleward of 450 north in the spring, with the Pacific
* expected among flights along the same route in being higher.

average years. c. Encounter frequencies follow the mean levels
and trends, but considerable variability must be

C l oexpected among flights on the same route.
Conclusions 3. The available data give no basis for claiming

*. that ozone at aircraft operating levels was1. Ozonesonde data for 13 years at eight stations anomalously high in either winter or spring of
over North America and Europe indicate that ozone 1976-77.
levels (mixing ratio) near airline cruise altitudes were
near average during winter and spring, of 1976-77

2. Available aircraft ozone measurements from
GASP for 3 years (1975-77) indicate the following: Lewis Research Center

a. Zonal mean ozone levels were average during National Aeronautics and Space Administration
the 1976-77 ozone season. Cleveland, Ohio, August, 28, 1980
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