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Abstract- From a network of sites,primarily in the Atlantic and Pacific Oceanregions,measurementsof
the surfaceozone concentration yield information on the seasonal,synoptic, and diurnal patterns. These
sites,generally removed from the effectsof local pollution sources,show characteristicsthat typify broad
geographicalregions. At Barrow, AK; Mauna Loa, HI; AmericanSamoa;and South Pole,data records of
15-20 yearsshowtrends that in all casesare a function of season.This dependenceon seasonis important in
understanding the causes of the long-term changes. At Barrow, the summer (July, August, September)
increaseof 1.7% per year is probably indicative of photochemicalproduction. At South Pole, on the other
hand,the summer(December,January,Ftbruary) decreaseis relatedto photochemicallossesand enhanced
transport from the coast of Antarctica.
At all the sitesthere is a pronouncedseasonalvariation. In the Southern Hemisphere(SH), all locations
which run from 14to 900Sshow a winter (July-August) maximum and summerminimum. In the Northern
Hemisphere(NH) most of the sitesshowa spring maximum and autumn minimum. At Barrow (700N)and
Barbados(141, however,the maxima occur during the winter, but for very differentreasons.At many of the
sites, the transport changes associatedwith synoptic scale weather patterns dominate the day-to-day
variability. This is particularly pronounced at Bermudaand the more tropical sites.In the tropics, there is a
very regular diurnal surfaceozone cycle with minimum valuesin the afternoon and maxima early in the
morning. This appears to result from photochemicaldestruction during the day in regionswith very low
concentrationsof nitrogen oxides.At Niwot Ridge,CO, and Mace Head, Ireland, there is clear evidenceof
photochemicalozone production in the summerduring transport from known regional pollution sources.
Key II'ord index: Ozone distribution,

ozone trends, surface ozone, tropospheric chemistry.

conditions. During the daytime, upslope regime
boundary layer air is mixed with the freetropospheric
air, while during nighttime downslopeflow, free tropospheric air is sampled. At Reykjavik, Iceland, the
measurementsare made within the city center and
only by screeningof the data, as discussedlater, can
the regional ozone behavior be extracted. Special
considerationsat other siteswill bediscussedbriefly in
the discussionof the data sets.
The purpose here is to show the significant variations including seasonal,day-to-day, and diurnal
patterns and, for the four long-term records at Barrow, Mauna Loa,Samoaand South Pole,to look at the
trendsas well. For theselongerrecords,this work is an
update of several previous studies (Oltmans, 1981;
Oltmans and Komhyr, 1986;Oltmans et al., 1989).

I. INTRODUCTION

In order to assessthe extent to which the ozone
content of the troposphere may be changing and to
what extent that change may be attributed to human
influences,it is necessaryto have a global picture of
the distribution of ozoneand its variations. As part of
the Climate Monitoring and Diagnostics Laboratory
(CMDL), surface ozone measurementshave been
made for 15-20 years at four sites. Beginning in
1988,the number of sites has beenexpandedas part
of the Atmosphere/Ocean Chemistry Experiment
(AEROCE) to include severallocations in the North
Atlantic region. Information on the location and
period of data record is summarized in Table 1. The
majority of these sites are generally free from local
sources of contamination. At two of the sites-Barrow, AK, and Bermuda-the locally contaminated
measurementscan be screenedusing the local wind
1. INSTRUMENTATION
direction. At Mauna Loa, HI, and lzana, Canary
Islands,the strong mountain wind circulation separThe vast majority of measurementsdiscussedhere were
ates the measurementsinto upslope and downslope made using ozone monitors which use the absorption of
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Table I. Elevation. location. and period of observation for surfaceozone measurementstations

Barrow, Alaska
Reykjavik. Iceland
WestmanIslands. Iceland
Mace Head. Ireland
Niwot Ridge,Colorado
Bermuda
lzana. Canary Islands,
Mauna Loa. Hawaii
Barbados
Samoa
Cape Point, South Africa
Cape Grim, Australia
Syowa,Antarctica
South Pole, Antarctica

71°N
64°N

II m
6On)

100m
30m
3000 m
40m
2360m
3397 m
45 m
82m
75 m
94m
21 m
2835m

63°N

53°N
400N

ultraviolet (UV) radiation at 254 nm as the principle of
measurement.Most of the measurementsreported here are
tied to a network standard maintained by CMDL. which is in
turn linked by intercomparison with the standard ozone
photometer maintained by the U.S. National Institute of
Standardsand Technology. Severalsets of data taken from
the literature are not directly linked to this standard, but it
has beenfound that most of the UV absorption type instruments that we have purchased give ozone amounts within
5% of our standard when using the monitor as receivedfrom
the manufacturer.
At the four long-term CMDL measuringsites an electrochemicalconcentration cell ozone meter was usedfor several
years prior to 1976 before the UV absorption type instrumentswereintroduced. The two typesof equipment wererun
simultaneously at each site for severalyears.The comparability of the measurementshas been documented(Oltmans
and Komhyr, 1986).

32°N
2soN
200N
13°N

14°S
34°S
41°S
69°S
900S

3/73-2/92
9/91-9/92
9/92-12/92
7/89-12/92
7/90-12/92
10/88-12/92
5/87-10/89

10f13-9/92
4/89-12/92
If16-12/91
1/83-6/88
-1/82-12/91
2/89-1/90

1f15-2/92

Fig. 1. Median departure (dot), inner 50th
percentileof the departure (box), and inner
90th percentile of the departure (whiskers)
from the daily meanfor eachhour of the day
of the ozone mixing ratio at Mauna Loa,
Hawaii.

3. DIURNAL VARIATION

The variation of ozone within a day may be helpful
in delineating the processesresponsible for ozone
formation or loss at a particular location. At Barrow,
AK, and South Pole, no diurnal cycle is detectedas
was reported in earlier studies (Oltmans, 1981). Ai
Mauna Loa and Izaiia the diurnal cycle is dominated
by the mountain induced wind flow regime (Oltmans,
1981).This is illustrated in Fig. I, which shows the
mediandeparture from the daily mean for each hour,
along with the dispersion at Mauna Loa. Ozone
valuesdrop markedly during the day as upslopewinds
carry boundary layer air with lessozone(Oltmans and
Komhyr, 1986)up to the observatory.Ozoneamounts
gradually build up during the night, reachinga peakin
the morning. Thesenighttime valuesare representative of the free tropospheric ozone behavior based on
comparisonof the Mauna Loa surfacedata and ozone
vertical profile measurements(Oltmans and Komhyr,
1986).The downslope data, designatedas the period
from midnight to 8 a.m., LST, are used in subsequent
analyses.
At Reykjavik, the ozone measurementswere made
for one year from the Meteorological Office which is
located within the cit) of approximately 100,000

population. Recently, a site was established at a
location in the Westman Islands, a group of small
volcanic islandsjustto the south of the main island.As
canbe seenin Fig. 2a,there is a very strong daily cycle
at Reykjavik with low values during the day and
highestvalueslate at night and early in the morning.
This pattern, whichis mostpronouncedin the autumn
and winter, appearsto be closely tied to traffic patterns with strong ozone loss due to titration with
automobile emitted NO.
Although only two months of data are available
from the remote sampling site at Westman Islands
(Fig. 2b), it is clear that this diurnal loss seen at
Reykjavik is not present.Comparing Reykjavik data
for the 03-07 LST period with the daily average(since
there is no daily cycle) at Westmanshows that the
nighttime valuesat Reykjavik are representativeof the
background seasonaltrend. Based on this, the daily
averageusing the 03-07 LST values will be used to
determine the basic seasonalpattern in the region.
The site at Mace Head, Iceland, is seldom influencedby local emissionsbut doesseeemissionsfrom
England and the European continent. Even winds
from the clean sector off the ocean may occasionally
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Fig. 2. The diurnal ozone variation as in
Fig. I for (a) Reykjavik, Iceland, and (b)
Westman Islands,Iceland.

Fig. 4. The diurnal ozone variation as in
Fig. 1 for Niwot Ridge, Colorado, (a) summer and (b) winter.

photochemical production. These occur primarily
betweenMay and August, which is also the time of
strongestsolar insolation.
Niwot Ridge,even though it is a high altitude site,
shows a much different diurnal pattern (Fig. 4) than
seenat the other mountain locations (Mauna Loa and
Izaiia). During the summer(Fig. 4a),there is a marked
diurnal variation with a maximum in the afternoon.
Given the seasonof the yearand time of day, it is clear
that the peak resultsfrom photochemicalproduction
under polluted conditions. Unlike the condition at
Mauna Loa, during the daytime upslope conditions,
air-laden with ozone and ozone precursors-is
swept up from the populated front range of Colorado
into the mountains. Studies at this site (Fehsenfeldel
al., 1983)have shown that ozone can be efficiently
protluced.During the winter, on the other hand, when
solar insolation is low and the very strong westerly
windsdominatethe air flow, thereis almostno diurnal
variation (Fig. 5b).
At the subtropical location of Bermuda,we beginto
seethe pattern that appears to be typical of subFig. 3. The diurnal ozone variation as in
tropical and lower latitude oceanicsites(Oltmans and
Fig. I for Mace Head, Iceland, during (a)
Levy, 1992).Ozoneamounts reacha maximumduring
summer (J-J-A) and (b) winter (D-J-F).
the early morning and a minimum in the afternoon
(Fig. 5). At Bermuda,this variation is quite seasonally
dependent,with the largestvariation during the sumhave trajectories that reach back to the European
mer (Fig. 5a) and a much weaker variation in the
continent in 2-3 days. During the spring and summer,
winter (Fig. 5b). At the two more tropical stations of
there is a clear diurnal cycle (Fig. 3a); while in the
Barbados
(13°N)and Samoa(14°S),there is much less
autumn and winter (Fig. 3b), there is no readily disseasonaldependence.The summertime variation at
cernible daily variation. This variation becomes most
Bermudahasa similar amplitude to those at Barbados
pronounced during stagnation episodes that show up
(Fig. 6a)and Samoa(Fig. 6b). This diurnal variation
as very high daily maxima and reflect very strong
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found at the lower latitude locations and hencemuch
weakerdestructionduring the winter. NOx concentrations may also be somewhat higher at Bermuda
during the winter when flow from North America is
more common than during the summer, when flow
from the tropical and subtropical Atlantic dominates.
A similar seasonalvariation in the diurnal cycle of
ozone is seenat the very cleanCape Grim, Australia,
site (Ayers el al., 1992)located at 43°S.
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Fig. S. The diurnal ozone variation as in
Fig. 1 for Bermuda for (a) summer and (b)
winter.
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Fig. 6. The diurnal ozone variation as in
Fig. 1 for (a) Barbados and (b) Samoa.

appearsto bea result of photochemicalozonedestruction during daylight hours in a regime with very low
nitrogen oxide (NOx) concentrations (Oltmans and
Levy, 1992; Oltmans, 1981; Liu et al., 1983). The
seasonal variation in the amplitude of the diurnal
cycle at Bermuda is consistentwith this picture since
there is a much wider range of solar insolation experienced over the course of a year at Bermuda than is

Every surfaceozone record investigatedhere has a
prominent seasonalcycle (Fig. 7). The nature and
course of this seasonalvariation is quite different at
different locations,however.This section will discuss
the unique characteristics of a site or group of sites
with emphasis on how this pattern may representa
broader scalephenomena.
At Barrow, AK, located on the Arctic Oceancoast,
there is a distinct spring minimum (Oltmans et al.,
1989)that has been reported at other Arctic basin
locations(Barrie et al., 1989;Oltmans, 1992;Oltmans,
1993).This phenomenon,wqjch is not seenat other
high latitude locations removedfrom the Arctic Ocean
(Oltmans, 1993),occurs in conjunction with a strong
spring pulse in atmospheric bromine. It is not clear,
however, whether the bromine is the cause of the
strong ozone depletion,although severalmechanisms
have beenproposed(Barrie et al., 1989;Sturges,1989;
Finlayson-Pitts et al., 1990).This surfaceozone pattern is decoupled from the overlying troposphere
where spring maxima prevail (Oltmans, 1993).
For mid-latitude and subtropical sites in the NH,
there is a distinct spring maximum and a late summer
or autumn minimum (Fig. 7). For Reykjavik, the
03-07 LST data are usedas discussedin the previous
section.At Mace Head, eventhough there are clearly
periods of enhancedphotochemicalozone production
during the summerand the largest hourly concentrations occur during this time of year,there is clearly a
spring maximum. An example of these episodes is
discussed in the next section. Similarly, enhanced
photochemicalproduction is seenduring the summer
at the continental, high altitude site at Niwot Ridge.
The largest amplitude seasonal variation is at
Bermuda where,during the spring, there are episodes
wheredaily averagevaluesmayexceed70 ppb (Fig. 8).
Theseare interspersedwith days of much lower concentration. The highest ozone values (> 50 ppb) always occur when airflow is from the mid-troposphere
over North America (Oltmansand Levy, 1992;Moody
et al., 1993).The lower ozone concentrations occur
when flow is from more tropical latitudes. During the
summer, under the influence of a semi-permanent
anticyclone(the Bermuda High), flow from the continent of North America is restricted and air reaching
the station spendslong periods over the oceanwhere
rea:t.;onswith abundanthydroxyl and peroxyradicals~
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leadto ozonedestruction. Suchprocessesappearto be
the main sink for ozone over the oceanwheresurface
deposition is low (Galbally and Roy, 1980). The
Bermuda location, approximately midway between
strong sourceand sink regions,is the reasonfor large
day-to-day variability as well as a large seasonal
amplitude.
At both Izaiia and Mauna Loa, which are oceanic
locations, their higher elevation means that they are
lesslikely to seeair from the lowest levelswhereozone
destructionis strongest.The weekly nighttime, downslope data from Mauna Loa (Fig. 9) shows that the
summerminima are only 60% of the spring maximum
and that low values below20 ppb are [l'achedduring
the summer.This suggeststhat in the downslopeflow,
which is representative of the free troposphere at
AE(A)28:1-8

about 3 km, there is still a significant summer drawdown.
At Izana, the summer minimum is not nearly as
deepas that at Mauna Loa. The seasonalmaximum at
Izana extends into early summer. The transport of
enhancedozone concentrations from the European
continent during this period (Schmidt et al., 1988)has
beennoted. A very strong correlation betweenozone
and 'Be and anti-correlation with 210Pbsuggestthat
transport from the upper troposphere and lower
stratospheremay also make a very significant contribution to the summer ozone enhancementat Izana
(J. Prospero,private communication).
The seasonalcycle at Barbadosis quite different in
character from those in the rest of the NH with a
winter rather than spring maximum (Fig. 10), al-
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the other sea level locations. Over Antarctica this
pattern has prevailed for at least 30 years (Oltmans
and Komhyr, 1976).

5. DAY-TO-DAY VARIATIONS

At all of the sitesdiscussed,thereare significant dayto-day variations that contribute significant variance
to the data. Some of this day-to-day variability is
caused by synoptic scale meteorological variations
Fig. 8. Daily averageozone mixing ratios for 1989 at
Bermuda.
and operateson a scaleof severaldays. Exampleswill
be shown for some of the sites.,Otherchangeson this
scale,not directly related to synoptic variations, will
also be discussed.
The spring depletion events at Barrow, during
which ozone fluctuatesfrom the highestvalues of the
year to near zero, are not tied directly to air mass
changes but to regimes where the ozone depleting
reactions(probably involving bromine)cantake place.
Theseeventsceasewhenthe ever-presenttemperature
inversion weakensenough to allow replenishmentof
the boundary layerwith ozonefrom the large reservoir
above.Theseeventsare confined to the lowestcouple
of kilometers (Oltmans et ai., 1989).Severalexamples
of this pattern are shown in Fig. 12, which gives the
daily averageozone mixing ratios for 1988. Between
DaY 80 (March 21)and DaY 130(May 10),there are
Fig. 9. The weekly median (dot), inner 50th percentile
about six suchdepletionevents.During the remainder
(box), and inner 90th percentile (whiskers)of the nightof the year changesare relatively small.
time ozone mixing ratio at Mauna Loa.
The month of July 1990 at Mace Head, Ireland
(Fig. 13), illustrates several of the important flow
regimesthat contribute to the day-to-dayvariations at
>
this site on the westcoast of Ireland. Early and late in
a3~
Cl.
~
BARBADOS the month, the variations are small and are typical of
00
the flow pattern illustrated in Fig. 14a. This figure
...
~~
shows a series of four 10-day backward, isenstropic
(!)
trajectories which show air parcels reaching Mace
=~
x
Head from North America. This is not unlike trajec~~
tories which dominate during the spring (Fig. 14b)and
~
1990
are probably most typical of the flow reachingthis site.
~o
0
0
30
60
90
120 ISO 180 210 210 270 300 330 360
On 6 and 7 July ozoneamounts dip to lessthan half of
what they were earlier in the month. The trajectories
Fig. 10. Daily averageozone mixing ratios for 1990 at
during
this period (Fig. l4c) come from subtropical
Barbados.
latitudes and remain over the oceanat relatively low
levels. Such over oceantrajectories are seenoften at
though there is still a summerminimum. This summer Bermuda with ozone amounts very similar to the
minimum is very similar in its depth to that at 15ppb seenduring this period at Mace Head. The
Bermuda and must reflect the widespread sink for month is dominated, however,by the very large peaks
ozone over the tropical oceans.The higher winter exceeding75ppb. The period 22-27 July showsrising
valuesare associatedwith transport from higher lat- daytime concentrations with a pronounced diurnal
itudes and altitudes (Oltmans and Levy, 1992;Savoie variation. This pattern is one where there is strong
et a/., 1992)and will be discussedmore fully in the next ozone production. The flow pattern (Fig. 14d)shows
section on day-to-day variations.
air, which is reaching the site after having circulated
In the SH, the seasonal variation at the surface over Great Britain and northern Europe, where
(Fig. 11)has a similar phasing at all latitudes with a abundant ozone precursorchemicalsare expectedto
winter maximum and summer minimum. At Samoa, be present. Under conditions with transport from the
this cycle.isexactly 6 months out-of-phasewith Barba- European continent during months of reduced sundos. At South Pole, which is at an elevation of nearly light, there is a large ozone deficit (e.g.around DaY
3 km, the variation is very similar to that at Syowaand 292in Fig. 15)indicating significant OZOI'C
destruction

-.

I

Surfaceozone measurementsfrom a global network

IS

~SAMOA

~.

~~

~-

~-

~-

~-

@

I!

,II ~ 81

2.

JfMAMJJASONO

~

>

Jf"MAMJJASONO

a:)
0..
0..

-

~-

a: ~~

~- ~///~-~~

z: ",---.

~1

D'i

SYOWA

f-

(!)c
Xc

2-

~

W c

z:

0
N

.

JfMAMJJASONO

I

,

.

JfMAMJJASONO

0 ~.
SOUTHPOLE
c.

~.

.~~~~~~
~-,1 ~ ~
~.
0-

,

,

,

Jf'MAMJJASONO

Fig. II. Averagemonthly ozone for sites in the SH. Data for Cape Point are from
Scheelet al.(1990),for Cape Grim from Elsworth et al.(1988),andfor Syowa from
Murayama et al.(1993).

Fig. 12. Daily averageozone mixing ratios for 1988 at
Barrow, AK.

possiblydue to titration by NO. During suchconditions low ozone amounts are closely associatedwith
elevatedCO concentrations (Doddridge et al., 1993).
The daily averageozoneamounts for the entire year of
1990(Fig. 15) show that the large excursionsassociated primarily with transport of pollution directly
from Europe or occasionaltransport from subtropical
latitudes only modify slightly the underlying seasonal
pattern, which seemsto be driven primarily by the
much more frequent prevailing flow from over the
Atlantic north of about 400Nas illustrated in Fig. 14b.

Fig. 13. Hourly averageozone mixing ratios for July
1990at Mace Head.

At Reykjavik, where there are some limitations in
the data record as mentioned previously,the day-todaychangesresemblethose at Mace Head without the
large excursionsassociatedwith the pollution events
from continental Europe. This, along with the very
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similar seasonal pattern and overall ozone levels,
suggests that similar flow patterns over the north
Atlantic are responsible for determining the basic
variations at these two sites.
For the continental, mid-latitude Niwot Ridge site,
almost all the day-to-day variability is associatedwith
photochemical ozone production during the summer,
associatedwith orographic upslope flow. During the
winter, the much less frequent upslope flow produces
events depleted in ozone. This pattern is seen by
examining the 5th and 95th percentile "whiskers" in
Fig. 7, where for November-March the 5th percentile extends further below the median than the 95th
extendsabove it. During the summerthis is reversed.

Apr 10 90 Ireland
00 UTC

285K

The subtropicalsites(Bermuda,Izana,Mauna Loa)
showthe largest day-to-day variations and theseare
most closely tied to air mass changes.At Bermuda,
daily valuesduring the spring oftenexceed60 ppb. An
example for 1990 shows three events for 18 May-2
June with alternating high and low ozone(Fig. 16). A
trajectory from each of these periods is shown in
Figs 17a-f. During the low ozoneevents on 19,23,29
May, air parcels remain over the tropical or subtropical ocean at altitudes below 800mb. On days
with high ozone-21 and 26 May, 2 June-the trajectories all come from north of 50oNand altitudes near
600mb. Although the trajectories cannot be taken as
an unequivocal determination of an air parcel
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Fig. 16. Hourly average ozone at Bermuda during the period 15 May-14 June
1990.

origin or history, there is a great deal of consistency in
this pattern when looking at a large number of cases
(Moody et al., 1993).
The higher altitude sites at Izana and Mauna Loa
rarely see the very low ozone concentrations seen at
Bermuda but do show strong variability, on the scale
of a few days, that can be seen in Fig. 18,which shows
the daily downslope ozone values for a year at each
site. Only during late autumn and winter are the
fluctuations somewhat reduced, especially at Izana.
At the tropical sites of Barbados and Samoa, the
day-to-day variations are not as dramatic as those
seen at subtropical latitudes, but particularly in the
winter and spring, show relatively (compared to the
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dually rise over the next 6 days, eventually reaching
nearly 30 ppb. By 18 March (DOY 77), the air flow has
shifted to the north and from mid-tropospheric levels
(Fig. 20b). These changes of air flow also affect a
number of other atmospheric constituents (Savoie et
al., 1992)during this time of the year. For example, low
ozone amounts are associated with high particulate
nitrate and high 210Pb concentrations and vice versa.
At Barbados, high nitrate and 210Pb are closely
related to transport from continents, primarily Africa
(Savoie et al., 1992). This indicates that the high ozone
amounts at Barbados are generally associated with air
from higher tropospheric levels with little signature of
recent interaction with air from near land surface.
At Samoa, where the seasonal pattern is strikingly
similar to that at Barbados, there are some significant
differences in the day-to-day variability. While both
locations (Fig. 10 and 19) show major events separated by about 5-15 days, at Samoa this pattern
continues throughout the year, even during the seasonal minimum. At Barbados, on the other hand, such
events are much reduced in amplitude during the
summer minimum. This greater variability during the
summer seasonal drawdown may occur because of the
more frequent interruption of trade wind flow by air
from the south and occasionally by air reaching
Samoa from the Northern Hemisphere (NH) (Bortniak, 1981). These intrusions ofNH air at Samoa are
confined to the December-April period.
Only during late spring and summer at South Pole
do marked day-to-day variations take place (Fig. 21).
During this time of year, the general seasonal decline. is
punctuated with periods of higher concentration. This
is also the season of high 7Be concentrations (Feely et
al., 1988).This radionuclide has its origin in the lower
stratosphere and upper troposphere. During the summer, the decreased thermal stability of the lower
troposphere allows enhanced vertical mixing of air
from higher levels in the troposphere (Feely et al.,

1988).

6. LONG-TERM VARIATIONS

Four of the sites (Barrow, AK; .Mauna Loa, HI;
American Samoa; and South Pole) have surface ozone
records ranging from 16 to 20 years. As was discussed
much lower average concentration) large changes. earlier, the surface record at Barrow (Fig. 22a) reflects
These can be seen from the daily values for a year at the unique conditions in the boundary layer around
each site in Figs 10 and 19. During the winter and the Arctic Ocean basin. During the spring, the surface
spring.at Barbados, variations with a period of 5-15
is often decoupled from the overlying free troposphere.
days are seen that are related to changes in air flow
Long-term changes at the surface, therefore, may not
patterns. During high ozone episodes, air reaches reflect changes even in the rest of the lower tropoBarbados from more northerly latitudes in the midsphere. There has been a significant increase in ozone
troposphere, while during the low ozone events, air
at the surface (0.67:to.30%/yr). Because the increase
parcels remain at lower latitudes and altitudes. An has taken place during months of significant sunlight
example of this pattern is shown in Fig. 20. On 12 at Barrow (see Table 2 for seasonal trends), the
March (DaY 71) ozone values are relatively low
question may be raised as to the possibility of en(15 ppb) and trajectories remain well south of JooN hanced photochemical ozone production. A known
and at low altitudes (Fig. 20a). Ozone amounts gralarge source of ozone precursors, particularly of the
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summer NO and total reactive nitrogen (NOy) measurements at Barrow (Honrath and Jaffe, 1990)give no
clear indication of elevated concentrations. Transport
from Prudhoe Bay during the measurement period
was, however, seldom observed. If Prudhoe Bay is, in
fact, the source of the rising concentrations of summertime ozone at Barrow, this increase should begin
to decline )S the petroleum extr~ction reaches peak
production, then levels off, and begins to decline. In
fact, this may have already occurred since the greatest
increase took place between 1976and the early 1980s.
It is not clear from the ozone record (Fig. 22b) whether
such a leveling off has begun in the ozone record,
however.
During the nighttime, downslope wind regime at
Mauna Loa, air generally representative of the free
troposphere at the observatory level ( -3 km) is sampled. Such a record should be representative of this
region of the subtropical Pacific, wherereaching
air parcels
have a long fetch over the ocean before
the

Loa and (b) Izana.
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site. Based on 20 years of observatIons (10/73-9/92),
there has been a small but statistically significant
increase (Fig. 23) in ozone of 0.37 :to.26%/yr measured at the site, where the 95% confidence interval is
based on Students t-test. The bulk of the increase is
during the winter and spring (see Table 2) and the
largest increases are in January (1.02:t0.78%) and
April (0.74:t0.99%/yr). The very high value for winter
1982-83 may reflect the strong ENSO event although
anomalous flow patterns to Mauna Loa are not
apparent (Harris and Kahl, 1990). Removal of
this value has no impact on the trend calculation here,
although

earlier

estimates

of the

trend

based

on data

Samoa.

required nitrogen oxides (NO x), is the petroleum
extraction activities located on the North Slope of
Alaska in the vicinity of Prudhoe Bay (Jaffe, 1991),
located -300 km to the east of Barrow. Limited
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Table 2. Trends in deseasonalizedsurfaceozone mixing ratio in percent per year. Ninety-five percentconfidenceinterval is
basedon Student's c-test

Barrow
Mauna Loa
Samoa
South Pole

0.67:to.30
0.37:to.26
0.03:to.44
-0.68 :to.23

3/73-2/92
10/73-9/92
1/76-12/91
1/75-2/92

-O.O7:f:O.81

O.S6:f:O.67
O.22:f:O.86
-O.22:f:O.S6

1.73:f:0.S8
0.34+0.78
-6.82~1.36
-1.42:f:0.72

O.SO:tO.61
O.04:tO.63
O.22:t 1.35
-O.66:tO.73
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Fig. 24. (a) Monthly mean surfaceozone at Samoawith
the linear trend. (b) Smoothed monthly departures and
arrows showing the time of the 30 mb east wind maximum at Singapore.

over the Asian continent or Japan within the past 10
days,although this is more common in the winter than
the spring. To date it has not beenpossibleto identify
long-term changes in ozone with these trajectories
originating over Asia. Given the relatively small ozone
changesand the large variability in both ozone and
transport, this approach is probably not sensitive
enoughto pinpoint causesof the long-term change.

At American Samoa (Fig. 24), there are no longterm trends in the overall record (O.13:tO.42%/yr).
This site is probably one of the more isolated and
clean locations in terms of effects from pollution
sourceregions(Prosperoand Savoie,1989).Although
the lifetime of ozone nearthe surfaceat this site should
be quite short, based on the strong reverse diurnal
variation and very low ozon~ amounts during the

Surfaceozone measurementsfrom a global network
persists well into the summer and extends beyond the
periphery of the continent allows greater penetration
of UV to the surface. Under the very low NOx
conditions prevailing in the region, this will lead to
enhanced surface ozone loss (Schnell et al., 1991). A
second important factor leading to the decline appears
to be enhanced transport from the coast of Antarctica
to South Pole, which brings with it ozone depleted air.
The primary evidence for such enhanced transport is
an increase in cloudiness and subsequent decrease in
solar radiation, both of which have been measured
(Schnell et al., 1991; Dutton et al., 1991). It has been
suggested that even this enhanced poleward transport
is a consequence of the stratospheric ozone loss (Neff,
1992), through the overall change in atmospheric
stability.
7. DISCUSSIONS
AND CONCLUSIONS
From the pattern of the diurnal variation found
here and in other studies (Johnson et al., 1990;
Oltmans and Levy, 1992; Ayers et al., 1992), there is
evidence that over almost all of the ocean in the SH
and over much of the NH ocean, conditions with low
NOx concentrations prevail, and hence ozone production is weak. This is based on a diurnal cycle in which
the highest ozone amounts are seenbefore sunrise and
lowest values in the afternoon. This variation results
from a series of reactions (see,e.g. Crutzen 1988; Levy
II, 1971) where
03+hv-+O2+0rD)
O(ID)+H2O-+2

()'<310nm)
OH.

The OH radicals can then react directly with ozone or
with carbon monoxide and methane, when NOx concentrations are low, to form peroxy radicals, which in
turn can react with ozone, leading to further ozone
destruction through
OH+O3-+HO2+O2
HO2+O3-+0H+202.
At Samoa, Barbados, and Bermuda and Cape Grim
during the summer, this reverse diurnal variation
prevails. For high latitude sites such as Barrow and
South Pole and probably Westman Islands in Iceland,
there is no real sign of a diurnal variation reflecting the
lack of daily varying solar insolation for all or much of
the year, and probably the low NOx concentrations as

well.
For a continental site (Niwot Ridge) or one in near
proximity to a major continent (Mace Head) clear
evidence for strong photochemical ozone production
is evident in the diurnal pattern on many days during
the summt.r. This results in summer afternoon ozone
concentrations that are the highest of the year at these

sites.
The s::asonal cycle at the surface in the SH also
appears to reflect the important role of ozone destruction in a low NOx regime. Although summer minima
AE(A) 28:1-C
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prevail at all latitudes (Fig. 11), at the South Pole
low ozone amounts are associatedwith transport of
ozone-poor air from lower latitudes. Also in the NH,
the winter maximum at Barbados and the spring
maximum in Bermuda are both clearly linked to the
transport from higher latitudes and altitudes of air
with higher ozone concentration. At Barbados, the
maximum is shifted to the winter. In the spring, the
eventsrepresentedby flow over the tropical Atlantic
(Fig. 20a)show lower minima, and peakamounts also
decline.In Iceland and Ireland, the spring maximumis
not associated with the dramatic events seen at
Bermuda but with a gradual increase through the
winter, peaking in the spring. Summer and early
autumn minima are the rule in the NH, as well as the
SH, at most of the sitesstudied. Even at placessuchas
Niwot Ridge and Mace Head, where there is a clear
~ignatureof enhancedphotochemicalproduction, this
doesnot on the averagecounteractthe influenceof the
generalsummerdecline.This is in contrast to sites in
Europe where the strong production often shifts the
seasonalmaximum into the summer (Lefohn et al.,
1992).At Mauna Loa, on the other hand, which is also
a high altitude site,the seasonalmaximumis distinctly
in April (Fig. 9) and concentrations fall rapidly as
summerapproaches.The seasonalvariation in transport as well as the seasonallyvarying sourceand sink
strengths playa major role in determining the seasonalsurfaceozonevariation. A study now in progress
of the seasonalcycle throughout the troposphere will
also help to better define the roles of theseprocesses.
In addition to differences in the phasing of the
seasonalozonecycle betweenthe NH and SH, there is
a cleardifferencein the amount of ozone,with greater
concentrations at a comparable latitude in the NH
than in the SH (compareFigs 7and 11).This resulthas
beenobserved consistently in both surface (Winkler,
1988)and vertical profile measurements(Fishman et
al., 1979; Oltmans et al., 1989).The source of this
hemisphericdifferencesis not clear. The NH, because
of the greater degree of industrialization, has much
larger sources of NOr emissions,and there is a clear
signature of enhanced photochemicalozone production at some of the sitesinvestigatedhere.On the other
hand, at Barbados, which has about 50% higher
ozone concentrations than Samoa, which is at a
similar latitude in the SH, the regular reversediurnal
cycle suggests very low NOr concentrations. This
short lifetime of ozone observedat the surface,which
suggestsno local or regional sources,does not preclude a source of photochemicallyproduced ozone in
the free troposphere (Fishman et al., 1991).Satellite
data (Fishman et al., 1990)indicate that the tropical
Atlantic tropospherecontainsmore ozone than is seen
over the tropical Pacific. At least a portion of this
difference has been attributed to biomass burning,
primarily in Africa (Fishman et al., 1990,1991).The
seasonalpattern in the troposphere over Barbados,
inferred from the satellite measurements,
is markedly
differe,..tfrom the surface variation, with the highest

amounts occurring in the summer.This differenceis
apparentover Bermudaas well (Fishman et al., 1990).
This suggestsdifferencesbetweenthe freetroposphere
and boundary layer behavior, that detailed vertical
profile measurementsof ozonewould be veryvaluable
in sorting out. Other sites, such as Bermuda and
Mauna Loa, can also be characterizedas low NOx
regimesbasedon the ozone daily cycle and, in the case
of Mauna Loa, extensivemeasurementsof nitrogen
species[see Journal of GeophysicalResearch,Vol.
97-dedicated issue on the Mauna Loa Observatory
Photochemistry Experiment(MLOPEX)]. Measured
NOx concentrations at Bermuda, -when air flow is
from tropical or subtropical Atlantic, are -20 ppt,
but are considerably higher (- 250 ppt) when rapid
flow brings air from North America (Dickerson et al.,
1993). If the measurementshere can be taken as
representativeof large areas over the NH oceans,.it
appearsthat much of this region during much of the
year exhibits little or no enhanced photochemical
ozone production. This means that the larger ozone
concentrations in the NH result from the enhanced
production over and near polluted continental regions, possible in situ production in the free troposphere,or a significantdifferencein the flux from the
stratosphere(Levy et al., 1985).However,concentrations at an elevatedcontinental site (Niwot Ridge)or
an elevatedisland site, occasionallyimpacted by continental pollution (Izana),are not significantly different during the time of the seasonalmaximum than at
the lower latitude, very cleansite at Mauna Loa. At
lzana and Niwot Ridge,however,the summerdecline
is lessrapid than at Mauna Loa. In the caseof Niwot
Ridge,this is clearlyrelatedto the availability of ozone
precursors transported to the site in the orographic
upslope flow and the availability of abundant solar
isolation. At Izana, on the other hand, the occasional
transport of European air masses,high in ozone,and
continentally derived emissions(Schmidt et al., 1988)
may be less important, in extendingthe higher ozone
concentrationsinto the summer,than downward mixing from higher altitudes (J. Prospero,private communication).
The long-term ozone records at four sites show
increasing summer ozone concentrations at Barrow
that may be linked to the increase in petroleum
extraction activities on the North Slope of Alaska. At
the South Pole, on the other hand, the dramatic
summer decreaseduring the time of the seasonal
minimum may be evidencefor the effect of the huge
spring and summerozonedecreasein the stratosphere
on ozone amounts in the troposphere. The lack of
changesat Samoais probably indicative of the lack of
anthropogenic influence in this region. The cause of
the small but significant increasein ozone at Mauna
Loa has not beenfirmly established.This very clean
site, which is representativeof the subtropical Pacific,
shows winter and spring increases.This is a time of
year when the signature for transport from the Asian
continent has beenseenin atmosphericparticles (As-
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ian

dust) (Bodhaine

et al.,

1981) and

other

gases

(Harris et al., 1992).
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