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Deposition of Ozone to Tundra
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Vertical torbulent filuxes of O3 were measured by eddy correlation from a 12-m high tower erected over
mixed tundra terrain (dry upland fundra, wet meadow tundra, and small lakes) in western Alaska during the Are-
tic Boundary Layer Expedition (ABLE 3A). ‘The measurements were made continuously for 30 days in July-
Angust 1988, The mean O3 deposition flux was 1.3 x 10! molecules em 2 57!, The mean O3 deposition velo-
city was 0.24 cm 5% in the daytime and 0.12 cm s7! at night. The day-to-night difference in deposition velocity
was driven by both atmospheric stability and surface reactivity. The mean surface resistance to O3 deposition
was 2.6 ¢ cm ! in the daytime and 3.4 s em™ at night. The relatively low surface resistance at night is attri-
buted to light-insensitive uptake of O at dry upland wundra surfaces (mosses, lichens). The small day-to-night
difference in surface resistance is attributed to additional stomatal uptake by wet meadow tundra plants in the
daytime. Flux measurements from the ABLE 3A aircraft flying over the tower are in agreement with the tower
data. The mean O deposition flux to the world north of 60°N in July-August is estimated at 8.2 x 1010
molecules cm? 1, comparable in magnitude to the O3 photochemical loss rate in the region derived from the
ABLE 3A aircraft data. Suppression of photochemical loss by small anthropogenic inputs of nitrogen oxides

could have a major effect on O3 concentrations in the summertime Arctic troposphere.

1. INTRODUCTION

Concentrations of O3 in the Arctic troposphere have increased
by ~ 1% yr! over the past two decades, with the largest increases
observed in summer [Logan, 1985; Oltmans and Komhyr, 1986].
Anthropogenic influence would be a logical explanation for these
increases. However, aircraft measurements during the Arctic
Boundary Layer Expedition (ABLE 3A) in July-August 1988

showed that Oy in the region was dominantly of stratospheric rath-

er than of pollution origin [Browell et al., this issue; Gregory et
al., this issue]. Concentrations of nitrogen oxides (NO,) in ABLE
3A were 10-50 ppt [Sandholm et al., this issue], sufficiently low
that photochemistry should provide a net sink for O, [Jacob et al.,
this issue]. The budget of O5 in the summertime Arctic tropo-
sphere appears to be regulated mainly by input from the strato-
sphere, and losses from photochemistry and deposition.

Omne possible mechanism for anthropogenic perturbation to O,
levels in the Arctic troposphere is by partial suppression of the
photochemical sink due to small enhancements of NO;. The pres-
ence of NO, at the low levels observed in ABLE 3A may have
slowed down the photochemical loss rate of Q3 by a factor of 2.5
relative to a NO,-free atmosphere [Jacob et al., this issue]. A sub-
stantial fraction of the NO, appeared to be anthropogenic [Singh et
al., this issue]. The sensitivity of the regional Os; budget to
changes in the photochemical loss rate depends however critically
on the rate of loss by deposition. If deposition dominates over
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photochemistry as a sink for Os in the Arctic, then suppression of
the photochemical sink is of little consequence.

We report here eddy correlation measurements of O; deposition
fluxes to tundra during the ABLE 3A expedition. Tundra occupies
42% of total land north of 60°N [Matthews, 1983]; the efficiency
of O uptake at tundra surfaces is therefore an impoértant element
in constructing a tropospheric O; budget for the Arctic. Experi-
mental methods are described in section 2. Surface resistances for
O, deposition to tundra are derived in section 3. Flux measure-
ments from tower and aircraft are compared in section 4, The O,
deposition flux to the Arctic in summer is estimated in section 3,
and is compared to the photochemical loss rate of Oy computed
from the ABLE 3 A aircraft data. Conclusions are in section 6.

2. EXPERIMENTAL METHODS

The measurements were made from the top of a 12-m high
tower erected 40 km north of Bethel, Alaska, in the Yukon Delta
National Wildlife Refuge (61°05.41° N, 162°00.92° W). The
measurements were made continuously for 30 days from July 14
to August 12, 1988. Flat tundra terrain extended for several tens
of kilometers in all directions around the tower and consisted of a
fine mosaic of dry upland tundra (lichen-moss), wet meadow tun-
dra (watersedge), and small lakes. The height of the tundra cano-
py was 5-15 em, with shrubs up to 1 m in height in some of the
welter areas. The footprint (or fetch) sampled by the tower at 12-
m altitude extended from 50 to 1000 m upwind according to Gaus-
sian plume calculations [Fan et al., this issue]. The distribution of
surface types in the tower footprint was inhomogeneous, as shown
in Figure 1. Two lakes occupied about half of the footprint in the
NE sector, while the SE secior was relatively dry. Wet meadow
tundra was most abundant to the west. The most frequent wind
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Fig. 1. Map of surface types around the ABLE 3A tower, constructed by D. Bartlett (University of New H.ampshire) from satellite
data with 20x20 m? resolution. The tower is located at the origin. Wind direction frequencies are shown for the O flux measure-
ment periods, with the radius of each 45°-wide wind sector proportional to the number of hourly mean observations in that sector.

direction was SSW in the daytime and WNW at night, but the
variance was large (Figure 1).

The vertical turbulent flux of Oy, F, was computed from the co-
variance of fast-Tesponse measurements of vertical wind velocity
(w) and O; concentrations (C) over an averaging time A7 = 60
min:

15
= 7 ldt
F=-r iw c m

where the primes represent deviations from the mean. The values
of w' and C” were computed relative to 4-min running means cen-
tered on the peint of caleulation. The 60-min averaging time al-
lows sampling over a large number of eddies while providing rea-
sonable resolution of the change in flux with time.

Vertical wind velocities were measured with a fast-response (10
Hz) three-axis sonic anemometer (Applied Technologies, Inc.)
mounted at the end of a beam extending 1 m horizontally from the
top of the tower, The O, sampling inlet was a Teflon wbe 0.3 cm
internal diameter, located on the beam 0.5 m away from the
anemometer and pointing downwards. The sonic anemometer and
the gas inlet were rotated using a remotely operated electric motor
to keep the anemometer upwind of the tower, The coordinate
frame for w' was rotated as described by McMillen [1988]. Con-
centrations of O3 were measured using a modified C,H, lumines-

cence instrument with a 90% response time of 0.8 s [Gregory et
al., 1983, 1988]. The instrument gain was obtained by comparis-
on with a Dasibi 1003-AH UV photometer. Data for w and C
were acquired at § Hz. Time delays in the O, concentration meas-
urements were determined by turning on and off an Oy generator
(Hg vapor lamp) placed near the inlet, and by analyzing the cross-
correlation function between w and C [Fan et al., 1950].

Contributions to the O; flux from frequencies » 0.6 Hz could
not be resolved due to the response time of the Qg instrument.
The magnitude of the associated error was assessed using meas-
urements of the sensible heat flux, for which the instrument
bandpass exceeded 10 Hz. The heat flux data were smoothed us-
ing a filter with the same bandpass as the O, instrument [Hicks
and McMillen, 1988]; on average less than 5% of the flux was lost
in the daytime, and less than 10% was lost at night under neutral
to moderately stable conditions [Fan er al., this issue; Fitzjarrald
and Moore, this issue]. Losses under very stable conditions could
not be evaluated properly because the fluxes were small. Addi-
tional tests were made that showed negligible errors associated
with selection of averaging interval or instrumental high-
frequency noise [Fan, 1991]. Density corrections were not needed
because O, mixing ratios (not densities) were measured. The
overall uncertainty on the measurement of F is estimated to be £
15%, and the detection limit is estimated to be 3x10° molecules
em2 57! [Fan, 1991],
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Wind speed, wind direction, temperature, momentum flux, and
sensible heat flux were measured continuously at the top of the
tower [Fitzjarrald and Moore, this issue]. Concentrations of O
and NO, were measured continuously in sequence at eight altitude
levels (11.0, 84, 6.0, 43, 3.1, 1.4, 0.5, and 0.05 m), with a 30-
minute time interval between measurements at the highest and
lowest levels. The O, and NO, concentration data are discussed
in detail by Bakwin et al. [this issue]. Concentrations of Oy were
typically in the range 10-30 ppb, while concentrations of NO,
were typically less than 0.02 ppb; we can therefore neglect pertur-
bations to the O, flux caused by adjustment of the O3/NO; photo-
chemical equilibrium [Lenschow, 1982].

All times will be given as solar time (ST, defined by a max-
imum solar elevation at noon. Sunrise was at 0310 ST on July 14
and at 0415 ST on August 12, Solar time lagged 3 hours behind
local time.

3. RESULTS
General Qbservations

A total of 673 hourly average fluxes were measured during the
expedition. The fluxes are given as positive when pointing up-
wards, following usual corivention; thus F is in general negative.
Figure 2 shows the mean diurnal variation of F for the 30-day
period from July 14 to August 12. No significant secular variation
of F was observed over that period. The mean value was
-1.3x10" meolecules em™ s™!. The strongest fluxes were in the
daytime.

Figure 2 also shows the mean diumnal variations of the O3 con-
centration at 12-m altitude, C, and of the deposition velocity, V; =
- F/C., The O, concentrations were minimum in early moming
and maximum in late afternoon, reflecting the entrainment of O
from aloft during daytime growth of the mixed layer [Bakwin et
al., this issue]. Means and standard deviations of V; were 0.24 &
0.10 cm s in the daytime and 0.12 + 0.10 cm s™! at night; the
day-tonight difference is significant at the 99% level of
confidence.

The dependence of V4 on wind direction is shown in Figure 3,
Values in the NNE sector were low, possibly due to the lakes in
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Fig. 2. Diumal variations of the O3 vertical turbulent flux F, the O3 con-
centration €, and the Q3 deposition velocity Vg at 12-m altitude on the
ABLE 3A tower. Values are means and representative standard deviations
for the 30-day period from July 14 to August 12, 1988. Sclartime (ST in
the text) is defined by a maximum solar elevation at noon. Deposition
velocities in the bottorn panel are for (1) the full data set (solid line), (2}
winds from the SSW sector only (dotted line}, and (3) the reduced data set
satisfying criteria of homogeneous and stationary turbulence (dashed line).

the tower footprint. Deposition of O3 to water surfaces is known
to be slow [Wesely et al., 1981]. The highest values of V; were in
the relatively dry SE sectors. The SSW sector contained the larg-
est number of observations; the diurnal variation of Vy for that
sector (dotted line in Figure 2) is simiiar to that in the full data set,
indicating that wind direction was not a major factor determining
the diumal variation of V4. Atmospheric stability and surface
reactivity were more important in that regard, as discussed below.
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Fig. 3. Dependence of the O3 deposition velocity on wind direction. Values are means and standard etrors on the means in each

45°-w1de wind sector for the full data set.
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Selection of Periods of Homogeneous and Stationary Turbulence

Interpretation of V, in terms of surface properties is facilitated
if wrbulence in the 0-12 m column is homogeneous and station-
ary. In that case, V is dependent only on the vertical resistance to
mass transfer below 12 m (aerodynamic resistance) and on the
reactivity of O, at the surface. The aerodynamic resistance can be
computed using Monin-Obukhov (MO) similarity [Wesely and
Hicks, 1977). The residual surface resistance is a characteristic of
the tundra terrain in the tower footprint, and can be extrapolated to
other tundra surfaces. _

We identify periods for which MO similarity is applicable by
comparing the measured wind speed ugps et # = 12 m altitude w0
the value upo computed from similarity:

+ B d

o = HT { ‘ME) ? (2a)

‘with

2—d
g= I (2b)
and

(%) = (1-15L) 717 £<0 (2c)
dn(E) = 1475 £>0 2d)

" Here u* is the friction velocity, £ = 0.4 is the von Karman con-
stant, z, is the roughness height, 4 is the displacement height, L is
the MO length, and dy(L) is the stability correction function for
momentum [Businger et al., 1971]. Values of u* and L were com-
puted from hourly mean tower datd for momentum and sensible
heat fluxes [Fitzjarrald and Moore, this issue]; median values of L
were -10 m in the daytime and 30 m at night. The roughness
height measured at the tower was 0.5 cm, independent of wind
direction [Fitzjarrald and Moore, this issue]. The displacement
height d is typically 70-80% of canopy height [Brugsaert, 1982],
and we assume here 4 = 0.1 m; resulis are insensitive to the exact
value,

Figure 4 shows the frequency distribution of the ratio uggs /tho
for all hourly periods when concurrent data for F, u*, and L were
available (n = 536). High ratios are found in a number of cases,
representing strongly stratified conditions. We require a 20% fit
to MO similarity, i.e., a ratio in the range 0.8 to 1.2, and are left
with 1 = 357 hourly periods for which MO similarity is considered
verified.

Stationarity of the O3 flux in the 0-12 m column is verified by
comparing F to the accumulation rate I” of O5 in the column:
)

I'= J; _a..C_E.de

3 @&

where C(2) is the O concentration at altitude z. We compute T’
from the O, conceniration profiles measured at the ower at 30-
min intervals. Adopting as criterion T < 0.2 |Fi, we reject 40 of
the 357 hourly periods that satisfy the MO similarity criterion.
Another 88 hourly periods are rejected because vertical profiles of
0O, concentrations were not measured (and hence I” could not be
computed). )

We are finally left with #» = 229 hourly average measurements
of F representing the actual surface flux of O3 to the tower foot-
print under conditions when MO similarity is applicable. The di-
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Fig. 4. Frequency distribution of the ratio ugps/tpo, where uggs is the
observed wind speed at 12-m altitude and mpsg is the wind speed computed
from Monin-Obukhov similarity using equation (2). Data are from the 536
hourly periods when concurrent measurements of F, u*, and L were avail-
able. Ratios higher than 2 were found for 21 of the periods (not shown).
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urnal variation of Vy for this reduced data set is shown as the
dashed line in Figure 2. Values are higher than in the full data set,
particularly at night, because the MO similarity criterion excludes
periods of strong stratification. The mean day-to-night difference
of V4 in the reduced data set is 0.07 cm s7, as compared to 0.12
cm 57! in the full data set. 'We conclude that stratification of the
atmosphere at night was an important factor contributing to the di-
umal variation of V; in the full data set.

Surface Resistance to Ozone Deposition

The surface resistance R to O3 deposition was derived from the
reduced data set satisfying MO similarity (n = 229) by subtracting
acrodynamic contributions from the total resistance to deposition
R= ].IV &

R.=R-R,-R, @)

The aerodynarmic resistance R, between & = 12 m and z5 was com-
puted from MO similarity;

A

1 I¢n(§)dz
ki Lz

(5a)

where ¢y () is the stability correction function for heat [Businger
etal, 1971]:

ou(&) = 0.74(1 - 9512 £<0 (5b)

ou(§) =0.74 +4.7¢ £>0 (5¢)
The boundary resistance R, accounts for the transfer of O, from z,,
to the deposition surfaces, and is computed following Wesely and

Hicks [1977):

w2 (K
Ry = o ( Dg) (6
where k = 0.2 ¢m® 57 is the thermal diffusivity of air and D, =
0.13 cm? s is the molecular diffusivity of Os. The cumulative
contributions of R,, Ry, and R, to the total resistance R are shown
in Figure 5 as a function of time of day. We see that deposition is
limited by the surface resistance at all times. The nighttime values
of R, are relatively low because strongly stratified periods were

excluded from the reduced data set.
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Fig. 5. Cuomulative contributions of the individual resistances R,, Ry, and
R, to the total resistance to deposition R = 1/V3 = R, + Ry + B;. Values
are means for each hour of the day, for the reduced data set satsfying cri-
teria of homogeneous and stationary wrbulence.

For further data analysis we replace R, by the surface conduc-
tance g, = 1/R,, which provides better statistics (statistics on R,
are affected by occasional high values). Figure 6 shows the
dependence of g; on wind direction, separately for day and night.
Low values are found in the two northern sectors, due perhaps to
the adjacent lake but corresponding to only a small number of
points (n = 9). Values in the eastem sectors are somewhat higher
than in the western sectors, possibly reflecting the drier terrain.

We view the data taken outside the two northem sectors as
representative of the mixed tundra terrain in the area. Means and
standard deviations of g for that ensemble are 0,38t 0.16 cm st
in the daytime (n = 149) and 0.29 + 0.12 om &7 at night (n = 71).
The mean day-to-night difference Ag, is 0.09 £ 0.02 om s71, small
but significant at the 99% level of confidence.

The relatively high value of g, at night, and the small day-to-
night difference Ag,, suggest that O; deposition took place mostly
at dry upland tundra surfaces (either vegetation or the ground).
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Fig. 6. Surface conductances for Q5 deposition o the ABLE 3A tower
footprint, as a function of wind direction and separately for day (open
squares) and night (black squares). Values are means and standard errors
on the means in each 45°-wide wind sector for the reduced data set satisfy-
ing criteria of homogeneous and stationary turbulence. The 0°-45° sector
in the daytime and the 315°-360° sector at night each contain only one ob-
‘'servation. There were no observations in the 0°-45° sector at night.

16,477

Mosses and lichens, which cover most of the dry upland tundra
surface, have little internal control over water vapor or CO, ex-

“change [Oechel, 1976; Lechowicz, 1981, 1982; Chapin and

Shaver, 1985]. The surface conductance for Oy deposition to dry
upland tundra may therefore vary little with time of day. In con-
trast, the surface conductance for Oy deposition to wet meadow
tundra should vary strongly between day and night due to stomatal
closure of the wet meadow tundra plants at night. Stoner and
Miller [1975] measured stomatal and cuticular conductances for
water vapor exchange in a number of wet meadow tundra plants;
they found stomatal conductances g; in the range 0.3-1 cm s per
em?® of leaf depending on the plant, and very low cuticular con-
ductances (typically 0.025 cm s per cm? of leaf). The day-to-
night variation of g, resulting from the stomatal activity of wet
meadow tundra plants can be estimated simply as follows:

Ago=fAag €)]
where f = 0.3 is the fractional area of wet meadow tundra in the
tower footprint [Fan et al., this issue], A = 1 is the leaf area index
of wet meadow tundra [Miller et al., 1976], and o = 0.6 is the ratio
of the molecular diffusivities of O, and H,0 needed o scale g
[Hicks et al., 1987]. Equation (7) yields values for Ag, in the
range 0.05-0.18 cm s, consistent with observations. Seme furth-
er evidence for a stomatal influence on O3 uptake is offered by the
larger values of Ag, in the relatively wet westemn sectors than in
the relatively dry eastern sectors (Figure 6).

4, COMPARISON WITH AIRCRAFT OBSERVATIONS

Vertical turbulent fluxes of O, were measured from the ABLE
3A aircraft flying above the tower on July 28 and August ¢ [Ritter
et al., this issue]. The July 28 measurements consist of a vertical
profile of Oy fluxes in the mixed layer at 0945.1040 ST, averaged
horizontally over a 100 km flight rack centered at the tower (Fig-
ure 7). The increase of the downward flux with altitude in Figure
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Fig. 7. Vertical mrbulent fluxes of O3 measured above the ABLE 3A tower
a1 0945-1040 ST on July 28. Measurements from the aircraft at four alti-
tmdes (crosses) are compared to the concutrent measvrement at the tower
(square). Error bars indicate measurement uncertainties. The line is a fit to
the ajreraft data ignoring the anomalous point at 730 m alumde,
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7 1eflects the entrainment of O, at the top of the rapidly growing
mixed layer, Linear extrapolation of the aircraft data to the sur-
face, ignoring the ancmalous point at 730 m altitude, suggests a
downward flux 20% higher than concurrently measured at the
tower. The difference is within the uncertainty in the extrapola-
tion. .

The August 9 aircraft measurements were made at 10-15 8T

. during a series of flight legs at 150 m altitude criss-crossing the

tundra terrain around the tower. The mean Os flux measured
~2 s consistent with
concurrent tower measurements indicating a mean flux of
-2.0x10" molecules cm 2 571,

The agreement between the fluxes measured from tower and
aircraft suggests that the surface resistances computed in the pre-
vious section are representative of the mixed tundra terrain around
the tower over a scale of several tens of kilometers. We attempt in
the next section to extrapolate our surface resistance data globally

to all tundra surfaces.
5. OZoNE DEPOSITION TO THE ARCTIC

To our knowledge, the only measurements previously reported
for O; deposition to tundra are those of Kelley and McTaggart-
Cowan [1968] near Barrow, Alaska, in August 1966. These au-
thors measured vertical profiles of O, concentrations and wind
speeds in the 0-4 m column, and derived O; fluxes when condi-
tions were presumed neutral (as diagnosed from the temperature
profiles). Ten flux measurements were reported which ranged
from -7x10 to 8x10"! molecules cm™ s, corresponding to
deposition velocities in the range -0.4 to 0.6 cm s7'. Three of the
ten flux values were positive (upward), strongly suggestive of a
measturement problem.

We estimate here the mean O; deposition flux to the world
north of 60°N in July-Auvgust by extrapolating our surface resis-
fance data to all tundra surfaces, and using literature data to esti-
mate O; deposition to other surfaces. Table 1 shows the distribu-
tion of surface types north of 60°N [Marthews, 1983]. Tundra ac-
counts for 18% of the total surface (42% of the land). Surface
resistances to tundra are taken from section 3 as 2.6 s cm™ in the
daytime and 3.4 s cm™ at night. Surface resistances to other
vegetated land surfaces are computed following Wesely [1989] as
the sum of stomatal, cuticular, and ground resistances placed in
parallel; the formulations given by Wesely [1989] for these resis-
tances depend on local temperamre and solar irradiance, which are
obtained from a general circulation model simulation with 4°x5°
resolution and full diurmal cycle [Hansen et al., 1983]. Aero-
dynamic resistances over all land surfaces are also computed from
the general circulation model using equations (5) and (6). Fixed
deposition velocities of 0,025 cm s™' are assumed over oceans
[Kawa and Pearson, 1989} and over ice [Wesely et al., 1981].

The regional average deposition velocities computed for each
surface type are listed in Table 1. Deposition velocities over
forests and tundra are of comparable magnitude, because the more
efficient stomatal uptake by forests in the daytime is balanced at
night by high cuticular resistances and by the stability of the cano-
py which inhibits transfer to the ground. Deposition velocities
over shrub, grassland, and cultivated land are relatively high but
the corresponding areas are small. The average deposition veloci-
ty north of 60°N is estimated to be 0,11 cm s~} (referenced to 200
m altitide). Assuming an O3 concentration of 30 ppb at that alti-
tude, based on data from ABLE 3 A survey flights [Gregory et al.,
this issue], we obtain an average deposition flux of 8.2x10%
molecules cm™ 57!, By comparison, Jacob et al. [this issue] cal-
culated a 24-hour average O, photochemical loss rate of 8.0x10'
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TABLE 1. Average Deposition Velocity of O3 North of 60°N in Summer

Surface Type Total Area,% Deposition Velocity, em s~
Tundra 175 0.20

Deciducus forest 10.6 0.26

Coniferous forest 11.2 023

Shrub 1.7 0.31

Grassland 0.2 0.42

Cultivated 0.1 043

Oceanfice 587 0,025

World north of 60°N 100 0.11

The deposition velocities over each surface type are averages for July-
August referenced to 200-m altitude,

molecules e s for the 0-6 km column during ABLE 3A. It
thus appears that deposition and photochemistry provide sinks of
comparable magnitude for O3 in the summertime Arctic tropo-
sphere. The average 0-6 km O5 column concentration in ABLE
3A was 6.4x10"7 molecules em™2 57! [Gregory et al., this issue],
from which we deduce an O, column lifetime of 46 days. This
lifetime is sufficiently short that O, concentrations should be high-
ly sensitive to perturbation of the photochemical sink by small an-
thropogenic enhancements of NO,.

6. CONCLUSIONS

Deposition fluxes of O3 were measured at 12-m altitude over
mixed tundra terrain in western Alaska during ABLE 3A. The
mean deposition flux was 1.3x10'! molectiles em™ s~ for a 30-
day period in July-August 1988, The mean deposition velocity
was 0.24 cm s in the daytime and 0.12 cm s at night. The
day-to-night difference in dejosition velocity was driven by both
atmospheric stability and surface reactivity.

A reduced data set was compiled for periods satisfying criteria
of homogeneous and stationary turbulence. From this reduced
data set we derived average surface resistances for Qs deposition
to tandra of 0.26 s c™® in the daytime and 0.34 s cm™ at night.
Most of the O, deposition appeared to take place at dry upland
tundra surfaces, with no significant diumal variation in surface
resistance. The small day-to-night difference of surface resistance
is attributed to additional stomatal uptake of O by wet meadow
tundra plants in the daytime.

The O, fluxes measured at the tower were consistent with flux

~measurements from the ABLE 3A aircraft flying in the mixed

layer above the tower. The surface resistances to O; deposition
computed from the tower data may therefore be viewed as
representative of the terrain surrounding the tower over a scale of
tens of kilometers.

An average O, deposition flux of 8.2x10'° molecules cm™2 57
is estimated for the world north of 60°N in summer. This value is
of comparable magnitude to the 24-hour average Qg photochemi-
cal loss rate in the 0-6 km column derived by modeling of the
ABLE 3A aircraft data. The resulting atmospheric lifetime of Oy
in the 0-6 km column over the Arctic in summer is estimated at 46
days. Partial suppression of the photochemical sink by small an-
thropogenic inputs of NO, could possibly explain the secular in-
crease of Oy concentrations observed in the Arctic troposphere
over the past two decades.
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