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Ozone fluxes over a patchy cultivated surface 
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Abstract. This study examines the spatial variability of ozone fluxes over fiat 
heterogeneous terrain consisting of a patchwork of irrigated and nonirrigated surfaces. 
Fluxes of ozone and other quantities are computed from eight sequential flight legs of the 
Canadian Twin Otter research aircraft over the same track at 33 m above the surface for 

each of 2 days. The fluxes are composited over the eight runs to reduce the random flux 
error. The fluxes of heat, moisture, and carbon dioxide are closely related to spatial 
variations of surface vegetation. However, the ozone flux is affected by additional factors 
including reaction with NO released from point sources. This effect is illustrated here with 
two examples of irrigation pumping stations driven by diesel engines. We conclude that 
the ozone deposition to the surface cannot be estimated from the measured ozone flux 
without correction for the NO sources. 

1. Introduction 

The daytime boundary layer is typically characterized by 
downward turbulent flux of ozone. This downward ozone flux 

is partly associated with entrainment of ozone from the over- 
lying layer [Neu et al., 1994] and ultimately leads to deposition 
of ozone at the Earth's surface. Surface deposition of ozone 
onto vegetated and bare surfaces depends on factors different 
from those affecting surface fluxes of heat, moisture, and car- 
bon dioxide [Massman et al., 1994]. A large fraction of the 
ozone deposition is directly onto soil and leaf surfaces and is 
not part of the stomatal exchange [Leuning et al., 1979; Wesely, 
1983]. 

Ozone deposition also depends on the soil water content and 
atmospheric humidity. Since ozone is not very soluble in water, 
deposition of ozone to wet soils is less than for dry soils [Cham- 
berlain, 1986] and becomes quite small over saturated soils 
[Wesely et al., 1981]. McLaughlin and Taylor [1981] found that 
ozone deposition to plants can increase by a factor of 2 or 3 
when relative humidity increases from 35 % to 75 %. As a result 
of these factors, the spatial variation of ozone fluxes may show 
a more complex relationship to spatial variations of vegetation 
cover and soil conditions than is shown by heat and moisture 
fluxes [e.g., Massman et al., 1994; Sun and Mahrt, 1994]. For 
example, Mahrt et al. [1994] find that for the data set analyzed 
in this study, most of the variance of the heat and moisture flux 
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is due to spatial variations of surface conditions, while most of 
the variance of the ozone flux is due to transient behavior. 

There are situations, however, where the ozone flux is 

closely related to the vegetative cover and highly correlated 
with fluxes of heat, moisture, and carbon dioxide. For example, 
MacPherson [1992] found an approximate relation between 
ozone flux and the greenness index when comparing aircraft 
data collected at homogeneous sites over a 1-month observa- 
tional period. Similarly, Lenschow et al. [1981] found a good 
qualitative relationship between ozone fluxes and vegetation 
over a region of mixed rangeland and irrigated cropland. In 
their case the grass was senescent and there were no apparent 
significant sources of NO. 

As an additional complication, the flux measured above the 
surface may be considerably different from the surface flux. 
These differences may result from a large entrainment rate, 
horizontal advection, rapid time changes, or, in the case of 
chemically reactive species, production or loss of the species 
between the surface and the measurement height. Ozone can 
react with NO on timescales that are short enough to signifi- 
cantly modify the vertical divergence of the ozone flux. 

Lenschow [1995] estimates the turbulent diffusion timescale 
to be of the order of a couple of minutes in the upper part of 
a convective surface layer (lowest 30 m), and a few tens of 
minutes up to an hour in the overlying mixed layer (1 or 2 km 
depth). This means that the reaction of ozone with NO, which 
has a time constant of roughly a couple of minutes, can signif- 
icantly alter the ozone flux measured, even within the surface 
layer [Lenschow, 1982; Fitzjarrald and Lenschow, 1983; Len- 
schow and Delany, 1987; Kramm et al., 1991]. 

A major source of NO is combustion. Therefore its emission 
is inherently inhomogeneous and often episodic. When first 
released, it reacts quickly with ozone and, in large concentra- 
tions, can effectively remove the ozone. This is a transient 
effect. Eventually, as the air is diluted and the NO reaches 
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photochemical equilibrium with NO2, ozone, and various re- 
active hydrocarbons (and partially oxidized hydrocarbons), the 
ozone concentration may reach even higher values than were 
present before the introduction of NO. This is due to ozone 
production on longer timescales by other chemical processes 
(e.g., reactions with hydrocarbons) that are enhanced by NO 
[Seinfeld, 1986]. 

This paper investigates the relationship of measured ozone 
fluxes to surface variability in contrast with the relationship of 
heat and moisture fluxes to the same surface variability. A 
major goal of this study is to evaluate the ability of the aircraft 
to estimate spatially averaged surface ozone fluxes in the pres- 
ence of chemical reactions between the aircraft level and the 

surface. Surface conditions will be posed in terms of the nor- 
malized difference of vegetation index (NDVI) as described by 
Tucker [1979]. The next section describes how the fluxes and 
NDVI are computed from aircraft data. 

2. Data Description and Flux Computations 
We analyze data from flights of the Twin Otter aircraft 

operated by the Canadian Flight Research Laboratory of the 
National Research Council. The instrumentation is described 

by MacPherson [1992] and MacPherson et al. [1993]. The air- 
craft measurements were obtained at 33 m above flat ground, 
which is near the top of the surface layer. The underlying 
surface consists of a patchwork of relatively cool, moist irri- 
gated fields and hot, dry nonirrigated fields. Ozone measure- 
ments were carried out using the Deutsche Forschungsanstalt 
ffir Luft- und Raumfahrt (DLR) fast response ozone analyzer 
[Schmidt et al., 1991]. This analyzer is based on a surface 
chemiluminescent reaction of ozone with a selected organic 
dye absorbed on an aluminum disk coated with a dry silica gel. 
These measurements were compared with the fast response 
ozone detector described by Pearson and Stedman [1980]. Both 
instruments agreed well with each other in terms of overall 
spatial structure. We arbitrarily report results only from the 
DLR sensor. The instrument root-mean-square (rms) noise 
level was estimated to be less than 0.1 ppb and is thought not 
to be a factor in the following analysis. 

The data were collected during the California Ozone Dep- 
osition Experiment (CODE) in the San Joaquin Valley of 
California about 100 km south of Fresno. The same flight track 
was repeated eight times during each of 2 clear days; July 23, 
1991 (flight 13), and July 30, 1991 (flight 19). Winds at the 

--1 
33-m flight level were from the northwest at about 4 m s 
during flight 13 and light with variable wind direction during 
flight 19. The eight legs for flight 13 were flown between ap- 
proximately 1300 and 1500 local solar time, while the eight 
flight legs for flight 19 were flown between approximately 1045 
and 1245 local solar time. Flight 13 was less influenced by 
diurnal variation because of the stronger wind and later time of 
day. For flight 19, Mahrt et al. [1994] find that about 10% of the 
flux variance is due to diurnal variation. 

The irrigated and nonirrigated areas under the flight track 
are delineated as depicted in Figure 1 using the NDVI as a 
measure of the variation of surface vegetation [Tucker, 1979]. 
It is computed here from aircraft-measured reflectance at two 
wavelengths, one centered at 0.73 •m and the other at 0.66 
•m. The surface heterogeneity in CODE is well defined by the 
NDVI (Figure 1) which is highly negatively correlated with the 
surface radiation temperature. The surface radiation temper- 
ature is about 20øC cooler over the irrigated croplands com- 
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Figure 1. Normalized difference of vegetation index (NDVI) 
(solid line) and air temperature at 33 m (dashed line) filtered 
with a moving average window with width of 375 m and com- 
posited over all of the flight legs for flight 19 (defined as {&(x, t)} 
in section 2). Northeast (southwest) is directed to the right 
(left). 

pared with the nonirrigated areas, similar to the variation 
shown by Dotart et al. [1992]. The air temperature at 33 m for 
flight 19 varies by 2ø-3øC between irrigated and nonirrigated 
areas and by about 1.5øC for flight 13. 

To estimate fluxes from the aircraft data, we first define a 
moving average [&(x, t)], where x is the distance along the 
aircraft leg and &(x, t) represents one of the velocity compo- 
nents, temperature, moisture or chemical species. The total 
flow is then decomposed as 

4,(x, t) = [4,(x, t)] + 4,' (x, t) 

where O'(x, t) is the turbulent part of the signal computed as 
deviations from [ O(x, t) ]. We define the operator [ O(x, t) ] to 
be an equally weighted moving average with window width of 
either 375 m (100 points at the sample rate of 16 s-•), 1 km, or 
5 km and then compute the turbulent flux [w' (x, t)O' (x, t)]. 
This window is sequentially translated one point at a time 
(approximately 3.5 m). A window width of 375 m omits a 
significant fraction of the turbulent flux but provides good 
spatial resolution over the heterogeneous surface. Window 
widths of 1 km and 5 km capture most of the turbulent flux 
[Sun and Mahrt, 1994] but have poorer spatial resolution. 

To estimate the contributions of the surface heterogeneity, 
we reduce the influence of transient mesoscale motions by 
compositing [&(x, t)] and [w' &'] over all eight aircraft legs to 
obtain {[&(x, t)]} and {[w'&']}, where the operator { } 
indicates an average over all of the flight legs at a given loca- 
tion x. Therefore the average of the spatial distribution over all 
of the runs, {[&(x, t)]}, is an estimate of the stationary part 
of the spatial variation. However, it still contains significant 
transient fluctuations which are not completely removed by the 
compositing. The estimate of the stationary part of the turbu- 
lent fluxes is computed by compositing [w'&'] over the eight 
flight legs to obtain { [w'O'] } for each location. Since [w' •'] 
is not smoothed before compositing, it also includes significant 
small-scale variations that were only partially removed by the 
compositing. Flux errors due to limited sample size for the 
composited spatial distribution are discussed by Sun and Mahrt 
[1994]. The flux sampling errors for an individual run at a given 
point location are large, and we currently have no technique to 
quantitatively estimate them. 
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Table 1. Correlation Coefficients 

q TA NDVI r s [w' 0'] [w'q'] [w' CO•] 

1-km Window 

TA -0.929 
NDVI 0.752 -0.848 

T s -0.756 0.812 -0.889 
[w' 0'] -0.637 0.753 -0.839 
[w'q'] 0.729 -0.755 0.787 
[w' CO•] -0.675 0.776 -0.850 
[w' O_•] 0.083 -0.116 -0.125 

0.922 

-0.891 -0.901 

0.778 0.764 

-0.103 -0.119 

5-km Window 

T• -0.935 
NDVI 0.917 -0.941 

T s -0.899 0.839 -0.894 
[w' 0'] -0.749 0.754 -0.837 
[w'q'] 0.753 -0.814 0.805 
[w' CO•I -0.645 0.827 -0.780 
[w' O_•] -0.437 0.613 -0.659 

0.928 

-0.875 -0.949 
0.618 0.698 
0.381 0.522 

-0.794 

-0.054 0.266 

-0.797 

-0.573 0.823 

Here, q is specific humidity, T• is air temperature, NDVI is normalized difference of vegetation index, 
T s is surface temperature, [w' 0'] is heat flux, [w'q'] is moisture flux, [w' CO•] is carbon dioxide flux, and 
[w' O_•] •s ozone flux. 

the location of largest downward ozone flux for each of the two 
flights. The aircraft intersects the enhanced downward ozone 
flux on only two of the runs where the downward flux is con- 
siderably larger than in the composited profile. 

For the run with the most definable event of large downward 

ozone flux during flight 13, we estimate the flux to be 1.2 ppb 
m s-• over a 500-m segment. If this flux represents a localized 
plume of large downward ozone flux resulting from a point 
source of NO, then the aircraft data would underestimate the 
maximum downward flux and the width of the plume if the 
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Figure 3. Spatial variation of ozone concentration for the flight run with largest downward ozone flux for (a) 
flight 13 and (b) flight 19. The ozone concentration is computed from a moving average translated one point 
at a time (approximately 3.5 m) with a window width of 375 m for ozone (parts per billion), specific humidity 
(grams per kilogram), and the NDVI. 
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aircraft did not fly through the center of the plume. On the 
other hand, the aircraft could overestimate the width of the 
plume if it flew obliquely through the plume. Smoothing asso- 
ciated with the 375-m window artificially reduces the amplitude 
of the downward ozone flux and increases the computed width 
of the plume. Decreasing the window width increases the am- 
plitude of the flux peak but leads to noisier spatial distribution 
of the flux. The instantaneous flux shows several subplumes of 
strong flux occurring over a horizontal distance of 500 m. 
Fortunately, the total transport is not very sensitive to the. 
choice of window width, so that the estimation of the ground 
source is relatively robust. With the aforementioned difficulties 
in mind and assuming a flux value of 1.2 ppb m s-I is repre- 
sentative of a 500-m square, the computed flux corresponds to 
a total integrated areal ozone loss of about 4.8 x 10 -4 kg s-I, 
or 1.8kgh -•. 

The spa.tial position of the large downward ozone flux for 
flight 13 does not coincide with the position of the large ozone 
deficit. This is probably because the mean ozone concentration 
results mainly from the time integral of the flux divergence 
rather than from the instantaneous flux. 

The enhanced downward flux of ozone for flight 19 was also 
observed mainly on one run (Figure 3b). Even though the 
spatial variation of the fluxes for an individual run is quite 
noisy, the region of maximum downward ozone flux is quite 
clear. The downward ozone flux reaches 5 ppb m s -• over a 
400-m-wide area. This integrated flux corresponds to a surface 
sink of about 1.3 x 10 -3 kg s -•. The 400-m-wide region of 
large downward flux of ozone coincides with a region of ozone 
deficit of about -5 ppbv. From instantaneous 16 s-• data, this 
ozone deficit is found to result mostly from a concentrated 
plume of -40 ppbv ozone deficit over a 50-m width. The 400-m 
thickness of the plume width estimated above is influenced by 
the 375-m window used to compute the flux. 

The small region of large downward ozone flux can contrib- 
ute significantly to the area-averaged ozone flux. For example, 
consider the run for flight 19 where large downward ozone flux 
of 5 ppb m s-• occurs over a 400-m segment. This flux event 
increases the spatially averaged flux over the 16-km irrigated 
region by about 32% compared with the value obtained with- 
out the flux event. The influence of this plume is considerably 
reduced in a time-space average using all of the flight runs. 
However, this time average appears to capture additional 
lesser events of large ozone flux probably related to vehicles or 
other pumps in the area. Similar conclusions are reached for 
flight 13. These observations suggest that the spatially averaged 
ozone flux measurement significantly overestimates the ozone 
deposition to the natural vegetated surface because of the 
ozone loss resulting from NO releases. 

We assume that the source of NO needed to consume this 

amount of ozone is released as a point source. The immediate 
impact of a release of concentrated NO into a volume of air in 
which NO, NO2, and 03 are in photochemical equilibrium is to 
react with ozone and form NO 2. Within a few minutes the 
three species reach a new equilibrium, in which the ozone is 
reduced at the expense of increased NO 2 and NO. The air with 
decreased ozone mixes upward, resulting in the observed 
downward ozone flux. The timescale for this mixing is of the 
order of a few tens to a few hundred seconds, depending on the 
altitude [Lenschow, 1995]. 

The photochemical sequestering of 03 in sunlight by NO 
emission can be estimated from the rate equations 

03 + NO--• NO2 q- 02 (1) 

02 q- O •-> 03 (2) 

NO2 q- hv--> NO + O (3) 

where h v is a photon of sufficient energy to photolyze NO 2. 
Reaction (2) is sufficiently fast that (2) and (3) can be com- 
bined, so that neglecting other slower reactions involving these 
species, the concentration budget of 03 can be expressed as 

d[O3]/dt = k3[NO2] - k,[O•][NO] (4) 

where k• and k 3 are the reaction coefficients of (1) and (3), 
respectively. Similar equations hold for NO and NO 2. If we 
neglect other competing reactions, rapid light intensity 
changes, and concentration fluctuations, then the right-hand 
side of (4) is approximately zero, so that 

[O31[NOl/[NO21 = kl/k2. (5) 

This is the so-called photostationary state relation [Seinfeld, 
1986]. 

We now consider the injection of NO from a surface point 
source into the boundary layer. As released NO mixes into the 
boundary layer, it reduces the ambient O3 concentration 
through reactions (1)-(3). We assume that the mixing is slow 
enough that chemical equilibrium is reached as the mixing 
takes place. Since the reaction time constant is of the order of 
100 s, this is a reasonable assumption except within a few 
meters of the source [Lenschow, 1995]. We describe this pro- 
cess by the following relations: 

([O.,] + a[O,])([NO] + a[NO])/([NO:] + a[NO2]) 

= [O,][NO]/[NO d = k•,/k, (6) 

8[NO] + a[NO2]---- aS[NO] (7) 

8[03] + a[$O2] = 0 (8) 

The quantities 8[ ] are the perturbations in [03], [NO], and 
[NO2] introduced by the point source release of NO denoted 
by aS[NO]. Equation (7) is the conservation equation for odd 
nitrogen, and (8) is the result of the stoichiometric reaction of 
O 3 with NO [Seinfeld, 1986]. 

Solving these equations for aS[NO] as a function of 8[03] 
and the background concentrations, we obtain 

,a[NO]: - a[O•][,4 + •] (9) 

where 

A = {(k3/k,) + [NO]}/{[O31 + 81031} 

To estimate the magnitude of A in (9), we note that the 
observed mean concentration O 3 is about 70 ppbv (Figure 3), 
a typical deficit 8[03] on the scale of the 375-m window is 
about -5 ppbv, and a typical clear daytime value of k•/k2 is 
about 10 ppbv [Seinfeld, 1986]. Then the value of aS[NO] is 
5.84 ppbv for [NO] = 1 ppbv and 6.54 ppbv for [NO] = 10 
ppbv. For concentrations of [NO] that are likely present here, 
A is small compared with 1 and aS[NO] • -8[03]. The validity 
of this approximation depends on scale. For example, the ap- 
proximation given above breaks down locally when we consider 
the largest ozone deficit on the scale of a few tens of meters, 
which was closer to -50 ppbv. 

The discussion above suggests that a likely source of the 
observed O 3 deficits is a point release of NO. The maximum 
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downward ozone fluxes for both flights were located over sites 
with diesel engines driving pumping stations. The diesel pumps 
were located with the downward looking video camera and the 
use of detailed maps. The network of canals and patchwork of 
fields allowed unambiguous ground identification of the pump- 
ing systems, although the connection between the aircraft ob- 
served plume and the pumping stations cannot be categorically 
proven. 

In examining the regulations for allowable emissions from 
nonhighway heavy-duty diesel engines for California, the val- 
ues are in the range of 6.9-10.7 g of equivalent NO 2 per brake 
hp hour (D. Stedman, personal communication, 1994), where 
1 hp = 746 W. The engine emits predominantly NO, but the 
units of measurement are equivalent grams of NO 2. If we 
assume an engine running at the allowable maximum standard 
of 10.7 g (brake hp h)-i, the estimated ozone sink of 1.8 kg h-l 
would result from an engine running at 160 hp. 

We therefore investigated the possibility of a large stationary 
diesel engine operating in this area. We then found that for 
flight 13, a 70- to 100-hp Allison diesel engine, used to drive a 
tile drain pump, was located underneath the airplane flight 
track at the approximate location of the strong downward 
ozone flux. The pump automatically turns off and on depend- 
ing on water levels and was apparently on for at least one of the 
eight flights. 

For flight 19, the largest downward ozone flux (Figure 2) is 
about 1 km farther east near a canal and corresponds to an 
ozone sink 2-3 times larger than that during flight 13. At the 
location of this ozone sink for flight 19, two portable irrigation 
pumps were located, which were driven by 150-hp diesel en- 
gines. The large upward moisture flux over this area (Figure 
3b) may be due to current irrigation of the underlying fields. 
On the basis of these calculations, we conclude that the most 
likely source of such a concentrated ozone loss was large, 
stationary diesel engines. 

5. Plume Dispersion 
In this section we make a rough estimate of the distance 

from the NO source to the aircraft-measured ozone flux. The 

flux measured by the aircraft is from a "quasi-instantaneous" 
plume rather than an Eulerian-averaged plume which would 
be obtained by a set of fixed-point measurements. The instan- 
taneous plume is a problem in relative dispersion represented 
by the rms spread rr r about the moving plume centroid, 
whereas the Eulerian-average plume is a problem in absolute 
dispersion represented by the rms spread o¾ relative to a fixed 
(absolute) coordinate system. Both rms values rr,. and o¾ are 
evaluated at a fixed point in the downstream direction and 

2 2 + 2 where o-,, is therms related by the expression o¾ - o- m o- r , 
meander of the instantaneous plume at a fixed point in the 
downstream direction. 

Dispersion from a surface source is complicated by the 
height dependence of the turbulence length (l c) and time (r) 
scales, and the velocity variances. For a surface source, o- u can 
be predicted using a z-dependent diffusivity K(z) = lc r 
provided that o¾ _> l•, [van Ulden, 1978; l/enkatram, 1988]. 

In a similar way, K theory could be used for predicting o- r, 
but observations of o- r as a function of x would be required to 
determine a proportionality constant. Instead, we choose a 
simpler approach and estimate o- r from a prediction of o¾, 
using Taylor's [1921] statistical plume model and the ratio 
ar/au obtained from Gifford's [1959] meandering plume 

model. Gifford's model describes the rms o-, and mean C 
concentration fields due to the wandering of an instantaneous 
plume by the large eddies in a turbulent flow. Along the plume 
centerline, the model predicts that the fluctuation intensity 
o¾/C is given by 

rr•/C 2 o-,:.(o-,:. + 20-},)] = 1/[f2(f 2 + 1)] = (lo) 

where f = O'r/O' m. Since o- m = o¾/(1 + f2)1/2, one can write 
o' r = a* o¾, where a* = f/(1 + f2)1/2. According to Taylor's 
[1921] short-range result, absolute dispersion in the cross-wind 
(y) direction becomes oyy = rr•,x/U, where o-•, is the rms 
lateral turbulence velocity and U is the mean wind speed. The 
relative dispersion rrry in the cross-wind direction is then 

o-,y = a* rr7x/U (11) 

The a*(f) required in (11) can be estimated using Fackrell 
and Robin's [1982] wind tunnel measurements of rr,.,/C due to 
a surface tracer release in a neutral boundary layer. Their data 
showed that along the plume centerline (y = z -- 0), rr,./C is 
approximately 0.6 and is independent ofx over the range 1 -< 
x/H -< 6, where H is the boundary layer height. The invariance 
of rr•./C withx can be explained by a constant ratiof = O'r/O',, 
in (10). With rr•./C = 0.6, f is approximately unity and a* is 
approximately 0.7. 

For flight 19, where the wind is approximately perpendicular 
to the flight track, the observed instantaneous plume width Ay 
inferred from the instantaneous spatial distribution of the air- 
craft measured ozone flux is 50 m. Assuming a Gaussian spatial 
distribution and defining the width Ay to be the region where 
the concentration exceeds 10% of the peak value, we obtain 
the observed relative dispersion from the approximation (r,.y = 
Ay/4.3 which yields O'ry = 11.6 m. Using measured values of 
o-•,= 0.51 ms-l U= 2ms -l anda* =0.7,(11) yieldsx = 
65m. 

Intermittency of the pump operation, slight variations in the 
flight track or the effect of variable wind direction on the 
plume might explain the observation that the plume at aircraft 
level was either less defined or nonexistent on seven of the 

eight runs for flight 19. Generally, the light winds were normal 
to the flight track, in which case the aircraft may have flown 
over the plume on most of the runs. The best defined plume 
was observed when the wind vector had shifted around to 

about 30 ø from the flight track, in which case the aircraft 
intersected the plume downwind from the NO source. 

The small sample size of flux data within the plume is a 
serious problem for the present study, and the choices of some 
of the numerical values given above are uncertain. Future 
aircraft measurements need to intentionally interrogate a 
plume having a known NO source with many repeated flight 
legs parallel with the wind direction. 

6. Conclusions 

The above analysis of repeated aircraft runs at 33 m over a 
flat surface of well-defined irrigated fields has illustrated the 
complexity of the spatial distribution of the measured ozone 
fluxes. While the spatial distributions of heat, moisture, and 
carbon dioxide fluxes are closely related to variations of the 
surface vegetation, the ozone flux exhibits small scale varia- 
tions only weakly related to the NDVI. 

This variability can be explained by chemical reactions of 
ozone. The two largest distinct maxima of the downward ozone 
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flux were found to be above pumping stations using diesel 
engines. This study shows that the spatially averaged ozone flux 
can significantly overestimate the deposition of the ozone flux 
to the natural vegetated surface in the presence of ozone loss 
due to NO release. 
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