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Sources and sinks of ozone in savanna and forest areas during
EXPRESSO: Airborne turbulent flux measurements

B. Cros,! C. Delon,' C. Affre,' T. Marion,? A. Druilhet,! P.E. Perros,? and A. Lopez'

Abstract. An airborne study of ozone concentrations and fluxes in the lower layers of the
atmosphere was conducted over the Central African Republic (CAR) and northern Congo in
November/December 1996, within the framework of the Experiment of Regional Sources and
Sinks of Oxidants (EXPRESSO) The first 4 km of the atmosphere above savanna, rain
forest, and the transitional area between them, were investigated with the French research
aircraft Avion de Recherche Atmosphérique et de Télédétection (ARAT). Turbulent fluxes
and deposition velocities of ozone were determined using the Eddy Correlation (EC) method.
A specific methodology was developed to obtain accurate airborne turbulent flux
measurements. This methodology is linked to the turbulence stationarity. The average values
of ozone fluxes and ozone deposition velocities in the Atmospheric Boundary Layer (ABL)
increase appreciably from savanna to forest. Near the ground, the ozone fluxes range between
-0.115 +/-0.073 ppbv m/s above savanna and -0.350 +/- 0.115 ppbv m/s above forest; for the
deposition, the ranges are 0.0042 +/- 0.0018 m/s and 0.015 +/- 0.004 m/s. A simple empirical
relationship between deposition velocity and Leaf Area Index (LAI) is proposed, giving an
estimation of the deposition velocity for a whole latitudinal band. Vertical inputs of ozone to
the ABL are estimated according to entrainment fluxes. The role of advection is neglected for
horizontal transport of ozone in the ABL. The photochemical ozone production is deduced
from the photo-stationary state deviation, and compared to the net ozone increase in the ABL
during the flights performed above the forest. A tentative ozone budget based on the aircraft
measurements is proposed in the ABL of the rain forest. Around noon, the photochemical
production dominates with a net production of about 10 ppbv/h.

1. Introduction

Previous measurements mn the African tropics through
remote sensing and in situ observations [Fishman et al., 1986,
Cros et al., 1988, Marenco et al., 1990, Lacaux et al., 1996]
have shown high emissions of trace gases from biomass
burning. These emissions involve a widespread poliution of
the troposphere [Fishman et al., 1991], and one of the most
dramatic features of this pollution is the seasonal
enhancement of tropospheric ozone on the West Coast of
southern Africa {Fishman et al., 1990]. The recent Transport
and Atmospheric Chemistry Near the Equator-Atlantic
(TRACE-A) experiment [Fishman et al., 1996] has shown
that the presence of fires in southern Africa was not sufficient
to generate the ozone maximum observed in the upper
troposphere. The ozone accumulation in this zone could result
from a combination of complex mechanisms of atmospheric
chemistry and meteorological processes. The yearly amounts
of biomass burnt in the northern Affrican tropics are similar to
those of the southern African tropics [Lefeivre, 1993].
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However, the atmospheric consequences of biomass buming,
particularly for tropospheric ozone, seem to be appreciably
different between northern and southemn African tropics as
shown by satellite data from the Total Ozone Mapping
Spectrometer (TOMS) [Fishman et al., 1992]. In addition,
Dynamique et Chimie de 1’ Atmosphére en Forét Equatoriale
(DECAFE) experiments have shown that effluents from
northern African savanna fires can reach the equatorial rain
forest (or tropical rain forest) and react with biogenic
compounds emitted by this forest [Andreae et al., 1992;
Cachier and Ducret, 1991]. The specific chemistry involved
under these conditions has a decisive effect on the evolution
of the majority of the emitted compounds.

One of the primary goals of EXPRESSO [Delmas et al.,
1999] was to better quantify the exchange fluxes of reactive
trace gases between the biosphere and the atmosphere in the
northem African tropics, and to analyze the horizontal
interactions at the transition between savanna and rain forest.
The question addressed in this paper is whether the rain forest
and the savanna act as net sources or sinks of oxidants such as
O, , and how these sources/sinks may be quantified over the
whole investigated region. This study is also a first step in the
evaluation of the regional influence of these sources and
sinks.

Biosphere-atmosphere exchanges are governed by surface
fluxes of energy and trace compounds. Temporal evolution of
such fluxes may be monitored from fixed point
measurements, but their spatial variability at regional scale
require airbome measurements.

At the top of the ABL, exchanges with the upper layer
determine the impact of emissions on regional atmospheric
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chemistry. Measurements of ozone fluxes near the surface
help to understand the mechanisms for surface removal of
ozone and eventually to identify the potential for biological
effects on ozone deposition. During the EXPRESSO
campaign a tentative budget of ozonme in the ABL was
established from the determination of ozone fluxes, both near
the ground and near the top of the ABL. Because of
measurement and logistic difficulties, very little quantitative
information is available on the exchange rates within the
interior of the ABLs of the studied area.

In this paper, our interest is focussed on deposition, input
and formation of ozone in the ABL above savanna, rain
forest, and transitional areas during the EXPRESSO
campaign, which took place in November/December 1996 in
Central African Republic (CAR) and northern Congo. Ozone
flux measurements were conducted onboard the Fokker 27
ARAT, equipped for Eddy Correlation (EC) measurements of
thermodynamic parameters (heat, water and momentum) and
ozone concentrations. First, the deposition velocity Vjy is
estimated over the forest, and an empirical relationship
between V; and the Leaf Area Index (LAI) is proposed.
Second, a tentative ozone budget in the ABL of the rain forest
1s proposed. To this end, vertical contributions are estimated
from entrainment fluxes, and photochemical ozone production
is deduced from the photo-stationary state.

2. The Experimental Area

2.1. Meteorological Characteristics

The climate in northern Africa is regulated by the
Intertropical Convergence Zone (ITCZ), a zone of low
pressures between converging winds from opposite
hemispheres: the dry northeasterly continental trade wind, the
so-called Harmattan flow, and the moist monsoon originating
in the South Atlantic Ocean. The ITCZ extends over large
areas of rain forest. This zone, sometimes ill-defined, can be
detected by wind profiles, dew point, and temperature
discontinuities in the first kilometers of the atmosphere. Its
latitudinal position is linked to the apparent motion of the

Precipitation (mm)
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Sun, and its ground trace moves from about 20°N in July, to
its most southerly position about 4°-5°N in December. Its
seasonal shift determines the rain patterns and involves the
alternation between wet and dry (i.e., burning or fire) seasons.
In the EXPRESSO area (southern CAR and northemn Congo)
the dry season lasts from November to March (ground trace of
ITCZ: from 4° to 8°N), and the wet season lasts from April to
October (ground trace of the ITCZ: from 8° to 20°N). Figure
1 shows the evolution of rainfall patterns throughout the year
(data taken in 1992-1993). The field campaign lasted from
November 21 to December 2, at the transition between wet
and dry seasons, which involved a strong instability of the
layers of the lower troposphere. During EXPRESSO the
monsoon dominated the flow in the ABL which rarely
exceeded 1000 m in thickness. However, during short periods,
(November 29 and 30) the monsoon flow gave way to the
Harmattan flow in the ABL because of the proximity of the
ITCZ at this period of transition. During daytime the monsoon
layer can be assimilated to the mixed layer (or ABL), limited
at the top by a strong temperature inversion and a humidity
gradient. During the first week of the campaign, the ground
trace of the ITCZ was located around 7°-8°N, and moved
southward to S5°N at the end of the campaign. As a
consequence, meteorological features in the savanna and the
forest during the campaign became complicated by the
proximity of the ITCZ.

2.2. Fire Distribution

Pyrogenic emissions in the northern African tropics occur
mainly in the savanna zone, between 5° and 15°N. Generally,
the fire period (corresponding to the dry season) begins in
early November, peaks in January, and ends in
February/March [Cahoon et al., 1992}. This scenario depends
on climatic conditions and may undergo important year to
year variations. During this period the wide band of fires
sweeps across savanna zones from the south of the Sahara
desert to the borders of the equatorial rain forest. Between the
Sahara desert and the rain forest several climatic domains
exist, defined by distinct patterns: annual rainfall, relative
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Figure 1. Evolution of surface ozone concentration with rainfall regime in Bangui (CAR). Each point (circle)
represents the monthly mean value of daily maximum surface ozone mixing ratio measured during 1992 and
1993. Vertical bars give the precipitation in millimeters.
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Figure 2. Typical vertical ozone profiles (0-5000 m) over Bangui (CAR) during the wet season (April 1994)
and the dry season (December 1993). Ozone data were recorded between 1100 and 1400 UT.

humidity, average temperature, and relative length of the
seasons. These patterns are laid out in parallel latitudinal belts
[Leroux, 1980]. The associated climatic conditions determine
the temporal and spatial evolution of savanna fires. In the
northern African tropics the fire front may be considered as a
wide strip moving from the Sahel to the Equatorial forest
during the dry season (between November and February) as
shown by Grégoire et al. [1999]. In the EXPRESSO zone (1.3
10° km®) the number of daily detected fires varied between
1200 and 3760 for the period November 19 to 28. These fires
were mainly located in the north CAR near the borders of

Sudan and Chad. Some of them were located very close to the
forest zone, and their influence on the chemical composition
of the atmosphere was quite important.

2.3. Seasonal and Vertical Ozone Distributions

To choose the best period for an important field experiment
in CAR, preliminary studies were conducted in Bangui (4°N,
18°E). Surface ozone measurements were performed between
January 1992 and December 1993 using UV absorption
instrumentation, and 16 ozone sondes were launched between
December 1993 and April 1994. Figure 1 gives the evolution

NIGERIA

CONGO-ZAIRE

Equator

Figure 3. Map of central Africa showing the area investigated and the studied sites (1, 2, woodland savanna;
3, transition woodland; 4, secondary forest; 5, 6, primary forest) during the EXPRESSO campaign.
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Table 1. Numbers, Dates, Hours and Location of the Flights Performed During the EXPRESSO Experiment

Flight Beginrning and End of the Dates Description Type of Ecosystem
Flight, UT

43 1223-1409 Nov. 21 test flight above Bangui savanna

44 0924-1118 Nov. 22 Boali savanna flux measurements savanna 2

45 0934-1138 Nov. 24 Boali savanna flux measurements savanna 2

46 0927-1142 Nov. 25 Enyél¢ rain forest flux rain forest
measurements

47 0930-1145 Nov. 26 Enyélé rain forest flux rain forest
measurements

48 1057-1319 Nov. 27 gradient study in the Harmattan savanna 1

layer

49 0953-1156 Nov. 28 Enyélé rain forest flux rain forest
measurements

50 0922-1139 Nov. 29 transect above Bomassa rain forest  no low level legs

51 0958-1216 Nov. 30 Boali savanna flux measurements savanna 2

52 0929-1151 Dec. 1 Enyélé rain forest flux rain forest
measurements

53 0836-1037 Dec. 2 savanna-forest interface transitional

woodland

of monthly mean values of daily maximum surface ozone
mixing ratio, calculated from the 2-year measurement period
(1992-1993). There is a strong increase in surface ozone
during the dry season: the mixing ratio reaches 22 ppbv in
October (end of the wet season), and 41 ppbv in December.
November can be defined as a transition period between the
two seasons, during which the rainfall decreases strongly in
Bangui (from 190 mm in October to 25 mm in December).
The EXPRESSO campaign was conducted at this exact period
of the year. In rain forest zones, south of the ITCZ, the
alternation of seasons is far less marked in rainfall patterns
than in savanna zones. The strong seasonal cycle of surface
ozone in Bangui shown in Figure | has also been observed in
other sites of tropical Africa influenced by biomass burning.

Our data were recorded at the beginning of the dry season,
when the ozone increases considerably. During this season in
the Harmattan layer (HL, layer where the Harmattan flow
blows), ozone mixing ratios, obtained from ozone soundings,
are typically 70-80 ppbv, with maximum values up to 95 ppbv
(Figure 2). The rate of ozone production increases from the
wet to the dry season [Cros et al., 1996]. The ozone increase
in Dobson Units (DU) is about 35% in the HL. (from 1.5 to 4
km), and about 12% in the ABL beneath.

24. Sampling Area for EXPRESSO
December 1996)

Airborne flux measurements of ozone at different levels
and vertical ozone profiles were conducted along a 500 km

(November-

transect, from the savanna of CAR to the tropical forest of the
Congo. The direction of this transect is approximately the
direction of the Harmattan wind, which transports the biomass
burning effluents in the lower troposphere. To facilitate the
airborne flux measurements, the different measurement areas
were selected on the basis of the homogeneity of the
ecosystems: woodland savannas, savanna-forest transition,
secondary, and primary forests. Six areas located between
2°10°N and 5°50°N were mvestigated during the EXPRESSO
campaign, as shown in Figure 3. The ARAT flew 11 missions
(flights 43 to 53, Table 1) from its ground base in Bangui
(CAR), during the twelve operational days. The flights were
carried out over the savanna near Boali and Sibut (sites 1 ahd
2), over the transitional area near M’Baiki and Ngotto (sites 3
and 4), and over the rain forest near Bomassa and Enyele
(sites 5 and 6). The coordinates are given in Table 2. The
flight plans were designed to study surface fluxes above the
canopy of these different vegetal covers, and fluxes at the top
of the boundary layer.

3. Ozone Turbulent Fluxes and Deposition
Velocities

3.1. Measurement Techniques

Vertical fluxes of ozone (P) were measured in the
atmospheric surface and boundary layers by the EC method.
The EC method is based on the computation of covariances of
the fluctuations of the vertical wind component (W) and the

Table 2. Coordinates and Names of the Different Types of Ecosystems

Name of the Site Coordinates, deg Type of Ecosystem
Bangui 4.22°N, 18°35E
Boali 4°48N, 18°07E savanna 1
Sibut 5°44N, 19°05E savanna 2
M’Baiki 3°53N, 18°00E transitional woodland
Ngotto 4°08N, 17°15E secondary forest
Bomassa 2°13N, 16°23E primary rain forest
Enyélé 2°49N, 18°06E primary rain forest
Ouesso 1°37N, 16°04E primary rain forest
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ozone concentration (O5’) [Weseley et al., 1982]. The ozone
flux is given by

¢=w03=%joTW(t)0,(t)dt, 0

The primed symbols denote the fluctuations of the
corresponding variables, and overbars refer to averages over
successive time interval. The averaging time of flux
measurements is about 5 min and corresponds to a path length
of 50-60 km, with an aircraft speed around 100 m/s. This
method requires the use of fast-response sensors. The OSG2
chemiluminescent sensor was used for ozone measurements,
and is described by Giinsten et al. [1992] and Giinsten and
Heinrich [1996]. This sensor has a response time faster than
0.1s and a detection threshold of 50 pptv. Its calibration was
checked by comparison with a more slowly responding ozone
sensor, a commercial UV absorption instrument (Thermo-
Electron model 49), submitted to pressure and temperature
controls. This last analyzer was also used for ambient ozone
measurements.

Aircraft-based measurements of ozone fluxes by the EC
method [Lenschow et al., 1981; Affre et al., 1999a] involve
the following; (1) simultaneous measurements of ozone and
wind fluctuations, (2) assessment of ozone flux accuracy, and
(3) calibration of ozone fluctuations. To minimize the flow

a ‘Temporal evolution of ozone and water vapor
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distortion, wind fluctuation sensors are located on the nose
boom of the aircraft, far from the OSG2 ozone sensor (located
in the cabin). As a consequence, ozone measurements are
delayed compared with wind fluctuation measurements, and
the time lag must be estimated to correct its effects.

We evaluate this time lag by studying the lagged
correlation between temporal series of ozone fluctuations
measured with the ozone sensor in the cabin, and humidity
fluctuations measured with the «Lyman O» hygrometer on
the boom, near the wind sensor. Ozone and humidity
fluctuations are strongly anticorrelated in the lower
troposphere of this region (Figure 4a). The process explaining
the anticorrelation can be described as follows: dry deposition
processes over a dense vegetation typically involve a
downward flux of ozone molecules in the ABL. At ground
level the evapo-transpiration provides an upward flux of
humidity, and at the top of the ABL exchanges with the drier
and enriched ozone upper layer intensify the downward ozone
fluxes, and increase the anticorrelation. The absolute value of
the correlation coefficient between ozone and humidity
fluctuations (Figure 4b) is maximum when the measurements
are performed in the same air parcel. The position of this
maximum gives a good estimation of the time lag between
ozone and humidity measurements. This value is constant and

——Water vapor
- ~Ozone
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Figure 4. (a) Temporal series (one point every 1/16 s) of ozone (measured in the vein) and water vapor
(measured in the boom); (b) Correlation function between ozone and water vapor measurements.
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Comparison between f(T) and its regression line

f(T) = sensible heat flux (W/m?)/1100

0 05§ 1

2 25 3 39

Time (min)
Figure S. Correlation coefficient between f(T) (sensible heat flux, in W/m?, divided by 1100) and its
regression line. o =0.378 is the slope of the regression line. The shaded areas correspond to ogreg = 0.0427,
standard deviation between f(T) and its regression line. a/orgg = 12% gives the accuracy of the flux

calculation.

equal to 0.4 s for all flights, at each level, when the altitude
and the velocity of the plane (100 m/s) are constant. The
absolute mean value of the correlation coefficient between
ozone and humidity measurements during the campaign is
0.82, with a standard deviation of 0.14.

A Teflon tube (1/4 inch) allowed the sampled air to be
driven from the boom to the O sensor located in the cabin,
and created an attenuation of high frequencies in the air
vertical velocity. The result is an underestimation of ozone
fluxes, assessed by comparing water vapor fluxes on the
aircraft boom and in the inlet tube. This comparison gave a
underestimation less than 12%. The theoretical explanation of
the comparison between water vapor fluxes is not the purpose
of this paper, and is given elsewhere by Affre et al. [1999a].
The major attenuation, (around 12%) having an effect on the
ozone flux is due to its attenuation in the vein. The attenuation
due to the time constant of the OSG?2 (0.1s) can be considered
as mihor, and is not taken into account.

The comparison of the mean ozone concentrations [Qs]cer
and [O;]osay, obtained with the slow (i.e., reference) and the

fast ozone sensors, respectively, gives a calibration coefficient
C, defined by

[Oaleer = CX[Os]osar- @

This coefficient gives the ozone flux @ in a useful unit
(ppbv m/s). C may vary from flight to flight, and may

introduce an error of 1-5% in the flux measurement,
depending on the flight. Turbulent vertical ozone fluxes are
calculated with the EC method, according to equation (1). In
calculating the flux by (1), one inust make an assumption of
stationarity. The function f(T) can be defined as follows:

£(1)= [ W ()os(e)dt 3)

The evolution of f(T) determines the accuracy of the flux.
@ is well-determined when the derivative of f(T) does not
depend on the integration time T (i.e., the calculation is
accurate only if the turbulence is stationary). The closer the
turbulence is to stationarity, the more linear is f(T), and the
more accurate is the flux. This can be quantified by the
correlation coefficient between f(T) and the linear regression
line to f(T), that is the closest line to f(T) in the sense of linear
regression. When the transfers are stationary, f(T) is linear
and coincides with its linear regression line. When turbulent
transfers are not stationary, f(T) is nonlinear, the linear
regression line differs from f(T), and the evaluation of the
flux is less accurate [Affre et al., 1996].

The standard deviation between f(T) and its linear
regression line is called opgg. Afffe et al. [1999a, 1999b] use
the ratio between orec and a (the slope of the regression line),
a good criterion of the stationarity of transfers. oree/a is large
(close to 100%) when the transfers are nonstationary. This
criterion, expressed in percent, gives an estimate of errors in
the flux calculation (Figure 5 and Table 3).

Table 3. Fluxes and Deposition Velocities of Ozone in the Surface Layer Over Different Sites Representing Savannas,

Transitional Area, and Rain Forest in Central Africa *

Altitude, Flux @, Deposition Velocity Stationarity Criterion
m ppbv ni/s Va, m/s SC, %
Savanna 1 185 (4) -0.115+0.073 0.0042+0.0018 12
Savanna 2 70(9) -0.252140.108 0.006810.0019 12
240 (7) -0.24910.138 0.008110.0019 13
Transional area 90 (4) -0.377+0.120 0.010040.0015 12
Forest 80(8) -0.34940.115 0.014810.0042 7
110 (11) -0.354+0.0152 0.014740.0039 7
190 (11) -0.376+0.166 0.015440.0044 8

*Numbers in parenthesis give the leg number performed around the given altitude.
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Finally, density corrections for air temperature fluctuations
must be added to flux measurements of ozone as a result of
the fact that density is not a conserved quantity. Heat and
water vapor transfers induce a mean vertical mass flux, which
is not taken into account in eddy correlation calculations. This
correction, first applied by Webb et al. [1980] on water vapor
and CO, measurements, can be expressed for ozone by the
equation:

D(O3)con = P (O3)uw +0.85[O0s] ey (0.649 10° AE

+3.358 10° H) @
where A is the latent heat of vaporization, and where AE and
H are the latent and sensible heat fluxes, respectively (in W
m?). This correction is generally weak (around 4% in
average).

3.2. Deposition Velocity

The ozone deposition velocity can be written as follows :
Vo =-(0,)/X(0,) &

where x(0,)is the corresponding ozone mixing ratio. By
convention, a downward flux is negative, so that V; is positive
for deposition.

During the campaign the deposition velocity V,; was
deduced (for some flights) from EC measurements and from
the mean ozone concentration. V; is calculated from the fast-
response ozone sensor assuming that ozone concentrations
were accurate and that the tume lag has been corrected:

Ve = w0 /lo3 b 6)

The transect investigated by the flights covers woodland
savannas to rain (also called primary) forest. Savanna 1, in the
northern part of the EXPRESSO area, is covered by woodland
savanna Savanna 2, around Boali, west of Bangui, is also
covered with woodland savanna but with higher grass and tree
densities than in savanna 1. The primary forest 1s located near
Enyele, 200 km south of Bangui, and at Bomassa, 350 km
southwest of Banguu, both in Congo. Between Bangui and the
primary forest, the aircraft flew over a transitional zone of
degraded (or secondary) forest and small savanna. Table 3
summarizes the surface fluxes and deposition velocities based
on EC measurements in the lower part of the ABL over these
sites. Forest sites are not distinguished on Table 3 because
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they give similar results.

Generally, the turbulent functions are more stationary over
forest than over savanna because the ground coverage is more
homogeneous, and the fire perturbations weaker. The criterion
@/ Oigg, defined at the end of part 3.1, is lower over forest -
8%) than over savanna (12-13%), indicating a more precise
flux measurement over forest.

Although ozone flux measurements over African tropical
savanna areas are scarce, several studies have been conducted
over rain forest. Cros et al. [1992a] estimated ozone fluxes in
the mixed layer from tethered balloon measurements, using a
gradient method. Similar values of ozone fluxes were
observed in the northem Congo near the forest area
investigated during EXPRESSO. The average flux during
EXPRESSO was -0.32 +/- 0.11 ppbv m/s in the mormming. In
the central Amazon forest, vertical fluxes of O; measured by
Fan et al. [1990] at the top of the canopy were about —0.115
ppbv m/s in average, a factor of 2 lower than our values.
Corresponding deposition velocities (1.8 cm/s) were slightly
higher than ours, but allow the conclusion that the forest
investigated during EXPRESSO is close to the equatorial
forest of the American continent. Indeed, Table 3 indicates a
surface ozone flux of - 0.115 ppbv ms™ over savanna 1, and
quasi-constant ozone flux in the lowest layer of savanna 2 (-
0.252 ppbv ms™ at 70 m and -0.249 ppbv ms™ at 240 m). We
found also -0.376 ppbv ms™ over ramn forest at 190m. These
results show that the ozone surface flux increases in absolute
value from savanna (north of the EXPRESSO zone) to rain
forest (south of the zone), with values ranging from -0.115
ppbv m/s to -0.35 ppbv m/s. The decrease of the deposition
velocity V; with latitude is regular, with values ranging from
0 4 cm/s for northern savanna to 1.5 cm/s for rain forest. They
can be compared to values found over a coniferous forested
area in Southwest of France (around 0 5 cm/s during the day
[Carrara, 1998]), due to the turbulence intensity and to surface
reactions (the principal component is the stomata opening),
depending on biomass density, and therefore on LAI

To better understand the evolution of V,; with the
landcover, we compared V; to the Leaf Area Index (LAI) of
each site. The LAI (ratio of the total leaf area to the area of
the ground) was measured in central Africa during
EXPRESSO by Klinger et al. [1998] during 1995 and 1996
along an 800 km transect from grassland savanna to primary
forest. It appears, as shown in Figure 6, that there is a linear
relation between Iy and LAI given by the following relation:

Deposition velocity and Leaf Area Index

0,016
0,014
0,012

0,01
0,008 -
0,006 -
0,004 - b
0,002

y = 0.0031x - 0.003
R?=0.97

vd (m/s)

O T
2 3

4 5
LAl (m?/m?)

7

Figure 6. Linear regression between deposition velocity ¥, and Leaf Area Index (LAI) for four different sites.
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Va=3x10" LAI -1) Q)

where ¥, is in m s” and LAI in m’ of leaf per m® of ground.

To show that in our case, surface reactions are the essential
cause for the spatial variability of ozone deposition, we use
the following definition for V. In terms of resistances,

1
Vy=———
o+, +1,

®

where 7, is the aerodynamic resistance, r, is the laminar
sublayer resistance, and .. is the surface resistance. According
to Cieslik and Labatut [1997),

Zy dz
Zg +d KH @ (9)

where Kp(2) is the vertical turbulent diffusion coefficient for
scalars, z is the height, 2, is the roughness length, z,, is the
height of measurements, and d the displacement height. The
parameters z, and Ky have been calculated during
EXPRESSO by Delon et al. [2000]. They are 10m (z,) and
21.918.7 m%s (Kj) above forest, 5Sm (z5) and 25.8+7.8 m¥s
(Ky) above savanna, respectively. These values were
calculated for all low level legs performed under 150m, and
averaged over similar ecosystem. Two values only are
available for Ky and 2, : one for the savanna (including
savanna 1, 2, and transitional woodland), one for the forest
(including secondary and primary forest).

The parameter 4 is taken into account only above forest,
which is typically composed of a continuous 35m canopy,
with emergent trees reaching 60m, and consequently, d=35m.
Above savanna, d=0.

As K has been averaged, equation (9) simplifies, giving 7,
=7 s/m above savanna 1 (z,,= 185m), 5.8 s/m above savanna
2 (2y = 155m in average), 3.4 s/m above transitional

L=

(] Desert
] Semi Desert
Steppe (grass,
brush and thicket)
B Brush grass savanna
Ml Woodland savanna
I Tropical rain forest
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woodlands (2, = 90m), and 3.7 s/m above forest (zy = 127m
in average).

The calculation of 7, for rough ecosystems is taken from
Lagouarde et al. [1993]:

2z @

where k=0.4 is the Von Karman constant, w. is the friction
velocity (0.355 m/s above forest, 0.376 m/s above savanna
during EXPRESSO [Delon et al., 2000]), Sc=1.07 is the
Schmidt number for ozone, and Pr=0.72 is the Prandtl
number. This leads to large values of r;, 25.9 s/m above
savanna and 27.5 s/m above forest.

The resistance r, can be deduced from equation (8), and we
found r. = 205 s/m over savanna 1 (V;= 0.0042 mvs), . = 101
s/m over savanna 2 (V;= 0.0075 m/s in average), 7. = 71 s/m
over transitional woodlands (V; = 0.0100 m/s), and r, = 35
s/m over forest (V;= 0.0150 m/s in average).

These results allow the conclusion that the evolution of the
deposition velocity mainly depends of surface resistance 7,
(including explicit dependence of LAI), and that the
aerodynamic resistance r, does not significantly influence the
deposition velocity over the forest.

These results suggest that V; could be extrapolated over a
whole latitudinal band, since the vegetation in Africa is
distributed uniformly in latitude (Figure 7). In other words,
the estimation of the LAI at a given point could give an order
of magnitude of ¥, across the African continent. Of course,
this is only valid when the aerodynamic resistance is low, and
in the case of homogencous surfaces on the same latitudinal
band. Furthermore, the forest LAI does not vary throughout
the year, whereas it decreases in the savanna at the height of
fire season. We can assume that relation 7 is valid from April
to December, and that it can be applied only in those
individual cases.

Figure 7. Latitudinal distribution of African vegetation.
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4. Ozone Budget in the ABL Over Tropical
Rain Forest

To analyze the ABL ozone budget over the tropical rain
forest of the EXPRESSO area, a slab model proposed by
Lenschow et al. [1981] is used. In this model the ozone rate of
change with time a[o_,yat i1s balanced by mean horizontal
advection Ga[o_,yax, vertical flux divergence aw'o,)/ez, and
photochemical production P(O,) and/or loss L(O;) of ozone
within the same volume:

2[;);]= P(O,)—L(O,)—ﬁdaox:l—M .

. an

Because of flight constraints, the vertical profiles used for
the estimation of ozone change were not performed over the
same location. However, this is not a critical point for reactive
compounds such as ozone, since the Congo rain forest basin
over which it was measured is a homogeneous area. Above
the forest the time derivative was estimated in the lowest part
of the ABL from mean values of ozone mixing ratios. The
lowest part of the ABL is generally well-mixed and does not
show high ozone variations, compared with the HL. above. If
we take the example of flight 50, where the ozone increase
was particularly easy to calculate, we can estimate the vertical
flux divergence without difficulty. In the HL a net ozone
production of 19 ppbv/h was estimated from the two profiles,
the time difference between the two profiles being half an
hour (Figure 8). A regular increase of [Os] 1s also found on
the leg performed between the two profiles of flight 50 (the
leg was performed in the HL). This ozone increase
corresponds to an ozone production of about 10.5 ppbv/h in
the HL, far lower than the 19 ppbv/h calculated from the
profiles. The difference is attributed to advection, which plays
an 1mportant role in the HL.

In the ABL the problem is different, and advection can be
neglected. CO 1s used as a reference to evaluate the influence
of the advection in the ABL because it can be considered as
an inert tracer on the time scales and space scales of the
campaign. Figure 9 shows that there is no CO increase from
the beginning to the end of a leg performed in the ABL (750
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m). The low CO variation allows the conclusion that CO 1s
not advected from the north in this layer. If we assume a
similar origin for CO and ozone precursors, we can say that
the impact of horizontal advection is negligible on the ozone
temporal variation in the ABL. Moreover, the ozone increase
calculated on the leg is 9.2 ppbv/h, compared with 9.96
ppbv/h from the profiles performed before and after this leg.
This adds support to the assumption that advection is
negligible for ozone production in the ABL.

The vertical flux divergence can be approximated by the
difference between the flux across the top of the ABL (D)
and the surface flux (D), divided by the ABL thickness Z,.
Advection is neglected, and the net rate of ozone change in
the ABL over the forest becomes:

Bl g0 10 0220

The vertical ozone flux at the top of the ABL @y results
from entrainment of air from the HL into the ABL, and is
given by

Oy = [\_N—'C_)E]Z =-v,a[05]

where V, is the entrainment velocity and A[Os] is the ozone
mixing ratio change across the top of the ABL. The lifetime
of ozone, which is around 2 days, allows the assumption that
V. is independent of chemical species, and that it can be
calculated from the vertical transport of water vapor across
the top of the ABL:
_Wgq _ LE
v, = Y e (13)
where LE=pLW'q is the latent heat flux (W/mz), p is the arr
density, L 1s the latent heat of water vaponzation, q° is the
water vapor mixing ratio fluctuation, and Agq is the jump of
water vapor mixing ratio between layers situated just below
and just above the top of the ABL. The water vapor mixing
ratio (measured on the boom of the aircraft) is first calculated
at each level, then Ag is evaluated across the top of the ABL
[Delon et al., 2000].
The values of V, and corresponding @y are given in Table
4. During the dry season over rain forest, the input of ozone
from the HL around noon is higher than the ozone deposition,

Ozone profiles during flight 50 (29/11/96)
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Figure 8. Vertical profiles of ozone obtained on November 29, 1996 (flight 50), just before the Bomassa
forest (profile 1) and over the Bomassa forest (profile 2).
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Temporal series of ozone and CO concentrations
(flight 50, leg in the ABL)}
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Figure 9. Evolution of [CO] (ppbv) and [Os] (ppbv) at a constant altitude in the ABL between profiles 1 and
profiles 2 of flight 50. Grey and black lines give the linear regression of temporal evolutions of ozone and CO

concentrations, respectively.

on average -0.648 ppbv m/s compared with -0.350 ppbv m/s,
corresponding to a net ozone downward vertical transport of
about 1.2 ppbv/h in the ABL (the ABL thickness above forest
is 925m in average). Over savanna, entrainment and surface
fluxes are lower and the net vertical transport is only 0.5
ppbv/h.

Average net O; production P’(03) = {P(O;) ~ L(O3)} can
be compared to that calculated from the photo-stationary state
(PSS) of NO, and ozone:

P’(03) = Jnoz -[NO,] — k [NO][O5]. 14

The photolysis rate Jyo; and the NO, and NO
concentrations were measured on board during each flight
[Marion et al, 2000]. The kinetic constant used for the
reaction NO + O, was k = 1.8x10™? exp(-1370/T) [Atkinson et
al., 1992]. As an example, P’(Os) calculated for flight 50 is
15.5 1 2.8 ppbv/h (Table 5).

O, production rates from PSS are higher than the values
obtained from the net production (Table 5), possibly because
of high values of [NO,} and ligh [NO,]/[NO] ratios [Marion
et al., 2000] . NO, could be formed from oxidation of NO by
peroxy radicals, abundant in the tropical lower troposphere
[Hough, 1991]. Nonetheless, the PSS is likely to overpredict
the O, production since it represents the total NO to NO,
conversion, including different reactions from NO + O; —
NO, + O, [Kramp and Volz-Thomas, 1997]. However, a

quasi-balanced ozone budget can be found in some cases.
Flight 52 for example, (performed above forest on December
1, 1996) is a good illustration of nearly steady state conditions
(Table 5).

The ozone budget is also strongly influenced by
photochemistry processes, remaining the most important
mechanism for ozone production over the tropical forest
during the fire period.

Indeed, high concentrations of NOy (1.4 to 2.2 ppbv) were
observed in the forest ABL (Marion et al, 2000) during
EXPRESSO (Figure 10, flight 50 is an example of high NO
concentrations), and can be compared to values found in a
nearby site during the DECAFE experiment in February 1988
(1.6 to 2 ppbv) [Cros et al., 1992b].

Quite uniform NO, (= NO+NO,) levels in the ABL
characterize homogeneous NO, sources, and NO/NO, ratios
close to unity indicate that NO, sources are close, where NO
is the reactive odd nitrogen given by NO, = NO, +
(nitrogen products of atmospheric oxidation). In the HL, the
NO/NO, ratio falls to 0.5 and NO, concentrations are lower,
characteristic of a photochemically older air mass. Nitrogen
compounds in the ABL are for the most part emitted from
soils and/or developed in the ABL, and downward transport
from the HL is small. Accordingly, the high ozone production
observed above the forest around noon (Figure 8) cannot be
accounted for vertical transport alone but must be

Table 4. Entrainment Velocity V, between HL and ABL, and Corresponding Ozone Flux @, at the Top of the ABL

(ie., at Z)*
Flight Zone Zi,m AJOs], 172 (0117 Dy
ppbv cm/s ppbv m/s ppbv m/s
46 F 800 36 -2.07 -0.745 -0.342
47 F 900 47 -0.88 0414 -0.262
50 F 1000 31 2.47 -0.766 nd
52 F 1000 28 238 -0.666 -0.508
Average 925 -1.95 -0.648 -0.350"
48 Sl 1060 1060 -1.56 -0.250 0.115

% My is the flux at the surface. F stands for rain forest, and S, is savanna 1. Here, nd is non determined.

® Averaged for all flights over forest.
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NOXx profiles (flight 50)
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Figure 10. Ozone (ppbv) and NO, (pptv) profiles for profile 2 of flight 50.

significantly influenced by photochemical production from
biogenic precursors, which may accumulate during the night
and in the early morning [Cros et al, 1992a; Marion, 1998]
and/or from fire effluents. Thus ozone profiles suggest that
photochemical production and vertical transport are largely
stronger than deposition and other ozone sinks. However,
high levels of prmary combustion products (CO,
condensation nuclei, NO,) found in the forest ABL indicate a
contamination by combustion products [Delon et al., 2000].
This contamination decreases the ozone content in the forest
ABL only if sources (fires) are close enough, since the ozone
will be destroyed in reaction with strong and fresh
concentrations of NOy. The forest ABL may be contaminated
by fires in the geographical transition zone, where the
Harmattan flow competes with the Monsoon flow near the
ground (transition between wet and dry seasons in the
Northern Hemisphere). Moreover, scarce forest fires were
detected by satellites during the campaign [Grégoire et al.,
1999].

High concentrations of ozone precursors suggest in part
that photochemistry is the most important process for the
ozone formation in the forest ABL. The contribution of
entrainment processes at the top of the ABL, involving inlets
of enriched ozone air masses in the ABL, is also consequent.

S. Summary and Conclusions

The EXPRESSO campaign took place in central Africa in
November and December 1996 at the beginning of the dry
season. Meteorological features of the studied zone were
mnfluenced by the proximity of the ITCZ, located at 5°-6°N at
the end of the campaign. The chemical composition of the

atmosphere was influenced by biomass burning, occurring
mainly in the north of the EXPRESSO zone. Turbulent ozone
fluxes were measured over savanna and rain forest with an
aircraft designed to study turbulent processes in the first 4 km
of the atmosphere. Deposition velocities were deduced from
surface ozone fluxes. They increase from the savanna to the
forest: ozone fluxes range from -0.12 to -0.38 ppbv m/s, and
deposition velocities range from 0.4 to 1.5 cm/s. Around noon
(time of the measurements) we observe a positive gradient
between savanna and forest surface fluxes, and an
approximately linear relation between deposition velocity and
LAI This relation highlights the role of vegetation cover and
surface resistance. For a known LAI a latitudinally constant
structure of V; was suggested by this linear relation, assuming
that the vegetation is distributed in linear bands on the African
continent and that 7, is small.

Ozone deposition was largely dominated by transport from
above as indicated by high entrainment fluxes at the top of the
ABL. The contribution of advection in the HL and in the ABL
is estimated from aircraft legs and profiles, which show that
the role of advection is negligible in the ozone budget. NO
emission rates were measured in the experimental zone by
Serga et al. [1994], and indicate that the forest is an O; sink.
Indeed, tropical forest soils could provide large inputs of odd
nitrogen species to the atmosphere, which may be important
for global atmospheric chemistry [Kaplan et al., 1988].
Above the EXPRESSO rain forest, around noon, ozone is
produced through photochemical reactions, involving fresh
precursors coming from forest soils and sometimes from
nearby fires. High concentrations of ozone precursors in the
ABL give an explanation to the fact that the photochemical
production over the canopy is the dominant contribution to
the ozone budget in the forest ABL.

Table 5. Budget of Ozone Around Noon in the ABL Over Tropical Rain Forest in Central Africa *

Flight Net Production Photochemistry Dry Deposition Entrainment
Production
46 nd 244 1.4 2.1
47 9.6 19.0 1.0 1.6
50 10.0 15.5 1.4° 3.0
52 17.7 14.7 1.8 24

¥ Units are in ppbv/h.

® Mean surface flux is taken for the calculation of the dry deposition.
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