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Budgets of Reactive Nitrogen, Hydrocarbons, and Ozone
Over the Amazon Forest during the Wet Season
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Harvard University, Cambridge, Massachusetls

The atmospheric composition over the Amazon forest during the wet season is simulated with a one-
dimensional photochemical model for the planetary boundary layer (PBL) extending from the ground to 2000-m
altitude. The model is constrained and evaluated using observations from the ABLE 2B field expedition.
Results indicate that only = 20% of NO, emitted by soils is exported to the atmosphere above the forest canopy.
The balance is deposited to vegelation before leaving the canopy layer. The small NO, flux that escapes from
the canopy is nevertheless sufficient to account for the low NO concentrations observed in the PBL. Decompo-
sition of peroxyacetylnitrate (PAN) supplied from aloft provides only a minor source of NO, in the PBL,
although it could provide the major source of NO, at higher altitudes. Soil emission can account for only a por-
tion of NO, observed over the forest. Organic nitrates of nonbiogenic origin likely account for the balance of
NO,. Enhancements of CO observed in the PBL cannot be explained by oxidation of biogenic hydrocarbons,
and appear 1o reflect direct emission of CO by the forest ecosystem. Concentrations of Oy in the PBL are regu-
1ated largely by transport from aloft and deposition to the canopy, with litde net influence from photochemisiry.
Ozone is photochemically produced immediately above the forest where NO concentrations are relatively high,

but is photochemically consumed in the upper portion of the PBL.

1. INTRODUCTION
The ABLE 2B field expedition [Harriss et al., this issue (a)}
has provided a detailed survey of atmospheric composition over
the Amazon forest during the wet season. The findings reveal a

- remarkably pristine atmosphere. Concentrations of NO measured

from aircraft were usually less than 10 ppt (A. L. Torres and K. R.
Hooks, Nitric oxide measurements over the Amazon Basin:
ABLE 2B results, submitted to Journal of Geophysical Research,
1989). Concentrations of O at 2000 m altitude averaged 18 ppb
{Browell et al., this issue;, Gregory et al., this issue; Kirchhoff et
al., this issuve], and the mean daytime concentration at canopy top
was only 6 ppb [Bakwin et al., this issue (a}]. The atmospheric
composition observed during ABLE 2B reflects influences from
photochemical reactions, biosphere-atmosphere exchange, vertical
mixing, and long-range transport of pollution. We investigate
here these influences, using a one-dimensional (1D) photochami-
cal model for the planetary boundary layer (PBL) extending from
the ground to 2000 m. We emphasize factors that regulate the
concentrations, transformation rates, and fluxes of hydrocarbons,
CO, reactive nitrogen species, and Os.

Previous model studies of atmospheric chemistry over the Ama-
zon Basin have focused on dry season conditions [Crutzen et al.,
1985; Jacob and Wofsy, 1988]. A major difference between pho-
tochemistry in the wet and dry seasons is that NO concenirations
are much lower in the wet season. The background PBL concen-
trations of NO observed during the ABLE 2A dry season expedi-
tion ranged from 10 to 60 ppt [{Torres and Buchan, 1988], and
values up to 250 ppt were observed in fresh biomass burning
plumes [Andreae et al., 1988). The background NO concentra-
tions In the dry season are sufficiently high to allow significant
photochemical production of Qs [Jacob and Wofsy, 1988), and
this production is enhanced in biomass burning plumes [Cruszen et
al., 1985; Andreae et al., 1988; Kirchhoff et al., 1989]. In the wet
seascn, by contrast, we will see that NO concentrations are so low
that photochernistry can represent a net sink for Q5.

Copyright 1990 by the American Geophysical Union.

Paper number 90JDOO0O0I.
1148-0227/90/90J D-0000 1 $05.00

We have argued previously [Jacob and Wofsy, 1988] that the
background NO concentrations observed during the dry season
could be explained largely by soil emissions of NO. Soil emis-
sions are 5 times lower in the wet season than in the dry season -
{Bakwin et al., this issue (b)), consistent with the observed
seasonality of NO concentrations. Our model results, discussed
below, indicate that only 20% of NO, emitted by soil is actually
exported to the PBL above the forest; the balance is removed by
deposition to vegetation during transport from the ground to the
top of the canopy. Nevertheless, we argue that soil emissions can
account for most of the NO observed in the PBL during the wet
season. We argue further that ventilation of NC, from the PBL to
the free troposphere (above 2000 m) is negligible, implying that
soil emissions of NO from the Amazen Basin make little contribu-
tion to the global atmospheric budget of reactive nitrogen.

Several authors, including Crutzen [1979] and Singh [1987],
have proposed that thermal decomposition of peroxyacetylnitrate
(PAN) could provide an important source of NO, in low-NO, at-
mospheres. In particular, the PAN measurements of Singh et al.
fthis issue] during ABLE 2B suggest that decomposition of PAN
could constitute the principal source of NO, in the free wopo-
sphere over the Amazon Basin. The concentrations of PAN were
consistently higher in the free troposphere (20-125 ppt) than in the
PBL (5-20 ppt), implying a net downward flux of PAN to the
PBL. We find however that this flux supplies only a small source
of reactive nitrogen to the PBL as compared to soil emissions of
NQ. Decomposition of PAN to NO, in the PBL is inhibited by the
abundance of peroxyacetyl radicals (CH,CO;) preduced from at-
mospheric oxidation of isoprene. Despite the low levels of NO,,
net conversion of NO, to PAN can take place at midday when
CH;3CQ;5 levels are maximum.

Photochemical oxidation of NO, produces HNO; and organic
nitrates in addition to PAN. The total concentration of reactive
oxides of nitrogen (NO,) measured just above canopy top during
ABLE 2B averaged about 450 ppt [Bakwin et al., this issue (@)].
Model results indicate that soil emissions of NO cammot account
for the observed NO, concentrations, and we speculate that organ-
ic nitrates of nonbiogenic origin make a major contribution to the
observed NO,. Local emissions from Manaus, or long-range tran-
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sport of pollution from eastern Brazil and Africa, could be impli-
cated [Andreas et al., this issue (@); Talbot et al., this issue (g)].
Extremely low Oy concentrations were measured during ABLE
2B [Bakwin et al., this issue (a); Browell et al., this issue; Gregory
et al., this issue; Kirchhoff et al., this issue], reflecting the rapid
deposition of O, to the forest canopy [Fan et al, this issue] and
the lack of photochemical production in the PBL. Previous model
studies have pointed out the potential for vigorous photochemical
loss of Oy in low-NO, atmospheres [Fishman et al., 1979; Logan
et al., 1981; Liu et al., 1983; Chameides et al., 1987]. These pre-
vious studies focused on marine environments, where photochem-

istry involves principally the oxidation of CO by OH, producing -

HO,, and the O yieid is Targely determined by the relative rates
of the HQ; + NO reaction (producing Os) and the HO, + O reac-
tion (consuming Oj). Different photochemistry is expected over
the Amazon forest because of the high concentrations of iscprene.
Isoprene provides the principal atmospheric sink for OH in the
PBL [Zimmerman et al., 1988; Jacob and Wofsy, 1988], so that
rates for O3 production or loss are determined largely by the fates
of the organic peroxy radicals (RO, ) produced from isoprene oxi-
dation. The. 2 RO, radicals are largely unreactive with Oy [Atkin-
son and Llo)i?i’.“1984]. in contrast to HO,. As aresult we find that
the crossover from net O production to net loss over the Amazon
forest takes place at = 5 ppt NO, as compared to = 10 ppt NO in
marine atmospheres [Fishman el al., 1979; Chameides et al.,
1987]. The low NO concentration required for O3 production
moderates the potential for photochemical loss of O, over the
Amazon forest.

The photochemical model developed for the present study in-
cludes a detailed mechanism for photochemistry in low-NO, at-
mospheres [Lurmann et al., 1986; Jacob and Wofsy, 1988], 2 1D
simulation of transport within the canopy and in the PBL, and a
multilevel resistance-in-series scheme for deposition to vegetation
[Shreffler, 1978; Meyers and Baldocchi, 1988). The model is in-
tended to simulate relatively undisturbed meteorclogical condi-
tions over the Amazon forest, characterized by a well-defined di-
urnal cycle of mixed layer growth and decay. Such conditions
were observed frequently during ABLE 2B [Browell et al., this is-
sue; Gregory et al., this issue], and were interrupted by occasional
very large disturbances [Scala et al., this issue]. The structure of
the model is described in section 2. Budgets of O; and NO,
within the canopy are examined in section 3. The photochemistry
of the PBL is discussed in sections 4-8, with focus on hydrocar-
bons (section 4), CO (section 5), reactive nitrogen (section 6}, odd
hydrogen (section 7), and O (section 8). The sensitivity of model
results to hydrocarbon levels is investigated in section 9. Con-
cluding remarks are in section 10. Model results for sulfur species
and organic acids are presented elsewhere [Andreae et al., this is-
sue (a); Talbot et al., this issue (b)]. Sensitivity model studies
focusing on the mechanisms for dry deposition to the Amazon
forest, the export of biogenic NO, out of the forest canepy, and
the effects of human colonization are presented in Fan et al. [this
issue), Jacob and Bakwin [1990], and Keller er al. [1990), respec-
tively.

2. MODEL DESCRIPTION
2.1, Transport

The model domain is restricted to the vertical, extending from
the ground to 2000 m. Some rationale for using a 1D model is
provided by the ABLE 2B aircraft observations of O; and aerosol
distributions over the Amazon Basin, which show relatively little
horizontal variation even during cross-Basin flights from Manaus
to Belem [Browell et al,, this issue; Gregory et al., this issue).
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Most of the time, the observed wvertical distributions of Q5 an”
aerosol below 2000 m display a well-defined diurnal pattern ‘c.
mixed layer growth and decay [Browell et al,, this issue; Gregory
ef al., this issue], which can be reasonably simulated with a 1D
model. We focus our attention here on these relatively undis-
turbed meteorological conditions. The principal drawback of a 1D
model is that it canmot simulate the efficient mixing of air to high
altimdes that takes place during deep convective events [Chatfield
and Delany, 1990]. ‘The rapid redistribution of O, observed dur-
ing such events is examined by Scala ef al. [this issue] using a 2D
model.

The upper boundary of the model domain at 2000 m is assumed
to represent the top of the PBL. The PBL includes an active
mixed layer, which grows and decays over the course of the day,
and a remnant mixed layer above, which is entrained into the ac-
tive mixed layer during the morning hours. Observations in the
dry season indicate a well-defined PBL, capped at 2500-3000 m
by the semi-permanent trade wind inversion [Kousky and Kagano,
1981; Browell et al., 1988; Gregory et al., 1988]. In the wet sea-
son the PBL is not as well defined, because the trade wind inver-
sion is absent, however the vertical distributions of various tracers
indicate a marked decrease in surface influences above 2000 m.
For example, the average O, vertical profiles reported by Browell
et al. [this issue] show a rapid increase of concentrations with alti-
tude up to 2000 m, reflecting the influence of the surface sink for
Qj, but little further increase above. Similarly, the aerosol profiles
reported by Gregory et al. [this issue] usually show a rapid de-
cline in concentrations above 2000 m.

The vertical distributions of trace species within the 0-2000 m
model domiin are resolved with seven grid cells (Figure 1), in-
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Fig. 1. Vertical structure of the model domain 25 a function of time of
day. The canopy layer {(grid cells 1-3) extends from Q to 30 m, and the
PBL (grid cells 4-7) extends from 30 to 2000 m. The tops of grid cells 5
and 6 move with time of day to simuolate the growth and decay of the active
mixed Iayer. ' o :
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Yuding three cells in the canopy (0-30 m) and four cells in the
8L above the canopy (30-2000 m). The grid cells are assumed
to be individually well-mixed. The subdivision of the canopy
layer into three grid cells is intended in part to resolve the ob-
served vertical gradients of *2Rn, NO, and Q; [Trumbore et al.,
this issue; Bakwin et al., this issue (a)], and in part to resolve the
vertical distributions of vegetation density and stomatal resis-
tances [Roberts et al., 1990]. The subdivision of the PBL into
" four grid cells is intended to distinguish the active mixed layer
{grid cells 4-6) from the remnant mixed layer (grid cell 7), and to
provide some resolution of vertical transport within the active
mixed layer.

Grid cells 4-6 in the mode] simulate the active mixed layer,
which is subject to strong turbulence in the daytime due to solar
heating of the canopy. The depth of the active mixed layer (top of
grid cell 6) is specified on the basis of observed vertical distribu-
tions of O3 and aerosol [Browell et al., this issue; Gregory et al.,
this issue]. It varies with time of day as a function of the energy
balance at canopy top, peaking at about 1500 m at midday. As the
active mixed layer grows during the morning hours it entrains air
from the remnant mixed layer, and the reverse process (stratifica-
tion) takes place in the late afternoon as the active mixed layer de-
cays [Jacob and Wofsy, 1988]. Entrainment and stratification are
simulated nsing mobile boundaries for grid cells 5-7 (Figure 1),
and transfering air between adjacent grid cells as the boundaries
move up and down with time of day.

Simulation of wrbulent motions above the Amazon forest is
complicated. Most of the turbulent energy at canopy height is car-

, ried by eddies of size 50-100 m [Fitzjarrald et al., 1988), signifi-
cantly larger than expected for mechanically generated mrbulence.
These eddies are likely generated in the active mixed layer, and
standard micrometeorological formulations for the turbulent dif-
fusivity (K,) are probably inapplicable. We choose instead to
model turbulent transport by using empirical exchange velocities
consirained with observed concentrations and vertical fluxes of

0;, 22Rn, and CO;. The turbulent mass fluxes are computed as
follows:

Fip=VilCis — CipaN; 1)
where F;; (molecules cm™2 s7) is the fhux of species i from cell k
to cell £ + 1, V; is the exchange velocity (cm s71) between cells &
and k + 1, C;; is the mixing ratio (v/v) of species i in cell k, and
N, is the air density (molecules cm™) at the boundary between
cells k and k£ + 1. Qur prescription of exchange velocities in the
- model (Table 1) distinguishes between & "daytime" regime (0900-
1600 LT) when turbulence is vigorous, and a "nighttime" regime
(1600-0900 LT) when vertical motions are suppressed. Here LT
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refers to local (solar) time. Values for V), V,, V3 are computed on
the basis of observed wvertical distributions and fluxes of 0,,
2R, and CO, in the canopy and immediately above [Trumbore
et al., this issue; Fan ef al., this issue]. The value of V| is lowerin
the daytime than at night, reflecting the greater thermal stability of
air near the ground during the day (L. C. B. Molion et al., Mi-
crometeorological dynamics of a terre firme forest in central Ama-
zonia during GTE/ABLE 2B mission, submitted to Jowrnal of
Geophysical Research, 1989). Values for V,, Vi, Vi, V5 are ad-
justed to fit the observed *2?Rn concentrations and O, fluxes at
canopy top [Trumbore et al., this issue; Fan et al., this issue], as
well as the vertical distributions of Os in the PBL [Browell et al.,
this issue; Gregory et al., this issue; Kirchhoff et al., this issue).
The flushing time of the 0-40 m air column in the model (for an
inert tracer emitted at the ground) is 1 hour in the daytime and 5
hours at night, in excellent agreement with the values computed
by Trumbore et al. [this issue] from observations for 2?Rn and
CO,. Twbulent exchange at the upper boundary of the model
domain (V) ventilates the PBL, and entrains into grid cell 7 free
tropospheric air assumed to have fixed composition (Table 2),
Deposition fluxes to vegetation and to the ground define the lower
boundary conditions of the model, and are discussed below.

2.2, Deposition

The forest canopy is a sink for oxidants and for water- and
lipid-soluble species, which deposit to leaves and soil. Deposition
to vegetation is simulated with a resistance-in-series formulation
for individual canopy grid cells [Shreffler, 1978; Meyers and Bal-
docchi, 1988). The deposition rate D;; (molecules cm™ s7!) of
species i to vegetation in grid cell k (k=1,3) is given by

Ly

—_— 2
PYA 2

e =

where L, is the leaf area index of grid cell k (cm® leaf area per cm®
air column, counting -only one side of leaf), AZ; is the grid cell
thickness {cm), and r;; (s cm™) is the leaf resistance to deposition
per em? of leaf area {counting only one side of leaf). Following
Meyers and Baldocchi {1988)], we express r;, as a composite
resistance including contributions from leaf-atmosphere boundary
(rgx), stomatal (rg,), mesophyllic (ry; ;). and cuticular (r¢; ) resis-
tances:

-1
1

Tig=To+ e
) (A ADrsr + Fagig

€
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TABLE 1. Exchange Velocities Retween Model Grid Cells

Grid Exchange Velocity, cm 57! Top of grid cell, m Equivalent K, cm?s™!
Cell

0300-1600 LT 1600-0900 LT Noon Midnight Noon Midnight
1 0.13 04 2 2 1.3(2) 4.002)
2 2 0.5 20 20 2.8(3) 7.0(2)
3 15 1 30 30 1.5(4) 1.033)
4 2 1 40 40 4.7(4) 1.0(3)
5 2 1 500 50 1.5(5) 1.003)
6 2 0.05 1500 60 1.5(5) 4.9(3)
7 2 0.05 2000 2000 5.0(4) 4.903)

The exchange velocity V; listed for grid cell { defines the rate of turbulent mass exchange between grid cells i and i+1, as computed

from (1). For completeness, we also list the "eqmvalent" turbulent dxffusthy at the top of grid cell i, K,; =

V; AZ;, where AZ; is the

distance between the centerpoints of grid cells / and i+1. However K, ; is not truly equivalent to V; because individual grid cells are

assumed well-mixed. Read 1.3(2)as 1.3x 1072,
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TABLE 2. Upper Boundary Model Concentrations at 2000 m Altitude

Species Concentration, Reference
ppb
Isoprens 0.1 Rasmussen and Khalil {1988)
Acetone 0.8 a
CcO 80 Harriss et al, [this issue (b)] v
NO 0.005 AL.Torres and K.R. Hooks (submitted manuscript, 1989)
NO, 0005 b
PAN 0.02 Singh et al. [this issue]
HNO, 0.2 b
RNQ, . 0.01 b,c :
H,0, 25 Logan et al. [1981}
CH,0OCH 2 Logan et al. [1981]
ROOH® 001 b
0O, 18 Browell et al. [this issue]

" Estimated biogenic continental background (D. Pierotti and
5.C. Wofsy, Acetone, acetaldehyde, and other carbonyls in the
atmosphere, submitted to Journal of Geophysical Research, 19589.)

b Assumed.

© A concentration of 1 ppb is assumed in the sensitivity calcula-
tion with exogenous organic nitrates (section 6).

4 Other than CH,OOH.

where A, = 022 cm? 57! and A; are the molecular diffusivities in
air of water vapor and species {, respectively. We assume a total
leaf area index L = 7 for the Amazon forest canopy, based on the
data of Shuttleworth et al. [1984] as discussed by Fan et al. [this
issue]. This leaf area index represents a sum of contributions L,
from each grid cell in the canopy layer:

L=Y1, ' @

1

withl, =1,L, =2, and L, =4 [Fan et al., this issue].

The boundary and stomatal leaf resistances used in the model
(Table 3) are the average values measured at the ABLE 2B forest
site by Roberts et al. [1990], as a function of time of day and alti-
tude. Inspection of Table 3 indicates that the leaf-atmosphere
boundary resistances are always small compared to the stomatal
resistances, and therefore have little influence on deposition rates.
The stomatal resistances -are lowest in the upper canopy, and
highest near the ground, presumably because of stomatal response
to low light levels but also possibly because of differences in the
species present at various altitudes within the canopy. In the mid-
dle and upper canopy the stomatal resistances are lowest in mid-
morning, and then increase progressively over the rest of the day.
This diurnal pattern appears to reflect the combined effects of wa-
ter stress and insolation [Roberts et al., 1990].

‘Following Wesely [1989], we assume zero mesophyllic resis-
tance for oxidants (O;, peroxyacylnitrates, peroxides, NO,) and
for water-soluble species with effective Henry's Law constants
larger than 10* moles 1™ atm™ at pH 7 (e.g., HNO;, HNO,,
CH,0, dicarbonyls). Zero mesophyllic resistance is also assumed
for isoprene (which is lipid soluble) and for organic nitrates (in
order to simulate the downward flux of NO, observed by Bakwin
ef al. [this issue (a)]. All other species are taken to have infinite
mesophyllic resistance, i.e., they are not removed at the stomata.

At night the stomata are closed, and deposition o the leaves
proceeds at the outer (cuticular) surfaces only, Cuticular resis-
tances to deposition are high except for oxidants and for highly
water-soluble species [Wesely, 1989]. We adopt re = 10 s cm™
for O,, which gives a good fit to the observed nighttime fluxes of
O; [Fan et al., this issue). 'We similarly adopt re = 10 s em™® for
other oxidants (peroxyacylnitrates, peroxides, NO,), and also for

HNQ; and organic nitrates. Other depositing species (i.e., other
species with 7y, = 0) are assumed to be removed with r¢o = 100 s
cm™}, on the basis of data for water vapor [Jones, 1983].
Deposition to the ground provides an additional sink for species
in grid cell 1, with flux G; (molecules cm™2 s}
G
Gy= == ®)
Tei
Following Wesely {1989] we assume rg =2 s cm™* for all oxidants

(and also for HNO; and organic nitrates), and rg = 5 5 em™ for
other depositing species.

TABLE 3. Leaf Resistances for Deposition to Vegetation

Grid Cell
Time of Day, 1 2 3
LT
Altitude range (m) 0-2 2-20 20-30
Boundary resistance 1.7 0.53 0.37
Stomatal resistance 0600 43 43 28
0700 43 43 21
0800 43 34 19
0900 43 1.9 17
1000 43 2.5 19
1100 4.3 2.8 1.9
1200 43 2.8 21
1300 43 34 21
1400 43 43 25
1500 4.3 5.7 28
1600 8.6 8.6 43
1700 8.6 8.6 8.6
1800 8.6 8.6 8.6

Resistance units are s cm™ per cm? of leaf area, counting only
one side of leaf. The resistances are taken from the average values
reported by Roberts et al. [1990] at the ABLE 2B forest site. The
stomatal resistances as given by Roberts et al. [1990] are multi-
plied by 6/7 = 0.86, as these authors made their measurements
mainly on the lower surfaces of the leaves, and reported that sto-
matal areas on the upper surfaces of the leaves were typically 6
times smaller than on the lower surfaces. Stomatal resistances at
night are assumed infinitely large.
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Rainfall scavenges water-soluble species efficiently. Observed
-precipitation fluxes of sulfate and organic acids during ABLE 2B
indicate a time constant of 1 day for wet removal from the PEL
[Andreae et al, this issue (a)]. We use this time constant int the
model to simulate wet deposition of species with effective Henry’s
law constants larger than 10° moles I'* atm™ at pH 5, including
organic peroxides (for which solubility constants are largely un-
known). Less soluble species (e.g., NO,, PAN, organic nitrates)
- are not removed by wet deposition.

2.3. Biogenic Emissions

The soil in grid cell 1 is viewed as a constant source of NO and
CO to the atmosphere. We adopt an emission flux of 8.7 x 10°
molecules cm? s7 for NO, which is the mean value measured for
clay soils during ABLE 2B [Bakwin et al,, this issue (b]. A CO
emission flux of 3 x 10“ taolecules cmi2 s'l is assumed, on the
basis of flux estimates at canopy top by Kirchhoff and Marinho
[this issue]. The CO fluxes observed by Kirchhoff and Marinho
[this issue] could possibly reflect emissions from the forest vege-
tation, rather than from soil [Seiler, 1978}; hovever, the precise
origin of this biogenic CO is of no consequence for our model pur-
poses.

Isoprene provides a major sink for OH over the Amazon forest
[Zimmerman et al., 1988]. We assume that the isoprene erfiission
fiuk from the forest vegetation depends on the local air tempera-
ture and photosynthetically active radiation (PAR). The depen-
dence on temperature is taken from Lamb et al. [1987], and the
dependence on PAR is taken from Tingey et al. [1979]. The
isoprene emission flux per unit area of leaf, & (molecules cm? leaf
sy, is computed as follows: '

¢ o €572 exp [ 1 (6)

1+€ b(""‘)
where § = 0.1 [Lamb et al., 1987], a = 10.2, b = 0.0064, c = 11
[Tingey et al., 1979], T is the local air temperature (K}, I is the lo-
cal PAR (microeinsteins m™2 s71), and ¢, = 1 x 107 molecules
em™ leaf s is a parameter adjusted in the model to provide a rea-
sonable simulation of atmospheric isoprene concentrations. For a
leaf at 298 K exposed to full sun, the isoprene. emission flux calcu-
lated frotn (6) is 2.7 x 10" molecules cm™ leaf s!. The rate of
isoprene emission in grid cell &, E; (molecules cm™ s71), scales
linearly to the vegetauon density L;/AZ;, and is computed as fol-
lows

Li  unoswm 1 ¥ a
Ey=0- e py— q,exp[l ppe g GG

where 2z, and z, are the altitudes at the bottom and at the top of
grid cell k, respectively,

Values for T range from 295 K in grid cell ! in early moming

to 302 K in grid cell 3 at midday (Fitzjarrald and Moore, this is-

‘sue; Fitzjarrald et al., this issue]. This température range pro-

duces only a factor of 2 variation in isoprene emission rates. Light

intensity plays a more important rele in regulating isoprene emis-

sions from the Amazon forest, The PAR at altitude z is computed

" by assuming that vegetation behaves as a gray absorber:
I(z) = I &™eor® 0<z<30m

®)

where I is the PAR at the top of the canopy (30-m altitude), %(z)
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is the overhead canopy optical depth at altitude z, and 8 is the solar
zenith angle. We compute 1(z) as follows:

0<z<230m

U2) = ke l(z) @

where k,, is the coefficient for light extinction by vegetation nor-
malized to the leaf area index, and Iz} is the leaf area index from
altitude z to the top of the canopy. A constant value &, = 0.5 is
assumed, corresponding to a uniform angular distribution of leaf
orientations [Verstraete, 1987]. Values for I are taken from the
mean houzly solar irradiances for April-May measured at the Em-
brapa stetion 2 km from the ABLE 2B forest site (O. M. R. Ca-
bral, personal communication, 1988). Following Parsons et al.
[19771, we assume that 50% of the solar radiation is photosynthet-
ically active, and apply a conversion factor 1 W = 4.60 microein-
steins s to convert the resulting PAR energy flux to a photon
flux. The values of /7 computed in this marmer peak at 1270 mi-
croeinsteins m~2 7 at noon, and show linle asymmetry about the
noontime peak.

The simulated flux of isoprene at canopy top is shown in Figure
2 as a function of time of day. This flux represents the sum of em-
issions from each canopy grid cell, partly balanced by déposition.
The upper canopy grid cell (20-30 m) accounts for 98% of total
isoprene emission by the forest, mainly because light attenuation
inhibits emission from leaves deeper in the canopy. Vegetative
emissions of acetaldehyde, organic acids, and reduced sulfur
species are scaled 1o isoprene emission, with a scaling factor of
2% for acetaldehyde {D. Pierotti and 5. C. Wofsy, Acetone,
acetaldehyde, and other carbonyls in the atmosphere, subshitted to
Journal of Geophysacal Research, 19901, and scaling factors for
organic acids and sulfur species adjusted to provide simulated
concentrations in harmony with observations [Talbot et al., this is-
sue (b); Andreae et al,, this issue (b)] The daily mean fluxes at
canopy top of species emitted by vegetation are listed i in Table 4.
The flux of acetaldehyde relative to isoprene in Table 4 is higher
than would be expected from the scaling of emissions; this result
reflects mainly the assumed lack of acetaldehyde deposition to
vegetation.

Emissions of terpenes are not included in the model. The dry
season hydrocarbon measurements of Zimmerman et al. [1988] in-
dicate that the total concentration of terpenes over the forest is less
than 10% of the isoprene concentration on ‘a molar basis, therefore
terpenes should have little influence on photochemmtry Howev-
er, Zimmerman et al. [1988] observed significant concentrations of

FLux, 10! molecules em™2 57!

Q 3 12 18 24
TIME OF DAY, h

Fig. 2. Vertical flux of isoprene at 40 m in the model, as a function of
time of day. Positive values indicate an upward flux.
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TABLE 4. Upward Fiuxes at Cancpy Top of Specxes

Jacos aND Worsy: PHoTocHEMISTRY DUurNG ABLE 2B

Emitted by Vegetanon
Species Flux,
molecules em 257

Isoprene 9.1(10)
Acetaldehyde 409
Formic acid 4409
Acetic acid 3.7(9)
Pyruvic acid 28(8)
H,$ 14.(9)
(CHj),S 34(8)

- CHaSH 1.7(8)

Daily mean fluxes at 30 m {canopy top), representing a balance
between (\’fegetative emissions and dry deposition. Read 9.1 (10) as
9.1 x 109,

other nonmethane hydrocarbons (NMHCs) including alkanes, alk-
enes, and aromatic compounds. Biomass burning appeared to be a
major source of these NMHCs, and such a source would be re-
duced considerably in the wet season. Unfortunately, no NMHC
data are available for the wet season. In our standard model calcu-
Iation, we neglect all NMHCs except for those listed in Table 4
and their decomposition products. A sensitivity calculation (sec-
tion 9) will examine the effect of adding other NMHCs at the dry
season levels reported by Zimmerman et al. [1988]. As we will
see, the effect is small.

2.4. Chemical Mechanism

_ Photochemistry is simulated with the detailed mechanism of
Lurmann et al. [1986], modified for low-NQ, conditions as
described by Jacob- and Wofsy [1988]. Rate constants and
stoichiometries for some reactions of CH;0, and CH;CO, have
been updated on the basis of recent kinetic data [Moortgaat etal,
198945]:

R1) CH,CO, + CH;0, 2 . CH,0, + CH,0 + HO, +CO,
| k =1.8x 107 &7 cm® molecule™® 57!
®2) CH,CO, + CH,0, —> CH,COOH + CH,0 + 0,
ky =41 x 1075 21997 o3 molecule™ 571
(R3) CH,CO, +HO, —> 0.67 CH,C(O)OOH
+ 0.33 CH;COOH
+0.670,+0330,
by =43 x 10713 2997 o3 molecule™ 571
(R4) CH,CO, +CH,CO, 2> 2CH,0, +2CO,

ky = 2.8 x 10712 £%397 om? molecule™ s!

Atmospheric oxidation of hydrocarbons in the model yields a
variety of organic peroxy and peroxyacyl radicals [Lurmann et al.,
1986]. We label these radicals collectively as one chemical fami-
ly, RO,, and the peroxyacyl radicals collectively as RCOs, a sub-
family of RO,. Kinetic data for RO, radicals are largely limited
to the smaller species CH3 0, and CH,CO;. The principal atmos-
pheric sm.ks for CHgOz are the reactions with NO and HO,, and

ABLE-2B

the self-reaction. Reaction with O is negligibly slow [Atkinsor
and Lloyd, 1984]. The CH,;CO; radical is consumed by similm
reactions as for CH;0;, and reacts in addition with NO, to pro-
duce PAN. Following Lurmann et al. [1986], we assume that the
1ate constants for reactions of all RO, radicals with NO and HQ,
are the same as for CHy0,. However RCQ, radicals react with
HO, and NO, at the same rate as CH3CO;. The ROrROz reac-
tions involving >C; RO, radicals (RO, radicals other thar CH; 0,
or CH,CQO;) are assumed negligible. Stoichiometries and rate
constants for the RO, and RCO, reactions are as follows:

O,,multisteps

(R5) RO, +NO > oR'COR” + BNO,

+ (1 - ﬁ)RNOg
+4HO, + 8RO,

ks =42 % 10712 21897 ¢33 molecule™ st

(R6) RO, +HO, > ROOH +0,
ks =43 x 10712 LMD o? mglecule™ s
(for RCO, radicals)
ks = 4.5 x 10712 cm® molecule™® 57!
(for non-RCQ, radicals)

f
RCO; + NO,= RPAN
' b
ke = 4.7 x 10712 cm® molecule™ s
kg, = 1.95 x 1018 ¢ 3%9T oy molecule™ 57!

®R7)

where R"COR”, RNO;, ROOH, and RPAN represent carbonyls,
organic nitrates, organic peroxides, and peroxyacylnitrates,
respectively. The product yields in (R5) depend on the nature of
the RO, radical; for the RO, radicals arising from isoprene
decomposition the ranges are & = 0.9-1.8 , p = 0.9-1, v = 0.3-1,
and 8 = 0-0.6 [Lioyd et al., 1983]. All RPAN species are assumed
to decompose thermally at the same rate as PAN [Lurmann et al,,
1986]. Organic peroxides produced by (R6) are removed in the
model by wet and dry deposition; they may also react with OH, or
photolyze, with lifetimes of a few days against either of these
chemical sinks [Jacob and Wofsy, 1988]. Organic nitrates are- as-
sumed unreactive in the atmosphere, but they are removed by dry
deposition,

The UV radiation intensities are computed with a six-stream al-
gorithm for the Rayleigh atmosphere [Logan et al., 1981], assum-
ing an Oy column of 7.1 x 10'® molecules cm™ 57} [Kirchhoff et
al., this issue], 30% opague cloud cover above 2000 m [Menzel et
al., this issve], and a Lambertian reflectivity of 0.1 at canopy top.
Scattering of radiation by clouds within the PBL is ignored. Light
extinction by aerosols is assumed to provide 0.1 total vertical opti-
cal depth at 310 nm, varying inversely with wavelength [Logan et
ai., 1981]. Radiation intensities within the canopy are corrected
for light extinction by vegetation following (8). Temperatures
range from 302 K near canopy top at midday to 295 K in the upper
PEL, and partial pressures of water vapor range from 17 mbar in
the upper PBL to 30 mbar near the ground at night, based on ob-
servations.

2.5, Corﬁputarional Procedure
The chemical evolution of the atmosphere is computed by solv-

ing a systemn of coupled differential equations expressing the
changes in the concentrations of species in all grid cells as a result
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f chemistry, emissions, deposition, and vertical transport. The
solution is obtained by an implicit finite difference method [Richt-
meyer, 1957] with time gteps ranging from 30 min in the day to 2
hours at night. At the end of each time step the photolysis rates
and the emission fluxes from vegetation are updated; the mobile
grid cell boundaries are adjusted vertically, and changes in species
concentrations due to entraitument are computed, We established
in test simulations that these time steps are sufficiently smail to
ensure stable and accurate solutions.

The model simulation is conducted over 3 diurnal cycles, start-
ing from 0000 LT. The composition of the PBL is initialized at
the beginning of the simulation with free wropospheric air, i.e., the
upper boundary conditions in Table 2 are taken as initial condi-
tions. This initialization is intended to simulate the passage of a
major meteorological disturbance, when air from the free tropo-
sphere is rapidly mixed with the PBL. As the simulation
progresses, the concentrations of the various species increase or
decrease from the initial values, approaching eventally a steady
stale between model sources and sinks. For a long-lived species
emitted by the forest, and removed by ventilation through the top
of the model domain (e.g., CO), the characteristic time required to
reach steady state in the model is about 7 days; a similar time is
required for a species transported to the PBL from the free tropo-
sphere, and removed by deposition to the canopy (e.g., O3). Ac-
cording to data for *Rn (E. B. Pereira et al., unpublished
manuscript, 1989), the residence time of air in the PBL over the
Amazon Basin is roughly 3 days. Therefore we do not expect the
atmosphere to reach a steady state as described by the model
sources and sinks. Nevertheless, we find that changes in the simu-
lated atmospheric composition between modet days 2 and 3 are re-
latively small; the 24-hour average PBL concenirations of Os,
NO,, isoprene, and PAN change by 9%, +9%, +12%, and +25%,
respectively {the increase is greatest for PAN as it reflects the
combined increases of NO, and isoprene concentrations). We
focus on the results from model day 3 as representative of the. gen-
eral chemical behavior of the PBL, subject to rapid exchange with
the free troposphere or with air from outside the Basin every 2 or
3 days Except if indicated otherwise, all model results presented
below are from mode] day 3.

3. CHEMICAL BUDGETS IN THE CANOPY
Figure 3 shows mean O; concentrations observed within the

canopy during ABLE 2B {Bakwir et al., this issue (a)] (right
panel) as well as computed values (left panel). Reasonable agree-

MODEL

ment is found throughout the day, reflecting in part the adjustment
of exchange velocities in the model {cf. section 2.1). The concen-
trations of O, within the canopy are regulated largely by supply
from aloft and deposition to vegetation, as shown in Table 5. Pho-
tochemical production provides a small additional source in the
daytime (150 ppt h™* at noon), and reaction with NO provides a
small additional sink at night (260 ppt h™" at midnight). The simu-
lated vertical Oy fluxes at 40 m are in good agreement with the
eddy correlation flux measurements of Fan ef al. [this issue] (Fig-
ure 4). Ozone fluxes are much larger in the daytime than at night,
reflecting both the opening of the stomata in the daytime and the
increased turbulence at canopy top; further discussion of these fac-
tors is given by Fan et al. [this issue]. A gradual decrease in the
0, flux is found between mid-moming and afternoon, both in the
model and in the observations. This asymmetry appears to follow
the increase in stomatal resistances over the course of the day
(Table 3).

Simulated NO concentrations within the canopy are compared
in Figure 5 to the mean observations from ABLE 2B [Bakwin et
al., this issue (@)]. Model results are in general harmony with
these observations. The nighttime budget of NO in the model
(Table 5) represents largely a balance between soil emission and
reaction with Q5. Accumulation of NO in the cancpy air column
(33 ppt h™! at midnight) is only a small term in the budget, in
agreement with data from Bakwin et gl. [this issue (b)], which in-
dicate an average niphttime NO accumulation rate of 15+ 110 ppt
1! in the 041 m air cohumn. '

Nighttime oxidation of NO to NO, in the medel is followed by
deposition of NO; to vegetation, which limits the fraction of NO,
emitted by soil that is exported to the PBL (Table 5). The deposi-
tion of NO, in the model follows from our -assumption of a low
cuticular resistance for uptake of NO, by vegetation (rc = 10's
em™). We find that efficient nighttime uptake of NO, by vegeta-
tion is necessary to explain the NO, concentrations of 300-600 ppt
observed at 19-3% m by Bakwin et al. {this issue { a)}, as these ob-
servations provide a constraint on the maximum accumulation of
NO, in the nighttime mixed layer. If NO, were assumed not to
deposit at night then the NO, concentration simulated by the
model at 30-40 m would exceed 1 ppb at midnight, and 2 ppb at
dawn, inconsistent with the NO, data, Obviously the NO, con-
centrations predicted by the model are dependent on the simula-
tion of transport; the inconsistency with the NO, data would var-
ish if the ventilation rate of the nighttime mixed layer in the model
were increased by a factor 3. However such an increase would
imply a flushing time of less than 2 howrs for the 0-40 m air

OBSERVATIONS

50

ALTITUDE, m
™ o b
[=] [«] [=]

o

TIME OF DAY, h
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" Fig. 3. Concentrations of Os (ppb) between 0 and 50 m, as a function of time of day. Model results (left panel) are compared 10

the observations of Bakwin et al. [this issue (a)] (nght panel).




16,744

ABLE-2B

JACOB AND WOFSY: PHOTOCHEMISTRY DURM_; ABLE 2B
TABLE 5. Budgets of 03, NO, and NO, in the 0-40 m air column
g, NO NO,

, Noon Midnight Noon Midnight Noon Midnight
Concentration, ppt 4420 1250 153 40 264 556
Sources and sinks, ppt i _ ‘

Soil emission +330 +330 +330 +330
 Flux at40m +9450 +710 -44 -19 92 -31
Deposition -9190 740 275 .252
NO+0O, -430 260 429 -261
HO,+NO | -189 8
" RO,+NO 270 9
"NO, + hv +580 +583
PAN decomposition <1 <1
RPAN decomposition +2 <1
Accumulatlon. pptht +410 -290 -19 +33 -35 +47

Model results averaged over the 0-40 m air column.

column, while the **Rn data of Trumbore et al. [this issue] indi-
cate a mean flushing time of 5.5 howrs at night. Also, higher ven-
tilation rates in the model would produce excessive nighttime O
fluxes, and would require very low cuticular resistances for O,
deposition (re = 2.5 - 5 s em™) in order to simulate the Qs levels
observed in the canopy. It appears therefore that substantial night-
time loss of NO,, must teke place inside the canopy. Deposition of
NO,, as simulated by the model, is a likely mechanism to explain
this loss.

The observed NO. concentrations show a pronounoed surge
shortly after sunrise (Figure 5). This surge is well simulated in'the
model, where it is due to photolysis of NO, accumulated in the
canopy over the course of the night. Following the surge the NO
concentrations drop sharply, as the onset of daytime turbulence
ventilates NO, from the canopy. The daytime budget of NO, in
the canopy represents. a balance between soil emission of NO,
deposmon of NO, to vegetation, and ventilation to the PBL (Table
53, sumlazly to the nighttime budget. Ventilation and deposition
rates are both enhanced in the daytime, and deposition remains the
-dominant term balancing soil emissions. The lower NO, concen-
trations in the canopy in the daytime than at night can thus be at-
wributed primarily to stomatal opening, rather than to enhanced tur-
bulence. '

FLUY, 10" molecules em~2 5~!

- | 1 L
0 6 12 18 24
TIME OF DAY, h

Fig. 4. Verical flux of O3 at canopy top, as a function of time of day.
Model results at 40 m (solid line) are compared to the eddy correlation
measurements at 39 m of Fan éf al, [thx 1ssue] (dashed line). Negative
values indicate a downward ﬂux

Simulated upward fluxes of NO, at 40 n altitude are shown in
Figure & as a function of time of day. These can be compared to
the soil emission flux of NO, 8.7 x 10* molecules cm™ s™!. On a
24-hour average basis only 19% of NO, emitted by soil is éxport-
ed to the PBL; the balance is removed by deposition to the cano-
py. Export is strongest in mid-morning, when NO, accumulated
in the eanopy over tte previous night is ventilated to the growing
mixed layer. During the remainder of the daytime hours the ex-
port of NO, represents about 25% of the soil emission rate, declin-
ing to about 13% at night.

4. HYDROCARBONS

Detailed isoprene concentrations measured during ABLE 2B
are not available, but a preliminary report [Dalluge et al., 1987]
indicates that concentrations were similar to those obsérved by
Rasmussen and Khalil [1988] during the dry season ABLE 2A
expedition. Model results (Figure 7) are generally consistent with
the aircraft observations of Rasmussern and Khalil [1988],
although simulated concentrations near the surface are somewhat
higher. The average model chemical lifetime of isoprene in the
daytime PBL is 6.4 hours; reaction with OH contributes 92% of
the sink and reaction with Oy contributes most of the balance. At
midday, the lifetime ranges from 21 hours at canopy top to 1.5
hours in the upper PBL, reflecting the vertical distribution of OH
(cf. section 7). ‘The Jong lifetime of isoprene near the surface al-
lows it to be transported to relatively high altitudes, where it is
then rapidly oxidized. Chemical removal of isoprene at night is
slow because of the low concentratxon of NO; [cf. Jacob and Wof-
sy, 1988].

Average concentrations of NMHCs in the PBL are listed in
Table 6. The NMHCs are produced mainly by photochemical
decomposition of isoprene, except for thosé species emitted direct-
ly by vegetation (Table 4). The low concentrations of NO in the
PBL favor the formation of organic peroxides, which may be re-
moved by wet and dry deposition (69% of the organic peroxide
sink in the model) or recycled into the hydrocarbon pool by photo-
lysis and reaction with OH.

Oxidation of isoprene contributes 91% of the simulated CH,O
over the forest. The simulated CH,O concentration of 0.5 ppb is
higher than obiservations in marine air (= 0.2 ppb [Lowe and
Schmidt, 1983]), but lower than observations in rural air at north-
e mid-latitudes (1-2 ppb [Neitzert and Seiler, 1981; Snider and
'Dawson, 1985]) It appea.rs that oxidation of i moprene can enhance
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Fig. 5. Concentrations of NO (ppt) between 0 and 50 m, as a function of time of day, Model results (left panel) are compared to

the observations of Bakwin et al. [this issue (a)] (right panel).
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Fig. 6. Vertical flux of NO, at 40 m in the model, as a function of time of
day. Positive values indicate an upward flux,

significantly the CH,O concentration in remote continental air as
compared to marine air. At northern mid-latitudes, oxidation of
anthropogenic NMHCs provides probably a major additional
source of CH,; O [Kasting and Singh, 1986].

Photolysis of methylglyoxal produced from decomposition of
isoprene constitutes in the mode} the major source of the CHyCO;
radical (Table 7). Two other important sources are the oxidation
of acetaldehyde by OH, and the RO; + NO reaction where RO, is
a peroxy radical generated in the oxidation of methylvinylketone
by OH [Lioyd et al., 1983]. High production rates for CH;CO4
displace the NO,/PAN equilibrium towards PAN, inhibiting the
decomposition of PAN to NO,. As we will see below, the produc-
tion of CH5CO; radicals in the model is sufficiently high to lead to
net formation of PAN at midday in the lower PBL.

5. CARBON MONOXIDE
Carbon monoxide accumulates progressively in the PBL over

the course of the simulation. Starting from the free twoposphere
concentration of 80 ppb assumed as initial condition, the mean CO
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Fig. 7. Simulated concentrations of isoprene (ppb) in the PBL, as a fimction of altitude and time of day.
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concentration in the PBL rises to 84.1, 88.0, and 91.2 ppb at the
end of model days 1, 2, and 3, respectively. Harriss et al [this is-
sue (b)] observed 5-10 ppb enhancements of CO concentration in
the PBL relative to the free troposphere during ABLE 2B; model
results are consistent with these observations. The net accumula-
tion of CO in the PBL over the course of model day 3 is 3.2 ppb
d™, reflecting sources from direct emission (5.9 ppb 47!) and
secondary production (0.8 ppb d71), and sinks from ventilation to
the free troposphere (2.9 ppb d™!) and reaction with OH (0.6 ppb
d?). The CO concentration would reach 100 ppb after about 7
model days, but it is unlikely that the PBL could evolve over such
a long period during the wet season without a major storm distur-
bance or influx of oceanic air [Scala ef al., this issue; E. B, Pereira
et al., unpublished manuscript, 1989].

TABLE 6. Concentrations of Biogenic Hydrocarbons

Species Concentration,
Ppt
Ysoprene 831
Methylhydroperoxide 474
Organic peroxides” 472
Formaldehyde 472
Methylvinylketone 422
Methacrolein 370
Formic acid 156
Acetic acid 153
C, s-aldehydes’ 132
Acetaldehyde 129
Hydroxyacetaldehyde 36
RNOF . 32
Methacrylic acid 21
RO, 20
RPAN 12
Methylglyoxal 9
(CHy),S 7
Pyruvic acid 5
PAN 5
CH,SH 3

Daily mean model concentrations in the PBL air column (30-
2000 m). '

* Other than methylhydroperoxide, which is listed separately.

t Other than methacrolein, which is listed separately.

* Biogenic organic nitrates other than peroxyacylnitrates, which
are listed separately as PAN and RPAN. In the simulation with
exogenous organic nitrates the daily mean RNQ; concentration in
the PBL is 776 ppt (cf. Table 8),

TABLE 7. Sources of the Peroxyacetyl Radical

CH;CO; Production Rate,

ppth*
Methylglyoxal + hv 54
Acetaldehyde + OH 21
MRQO, + NO 20
Acetone + hv 0.7
ARO, + HO, 04
Methylvinylketone + O, 03
Peroxyacetic acid + OH 03
PAN decomposition C.1
Miscellaneous 0.1
Total source 11.4

Daily mean model rates in the PBL air column (30-2000 m).
MRO, and ARO; are RO, radicals produced from the methylvi-
nylketone + OH and acetone + OH reactions, respectively.
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Direct emission from the forest accounts for 88% of the total
PBL source of CO in the model. Production of CO from oxidation
of isoprene is small in comparison. Although isoprene emission is
an important source of organic carbon to the PBL (9.0 ppb C 471,
oxidation of this carbon to CO is inefficient because of the low
photochemical reactivity of the atmosphere, and because hydro-
carbon intermediates (organic peroxides, CH, Q) are removed effi-
ciently by wet deposition. An inventory of isoprene carbon on
model day 3 indicates that 39% of this carbon is deposited to the
forest as organic peroxides and CH,0; accumulation of hydrocar-
bon intermediates in the PBL and ventilation to the free tropo-
sphere account for 15% and 13% of the carbon, respectively,
while 23% is oxidized directly to CO,, bypassing CO. Only 10%
of the isoprene carbon is oxidized to CO within the PBL.

Our predicted CO yield from oxidation of isoprene is much
lower than the value of 60-80% previously derived by Zimmerman
et al. [1978] from a photochemical mechanism for isoprene oxida-
tion. Part of the reason Is that we restrict our analysis to CO pro-
duction within the PBL; however, even without such a resiriction
our CO yield would still be less than 30%. Zimmerman et al.
[1978] assumed that NO was present at sufficiently high levels to
provide the only significant RO, sink, and they did not consider
deposition of hydrocarbon intermediates. If we made the same as-
sumptions in our mechanism we would obtain a 60% CO yield
from complete isoprene oxidation, consistent with the results of
Zimmerman et al. [1978]; inclusion of deposition would lower the
CO yield to 44%, mainly because of wet deposition of CH,O.
The yield is lowered further by reactions of RO, with HO,, which
in the model provide about half (48%) of the RO, sink over the
Amazon forest. The organic peroxides preduced by the RO, +
HO, reactions are primarily removed by wet deposition; they may
also photolyze or react with OH to produce Cs 5 aldehydes, which
partially undergo direct oxidation to CO; upon further reaction
with OH. Obviously, our assessment of the CO yield from
isoprene oxidation at low NO, levels suffers from poor under-
standing of the atmospheric chemistry of organic peroxides.

6. REACTIVE NITROGEN

Model results for concentrations of NO and PAN are shown in
Figure 8 as a function of altitude and time of day. A. L. Torres
and K. R. Hooks (submitted manuscript, 1989) observed NO con-
centrations of 12 = 7 ppt in the lower PBL (up to 300 m) and 6 £ 3
ppt in the upper PBL (300-2000 m), in harmony with model
results, The mid-moming surge in NO concentrations is due to
ventilation of NO,, accumulated in the canopy the previous night.
Results for PAN are consistent with the observations of Singh et
al. [this issue], who found daytime PBL concentrations ranging
from 5 to 20 ppt. The simulated PAN concentrations are higher in
the daytime than at night because downward transport from the
free troposphere is faster, and because PAN decomposition in the
daytime is inhibited by CH,;CO, radicals produced from isoprene
oxidation. A weak maximum in PAN concentrations is predicted
in the lower PBL at midday when the abundant supply of CH,CQ4
radicals leads to net conversion of NO, to PAN.

The main source of NO, to the PBL is emission from soils, as
shown in Table 8. Decompesition of PAN provides only & small
source in comparison. The downward flux of PAN from the free
troposphere would need to be 10 times greater than simulated in
order to provide a source of reactive nitrogen to the PBL compar-
able to the upward flux of NO, from the canopy; such rapid verti-
cal transport would however be seriously inconsistent with the ob-
served vertical distributions and fluxes of O;. Conceivably, PAN
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Fig. 8. Simulated concentrations of NO and PAN (ppt) in the PBL, as a function of altitude and time of day.

decomposition could make a significant contribution to the PBL
NO, budget under meteorologically disturbed conditions when
mass exchange between the PBL and the free troposphere is
unusually rapid, and isoprene concentrations are depleted by dilu-
tion. Under the more typical conditions simulated here, however,
decomposition of PAN does not have the potential to be an impor-
tant source of NO, in the PBL.

Oxidation of NO, in the PBL takes place on a time scale of 1
day, and produces HNO; and organic nitrates which are subse-
quently removed by deposition (Table 8). The upward flux of
NO, at 2000 m in the model is very small, indicating negligible
export of biogenic NO, to the free roposphere. This inefficacy of
NO, export from the PBL follows in part from the rapid oxidation
of NO,, and in part from the model assumption of 10 ppt NO, as
an upper boundary condition at 2000 m (based on the NO meas-
urements of A, L. Torres and K. R. Hooks, submitted manuscript,
1989). Model results thus imply that soil emissions make little
contribution to the NO, budget above 2000 m. Possible sources of
NO, above 2000 m include lightning [Crutzen et al., 1985] and
thermal decomposition of PAN [Singh et al., this 1ssue].

The concentrations of NO, measured at 3% m altitude during
ABLE 7B averaged 450 ppt, with little diurnal variation [Bakwin
et al., this issue (a)]. Only a small fraction of this NO, can be ex-
plained by the sum of the observed concentrations of NO, PAN,
and HNOQ, [Bakwin et al., this issue {(a); Singh et al., this issue;

[Talbot et al., this issue (a}]. Concentrations of NO,, HNO,, and
biogenic organic nitrates predicted by the model from oxidation of
biogenic NO are insufficient to account for the missing NO,, par-
ticularly in the daytime (Table 9; Figure 9). We conclude that a
large fraction of NO, over the forest must be contributed by com-
pounds of non-biogenic origin, presumably organic nitrates tran-
sported from Manaus or from sources outside the Amazon Basin.

This hypothesis of a non-biogenic source for NO, was exam-
ined further by imposing a high concentration (1 ppb) of exo-
genous organic nitrates at the upper boundary of the model
domain (2000 m). These organic nitrates were assumed to be
chemically inert in the PBL, and to be removed by dry deposition
to the forest. As shown in Figure 9, such an NO, source improves
the simulation of the observed NO, concentrations. The exo-
genous organic nitrates in the model contribute 70% of the NQ,
observed at 39 m at noon, and 30% at midnight (Table 9). The
lower fraction at night is due to NO, accumulation in the night-
time mixed layer, and depletion of organic nitrates by deposition
to the canopy. The dry deposition of organic nitrates at night
offsets the increasing levels of NO,, thus explaining the lack of di-
urnal variation in NO, levels reported by Bakwin et al, [this issue
{a)].

The NO, measurements of Bakwin et al. [this issue (2)] indicate
higher NO, concentrations at 39 m than at 19 m, implying a net
downward flux of NO, from the atmosphere to the canopy. This
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TABLE 8. Budgets of Reactive Nitrogen Species in the PBL Air Column (30-2000 m)
Species NO, PAN RPAN HNO, RNO. NO,
Concentration, ppt 26 5.2 12 46 776 865
Sources and sinks, ppt d!
Flux at canopy top {30 m)! +334 -1.5 -1.5 -5.7 -106.1 -814 .
‘Wet deposition 457 457
Flux at 2000 m -1.0 +3.6 2.7 +35.8 +35.6 +71.3
PAN —>NO, +14 -1.4
NO, —>RPAN -6.0 +6.0
NO, —> HNO, -1.8 +7.8
NO, —> RNOQ, -16.2 +16.2
Accumulation, ppt ¢! +2.7 +0.7 +i.8 -7.8 -54.3 -55.8

Daily mean model values in the PBL air column (30-2000 m).
* Including exogenous organic nitrates (see text).
t Not including wet deposition.

TABLE 9. Simulated Concentrations of NQ, Species

in Grid Cell 4 (3040 m)
Concentration, ppt
Noon Midnight
NO 41 29
NO, 66 201
PAN 5 2
RPAN 3 2
HNO; 16 13
RNO 18 13
RNOi 328 148
Total NO, {model)¥ 477 498
Total NO, (observed)® 386+138 4524156

* Biogenic organic nitrates other than PAN or RPAN.
t Exogenous organic nitrates,

¥ Including exogenous organic nitrates,

§ At 39 m altituds [Bakwin et al., this issue (a)].

0 6 12 18 24
TIME OF DAY, h -

Fig. 9. Concentrations of NO, just above the canopy, as a function of
time of day. Model results for grid cell 4 (30-40 m) are shown as solid
lines, for the simulation with and without exogenous organic nitrates (dia-
monds and squares, respectively). The observations of Bakwin ef al. [this
issue (a)] at 39 m are shown as the dashed line with error bars (mean +
standard deviation),

flux represents the sum of contributions from NO, species re-
moved by deposition (e.g., PAN, HNO,, organic nitrates), partly
balanced by soil emissions of NO. Bakwin et al. {this issue (a)]
defined NO, = NO,-NO as the ensemble of NO, species removed
by deposition, and computed the dry deposition fluxes of NO, on
the basis of the observed NO, gradients by assuming similarity
with Oy deposition. The ensemble of NO, species defined in this
manner includes NO,, which in the model has a net flux vpward at
40 m (Table 5), therefore, the assumption of similarity between
NO, and O; may not be fully warranted. The model simulation al-
lows us to examine this question.

We compare in Figure 10 the NO, fluxes computed by Bakwin
et al. [this issue (a)] to the model values for the simulation with
exogenous organic nitrates. Good agreement is found throughout
the day, except that the high value computed by Bakwin et al. [this
issue {&)] at 1300 LT is not reproduced by the model. Most of the
NO, flux in the model is contributed by the exogenous organic ni-
trates. The daily mean flux of NO, in the model is -5.2 x 1¢°
molecules em™2 57, compared to -6.5 x 10° molecules em™® 57! re-
poried by Bakwin et al. [this issue (a)] (negative values indicate a
downward flux). Correction for the NO, upward flux is small; the

FLUX, 10" molecules cm™2 g7t

0 6 12 18 24
TIME OF DAY, h

Fig. 10. Venical flux of NO,=NO,-NO at 40 m, as a function of time of
day. Model results (solid line) are compared to values computed from ob-
served NO, gradients [Bakwin et al., this issue (a)] (dashed line). Negative
values indicate a downward flux.
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daily mean flux of NO, - NO, = NO, - NO, in the model is -5.8 x
10° molecules em™2 s7%, only 12% larger than the NO, flux. The
daily mean flux of NO, in the model is 4.1 x 10* molecules cm™
s1. These dry deposition fluxes can be compared to the mean
NOj3 wet deposition flux of 8.8 x 10° molecules cm™ s meas-
ured by Andreae et al. [this issue (a)] at the Embrapa sites during
ABLE 2B. It appears that more NO, is supplied to the forest by
wet deposition than by dry deposition.

7. Opp HYDROGEN

Model concentrations of OH in the PBL are shown in Figure 11,
and 24-hour average production and removal rates are listed in
Table 10. Photolysis of Oy accounts for 73% of the OH source,
while reactions with isoprene and CO account for 58% of the sink.
The OH coticentration increases as the concentration of Oy in-
creases, and as the concentration of isoprene decreases; it is rela-
tively insensitive to the concentration of NO, as long as the latter
is sufficiently low that photolysis of Qs dominates over the reac-
tion H'OZ + NO as a source of OH. Maximum OH concentrations
of 2.4 x 105 molecules cm™ are predicted at 1400 LT in the upper
PBL, reflecting the relatively high levels of Q5 at that altitude and
the low concentrations of isoprene. The OH concentrations near
the canopy are much lower than aloft and show less diumal varia-
tion, because the effect of increased O photolysis at midday is
offset by an increase in the isoprene concentration.

2000 . T .
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O 1 1 1
0 6 12 8 24

TIME OF DAY, h

Fig. 11. Simulated concentrations of OH 10° molecules em™) in the
PBL, as a function of altitude and time of day.

It is convenient to group OH, HO,, and RO, into one chemical
family, odd hydrogen, and to refer to the ensemble of conversions
between these species as the odd hydrogen cycle [Logan et al.,
1981]. The principal odd hydrogen source in the model is the
photolysis of 05, while the main sink is the formation of organic
peroxides by peroxy-peroxy reactions (Table 11). Odd hydrogen
cycling produces O3 by the reactions

(R8) RO, + NO —> RO+ NO,

(R9) HO, +NO —>OH +NO,
o, .

R10) NO; + kv —> NO+ 04

and consumes O, by the reaction

Jacom aND WoFsY: PHOTOCHEMISTRY DURING ABLE 2B

16,749
TABLE 10. Sources and Sinks of OH
Values

Concentration,

molecules cm™ 3.5(5)

Sources,

molecules cm™3s!
O¢Dy+H,0 6.7(5)
HO, + NO 1.0(5)
H202 + hy 5.8(4)
HOz + 03 4.8(4)
ROCH + v 4.1(4)
Total 9.2(5)

Sinks,

molecules crm 57!
Isoprene + OH 3.7(5)
CO+0H 1.6(5)
CH, + OH 9.3(4)
Methacrolein + OH 7.4(4)
Methylvinylketone + OH 4.74)
ROOH + CH 4.4(4)
CH,0+OH 3.6(4)
Hz +OH 2-4(4)
C3_5 aldehydes +OH 2-0(4)
Acétaldehyde + OH 1.3(4)
Miscellaneous” 394)
Total 9.2(5)

Daily mean model values in the PBL air column (30-2000 m). -
Read 3.5(5) as 3.5 x 10°.
* Sum of minoer sinks with individual rates < 1 x 10* molecules

em? st

(R].l) HOZ + 03 —-—> OH + 202

The RO radical produced in (R8) decomposes rapidly to yield
HQ, or a smaller R'O, molecule, conserving odd hydrogen.
Under moderately polluted conditions (0.1-10 ppb NO,) the rate
of odd hydrogen cycling is much faster than the rate of odd hydro-
gen loss, and (R9) dominates over (R11), so that efficient photo-
chemical production of O takes place from a relatively small odd
hydrogen source [cf. Lin et al,, 1988]. Over the Amazon forest,
however, the concentration of NO, is so low that odd hydrogen
loss dominates over odd hydrogen cycling. Figure 12 illustrates
the principal pathways of the odd hydrogen cycle in the simula-
tion, for the lower PBL and for the wpper PBL at noon. In both
cases, odd hydrogen removal by formation of peroxides is faster
than the conversion HO, --> OH that recycles odd hydrogen. Asa
result, photochemica) production of O, is inefficient. Net photo-
chemical loss of Q5 takes place in the upper PBL, as discussed
further below.

8. OZONE

Model O; concentrations in the PBL range from 6 to 16 ppb, in
harmony with the ABLE 2B aircraft observations (Figure 13).
The simulated budget for Qs in the PBL is regulated by downward

_ transport from the free troposphere (supplying 1.2 ppb 4 to the
'PBL) and losses from deposition to the canopy (-2.0 ppb d71) and

photochemistry (+0.03 ppb d™'). This budget implies a small net
loss of O3 in the PBL (-0.9 ppb ¢ on model day 3). A steady
state concentration for O, would be approached after about 7 days,
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but as we have previously pointed out (section 6) it is unlikely that
the PBL could evolve such a long period without a major storm or
intrusion of air from outside the Basin. We presume that these
disturbances provide the missing source to close the Oy budget in
the PBL.

TABLE 11. Sources and Sinks of Odd Hydrogen

Values
Concentration, molecules em™ 5 .6(8}
Sources, molecules cm s~
o(Dy+H,0 6.7(5)
CH,0 +hv 1.3(5)
ROOH + Av $.2(4)
Methylglyoxal + hv 6.5(4)
HzOz + hv 5 -8(4)
Total 1.¢6)
Sinks, molecules cm3g!
RO,+HO, 7.5
HO,+HO, 1.9(5)
CH,CO,+CH,0, 3.6(4)
OH+HO, 1.5(4)
CH;0,+CH,0, 1.0(4)
Total 1.0(6)

Daily mean model values in the PBL air column (30-2000 m)
The.odd hydrogen fa.rmly includes OH HO,, and 21l RO; specles

Read56(8)a556x10

An M, 124
hy Ay
] 1

OH
4.8(5)

o
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. Photochemical production and loss of O in the PBL is strongly

dependent on altitude, as shown ifi Figure 14. Photochemical loss
of O, takes place above 500 m during the afternoon hours, while
photochemical productmn takes place in the region immediately
above the canopy where NO conoenu'auons are relatively high.
Comparison of Figures 8 and 14 indicates that the crossover NG
concentration for Oy producuon in the model is about 5 ppt. Phe-
tochemistry provides. a net loss of Oy for ocnoentratlons of NO
below that level.

A simple analytical expression for the crossover NO concentra-
tion can be obtained by assuming that O; photolysis is the only
odd hydrogen source, that RO, +NQ is the only reaction produc-
ing O3, and that formation of organic peroxides is the only odd hy-
drogen sink (see Figure 12). The Oy yield Y per O, photolysis
reaction (producmg 2 odd hydrogen molecules) is then given by-

el
Y= %o, a0

where ks and kg are the rate constants for the reactions RO, + NO
(R5) and RO; + HO; (R6), respectively. The crossover NO con-
centration for Oy production is given by ¥ =1, or

(i

ol - %[Hoz]

The concentration of HO, in the upper PBL at noon is 10 ppt, and
the daytime average PBL concentration is 7 ppt, corresponding to
NO crossover concentrations of 6 and 4 ppt, respectively. The fac-
tors regulating production and loss.of Oy over the Amazon forest

OH
1.8(6)
(42 T
Hydrocorbons|22 CH 0ol
Oy 1
w, b @
2.18r | S
15 5

Fig. 12. Odd hydrogen cycle in the model at noon. The major reaction pathways are indicated. Concentrations are in units of

molecules em 3, and tnnsformanon rates are in units of 10° molecules odd hydrogen-am

an? 571, Read 4.8(5) as 4.8x10° molecules

em™. Results for the 1ower PBL (40-500 m) are shown in the left panel Results for the upper PBL (1500 -2000 m) are shown i in

the right panel.
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Fig. 13. Concentrations of O3 in the PEL as a function of altitude. Model
results at noon (solid line) are compiared to the range of concentrations ob-
served from aircraft during ABLE 2B (shaded area between dashed lines),
and to the average of ozonesonde measurements (circles). Déta from Gre-
gory et al. [this issue] and Browell et al. [this issue].
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are rather different than in the remote marine roposphere [Fish-
man et al.; 1979; Logan et al., 1981; Liy et al., 1983]. Production
of RO, radicals plays a central role over the forest. Over the oce-
ans, the key branch invelves competition for HO, between 05 and
NO, and the NO cressover concentration for O; production. is
higher, about 10 ppt [Fishman et al, 1979; Chameides et al.,
1987]. : ‘ ] .

A major uncertainty in our analysis is-the lack of kinetic data
for reactions of RO, radicals. As shown. in Table 12, Cs
hydroxy-RO, radicals produced from isoprene oxidation account
for most of the RO, pool in the model. ‘We investigated thi sensi-
tivity of O; production to the reactivities of RO, radicals by con-
ducting a series of test simulations where the reaction rates of >Cj
RO, radicals with HO,, NO, and NO, were taken to be (1) zero,
(2) 10 times the value in the standard simulation. Results are sum-
marized in Tablé 13. We find that photochemical loss of O; in the
upper PBL at noon is remarkably insensitive to such varjations in
the kinetics of the RO, reactions. Ozone loss rates range fromi 91
ppt b in the simulation with no RCO; + NO; reactions to 236
ppth! in the simulation with no RO, + HO, reactions. This in-
sensitivity is due in part to the inefficiency of odd hydrogen cy-
cling at low NO, concentrations (section 7), and in part to feed-
backs between RO, and NO,. For example, increasing the rate of
the RO, + HO, reacticns actually reduces photochemical loss be-
cause the depletion of RCO; radicals allows higher concentrations
of NO, to be sustained. - Suppressing the RO, + HO, reactions de-
pletes NO, raises the NO,/NO ratio, and allows RCO; radicals to
accumulate; the NO,/RPAN equilibrium is shifted towards RPAN;,
lowering levels of NO, and enhancing photochemical loss.

Photochemistry in the lower PBL is somewhat riore sensitive to
the rates of RO, reactions, because NO, levels are higher. For ex-
amiple, if rates for RO, + HO, are slow, then the atmosphere shifts
from a regime of photochemical production of 05 to photochemi-
cal loss (because of NO, depletion). A similar shift occurs in the

2000 r
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Fig. 14. Simulated photochemical production minws loss rates of O3 (ppt h™1), as a function of altitude and time of day.
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TABLE 12. Major Contributors to the RO, Pool TABLE 13. Sensitivity of Model Results to the Rates of RO, Reagtion:
Species Total RO,, %  Principal Source 7 molecules cm™>
INO], BNO,], [O5], [RO,] [HO,1 {OH] (P -L)Os
CHQ_C(CHS )CH(OOC)CH;OH 264 ISOPIBHB +OH ppt  ppt ppb ppt e
CH,CHC(CH;)(0O0«)CH,OH 264  Isoprene +OH ——=
CH,C(CH,)CH(OH)CH,00s 113 Isoprene + OH Gridcell 5 (40-500m) :
CH,CHC(CH,}(OH)CH,00s 113  Isoprene + OH Standard 164 546 113 82(8) 2.8(8)4.8(5) +272
kRO, + HOy)=0 02 101 100 24(10) 3.2(8) 3.2(5) -61
CH; 000 84 CH, +OH kRO, +HOx10 285 714 107 3.2(8) L1(8)43(5) +133
kRO, + NO)=0 36,1 63.0 9.5 1.2(10) 1.0(7) 3.0(5) -151
OO0 32 Lelvoxal + KRO, +NOXIO 109 546 122 29(8) 43(8) 52(5) -+424
CHCO) Methylglyoxal + kv K(RCO, +NO,J=0 168 588 113 8.1(8) 28(8) 5.4(5) +287
CH, C{O)CH(OH)CH, 00 10  Methylvinylketone + OH | Grid cell 7 (1500-2000 m)
: Standard 31 112 155 1.4(9) 2.1(8) L.86) -138
CH,CCH,3C(O)O0» 1.8  Methacrolein + OH
CHz(OH)}:éHz (OO8)CHO 18 Mothacrolsin + OH kRO, + HO=0 005 17 14.4 28(10) 2.9(8) 1.76) -236
CH.C(CH,)008 . 13 Methaorolein + OH KRO, +NO)=0 45 102 141 670) 50D 176 -186
- RO, +NOXI0 1.0 102 160 92(8) 2.9(8) 18(6) -105
ERCO, +NOy)=0 4.7 170 156 1.2(5) 2.4(8) 1.9(6) 91
CH,CH . RCO. 3 2
3CH,00e 11 3 +NO KRCO, + NOXI0 03 16 145 29(9) 9.8(7) 16(6) -224
Miscellancous 2.2 Results at noon. In the sengjiivity simulationis the reac-
Total 100.0

Model results for grid cefl 5 (40-500 m) at noon.

absence of RO, + NO reactions (because HQ; is then depleted by
RO, + HO, reactions). In the simulation with no RO, + HO,
reactions the noontime NO conceniration in the lower PBL is 0.2
PPt whereas the concentrations observed at that altitude by A. L.
Tormes and K. R. Hooks (submitted manuscript, 1989) were of
order 10 ppt. The observation of detectable NO in the lower PRL
thus provides indirect evidence for the occurrence of RO, + HO,
teactions, or at least for a RO, sink other than reactions with NO
and NO,.

. Other possible sinks for >C; RO, radicals, which are not con-
sidered in the model, include the reactions with O and with other
RO, radicals. Atkinson and Lloyd [1984] have argued that the
RO, + O reactions should be negligibly slow. The RO, + RO,
reactions could however be important; this importance is suggest-

. ed by model results for CH;CQ;, which indicate that the reactions
of CH3CO4 with itself and with CH;O, amount together to a sink
for CH,CO; comparable to reaction with HO,. We did not at-
tempt to consider the sensitivity of model results to the RQy +
RO, reactions because of the large uncertainty regarding the reac-
tion products. Obviously, our model study points to the need for
further laboratory work on these reactions.

9. SENSITIVITY OF MODEL RESULTS TG HYDROCARBON LEVELS

Zimmerman et al. [1988)] found that several primary NMHCs
other than isoprene were present at significant concentrations over
the Amazon forest during the dry season. Most of these NMHCs
appeared to originate from biomass bumning, hence the concentra-
tions in the wet season would probably be much lower. We con-
ducted a sensitivity model simulation assuming NMHC concenira-
tions fixed at the mean values reported by Zimmerman et al.
[1988] for unpolluted conditions. These concentrations were 0.37
ppb propane, (.17 ppb butane, 0.32 ppb pentane, 0.10 ppb higher
alkanes, 1.0 ppb ethylene, 0.31 ppb propene, 0.09 ppb benzene,
0.74 ppb toluene, and 0.09 ppb xylene.

Results from the simulation with added NMHCs are compared
to the standard simulation in Table 14. Differences are in general
small. The addition of NMHCs decreases the concentrations of

tion rates fFor >C; RO, radicals are modified to be either
zero or 10 times the value in the standard simulation. (P-
L}O4 is the net photochemical production rate of O;. Read
82(8)as 8.2 x 10%,

OH and HO,, and increases the concentration of RO, radicals, as
would be expected. The concentration of NO, decreases by 12%,
partly because of the increase in RCQ; concentrations which facil-
itates the formation of RPAN compounds, and partly because of
nighttime reactions of NOs; with cresols and phenols. The de-
crease in NO, levels leads to enhanced photochemical loss of Oy
in the simulation with added NMHCs, -0.3 ppb d™* as compared to
-0.05 ppb d! in the standard simulation. Photochemical con-
sumption remains nevertheless a small sink for Oy in the PBL
compared to deposition.

Computed rates for photochemical production of CO are re-
markably unsensitive to NMHC levels. This result follows largely
from the low concentrations of NO, which prevent odd hydrogen
cycling. The rate of hiydrocarbon oxidation is limited by the sup-
ply of OH, which is in turn regulated by Os photolysis (Figure
12). The production of CO over the Amazon forest appears there-
fore to be dependent noi on the supply of NMHCs but rather on
rates for O, photolysis, levels of H,0, and CO yields from NMHC
oxidation. As pointed out in section 6, the CO yields are expected
to be low because water-soluble hydrocarbon intermediates are re-
moved by wet deposition.

10. CONCLUSIONS

The atmospheric composition observed over the Amazon forest
during the wet season reflects influences from deposition to the
forest canopy, biogenic sources of NO and hydrocarbons, ex-
change with the free troposphere, and influx from polluted re-
gions, We analyzed the contributions from these various influ-
ences to the budgets of chemically reactive species, using a photo-
chemical model for the PBL (0-2000 m) with detailed simulation
of deposition processes in the canopy. Results indicate that only
19% of NO, emitted by soil is exported to the PBL on a 24-hour
average basis; the balance is removed by deposition of NO, to
vegetation. The small fraction of NO, soil emissions exported
from the canopy is nevertheless sufficient to account for the NO
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TABLE 14. Sensitivity of Model Results to Hydrocarbon Levels

Standard Simulation  Simulation With Added NMHCs.
Molecules cm™
OH 35(5) 2.2 (5)
HO, 8.2(7) 79(7)
CH,CO; 1.5(7) 1.6(7)
RO, 4.7 (8) 6.5 (8)
Parts per Trillion
NO 34 28
NO, 26 23
PAN | 5.2 43
RPAN . 12 14
Parts per Billion
co 90.5 )

Daily mean concentrations in the PBL air column (30-2000 m).
Read3.5(5)as3.5x 10,

levels observed in the PBL, implying that soil emissions regulate
the levels of NO, in the lower atmosphere. Decomposition of
PAN transported from the free troposphere provides only a small
source of NO, to the PBL, as compared to soil emission, becanse
mass exchange between the PBL and the free troposphere is rela-
tively slow. Soil emissions of NO can account for only a small
fraction of total reactive nitrogen (NO, ) observed over the forest,
and we speculate that organic nitrates transported from sources
outside the Amazon Basin make a large contribution to the NO,
budget. Ventilation of biogenic NOQ, from the PBL to higher alti-
tudes is negligible, indicating that NO, above 2000 m must be
supplied by a different source, e.g., decomposition of PAN as sug-
gested by Singh et al. [this issue].

Photochemical activity in the atmosphere over the Amazon
forest is limited by the low concentrations of NO,. Oxidation of
isoprene is slow and yields principally organic peroxides that are
removed by wet and dry deposition. The observed enhancements
of CO in the PBL cannot be attributed to oxidation of isoprene or
other hydrocarbons and probably result from direct emission of
CO by the forest ecosystem,

Concentrations of Oy in the PBL reflect largely a balance
between supply from the free troposphere and removal by deposi-
tion to vegetation. Ozone is photochemically produced just above
the canopy, and photochemically consumed in the upper PBL;
overall, the net effect of photochemistry on Oq levels in the PBL is
small. This tesuli contrasts with dry season conditions, when NC
concentrations are sufficiently high to provide a vigorous photo-
chemical source of O, in the PBL.
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