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Abstract. A photochemical box model with CO-CH4-NO,-H,O chemistry is used to calculate
the diurnally averaged net photochemical rate of change of ozone (hereinafter called the
chemical ozone tendency) in the troposphere for different values of parameters: NO, and ozone
concentration, temperature, humidity, CO concentration, and surface albedo. To understand the
dependency of the chemical ozone tendency on the input parameters, a detailed sensitivity
study is performed. Subsequently, the expected variations of the ozone tendencies with
altitude, latitude, and season are analyzed. The magnitude of the tendency decreases rapidly
with height mostly as a result of lower absolute humidity and temperature. In the upper
troposphere (at 190 mbar) the maximum tendencies are below 2 parts per billion by
volume/day. Lower temperature and specific humidity cause a shift of the value of NO, at
which the ozone production balances the destruction of ozone (balance point) to lower NO,,
values; these two parameters are also, to a large extent, responsible for lower magnitudes of the
tendency at higher latitudes and in winter. In the upper troposphere we find that the net
tendency is at least as sensitive to variations in HyO concentration as to NO,. This suggests a
possible synergism between direct NO,, pollution by aircraft and the indirect modification of
H,O by climate change. In the second part of the paper the box model calculated rates are used
as ozone’s chemical tendency terms during a simulation conducted with the three-dimensional
global chemistry transport model (GCTM). The box model is used to calculate the tendencies
as a function of NO, and ozone at all tropospheric levels of the GCTM, at nine latitudes and for
four seasons using zonally and monthly averaged data: water vapor and temperature from
observations and model CO. These tables together with the NO, fields obtained in an earlier
GCTM simulation are used in the GCTM simulation of O3 if nonmethane hydrocarbon levels
are low. The global monthly averaged chemical ozone tendency fields saved during the
simulation are presented and analyzed for the present-day and preindustrial conditions. The
chemical tendency fields show a strong correlation with the NO, fields. In contrast with the
lower and middle troposphere where the tendencies are negative in remote regions over the
oceans, in the upper troposphere, where NO, is generally greater than 50 parts per trillion by
volume and the balance point is low, the tendencies are generally small but positive. The
GCTM simulations of the preindustrial ozone show that in the upper troposphere the present-
day ozone tendencies are greater than the simulated preindustrial tendencies. In the boundary
layer and in the midtroposphere the present-day tendencies are greater near anthropogenic NO,,
sources and smaller (generally more negative), due to higher ozone levels, in regions not
affected by these sources.

1. Introduction largely responsible for the oxidizing capability of the tropo-

Ozone is a tracer that has a significant influence on the
chemical and radiative properties of the lower atmosphere. It is

sphere and it determines the lifetimes of many of the species
found there. Ozone reacts directly with a number of trace gas-
es, but its role as an oxidizing agent is greatly enhanced be-

cause of its importance in the production of tropospheric
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Hydroxyl radicals are extremely reactive and are responsible
for the oxidation of many of the trace gases found in the tro-
posphere including species such as CO and CHy.

Tropospheric ozone is also an important greenhouse gas.
Model studies show that the increase in tropospheric ozone
has contributed about 0.5 W m™2 to the radiative forcing. This
contribution amounts to about 20% of the 2.4 W m™ attribut-
ed to the increase of all of the well-mixed gases
[Hauglustaine et al., 1994; World Meteorological Organiza-
tion, 1994]. Another example of the importance of tropo-
spheric ozone as a greenhouse gas has been given by
Ramanathan and Dickinson [1979]. They showed that even
though there is much less ozone in the troposphere than in the
stratosphere a uniform percentage decrease of ozone in the
troposphere would have a similar impact on the greenhouse
effect as the change caused by the same uniform percentage
decrease in stratospheric ozone. This fact can be explained by
noticing that ozone absorbs long wave radiation more effi-
ciently at higher pressures, because the opacity of the 9.6 um
absorption band increases with pressure.

Ozone can also, if present at the surface in large concentra-
tions, be detrimental to human health and can cause plant
damage [National Research Council, 1991; Heck et al., 1982;
Skarby and Sellden, 1984].

Tropospheric ozone can either be transported from the
stratosphere, where its mixing ratio is much higher, or it can
be produced through a series of photochemical reactions in
the troposphere. Junge [1962] suggested that the concentra-
tion of tropospheric ozone is determined by transport of ozone
from the stratosphere and destruction at the ground. This the-
ory was first questioned by Chameides and Walker [1973] and
Crutzen [1974]. They argued that photochemistry in the tro-
posphere is responsible for the seasonal and daily variations
in ozone density. A number of studies have been conducted
since then to investigate the two sources [e.g., Fabian, 1974;
Chatfield and Harrison, 1976; Fishman et al., 1979; Liu et al.,
1980; Mahlman et al., 1980], and it is now generally believed
that both transport from the stratosphere and photochemical
reactions in the troposphere can have an important impact on
ozone concentrations in the troposphere [e.g., Levy et al,
1985; Follows and Austin, 1992; Jacob et al., 1992; Roelofs
and Lelieveld, 1995; Kasibhatla et al., 1996; Mauzerall et al.,
1996; Levy et al., 1997]. However, there is still disagreement
about the relative importance of these two sources, mainly be-
cause of the difficulties in estimating the contribution from
chemical production. Ozone chemistry in the troposphere is
very sensitive to the concentrations of ozone precursors (e.g.,
NO,, H,0, CO, and hydrocarbons) whose distributions are
highly variable and not well known.

To estimate how much ozone is produced or destroyed in
the troposphere, researchers use photochemical models. In
these models a certain reaction mechanism is assumed, reac-
tion rates for the specified conditions are calculated based on
the measured rate constants, and the system of equations is in-
tegrated in time. The photochemical models have a number of
limitations that have been described briefly by Chameides et
al. [1987]. There are uncertainties in the reaction rates and
there are also uncertainties in the assumed reaction mecha-
nisms, especially when nonmethane hydrocarbons (NMHC)
are included. If NMHC are to be modeled, mechanisms have
to be condensed and surrogate species have to be introduced
to substitute for whole classes of organic compounds, because
it would not be computationally feasible to model hundreds of
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organic species present in the troposphere. Despite these limi-
tations, chemical models can still yield useful and reasonably
accurate results as confirmed by studies in which model simu-
lations are compared against field measurements [e.g.,
Lurmann et al., 1984; Chameides et al., 1987; Trainer et al.,
1991; Ridley et al., 1992; Davis et al., 1996; Jacob et al.,
1996]. Models can also provide qualitative information about
various dependencies that would otherwise be difficult to ex-
tract from the nonlinear systems, and they can give estimates
of concentration of species that are difficult to measure.
Numerous investigators used photochemical models to look
at production of ozone and ozone precursors. Important in-
sight can be gained by using relatively simple box models or
one-dimensional (1-D) models. Levy [1971] used a steady
state photochemical box model to calculate concentrations of
hydroxyl, hydroperoxyl, and methylperoxyl radicals.
Chameides and Walker [1973] and Crutzen [1974] used simi-
lar models to argue that tropospheric ozone has a large source
in the troposphere and that chemical processes determine
ozone concentrations in the troposphere. Some investigators
conducted sensitivity studies of how concentrations of ozone
precursors influence net ozone production. The effect of
changes in NO, concentration has been studied by, for exam-
ple, Fishman and Crutzen [1977], and Chameides et al.
[1987). Trainer et al. [1987] used a 1-D model to study the ef-
fect of natural and anthropogenic hydrocarbons on hydroxyl
and peroxy radicals, and Lurmann et al. [1984] looked at the
effect of natural hydrocarbons on ozone concentrations.
Chameides et al. [1987] presented some sensitivity studies to
show how ozone production would change if concentrations
of H,0, CO, NO, and O3 were doubled. This calculation is
done, however, for a small number of cases. In the first part of
this paper (section 3) we present a detailed theoretical sensi-
tivity study of the net chemical ozone tendency (difference
between ozone production and destruction) in a simple CO-
CH4-NO,-H,0 system. For this system with no nonmethane
hydrocargons we analyze the effect of the variations in the im-
portant input parameters: water vapor, temperature, ozone,
CO, and amount of available solar flux for a range of NO,
mixing ratios. We extend this range beyond clean conditions
(also for high NO,) still neglecting nonmethane hydrocarbons
to show the general trends in the behavior of the tendencies
under such conditions. The additional effect of NMHC is dis-
cussed. We also analyze the variations in the chemical ozone
tendency and the balance point with height, latitude, and sea-
son. The possible anthropogenic changes in the tendencies are
discussed. In the second part of the paper (section 4) we
present and discuss the simulated global chemical ozone ten-
dency fields. They were calculated with the 3-D global chem-
istry transport model (GCTM) in which the instantaneous
chemical ozone tendency terms at each time step were ob-
tained from tables calculated with the box model with no
NMHC. Recognizing the importance of NMHCs in ozone
chemistry, the CO/CH, tendencies were used only in regions
where the concentrations of NMHC are diagnosed to be low.

2. Description of the Photochemical Box Model

For both the theoretical sensitivity study and the GCTM ap-
plication we use a zero-dimensional model employing
CO/CH, chemistry to obtain the diurnally averaged chemical
ozone tendency. The tendencies are calculated for specified
mixing ratios of ozone and NOX (defined here as NO+ NO,+
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NO3+ 2*¥N,05) which are held constant throughout each inte-
gration. An alternative approach in which ozone mixing ratios
are allowed to vary diurnally will also be presented later in the
paper. The calculated tendencies are the diurnal averages of
the sum of all the production rates of ozone minus all the de-
struction rates. The system of rate equations was integrated
diurnally in time until the daily averaged chemical ozone ten-
dency (given in parts per billion by volume (ppbv)/day)
changed by less than 1% from day to day. The minimum time
of integration for each case is 5 days. In the chemical model
there is no explicit transport of species into and out of the box,
although the fact that ozone concentration is held constant is a
form of implicit transport. Whenever ozone is being pro-
duced, it can be assumed that the excess is transported out of
the box or is deposited, and when it is destroyed, it is trans-
ported into the box. Other than this implicit transport, all
transformations within the box happen as a result of chemical
or photochemical reactions. The CO-CH4 mechanism consists
of 47 reactions given in Table 1. Rates of the photodissocia-
tion reactions are calculated with a radiative transfer model
[Perliski, 1992; Meier et al., 1982] that includes the effect of
ground albedo and multiple Rayleigh scattering. Photodisso-
ciation rates were calculated for clear sky conditions for a
specified month, latitude, albedo, and 11 zenith angles. The
radiative transfer model takes as input observed temperature
profiles [Barnett and Corney, 1985] and a merged ozone data
set [Orris, 1997; Logan, 1985; Komhyr et al, 1989,
Spivakovsky et al., 1990; Keating et al., 1990]. The rates of
the remaining reactions were calculated using the recom-
mended values from DeMore et al. [1994]. We did not include
primary sources of NO, radicals other than H,O. Species such
as acetone (Jacob et al., 1996, L. Jaeglé, personal communi-
cation, 1997) and peroxides can increase the HO, concentra-
tion especially in the upper troposphere where concentration
of water is small (L. Jaeglé, personal communication). The
heterogeneous reactions were also not included; their role is
discussed in section 3.4.3.

The CO/CH4 mechanism has 22 species, seven of which are
held at constant concentration: CHy, H,, O,, CO, H,0, O3,
and HNOj. The first three represent the well-mixed species.
The mixing ratio of methane was taken to be 1.7 ppm in the
northern hemisphere and 1.6 in the southern hemisphere. The
hydrogen mixing ratio was assumed to be 0.5 ppm. The CO
data were taken from a GCTM simulation [Kasibhatla et al.,
19961, and water vapor and tropospheric temperatures were
taken from observations [Oort, 1983]. Both CO and water va-
por data sets were zonally and monthly averaged. The ozone
mixing ratio is held constant for the reason given above.
HNOj is held at a constant mixing ratio because its two main
sinks, deposition and wet removal, are not included in the
model. Our analysis finds that nitric acid at concentrations ob-
served in the troposphere does not affect the chemical ozone
tendency in a significant way.

The species with variable concentration are NO, NO,, NOs,
N,05, HNO,, HNO4, OH, HOZ, H,0,, CH;0,, CH300H,
H,CO, CH;0, O( D), and O( P). As mentioned above, the
sum of the concentrations of the first four species is constant,
but the partitioning between these species changes every time
step. Since concentrations of NO5 and N,O5 are very small
during daytime when most of ozone is produced or destroyed,
it will be assumed that this sum of the four nitrogen oxides is
almost equivalent to NO, (NO+NO,). In the remainder of this
paper all the results that are really a function of NOX (since

Table 1. Reactions Used in the Box Model
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Reaction

dn
(J2)
J3)
4
d5)
Je)

an
I8)
)]
(J10)
J11)
(J12)

(RT)
(R2)
(R3)
(R4)
(R5)
(R6)
(R7)
(R8)
(R9)
(R10)

R11)
(R12)
(R13)
(R14)
(R15)
(R16)
R17)
(R18)
(R19)
(R20)
®R21)
(R22)
(R23)
(R24)
(R25)
(R26)
(R27)
(R28)
(R29)
(R30)
R31)

(R32)
(R33)
(R34)

(R35)

Photodissociation Reactions

O3+hV e 02+O( D)

O3+hv — 0,2+0(P)

NO,+hv — NO+O(P)

H,0,+hv — 20H

HNO3+hv — OH+NO,

NO3+hv — 0.92%(NO,+0O(3P))
+0.08*(NO+0,)

N205+hV - NO3+N02

HONO-+Av — OH+NO

H02N02+hv - H02+N02 »

HCHO+hv+(20,) — 2HO»+CO

HCHO+hv — CO+H,

CH;3;00H+hv — CH;0+OH

Nonphotodissociation Reactions

O(3P)+02+M - 03+M

O(”’P)+N02 — 0,+NO

0( D)+M — OCP+M

o(! 'D)+H,0 — 20H

O(!D)+CHy - CH;0,+OH

O( D)+H, — HO,+OH

03+0OH — HO,+0,

03+HO, = 20,+0OH

OH+HO, - H,0+0,

H02+H02 - H202+02

H02+H02+M 4 H202+02+M

OH+H202 e H2O+H02

H2+OH - H02+H20

O3+NO = 02+N02

HO,+NO — OH+NO,

OH+NO,+M — HNO3+M

HN03+OH ard NO3+H20

N02+O3 - NO3+O2

NO3+NO b4 2N02

NO3+NO3 bd 2N02+O2

NO2+NO3+M - N205+M

N205 T - NO3+NO2

OH+NO+M — HONO+M

HONO+OH — H,0+NO,

HO»+NO,+M — HO,NO,+M

H02N02(T) - HO2+N02

H02N02+OH - H20+02+N02

OH+CO+(0;) — CO,+HO,

OH+CH4+(02) - CH3O2+H20

CH;0,+NO — CH30+NO,

CH302+H02 - CH’;OOH+02

CH;0,+CH;0, - 0.33(2CH;0+0,)

+0.66(CH20+CH30H+02)

CH30+02 - HCHO+HO2

HCHO+OH+(0,) — HO,+CO+H,0

CH;00H+OH — 0.7(CH;0,+H,0)
+0.3(H,CO+OH+H,0)

NO3+H2CO+(02) - HNO3+H02+CO
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NOKX is what is held constant) will be presented as a function
of NO,. HNO, and HNO, are in equilibrium with NOX.
HNOy, the more important of these two compounds, is not a
part of NOX because its concentration in the upper tropo-
sphere may be comparable to NO,, and the assumption that
NOX is approximately equal to NO, could not be made. In
this theoretical study, peroxyacetylnitrate (PAN) is not includ-
ed in the mechanism because its effect on ozone is mostly
through changes in NOX, which is held constant. In the sec-
ond part of the paper (section 4), in the applications to the
GCTM study, PAN chemistry is included in the calculation of
the NO, fields (PAN in the GCTM is discussed by Moxim et
al. [1996]).

As will be shown later in the paper, variations in albedo af-
fect the chemical ozone tendencies. In this paper clear-sky
conditions are assumed and only variations in the surface al-
bedo are analyzed. In order to capture these variations, four
types of surfaces were specified: snow-free and snow covered
land and frozen and ice-free ocean. The values for snow-free
land were taken from Climate: Long-Range Investigation,
Mapping, and Prediction [1981]. For the snow-covered sur-
faces the extent of snow coverage in the northern hemisphere
and the value of the snow albedo for different months were es-
timated based on the study by Groisman et al. [1994]. For
both snow-free and snow-covered land the values of the albe-
do were zonally averaged. For grid boxes over ice-free sea, re-
flectance, which was calculated with Fresnel’s law, was used
to approximate the surface albedo. For sea ice the albedo was
taken to be 0.7 [List, 1984].

For all but the last three of the species with varying concen-
trations, concentration at time #+At¢ is evaluated based on con-
centration C(z), production P(f), and destruction D(#)*C(¢).
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Figure 1. (a) Diurnally averaged chemical ozone tendency in
units of ppbv/day as a function of NO,. The three curves cor-
respond to three different ozone concentrations: 10, 50, and
90 ppbv. The calculations were done for July conditions at
40°N and at the surface, (b) Diurnally averaged concentration
of HO, in units of pptv, (c) Diurnally averaged concentration
of OH in units of pptv, and (d) the main diurnally averaged
production and destruction terms for the case from Figure 1a
for 50 ppbv of O3.
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P(#) and D(¢) are calculated for conditions at time ¢ from the
rate equations for the reactions that were included in the
mechanism. The following differential equation is used to de-
scribe the rate of change of the concentration C(¢):

d
7,C(1) = P(t) = D(nC(1)

To obtain the concentration at time #+At it is assumed that P(r)
and D(t) do not change during the time interval At. The fol-
lowing solution was used:

PQ)

C(t+Ar) = (C(t) _ m)e—D(t) xAr

P(1)
D(1)

with time step Ar=60 s. Decreasing the time step did not intro-
duce significant changes in the obtained results. CH30,
O('D), and OCP), because of their short lifetimes, are as-
sumed to reach steady state instantaneously, and their new
concentrations are given by
_ P@)
C@) = D_(IS
In order to analyze the effect of NMHC on the chemical
ozone tendency, a set of results from the box model simula-
tions that included the mechanism developed by Gery et al.
[1989] is also presented in this paper.

3. Analysis

3.1. Chemical Ozone Tendency Versus Mixing Ratios of
NO, and Ozone

The first relationship that is analyzed in this paper is the
well-known dependence of the chemical ozone tendency on
NO, mixing ratios. The curve shown in Figure 1a shows the
tendencies calculated for a range of NO, and ozone values
with the CO/CH, mechanism for summer at 40°N near the
surface. In this figure, for each ozone mixing ratio, three NO,
regions can be distinguished: a region with low mixing ratios
of NO,, where the tendency is negative, a region with higher
NO,, where the tendency is positive and is growing quickly
with NO,, and a region of very high NO, (here more than 1-2
ppbv) where the tendency decreases with NO,. The reasons
for such strong dependence of the chemical ozone tendency
on NO, are well understood and are summarized here.

At low NO, concentrations, production of ozone is slow
and it is destruction that dominates (Figure 1d). The reaction
that is especially important for destruction of ozone is the (J1)
photodissociation of ozone and (R4) which is also a source of
HO, radicals. One molecule of ozone is lost as a result, but
since the produced HO, radicals react with ozone through
(R7) and (R8), more ozone is destroyed.

03 + OH — H02+ 02
O3 + HO, — OH+20,

R7)
(R8)

For higher NO, concentrations, production of ozone in-
creases and eventually, for high enough NO,, production sur-
passes destruction and the tendency becomes positive. NO,
owes its importance in the ozone production process to the
quick photodissociation of NO, in the troposphere. Photolysis
of NO, results in the formation of an oxygen atom, which
combines rapidly with an oxygen molecule to form ozone.
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(@) 0,

NO, +hv = O +NO d3)
+ 0+0,+M->0;+M (RI)

(b)  +0y
@ NO+0;—>NO,+0, (R13)
‘@ NO,+hv—>0;+NO  (J3)
+hv
)~ HO, NO + HO, — NO, + OH (R14)
@.@ NO + RO, - NO, + RO
(e.g. NO+CH;0, >  (R29)
RO, NO, +CH;0)
(d) _+NO HO,+NO—OH+NO,  (R14)

NO,
@ @ 03 OH+NO,+M—HNO;+M (R15)

+CO, OH+CO+0,—HO0,+CO, (R27)
HYDROCARBONS

Figure 2. Schematic representation of reactions leading to
ozone production and destruction.

The sequence of these two reactions, which are shown in Fig-
ure 2a, represents the dominant chemical source of ozone in
the troposphere.

In order for production of ozone through the path depicted
in Figure 2a to continue, NO has to be converted back to NO,.
The quickest reaction that oxidizes NO to NO, is the reaction
with O3, but since one ozone molecule is destroyed in this re-
action, the net chemical ozone tendency of the cycle presented
in Figure 2b is 0. In order to have net production, the rate of
(J3) must be greater than the rate of (R13), or in other words,
NO needs to be converted into NO, without first destroying
ozone. Reactions with the peroxy radicals (Figure 2c) are re-
sponsible for such a conversion (R in RO, represents an or-
ganic group). Once NO is converted to NO,, nitrogen dioxide
photodissociates (provided solar radiation is available), and a
molecule of ozone is produced, as shown in Figure 2a. Reac-
tions between peroxy radicals and NO effectively determine
the rate of production of ozone, and it is for this reason that
the concentration of peroxy radicals is so crucial for the pro-
duction of ozone. From the discussion above it is also appar-
ent that NO, acts as a catalyst and that the greater the
concentration of NO,, the quicker ozone production should
be. Indeed, such an increase is observed for NO, less than
about 1 ppbv for the case presented in Figure 1a, but for val-
ues that are around 1 ppbv, the tendency starts to level off, and
for even higher NO, concentrations it actually decreases. The
reason for this decrease becomes clear if the effect of added
NO, on OH radicals is analyzed. OH radicals are crucial for
the formation of peroxy radicals, which are, as mentioned
above, needed for ozone production. The cycling between hy-
drogen peroxy radical (HO,) and hydroxyl radical (OH) for
relatively high levels of NO, is depicted in Figure 2d. As
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shown in Figure 1c, for NO, less than about 1 ppbv in this
case, concentration of OH radicals grows when more NO, is
added, because the rate of (R14) increases, and concentration
of hydroxyl radicals grows at the expense of hydrogen peroxy
radicals (the initial rise in HO, concentration with NO, in
Figure 1b is caused by methane oxidation cycle which, as
NO, increases, becomes a smaller sink and, for high enough
NO,, a source of HO,). HO, is recreated mostly in the reac-
tions between OH and CO, and between OH and hydrocar-
bons. With increasing mixing ratios of NO, the reaction
between NO, and OH in which nitric acid is produced gains
importance. Since HNOj is not in equilibrium with NO, and
OH, this reaction, for large mixing ratios of NO,, represents
an important sink for OH radicals and results in a significant
depletion of HO,. At high enough concentration of NO,, add-
ing more NO and NO, causes a greater percentage decrease in
HO, than an increase in NO, and as a result the product of
[HO,1*[NO], and therefore the rate of (R14), begins to de-
crease. Similarly, the rate of the other reaction that converts
NO into NO,, the reaction between CH30, and NO, begins to
slow down when NO, reaches some threshold value, because
the concentration of methoxy radical decreases rapidly. Since
these two reactions determine the rate of ozone production
(Figure 2c), the net chemical ozone tendency will also de-
crease as shown in Figure la.

Figure 1a also shows how the chemical ozone tendency de-
pends on ozone. For mixing ratios of NO, lower than about
1ppbv the tendency is higher for lower ozone. This relation-
ship was expected since higher ozone leads to increased de-
struction, mostly through (J1) and (R4). Even though
concentration of HO, radicals increases if more ozone is add-
ed (Figure 1b), rates of (R14) and (R29) (which as mentioned
above are the rate-determining reactions for ozone produc-
tion) are not necessarily greater, because less NO is available
for conversion to NO, (the ratio of NO/NO, decreases signifi-
cantly due to (R13)). A significant increase in destruction and
not much change in production leads to the situation that is
depicted in Figure 1a.

Another feature that is of interest is the shift in the position
of the chemical ozone tendency maximum. For higher ozone
mixing ratios, the maximum is at higher NO, levels (Figure
1a). The reason for this shift can be attributed to the higher
concentration of HO, radicals (Figure 1b). Because there are
more HO, and OH radicals, more NO, is needed before (R15)
begins to affect the production of ozone. The relative magni-
tudes of the maximum tendencies in Figure 1a depend on the
relative magnitudes of the terms responsible for ozone pro-
duction and destruction.

Figure 1a also shows that the balance point, or the value of
NO, for which the chemical ozone tendency is 0, is greater for
higher ozone. Such a relationship was also expected since for
higher ozone more NO, is needed to counterbalance stronger
destruction.

3.2. Chemical Ozone Tendency as a Function of Altitude:
Sensitivity of the Tendency to Changes in Humidity and
Temperature

Figure 3a shows the curves obtained for the same ozone
mixing ratio of 50 ppbv but at three different pressures: 990
mbar (near the surface), 500 mbar (5.7 km), and 190 mbar
(12.5 km). Appropriate values for temperature, humidity, and
CO were taken for each of these surfaces, as described in sec-
tion 2. The most striking differences between the curves are



21,226

35.0

300 F @)

25.0 | e—— 990mbar
o — - 500mbar

200 | e -— 190mbar

15.0 F

10.0 -
50

0.0 =—== A e ——==
_5.0;/_’././ -

-10.0 u

ozone tendency (ppbv/day)

40.0 F b)
30.0 q
20.0 | 8

10.0 + -

- gc-——c—-go oo [ Rtk Sl X~ S
0.0 F—F—=rmr=== - Sumaa—-a

———— e e e e —o— o o —.

—_— ]

-10.0

destruction production
T

-20.0 L
10 100

NO,(ppt)

Figure 3. (a) Diurnally averaged chemical ozone tendency
for 50 ppbv of ozone at three different pressure surfaces: 990,
500, and 190 mbar. Appropriate values for temperature, hu-
midity, and CO were taken for each of the pressure surfaces as
described in section 2. The calculations were done for July
conditions at 40°N. (b) Approximation of diurnally averaged
chemical production (positive values) and destruction (nega-
tive values) of ozone at the three pressure surfaces. Production
was approximated as the sum of the rates of (R14) and (R29),
and destruction as the sum of (R4), (R7), (R8), and (R15).

the sharp decreases in the magnitudes of the tendencies with
increasing altitude and the rapid decrease in the NO, balance
point. The main reason for both of these differences is the
quick decrease in the specific humidity (other HO, sources
such as acetone and convectively lifted peroxides were not in-
cluded) and temperature with height. Figure 4, which shows
the results of the ozone tendency calculations at 190 mbar for
different temperatures and humidities, demonstrates this
point. Raising temperature from 220 K to the surface value of
292 K (keeping water vapor mixing ratio the same) signifi-
cantly increases the magnitude of the tendency for NO, higher
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Figure 4. Diurnally averaged chemical ozone tendency at
190 mbar for 50 ppbv of ozone at 40°N and in July (solid
line), diurnally averaged chemical ozone tendency at 190
mbar with temperature elevated to the surface value of 292 K
(dashed line), and diurnally averaged chemical ozone tenden-
cy at 190 mbar with both temperature and mixing ratio of wa-
ter elevated to the surface values (dot-dashed line).
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than about 50 parts per trillion by volume (pptv), and raising
both temperature and humidity to the surface values raises the
magnitude of the tendency (in units of ppbv/day) to values
that are greater than levels obtained for the surface calcula-
tions (see Figure 1a). Therefore both lower humidity and low-
er temperature reduce the magnitude of the chemical ozone
tendency at higher altitude. Lower number density at 190
mbar also plays a role, but it has the opposite effect. If it were
only the number density that decreased, the chemical ozone
tendency given in units of ppbv/day would be greater at lower
pressure, mainly because the three-body reaction that is an
important sink of HO, radicals (R15), would be slower. In the
troposphere the changes in photodissociation rates with height
do have an impact on the tendencies but, for the assumed
clear-sky conditions, this effect is much smaller than the one
due to decreasing water vapor and temperature. In the tropo-
sphere the photolysis rates generally increase with altitude
(although for some rates this trend can be reversed because of
the temperature dependence of the quantum yields and cross
sections and also due to Rayleigh scattering and surface albe-
do), and this effect slightly counteracts the decrease caused by
lower water vapor concentration and temperature. For the case
from Figure 3a the increase in photolysis rates alone between
990 and 190 mbar increases the ozone tendencies at 190 mbar
by about 30%. Figure 3a shows that the mixing ratio of NO,
at which the chemical ozone tendency reaches a maximum
decreases with altitude. At 190 mbar it is only about a half of
what it is at the surface. Also the balance point shifts to much
lower NO, mixing ratios. These dependencies can be under-
stood by analyzing the effects that water vapor concentration
and temperature have on the ozone tendencies.

3.2.1. Effect of water vapor. With decreasing water vapor
mixing ratio, fewer of the O(!D) radicals produced through
ozone photodissociation react with H,O to form HO, radicals,
and more react with an oxygen molecule to recreate ozone. As
a result, the destruction of ozone decreases when humidity is
lowered (Figure 5a). However, lower HO, concentration leads
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Figure 5. (a) Approximation of diurnally averaged chemical
production (positive values) and destruction (negative values)
of ozone at the surface at 40°N for July and for three different
relative humidities: 100%, 50%, and 10%. Ozone concentra-
tion is 50 ppbv. Production and destruction defined as in Fig-
ure 3b. (b) Diurnally averaged chemical ozone tendency for
100%, 50%, and 10% relative humidities.



KLONECKI AND LEVY: TROPOSPHERIC CHEMICAL OZONE TENDENCY

also to weaker production. Figure 5a shows that for the low
NO, values, the differences in destruction for the cases with
dlfferen[ humidities are greater than the differences in produc-
tion. For higher NO, this relationship is reversed. Such chang-

es in production and destruction explain the behavior of the

chemical ozone tendency curves for decreasmg humidity de-
picted in Figure 5b. In the iow NO, regime, the tendency in-
creases when less water is present, and for NO, higher than a
certain value, the tendency decreases as a result of decreased
production. Lower HO, concentration for runs with lower hu-
midity, just as in the case from section 3.1, is responsible for
the shift of the peak of the maximum chemical ozone tenden-
cy to lower NO, values. The balance point can also be seen to
shift to the left because when humidity decreases, less NO, is
needed before production of ozone starts to balance weaker

dectmiction
aestrucuon.

Figure Sb suggests that changes in water vapor concentra-
tion can be as important for the chemical ozone tendency as
variations in concentration of NO,. Figure 5 depicts the sur-
face case, but the strong effect of water vapor is especially
pronounced in the upper troposphere. Figure 6 shows the ten-
dencies at 190 mbar for two different temperatures: -52°C and
-55°C, and for three different relative humidities: 10%, 30%,
and 50%. Assuming that NO, falls in the range of 50 to 500
ppty, it can be seen that changes in the water vapor concentra-
tion (caused by either changes in relative humidity or by
changes in specific humidity resulting from a temperature
change) can be as important for the tendency as changes in the
NO, mixing ratio arising, for example, from airplane emis-
sions. Spatial variability in H,O or changes in specific humid-
ity arising from a systematic climate change can therefore
significantly affect the chemical ozone tendency in the upper
troposphere. In addition, the slopes are generally greater for
the cases with higher water vapor concentration; therefore an
increase in NO, will result in a greater change in the ozone
production if the humidity is high.

3.2.2. Effect of temperature. While changes in tempera-
ture affect two important parameters, water vapor concentra-
tion and the density of air, temperature alone can also have an
important impact because reaction rate coefficients are tem-
perature dependent. In this example, one simulation was run

relative humidity:
——e 50%
— — -2 30%
—-—10%

0.5
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Figure 6. Diurnally averaged chemical ozone tendency at
190 mbar in July at 40°N for 100 ppbv of ozone for three dif-
ferent relative humidities: 50%, 30%, and 10%. The thick
lines represent the ozone tendency curves calculated at -52°C;
the thin lines represent the curves obtained at -55°C.
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Figure 7. Diurnally averaged chemical ozone tendency at the
surface in July at 40°N for 50 ppbv of ozone for two tempera-
tures: 280°K and 300°K. For both cases the water vapor mix-
ing ratio is the same, and it corresponds to about 30% relative
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humidity at 300°K and to about 100% at 280°K.

at 300 K and the other at 280 K. Mixing ratio of water vapor
was kept constant (relative humidity increased from about
30% at 300 K to about 100% at 280 K) in order to isolate the
effect of temperature (changes in density of air played only a
minor role for a change of 20 K). To avoid unrealistic relative
humidities, tendencies at temperatures below 280 K are not

tha al hahan
considered in this example. Figure 7 shows the general behav-

ior of the tendencies at lower temperatures. Just as in
Figure 4, the tendency is expected to be lower for high NO,
and slightly higher for low NO,.

To understand the reason for such a dependence, one has to
look at the reactions which have rates sensitive to temperature
variations and which are important for ozone production or
destruction. A number of reactions that control HO, concen-
tration meet these criteria; for example, the rate constant of
(R28) decreases by almost 35% when temperature decreases
from 300 K to 280 K. Changes in rates of (R10) and (R15)
(both are HO, sinks and are quicker at lower temperatures)
are also important. Another reaction that is important is (R13)
which is slower at colder temperatures. For much lower tem-
peratures, such as the temperatures characteristic of the region
near the tropopause, a mechanism that involves HNOj, affects
HO, concentration and therefore the chemical ozone tenden-
cy. At low temperatures, HNO, is thermally stable, and reac-
tions such as photodissociation and reaction with OH are the
main loss pathways. For conditions that are especially favor-
able for HNO, formation, low temperatures and high concen-
trations of NO, and HO,, HNO, can become a large fraction
of total reactive nitrogen and the reaction with OH can be-
come a significant sink for HO, radicals:

HNO4+OH—)H20+N02+02 (R26)
At higher temperatures, HNO,4 undergoes a rapid thermal de-
composition and its influence is much smaller.

3.3. Chemical Ozone Tendency for Different Latitudes
and Seasons

3.3.1. Latitudes. Figure 8a, which shows the daily aver-
aged chemical ozone tendencies calculated at the equator,
20°N, 40°N, 60°N, and 80°N, clearly demonstrates the depen-
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Figure 8. (a) Diurnally averaged chemical ozone tendency
for 0°N, 20°N, 40°N, 60°N, and 80°N. The calculations were
done for 50 ppbv of ozone for July and at 990 mbar. For each
of the latitudes, zonally averaged values were assigned to all
parameters as described in section 2. (b) Diurnally averaged
chemical ozone tendency for 0°N, 20°N, 40°N, 60°N, and
80°N with all zonally averaged parameters (i.e., water vapor
and CO concentration, temperature, albedo, ozone column)
set equal to the corresponding values at the equator.

dence of the tendencies on latitude. At low NO, the lowest
tendencies can be observed at 20°N, and the highest can be
observed at high latitudes (slowest destruction). For high NO,
the opposite dependence is observed, and the values at 20°N
are more than an order of magnitude higher than at 80°N.
Larger zenith angles are to a large extent responsible for the
lower magnitudes of the tendency at high latitudes, but as ex-
pected, variations in the zonally averaged parameters such as
humidity, temperature, and the ozone column (these parame-
ters were assigned to zonally averaged values as described in
section 2) also play a crucial role.

In order to see the effect of variations in the zenith angle
alone, a separate set of calculations was done in which tem-
perature, humidity, and the concentrations of all the species at
all latitudes were set to be the same as at the equator. Also the
ozone column, albedo, and temperature profiles used to calcu-
lated the J values were the same as the values used at the
equator. Figure 8b, which depicts the results, shows that there
are substantial differences between the two graphs. For exam-
ple, the maximum tendency is now reached at 40°N (due to
longer days) and not at 20°N, as shown in Figure 8a, and the
tendency at 80°N is not much lower than the tendency at the
equator. The differences between the two figures point to the
importance of the values assigned to the zonally averaged pa-
rameters. Especially important are the differences in the
ozone column and humidity. Figures 8a and 8b show that with
increasing latitude the changes in the zonally averaged param-
eters can be responsible for a greater reduction of the magni-
tude of the daily averaged chemical ozone tendency than the
reduction of the zenith angles alone. The tendencies at other
tropospheric levels exhibit similar behavior.

3.3.2. Seasons. Figure 9 shows the results of calculations
performed at 40°N for both winter and summer for the lower,
middle, and upper troposphere. The magnitudes of the chemi-
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cal tendencies can be more than 10 times smaller in winter,
and the main reason for such a reduction is the combination of
much larger zenith angles and shorter days. Much lower hu-
midity and lower temperatures also play a significant role.
Lower solar flux as well as lower humidity and temperature
contribute to the shift of the maximum tendency and the bal-
ance point to lower NO, mixing ratios in agreement with the
analysis from section 3.2.

3.4. Sensitivity of the Chemical Ozone Tendency to Other
Parameters Used in the Calculations

34.1. CO. To test the sensitivity of the ozone tendency to
different CO levels, a case was run at the surface, 500 and 190
mbar with CO at 50, 100, and 200 ppbv. Figure 10 shows that
for large NO, the difference between the cases with different
CO concentrations is large. Higher CO concentration causes
quicker conversion of hydroxyl radicals to hydrogen peroxy
radicals through (R27). This increase in HO, concentration is
responsible for the increase in the rate of (R14), which, as
mentioned in section 3.1, controls the rate of the ozone pro-
duction. In the low NO, regime where (R14) is less important,
the difference between the cases with different CO mixing ra-
tios (especially at the surface and 500 mbar) is much smaller.

For the calculations of the chemical ozone tendency that are
depicted in Figure 10, concentration of CO was set to a con-
stant value and was the same for all mixing ratios of NO,.
However, if either combustion of fossil fuels or biomass burn-
ing are the main sources of NO,, then mixing ratio of CO is
likely to increase with NO, concentration. Figure 10 gives an
estimate of the impact of scaling of the CO concentration to
the NO, level.

3.4.2. Surface albedo. To test the sensitivity of the calcu-
lated chemical ozone tendency to the surface albedo, the box
model was run with photolysis rates calculated for two differ-
ent albedos. One for a low surface albedo of 0.05, a value that
represents, for example, the ocean at relatively small zenith
angles, and the other set for a high value of 0.3, which can
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Figure 9. Diurnally averaged chemical ozone tendency in
January and in July. The curves were obtained at 40°N for
(a)100 ppbv at 190 mbar, and 50 ppbv of ozone at (b) 500
mbar, and (c) the surface.
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Figure 10. Diurnally averaged chemical ozone tendency at

three pressure surfaces: (a) 190, (b) 500, and (c) 990 mbar for
three CO mixing ratios: 50, 100, and 200 pbbv. The curves
were obtained for conditions at 40°N in July; ozone mixing
ratio is 150 ppbv at 190 mbar, and SO ppbv at 500 mbar and
990 mbar.

represent the albedo of sand. At the ground the differences are
large and can reach up io 30% for smail zenith angles. As ex-
pected, these differences get smaller with altitude because the
path length for the reflected light increases. Figure 11 shows
the effect of the different surface albedos on the chemical
ozone tendencies at 990 and 190 mbar. At the ground the larg-
est difference of about 15 ppbv/day, or about 30%, takes place
for NO,, values of about 1.5 ppbv. For other NO, levels, and
especially at low NO,, the difference is not as pronounced. At
190 mbar, where the effect of surface albedo is weaker, the
relative differences are significantly smaller.

Variations in photolysis rates caused by changes in the
ozone column or especially by the presence of clouds will
cause similar effects. For example, at 40°N in summer, a 20%
reduction of the ozone column (uniform throughout the atmo-
sphere) resulted in the maximum chemical ozone tendency at
the surface being about 10 ppbv/day higher (about 30%).

3.4.3. Heterogeneous removal of N,O5 and NOj3. Hetero-
geneous removal of N,O5 and NO;5 can have a direct effect on
ozone concentration [Dentener and Crutzen, 1993] (205 re-
moved for each NO; lost and 305 removed for each N,Os), as
well as an indirect effect caused by the decrease in the NO,
concentration. Since in this theoretical sensitivity study the
concentration of nitrogen oxides is assumed to be constant,
the indirect effect is not important. The direct effect, which
can lower the ozone tendency under high NO, conditions, is
not included in the theoretical study but is accounted for in the
GCTM ozone simulations discussed in section 4 [Levy et
al.,1997; H. Levy II, Tropospheric NO,: Its sources and distri-
bution, manuscript in preparation, 1997] (hereinafter referred
to as Levy et al., manuscript in preparation, 1997).

3.5. Chemical Ozone Tendency With Variable Ozone

In all the calculations presented so far, ozone concentration
was held constant throughout each integration (see section 2).
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Figure 11. Diurnally averaged chemical ozone tendencies at
(2\ 190 and (h\ 990 mbar for two values of gurface albada:
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0 05 and 0. 3 The calculations were done for conditions at
40°N in July and for 50 ppbv of ozone.

This approach was adopted in order to be able to compute the
tendency for a given ozone concentration (by definition, if the
box model described in section 2 is integrated with changing
ozone, no equilibrium is reached until the ozone concentra-

tion reaches a diurnal crparlv state and the .endenc, is essen-

tially 0). To investigate the effect of this constraint on the
calculated daily average ozone tendency, a case was run
where ozone was allowed to change during the last 24 hours
of the integration after the stability criterion described in sec-
tion 2 had been reached. Figure 12 shows that the two cases
do not differ significantly. The small differences that are
present can be understood with the help of Figure 1a which
shows how the chemical ozone tendency reacts to different
levels of ozone. If the tendency is negative, ozone concentra-
tion will decrease in the scenario where ozone is allowed to
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Figure 12. Diurnally averaged chemical ozone tendency for a
case with constant ozone (solid line), and a case where ozone
is allowed to change during the last day of the simulation after
the stabilization criteria have already been met (dashed lme)
The calculations were performed at 40°N in July and for ini-
tial 50 ppbv mixing ratio of ozone.
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Figure 13. Diurnally averaged chemical ozone tendency with
no isoprene (solid line) and with 100 pptv of isoprene (dashed
line). The calculations were performed for conditions at the
surface at 40°N in July and for 50 ppbv of ozone.

change, and ozone destruction will be slower. If the tendency
is positive, the case with changing ozone will have a higher
concentration of ozone, and for the case depicted in Figure 1a,
for NO, less than about 1.5 ppbv of NO,, the tendency will be
lower, and for NO, higher than 1.5 ppby, it will be higher. The
greater the absolute value of the tendency, the greater the
change in ozone in the case with variable ozone, and the
greater is the difference between the two cases.

3.6. Chemical Ozone Tendency With NMHC

Figure 13 shows how the addition of NMHC can affect the
chemical ozone tendency [see, e.g., Liu et al., 1987]. It is as-
sumed that isoprene is the only NMHC with a source, and its
concentration is held at 100 pptv throughout the integration.
Any other NMHC present is a by-product of isoprene oxida-
tion. A condensed carbon bond mechanism (CB IV) mecha-
nism developed by Gery et al. [1989] was added to the
CO/CH, mechanism. Carbon bond mechanisms are based on
the principle that similarly bonded carbon atoms can be treat-
ed as one surrogate species [Whitten et al., 1980], so, for ex-
ample, all single-bonded carbon atoms are treated as one
species, no matter what molecule they are a part of. In Figure
13 it becomes immediately apparent that the chemical ozone
tendencies, even for only 100 pptv of isoprene, are for NO,
greater than about 100 pptv much higher than they are for the
CO/CH, only case and that the ozone tendency maximum is
moved to higher NO, values. Organic peroxy radicals (RO,)
formed during oxidation of NMHC are responsible for the
higher production of ozone, because RO, radicals increase the
conversion of NO to NO, (see Figure 2c). The shift in the
ozone tendency maximum can be explained in a similar way
as in section 3.1. If NMHCs are present, the concentration of
HO, radicals goes up, and (R15), which is a sink for radicals,
does not become significant until higher values of NO,.
NMHCs also convert OH radicals into HO, and therefore
slow down the rate of (R15). For much greater concentrations
of NMHC:s, the maximum chemical ozone tendency is at con-
siderably higher NO, values.
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3.7. Sensitivity of the Calculated Chemical Ozone
Tendencies to the Uncertainties in the Reaction Rate
Constants

For this study rate constants for all nonphotodissociation
reactions were taken from DeMore et al. [1994]. This publica-
tion lists parameters that can be used to estimate the uncer-
tainties for the rate constants that correspond approximately
to one standard deviation. It is further assumed that the uncer-
tainty is smallest at 298 K, and that it increases for higher or
lower temperatures. It is emphasized that due to the lack of
sufficient data, the values of the uncertainties are not based on
a statistical analysis but on subjective judgments of the au-
thors [DeMore et al., 1994]. We use these suggested values to
estimate the possible error resulting from the uncertainties in
the reaction rate constants of bimolecular reactions. Figure
14a shows the results for the reactions that introduce the
greatest uncertainty to the calculated tendencies at 990 mbar
when ozone is 30 ppbv and NO, is 100 pptv. These results
were obtained by running the box model with the rate of only
one reaction changed at a time by the estimated uncertainty. It
can be seen that uncertainty in the rate of (R14) has the great-
est effect on the ozone tendency, in this case about 30%. For
other conditions this effect will be different, because the rela-
tive significance of the reactions can change. At 190 mbar
(Figure 14b) the uncertainties in the rate constants are gener-
ally larger because of the mentioned temperature dependence.
The largest possible error at this pressure for 100 ppbv of
ozone and 200 pptv of NO, is introduced by (R27), and it is
also about 30%. A thorough study by Thompson and Stewart
[1991] employing a Monte Carlo technique shows that the un-
certainty in the rate constants can introduce a standard devia-
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Figure 14. The uncertainties in the calculated chemical
ozone tendencies resulting from the uncertainties in the reac-
tion rate constants of a single reaction. The thick solid line
represents the tendency with no error included; the whiskers
represent the uncertainty in the ozone tendency for plus or mi-
nus the suggested uncertainty in the rate constants. The uncer-
tainties shown were calculated at 40°N in July for (a) 990
mbar, 100 pptv of NO, and 30 ppbv of O3, and (b) 190 mbar,
200 pptv of NO, and 100 ppbv of O5.
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tion of 15 to 30% in the calculated ozone levels. Although the
results presented in section 3 might be quantitatively affected
by the uncertainties in the rate constants, the general conclu-
sions reached in this section are unlikely to change.

4. Global Chemical Ozone Tendencies

The global fields of the chemical ozone tendency presented
in this section are the monthly means of those calculated at
every time step during an ozone simulation conducted with
the Geophysical Fluid Dynamics Laboratory (GFDL) global
chemistry transport model (GCTM) [Levy et al., 1985;
Kasibhatla et al., 1996; Levy et al., 1997]. NO, and isoprene
fields (isoprene is used as a proxy only) needed for this simu-
lation are from previous GCTM runs. A detailed description
of the ozone simulation and the évaluation of the results are
given by Levy at al. [1997]. The GCTM’s instantaneous
chemical ozone tendencies are obtained from the tables of
tendencies which were calculated with the box model with no
NMHC for the zonally averaged albedo, temperature, CO,
CHy, and H,O (as described in section 2) for four seasons
(January, April, July, and October), nine latitudes (80°S, 60°S,
40°S, 20°S, equator, 20°N, 40°N, 60°N, and 80°N), seven pres-
sure surfaces (990, 940, 835, 685, 500, 315, and 190 mbar),
and a range of ozone (10, 30, 50, 70, 90, 120, 150, 250, 500
ppbv, 1, 1.5, and 2.0 ppmv), and NO, (1, 50, 100, 200, 350,
500, 750 ppty, 1, 1.5, 2.0 ppbv) mixing ratios.

In section 3 we identified the critical parameters controlling
ozone chemical tendency (NO,, O3, H,O, CO, T, and solar ze-
nith angle) and the primary sources of their variability (lati-
tude, altitude, and season). We account for a major source of
longitudinal variability in CO and albedo by constructing sep-
arate chemical tendency tables for the land and for the sea
case. An example of such tendencies for the northern hemi-
sphere over land, for just one level of ozone (50 ppbv), for one
pressure surface (990 mbar) and one season (July) is depicted
in Figure 8a. The instantaneous tendency in each of the
GCTM'’s grid boxes is obtained by interpolating the values
from the tables to the instantaneous values of NO, previously
computed with the same GCTM (Levy et al., manuscript in
preparation, 1997), and instantaneous values of O3 from the
current simulation. Therefore, the global chemical ozone ten-
dencies do capture the impact of the local synoptic variability
in the NO, and O; fields. While the calculated tendencies do
not capture any variations caused by local deviations from the
zonally averaged albedo, temperature, CO, CHy, and H,O
(other than the land-sea contrast in CO and albedo), they do
capture the very strong variations in these parameters due to
latitude, altitude and season. The sensitivity studies from sec-
tion 3 give an estimate of the error caused by using the zonal-
ly averaged parameters.

The CO/CH4 chemical tendencies are not used in the lowest
four GCTM levels (990, 940, 835, and 685 mbar) when con-
centration of the NMHC are likely to be high. Isoprene levels
greater than 100 pptv (taken from an earlier GFDL GCTM
simulation with sources from Guenther et al. [1995], and NO,
levels higher than 200 pptv (also taken from a previous GFDL
GCTM simulation (Levy et al., manuscript in preparation,
1997)), are used as surrogate tests for elevated levels of natu-
ral and anthropogenic NMHC. In regions where either NO, or
isoprene levels imply elevated levels of NMHC, a special pa-
rameterization described by Levy et al. [1997] is used in the
GCTM ozone simulation. In this approach the chemical ozone
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tendency is based on the rate of conversion of NO, to HNO;
with the efficiency of the conversion decreasing for higher
NO, mixing ratios [Liu et al., 1987]. These parameterized
chemical tendencies are excluded from the discussion below.
In addition to the changes in ozone concentrations due to pho-
tochemistry, the GCTM ozone simulation contains deposition
and heterogeneous removal of ozone.

4.1. Present-Day Global Chemical Ozone Tendencies

Figure 15a shows the global chemical ozone tendency fields
at 990 mbar in July. White regions indicate places where ei-
ther NO, or isoprene were higher than the critical values for at
least one time step during the month of July. It can be seen
that the tendencies from the box model were applied generally
over the oceans (where both NO, and isoprene are low), and
there they are generally small and negative. In some regions in
the subtropics and tropics the chemical tendency becomes
considerably more negative as a result of high solar flux and
low NO, values. Figure 15b shows the chemical tendencies at
990 mbar in January. Because of longer NO, lifetime, in the
northern hemisphere the white region occupies a greater num-
ber of grid boxes in January than in July. As in July the chem-
ical tendencies over the ocean are generally small and
negative with the belt centered on the equator being the most
negative.

Figures 16a and 16b show the chemical tendency at 500
mbar for July and January. At this level the tendencies calcu-
lated with the box model were applied in all grid boxes. The
tendency is highest over and downwind from the regions that
have large NO, sources. Since at 500 mbar the lightning
source becomes important [Levy et al., 1996], the chemical
tendencies are high near the regions with high thunderstorm
activity. In July there is also a large region with positive
chemical tendencies in the southern hemisphere that is colo-
cated with a plume of NO, resulting from biomass burning in
the tropics and subtropics. Over the oceans, if the grid box is
not downwind from a NO, source, there is usually destruction
of ozone. In January the maxima in the chemical ozone ten-
dency are present in different regions than in July mostly be-
cause of the change in the zenith angle, humidity, and because
the distribution of NO, changes. For example, the lightning
source in the midlatitudes in the northern hemisphere disap-
pears and so does the plume from biomass burning in the
southern hemisphere.

Chemical tendencies at the next level, at 315 mbar, in July
are depicted in Figure 17a. The tendencies there are generally
positive (the balance point shifts to lower NO, mixing ratios
with increasing altitude), and the maximum tendencies are
smaller than at 500 mbar. At this level the model shows that in
July a significant fraction of NO, in the mid and high latitudes
of the northern hemisphere is of stratospheric origin, and
therefore the distribution of NO,. there is more uniform (Levy
et al., manuscript in preparation, 1997). There are still, how-
ever, local maxima produced by the lightning source, and the
chemical ozone tendency has the highest values there. In the
northern hemisphere, the slightly negative values in the high
latitudes, and also midlatitudes in the winter case, are caused
by high levels of ozone. At high latitudes during local winter
there is no solar flux available and the chemical ozone tenden-
cies are essentially zero.

At 190 mbar there is already little land-sea contrast in the
NO, distribution, and for this reason there is also little zonal
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Figure 15. Monthly averaged daily chemical ozone tendency from the GCTM ozone simulation at 990 mb
(a) in July and (b) in January. White places indicate regions where CO/CHy4 ozone tendencies were not used.
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Figure 16. Monthly averaged daily chemical ozone tendency from the GCTM ozone simulation at 500 mbar
(a) in July and (b) in January. White places indicate regions where ozone tendencies were above S ppbv/day.
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Figure 17. Monthly averaged daily chemical ozone tendency from the GCTM ozone simulation at 315 mbar

(a) in July and (b) in January.

variation in the chemical ozone tendency fields (Figures 18a
and 18b). The tendencies are smaller than 2 ppbv/day and
generally positive. As at 315 mbar, the negative values in the
high latitudes and midlatitudes of the northern hemisphere are
a result of high mixing ratios of ozone, and the negative val-
ues in the winter hemispheres at high latitudes are essentially
Zero.

4.2. Comparison of the Daily Averaged Model Chemical
Ozone Tendencies With Available Estimates From Field
Campaigns

In this section an attempt is made to compare the model
tendencies from this study and the tendencies estimated by
Chameides et al. [1987] (Global Tropospheric Experi-
ment/Chemical Instrumentation Test and Evaluation
(GTE/CITE 1)), Jacob et al. [1992] (Atmospheric Boundary
Layer Experiment (ABLE 3A)), Liu et al. [1992] and Ridley
et al. [1992] (The Mauna Loa Observatory Photochemistry
Experiment (MLOPEX 1)), Davis et al. [1996] (Pacific Ex-
ploratory Mission-West (PEM-West A)), and Jacob et al.
[1996] (Transport and Atmospheric Chemistry Near the Equa-
tor - Atlantic (TRACE A)). Only studies that estimate the di-
urnally averaged tendencies (and not just the tendency at the
time of the measurement) for unpolluted air (low hydrocarbon
concentrations) are considered. The reported estimates of the
diurnally averaged ozone tendencies are based on the results
from box model simulations conducted for the measured mix-

ing ratios of the key ozone precursors. It should be empha-
sized here that the GCTM values as well as the estimates from
field campaigns are based on current understanding of ozone’s
reaction mechanism. Except for MLOPEX 1, the tendencies
are calculated with data gathered during airplane flights, and
the tendencies are the estimates given for whole basins cov-
ered by the flights. Since the tendencies can change signifi-
cantly over a distance of a few hundred kilometers (Figures
15, 16, and 17) [Chameides et al., 1987] and since the number
of flights in each campaign is relatively small, the tendencies
can only be treated as estimates of the tendencies for whole
basins. The data from the campaigns and from the GCTM are
compared in Table 2.

For the GTE/CITE 1 campaign the model tendencies are
lower than the measured throughout the middle and lower tro-
posphere and the switch to positive values takes place signifi-
cantly higher (at around 8 km). The value for the upper
troposphere agrees with the measured one. For ABLE 3A
there is generally good agreement. The model value for the air
at 3.4 km in the region around Hawaii is lower than the values
reported by Ridley et al. [1992] and Liu et al. [1992]. Model
NO, for this region is also lower than the value reported for
the MLOPEX I campaign (14 pptv in the model versus
34 pptv measured). The ozone level in the model is similar to
the observed, and therefore transport of ozone is required to
compensate for stronger destruction. Because the PEM-
West A and TRACE-A campaigns covered both remote areas
and areas affected by anthropogenic emissions and biomass
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Figure 18. Monthly averaged daily chemical ozone tendency from the GCTM ozone simulation at 190 mbar

(a) in July and (b) in January.

burning, the tendency changed significantly between flights.
To come up with a model estimate to match the reported basin
average, only the grid boxes through which the plane flew
were considered. The model data are in good agreement with
the PEM-West A data from 0° to 18°N, while for the data
from 18°N to 42°N the model results are significantly lower.
For TRACE-A the model data are higher in the middle and
lower in the upper troposphere. While we capture the general
altitude dependence in all cases accept GTE/CITE and have
excellent quantitative agreement with ABLE 3A and PEM-
West A (0-18°N), we only agree qualitatively with TRACE-A,
MLOPEX 1 and PEM-West A (18°N-42°N). The simulated
tendencies from two remote sites, Barbados and Samoa, also
agree qualitatively with values estimated from the observed
surface time series for these two locations [Oltmans and Levy,
1994].

4.3. Preindustrial Chemical Ozone Tendencies:
Effect of Anthropogenic NO, Emissions

To estimate the changes in the chemical ozone tendencies
resulting from anthropogenic activities, the July global chem-
ical ozone tendencies obtained with present-day and preindus-
trial NO, fields are compared. In the preindustrial NO,
experiment the fossil fuel, aircraft, and fertilizer-induced bio-
genic sources of NO, were not included, and the source from
biomass burning was reduced [Levy et al., 1997]. This study
neglects the effect due to changes in CO and CH, and analyz-

es only the effect resulting from NO, increases. Generally,
higher NO, in the present-day compared to preindustrial times
should lead to higher chemical tendencies, but because the
concentration of ozone also increases, the opposite trend can
be observed in some regions (see Figures 1 and 19a). For ex-
ample, at the surface, in regions over the oceans that are not
significantly affected by anthropogenic NO, sources, the
chemical tendencies are generally more negative in the
present-day case. This decrease is especially pronounced in
the northern hemisphere where the increase in ozone is larger
[Levy et al., 1997]. The fact that in many regions the present
chemical tendencies are lower (generally more negative)
means that ozone must be transported there from other re-
gions in order to maintain the higher, present levels of ozone.
At 500 mbar the increase in ozone caused by anthropogenic
NO,, emissions is smaller than at the surface [Levy et al,
1997]; therefore the chemical tendencies are less likely to de-
crease as a result of higher ozone fields. However, in the
northern hemisphere and the tropics, with the exception of the
regions over and downwind from anthropogenic NO, sources,
the increase in NO, is still not sufficient to offset the effect of
higher ozone, and the chemical tendency decreases (Figure
19b). In the southern hemisphere the increase of ozone is
smaller than in the northern hemisphere, and also in July the
lifetime of NO, is longer in the southern hemisphere. These
two factors are responsible for the increase of the chemical
tendencies in the midlatitudes of the southern hemisphere.
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Table 2. Comparison of Measured and Simulated Diurnally
Averaged Chemical Ozone Tendencies

Measured Model

GTE/CITE 1*, (10° molecules/cm3/day)

(8<z<10km) 4.30 4.48
(4<z<8km) 4.30 -3.05
(2<z<4km) 6.90 -17.8
(0<z<2km) -15.0 -33.0
ABLE 3A*, (ppbv/day)
6.5 km -0.50 -0.36
5.5km -0.65 -0.57
4.5 km -0.80 -0.68
3.5km -0.75 -0.79
2.5 km -0.75 -0.54
MLOPEX 1
3.4 km -0.71 [Liu et al., 1992] -1.79
3.4 km -0.47 [Ridley et al., 1992]
PEM WEST A, 18°N-42°N, (ppbv/day)
10-12 km 1.44 0.68
8-10 km 1.30 0.62
6-8 km 1.00 0.32
4-6 km -0.04 -0.31
PEM WEST A, 0°N-18°N, (ppbv/day)
8-10 km 0.40 0.47
6-8 km -0.24 -0.07
4-6 km -0.64 -0.73
2-4km -1.26 -1.75
TRACE-A, (ppbv/day)

8-12 km 2.1 1.3
4-8 km 0.3 0.9

*The measured values estimated from graph.

At 315 and at 190 mbar, because of the increased NO, mix-
ing ratios and only a small increase in ozone, the chemical
tendencies are higher everywhere in the present case (Figures
19¢ and 19d), but in the preindustrial scenario they are still
positive in the low latitudes and most of midlatitudes. The
magnitude of the increase decreases with height being lower
at 190 mbar than at 315 mbar, and lower than the maximum
increase at 500 mbar. The percentage increase also generally
gets smaller with altitude showing that the impact of anthro-
pogenic NO, emissions (which also include airplane emis-
sions in the upper atmosphere) on the chemical ozone
tendency decreases with altitude.

The globally integrated changes in the net chemical tenden-
cies have been described by Levy et al. [1997] and are sum-
marized here. The CO/CH, tropospheric global chemical
tendency is estimated to change from a preindustrial level of
-435 TgOs/yr to a present level of -558 TgO3/yr. The greatest
change takes place in the unpolluted boundary layer where
higher ozone mixing ratios are responsible for net destruction
growing from -482 TgOs/yr to -649 TgOs/yr. In the tropical
free troposphere there is a decrease in net production from
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+176 TgOs/yr to +163 TgOs/yr and in the extratropical free
troposphere a decrease in destruction from -129 TgOs/yr to
-72 TgOs/yr. The tropospheric ozone turnover time (tropo-
spheric mass/tropospheric loss) remains essentially un-
changed at ~0.2 year since the coefficient for the primary loss
path, dry deposition velocity, remains unchanged and the pri-
mary chemical loss paths are not very sensitive to changes in
moderate levels of NO,.

5. Summary

The first goal of this study is to explore the dependencies of
the chemical ozone tendencies on the input parameters. Our
broader objective is to obtain a global perspective on the im-
pact of the net chemical ozone tendencies on the ozone distri-
bution.

Our study indicates that the chemical ozone tendency is es-
pecially sensitive to variations in NO,, ozone, absolute hu-
midity, and temperature. Decreases in absolute humidity and
temperature are responsible for much lower magnitudes of the
chemical tendency at higher altitudes and are also partially re-
sponsible for the significantly lower values at higher latitudes
and in winter. Variations in these parameters, especially in ab-
solute humidity, can also lead to a significant shift of the bal-
ance point and can influence the value of the NO, mixing ratio
at which the chemical ozone tendency has a maximum. The
results indicate that anthropogenic changes in NO,, CO, water
vapor, and temperature can all affect the tendencies and the
resulting O3 levels and suggest possible synergisms between
aircraft emissions of NO, and CO and climate change.

The global net chemical ozone tendencies obtained from
the GCTM simulation and presented in the second part of the
paper show a significant decrease in the magnitudes of the
chemical tendencies with height, with the maximum values at
190 mbar being smaller than 2 ppbv/day. In the upper tropo-
sphere the chemical tendencies are generally positive, while
in the midtroposphere, in regions that are away from NO,
sources, the chemical tendency is generally negative. This
shift to positive values with higher altitude is caused by higher
NO, mixing ratios over remote regions but also by the shift of
the balance point to lower NO, values. The maps of the global
chemical ozone tendency show a close resemblance to the
NO, fields, but it has to be remembered that longitudinal vari-
ations in other parameters, particularly humidity and CO,
have not been included. Currently, the only variables with lon-
gitudinal dependence are model NO, and ozone (future stud-
ies will also include longitudinal variations of H,O and CO).
Since in the middle troposphere the NO, sources are strongest
over land regions, there is generally production of ozone over
land and destruction over the oceans. In the upper troposphere
this land sea contrast is generally absent. The comparisons
with the estimates of the tendencies from five measurement
expeditions reproduce the general profiles and sign but only
show quantitative agreement with two of the five studies.

Differences between the present-day and the preindustrial
chemical ozone tendencies suggest that in the boundary layer
and in the midtroposphere the tendencies increased near an-
thropogenic NO, sources where the increase in NO, has a
greater impact than the ozone increase. In regions away from
anthropogenic sources the reverse is generally true. In the up-
per troposphere the tendencies increased everywhere, but the
magnitude of the increase becomes smaller with increasing al-
titude.
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Figure 19. Difference between the monthly averaged daily chemical ozone tendencies calculated for present-
day and preindustrial conditions in July at (a) 990, (b) 500, (c) 315, and (d) 190 mbar. For Figure 19a the white
spaces indicate regions where CO/CH, ozone tendencies were not used; for Figures 19b-19d they indicate val-

ues greater than 0.5 ppbv/day.
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