
JOURNAL OF GEOPHYSICAL RESEARCH, YOLo 96. NO. DI0, PAGES 18.631-18,646, OCTOBER 20, 1991

TJne Relative Impact of Stratospheric Photochemical Production
on Tropospheric Nay Levels: A Mod(~l Study

P. S. KASIBHATLA,I.2 H. LEVY 11,3 W. J. MOXIM,3 AND W. L. CHAMEIDESt

The II-level Geophysical Fluid Dynamics 4boratory (GFDL) global chemical transport model has
been used to assess the impact of stratospheric NOx production on tropospheric reactive nitrogen
(Nay) concentrations. A temporally varying source function was constructed using specified two-
dimensional, monthly average a), N20, temperature, and surface pressure data generated by the
GFDL "SKYHI" model. The calculated yearly Nay production rate is 0.64 Tg N (0.64 X 1012 g N).
A wet removal scheme, which distinguishes between stable and convective rain based on the bulk
Richardson number, is introduced. Simulations have been performed with a simplified chemical
mechanism which fractionates Nay into soluble and insoluble species. The roil: of peroxyacetyl nitrate
(PAN) in determining the impact of stratospheric injection on the tropospheri<; Nay budget is studied
by comparing results of simulations with and without PAN chemistry. WI: conclude that (1) the
stratospheric source is too small to account for background surface Nay concentrations observed in
the remote (i.e., regions a few thousand kilometers from continental sourcl~ regions) troposphere.
Surface Nay mixing ratios seldom exceed 10 parts per trillion by volurrJe (pptv) in the model
northern hemisphere and are always below 20 pptv. Together, fossil fuel colnbustion emissions and
stratospheric injection account for less than 10% of observed surface nitrate concentrations in the
remote tropical Pacific. (2) The impact of the stratospheric source is companlble to that of the fossil
fuel combustion source in terms of Nay mixing ratios in the northern hemisphere at the 500 mbar
model level and is more important in the middle and high latitudes of the southern hemisphere. At the
315 mbar model level the stratospheric source contribution to Nay levels is mlore important than that
of the fossil fuel source at all latitudes, except in the tropics. However, substantial contributions from
other Nay sources are needed to explain observations in the remote middle and upper troposphere. (3)
Inclusion of PAN chemistry has the effect of increasing model-calculated surface Nay mixing ratios
in the northern hemisphere middle and high latitudes by factors of 1.5-3 during winter/spring and by
factors of 2-4 during summer/fall. Surface Nay mixing ratios in the southc:rn hemisphere show a
smaller increase due to slower rates of PAN formation. This is a direct result of lower hydrocarbon
concentrations in the southern hemisphere.
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The importllnce of reactive nitrogen compounds (NOy) in
atmospheric chemistry over a variety of spatial and temporal
scales has long been recognized. Nitrogen oxides (NOx =
NO + NOV playa major role in determining the global
oxidizing po\1ler of the troposphere by controlling tropo-
spheric 03 [Crutzen, 1974] and OH levels [Levy, 1971]. Thus
they may have a significant influence on global climate
through their indirect impact on the rate of removal of
greenhouse gases from the atmosphere. NOx has also been
shown to be an important precursor to urban photochemical
smog formation [Leighton, 1961], and HNO3 is one of the
two important acidic components of acid rain [National
Research Council (NRC) 198J]. In addition, nitrate is an
important nutrient to oceanic ecosystems [Ryther and Dun-
stan, 1971].

A compreh,ensive knowledge of the key factors affecting
NOy distributions is essential if one attempts to isolate the
influence of humans on atmospheric chemistry in particular
arid on global climate in general. Our present understanding
of the factors controlling the distribution of NOy is ex-
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tremely limited due to Ithe sparsity of available observational
data, especially in remote regions of the world. In this
context, models provide us with a valuable tool to synthesize
the knowledge gained from limited field studies and to
extrapolate the data to more representative global scenarios.

A fundamental question, which remains largely unan-
swered, relates to the nature, magnitude, and spatial and
temporal variation of the various sources of NO,.. Levy and
Moxim [1989] simulat{:d the global distribution and deposi-
tion of NO,. emitted b:V fossil fuel combustion. These emis-
sions are mainly concentrated in the northern mid-latitudes,
with a global annual source strength of approximately 21 Tg
N (21 X 1012 g N). Their analysis showed that while these
emissions were sufficil~nt to account for a large fraction of
observed surface NOy levels near source regions in the
northern hemisphere, they were insufficient to account for
more than -10% of observed background levels in the
remote tropics and in the southern hemisphere. They spec-
ulated that other possiible sources of NOx such as biomass
burning, production by lightning, biogenic emissions, and
stratospheric injection may make important contributions to
the tropospheric NO,. budget. With the exception of the
stratospheric source these sources are inherently difficult to
quantify owing to theil~ nature and due to their geographical
distribution.

On the basis of a simulation with an idealized source, Levy
et al. [1980] hypothesjj~ed that the stratospheric source could
account for at least half the NO,. present in the remote
tropics and in the solJthern hemisphere. Liu et al. [1980]
carried this one step further, arguing that downward trans-
port of NOx produced in the stratosphere and subsequent
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photochemical production of 03 in the upper troposphere
could be a significant source of tropospheric 03, Their
calculations used the NOy fields predicted by Levy et al.
[1980], along with semiempirically derived NOx/NOy ratios
from Kley et al. [1981]. On the other hand, Logan [1983]
argued that the stratospheric flux was too small to have a
significant impact on tropospheric NOy levels and suggested
that Levy et al. [1980] had used unrealistically long rainout
lifetimes in their moeeJ calculations. Recent analysis of
surface observations ill the tropical Pacific also suggests that
the stratos~her:~ ~out<;e may have a minimal impact on
surface NOy concentrations [Savoie et al., 1989].

In the above mentioned mo,del studies, Levy et al. [1980]
and Levy and Maxim [1989] treated the collection of reactive
nitrogen compounds as..~ single species, namely, NOy. By
using effective dry and wef removal coefficients for NOy' an
attempt was made to implicitly ~apture the effect of chemical
transformations and removal of individual species on the
distribution and deposition of total reactive nitrogen. A
problem arises, however, in arriving at a priori estimates of
wet and dry removal coefficients for an arbitrary source
distribution. Even for a particular source function, such as
the fossil fuel combustion source, where observed deposi-
tion fluxes provide a constraint against which model param-
eters may be adjusted over s6urce regions, it is by no means
certain that rem..°val rates will be calcui~ted "correctly" in
regions remote from the source tegion. The approach taken
in this paper is therefore It more f':lhdamental one. We
exp:licitly treat NOx, HNOJ' and ~AN as transported spe-
cies, using a simplified chemical scheme to calculate chem-
ical production and destruction rates for each of these
species.

This study focuses. oh a reexamination of the potential
impact of stratospheric photochemical NOx production on
tropospheric NOy levels. We therefore present an analysis of
the results of a set of model simulations with this strato-
spheric source alone. An assessment of the relative impact
of this small source (0.64 Tg N yr-l) is provided by
comparing model results with ayailable observations of
tropospheric NOy mixing ratios and deposition fluxes. Sim-
ilar studies with other individual sources are presently under
way and will be discussed in future papers.

2. BRIEF DESCRIPTION OF THE MODEL

The global chemical transport model (GCTM) has a hori-
zontal resolution of -265 km and 11 vertical levels at
standard pressures of 990, 940, 835, 685, 500, 315, 190, 110,
65,38, aritt,JO mbar: The model is driven by 6-hour time-
averaged wi~d and total precipitation fields derived from a
I-year integration of a parent general circulatiort model
(GCM) [Manabe et al., 1974; Manabe and Holloway, 1975].
The meteorological features of the GCM have been the
subject of many previous studies, and the interested reader
may wish to refer to the paper by ,Mahlman and Maxim
[1978] for a comprehtnsive list of references pertaining to
the GCM and an encapsulated review of the GCM climatol-
ogy pertinent to this study. However, a few remarks on the
dynamics of stratosphere-troposphere exchange processes
in the model are appropriate here. The meridional circulation
in the GCM consists of a 3-cell troposphere, a 2-cell northern
hemisphere stratosphere, and a 3-cell southern hemisphere
stratosphere, with midstratospheric flow from the summer to

where R is the tracer mixing ratio. We ,now have to deter-
mine F. If L is the liquid wate! eontent Qfthe "cloud" and Q
is the precipitation rate averaged over the column cross-
sectional area, the volume of' cloud, V c' is

ABQ6tp
L 'Vc = (2)

where pis the density of liquid water. We use the term cloud
in the same sense as Giorgi and Chameides [1986], i.e., to

the winter hemisphere. A detailed description of the simu.
lated dynamics in the stratosphere is given by Manabe and
Mah(man [1976]. The tropopause appears at the proper
altitudes, !tnd its poleward downward slope agrees well with,
observations. Mahlman',and Moxim [1978] found in their
mid-latitude instantan~ous source experiment that the global
mean vertical transpprt across the tropopause is dominated
by eddy transport. A~ particular latitudes, howev,er, the eddy
transport is of the' ,same order of magnitude as'~the mean
transport, reflecting the fact that eddy transport is predom-
inantly downward, while the mean transport may be upward
or downward. 10.., their study, strongest downward eddy
cross-tropopause fluxes OCcur near 50°--60°N during March-
May, associated with upper tropospheric cyclogenesis,
while strohgest downward zonal mean fluxes o~cur near
35°-45°N during December-February. An analysis of the
transport of an ozone like tracer by Mahlman et at. [1980]
found that the annually averaged northern hemisphere cross-
tropopause flux was approximately 1.8 times larger than the
corresponding flux in the model southern hemisphere: Their
study also suggests that the model may considerably under-
estimate cross-tropopause tracer fluxes in the southern
hemisphere.

The GCtM incorporates parameterizations, for approxi-
mating horizontal sub-grid-scale transport, vertical mixing
by dry and moist convection, and vertiCal mixing in the
boundarY layer under conditions of large-scale stability. Dry
depos{tio_n is ca1culated based on the assumption of, a bal-
ance be\~een surface deposition and the turbulent flux in the
bottom half of the lowest level. in the model. The deposition
velocities used in the model (indicated in section 3) reflect
measured deposition velocities of individual reactive nitro-
gen species. A more detailed description of these and other
features of the GCTM can be found in studies by Mahlman
and Moxim [1978], Levy et al. [1982, 1985], and Levy and
Moxim [1989]. A significant change in the present application
of the model is the manner in which wet removal rates are
calculated. Our current scheme, the main ideas of which are
borrowed from Giorgi and Chameides [1986], is outlined in
more detail below. .

Consider a column of grid boxes in which precipitation
occurs. Let As and H represent the cross-sectional area and
height of the column, respectively, and F represent the
fraction of the cross-sectional area over which precipitation
occUrs. We now assume that fdt a highly soluble tracer (such
as HNO3), F is also the fraction of the tracer originally
present in a box that is removed during a p.recipitation event.
Wet deposition rates for a highly soiul5fe tracer, at each time
step and each grid box, can then be calculated as

aR I -FR -=-, (I)

at ( ) ~t wet
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refer to that fraction of the grid where precipitation is
occurring. Thl~ fraction of the column cross-sectional area
over which pr(:cipitation and therefore wet removal occurs is
thf'n

Vc QAtp

F=-= 

-HAs LH. (3)

Equations (1) and (3) together represent the parameteriza-
tion for wet removal, based on GCM-derived precipitation
intensity fields, that is used in the GCTM for a highly soluble
species. In the actual application of the scheme the height H
is specified to be the height of the top of the 685 mbar layer
in the model except when there is convective instability as
determined by the moi,st Richardson number (Rim) calcu-
lated at the 500 and .115 mbar levels. The mathematical
expression uSI:d to calculate Rim is given by Levy et al.
[1982]. If Rim is less than 0.25 for the 315 mbar level, wet
removal is assumed to occur from the ground to the top of
the 315 mbar I;iyer. Similarly, if Rim is greater than 0.25 for
the 315 mbar It:vel but less than 0.25 for the 500 mbar level,
wet removal is assumed to occur from the ground to the top
of the 500 mbar layer. We use the term "convective rain" to
characterize precipitation events for which Rim is less than
0.25 at the 315 or 500 mbar model levels. All other precipi-
tation events are termed "nonconvective." Values for L are
the same as those used by Giorgi and Chameides [1986J,
with L = 2 x .10 -6 g cm -3 for convective rain and L = 0.5
x 10 -6 g cm -:1 for nonconvective rain. We have performed

some prelimin.lrY tests with this scheme by simulating the
global distribution of NO" resulting from fossil fuel combus-
tion emissions only. These simulations indicate that model-
calculated wet deposition fluxes agree with observed wet
deposition fluxI:s in North America and Europe (where fossil
fuel combusticln emissions dominate the NOy budget) at
least as well as previous calculations by Levy and Moxim
[1989] in which a different wet removal scheme was used. In
addition, nitrate wet deposition fluxes at sites in the North
Atlantic which are mainly impacted by fossil fuel combus-
tion are well simulated. ;..-.'

[;:;
6:
.1'";

...e,, -
::'"'
-'"

~-:'
-'~--,-
..-:
C:

c:-.--.:
r,-:,~
f-
C-
C:-

3. DESIGN OF THE EXPERIMENTS

NO is prodillced in the stratosphere by the following
reaction sequence:

(Rl) 03 + hv-+ O(IV) + O2,

(R2) O(IV) + M-+ 0(3p) + M,

(R3) O(IV) + N2O-+ 2NO.

Reaction (R11) generates highly reactive atomic oxygen,
which is either quenched by collision with molecular oxygen
and nitrogen (,reaction (R2» or reacts with nitrous oxide
(transported to the stratosphere from the troposphere) to
yield two molei:ules of NO per atom of oxygen reacting with
N2O (reaction (R3». Using monthly and zonally averaged
03 and N2O filelds (shown in Figure 1 for the months of
January and July), along with corresponding temperature
and surface pre:ssure data from the GFDL "SKYHI" GCM
which has a hi!:her vertical resolution [Hamilton and Mahl-
man, 1988], we have calculated diurnally averaged NO
production ratl:s for the middle of each month based on
(RIHR3). Kinetic data used in the calculations were ob-
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tained from DeMore et al. [1990]. The calculated NO pro-
duction rates for 4 months representing winter, spring, fall,
and summer are shown in Figure 2. The seasonal variation of
the NO production rate is clearly seen, with maximum
production occurring in the summer hemisphere. Maximum
production rates (- 200-240 molecules cm -3 S -I) occur near
the equator at approximately 10 mbar. The calculated annual
NO production rate is 0.64 Tg N. This estimate is consistent
with recent estimates of 0.4-0.7 Tg N/yr [Crutzen and
Schmailzl, 1983] and 0.7 Tg N/yr [Legrand et al., 1989].
Jackman et al. [1980] h:lve argued that the production of NO
by galactic cosmic rays in the lower stratosphere and upper
troposphere is comparable to the production of NO by N 20
oxidation at latitudes poleward of -50°. On a global scale,
however, N 20 oxidation is the dominant stratospheric NOx
source. As we shall see later, our conclusions regarding the
tropospheric impact of the stratospheric source are mainly
drawn by comparing model results with measure~ents in the
remote tropics and subtropics. Our conclusions therefore are
not significantly affected by the fact that we have considered
only the photochemical NOx source in the present study. In
addition, NOx emitted in the exhaust fumes of jet aircraft
may contribute locally to NO" levels in mid-latitudes, but we
have made no attempt to quantify the effect of this source.
Calculated source strengths were gridded to the GCTM grid
and specified in the form of a "lookup" table in the model.
We should point out that although the top model full-level is
at 10 mbar, the top model layer extends from -27 mbar to
the top of the atmosphe:re. Daily NO production rates were
calculated in the GCTM by time-interpolating between ap-
propriate table values.

The chemical partitioning of NOy into soluble and insolu-
ble fractions was calcul:lted using a simple chemical scheme
and using NOx and Hr-~03 as surrogates for insoluble and
soluble reactive nitrogen species, respectively. Details of the
chemical scheme are Igiven in the appendix. Deposition
velocities for HN03 (1.0 cm s -lover land, 0.5 cm s -lover
ocean) and for NOx (O.:~ cm S-I over land, 0.0 cm S-I over
ocean) were selected based on the annual average of avail-
able measurements over land [Cadle et al., 1985; Huebert
and Robert, 1985; Wesely et ar., 1982; Walcek et al., 1986;
Voldner et al., 1986]. Calculation of wet dept>sition involves
treating NOx as an insoluble species and using (I) and (3) to
determine HN03 removal rates. We treat this simulation as
our base case simulatio!11 and will hereinafter refer to it as the
case I experiment.

We next focus on the role of long-lived, re~.er~oir organic
species formation in determining tropospheri~ NOy concen-
trations. The chemistry involved in the formation and de-
struction of these organic constituents is extremely complex
[Madronich and Calvi?rt, 1990]. In addition, many of the
reaction rates and products are not well charllcterized. In
this study we therefore attempt to provide only a z~roth-
order analysis of the impact of such a sequestration on the
tropospheric NOy burd.~n. We use PAN as a surrogate for
the organic NOy specie1; and calculate PAN production and
destruction rates using ~l specified hydrocarbon distribution.
PAN production is assumed to occur only at or below the
190 mbar model level el:luatorward of 45° latitude and at or
below the 315 mbar model level poieward of 45° latitude. Our
scheme considers six reactions:

(PI) HC + OH-+ PAC,
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where the n coefficient represents number density and kj is
the specific reaction rate for reactionj. Number densities of
OH, HO2, NO, NO2, and NO.. are calculated using the
scheme described in the appendix, and the superscript "s"
refers to quantities derived in the transport model from the
stratospheric source alone. Similarly, the PAN destruction
rate is

PAC + NO2~ PAN,

PAC + NO- products,

PAC + HO2 -+ products,

PAN -+ PAC + NO2,

= r kp6n(OH)
LpANS

(P6) PAN + OH~ products,

where HC and PAC refer to hydrocarbons and peroxyacetyl
radical, respectively. By assuming that PAC is in photo'-
chemical equilibrium, the production rate of PAN is given by

[ kptn(HC)n(OH)
]PPANs = kp2

kp2n(NOv + kp3n(NO) + kp4n(HOv

n(NO2)

n(NOx)
n(NO;), (4)
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based on measured hydrocarbon concentrations in the back-
ground atmosphere [Singh and Zimmerman, 1991; Rudolph,
1988]. Kinetic data for (PI) is obtained from DeMore et al.
[1990], while rate constants recommended by Atkinson and
Lloyd [1984] are used for (P2), (P3), and (P5). It should be
noted that the rate of thermal decomposition of PAN (reac-
tion(P5»is highly temperature sensitive (kpS = 1.95 x 1016
e -13S43/T s -1). PAN formation at low temperatures therefore

provides a pathway by which some of the NOy can be
sequestered in a stable form. Subsequent long-range transport
of PAN can then serve as a potentially important source of
NOy in the remote troposphere. There is some uncertainty
regarding the products of (P6). In this study we assume (P6) to
be a chemical source of NOx' with kp6 = 1.23 X 10-12 e-6SI/T
cm3 molecules-I s-1 [Singh et al., 1991a]. We further assume
that PAN has neither dry nor wet sinks, thus providing an
upper limit of the impact of tropospheric PAN production on
the. global NOy burden resulting from stratospheric injection.
This model experiment will be referred to as case 2.

The results of our model calculations are presented in
section 4. Section 4.1 focuses on the zonal mean mixing ratio

fields from the case I experiment, while the case 2 simulation
is compared with the case I experiment in section 4.2. A
more detailed analysis of surface and middle and upper
tropospheric NOy mixing ratios is presented in sections 4.3
and 4.4.

4. RESULTS OF THE EXPERIMENTS

The GCTM case I simulation was initialized with a one-
dimensional NOy profile, varying from -50 pptv at the
surface to -17.5 ppbv at 10 mbar. On the model start-up date
of October I this initial NOy field was partitioned into NOx
and HNO3 on the basis of chemical production and destruc-
tion rates calculated using the simple chemical scheme
described in the appendix. The model was integrated for a
period of 64 months, at which time globally and annually
averaged sources and sinks were essentially in balance for
both NOx and HNO3.The case 2 simulation was initialized
with NOx and HNO3 distributions obtained after integrating
the case I simulation for 28 months. In addition, a uniform
background mixing ratio of I pptv was used to initialize
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PAN, and the model was integrated for a period of 36
months. In the rest of this paper we will focus on the
resulting steady state distributions, and hence all subsequent
discussions will refer to model fields from the last 12 months
of each experiment. While this study will be mainly confined
to an analysis of the resulting tropospheric mixing ratio fields
and comparisons of these model fields with available obser-
vations, we will also examine the zonal mean distribution of
NOy and its constituents from the midstratosphere to the
surface.

4.1. Zonal Mean Mixing Ratio Fields
From the Case I Experiment

Monthly average, zonal mean NOy fields from the case I
experiment are shown in Figure 3 for the months of January,
April, July, and October. The familiar feature of poleward-
downward sloping isopleths is seen, with higher mixing
ratios occurring poleward and lowest values at or near the
equator. Seasonal variations in mid-latitude tropospheric
mixing ratios are evident, with maximum values occurring
during winter and spring in each hemisphere. Another inter-
esting feature is the steepening of tracer mixing ratio isolines
at high northern latitudes during the transition from spring to
summer. Mahlman and Maxim [1978] put forward the diag-
nostic interpretation that this was due to a diminished degree
of self-cancelation between mean and eddy effects during the
seasonal transition. A similar feature is not evident in the

model southern hemisphere and appears to be a model
defect.

The stratospheric source appears to be significant relative
to the fossil fuel combustion source in terms of middle-upper
tropospheric NO" mixing ratios in mid-latitudes, especially
during winter and spring. At the 500 mbar model level the
stratospheric source yields zonal mean NO\, mixing ratios of
approximately 100 pptv in the northern hemisphere mid-
latitudes. This is comparable to estimates of zonal mean
NOy resulting from the combustion source alone [Levy and
Moxim, 1989J. In addition, model NOy mixing ratios from
the stratospheric source (200-500 pptv) are a factor of 2-10
higher than those produced by the combustion source in the
northern mid-latitudes at 315 mbar. The stratospheric source
is also clearly more important than the fossil fuel combustion
emission source in the southern hemisphere midtroposphere
as evidenced by the very low NOy levels (2-10 pptv)
calculated by Levy and Moxim [1989J in their fossil fuel
combustion experiment. The results from the case I simula-
tion also seem to indicate that the stratospheric source has
only a small impact on surface NOy where model mixing
ratios are generally below 5 pptv, with slightly higher values
at high latitudes.

A closer examination of Figure 3 also reveals a significant
interhemispheric asymmetry in mid tropospheric mixing ra-
tios, with higher mixing ratios in the northern hemisphere.
While the annually averaged NOy source has no interhemi-
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TABLE) Comparison of Model Results With LIMS-Derived
Lower Stratospheric NOy for January

Location Observation* Modelt

64°S
48°S
32°S
16°S
Equator
16°N
32°N
48°N

9-10
-8

-6

-2

<2
-3
-9

-13

5-6
-5

3-4
1-2
-2

4-5
6-7

11}-11

Observations are for January 1979, at approximately 50 mbar (see
Figures 10-68, WMO[1985)).

*LIMS-derived NO in parts per billion by volume (ppbv).
tMonthly average NOy (ppbv) from the case I simulation ob-

tained by interpolating data from 38 and 65 mbar model levels.

HNO3 by precipitation becomes important below 315 mbar,
complemented by the faster rate of dry removal of HNO3 at
the surface, leading to comparable abundances of NOx and
HNO3 near the surface in the summer hemisphere. NOx
surface mixing ratios in the extratropics exhibit a significant
seasonal maximum in winter because OH levels are much
lower during this period.
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4.2. Comparisons of Zonal Average NOy Fields
From the Case I and Case 2 Experiments

The previous section has highlighted the fact that in the
model the stratospheric source appears to have only a
minimal impact on lower tropospheric NOy mixing ratios. A
large fraction of the NOy transported down from the strato-
sphere is in the form ofHN03. The fraction ofNOy injected
into the troposphere in the form of NO.. is converted
relatively rapidly to HN03', which is removed quite effi-
ciently by wet and dry sinks in the lower troposphere. There
has been some speculation that formation of relatively
long-lived organic nitrogen species (such as PAN) from NO..
could serve to increase the overall lifetime of NOy in the
troposphere. According to this argument the organic species
serve as temporary reservoirs for active nitrogen. For ex-
ample, this mechanism, applied to fossil fuel combustion
emissions, has been used in an attempt to explain NO.. and
03 mixing ratios observed in the high latitude troposphere
over North America and Greenland during the Atmospheric
Boundary Layer Experiment 3A (ABLE 3A) [Singh et al.,
199Ia,I99lb].

In this section we focus on the question of whether the
sequestering of NO.. into temporary organic reservoirs might
affect model-calculated tropospheric NOy mixing ratios and
attempt to assess the magnitude of this effect. We feel that
the design of the case 2 experiment provides a realistic upper
limit of the impact of tropospheric production of organic
nitrogen species on NOy distributions resulting from the
stratospheric source (refer to the discussion in section 3).

Figure 5 illustrates the differences in NOy fields between
the case 2 and case 1 simulations. Inclusion of PAN chem-
istry in the model does not alter simulated NOy levels by
more than 10% above 500 mbar since the wet sink is
relatively weak above this level. The case 2 simulation yields
enhanced NOy mixing ratios, usually by factors of 1.3-4, in
the middle and high latitude lower troposphere. The magni-
tude of the effect is generally larger in the northern hemi-

spheric asymmetry, some asymmetries arise due to differ-
ences in wet and dry removal rates in the two hemispheres.
However, the major difference between the two hemispheres
is the considerably weaker poleward-downward transport
from the production region in the middle stratosphere to the
lower stratosphere in the model southern hemisphere [Mahl-
man et al., 1980]. While this asymmetry is to be expected on
the basis of stratospheric dynamics, it may be exaggerated in
this model.

Table 1 shows a comparison between LIMS-derived (limb
infrared monitor of the stratosphere) NOy for January 1979
[World Meteorological Organization (WMO) 1985] and mod-
el-simulated NOy at 50 mbar. NOy mixing ratios in the
northern hemisphere extratropical stratosphere are reason-
ably well simulated, though the slight overestimate in the
tropics and underestimate in the mid-latitudes indicate that
the slopes of the mixing ratio isopleths are too flat. Mahlman
et al. [1986] obtained a similar result in their simulation of
stratospheric N2O. They found that observed meridional
slopes of mixing ratio isolines were steeper than those
simulated by the model by about 30%. Their analysis showed
that this discrepancy was caused by the fact that the magni-
tude of meridional gradient of net diabatic heating was
underestimated in the model, leading them to conclude that
the magnitude of the dynamical drive in the model strato-
sphere was too weak. The model underestimates NOy in the
high latitude lower stratosphere of the southern hemisphere,
again suggesting that poleward-downward transport from the
middle stratosphere is too weak in the model southern
hemisphere.

It is also interesting to compare model results from this
experiment with those from Mahlman et al. [1980] involving
an ozonelike tracer. In that study the latitudinal tracer
gradient at the 10 mbar model level is maintained by rela-
tively fast photochemistry, with the result that maximum
mixing ratios at the top model level occur in the tropics (see
Figure 3.3, Mahlman et al. [1980]). In sharp contrast in the
p~esent study, highest NOy mixing ratios at 10 mbar occur at
high latitudes, reflecting the dominant role of transport
processes in establishing the latitudinal NOy gradient at that
level. In spite of this striking dissimilarity in tracer distribu-
tions at the top model level, slopes of the mixing ratio
isopleths in the lower stratosphere are remarkably similar in
the two studies. This is due to the fact that in both studies it
is the average stratification of tracer between the middle and
lower stratosphere that determines the tracer structure in
this region [Mahlman et al., 1980].

Zonally averaged NO.. and HNO) distributions for Janu-
ary and July are shown in Figure 4. While HNO) mixing
ratios are 2-3 times higher than those of NO.. in the extra-
tropical lower stratosphere, NO.. is more abundant above
the 38 mbar model level in the equatorial stratosphere due to
the fact that the local NO.. photochemical source is largest in
this region and also due to the relatively rapid rate of HNO)

~hotolysis in this region. In the middle and upper extratrop-
ICal troposphere, however, HNO) mixing ratios are signifi-

Ca~tly higher than NO.. levels. For example, HNO) mixing
ratios range from 50 pptv to greater than 200 pptv, while the
corresponding NO.. mixing ratios are 20.-100 pptv poleward
of30oN in January at the 315 mbar model level. This can be
explained on the basis of the fact that the rate of conversion
of UNO) to NO.. decreases rapidly in going from the

stratosphere to the middle troposphere. Scavenging of
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Fig. 4. Monthly average, zonal mean mixing ratios (ppbv) of NOx and HNO) from the case I experiment for the
indicated months. Contour levels are logarithmic.

of PAN subsequently serves as a source of NOx (some of
which is converted to HNO3) in the lower troposphere,
leading to enhanced levels of NOx and, to a lesser extent, of
HNO3 near the surface. A similar picture unfolds in July,
though on a larger spatial scale. NOx mixing ratios are
suppressed by at least -10% over most of the northern
hemisphere between 315 and 500 mbar. HNO3 levels in this
region are also suppressed, since some of the NOx which
would otherwise be converted to HNO3 is now sequestered
in the form of PAN. PAN decomposition leads to enhanced
NOx mixing ratios in the lower troposphere. by factors of
2-5. over a broad region extending poleward from 30oN, with
corresponding HNO3 mixing ratios enhanced by 10-50%.
Inclusion of PAN chemistry has a greater impact on northern
hemisphere model results due to the aforementioned inter-
hemispheric difference in hydrocarbon mixing ratios. This
fact is also illustrated in model-simulated PAN distributions
(see Figure 7). During the southern summer the highest PAN
mixing ratios are of the order of 2-5 pptv. By contrast,
model-simulated PAN mixing ratios range from 10-20 pptv
in the middle and upper troposphere of the extratropical
northern hemisphere during July. The rapid rate of thermal
decomposition of PAN results in extremely low PAN mixing
ratios in the tropical lower troposphere. This result is
consistent with measurements by Rudolph and Muller [1990]
in the remote South Atlantic, where surface PAN levels
were typically below 0.5 pptv.

sphere, except during the northern winter. This is a direct
consequence of higher PAN production rates in the northern
hemisphere which is a result of the interhemispheric differ-
ence in hydrocarbon concentrations. In spite of the extreme
sensitivity of the rate of PAN decomposition to temperature
the model results show the counterintuitive feature that PAN
formation has a smaller effect on lower tropospheric NO.
levels at higher latitudes in winter. This is because photo-
chemical activity (and therefore conversion of NOx to
HNO3 as well as PAN formation in the upper troposphere) is
greatly suppressed in winter at high latitudes. Inclusion of
the PAN reactions also has a relatively minor effect (10-
20%) on tropical surface NO. mixing ratios owing to the
rapid rate of thermal decomposition of PAN.

These differences in total NO. fields between the two
experiments can be related to the'corresponding changes in
NOx and HNO3 fields (Figure 6). We will illustrate our
discussions with model results from January and July. In the
following discussion we shall use the terms "suppressed"
and "enhanced" to refer to changes relative to the case I
experiment, i.e., relative to the simulation with no PAN
chemistry. Net photochemical production of PAN has the
effect of suppressing NOx mixing ratios in the middle and
upper troposphere. During January the largest effect on NOx
occurs in a relatively small region centered around 500 mbar
in the northern tropics and also in the midtroposphere of the
high latitude southern hemisphere. Thermal decomposition
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Our results tilierefore suggest that sequestering of active
nitrogen into r'elatively long-lived, temporary reservoirs
(such as PAN) (:ould be important, especially in the middle
and higher latitudes of the northern hemisphere lower tro-
posphere where neglecting this effect may cause NOx levels
to be underpredicted by factors of 1.5 to >5. Such a
mechanism could presumably be equally significant for other
NOy sources and especially for the upper tropospheric
lightning source. We caution, however, that these results
should be intefJ)reted with some care since the chemistry
involved is quite: complex and not yet fully understood. The
results from the case 2 experiment should therefore be
viewed in the context of providing an upper limit to our
calculations of the tropospheric impact of the stratospheric
NOy Source, while the case I results provide the correspond-
ing lower limit.

4.3. Surface Mrixing Ratios

One of the main thrusts of this study is to examine the
impact of stratospheric production on surface NOy mixing
ratios. As mentioned earlier, a previous study by Le\'y and
Maxim [1989] found that emissions from fossil fuel combus-
tion could account for less than 10% of observed surface
NO, in regions remote from the predominantly northern
hemisphere, mi,d-latitude source regions. On the basis of
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results scaled from a stratified tra<;:er experiment [Mahlman
et al., 1980], Levy et al. [1980] hypothesized that strato-
spheric production of NO could be a significant source of
Nay for the remote troposphere, accounting for up to half
the observed Nay in these regions. Their model-calculated,
surface mixing ratios we,re in reasonable agreement with the
lowest Nay concentrations measured over the equatorial
Pacific [Huebert, 1980]. Levy and Maxim [1989] also used
the fact that seasonal cycles of surface 03 [Oltmans, 1981]
and surface aerosol nitrate [Savoie et al., 1989] at Samoa
were similar, as an argument in favor of an upper tropo-
spheric or stratospheric source of Nay in the remote tropo-
sphere. However, calculations by Savoie et al. [1989] re-
vealed that there was almost no correlation between
measured surface 'Be and aerosol nitrate and between
surface 03 and aerosol nitrate, and they concluded that the
stratosphere has a mininlal impact on tropospheric Nay'

In this section we rf:address some of these issues by
comparing model simulations of surface Nay with earlier
estimates by Levy et ,~/. [1980]. The major differences
between the two studies are the explicitly calculated Nay
source distribution, thf: partitioning of Nay into NOx,
HN03, and PAN (in thf: case 2 experiment) in the current
study and in the wet removal parameterization used. We will
also present some comparisons of our results with an esti-
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4.4. Middle and Upper Troposphere Mixing Ratios

The previous section demonstrated that the stratospheric
source appears to have a negligible impact on lower tropo-
spheric NOy concentrations, both in the remote tropics and
at high latitudes. We now turn our attention to the middle
and upper troposphere. Consider the model-derived, annu-
ally averaged, 50() mbar mixing ratio fields from the case 2
experiment (Figure 9). This plot may be compared with the
corresponding map from Levy and Moxim [1989] for a
simulation with the fossil fuel combustion source alone. In
the tropics the two sources yield comparable NOy mixing
ratios, ranging from 5 to 20 pptv. Mixing ratios from com:-
bustion emissions range from 50 pptv to greater than 100
pptv in the northern mid-latitudes, with the l;\rger values
occurring at and downwind of the major source regions in
North America, Europe, and Asia. The corresponding mix-
ing ratios from the case 2 experiment are of the order of
20-50 pptv south of about 40oN and 50-100 pptv at higher
latitudes. In the southern hemisphere midtroposphere, NOy
mixing ratios from the fossil fuel source range from 10 to 20
pptv near continental source regions, with smaller values
«5 pptv) occurring in more remote locations. This is
because very little NOy from the northern hemisphere
combustion emissions is transported to the southern hemi-
sphere due to efficient removal at the ITCZ. Model-
simulated NOy mixing ratios from the stratospheric source
range from 10-20 pptv in the southern hemisphere mid-
latitudes and from 20-50 pptv poleward of 6OoS, indicating
that the stratospheric source is at least as, if not more,
important than the fossil fuel source over much of the
southern hemisphere midtroposphere. Higher up in the
troposphere, at the 315 mbar model level, NOy mixing ratios
from the stratospheric source are about ~ factor of 2 higher
than those produced by the fossil fuel source during summer
in the northern hemisphere mid-latitudes. However, the
stratospheric source dominates during winter/spring in the
northern hemisphere since this is the period of strongest
downward transport from the stratosphere and also due to
the fact that convective upward transport of fossil fuel NOy
is at a minimum during this period.

The available observational data on total NOy in the
middle and upper troposphere consists of relatively short
term measurements, confined to a few specific locations. It is
instructive, however, to compare model results with these
observations. NOy measurements over one southern hemi-
sphere statil?n (Darwin, Australia; 12°S, 131°E) and two
northern hemisphere stations (Guam, 14°N, 145°E and
Hickam Air Force Base, Hawaii, 21°N, 158°W) were con-
ducted as part of the Stratosphere-Troposphere Exchange
Program (STEP) during January and February 1987. Our
model calculations yield January average mixing ratios in the
range of 10 to 50 pptv in the vicinity of Darwin and Guam at
the 190 and 315 mbar model levels, while the average
observed mixing ratio is approximately 400 pptv (D. M.
Murphy et al., Reactive odd nitrogen and its correlation with
ozone in the lower stratosphere and upper troposphere,
submitted to Journal of Geophysical Research, 1991). Sim-
ilarly, at Hawaii, model-calcul&ted values (20-100 pptv)
differ substantially from the observations (250-600 pptv).
Estimates of NOy levels from the fossil fuel combustion
source [Levy and Moxim, 1989] are insufficient to account
for more than a small fraction of these measurements. This
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yet been exercised with the current chemical and wet
removal schemes.

It i& also instructive to compare model surface PAN
mixing ratios with some recent measurements at high north-
ern latitudes during the ABLE 3A experiment [Singh et al.,
1991a}. The median PAN level in the 0-2 km altitude range
during July was of the order of 25 pptv (see Figure 2, Singh
et al. [199la]). Our July mean PAN mixing ratios from the
case 2 experiment are less than 2 pptv between the surface
and the 835 mbar model level, between 600 and 700N over
Alaska. It thus seems unlikely that the stratospheric source
is an important factor in determining the tropospheric NOy
budget of this region.

An analysis of deposition fields from the experiment also
reveals that stratospheric injection has a negligible impact on
observed deposition rates at remote locations, as previously
argued by Logan [1983]. Observed NOy deposition rates at
these locations range from 2-4 m mols N m -2 yr -I, while

depOsition rates due to the stratospheric source are generally
less than 0.1 m mols N m-2 yr-i.
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Fig. 8. Annually averaged surface NOy mixing ratios (pptv) from the case 2 experiment. Contour levels
logarithmic.

large discrepancy between observations and model calcula-
tions points to an important role for other NOy sources such
as biomass burning and production of NO.. by lightning
discharges. While the biomass burning source could account
for at least part of the deficit in the northern tropics, it cannot
explain the large deficit at the southern hemisphere site,
especially since the particular time period does not corre-
spond to the burning season in the southern tropics. Taking
into account the fact that the measurement period corre-
sponds to the southern hemisphere lightning season [Orville
and Henderson, 1986], it seems plausible that NO.. produc-
tion by lightning discharges (a's suggested by D. M. Murphy
et al., 1991) could be the dominant source of NOy in the
southern tropics ~uring this period.

An additional set of NOy measurements in the middle
troposphere are those performed as part of the NASA Global
Tropospheric Experiment/Chemical Instrumentation Test
and Evaluation 2 (GTE/CITE 2) experiment during August
and September 1986, over the eastern North Pacific between
300 and 45°N. Values ranging from -150 pptv to greater than
800 pptv, with a mean of -300 pptv, were observed at
altitudes of 4.5-6 km [Ridley el al., 1990]. Our model
simulations yield mixing ratios ranging from 20 to 50 pptv at
the 500 mbar model level from the stratospheric source,
which leads us to the conclusion that the NOy mixing ratios
over this region of the North Pacific are not strongly influ-
enced by the stratospheric source. Calculations by Levy and
Maxim [1989] suggest that export of fossil fuel combustion

TABLE 2. Comparison of Case 2 Model Results With SEAREX Sunace Observations

Stratosphere*

Shemya, 53°N, 174°E
Midway, 28°N, 177°W
Oahu, 21°N, 158°W
Enewetak, lIoN, 162°E
Fanning, 4°N, 159°W
Nauru, loS, 16rE
Funafuti,8°S, 179°E
Samoa, 14°S, 171°W
Rarotonga, 21°S, 160oW
New Caledonia, 22°S, 166°E
Norfolk Island, 29°S, 169°E

94
104
130
56
59
59
39
40
42
76
66

74
62
49
25
16
7
6
6
6

55
30

<I
<I
<I
<I
<I
<I

1
1
2
2

Observations are soluble reactive nitrogen measucements, while model results are at the 990 mbar
model level. All values are in parts per trillion by volume.

*Soluble reactive nitrogen measurements from Prospera and Savoie [1989].
tModel NOy with the fossil fuel combustion source alone from Levy and Maxim [1989].
fModel results from the case 2 experiment.
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Fig. 9. Annually averaged 500 mbar NO., mixing ratios (pptv) from the case 2 experiment. Contour levels are
.logarithmic.

chemistry of long-lived organics in global transport models is
clearly an area which warrants further investigation, as it
could have major implications for our understanding of NO"distributions from other sources as well. .

The model results, in conjunction with an earlier assess-
ment of NOy distributions from fossil fuel combustion emis-
sions, imply a major role for other possible sources of
surface NOy in the remote tropics and in the southern
hemisphere. Comparisons of model-calculated midtropo-
spheric background NO" mixing ratios with observations in
the tropics and subtropics also suggest that biomass burning
and nitrogen fixation associated with lightning discharges
may contribute significantly to the tropospheric NOy budget.
Uncertainties associated with source strengths, transport,
chemistry, and removal still persist. However, we feel that
our two principal conclusions regarding the minimal impact
of the stratospheric source on remote lower tropospheric
NOy mixing ratios and the need for a significant source of
NOy in the tropical middle and upper troposphere are valid.

emissions from continental source regions results in NOv
mixing ratios ranging from 50 to 200 pptv over this region
during the summer. Once again, emissions associated with
biomass burning in Asia and NO.. production by lightning
may account for the remaining part of the NOv. However,
the relative importance of these two sources in this region
remains to be quantified.

It is also interesting to note that July mean PAN mixing
ratios from the case 2 simulation range from 10 to 20 pptv
between the 315 and 500 mbar model levels, over Alaska
between 600 and 700N. These values may be compared with
the observed median PAN mixing ratio of -270 pptv during
the ABLE 3A experiment [Singh et al., 1991] at an altitude
range of 4-6 km, again suggesting that the stratospheric
source is a minor contributor to the tropospheric NOy
budget at high latitudes.
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SUMMARY

In this study we have reevaluated the hypothesis that
downward transport of NOy produced in the stratosphere
might explain as much as half the observed surface NOy in
the remote troposphere. Using specified, zonally averaged
03 and N2O fields, along with monthly averaged pressure
and temperature fields from the GFDL SKYHI GCM, we
have calculated a temporally varying, two-dimensional NO
source function for input into a GCTM. Our model simula-
tions, with a partitioning of NOy into NOx' HN03, and
PAN, suggest that earlier estimates of surface NOy concen-
trations, resulting from downward transport of NOx pro-
duced in the stratosphere, may be overestimated by a factor
of 5 to 10. Our current study also indicates that model
calculations which do not incorporate PAN chemistry may
significantly underpredict NOx and NOy concentrations in
the lower troposphere. A more realistic treatment of the

ApPENDIX: PARTITIONING OF Nay INTO SOLUBLE
AND INSOLUBLE SPECIES

An accurate determination of the fraction of the individual
nitrogen species that make up Nay requires the solution of a
coupled set of stiff partial differential equations. Since solu-
tion methods for these types of systems are extremely time
consuming, various simplifying assumptions are often made
to obtain approximate solutions to this problem. We de-
scribe below a simplified chemical scheme, which enables us
to explicitly calculate the partitioning of Nay into soluble
and insoluble fractions, without resorting to iterative solu-
tion schemes. Chemical production and loss rates of the
soluble and insoluble fractions are calculated based on the
reaction of NO2 and HNO3 with OH and the photodissoci-
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Using recent estimates of kinetic parameters [DeMore et a/.,
1990], specified one-dimensional NO" and CO profiles in
each hemisphere (Figure 10); specified two-dimensional 03
(see Figure 1) and CH4 fields (Figure 11), and monthly
average temperature, pressure, and water vapor fields from
the GFDL SKYHI GCM [Hami/ton and Mahlman, 1988],
from (R4) and (R5) we calculate zonally averaged O( I D)
concentrations as

n(OID) = ~~k2n(M) , (6)

where the n coefficient represents number density, J i is the
photolysis rate coefficient for reaction i, and kj is the specific
reaction rate for reactionj. The NO/N02 ratio is calculated
from (R14) and (R15) based on the assumption of a photo-
stationary state among NO, N02, and 03 as

n(NO) J11
, (7)

n(NO2) kI2n(O3)

and NO and NO2 concentrations are calculated using the
specified NOx concentrations.

From (R9) to (R13) and assuming that the HO2-OH
cycling reactions are relatively rapid enables us to write

n(HO2) k6n(CH4) + k7n(CO) + kSn(O3)n ATT""-

~

Fig. 10. Prescribed one-dimensional NOx (light lines) and CO
(heavy lines) vertical profiles used in the calculation of tropospheric
OH fields. Solid lines represent northern hemisphere profiles, while
dashed lines represent southern hemisphere profiles.

1'-.r\ IlV = =
(8)

n(OH) k9n(03) + k1on(NO)

On the basis of a balance between radical production and
destruction (reactions (R6), (R7a), (R7b), (R8a), and (R8b»
and using the H02/0H ratio calculated from (6), we calculate
the OH concentration as

[ k3n(OJD)n(H2O)
] 1/2 n OH = x FACT 9

( ) k4(RATIO) + ks(RATIO)2 ,( )

ation of HN03. The essence of the method involves captur-
ing the spatial variation of the OH concentration field and
scaling these concentrations so as to yield a tropospheric
methyl chloroform lifetime of 6.2 years [Prinn et al., 1987].
The set of chemical reactions considered are

(R4) 03 + hv-+ O(ID) + °2,

(RS) 0(ID)+M-+O(3p)+M.

(R6) O(ID) + H2O-+ 20H,

(R7a) OH + HOz-+ HzO + Ozo

(R7b) -+ H2O + O2,

(R8a) H02 + H02 -+ H202 + O2'

-+ H2O2+O2.(R8b)

(R9)

(RIO)

CH. + OH -+ HO2 + HCHO.

CO + OH -+ HO2 + CO2.

(Rll) 03 + OH-+ H02 + 020

(RI2) 03 + H02~ OH + 2020

(RI3) NO+ HO2 --+ OH + NO2o

(R14) NOz + hv-+ NO + 03,

(R15) NO + 03- NOz + Ozo

(R16)

(R17)

(RI8)

NO2 + OH + M ~ HNO3 + M,

HNO3 + hp~ NO2 + OH,

HNO3 + OH ~ H2O + NO3'
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where FACT is an empirically determined correction factor.
This correction factor is determined by scaling the OR fields
to yield a globally and annually averaged methyl chloroform
lifetime of 6.2 years [Prinn et at., 1987]. Specifically, we
obtain FACT "= 2 and a scaled globally and annually aver-

aged tropospheric OR concentration of 6.7 x 105 molecules
cm -3. The large value of the correction factor is due to the

simplifying assumptions made to facilitate the OR calcula-
tion. The zonally averaged, scaled tropospheric OR fields
calculated in this manner compare reasonably well with
tropospheric OR fields derived using a more detailed implicit
chemical scheme based on a CR4-CO-NOx-O3-RxO), mech-
anism [e.g., Chameides and Tan, 1981; Spivakovsky et at.,
1990]. The sharp gradients in the boundary layer near the
equator are related to the very simple, hemispherically
averaged, one-dimensional distribution assumed for NO".

We then use these scaled OR fields to specify NOx/RNO3
production and destruction rates in the form of lookup tables
to the transport model. While the simple chemical scheme
clearly has limitations, especially in its treatment of the
radical cycling reactions, these are not of great significance
in this study since a large fraction of the NO" transported to
the troposphere from the stratosphere is "in the form of
RNO3, and this feature is captured with the simple chemical
scheme.
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