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Simulated global tropospheric PAN:
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Abstract. Using the 11-level Geophysical Fluid Dynamics Laboratory (GFDL) global chemi-
cal transport model (GCTM) with all known sources of tropospheric NO,, we simulate the glo-
bal tropospheric distribution of peroxyacetyl nitrate (PAN) and quantify its impact on
tropospheric NO,. The model’s global distribution of PAN is in reasonable agreement with
most available observations. In the atmospheric boundary layer, PAN is concentrated over the
continental sites of NO, emissions, primarily the midlatitudes in the northern hemisphere and
the subtropics in the southern hemisphere. PAN is distributed relatively zonally throughout the
free troposphere of the northern hemisphere, with the maximum levels found in the coldest
regions, while in the southern hemisphere the maximum PAN levels are found in an equator to
30°S belt stretching from South America to Australia. Overall, the simulated three-dimen-
sional fields of seasonal PAN are a result of the interaction of the type of transport meteorology
(convective or synoptic scale storms) occurring in the PAN formation regions and PAN’s tem-
perature-dependent lifetime.We find the impact of PAN chemistry on NO, to be rather subtle.
The magnitude and the seasonal cycle of the global tropospheric integral of NO,, which has its
maximum in January and the formation of HNOj as its dominant loss path, are barely affected
by the inclusion of PAN chemistry, however PAN, as a result of its temperature sensitivity and
transport, regionally provides an efficient mechanism for redistributing NO, far from its source
areas. With the inclusion of PAN chemistry, monthly mean NO, concentrations increase by up
to a factor of 5 in the remote lower troposphere and show a spring maximum over areas of the
North Atlantic and North Pacific Oceans. In contrast, PAN has only a minor impact in the
upper half of the troposphere (+ 10%). Examining local time series of NO, and PAN, the
monthly mean mixing ratios in remote regions are shown to be composed of numerous short-
term (1-2 days) large magnitude events. These episodes are large enough to potentially result in
ozone production even when the monthly mean NO, values are in the ozone destruction range.
While both the direct transport of NO, and its indirect transport as PAN contribute to the ele-

vated NO, episodes over the remote extratropical oceans, events over the remote subtropical
oceans are dominated by midtropospheric PAN that sinks anticyclonically equatorward and

decomposes to NO, in the warmer air.

1. Introduction

Nitrogen oxides (NO,), through their control, both direct
and indirect, of the chemical production of OH and ozone
[Levy, 1971; Chameides and Walker, 1973; Crutzen, 1974; see
Crutzen, 1988, for a detailed summary] are expected to play a
major role in determining the global reactivity of the
troposphere. As expected, the greatest concentrations of NO,
are found in or near the major continental combustion,
biomass, and biogenic surface source regions. NO, that is
transported from its source domain is typically subject to a
relatively short chemical lifetime of the order of a few days in
.the atmospheric boundary layer (ABL). This is a result of its
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daytime conversion to HNO3 by OH and the complex aerosol-
dependent tropospheric nighttime reaction of NO, with O3 and
the subsequent heterogeneous conversion of N,O5 to HNO;
on sulfate aerosols. In view of this fact it is interesting to note
that the three-dimensional model simulations of Moxim et al.
[1994] and H. Levy II et al. (manuscript in preparation, 1996)
depict winter and spring monthly mean NO, mixing ratios as
high as 50 to 80 parts per trillion by volume (pptv) in the
remote ocean regions of the lower troposphere, thousands of
kilometers from large continental source regions. Depending
on ozone concentrations, these values place NO, near the
balance point between net chemical production and net
chemical destruction of O (see Fehsenfeld et al. [1988] for a
recent discussion of background NO, measurements; Levy et
al. [1985], Lin et al. [1988], Sillman et al. [1990], and A.
Klonecki and H. Levy IT (manuscript in preparation, 1996) for
discussions of the dependence of ozone chemistry on NO,
concentration; Liu et al. [1983], Chameides et. al. [1987],
Carroll et al. [1990], Ridley et al., [1992], and Liu et al.
[1992] for discussions of ozone budgets over the Pacific).
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A potential explanation for these high values of remote
NO, may be found in the formation, transport, and loss of
PAN. Both measurements [e.g., Singh et al., 1986, 1990,
1992, 1994] and a three-dimensional GCTM study [Kasibhat-
la et al., 1993] have shown that in the free troposphere, PAN
is a2 major component of reactive nitrogen compounds (NO,).
This chemical specie is unique in terms of atmospheric trans-
port in that its lifetime is strongly controlled by meteorology
due to PAN’s high sensitivity to typical tropospheric tempera-
tures (i.e., 4°C ~ 1 day lifetime, -12°C ~ 20 days, -30°C ~ 100
days), which originally led to the speculation that PAN could
serve as a stable form of NO, that would be available for
long-range transport from source regions [Crutzen, 1979]. Al-
s0, it has been hypothesized that the formation of PAN from
background NO, and hydrocarbons in the free troposphere
would serve as an additional temporary reservoir for NO, and
that PAN, either as a free tropospheric reservoir or as a tempo-
rary transport surrogate for NO,, may control the concentra-
tions of NO, away from its source regions and thereby control
the chemical production of O3 in much of the troposphere
[Singh and Hanst, 1981]. In addition, it has also been argued
that the spring maximum observed in PAN in the northern
high latitudes is related to and at least partly responsible for
the observed spring maximum in tropospheric Oy [Penkett
and Brice, 1986].

While investigating the impact of fossil fuel combustion
emissions on the distribution of reactive nitrogen compounds
(NOy), Kasibhatla et al. [1993] noted that if PAN chemistry
was neglected, the amount of NO, in remote regions was
underestimated. In this study we will use the GFDL GCTM
with all known sources of NO, to explore in detail PAN’s role
in the global distribution of NO,. To accomplish this, we will
evaluate our simulated PAN distribution by comparing it with
available observations and then discuss its latitudinal,
longitudinal, and seasonal behavior. Next, global tropospheric
and zonal average monthly integrals for NO, emissions, PAN
production and loss, net PAN chemistry, and PAN itself are
used to examine the complex role played by chemistry,
temperature, and transport in the distribution of PAN. Finally,
utilizing various analysis methods, we examine the important
issue of the seasonal impact of PAN on global, regional and
local NO, levels, as well as the type of meteorological
transport paths affecting remote regions.

2. Model Description

For our study we explicitly separate reactive nitrogen [NO,]
into three classes of transported species: nitrogen oxides (NO
+ NO, + NO3 + N,0s), nitric acid (HNOj3), and PAN. The
conservation equations for their mixing ratios are integrated
globally, using the GFDL three-dimensional GCTM, until all
tropospheric distributions are equilibrated. The GCTM is
driven by 6-hour time-averaged winds and a consistent total
column precipitation field that was generated by a parent
general circulation model (GCM) integrated for 1 year
without diurnal insolation (see section 2 of Mahlman and
Moxim [1978] for a summary and Manabe et al. [1974] and
Manabe and Holloway [1975] for details). Therefore the
GCTM cannot realistically simulate atmospheric fluctuations
with periods shorter than 6 hours or examine interannual
variability. Both the parent GCM and the GCTM have the
same resolution, a horizontal grid size of ~265 km, and 11
vertical levels at standard pressures of 990, 940, 835, 685,
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500, 315, 190, 110, 65, 38, and 10 mbar. The GCTM includes
parameterizations designed to incorporate the effects of
horizontal subgrid scale transport, as well as vertical mixing
by dry and moist convection (for details see Appendix A, Levy
et al. [1982] and section 2, Kasibhatla et al. [1993]).

Six distinct previously described sources of reactive nitro-
gen are incorporated in the model: anthropogenic emissions
of NO, from surface fossil fuel combustion (21.3 Tg N/yr,
Levy and Moxim [1989], updated with the GEIA project, Ben-
kovitz et al. [1996]), aircraft traffic (0.45 Tg N/yr, Kasibhatla
[1993]), biomass burning (8.5 Tg N/yr, Levy et al. [1991]),
natural or primarily natural NO, emissions from soil (5.5 Tg
N/yr, Yienger and Levy [1995]), injection of stratospheric NO,
(0.6 Tg N/yr, Kasibhatla et al. [1991]), and lightning dis-
charge (3.0 Tg N/yr, Levy et al. [1996]).

Dry deposition fluxes of NO,, HNO3 and PAN over land as
well as HNO3 over oceans, ice, and snow are calculated on
the basis of assumption of a balance between surface
deposition and the turbulent flux in the bottom half of the
lowest model level [see Kasibhatla et al., 1993, equation (2)],
and dry deposition velocities used in the model reflect
measured deposition velocities of individual reactive nitrogen
species [see Kasibhatla et al., 1993, section 3]. The removal
of HNO5 by precipitation is calculated using the local
precipitation rate, and the wet removal tendency is
proportional to the local tracer mixing ratio (see section 2,
Kasibhatla et al. [1991] for details).

Daytime chemical production and loss rates among NO,,
HNO3 and PAN are calculated off-line using a standard O,
NO,, CO, CHy, HxOy, chemical scheme (e.g., Chameides and
Tan, 1981) and are carried in the GCTM as temporally-varying,
two-dimensional zonal fields [see section 3 in Kasibhatla et al.
(1991) and section 2 in Kasibhatla et al. (1993) for details].
The nighttime heterogeneous conversion of NO, to HNOj is
also calculated off-line and carried as a monthly varying three-
dimensional field [see H. Levy II et al. (manuscript in
preparation, 1996)]. The thermal decomposition rate of PAN,
however, is calculated on-line as a function of the model local
grid point temperature.

In our model, as described by Kasibhatla et al. [1993], PAN
formation occurs via the reaction of peroxyacetyl radical
(PAC) with NO,. The PAC, in turn, is generated by the reac-
tion of nonmethane hydrocarbons (NMHC) with OH (see Ka-
sibhatla et al. [1991], section 3, for details). NMHC
concentrations used to calculate PAN formation rates are
specified according to model calculated, two-dimensional,
monthly varying ethane and propane fields from Kanakidou et
al. [1991]. Over continents, short lived natural hydrocarbons,
such as isoprene, can contribute significantly to PAN forma-
tion [e.g., Trainer et al., 1991]. To take this into account, we
have adjusted NMHC levels so as to approximately reproduce
observed summer PAN levels at a rural site in the eastern
United States (Scotia, Pennsylvania) as well as PAN fractions
measured during periods of east winds at Boulder, Colorado,
in February (M. P. Buhr, private communication, 1992), and
at Egbert, Ontario, in April [Shepson et al., 1992]. To accom-
plish this, we have increased NMHC concentrations over land
in the bottom three model levels between 30°N and 65°N by a
factor of 3 in summer and by a factor of 1.5 in spring and fall,
relative to the two-dimensional fields of Kanakidou et al.
[1991]. South of 30°N, NMHC concentrations over land in
the bottom three model levels have been adjusted so that,
throughout the year, they are approximately equal to summer,
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lower tropospheric NMHC concentrations over land specified
between 30°N and 65°N. The rational for this stems from
studies [e.g., Chameides et al., 1992] which find that on an
OH reactivity based scale, surface hydrocarbon levels ob-
served over remote tropical forests are comparable to those in
the rural areas of the eastern United States during summer.
We assert that our approach of treating PAN chemistry in a
global, three-dimensional transport model offers a reasonable
compromise between approaches which neglect PAN
chemistry entirely in three-dimensional model simulations
[e.g., Penner et al., 1991] and approaches which treat PAN
chemistry more comprehensively, albeit in a two-dimensional
transport model framework [e.g., Kanakidou et al., 1991].

3. PAN Simulation

All model integrations were initialized with uniform mix-
ing ratios of 1 pptv of NO,, HNO3, and PAN and run for a pe-
riod of 16 months from a model start-up date of October 1.
Tropospheric sources and sinks are in approximate balance af-
ter the initial 2 to 3 months. All discussions are based on the
results from the last 12 months.

3.1. Comparison With Observations

When comparing observations and model data, one should
keep in mind that both have inherent weaknesses. While the
GFDL GCTM provides-a wealth of tracer data available every
six hours at 7140 horizontal grid points over 11 vertical levels
allowing a large range of analysis, basic model assumptions
and parameterizations introduce some shortcomings into its
chemistry, transport meteorology, and sources. Also, as a re-
sult of three-dimensional transport wind fields being available
from only one GCM model year, the GCTM cannot analyze
interannual variability. On the other hand, observations of
chemical species have their own problem in that they are usu-
ally sparse in space and time and even intensive measurement
campaigns have only a 1- to 2- month duration, precluding di-
agnosis of seasonal variations. As is shown in section 4.3, tro-
pospheric tracers from the subtropics to high latitudes can
exhibit large fluctuations on a synoptic timescale of several
days. Any short-term measurement could depict values which
vary greatly from the actual monthly mean. Therefore limited
observations alone cannot provide a comprehensive global
climatology that is sensitive to the day-to-day and seasonal
variations in tropospheric circulation.

In Tables 1 and 2 our model simulation is compared with
the available published observations of PAN. Table 1 presents
the more complete data sets generated during the Arctic
Boundary Layer Expedition (ABLE) 3A and 3B, the Mauna
Loa Observatory Photochemistry Experiment (MLOPEX),
the Pacific Exploratory Mission in the western North Pacific
(PEMWest A) and the Transport and Atmospheric Chemistry
near the Equator-Atlantic (TRACE A) studies, while Table 2
depicts less detailed data sets (e.g., cruises and single aircraft
transit flights). For all comparisons we present the model’s
mean, median (med), standard deviation (s.d.) and the 50th
percentile range (50%). This was accomplished by analyzing
model data at a given grid box containing the measurement
site and altitude (i.e., Mauna Loa), or in the case of aircraft
data, all the grid boxes that a flight path passed through over
the given time period. For the measurements presented in
Table 1, we produced the same statistics over all available
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observations (N), while for the sparser data of Table 2, we
simply give the range of the data (depicted by brackets). The
binning of observed data by altitude was dictated by the
model’s vertical standard pressure layers as follows: 190 mbar
implies a (150 to 241 mbar) range; 315 (241-412); 500 (412-
607; 685 (607-773); 835 (773-902) and the model surface
(sfc) is 990 mbar.

The two dominant qualitative features of PAN’s tropospher-
ic distribution are clearly present in both the available obser-
vations and the numerical simulation: (1) While PAN is found
throughout the global troposphere, there is a sharp gradient, as
seen in the surface data in Table 2, between the two hemi-
spheres with most PAN found in the northern hemisphere
(NH). (2) As described in the introduction, the key role played
by temperature is noted by PAN’s increase with height from
the warmer surface to the colder free troposphere as well as
from tropics to high latitudes in the lower troposphere.

Examining Tables 1 and 2 more quantitatively, we find that
overall, the model simulations and observations are in general
good agreement in both vertical structure and seasonality.
Most importantly, the model performs reasonably well in
remote oceanic regions where it will be shown that PAN plays
a critical role in determining NO, levels. However, there are
some discrepancies in the midtroposphere of the NH during
the summer and the southern hemisphere (SH) during its
spring and Alert, Canada, during winter:

1. The ABLE 3B measurements over eastern Canada dur-
ing summer are substantially higher in the mean than our
model simulation, especially at 685 mbar (factor of 2.4). One
possibility for this discrepancy is that 13 of the 18 recording
flights were impacted by forest fire smoke [Singh et al., 1994]
which may have help produce the observed PAN mixing ra-
tios as indicated by the large standard deviations.

2. The TRACE A PAN mixing ratios in the SH free tropo-
sphere during September-October are much higher (~factor of
2) over both the land and the ocean than those indicated by the
model, although the GCTM does produce the observed land-
sea gradient. These observations, however, were obtained
during the SH biomass burning season with a bias towards
deep convective events, while the GCTM samples every six
hours during times of subsidence as well as convection. It is
also possible that our specification of nonmethane hydrocar-
bons in this region may have been too low and our simulated
convection too weak during this period.

3. The high PAN simulated mixing ratios at Alert during
winter probably are a result of subsidence being too strong.
Also, horizontal advection may be too weak, since the
GCTM’s.grid tends to inhibit cross-polar flow.

3.2. Simulated PAN Distribution

Having examined the available measurements of PAN, we
will now attempt to fill in the observational voids utilizing our
GCTM results. To obtain an overall view of the structure and
seasonality of PAN, we first display the zonally averaged two-
dimensional profiles of PAN shown in Figure 1, which
confirm those principle features of its distribution that were
suggested by Tables 1 and 2.

1. Most tropospheric PAN is found in the NH with the
greatest amounts in middle and high latitudes.

2. In general, PAN tends to accumulate during winter and
spring in the NH extratropical troposphere when temperatures
are lowest and PAN has the longest lifetime. Note that during
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Table 1. Statistical Comparison of Model Simulation and Observations
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Measurement Model Result
Region Observations Pressure  Mean/Med 50% sd. N Mean/Med 50% s.d.
ABLE 3A? July-Aug. 500 103/37  (28-166) 115 201 110/109 (83-137) 40
(Alaska) 685 49/18 (9-34) 75 182 55/51 (28-80) 35
835 14/5 (3-12) 22 91 23/21 (10-33) 16
ABLE 3B July-Aug. 500 219/234  (31-331) 189 161 141/137 (111-166) 45
eastern Canada 685 230/201 (30-350) 218 84 95/88 (61-119) 48
North of 50°N 835 91/68  (50-121) 72 53 64/54 (34-82) 45
MLOPEX® winter 685 45/42  23-57) 30 109 4422  (5-66) 56
(Mauna Loa) May 1-June 4 19/15 (7-24) 14 37 38/36 (14-56) 27
1988
Apr.-May 13 47/38 (18-66) 34 103 59/53  (23-70) 50
1992
summer 15/11 (7-15) 12 52 18/18 (10-24) 9
fall 18/14  (11-23) 12 72 29/15  (8-44) 30
PEM-West A‘ Sept.-Oct. 190 72/62  (25-106) 54 85 60/59 (45-73) 24
(W. Pacific Ocean) 315 73/47  (23-121) 58 106 100/97 (67-129) 48
> 30°N 500 111/98  (40-157) 85 71 163/153 (95-219) 90
685 129/125 (26-194) 97 31 168/154 (65-245) 122
PEM-West A9 Sept.-Oct. 190 22/21 (17-26) 8 48 27/22  (15-33) 19
(W. Pacific Ocean) 315 29/17  (11-28) 34 240 27124 (17-33) 15
“0° - 25°N” 500 30/19  (15-28) 32 116 46/34 (21-59) 37
685 11/8 2-12) 20 79 26/13  (6-29) 33
TRACE A° Sept.-Oct. 190 224/213 (164-283) 86 204 08/85 (62-113) 48
(S. Atlantic Ocean) 315 2951262 (173-354) 224 474 115/103 (76-140) 59
“0° - 30°S” 500 291/250 (213-351) 155 80 139/126 (94-173) 66
685 278/115 (29-427) 322 125 83/63 (42-100) 66
TRACE A® Sept.-Oct. 190 343/252 (163-414) 276 56 112/90 (60-131) 93
Land 315 318/246 (180-372) 290 290 150/128 (91-183) 92
(S.America 500 387/312 (218-472) 281 182 181/164 (118-220) 101
and Africa) 685 644/398 (282-583) 821 110 201/172 (92-278) 144
“0° - 30°S”

4 Singh et al. [1992b].

b Singh et al. [1994].

© Walega et al. [1992].

dH. B. Singh, private communication, 1995.
®H. B. Singh, private communication, 1995.

winter and early spring when there is little sunlight to support
tropospheric PAN production north of 50°N, mixing ratios
continue to increase. This suggests that the buildup of PAN
may be the result of poleward and upward transport from the
surface combustion emission regions farther south where
sufficient sunlight, NO,, and NMHC exist to produce PAN
(this is explored in section 3.3).

3. While the SH also has its maximum PAN accumulation
during the austral winter and spring, this maximum is located
in the subtropical free troposphere and only minor poleward
transport is noted during winter and spring. This implies the
SH source regions are dominated by convective transport
rapidly mixing PAN - upward from continental surface
production regions.

Figure 1 suggests that the distribution of PAN is related to
the type of transport occurring in its formation regions as well
as seasonal variations in tropospheric temperature. To
examine this further, we present the geographical fields of
PAN in Figures 2a and 2b, which display the 500-, 835-, and
990-mbar pressure levels for January and July, respectively.

In general, NO, emissions appear to control the distribution
of PAN at 990 mbar, with the highest levels confined to the
continental source regions and lowest levels found over the
oceans. In the NH winter, however, we find that away from
continental source regions north of 30°N, PAN is uniformly
spread with values in the 0.2 to 0.5 patts per billion by volume
(ppbv) range. This is a result of the strong midlatitude winter
circulation rapidly mixing PAN northward and eastward from
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Table 2. Comparison of Model Simulation Wtih Observed Data Ranges

Model Result
Region Observations Pressure Range Mean/Med 50%  s.d.
Alert, Canada? winter sfc [150 - 250] 372/352 (308-423) 88
82°N spring [250 - 500] 392/387 (367-409) 45
summer [<50] 39/31  (15-63) 30
fall [75 - 100] 117/123 (58-165) S5l
E. Pacific ﬂightb Feb. 315 [180 - 210] 166/152 (109-217) 77
40°N 500 [80 - 200] 261/243 (170-325) 117
E. Pacific flight® Aug. 315 [20 - 50] 82/82  (54-107) 35
40°N 500 [10 - 50] 75/75  (54-95) 28
Colorado-? July 315 [100 - 200] 7171 (53-89) 27
Wyoming flight 500 [70 - 150] 89/83  (59-112) 44
E. Atlantic cruised Sept.-Oct. sfc
45°N - 40°N [100 - 200] 82/28 (6-105) 129
40°N - 35°N [5-25] 20/5 2-15) 46
< 35°N [~ 1] 2/1 (1-2) 4
E. Pacific cruise? Nov.-Dec. sfc
(129°E)
48°N - 25°N [30 - 80] 136/93  (37-187) 135
25°N - 0° [40 - 5] 14/10  (5-17) 16
0° - 48°S [~ 5] 17/10 (2-23) 23

2 Barrie and Bottenheim [1991].
Y Singh et al. [1986].

¢ Singh et al. [1990b].

4 Muller and Rudolph [1992].

the dominant combustion emission regions of the eastern
United States, Europe, China, and Japan during the period of
longest PAN lifetime. This is not seen in the SH winter. There,
the combustion, biomass, and biogenic NO, emission areas
are mainly located in the tropics and subtropics, well
equatorward of the midlatitude westerly winds and cyclonic
disturbances. During the summer season of both hemispheres,
PAN is confined to continental formation regions. Any
boundary layer transport away from these areas leads to rapid
PAN decay due to warmer temperatures.

At 835 mbar (~1.8 km) we observe further evidence of the
different transport regimes affecting the NH and SH PAN for-
mation regions. During the NH winter when essentially no
convective transport is taking place north of 30°N, PAN is
found to be well mixed due to strong transport associated with
transient synoptic scale cyclones. As is shown in sections 3.4
and 4.3, these systems tend to occur on the order of 3 to 5
days. Downstream of their path, tracer transport is typically
northeastward and upward where stronger westerly winds mix
the tracer longitudinally, while a southeastward and down-
ward advection occurs behind them. Even in the monthly
mean, lifting due to these synoptic systems along predomi-
nant storm tracks produces PAN values greater than 0.5 ppbv
over eastern North America, northeast of the major surface
NO, emission region farther south. This effect is also indicat-
ed over eastern Europe and northern Asia. An example of this

process is presented in section 3.4. In the SH winter at 835
mbar, however, areas of maximum PAN are confined to the
subtropical continental NO, source regions, indicating con-
vective, not baroclinic, lifting and essentially no poleward
transport. In the summer of both hemispheres, midlatitude
storms are weak, and convective processes dominate.

In the cold midtroposphere at 500 mbar (~5.5 km), midlati-
tude temperatures support long PAN lifetimes of approxi-
mately 1 month in winter and 7-10 days in summer. Even in
the subtropics, lifetimes are of the order of 5 days. Therefore
any PAN transported to this altitude will tend to accumulate,
albeit more so in winter. This can be seen in the NH winter
where midlatitude storms described above have transported
PAN aloft and strong west to east winds associated with the
upper tropospheric jet stream have zonally distributed PAN
values greater than 0.2 ppbv. During summer, PAN mixing ra-
tios north of 40°N decrease to the 0.1 to 0.2 ppbv range due to
the absence of baroclinic lifting and somewhat shorter life-
times. The SH winter subtropics produce a belt of PAN great-
er than 0.05 ppbv with embedded areas greater than 0.1 ppbv
over continental regions, extending from South America
across Africa to Australia. This feature can also be seen in
January, although values are slightly smaller. This band of rel-
atively high PAN mixing ratio is the result of colder 500 mbar
temperatures and stronger winds which advect PAN west to
east after it has been vertically lifted by convective processes.
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Figure 1. Simulated zonal mean PAN mixing ratios (parts per
billion by volume (ppbv)) for the months of January, April,
July, and October.

3.3. PAN Chemistry and Implied Transport

Our examination of the diverse global distribution of PAN
implies a complex interaction, both direct and indirect, among
the location and magnitude of NO, emissions, tropospheric
temperature, photochemistry, and transport of PAN. To gain
farther insight into this complicated interdependency, keeping
in mind that both NO, emissions and PAN occur predomi-
nantly in the NH, we first present the monthly global tropo-
spheric integrals of “NO, emissions,” “PAN,” “PAN
production,” and “PAN loss” (Figure 3a) and “PAN produc-
tion minus loss” (Figure3b). As one would expect, NO, emis-
sions, PAN production, and PAN loss are basically in phase
with maxima during the NH summer (July-September) when
combustion NO, emissions are enhanced by biomass and bio-
genic sources. The integral of PAN itself, however, is out of
phase, with its maxima occurring during the NH early spring
when tropospheric temperatures are lowest, minimizing PAN
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loss. What is noteworthy is that while the PAN production and
loss are large terms (~0.05 Tg N d1), the daily net chemistry
is very small (~ 2 orders of magnitude less). Clearly, on a glo-
bal scale the small difference between the large formation and
the thermal decomposition of PAN produces a delicate bal-
ance and the relationship between the global tropospheric lev-
els of PAN and the PAN chemistry is relatively subtle.

Additional information regarding this balance as well as a
preliminary clue to the role of transport in the accumulation of
PAN are provided in Figures 4a, 4b, and 4c which display the
latitudinal structure in the monthly vertical integrals (315-990
mbar) of PAN, NO, emissions from all six sources, and the
zonally averaged monthly net PAN production at 990 mbar,
where fossil fuel combustion and biomass burning emission
regions produce a maximum in PAN formation.

We first consider the SH, which appears to be straightfor-
ward. The NO, emissions, the net PAN production, and PAN
itself all show a maximum at the same general subtropical lat-
itude during winter and early spring, when the primary NO,
source, biomass burning, is a maximum and tropospheric tem-
peratures are a minimum. Here, in the subtropics, solar insola-
tion is still strong enough for the photochemical production of
the PAN, while cooler seasonal temperatures allow longer

JANUARY
PAN 500mb

PAN 835mb

PAN 990mb

.05 .10 20 .50 1.0 2.0

Figure 2a. Simulated January mean PAN mixing ratios (ppbv)
at 500, 835, and 990 mbar. Areas of white within black shading
indicate values between 2 and 5 ppbv.
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Figure 2b. Simulated July mean PAN mixing ratios (ppbv) at
500, 835, and 990 mbar. Areas of white within black shading
indicate values between 2 and 5 ppbv.

PAN lifetimes. The PAN produced is then rapidly mixed up-
ward by moist and dry convection, as suggested in Figures 1
and 2b.

However, unlike the SH, the processes in the NH are more
complex and can be summarized as follows:

1. As seen in Figure 4b, the dominant NO, sources are lo-
cated in midlatitudes between 30°N and 55°N, associated
with the major population centers of the United States, Asia,
and Europe. These emissions are dominated by fossil fuel
combustion, which is constant throughout the year, and sum-
mertime biogenic processes.

2. During winter and early spring when PAN lifetimes are
long, transport is dominated by midlatitude synoptic scale
storm systems.

3. Solar insolation, strong enough to allow net PAN produc-
tion, progresses south to north with time across the NO, emis-
sion regions.

Although significant NO, emissions are available through-
out the year, the above conditions produce a seasonal and spa-
tial structure in the net PAN production, which is seen zonally
in Figure 4c. From November to March, enough solar insola-
tion occurs over the eastern United States and Asia south of
45°N to produce dominant PAN production. As spring ar-
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rives, Europe begins to play a role and, by summer, is a major
contributor of net PAN production. In contrast to the narrow
bands of NO, emissions and net PAN production, synoptic
scale transport advects PAN away from its net production re-
gions producing a broad area between 30°N and 70°N. This is
the direct result of northward and upward transport from net
PAN production regions along the east coasts of the United
States and Asia into the cold free troposphere by strong mid-
latitude storms which are most prevalent from late fall
through spring. In Europe these storms are sometimes deflect-
ed north by upper atmosphere blocking patterns, transporting
pollution directly into the Arctic [Iverson, 1993]. During sum-
mer, even though the formation rate reaches a maximum, me-
teorological transport substantially weakens and the entire
NH troposphere warms, reducing PAN by thermal decay.

3.4. Midlatitude Synoptic PAN Transport

As an example of the synoptic transport discussed above,
we present a simulated midlatitude surface cyclone and its
associated cold front which occurred over eastern North
America during the integration of our model. On February 18,
as seen in Figure 5a, a cold front (thick line) extends from a
deep low over Hudson Bay south and west across the western
Great Lakes into Texas and proceeds to move to the U.S. East
Coast by February 20 (Figure 5b). To examine the effect of
this system on the transport of PAN from its eastern U.S.
production region, it would be useful to have a set of
conservative physical surfaces in the atmosphere. It then
would be possible to measure air motion and its transport in
three dimensions by an analysis of this surface at successive
times. Since atmospheric processes in the free troposphere
tend to be dry adiabatic in the short term (no diabatic heating
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Figure 3. Simulated monthly global tropospheric integrals
(315-990 mbar, from 90°S to 90°N). (a) NO, emissions from
all six sources, PAN, PAN production, and PAN loss. PAN
values are computed at the first of each month in units of tera-
grams (Tg) of nitrogen. The other integrals are in units of Tg
nitrogen per day. (b) PAN “production minus loss” in units of
Tg nitrogen per day (note the change in the scale of the y axis).
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or cooling due to precipitation or radiation), a given isentropic
(constant potential temperature) surface is conserved over
time. In view of this, we will examine the PAN mixing ratio
field as it evolves on an isentropic surface. Its constant
potential temperature 0 is defined as

0 = T[@]K (1)

and T is temperature, P is pressure, k = Ry/C,,, Ry is the gas
constant for dry air, and C, is the specific heat of dry air at
constant pressure. Therefore the height of an isentropic sur-
face typically increases poleward with colder temperatures,
providing a unique quasi three-dimensional view of the tracer
field.

Figures 5c, 5d, and 5e display PAN mixing ratios on the
285° isentropic surface during model dates February 18, 20,
and 22. This surface was chosen because it intersects the ABL
over the eastern U. S. PAN production region and rises to
approximately 500 mbar at high latitudes (as indicated by the
superimposed lines of constant pressure). On February 18,
mixing ratios greater than 2 ppbv exist in the ABL over the
eastern United States. As the model cold front approaches
from the west, its dynamics provide a southwest to northeast
flow of air in a region of rising motion similar to observed
cold fronts [Carlson, 1980]. By February 20 the area of large
PAN values has been swept northeast and upward, resulting in
PAN mixing ratios greater than 0.5 ppbv being found from the
U. S. East Coast into the free troposphere over eastern
Canada. Two days later, the original storm has dissipated (not
shown), however, in its wake areas of significant PAN mixing
ratios greater than 0.5 ppbv have been transported irreversibly
into the midtroposphere over northern Canada and Greenland
and above 600 mbar, background values are now greater than
0.2 ppbv (Figure 5e). At the same time, over the southeastern
United States where the 285° isentropic surface now
intersects the ABL, PAN values have begun to increase and
are available again for transport by the next midlatitude
eastward moving storm system.

It should also be noted that behind synoptic systems, tropo-
spheric air is transported from the colder north to the warmer
south along isentropic surfaces and from equation (1) we see
that this implies sinking motion. As is shown in section 4.3,
this process is important in tapping the midtroposphere reser-
voir of PAN and transporting it southward and downward to

the warm ABL, potentially producing a thermal release of
NO,.

4. PAN’s Role in Tropospheric NO, Distribution

In section 3.2 it was shown that PAN mixing ratios, particu-
larly in the colder regions of the troposphere, can be quite
high and, as a first impression, imply significant NO,, storage
in the form of PAN. However, a reexamination of Figure 3a,
where we presented the global tropospheric integrals for

Figure 4. Simulated zonal mean vertical integrals (315-990
mbar) versus time of (a) PAN, (b) NO, emissions from all six
sources, and (c) net PAN production (PAN production minus
PAN loss > 0) at 990 mbar. Units are grams of nitrogen scaled
by 1X10° for PAN and NO, emissions and 1X10 for net PAN
production.
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Figure 5. Surface pressure (mbar) with a 6 mbar interval (thick dark line indicates the cold front) at (a) model
date February 18 and (b) model date February 20 and PAN mixing ratios (ppbv) on the 285°K isentropic
surface (denoted by shading) at (c) model date February 18, (d) model date February 20, and (e) model date
February 22. The contours represent lines of constant pressure (mbar) interpolated to the 285°K isentropic

surface. ’

monthly mean PAN and daily NO, emissions in terms of mass
of nitrogen, shows that even at its maximum the total mass of
nitrogen stored as PAN is only of the order of 2 days of global
NO, emissions or about 9% of tropospheric NO,. In view of
this, we would expect little impact by PAN on the global tro-
pospheric NO, levels. However, this does not exclude a re-
gional or local influence.

4.1. PAN Chemistry Versus No-PAN Chemistry “Global
Tropospheric Influence On NO,”

Similar to Kasibhatla et al. [1993], we explicitly test the
impact of PAN chemistry on the distribution of tropospheric
NO, by performing the same numerical integration outlined in
section 2, but with only two species (NO, and HNO;) being
transported and all chemical reaction rates involving the for-
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Table 3. January NO,. and PAN Global Tropospheric Balances (Tg N / day)

NO, Formation

NO, Loss

NO, emissions = 0.1016
[PANtemp to NO,] = 0.0414
[PANoh to NO,] =0.0007
[HNO; to NO,] = 0.0072

Total formation = 0.1509

[NO, formation - NO, loss] = +0.0002

[NO, to HNO3] = 0.0971
[NO, to PAN] = 0.0444

NO, dry deposition = 0.0092

total loss = 0.1507

PAN Formation

PAN Loss

[NO, to PAN] = 0.0444

Total formation = 0.0444

[PANtemp to NO,] = 0.0414
[PANoh to NO,] = 0.0007

PAN dry deposition = 0.0020
total loss = 0.0441

[PAN formation - PAN loss] = +0.0003

mation and destruction of PAN removed. As expected, an ex-
amination of the monthly global tropospheric integrals of NO,
(not shown) for both the “PAN” and the “no-PAN” integra-
tions showed that within 4% the magnitude and seasonal vari-
ations are the same. The explanation for the similarity in the
PAN and no-PAN integrals is found in Table 3, where we
present the simulated January global tropospheric balances
(241 mbar to the surface, from 90°S to 90°N) for both the
NO, and the PAN photochemical cycles. The largest NO, loss
path is its conversion to HNOj3, which is quickly removed
from the system through wet and dry deposition, followed by
conversion to PAN (~ a factor of 2 less) and the relatively
small NO, dry deposition. The significant NO, to PAN reac-
tion path at first infers a possible large storage of nitrogen in
the form of PAN, until we notice that this loss is nearly bal-
anced by PAN’s thermal decomposition back to NO,, plus the
minor reaction of PAN with OH. As discussed previously and
shown here, the PAN-NO, cycling is nearly in balance leading
to a slow January tropospheric buildup of PAN and a subse-
quent minor sequestering of potential NO,. The NO, to HNO;
loss path, however, is more than 2 orders of magnitude greater
and completely dominates the removal of NO, from the glo-
bal tropospheric system.

While PAN chemistry has little affect on the global tropo-
spheric integral of NO,, an analysis of its geographical influ-
ence reveals that it does significantly change the NO, global
distribution. To examine PAN’s impact, we display in Figures
6a and 6b, the January and July ratio of NO, with PAN chem-
istry, to NO, without PAN chemistry in the ABL (990 mbar),
the lower troposphere (835 mbar), and the midtroposphere
(500 mbar) for NO, values greater than 5 pptv.

Throughout the year in the NH lower troposphere and the
ABL the addition of PAN chemistry generally increases the
NO, levels over much of the oceans and slightly decreases
NO, levels over the continental source regions (less than
10%). The largest enhancement of NO,, more than a factor of

5, is found in the remote winter subtropics, while in the sum-
mer, a factor of 2 increase occurs in oceanic midlatitudes.This
is also true in the SH. However, except for the winter subtrop-
ics, mixing ratios are small, having values less than 5 pptv.

In contrast to the lower troposphere, the influence of PAN
chemistry at 500 mbar is small (less than 10%). At this level
and above, cold global temperatures throughout the year
produce long PAN lifetimes and preclude any significant
thermal decomposition to NO,. Also, the land-sea contrast
depicting a reduction of NO, over the continents and an
increase over the oceans seen in the lower regions of the
troposphere is less distinct, however, an area of reduced NO,
appears along the east coast of North America. In the tropics,
PAN chemistry produces a general zonal region of reduced
NO,.

These general results can be qualitatively explained as fol-
lows, with the inclusion of PAN: (1) In the oceanic remote
lower troposphere, NO, increases significantly, apparently
due to the thermal release of NO, from PAN after transport
from colder to warmer regimes. It is this process and its po-
tential affect on ozone production that will be explored in the
following sections. (2) Over NO, emission areas in the conti-
nental source regions the amount of NO, present decreases,
simply as a result of it being converted to PAN. (3) The reduc-
tion of NO,. observed over the midlatitude continents at 850
mbar during winter is a result of upward transport of de-
creased surface values described in result 2 above. This is es-
pecially evident along the East Coast storm track of North
America where synoptic scale weather systems described in
section 3.3 (see Figure 5) vertically transport reduced NO,
values north and east from surface source regions. The rem-
nants of this process can even be observed at 500 mbar. (4) In
the upper troposphere, PAN’s influence on NOj is small due
to long lifetimes associated with cold temperatures. (5) In the
continental tropics the reduced surface NO, (from result 2
above) is vertically transported by convection where stronger
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Figure 6a. January ratio of NO, (with PAN chemistry) to NO,
(without PAN chemistry) at 500, 835, and 990 mbar. Ratios
were not plotted for largest local NO, values less than 5 pptv.

westerly winds produce a general zonal distribution in the
middle and upper troposphere.

It is interesting to note that the redistribution of NO, result-
ing from the inclusion of PAN also has a direct influence on
the simulated ABL HNO; and its wet deposition. Previously,
an examination of the impact of stratospheric NO, on the tro-
pospheric NOy levels [Kasibhatla et al., 1991] showed that
lower-tropospheric HNO5 mixing ratios were enhanced 10-
50% when PAN chemistry was included. Also, it has recently
been speculated that PAN chemistry is needed to produce the
observed values of HNO;3 and nitrate deposition in remote re-
gions [Roelofs and Lelieveld, 1995].

An examination of our results reveals that the ratio of wet
deposition with PAN chemistry to wet deposition without
PAN chemistry (not shown) depicts increases in HNOj
deposition over remote oceanic areas similar to the increases
in NO, seen at 990 mbar. This suggests that-most of the wet
deposition found in these regions results from locally
produced HNOj rather than direct transport from continental
NO, source regions.
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Figure 6b. July ratio of NO, (with PAN chemistry) to NO,
(without PAN chemistry) at 500, 835, and 990 mbar. Ratios
were not plotted for largest local NO, values less than 5 pptv.

4.2. Monthly PAN Versus No-PAN Chemistry “Remote
Regional Influence”

PAN’s role in the redistribution of NO, may have an addi-
tional impact by potentially altering regions of ozone produc-
tion and destruction. A number of theoretical studies of the
NO, control over ozone’s net chemical tendency in the tropo-
sphere have inferred that the switch from ozone production to
ozone destruction varies widely for normal tropospheric
ozone values due to its sensitivity to the actual ozone mixing
ratio, the amount and nature of NMHC present, the atmo-
spheric temperature, and the water vapor mixing ratio [e.g.
Levy et al., 1985; Chameides et. al. 1987, Lin et al., 1988;
Carroll et al., 1990; Ridley et al., 1992; Liu et al., 1992; A.
Klonecki and H. Levy II (manuscript in preparation, 1996)].
Therefore it is not possible to state that a specific NO, value
represents the balance point between ozone production and
destruction. However, it is generally safe to assume that away
from the polluted boundary layer, air with NO, less than 20
pptv is photochemically destroying ozone and air with NO,
greater than 75 pptv is photochemically producing it.
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In our model simulation the small decrease of NO, over
continental emission areas when PAN chemistry is included
has little impact on regional tropospheric ozone, since NO,
levels are already quite high during the seasons of ozone
production. However, in the ABL over remote oceans, where
NO, values are near the balance point between ozone
production and destruction, the enhancement resulting from
PAN chemistry may be significant. Before examining these
regions in more detail, one should keep in mind the complex
interactions between seasonal variations in chemistry due to
changes in solar angle and temperature, and shifts in the
transport meteorology.

We first present the local seasonal structure of NO, with and
without PAN chemistry at 990 mbar in the NH. Although PAN
chemistry in the SH winter can increase the NO, mixing ratios
up to a factor of 5 in the ABL, the simulated NO, values them-
selves are too small to allow ozone production. In Figure 7,
three monthly mean time series are shown at selected model
grid boxes: the North Atlantic (55°N,35°W), the central North
Atlantic (35°N,45°W), and the subtropical eastern North Pa-
cific (30°N,155°W). In general, we note that the largest NO,
mixing ratios occur from late fall to early spring with the
greatest contribution from PAN chemistry during early spring,
while warm temperatures and the strong solar insolation of
summer produce low NO, values due to rapid thermal decom-
position of PAN and subsequent quick conversion of NO, to
HNO;.

At 55°N,35°W in the North Atlantic during winter (Decem-
ber through February) the longer NO, lifetime leads to mixing
ratios in the 120 to 140 pptv range with a significant decrease
during February, while contributions from PAN are small (less
than 25 pptv) due to cold temperatures. The large February de-
crease is a result of reduced transport from the NO, emission
region of eastern North America due to meteorological vari-
ability. As the solar insolation continues to increase during
spring, NO, values begin to decrease, while concurrently,
PAN’s thermal decomposition resulting from warmer tempera-
tures leads to a significant enhancement of NO, during April
and May (40-55 pptv). This result tends to support the sugges-
tion by Penkett and Brice [1986] that the spring maximum of
PAN seen in clean air at high latitudes could contribute to the
observed maximum in tropospheric ozone. However, even
though PAN’s role is important, it is noteworthy that the NO,
late winter-early spring mixing ratios obtained without PAN
chemistry are probably large enough to support ozone produc-
tion.

Examining grid boxes farther south over the truly remote
areas of the North Atlantic and North Pacific Oceans, a some-
what different story unfolds. Here, we observe that the maxi-
mum NO, increase resulting from PAN is found earlier in the
year during March as a result of a warmer ABL. The increase
in NO, due to PAN chemistry is somewhat larger than the in-
crease in the 55°N,35°W grid box, producing NO, values near
the ozone production range. Unlike the more northern lati-
tudes however, monthly mean NO, values without PAN
chemistry remain too low to possibly generate ozone. Also,
the simulated NO, in the remote eastern Pacific Ocean
throughout the entire year is solely the result of PAN chemis-
try.

To gain better insight into the vertical structure of PAN’s
influence on NO,, we display profiles of simulated NO, above
these same grid boxes during the month of March when
PAN’s impact is at or near a surface maximum (Figure 8). At
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higher latitudes (55°N,35°W), PAN chemistry affects NO,
only in the bottom two model levels where the ABL is
modified by the relatively warm ocean temperature, while
over warmer remote regions farther south, a greater depth of
the troposphere is affected. Also, at 35°N and 30°N the NO,
profile actually reverses from one decreasing with height to
one increasing with height when PAN chemistry is not
included. Note that in the cold upper troposphere the addition
of PAN chemistry has little affect on NO,.
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Figure 7. Monthly mean time series of NO, (pptv) at 990
mbar with and without PAN chemistry for the selected model
grid boxes (55°N,35°W), (35°N,45°W), and (30°N,155°W).
The bars denote the NO, produced by PAN chemistry.
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Figure 8. March vertical profiles of NO, (pptv) with and
without PAN chemistry for the selected model grid boxes
(55°N,35°W), (35°N,45°W) and (30°N, 155°W).

4.3. Synoptic Fluctuations and Local Transport Events

For a more detailed and quantitative analysis of the role
PAN and its transport plays in NO, levels far from source re-
gions, it would be helpful to know explicitly the contributions
to a remote local NO, mixing ratio from unconverted NO,
transported from emission regions and NO, resulting from
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Figure 9. Diagram of the four tracer integration where NO,
was segregated into two separate tracers: NOxgmission and

NOxpaNtrans:

PAN decomposition. To accomplish this, we devised a third
experiment employing four tracers. In addition to HNO5 and
PAN, NO, was segregated into two separate tracers: NO, that
is emitted from any of the six sources and never converted
into PAN (NOx¢pission) and NO, that is formed from PAN de-
composition after the PAN is transported away from the NO,
source regions (NOxpanirans)- In the context of (NOXpaNirans)
the “NO, source region” is defined as any surface grid box
containing NO, emission, plus a buffer zone of one grid box
in both the horizontal and the vertical to account for strong lo-
cal diffusion of PAN and NO,. In this experimental design, as
shown in Figure 9, the two NO, tracers can form PAN; how-
ever, PAN can only form NOxpanirans- In addition, they both
produce HNOj3, but HNO;3 can only form NOxgicsion- Also,
unlike the “no-PAN” experiment discussed in section 4.1
which produces enhanced NO, transport from source regions
due to a lack of PAN formation, NOxpission Provides an ac-
curate measure of unconverted NO, in remote areas.

By separating NO, into two classes, we can explicitly
detect the NO, in remote regions that traveled from the source
region as PAN. However, there is an inherent drawback in that
the role of PAN formation in the remote troposphere, as
speculated by Singh and Hanst [1981], is not adequately
quantified. To obtain an estimate of the relative contribution
of PAN formed from background NO, and hydrocarbons
versus PAN production in polluted areas available for
subsequent transport, we calculated monthly integrals of net
PAN production (formation - loss > 0), where the polluted
region was defined as the lower two model levels over
combustion source grid boxes. The results showed that during
the year, 90 to 95% of the net PAN production occurred in
polluted areas, emphasizing the role of transport in the global
distribution of PAN, rather than in situ production. Utilizing
the above experimental design in concert with time series of
model data generated every six hours and trajectory analysis
of specific events, the nature of the transport mechanisms can
be examined.

ABL time series at two remote sites examined earlier, the
northern Atlantic Ocean (55°N,35°W) and the subtropical
eastern Pacific Ocean (30°N,155°W), are presented in Figures
10a and 10b and 11a and 11b for the period January through
Mav. Although we chose only two grid boxes for display, they
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Figure 10. The (55°N,35°W) 990-mbar time series plot (ev-
ery six hours) January 1 through May 31 for (a) NOxgmissions
and (b) NOxpaNrans: The arrows denote the NO, episode cho-
sen for trajectory analysis as depicted in Figure 12.

are representative of these general regions. We should first
consider the general nature of the time series: (1) They are
highly variable with NO, ranging from a high near 700 pptv
to a low of only a few parts per trillion by volume. (2) The
fluctuations are synoptic in timescale with the NO, peaks oc-
curring every 3-10 days and lasting only 1 to 2 days, while
their magnitude decreases rapidly in late spring as extratropi-
cal storm intensity wanes. (3) All tracers are highly correlat-
ed, indicating their respective peaks are a result of similar
transport events.

Clearly, NO, levels range quite rapidly between ozone
production and ozone destruction. In fact, the actual seasonal
mean for NO, occurs infrequently so that low monthly mean
mixing ratios of NO, may still support periods of ozone
production.

In the North Atlantic, as seen in Figures 10a and 10b, winter
events associated with low solar insolation and cold tempera-
tures are dominated by NOx,pission DeINg transported directly
from the relatively close emission regions of North America
and Europe, with mixing ratios greater than 200 pptv common.
From late winter through spring, NO, to HNO; conversion
rates increase, decreasing NOxqpission. While warming allows
NOxpaNirans t0 play a significant role. Examining the truly re-
mote eastern North Pacific (30°N,155°W) time series shown
in Figures 11a and 11b, we observe a reversal of the roles
played by NOx,pission and NOXpanrans> s compared with the
North Atlantic. In this region, essentially all the NO, results
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from NOxpa nirans: While the maximum NOX,pission fOr the en-
tire 5-month period (not shown) is only 8 pptv. It is interesting
to note the strong correlation between the large PAN events
and the NOxpp nrans €vents. These episodes of high PAN mix-
ing ratios seem to imply strong sinking motions, since tropo-
spheric flow is generally west to east in midlatitudes and any
PAN transported in the ABL from the distant Asian source ar-
eas would thermally decompose to NOxpp nyrans and then con-
vert to HNOj before reaching the eastern Pacific. The only
way PAN could survive the relatively long trip is to first be lift-
ed to the cold midtroposphere, advected across the Pacific, and
then sink southward.

The diverse types of transport suggested above, which take
place over the North Atlantic and the eastern Pacific, can be
readily seen when we examine the three-dimensional model
trajectories associated with large NO, events. Unlike
isentropic trajectories, which have inherent problems due to
lack of data and diabatic effects, model three-dimensional
trajectories have no spatial or temporal voids and the vertical
velocity is known exactly, leading to consistent trajectory
calculations [Moxim, 1990]. By integrating these trajectories
backward in time from any particular episode, one can
analyze the nature and origin of the Lagrangian transport.

As denoted by the arrows in Figures 10 and 11, we chose a
significant event from both the North Atlantic (55°N,35°W),
where NOx,ission and NOXpaNirans Feached values of 710 and
192 pptv, respectively, and the eastern Pacific (30°N,155°W),
where NOxpa nirans dominated with a mixing ratio of 172 pptv
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Figure 11. The (30°N,155°W) 990-mbar time series plot (ev-
ery six hours) January 1 through May 31 for (a) NOxp Ntrans
and (b) PAN. The arrow denotes the NO, episode chosen for
trajectory analysis as depicted in Figure 13a.
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3-D Trajectory March 5 --> March 3
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Figure 12. Model three-dimensional trajectory (backward in
time from March 5) originating at (55°N,35°W) in the atmo-
spheric boundary layer (ABL). Crosses are plotted every 12
hours, pressure labels once per day.

as compared to NOxpission 2t only 3 pptv. At 55°N,35°W the
March 35 trajectory (Figure 12) shows that the NO,. originated
over the strong emission region of the eastern United States
and was rapidly advected north and east near and in the ABL,
reaching the North Atlantic at 955 mbar in only 2 days. This
rapid transport allowed most of the NO, to remain as
NOxmission Without converting to HNO3 or PAN, while travel
in the relatively warm ABL produced ~ 20% of the total NO,
as NOXPANtranS'

In the lower latitudes of the eastern Pacific the March 27
trajectory (Figure 13a) indicates a considerably more compli-
cated transport path. The NOxp nrans Pulse at (30°N,155°W)
began as PAN in the midtroposphere over eastern Asia. After
crossing the northern Pacific in the early spring westerlies, it
was then subjected to downward motion produced by midlati-
tude storm systems and subsided anticyclonically southward
into the subtropical ABL where it thermally converted to
NO,. This can readily be seen in Figure 13b where we present
the mixing ratios of NOxepissions NOXpaANtranss PAN, and the
atmospheric pressure of this trajectory during the last four
days before arriving at 30°N,155°W (along the x axis, 0 im-
plies March 27; -4 implies March 23). Also, this figure dis-
plays only the tracer mixing ratios. It does not illustrate the
relative influence of advection or photochemical tendencies
on the resulting mixing ratios.

We first note that although NOxpcion MixXing ratios are
small, there is an interesting decrease from 27 pptv to 3 pptv
as the parcel moves from 60°N to 30°N and increasing values
of OH convert the NO, to HNO3. More importantly, during
March 23-25, when the air parcel was slowly sinking from the
middle to lower troposphere, both PAN and NOxpantrans
remained essentially constant with high PAN values near 450
pptv and very low NOxppnyans Mixing ratios (~15 pptv).
Over the final two days, as the trajectory continued to subside
and entered the warm ABL, PAN showed a marked decrease
in mixing ratio, while NOuxpanyans €Xhibited an abrupt
increase to a final value of 137 pptv.

This specific NO, event clearly shows the complex roles
played by the sequestering of PAN in the colder regions of the
troposphere and subsequent transport southward and
downward, resulting in a significant redistribution of NO,.
This type of process can also be seen in the central North
Atlantic Ocean (not shown); however, the influence of the
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United States and European emission regions results in a
stronger impact by NOXgpission although NOxpanirans
dominates. One should also note that the release of NO, from
subsiding PAN due to synoptic scale storms also occurs over
midlatitude continental regions. However, its contribution is
typically masked by large NO, emissions in the ABL.

4.4. Influence of Subsiding PAN on Oceanic NO,,

Thus far, our model analysis of PAN’s long-range transport
and its subsequent decomposition to NO, in warmer regions
of the ABL has revealed that its greatest effect is seen in the
NH oceanic subtropics during winter and spring (factor of 5)
with less of an impact in middle and high latitudes (factor of
2). Furthermore, local examination of surface grid points has
indicated that dynamical sinking of PAN from the free
troposphere plays a significant role. To tie together these
results, it would be informative to quantify the regional and
seasonal levels of NO, released as a result of subsiding PAN
as opposed to the sum of NOx,p;ssion and NO, released from
PAN that was advected only in the ABL. To accomplish this,
we designed an experiment which allowed PAN chemistry to
take place only in the model’s ABL (bottom two levels). Any
PAN transported into or chemically produced in the free
troposphere was removed at a maximum rate that insured
numerical stability, while all the remaining chemistry was
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Figure 13. (a) Model three-dimensional trajectory (backward
in time from March 27) originating at (30°N,155°W) in the
ABL. Crosses are plotted every 12 hours, pressure labels
(mbar) once per day. (b) Mixing ratios (pptv) for
NOxemissions» NOXpaNirans @td PAN and the vertical location
(mbar) of the trajectory depicted in Figure 12a. Values are
plotted backward in time every six hours. Along the x axis, 0
implies March 27 at (30°N,155°W) and -4 implies March 23
north of Japan.
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Figure 14. Ratio at 990 mbar of NO, released from subsiding
PAN to NO, from complete transport and chemistry for ()
July, (b) October, (c) January, and (d) April. Ratios were not
plotted for largest local NO,. values less than 10 pptv.

identical to the original integration. To obtain fields of NO,
which were released only from PAN that subsided into the
ABL, we simply subtracted the results of this experiment
from the original complete chemistry experiment.

In Figure 14 we present the 990 mbar ratio of NO, from
free tropospheric PAN to NO, from complete chemistry dur-
ing July, October, January, and April for NO, values greater
than 10 pptv in the NH. Overall, we see that subsiding PAN
accounts for most of the NO, found over more than half of the
Pacific and Atlantic Oceans during winter and spring, while
there is essentially no contribution during summer and an on-
set of NO, release in the midlatitude oceans during autumn.
Near the east coasts of Asia and North America, prevailing
westerly offshore winds transport NO, and PAN directly from
emission regions in the ABL, overwhelming any contribution
from subsiding PAN decomposition. A closer examination of
this ratio begins to clarify and bind together the interactions of
meteorological transport, tropospheric temperature, and
source regions of NO, and PAN, discussed in previous sec-
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tions, that produce the resulting NO, distributions over re-
mote regions of the oceanic ABL.

The basic transport mechanism involves the midlatitude
baroclinic storm systems driven by the strong north to south
temperature gradients seen from late fall through spring. As
described in section 3.4, these transient cyclones transport
ABL air upward and northward on their downstream side and
free tropospheric air downward and southward behind them
as they typically move to the east and north, reaching their
southernmost influence from winter through early spring.

As seen in Figures 14a and 14b, tropospheric PAN storage
and baroclinic storms are at a minimum during the warmth of
summer and there is essentially no contribution to surface
NO, from subsiding PAN. However, as autumn approaches,
cooling temperatures and early baroclinic transport begins to
sequester PAN aloft as-well as affect the higher latitudes of
the ocean regions where surface temperatures are still warm
enough to decompose PAN. In winter (Figure 14c), as the
baroclinic storms intensify, their influence is felt well into the
subtropics with a 70% subsidence effect over most of the
ocean south of 40°N. It is interesting to note that over the
Northwest Pacific there is no contribution to NO, from sink-
ing PAN even though this is an area of intense winter storms.
This is a consequence of very cold surface temperatures being
advected off the Asian continent producing long PAN life-
times. In addition, the high NO, mixing ratios simulated in
this region [see H. Levy II et al. (manuscript in preparation,
1996)] result from a low solar angle producing a slow winter
NO, chemistry which allows the surface transport of NO,
from Asian emissions to the North Pacific before conversion
to HNO;.

In spring (Figure 14d), NO, from subsiding PAN reaches its
maximum in the Pacific where shorter PAN and NO, lifetimes
have allowed its influence to spread northwestward. As a
result of warming spring temperatures, we also observe the
appearance of a greater than 30% band in the polar region
which lasts into summer. Singh et al. [1992b], using ABLE 3A
summer measurements from Alaska and a one-dimensional
chemical model run to equilibrium, speculated that 50 to 70%
of the median NO, mixing ratios observed could have come
from the PAN reservoir. Also, similar calculations [Singh et
al., 1994] utilizing ABLE 3B data over eastern Canada
suggested that 15 to 20 pptv of NO,, could have resulted from
PAN. An analysis our of model meteorology depicted
subsidence occurring in this area from late autumn into late
spring, providing an influx of sequestered PAN to the Arctic
ABL where NO, could be released with the advent of
sufficiently warm temperatures. Although we found that this
transport produced only 30-50% of our model NO,, further
examination revealed that within this belt, ABL NO, consisted
of roughly equal amounts of NO, produced by subsiding PAN,
NO, produced by PAN that formed and decomposed only in
the ABL, and NOxgpissione Farther south over Canada,
NOxepission from combustion source regions begins to
dominate NO,.

5. Summary

Using the GFDL three-dimensional global chemical trans-
port model with all known emission sources of NO,, off-line
chemistry, and no diurnal cycle, we have simulated the global
distribution of PAN, most of which is found in the NH. In the
ABL, PAN is concentrated over continental sites of NO,



MOXIM ET AL.: SIMULATED GLOBAL TROPOSPHERIC PAN

emissions, while it is distributed relatively zonally in the free
troposphere. In the NH, PAN accumulates in the coldest re-
gions, generally the highest latitudes and altitudes, while in
the SH free troposphere, the maximum PAN levels are found
in an equator to 30°S belt stretching from South America to
Australia. We find that overall, the simulated distribution and
available observations generally agree.

On a global tropospheric scale, PAN chemistry has little in-
fluence on NO,, however, its regional affects are significant.
Through analysis of a series of numerical experiments, we
reach the following conclusions regarding the impact of PAN
chemistry and transport on the distribution of tropospheric
NO,: (1) By transferring NO, from its point of emission to re-
mote regions of the globe, PAN impacts the global distribu-
tion of tropospheric NO,, as was earlier hypothesized by
Crutzen [1979] and Singh and Hanst [1981]. (2) While NO,,
levels decline slightly in the source regions, where they are al-
ready quite high, NO, levels in the remote, primarily oceanic
regions of the lower troposphere, generally increase by a fac-
tor of 2 and in some cases by as much as a factor of 5 during
the winter and spring of both hemispheres. This increase sug-
gests a possible transient shift in the chemistry of many of the
remote regions of the NH lower troposphere from net ozone
destruction to either ozone neutral or ozone production. (3)
On the other hand, in the cold upper troposphere where PAN
lifetimes are long, PAN chemistry has only a minimal impact
on NO, (= 10%). (4) While no general spring maximum is ob-
served in the global tropospheric monthly mean NO,, spring
maxima are observed regionally in the lower troposphere over
the North Atlantic at 55°N and 35°N and the eastern Pacific at
30°N. This is generally consistent with an earlier hypothesis
of Penkett and Brice [1986]. (5) Local time series and trajec-
tory analysis in these remote regions show that the transport
producing the monthly mean spring peaks in NO, is both
complex and diverse. At both high and low latitudes the
monthly mean consists of many high-magnitude NO, epi-
sodes. These events are large enough to provide periods of
ozone production even though the monthly mean value would
imply ozone destruction. At high latitudes the early spring
peaks are strongly dominated by transport in the ABL of un-
converted NO, from the eastern U. S. emission region. As tro-
pospheric temperatures warm, NO, from transported PAN
begins to prevail. At lower subtropical latitudes, however,
NO, from transported PAN completely dominates. (6) In ad-
dition to transporting PAN northward and upward to higher
latitudes and longer lifetimes, midlatitude storm systems also
provide a complex transport path which carries PAN from the
high-latitude midtroposphere of the North Pacific and Atlantic
anticyclonically southward and downward to the warm ABL
where the PAN is thermally converted to NO,. From late fall
through spring this process provides more than 70% of the
ABL NO, found over half the area of the NH ocean regions.
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