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� Model simulations are used to assess sources of TNIT (HNO3 þ NO�
3 ) in Antarctica.

� Adjoint analysis is used to evaluate impacts of surface versus stratospheric sources.
� TNIT in MayeJuly is attributed to HNO3 from NOx emissions as far north as 25�S.
� In other seasons, TNIT is transported in the form of PAN.
� PSC sedimentation may contribute to observed peaks in concentrations in August.

a r t i c l e i n f o

Article history:
Received 7 October 2013
Received in revised form
25 February 2014
Accepted 1 March 2014
Available online 5 March 2014

Keywords:
Adjoint based sensitivity analysis
Antarctica
GEOS-Chem model
Total nitrate seasonality

a b s t r a c t

Determining the sources of total nitrate (TNIT h NO�
3 þ HNO3) reaching Antarctica is a long-standing

challenge. Here we analyze the monthly sensitivity of surface-level TNIT in Antarctica to primary sour-
ces using a global 3-D chemical transport model, GEOS-Chem, and its adjoint. Modeled seasonal variation
of TNIT concentrations shows good agreement with several measurement studies, given that the lack of
post-depositional processing in the model leads to an expected underestimate of maximum values in
November through January. Remote NOx sources have the greatest impact MayeJuly, during when the
model background concentrations are sensitive to NOx emissions from fossil fuel combustion, soil, and
lightning originating from 25�S to 65�S. In this season, NOx is transported to Antarctica as TNIT, which is
formed above continental source regions at an altitude of 5e11 km. In other seasons, more NOx is
transported as a reservoir species (e.g., peroxyacetyl nitrate, PAN) through the free troposphere, trans-
forming into TNIT within a cone of influence that extends to 35�S and above 4 km altitude. Photolysis of
PAN over Antarctica is the main driver of modeled NOx seasonality. Stratospheric production and loss of
tracers are relatively unimportant in monthly sensitivities in GEOS-Chem, driving only a few percent of
surface level variability of TNIT. A small peak concentration in August is captured by the model, although
some measured values in August fall outside the range of simulated concentrations. Modifications to the
model to represent sedimentation of polar stratospheric clouds (PSCs) lead to increased surface level
August TNIT concentrations. However, this simple representation does not explicitly account for PSC
particle deposition or disappearance of the tropopause in the middle of winter, and thus the influence of
stratospheric nitrate sources estimated in this study is likely a lower bound.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

TNIT (hNO�
3 þHNO3) is an oxidation product of nitrogen oxides

(NOx h NO þ NO2) in the atmosphere associated with important
environmental issues such as aerosol concentrations and the
oxidative capacity of the atmosphere. A significant fraction of NOx is
sequestered as TNITand then removed from the atmosphere bywet
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and dry deposition, providing nitrogen to the surface where it
serves as a key ecosystem nutrient. Given its environmental
importance, there are interests in understanding past variability of
atmospheric NOx. Numerous studies have reported seasonal and
historical variations in TNIT concentrations in Antarctica, yet the
mechanisms and sources driving these variations are still not well
quantified.

As a proxy for historical variability of atmospheric NOx, ice cores
from polar regions provide chronologically preserved records of
TNIT (Wilson and House, 1965; Legrand et al., 1988; Mayewski and
Legrand, 1990; Legrand and Kirchner, 1990; Jacobi et al., 2000;
Jones et al., 2011; Wolff et al., 2012). Greenland ice core NO�

3 re-
cords show that the Northern Hemispheric NO�

3 burden has
doubled since the mid twentieth century due to anthropogenic
emissions (Mayewski et al., 1986). In contrast, impacts of human
activity on NO�

3 are not as prominent in Antarctic ice cores
(Mayewski and Legrand, 1990). Aerosol measurements at the sur-
face are also used to constrain recent trends and seasonal variability
of nitrate (Savoie et al., 1993; Wagenbach et al., 1998; Weller et al.,
2002; Savarino et al., 2007; Jones et al., 2008). Antarctic measure-
ments consistently show minimum levels of TNIT in AprileJune, a
small peak in August, and a steady increase afterward until
maximum levels are reached in NovembereJanuary (Savoie et al.,
1993; Savarino et al., 2007; Jones et al., 2011; Weller et al., 2011).

To interpret the significance of Antarctic ice-core and aerosol
measurements, three important types of processes that influence
Antarctic surface-level TNIT must be considered. First, variations in
TNIT burden are impacted by long-range tropospheric transport of
species emitted outside Antarctica. Emissions of NOx include sur-
face sources (fossil fuel, biofuel, soil exhalation, biomass burning),
lightning, and aircraft emissions. TNIT may be transported directly,
as NOx or aerosol nitrate, or as reservoir species such as perox-
yacetyl nitrate (PAN). PAN is produced by chemical reactions be-
tween hydrocarbons and NOx and has a highly temperature
dependent lifetime (1 h at 298 K, 5 months at 250 K). Once it as-
cends to the free troposphere, it can be transported to the polar
regions and then decomposed upon descent into NOx by thermal
decomposition or photolysis (Mills et al., 2007; Jacobi et al., 2000;
Jones et al., 2011).

Second, stratospheric influences in Antarctic TNIT include
sedimentation of polar stratospheric clouds (PSCs) and HNO3-rich
airmass mixing across the tropopause. One of the major compo-
nents of PSCs is HNO3 (Carslaw et al., 1995; Pitts et al., 2007). The
polar vortex provides a favorable environment for PSCs to form and
grow; subsequent sedimentation of PSCs is responsible for removal
of gas-phase HNO3 in winter from the Antarctic stratosphere, i.e.,
denitrification (Fahey et al., 1990; Carslaw et al., 1994). Also, an
enhanced polar vortex can result in disappearance of the tropo-
pause above Antarctica (Rubin, 1953) leading to more active air-
mass mixing between the stratosphere and troposphere (Savoie
et al., 1993; Wagenbach et al., 1998; Weller et al., 2002).

Lastly, TNIT deposited on snow can recycle several times by re-
emission to the atmosphere by HNO3 evaporation or photochem-
ical reduction into NOx (Weller et al., 2004; Savarino et al., 2007;
Jones et al., 2008). This process, so called post-depositional pro-
cessing, has been suggested to cause observed TNIT maximum
concentrations in late spring and early summer (Savarino et al.,
2007; Jones et al., 2008; Weller et al., 2011).

The variety and complexity of these sources and mechanisms
make it challenging to relate observed Antarctic TNIT to atmo-
spheric NOx (Zeller and Parker, 1981; Röthlisberger et al., 2000;
Savarino et al., 2007; Wolff et al., 2008). While local meteorology
and post-depositional processing influence the high TNIT concen-
trations in summer by active photochemistry within Antarctica, the
original source of TNIT for this recycling remains to be quantified

(Wolff et al., 2008). Specifically, it is of interest to determine the
contribution of continental emissions versus stratospheric input,
the role of different types of natural versus anthropogenic emis-
sions, and the chemical mechanisms by which TNIT is processed
and transported to Antarctica in the troposphere.

Atmospheric chemical transport models provide a means of
investigating the importance of possible sources of Antarctic TNIT.
Although there have been modeling studies investigating atmo-
spheric transport towards Antarctica (Krinner and Genthon, 2003;
Stohl and Sodemann, 2010), most have been limited to non-
reactive tracers (e.g., black carbon, radon) and thus focused on
transport of airmass and decay of tracers. A more comprehensive
modeling study, considering critical processes for reactive tracers
such as chemical reactions, emissions, and dry deposition, has
been conducted for Antarctic CO (van der Werf et al., 2013).
However, due to the complicated characteristics of NOx chemistry
and transport, there has not to our knowledge been a compre-
hensive modeling attempt at analyzing sources of Antarctic TNIT
until now.

In this study, we use the global 3-D chemical transport model
GEOS-Chem and its adjoint to quantify sensitivities of surface level
Antarctic TNIT to its precursor processes. These include emissions,
and production and loss of tracers resulting from tropospheric and
stratospheric chemistry. In doing so, we evaluate the model by
comparing the modeled seasonality with measurements from
previous studies, although we expect the model to underestimate
austral summer observations due to a lack of post-depositional
processing in the model.

2. Model description

We use GEOS-Chem (Bey et al., 2001) version 8-02-04 with
updates described below to estimate the TNIT concentrations over
Antarctica. GEOS-Chem is a global 3-D atmospheric chemical
transport model driven by meteorological input from the Goddard
Earth Observing System (GEOS) of the NASA Global Modeling and
Assimilation Office (www.geos-chem.org). The version of the
model employed in this study uses GEOS-5 meteorological fields at
2� latitude � 2.5� longitude horizontal resolution, with 47 vertical
layers up to 0.01 hPa. The model’s tropospheric chemical mecha-
nism consists of more than 290 reactions and 90 gas and aerosol
species. Aerosols are assumed to be externally mixed. SO2�

4 eNO�
3e

NHþ
4 thermodynamic equilibrium is calculated using RPMARES

(Park et al., 2004), which is based on the MARS-A routine of
Binkowski and Roselle (2003). More comprehensive aerosol treat-
ment including sea-salt (Naþ and Cl�) and crustal ions (Kþ, Ca2þ,
andMg2þ) is available using another thermodynamic scheme in the
model, i.e., ISORROPIA, however, we use RPMARES due to the lack
of an adjoint of ISORROPIA until very recently (Capps et al., 2012).
Carbonaceous and size-resolved dust aerosols are based on Chin
et al. (2002), Park et al. (2003), and Fairlie et al. (2007). Wet
deposition includes sub-grid scavenging in convective updrafts,
large scale in-cloud rainout and below-cloud washout (Liu et al.,
2001). Dry deposition is calculated using a resistance-in-series
model (Wesely, 1989; Wang et al., 1998).

A new stratospheric chemistry scheme is implemented for this
study. The standard version 8-02-04 of GEOS-Chem applies zonal
mean production and loss rates to 23 gaseous species, as archived
from earlier 2-D models (Bey et al., 2001). The new linearized
stratospheric chemistry (Murray et al., 2012), updated in the
adjoint model as well for this study, uses monthly climatological 3-
D production and loss rates from the GMI (Global Modeling
Initiative) Combo model (http://gmi.gsfc.nasa.gov) for 24 gaseous
tracers above the tropopause, including CO, O3, NOx, and HNO3.
These production and loss rates only reflect gas-phase chemistry.

H.-M. Lee et al. / Atmospheric Environment 89 (2014) 757e767758
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Stratospheric O3 chemistry is treated using the Linoz scheme
(McLinden et al., 2000; Liu et al., 2009).

Fig. 1 shows the monthly variation of NOx emissions summed
over 15�Se90�S from the following emission inventories. EDGAR
3.2-FT2000 is used for fossil fuel combustion (Olivier et al., 2005)
and GFED2 for biomass burning emissions (van der Werf et al.,
2009). Biofuel sources are based on Yevich and Logan (2003),
lightning is based on Murray et al. (2012), and soil and aircraft
emissions are described in Sauvage et al. (2007). Fossil fuel com-
bustion is fixed throughout the year, and the magnitude of biofuel
and aircraft emissions in this latitude range are negligibly small.
Biomass burning has a maximum in late winter and early spring
(August and September). Lightning and soil emissions are higher
from spring to summer and lower from fall to winter.

We use the GEOS-Chem adjoint model (Henze et al., 2007) to
evaluate the sensitivity of TNIT reaching the surface level of
Antarctica to precursor emissions and stratospheric production and
loss rates. The GEOS-Chem adjoint model has been used previously
for source attribution (e.g., Kopacz et al., 2011; Walker et al., 2012;
Paulot et al., 2012; Parrington et al., 2012) and data assimilation
using remote sensing or in-situ observations (e.g., Henze et al.,
2009; Kopacz et al., 2010; Jiang et al., 2011; Wecht et al., 2012).
The adjoint, a receptor-based sensitivity model, is a very efficient
tool for quantifying the sensitivity of a scalar forward model esti-
mate to numerous model parameters. The normalized sensitivity is
defined as

lph
vJðciÞ
vp

$
p

JðciÞ
(1)

where vJ(ci)/vp is found from solution of the adjoint model. Here ci
is the concentration of species i and J(ci) is a scalar function of
forwardmodel estimates. In this study, J(ci) is defined as theweekly
average TNIT concentration evaluated in flux units over Antarctica
at the surface level, i.e., JTNIT. The flux unit here is the total mass of
TNIT in the first level of the model per surface area per hour.
Considering that the surface area of Antarctica varies during the
course of a year as sea ice expands and melts (Stohl and Sodemann,
2010), we determine Antarctica as the land or ice south of 60�S
according to the GEOS-5 land-water indices. lp is the sensitivity of
J(ci) with respect to the model parameters (p). p in this study
consists of emissions of all tracers from various sectors (e.g., fossil
fuel, lightning NOx, natural NH3, etc.), and stratospheric production
and loss rates. In addition, sensitivities with respect to reaction
rates (i.e., kinetic reaction rates, deposition rates, photolysis rates,
and hydrolysis rates) are also calculated. We performed adjoint
simulations for each month from March 2006 to February 2007.

JTNIT is evaluated over the final week of each month and percent
contributions are summed globally throughout the month.

3. Results

3.1. Seasonal variations of total nitrate

We first compare seasonal variations of surface level TNIT con-
centrations estimated fromGEOS-Chemwith measurement studies
in Fig. 2, with additional details on the measurements provided in
Table 1. From each of the yearly measurement studies, we extract
and plot data relevant to three key observed features: the fall
minimum, the August peak, and the maximum (Savoie et al., 1993;
Savarino et al., 2007; Jones et al., 2011; Weller et al., 2011). Symbols
are placed in themiddle of the period that they represent. Given the
differences in the locations of these measurements, the species
measured (NO�

3 , HNO3, or TNIT), and the area these measurements
represent compared to the size of the model grid cell, we primarily
make qualitative comparisons between them and the model
estimates.

Measured concentrations show large variations from study to
study. It is possible that differences are owing to variations in local
conditions (e.g., meteorology, topography, post-depositional pro-
cesses) and measurement methods. We focus our analysis on TNIT
rather than NO�

3 and HNO3 separately, as thermodynamic parti-
tioning between NO�

3 and HNO3 in the model may be biased,
underestimating NO�

3 due to lack of sea-salt and crustal ions.
Considering a dataset that includes both separately (Jourdain and
Legrand, 2002), NO�

3 constitutes 67% of the minimum TNIT, 50% of
the August TNIT peak, and 34% of the maximum TNIT. Based on this
observed partitioning we convert NO�

3 measurements to TNIT con-
centrations for the other studies shown in Fig. 2. Measured minima
and August peaks lie within the modeled first and third quartiles of
simulated values over Antarctica. As expected, the model consid-
erably underestimates themaximum inNovember to January that is
thought to be due to post-depositional processing (Savarino et al.,
2007; Jones et al., 2008; Weller et al., 2011). The model reasonably
represents the magnitude of the August peak even though GEOS-
Chem has no scheme describing PSC formation and sedimenta-
tion. PSC sedimentation has been suggested as a source of the

Fig. 1. Monthly NOx emissions for 15�Se90�S from March 2006 to February 2007.

Fig. 2. Modeled TNIT concentration from March 2006 to February 2007 with mea-
surements in symbols. The solid black line is the hourly TNIT concentration averaged
over Antarctica (60�Se90�S, see text for details) and shadings indicate first and third
quartiles. Two measurements are indicated with values as they are too high to show on
the same y-axis. NO�

3 measurements are converted to TNIT concentrations based on
the partitioning in Jourdain and Legrand (2002).

H.-M. Lee et al. / Atmospheric Environment 89 (2014) 757e767 759
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August peak or the springmaximum (Mayewski and Legrand,1990;
Wagenbach et al., 1998; Savarino et al., 2007). It is still ambiguous
from these results whether PSC sedimentation has a small effect on
the August peak or its impact on surface level TNITappears in spring
not in August. This issue is considered further in Section 3.2.2.

The spatial distributions of modeled TNIT at the surface level are
shown in Fig. 3. For all seasons, East Antarctica has a higher mixing
ratio than West Antarctica, and the mixing ratio in the Northeast is
higher than in the Southwest. As shown in Fig. 3, the spatial dis-
tribution of TNIT is similar to the boundary layer top pressure
distribution which corresponds to topography (lower pressure to
higher topography). The effects of topography will cause spatial
variations in accumulation rate, which is expected to impact TNIT
concentrations via post-depositional processing (Ritz et al., 2001;
Arthern et al., 2006).

3.2. Source attribution of total nitrate (TNIT)

To better understand the factors governing the abundance of
TNIT, we comprehensively diagnose the sensitivity of JTNIT to
sources using the GEOS-Chem adjoint. Table 2 shows the three
sources with the largest percent contribution (lp � 100%) to JTNIT in
each month, and Fig. 4 shows the spatial distribution of sources to
which JTNIT is sensitive. For example, in the final week of March, the
average TNIT flux to the Antarctic surface, i.e., JTNIT, is 3.7 mg/m2 hr.
Over the course of the entire month, NOx emissions from fossil fuel
combustion contribute the most to JTNIT, responsible for a 5.3% in-
crease, and stratospheric loss of HNO3 is responsible for a 4.4%
decrease of JTNIT.

While the source contributions in Table 2 and Fig. 4 show the
ultimate sectors and locations of origin, they alone do not answer
questions such as: which NOx reservoir species are most respon-
sible for transport to Antarctica, and what is the role of chemical
reactions during transport? To answer these questions we quantify
the roles of different chemical mechanisms transforming NOx by
calculating sensitivities of JTNIT with respect to chemical reaction
rate constants. Among 24 reactions directly producing HNO3, three
reactions, (R1)e(R3), are found to contribute the most, in agree-
ment with Alexander et al. (2009),

NO2 þ OH/HNO3 (R1)

N2O5 þ H2O/2HNO3 (R2)

NO3 þ DMS/HNO3 (R3)

where DMS is dimethylsulfide. Table 3 shows the globally inte-
grated sensitivities with respect to (R1)e(R3). The relative

importance of each reaction varies by season and is affected by a
combination of emissions, chemistry, and meteorology. Although
these are HNO3-producing pathways, their contributions often
exhibit negative values when more HNO3 is lost than added to JTNIT.
This occurs when the net HNO3 produced by a given pathway oc-
curs too far from Antarctica for the HNO3 to reach the continent
prior to being removed from the atmosphere by deposition. Figs. 5
and 6map the horizontal and vertical distribution of each reaction’s
contribution to JTNIT. It is evident that when the reactions occur too
far away from Antarctica, a source of JTNIT is removed from the at-
mosphere. The lifetime of HNO3 is short, about 2e5 days in the
lower atmosphere, because it is readily removed near the surface
by wet and dry deposition. Meanwhile, when these reactions occur
closer to Antarctica they positively contribute to JTNIT, showing that
if the precursors involved in (R1)e(R3) reach certain latitudes the
resulting HNO3 will be transported to Antarctica. There is a vertical
transition above the mid-latitudes where continental sources are
emitted; if precursors ascend across this transition then the HNO3
they form will be transported to Antarctica. The critical altitude
appears to be w4 km, extending as far north as 40�S.

Surface level TNITshows small positive sensitivities (less than 1%)
to stratospheric production of tracers in most months. However,
additional calculations at the 4� latitude � 5� longitude resolution
showthat long-term (6month) integrationof the adjoint sensitivities
lead to positive sensitivities that are twice as large as those from 1-
month integration, with no significant increase of sensitivities after
6months. Thus, sensitivities to the stratospheric production from the
month long, 2� � 2.5� resolution analysis shown inTable 2may be an
underestimate. In contrast, sensitivities with respect to emissions
and stratospheric loss appear to converge within one month.

3.2.1. Background concentrations
The lowest JTNIT values of 1.8 mg/m2 hr appear in May and July;

During these months, the sensitivities are consistently dominated
by fossil fuel, and then soil and lighting NOx emissions with
negligible sensitivities to stratospheric loss (Table 2). We therefore
consider the modeled minimum concentrations as extending from
May through July. And these minimum levels are regarded as
background concentrations. The range of background concentra-
tions across Antarctica are in good agreement with observations
(Fig. 2). Spatially, the origin of those sources are shown in Fig. 4.
Influential NOx emissions are distributed from 30�S to 65�S.
Regarding emissions, biomass burning is greater than lightning NOx

in July, however lightning NOx is still the third most influential
source. NOx from biomass burning originates in lower latitudes
between 10�S and 30�S and at the surface, whereas lightning NOx is
produced in higher latitudes and altitudes where it can be effec-
tively transported to Antarctica.

Table 1
Surface air nitrate measurements from previous studies.

Site (tracer) Minimum August peak Maximum Time

Mawsona (NO�
3 ) May (10 ng/m3) 33 ng/m3 Nov (58 ng/m3) 1987e1991

Neumayerb (NO�
3 ) ApreMay (13 ng/m3) 32 ng/m3 Nov (73 ng/m3) 1983e1996

Dumont d’Urvilleb (NO�
3 ) ApreMay (11 ng/m3) 20 ng/m3 NoveJan (41 ng/m3) 1991e1995

Dumont d’Urvillec (NO�
3 ) MareJun (14 ng/m3) 45 ng/m3 NoveDec (116 ng/m3) 2001

Dumont d’Urvilled (NO�
3 ) Apr (12 ng/m3) 25 ng/m3 NoveDec (55 ng/m3) 2000e2001

Dumont d’Urvilled (HNO3) Apr (5 ng/m3) 25 ng/m3 Dec (95 ng/m3) 2000e2001
Halleye (TNIT) Jun (2 pptv) 5 pptv Dec (8.5 pptv) 2004
Halleyf (NO�

3 ) May (w5 ng/m3) 50 ng/m3 Dec (200 ng/m3) 2001

a Savoie et al. (1993).
b Wagenbach et al. (1998).
c Savarino et al. (2007).
d Jourdain and Legrand (2002).
e Jones et al. (2008).
f Rankin and Wolff (2003).
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Total influences of reactions producing HNO3 (R1eR3) are all
negative from April to August (Table 3). Due to a lack of sunlight
from the end of March through the next six months, there is no
local supply of OH radical in Antarctica. Thus, HNO3 produced by
(R1) during the austral winter is not produced locally in Antarctica
but is imported from lower latitudes or the stratosphere. Fig. 6
shows that JTNIT is produced from precursors injected into the
free troposphere at latitudes as far north as 35�S. O3 dry deposition
(2.7e3.5%), NO þ O3 / NO2 þ O2 (1.3e3.1%), and thermal
decomposition of PAN (1.4e2.4%) are the most influential reactions
duringMayeJuly. JTNIT is positively sensitive to these reactions since
they favor NO2, which may be further oxidized to TNIT. Spatial
distributions of these reactions are shown in Figs. 7e9. As more O3
is removed near the surface by dry deposition, less NO2 is scav-
enged via NO2 þ O3 / NO3 þ O2, and the chance for NO2 or PAN to
be lofted above the critical altitude is enhanced. NO2 produced from
NO þ O3 / NO2 þ O2 over the continents near the surface also
favors PAN formation. The same reaction near the tropopause
contributes to TNIT in Antarctica, which is affected by high O3
concentrations from the stratosphere. If the reaction occurs at al-
titudes between the two positively sensitive regions, the resulting
NO2 does not add TNIT to Antarctica but deposits in the Southern
Ocean. Thermal decomposition of PAN is influential during austral
fall andwinter, increasing with increasing temperature towards the
troposphere from the stratosphere. It occurs at altitudes lower than
6 km and photolysis of PAN occurs at higher altitudes, up to 12 km.
Considering that JTNIT is positively sensitive to PAN formation in the
mid-latitudes (30�Se50�S) and that thermal decomposition occurs
throughout the free troposphere (Figs. 8 and 9), we conclude that
PAN produced in the mid-latitudes and transported through the
free troposphere can be an effective source of TNIT over Antarctica.

3.2.2. Peak concentrations in August
Model estimates and measurements both show a peak in TNIT

concentration in August. It is interesting that the model shows high
concentrations in August without a scheme describing PSC for-
mation and sedimentation, which has been suggested from mea-
surement studies as being a major source of the peak in August
(Mayewski and Legrand, 1990; Wagenbach et al., 1998; Savarino

et al., 2007). Decomposition of PAN has also been suggested as a
source of NOx during austral winter to early spring (Savarino et al.,
2007; Jones et al., 2011). In this study, thermal decomposition
of PAN is the most influential reaction in August, accounting
for 2.9% of the positive sensitivity. JTNIT in August is still most
sensitive to fossil fuel combustion (7.8%), lightning (3.4%) and soil
(3.2%) NOx emissions from 30�S to 65�S. There is relatively less
contribution from continental sources compared to MayeJuly.
August marks a transition between the season when remote in-
fluences dominate during winter and local reactions dominate
during summer.

The sensitivity with respect to stratospheric production of NOx

is 1.6%. Compared to the 0.4e0.6% contribution in MayeJuly, this
increased stratospheric NOx contribution shows that stratospheric
influence on the August peak is represented by the model. It is
worth pointing out that sensitivities with respect to stratospheric
production and loss rates do not equate to the actual fluxes from
and to the stratosphere, just the amount by which current strato-
spheric chemistry influences these fluxes. Thus, a small increase in
the stratospheric production rate results in a large increase in the
surface level TNIT, since the HNO3 mixing ratio is significantly
higher in the stratosphere compared to the troposphere (Fig. 11).
Stratospheric effects seen in GEOS-Chem reflect the climatological
production and loss of tracers by gas-phase chemistry in the
stratosphere. However, PSC formation and sedimentation is not
included in the model. Thus, this stratospheric influence is likely
the effect of the polar vortex in conjunction with the lack of
photolysis during the austral winter. Noting that the model does
not include PSC sedimentation nor the disappearance of the
tropopause, these estimates of stratospheric contributions are
likely lower bounds.

Although it is well known that PSCs are responsible for removal
of gas-phase HNO3 in the winter in the Antarctic stratosphere, i.e.,
denitrification (Fahey et al., 1990; Carslaw et al., 1994), whether the
effect of PSC sedimentation is detectable in surface level HNO3
concentrations is still not clear. Fig. 11 shows vertical profiles of
HNO3 from (a) GEOS-Chem and (b) GMI. The major difference be-
tween these models is that GMI considers PSC formation and
sedimentation whereas GEOS-Chem does not. We therefore

Fig. 3. Monthly average (a) surface level concentration of TNIT estimated by GEOS-Chem and (b) boundary layer top pressure (62�Se90�S).
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Table 2
Global contributions of emissions and stratospheric tracers to JTNIT.

Month MAM JJA SON DJF

3 4 5 6 7 8 9 10 11 12 1 2

J (mg/m2 hr) 3.7 2.9 1.8 2.3 1.8 3.9 4.6 2.3 2.1 2.7 4.0 2.4
Pos (%) ffNOx 5.3 ffNOx 7.6 ffNOx 12.5 ffNOx 14.6 ffNOx 14.6 ffNOx 7.8 ffNOx 6.4 ffNOx 6.9 ffNOx 4.8 bbNOx 3.1 spNOx 3.0 liNOx 4.6

soNOx 5.1 soNOx 5.8 soNOx 9.4 soNOx 8.2 soNOx 5.1 liNOx 3.4 soNOx 3.6 soNOx 6.7 soNOx 3.7 soNOx 2.0 spHNO3 2.3 soNOx 2.8
spHNO3 4.1 liNOx 2.7 liNOx 3.2 liNOx 5.2 liNOx 2.9 soNOx 3.2 liNOx 3.3 naNH3 4.2 liNOx 3.5 ffNOx 1.9 bbNOx 2.1 spNOx 1.8

Neg (%) slHNO3 �4.4 slNOx �2.0 slNOx �1.0 e* e* slNOx �1.4 slNOx �1.7 slNOx �1.1 slNOx �2.6 slNOx �2.0 slNOx �3.4 slNOx �2.1
slNOx �4.0 slHNO3 �1.4 e* e* e* e* e* e* slHNO3 �1.2 slHNO3 �1.2 slHNO3 �2.5 slHNO3 �1.7
slHNO4 �1.8 slHNO4 �1.0 e* e* e* e* e* e* e* e* slHNO4 e1.0 e*

e MAM: March April May, JJA: June July August, SON: September October November, DJF: December January February.
e ff: fossil fuel combustion, li: lightning, na: natural, sl: stratospheric loss, so: soil, sp: stratospheric production.
e *: <1.0%.

Fig. 4. Spatial distribution of source contributions to JTNIT (15�Se90�S).

Table 3
Global total contribution of major reactions forming HNO3 to JTNIT.

Month MAM JJA SON DJF

3 4 5 6 7 8 9 10 11 12 1 2

(R1) NO2 þ OH / HNO3 (%) 1.4 �4.6 �6.3 �4.5 �7.8 �4.1 0.5 9.3 13.5 16.3 11.4 11.5
(R2) N2O5 þ H2O / 2 HNO3 (%) 0.8 �0.2 �1.0 �1.0 �2.4 �0.6 0.8 0.4 �0.2 �0.1 �0.1 �0.6
(R3) NO3 þ DMS / HNO3 (%) 0.3 �0.4 �0.8 �0.5 �0.6 �0.2 0.7 0.0 �0.4 �0.2 �0.1 �0.3
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Fig. 5. Spatial distribution of JTNIT sensitivities to reactions producing HNO3 (15�Se90�S).

Fig. 6. Vertical distribution of JTNIT sensitivities to reactions producing HNO3 (15�Se90�S).
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modified GEOS-Chem to have similar vertical profiles of HNO3 to
that of GMI, see Fig. 11 (c). This profile is achieved by enforced
sedimentation of HNO3 at 14 km altitude, adjacent to the tropo-
pause, fromHNO3 in the 15e25 km range during June to November.
This allows us to examine the effect of enhanced HNO3 mixing

ratios in the lower stratosphere (w140 hPa) on surface level HNO3
concentrations in GEOS-Chem.With this modification, surface level
HNO3 increases from August through October as shown in Fig. 12,
and more measurements of the August peak fall in the range of
model estimates with this modification. This result, which does not
include particles from PSCs, suggests that effects of PSCs on surface
TNIT can be explained largely by gas-phase convection in August.
However, the impact in October is smaller than in August and

Fig. 7. Horizontal and vertical distribution of JTNIT sensitivities to (a) dry deposition and (b), (c) reaction of NO with O3.

Fig. 8. Vertical distribution of JTNIT sensitivities to the formation and decomposition of
PAN (15�Se90�S). (a) PAN formation, (b) thermal decomposition, (c) photolysis. Fig. 9. Same as Fig. 8 but for horizontal distribution.
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September, showing that the gas-phase convection is unlikely a
factor controlling the spring maximum.

3.2.3. Maximum concentrations
Modeled maximum TNIT concentrations appear at the end of

September, however the concentration is only slightly higher than
the August peak (Fig. 2). While measured concentrations at the end
of September are comparable to modeled concentrations, the
model underestimates the observed maximum concentration in
NovembereJanuary. Measuredmaximum TNITconcentrations have
been attributed to the combination of PSC sedimentation
(Wagenbach et al., 1998; Weller et al., 2002; Savarino et al., 2007)
and post-depositional processing (Savarino et al., 2007; Jones et al.,
2008). Given that the model does not well represent the tropo-
pause in winter, PSC sedimentation, nor post-depositional pro-
cessing, differences between modeled and measured TNIT
concentrations in November to January can be considered as an
upper bound on contributions from these mechanisms.

Regarding the sensitivities of modeled maximum TNIT, NOx

emissions from fossil fuel, soil, and lightning are the three most
influential sources in September. As Antarctica starts to receive
more solar radiation in spring, photochemical reactions become
active. JTNIT starts to indicate positive sensitivities to (R1)e(R3) in
September (Table 3). PAN photolysis is the most positively influen-
tial reaction for themodeledmaximum in September. FromOctober
to February, modeled JTNIT is consistently affected the most by (R1)
(9%e11%) and PAN photolysis (6e12%), indicating strong effects of
active photolysis owing to extended daylight hours and enhanced
high surface albedo. Thus, implementation of post-depositional

processing, also controlled by photolysis, in the model will likely
introduce more TNIT in these months. Comparing the two mecha-
nisms of PAN decomposition in the model, contributions from
photolysis dominate compared to thermal decomposition (Fig. 10).
Global effects of PAN formation appear to be positive onlywhen it is
formed in an area where transport to Antarctica is likely.

Another thing to consider is that GEOS-Chem does not include
the heterogeneous chemistry of the stratospheric ozone hole. Thus,
O3 in the polar vortex over Antarctica in austral spring during
September to November is greatly overestimated, which will affect
the NO þ O3 / NO2 þ O2 pathway once O3 is transported to the
troposphere. Therefore, JTNIT in September to November could be
overestimated as a consequence of overestimated stratospheric O3
transported to the troposphere.

4. Summary and conclusions

We have assessed sensitivities of surface level Antarctic TNIT to
various emission sectors in the troposphere and production and
loss of tracers in the stratosphere throughout a year using GEOS-
Chem and its adjoint. Average annual minimum, August peak,
and annual maximum TNIT concentrations from measurement
studies are compared with modeled TNIT concentrations across
Antarctica. Most seasonal minima from measurements lie within

Fig. 10. Annual variation of sensitivities of JTNIT to the PAN formation and
decompositions.

Fig. 11. Monthly HNO3 vertical profiles averaged over Antarctica (70�Se90�S). (a) GEOS-Chem, (b) GMI, (c) Modified GEOS-Chem.

Fig. 12. Same as Fig. 2 but showing impacts of enforced HNO3 enhancement in lower
stratosphere in GEOS-Chem. From June to November 2006. Blue dash line is the mean
and blue solid lines are first and third quartiles of surface level TNIT concentrations
calculated by modified GEOS-Chem. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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the first and third quartiles of modeled background concentrations
during May to July. The first and relatively small peak of the year
appearing in August, i.e., the August peak, is also captured by the
model. Representation of the August peak in themodel is improved
by inclusion of enhanced HNO3 mixing ratios in the lower strato-
sphere to mimic the effects of PSC formation and sedimentation.
The model is not able to reproduce the maximum concentration of
the year observed in November to January likely due to a lack of
post-depositional processing. We anticipate this underestimation
to be resolved with implementation of new snow chemistry and
post-depositional processing (Zatko et al., 2013) in future work. In
addition, while our results only include the gas-phase influences of
PSCs in August, there is still a possibility that PSC sedimentation
influences surface level TNIT in early austral spring by particulate
deposition.

Sensitivity calculations show that the modeled background
concentrations are mostly affected by TNIT produced in the free
troposphere over mid latitudes (30�Se65�S) through the reaction
NO2 þ OH / HNO3. NOx for the reaction is mainly supplied from
fossil fuel combustion, soil, lightning, and thermal decomposition
and photolysis of PAN. It is evident fromhorizontal sensitivity maps
that surface level Antarctica receives more influences from outside
Antarctica during winter than summer. August is a transitional
month; thus, the modeled August peak is comparably affected by
tropospheric and stratospheric sources. In summer, surface level
TNIT is negatively sensitive to stratospheric gas-phase chemistry
that consumes NOx, HNO3, and HNO4 in the stratosphere. Thus TNIT
concentrations decrease in summer even though total emissions
from south of 15�S increase. Given that the model lacks post-
depositional processing, photochemical decomposition of PAN ac-
counts for the largest fraction of NOx supply for the HNO3 forming
reaction during the austral summer.
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