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Anthropogenic NO, emissions have altered the biogeochemical nitrogen cycle
since the Industrial Revolution, yet Arctic ice core nitrate (NO5") records are
inconsistent with post-1970s NO, emission reductions. Here we show a NO5~
deposition history covering 1800-2020 using an ice core from the south-
eastern Greenland dome with high snow accumulation. The ice core NO5"
concentrations are particularly disconnected from NO, source regions during
the peak pollution period and post-1990s. A global chemical transport model
reproduced these discordances between total NO;~ and NO, emissions by
altering gaseous HNO; and particulate NO5™ (p-NOj3") ratios and subsequently
NOj" lifetime. This result and correlations with acidity parameters recorded in
the ice core, suggest that acidity-driven gas-particle partitioning of NO3™ reg-
ulates its transport to Arctic regions alongside changes in NO, emissions. In
the future, despite NO, reductions, the increase in proportion of p-NO5;~ with
longer atmospheric lifetime becomes crucial to control the Arctic NO;~
burden.

NOj3™ and its precursors (NO, = NO + NO,) play important roles for both
the atmosphere (i.e., particulate matter’, climate system*’, and oxida-
tive capacity through the formation of ozone (05)*) and biosphere®®.

NO;™ reduction in a wide area of the Northern Hemisphere under-
scores the importance of understanding atmospheric NO3~ dynamics
beyond precursor NO, emission' ™,

Global atmospheric models all agree that anthropogenic activities
have resulted in a dramatic increase in atmospheric NO;~ burden
through the Industrial Era>”®, although the magnitude of the increase
remains highly uncertain owing to order of magnitude variability in
atmospheric NO;~ burden among models’'°. Despite efforts to curb
NO, emissions in recent decades, the unexpectedly slow particulate

Atmospheric NO3™ exists as gaseous HNO3 and particulate NO5~
(p-NOs"). While both forms can undergo wet and dry depositions”,
HNO; is more readily removed due to its high solubility, whereas the
p-NOs’, generally in the form of NH4NOj3 in fine-mode particles, is less
prone to local deposition and supports long-range transport'. Thus,
the shift in gas—particle partitioning toward p-NO3~, driven by physical
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factors, such as liquid water content and temperature and by che-
mical factors like atmospheric acidity—especially changes in aerosol
pH—can influence the distribution and deposition pattern of
NO; > In recent decades, the persistent accumulation of atmo-
spheric p-NO3~ due to atmospheric neutralisation has been observed
in the vicinity of anthropogenic NO, source regions'*?°. These
studies have primarily focused on the persistence of particulate
matter from the perspective of air quality in major source regions,
often highlighting the buffering effect of gas-particle partitioning in
maintaining p-NO3~ concentrations despite reductions in NO, and
SO, emissions. In contrast, over longer timescales—particularly since
the Industrial Revolution, including periods of dramatic atmospheric
acidification—the impact of this buffering mechanism on the long-
range transport, spatial distribution, and deposition of NO3~ in
remote regions sensitive to environmental changes (e.g., the Arctic)
remains poorly understood.

Greenland ice cores are archives for reconstructing changes in
atmospheric species in response to anthropogenic activities in the
Northern Hemisphere? ?, The atmospheric NO5™ in the Arctic region is
mainly removed through wet deposition*** and deposits on the ice
sheet. However, NO;~ concentration (hereafter [NO5]) in Greenland
ice cores are influenced not only by atmospheric deposition® but also
by post-depositional processes such as photolytic loss and subsequent
recycling” . In addition, snow accumulation in central Greenland
(e.g., Summit site) is dominated by summer snow®, introducing sea-
sonal bias to NO5™ deposition associated with seasonally distinct NO,
sources. Due to these uncertainties, while the increase in Greenland ice
core [NO5] since the Industrial Revolution is attributed to anthro-
pogenic activities”, a decrease in ice core [NO57] has not been clearly
observed despite the suppression of NO, emissions since the 1970s*,
and these factors have not yet been comprehensively interpreted at a
mechanistic level.

The ice core from the Greenland SE-Dome region (67.18°N,
36.37°W, 3170 m a.s.l.), drilled to 90 m in 2015 (SE-Dome I*?) and to
250 m in 2021 (SE-Dome II*®), is contextually highly desirable owing to
its high accumulation rate at ~-1myr™ in water equivalents®, the
highest among Antarctic and Greenland ice domes. The SE-Dome
region is characterised by minimal post-depositional NO3~ loss, as
regions with snow accumulation rates exceeding 50 cmyr~1 in water
equivalents typically bury deposited NO5~ within approximately half a
month®?, Furthermore, regional snow accumulation is constant
throughout the year** (Supplementary Fig. S1), suggesting a negligible
seasonal bias for NO;~ deposition. Here, we reconstructed seasonally
resolved NO3~ deposition history from the SE-Dome Il ice core cover-
ing 220 years (1800 to 2020 AD) from pre-industrial times (PI) to
present-day (PD). By comparing the well-preserved atmospheric SE-
Dome Il NO5;™ records with NO, emission inventories from source
regions, we determined that, in addition to precursor NO, emission
changes, variations in atmospheric acidity influence the magnitude of
NOj3™ transport and deposition to Arctic regions by altering the gas-
particle partitioning.

Results

Annual average [NO5 ] from 1800 to 2020 in SE-Dome Il ice core
Annual [NO3] in the SE-Dome Il ice core are presented in Fig. 1a. Pur-
suant to a previous study”, the present study focused on concentra-
tions, which more accurately reflect atmospheric abundance in high
accumulation areas than the flux. The annual [NO5] of the SE-Dome Il
was 24.4 +9.2 ugkg™ on average for 1801-1850 (PI), increasing from
the 1850s to reach a maximum of 72.0 +18.9 ug kg™ from 1971 through
2000. After the 2000s, [NO3] decreased slightly but maintained high
values (65.7 +14.1 ug kg™) between 2011 and 2020. NO5™ flux trends in
the SE-Dome | ice core for 1960-2014"' showed similar interannual
variability (see Supplementary Notes (SN) 1, Supplementary Fig. S2),
ensuring the robustness of our data. By defining the 1970-2000 period

as the peak of anthropogenic NO5;™ deposition in Greenland [pollution
peak (PP)]*, with 1800-1850 as the PI baseline, a [NO5] ratio of 2.91
between these periods was obtained.

Comparison between ice core NO3;~ and NO, emission inventory
To focus on the variation in anthropogenic NO3~, which is primarily
influenced by human activities such as fossil fuel combustion, indus-
trial emissions, and agriculture-related fertilisation, the [NO53] trend
was normalised after subtracting the 1800-1850 (PI) average, which
represents the baseline level of natural NO;™ (see Methods). Figure 1b
shows the comparison between normalised [NO5"] and anthropogenic
NO, emission inventories from the Former Soviet Union (FSU), North
America (NA), and Europe (EU) and provides a trendline with their
combination (TRAJ). Despite the increase in Asian NO, emissions after
the 2000s, the Asian contribution to NO3z™ in the SE-Dome region
remained minimal and did not affect the main conclusion of this study
(see SN 2 and Supplementary Fig. S3).

Normalised [NO37] peaked at approximately 3 at PP (1970-2000)
(Fig. 1b). The normalised NO, emission inventories for EU, NA, and
TRAJ showed similar increases of 3-4 in PP but were relatively higher at
up to 5 for FSU. The NO, emissions from TRAJ regions roughly agree
with the [NO5 ] increase from PI to PP, indicating that the [NO;37] trend
from 1800 to 2020 was primarily driven by anthropogenic NO, emis-
sions from surrounding countries, although the peak [NO3] remains
slightly lower than that of the surrounding regions. [NO5] began
increasing from 1870 to 1920 before the increase in NO, emissions
(Fig. 1b). This discrepancy and its cause have been discussed
elsewhere®*(see SN 3).

The [NO57] and NO, emission trends thus show general agree-
ment; however, the [NO;3] increase in the SE-Dome from 1920 to
1970 was more gradual than the corresponding rise in NO, emissions
(Fig. 1b). Conversely, the [NO3] decrease after the 1990s was slower
than the significant reductions in NO, emissions (Fig. 1b). This slow
response of [NO57] to drastic changes in NO, emission is a con-
trasting result to the case of [SO4*]in ice cores that corresponds well
with that of SO, emission in surrounding countries®. This result
highlights that there are other factors controlling the magnitude of
NO;™ transported to the Arctic region from the precursor NO,
emissions.

The PP/PI ratios of [NO5] in other Greenland ice cores were about
2 or lower (Supplementary Figs. S2, S4, see SN 4) possibly due to
geographical reasons (e.g., distance from the source regions), post-
depositional NO5~ losses®® and/or seasonal bias due to summertime
snow accumulation®®. Notably, the [NO;7] trends among several
Greenland ice cores during the Industrial Era were similar to those of
the SE-Dome ice core; [NO5 ] increased more slowly from 1940 to 1970
and decreased more slowly after the 1990s than NO, emissions (Sup-
plementary Fig. S2). This similarity ensures the spatial robustness of
the discordance between [NO5;] and NO, over Greenland, not merely a
local phenomenon at the SE-Dome site (see SN 4).

Correlation between A(NO5;~ - NO,) and ice core chemistry

We investigated the 30 years running mean of the difference between
normalised ice core [NO5] and the annual normalised NO, emissions
[A(NO3™ - NO,)] (Fig. 2a). The A(NO3~ - NO,) showed negative and
positive values during 1920-1970 and 1990-2020, respectively. To
identify the factors explaining the pattern and discordance between
NO, emission to [NO5] records, A(NO;™ - NOy) was compared with the
various chemical and meteorological factors that could affect the
transport behaviour of atmospheric NO5™ (Fig. 3 and Supplementary
Fig. S5, and SN 5). In this correlation assessment, the period prior to
1920 was excluded due to the low [NH,] data (often below the
detection limit), the lack of meteorological data before 1900, and the
aforementioned issue with the reliability of NO, emission inventory
between 1870 and 1920 (see SN 3).
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Fig. 1| Annual [NO;] at the SE-Dome and NO, emission inventory from 1800
to 2020. a Annual (grey dot) and 30-year running average (black) of [NO5].

b Normalised 30-year running average of [NO5] (black), and anthropogenic NOy
emissions from North America (NA, orange), Europe (EU, purple), and the Former
Soviet Union (FSU, light blue). Trajectory-based blend (TRAJ, green) from the
Former Soviet Union: North America: Europe =1:4:2 according to the air-mass ori-
gins calculated via quantitative back-trajectory analysis™.

Among the variables, the A(NO3;~ - NO,) after 1920 was sig-
nificantly (p<0.01) correlated with the atmospheric acidity-related
parameters and cation species preserved in the ice core: ionic balance
[H] (r=-0.41, Fig. 3a), [nss-SO4*] (r=-0.52, Fig. 3b), gas ratio (GR,
defined as ([NH4']-2[nss-SO4*1)/[NO51%) (r=0.65, Fig. 3c) and [Ca*]
(r=0.60, Fig. 3d), while the lack of a significant correlation to
meteorological factors, such as air temperature over the North Atlantic
regions (r=0.17) and NAO index (r=0.25) (Supplementary Fig. S5).
These results imply that the change of the A(NO;™ - NO,) were related
to chemical processes after NO, emissions, rather than changes in
atmospheric dynamics nor meteorological conditions.

NOj3 exists in two forms, HNO3 and p-NO3~, which have different
lifetimes and deposition velocities, and changes in their partitioning
can significantly influence the amount of NO5™ transported over long
distances'"”'%, This gas-particle partitioning is primarily governed by
the acidity and liquid water content of fine-mode aerosols***., In fact,
as shown in Fig. 3a, b, A(NO3™ - NO,) showed a stronger correlation
with [nss-S0427], the main driver of fine-mode aerosol acidity”, than
that with [H*], which does not necessarily represent the acidity of fine-
mode aerosols due to the influence of coarse-mode ions, such as Ca2*
and Na* originating from mineral dust and sea salt*>. Furthermore, the
observed higher correlation with GR (Fig. 3c), which is a simple
representation of free ammonia available for NH4NO; particle
formation™*, further supports the above-mentioned process driven
by changes in atmospheric acidity. Other acidity-related parameters,
such as [NH4*]/[nss-S0427], also showed significant correlations (Sup-
plementary Fig. S5, see SN 5). The more accurate proxy of free
ammonia, adjusted gas ratio (adjGR, defined as ([NH3]+[NO37)/
([HNOs] + [NO31)*, is not applicable because it requires separate
p-NOs™ and HNO3 concentrations, which are not available from [NO37]
in the ice core representing a mixture of both.

The correlation with [Ca*"] (Fig. 3d), primarily from mineral dust,
suggested that the uptake of HNO3z by coarse-mode dust particles
also led to efficient dry deposition of NO;~ onto the ice sheet. How-
ever, the correlation with [Ca2*] became significantly stronger only
after the 1990s, when [Ca?*] and insoluble dust concentration in the
SE-Dome I ice core began to rise as a result of emissions from local
coastal Greenland®. Notably, limited amount of Ca®* in the ice core
available to pair with NO3™ (Supplementary Fig. S6 and SN 6) indi-
cates that this process was of secondary importance in explaining
A(NO3™ - NOy).
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Fig. 2 | Ice core and model comparison of temporal changes in the difference
between normalised [NO;] and NO, emission (A(NO;™ - NO,)) and acidity
related parameters. a A(NO5;™ - NO,) derived from ice core records (solid lines)
and GEOS-Chem simulations (dashed lines). The solid lines were calculated using
the ice core [NO5;] compared with CEDS NO emissions from North America (NA,
orange), Europe (EU, purple), and trajectory-based blend (TRAJ, green) regions. The
dashed lines were calculated from the modelled NO5™ deposition in the SE-Dome
grid compared with CEDS NOy emissions in the model for Eastern North America
(ENA, orange), Western Europe (WE, purple), and TRAJ regions (TRAJ, blue-green).
b Gas ratio (GR): ((NH4']-2[nss-SO4*])/[NO5 ] for ice core observation (grey, annual
data; black, 30 years running average), and ([NH4']+ [NH5] -2[nss-SO4* 1)/([p-
NO;7] + [HNO3]) from the modelled annual mean tropospheric concentrations over
TRAJ region (blue-green). c Modelled planetary boundary layer mean aerosol pH for
fine-mode particles over the TRAJ region (blue-green). Markers and shadows in
(b, ¢) represent median and inter-quartile range, respectively, of variables over the
model grids in the TRAJ region (- 90° to 30°E and 45° to 90°N, n =300).

Acidity-driven partitioning of HNO; and p-NO;"~ in the GEOS-
Chem model

To examine the importance of gas-particle partitioning between HNO;
and p-NOs5™ in changes in transport and deposition patterns of total
NOj3™ in response to anthropogenic emissions, global tropospheric
chemistry was simulated using the GEOS-Chem chemical transport
model. In the historical experiment, the meteorological fields were
fixed to those in 1986 and only emissions were varied from 1800 to
2019 (see Methods), and responses of spatial and temporal variations
of atmospheric NO;™ were investigated. Throughout the entire period,
atmospheric total NO5;~ (sum of HNO3 and p-NO5") deposition at the SE-
Dome site in the model was predominantly derived from wet deposi-
tion (Fig. 4w and Supplementary Fig. S7), consistent with observations
in the Arctic* . Figure 2a shows the modelled A(NO5™ - NO,) values
using sum of wet and dry NO5™ depositions in the SE-Dome grid and
NO, emissions from different source regions (ENA, WE, and TRAJ). The
modelled A(NO3™ - NO,) values were relatively constant until 1950,
decreased until 1986, and increased up to PD, aligning with the
observed post-1950 trend (Fig. 2a). This pattern covaried with the
modelled GR values (Fig. 2b), and consequently aerosol pH in TRAJ
region (Fig. 2c). We note that the temporal variations in aerosol pH are
consistent with those reported by Zhai et al. *°, showing a more gradual
increase in pH after the PP compared to the change from Pl to PP. Thus,
the modelled A(NO5™ - NO,) trends largely reproduced those observed
in the SE-Dome ice core (Fig. 2a) and confirmed a connection with the
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partitioning of HNO3; and p-NO;™ between acidity related parameters
and A(NO3™ - NOy).

Based on this result, we investigated the changes in transport and
deposition patterns of NO5™ in the model (Fig. 4). The modelled surface
p-NO;™ to total-NOj3" ratio (¢€) in ENA, WE, and TRAJ regions commonly
declined during PP (1973, Fig. 4j) and increased after NO, reduction
(2013, Fig. 4n). Reflecting a faster dry deposition rate of HNO3 than that
of p-NO;, the changes in ¢ values resulted in the increased dry
deposition ratio to total NO5;~ deposition from PI (1850 and 1900, Fig. 4
¢ and g) to PP (1973, Fig. 4k) and its decrease to PD (2013 and 2019,
Fig. 40 and s) in these three regions (Fig. 4w). Because of the changes in
deposition velocity, the lifetime (tno3) of t-NO3™ also decreased until
1973 (Fig. 41), followed by an increase through PD (2019) (Fig. 4t), as
shown in Fig. 4x. These results are consistent with the role of gas-
particle partitioning in nitrate transport discussed by Geng et al.”’, in
the regard that HNO3 is more abundant than p-NOs™~ and its fraction
increased during PP. However, our findings suggest that the rapid dry
deposition of HNO3 near source regions limits its long-range transport,
altering the overall magnitude of NO;3™ transported over long dis-
tances. This contrasts with the mechanism proposed by Geng et al.”’,
which assumes that low-81°N HNO3 is preferentially transported and
preserved in ice cores. Further research is needed to fully verify these
differences. Overall, the model represents the evolution of atmo-
spheric acidity leading to the changes in gas-particle partitioning of
HNOj; and p-NOs, reasonably explaining changes in NO3™ transport
and the A(NO3™ - NO,).

Notably, the changes in € and dry deposition ratio were less pro-
nounced in WE than those in ENA (Fig. 4v and w). The intriguing dif-
ferences between ENA and WE are likely due to variations in relative
humidity and acidity, which regulate their dry deposition velocity as
discussed by Nenes et al."® (see Supplementary Fig. S7 and SN 7). The
tropospheric concentration of peroxyacetyl nitrate (PAN), a dominant
species in atmospheric reactive nitrogen whose thermal decomposi-
tion is possibly a non-negligible NO, source in the Arctic region®,

responded linearly to anthropogenic NO, emissions (Supplementary
Fig. S8) and did not serve as an explanatory factor to the variability of
the modelled A(NO5;™ - NO,) (see SN 8).

Potential factors controlling NO3~ transport and limitations of
the model

Nonetheless, there are still limitations in the model regarding the
effects of acidity and the associated gas-particle partitioning. Indeed,
certain discrepancies remain between observation and model results
in this study (see Fig. 2a and Supplementary Fig. S9 and SN 9), with the
most critical issue being the overestimation of the modelled NO5~
deposition in SE-Dome region compared to the observed ice core
[NO57] after 1920s by approximately a factor of 2 (Supplementary
Fig. S9c). This could be associated with a long-standing problem of an
overestimate of t-NO5~ in the remote atmosphere in the model', with
recent studies suggesting that this may be attributed to an under-
estimation of the rainout and washout processes for nitric acid and
nitrate*®. Incorporating these deposition processes into the future
model is expected to reduce the discrepancy between the model and
ice core NO5™ concentrations.

However, other limitations exist in this study, which will need to
be addressed in future research. The gas-particle partitioning in GEOS-
Chem used in this study was governed by the aerosol thermodynamic
model ISORROPIA II, which mainly accounted for the formation of fine-
mode NH,4NO;**°. With these models, a large uncertainty remained in
the pH calculations, particularly regarding cation components, such as
Na*and Ca*" as pointed out by Pye et al. ™*. Notably, [Ca*'] and [Na'] had
increased in the SE-Dome ice core since 1990 (Supplementary Fig. S6),
but these components were not accurately considered in the model.
Furthermore, the model did not capture possible changes in the for-
mation of coarse-mode p-NO3™ on mineral dust or sea salt, such as in
the form of Ca(NOs), and NaNOs;, which proceeded efficient dry
deposition compared to fine-mode particles®. They could both
decrease and increase the modelled ice core [NO3~] concentrations.
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Fig. 4 | Modelled historical changes in NO;™ transport and deposition patterns.
a-t Spatial distributions in annual mass-weighted average of tropospheric total
NO;™ (t-NO3") (a, e, i, m, q), particulate NO;~ (p-NO5") ratio to t-NO5™ (¢) in the
surface layer (b, f, j, n, r), dry deposition ratio to t-NO5~ deposition (c, g, k, 0, s), and
atmospheric lifetime of t-NO3™ (tno3, defined as the column amount divided by the
deposition flux) (d, h, 1, p, t) in 1850 (a-d), 1900 (e-h), 1973 (i-I), 2013 (m-p), and

1800 18‘50 19b0 19‘50 20‘00

Year
2019 (q-t). u-x Regional averages of tropospheric t-NO;~ concentration (u), sur-
face € (v), dry deposition ratio (w), and 7y03 (x). Different line colours in (u-x)
represent variables averaged over different regions: 10-day back trajectory region
from SE-Dome (TRAJ, bluegreen), Eastern North America (ENA, orange), Western
Europe (WE, purple), and SE-Dome grid (magenta), as indicated in (a).

The decrease could occur by shortening the overall lifetime through an
increase in the coarse-mode p-NO;~ fraction during transport, while
the increase could be due to promoting dry deposition over the
Greenland ice sheet. We note that the model sensitivity test con-
sidering HNO5 uptake on dust particles' resulted in less than a 2%
decrease in t-NO;3™ depositions in the SE-Dome grid. However, this is a
conservative estimate, due to the uncertainties in the uptake coeffi-
cient and the absence of high-latitude dust sources in the model*
(see SN 9).

Other parameters must also be taken into account for factors
beyond changes in atmospheric acidity. The model used in this study
was unlikely to accurately capture decadal changes in aerosol liquid
water content, which is another key factor influencing the gas-particle
partitioning of NO5™, due to the fixed meteorological field including
temperature and humidity (see Methods and SN 9). Although PAN was
not necessarily critical in reproducing the variation of the A(NO;™ -
NO,) values in this model, considering the impacts of the recent global
warming, especially in the Arctic, temperature-dependent PAN
decomposition could influence the spatiotemporal variability of PAN-
derived NO, and NO5~ deposition (see SN 8). In addition, the GEOS-
Chem model version used in the present study did not account for
recent findings, such as increased reactive nitrogen lifetime due to
NO;~ photolysis®™°, although this process itself does not completely
explain the discrepancy (SN 9).

Overall, while this study broadly reproduced the A(NO5;™ - NO,)
values and highlighted the importance of atmospheric acidity in
modifying gas-particle partitioning, factors including those men-
tioned above should be carefully considered in future models to
accurately capture the magnitude of long-range transport of reactive
nitrogen to remote regions like the Arctic. The reconstructed NO3~
deposition in SE-Dome Il provides a valuable archive to constrain
these uncertainties.

This study reconstructed the variations from the pre-industrial
era to the present using NO3™ records from SE-Dome ice core, which
is characterised by minimal post-depositional NO3™ loss and seasonal
biases. It demonstrated that these NO;™ variations reflect not only

changes in NO, emissions in the source regions but also shifts in gas-
particle partitioning driven by changes in atmospheric acidity. In
particular, we revealed that changes in atmospheric acidity alter the
atmospheric lifetime of total nitrate (t-NO5"), thereby controlling its
long-range transport and subsequent deposition patterns in remote
regions. While the dampening of atmospheric p-NO3;™ reduction
caused by increased NH; and decreased SO, emissions is now
recognised in major anthropogenic regions in the world"*7?°, our
results suggest that the scale of this impact may be hemispheric as
evidenced in long-term aerosol p-NO3~ observations at Alert®. This
trend in anthropogenic emission change is predicted to continue
through 2050 under the Shared Socioeconomic Pathways (SSP)
2-4.5 scenario”. Furthermore, the SE-Dome ice-core record indicates
that NO;™ has become the dominant inorganic anion in the Arctic
aerosols since the 1990s, mirroring decreased SO, emissions and
S0,4> concentrations (Supplementary Fig. S6). Considering that the
net climate impacts of reactive nitrogen due to aerosol scattering of
solar radiation and oxidants supply for regulating greenhouse gas
lifetimes®, the persistent t-NO5 loading in the Arctic atmosphere is a
critical issue in this climatically sensitive region®. In addition, air
quality and climate concerns involve impacts on O3 burden due to
the significant role of p-NO5™ photolysis in O3 formation in remote
and Arctic regions™ >,

With regard to accurate future predictions and assessments of
atmospheric NO3", minimising uncertainties associated with trans-
port and deposition patterns of NO5™ in chemical transport models is
crucial. However, the inter-model variability of NO5;~ simulation
remains larger than that for SO,*, largely owing to the different
representations of gas-particle partitioning for both fine-mode and
coarse-mode p-NO;~ among models'. Although our comparison of
ice core observations and GEOS-Chem modelling suggests good
overall agreement, feedback from acidity-driven changes in NO5~
lifetime by modifying gas-particle partitioning may be overestimated
in the model. Multi-phase chemistry dependent on atmospheric
acidity remains a significant challenge in atmospheric chemistry,
with high uncertainty for atmospheric dry NO;  deposition®.
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Reducing this uncertainty requires refining atmospheric acidity
modelling, gas-particle partitioning, and HNO3 and p-NO5;~ atmo-
spheric lifetimes. An increased dust supply from the Greenland
margin areas after 2000*** could add significant uncertainty to the
deposition pattern of NO3™ through the HNO; acid uptake. The
[NO57] record from the SE-Dome Il ice core, reported herein, pro-
vides a uniquely well-preserved and high temporal resolution archive
essential for validating such key model parameters.

Methods

SE-Dome Il ice core and age scale

We used a 250 m depth ice core obtained at a dome site on the SE-
Dome (67.18°N, 36.37°W, 3170 m a.s.>.). The annual mean tempera-
ture at the SE-Dome was —20.9 °C*, For a timescale, we used the age
scale for 1800-2020 determined by Kawakami et al.”>. The age scale
was carefully evaluated using independent age markers and its preci-
sion was within a half year and could thus produce precise ion con-
centrations and/or flux in annual resolution.

Analytical method of ion concentrations

In a cold room (class 10000) at the Institute of Low Temperature
Science, Hokkaido University, Japan, the ice core was divided into
50 mm-depth sections, except for the top 5m, where the low firn
density necessitated 100 mm sections, using a clean ceramic knife,
put into a cleaned polyethene bottle, and melted at + 20 °C in a clean
room. lon concentrations (CI-, SO,*, NO5~, Na*, Ca*, and NH;") were
measured using ion chromatography [Thermo Scientific ICS-2100
(Thermo Fisher Scientific, Waltham, MA, USA); Dionex CS-12A col-
umn (Thermo Fisher Scientific) and 20 mM MSA eluent for cations;
Dionex AS-18A column (Thermo Fisher Scientific) and 23-mM KOH
eluent for anions]. The injection volume was 1000 L for anions and
500 uL for cations. The analytical precision for ion concentration
measurements was 10%, and the detection limit was 0.1pug kg™ for
NO;™. A total of 4948 samples, covering AD 1800 to 2020, were
analysed, corresponding to 23 samples per year on average. In sev-
eral samples, the CI-, SO,%, NO5~, Na*, Ca?*, and NH," concentrations
were below the detection limit and were thus regarded as zero. To
confirm that analytical errors did not cause any large peak in ion
concentrations, samples with significantly different values from two
adjacent samples, based on a 3-point running standard deviation
(>30), were re-measured with another ice sample from the same
depth. Surface decontamination and sample melting were conducted
within 1 week and 1 day, respectively, of the ion chromatography
measurement.

Calculation of annual [NO3 ] and the related ion concentrations,
normalised [NO5; ] and NO, emissions

The [NO5] (n=4948) were averaged per year (n=221; from 1800 to
2020), as a boundary on 1 January from the age scale®. The annual
[NO57] average error was roughly 2% (10 /+/22), depending on the
analytical error (10%) and number of data averaged (n=22). Annual
[CI7], [SO4*], [Na'l, [NH4'], and [Ca*] were calculated in the same
manner. lonic balance (H" concentration) was calculated as the dif-
ference of total anion minus total cation concentrations
{[CI']+2[S0,* ]+ [NO5] - ([Na*] + [NH,"] + 2[Ca*]) in umol kg™}. Non-
sea salt [SO4*] ([nss-SO4*], umol kg™) were calculated by subtracting
the sea-salt fraction ([ss-SO4*1=0.060 [Na']) from total [SO4*], i.e.,
[nss-S04*1=[S04*1-[ss-SO4*]. GR was calculated by [NH,']-2[nss-
S0,4*1)/[NO5] in molar ratio with assuming ice core [NO5] and [NH,']
represent the sum of depositions of their gas and particulate form.
Annual NO5™ ion fluxes (n =221; from 1800 to 2020) were based on the
annual average [NO5] value multiplied by the annual accumulation
rate determined by Kawakami et al.*. The annual accumulation rate
error depends on the density and timescale error used. This study used
the timescale defined by Kawakami et al., resulting in an error in

density less than 1% per 1 mm, which is negligible compared with the
[NO57] error (2%).

In this study, to analyse the relative changes in anthropogenic
NO;, we distinguished between anthropogenic and natural sources of
NO;™ and normalised the data to allow for a comparable analysis of
their changes. Anthropogenic NO3™ primarily originates from NO,
emissions associated with industrial activities, such as the combustion
of coal, oil, and natural gas. In addition, NO5;~ derived from soil NO,
emissions due to agricultural fertilisation was also considered an
anthropogenic source. Natural NO5™ sources includes lightning, bio-
mass burning, and natural soil NO, emissions. Whereas there is no
observational evidence on the historical changes in natural NO5~
sources, a modelling exercise considering all these anthropogenic and
natural sources shows that more than 90% of global NO, emission
increases from PI to PD are driven by anthropogenic sources®. Fur-
thermore, a global database of biomass burning emissions shows that
the significant increase of biomass burning since 1990s are mainly at
the tropics of South America and Asia, and that in North America and
Europe regions are largely unchanged®®. Therefore, we assumed that
natural source NO3™ remain constant throughout the entire period in
the following process.

In the normalisation process, we first used the average ice core
[NO57] during the pre-industrial period (1800-1850) as the baseline for
natural source NO3. For each year, the baseline was subtracted from
the annual mean ice core [NO5] to estimate the anthropogenic NO;~
contribution. We then normalised the annual anthropogenic NO5~
values by dividing them with the average anthropogenic NO5™ values
over the entire period (1800-2020).

The anthropogenic NO, emissions from multiple sectors, includ-
ing agriculture, were obtained from the Community Emissions Data
System (CEDS) inventory (http://globalchange.umd.edu/ceds/)*
The annual NO, emissions of NA (orange in Fig. 1), EU (purple in Fig. 1),
and FSU (blue in Fig. 1) were extracted. These data were also normal-
ised by dividing by the average values for the period 1800-2020,
making the NO3™ and NO, emission datasets comparable, since natural
NO, emissions are not included in the CEDS data. The TRA]J line (green
in Fig. 1) was calculated as a blend of NA:EU:FSU = 4:2:1 following the
air-mass contribution from NA, EU, FSU of 0.2, 0.1, 0.05, respectively,
when the whole was set as 1, based on the 7-d back trajectory analysis
using the HYSPLIT model®..

Reanalysis climate data and index

The air temperature data were extracted from the Hudcurt5 reana-
lysis distributed by the Met Office Hadley Centre and the Climatic
Research Unit at the University of East Anglia®, and the relative
humidity data from over-centennial atmospheric data assimilation
(OCADA) reanalysis developed by the Meteorological Research
Institute, Japan®’. The annual air temperature anomalies (1895-2019)
and tropospheric average of relative humidity (1900-2015) were
extracted at the SE-Dome site (67.4°N, 36.4°W) and North Atlantic
Ocean region (50-60°N, 25-55°W). We used the annual NAO index
(1836-2019) distributed by the NOAA-CIRES-DOE Twentieth Century
Reanalysis (20CR) project® and the annual AO index (1950-2015)
distributed by NOAA, Climate Prediction Centre®® for a proxy of cli-
matic spatial pattern in the North Atlantic Ocean and Arctic Ocean,
respectively.

GEOS-Chem chemical transport model

GEOS-Chem is a global three-dimensional atmospheric chemistry
transport model (www.geos-chem.org) developed by Bey et al.’.
GEOS-Chem version 12.5.0 (https://doi.org/10.5281/zenodo.3403111)
driven by assimilated meteorological fields was used from the MERRA-
2 reanalysis data product from NASA Global Modelling and Assimila-
tion Office’s GEOS-5 Data Assimilation System. To unravel variations
driven by changes in anthropogenic emissions, a series of simulations
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dating from 1800 to 2019 (1800, 1825, 1850, 1975, 1900, 1925, 1950,
1960, 1973, 1986, 1999, 2013, and 2019) at a 25-year temporal resolu-
tion before 1950 and 13-year temporal resolution after 1960 were
conducted. According to the method of Hattori et al.’®, the models
consider the same meteorology (year 1986) but changing anthro-
pogenic and biomass burning emissions. For anthropogenic emis-
sions, including soil emissions from agricultural sectors, the CEDS
inventory was used®®%, same as the NO, inventory used for the com-
parison to ice core NO3™. Emission species from CEDS included aero-
sols [black carbon (BC) and organic carbon (OC)], aerosol precursors,
and reactive compounds [SO,, NO,, NH3, CO, and non-methane vola-
tile organic carbon (NMVOC)]. The biomass-burning emissions were
used from the CMIP6 inventory (BB4CMIP) for individual years®.
Emission species from BB4CMIP included BC, CH,4, CO, NH3, NMVOC,
NO,, OC, SO,, and HCI. Note that the year-to-year variability of NOy
emission from BB4CMIP has the relatively small impact (-1%) to NO5~
deposition at SE-Dome (see SN 9), ensuring our conclusion based on
the modelling results is not influenced by the choice of year. Latitu-
dinal CH, concentrations were prescribed for historical simulations.
For years after 1979, CH, concentrations were based on the National
Oceanic and Atmospheric Administration Earth System Research
Laboratory (NOAA/ESRL) Global Monitoring Division flask observa-
tions http://esrl.noaa.gov/gmd/ccgg/trends_ch4/), and for years
before 1979, the CMIP6 monthly mean surface CH, was used®’. Dry and
wet depositions of gas and aerosol species were simulated based on
the general schemes in GEOS-Chem’®"% Peroxyacetyl nitrate (PAN),
whose long-range transport and subsequent thermal decomposition
supplies NO, in the Arctic region*’, was simulated following Fischer
et al.”’. The model was spun up for 1 year before each of the years
simulated.

The thermodynamic partitioning of HNO5 to fine mode p-NO5~
was computed using ISORROPIA 11***°, The module with assuming
aerosol particles in the form of supersaturated solutions (i.e., the
metastable state) and solving the forward problem using the total gas
and aerosol concentrations of species as inputs (i.e., forward mode) to
avoid the unrealistic aerosol pH™. The gas-particle equilibrium parti-
tioning was computed every 20 min timestep in each grid. Because the
meteorological fields are fixed and only emissions are varied in the
historical experiments, the physical parameters used to calculate
partitioning, such as temperature and relative humidity, are the same
across years. The coarse mode p-NO; is formed by the adsorption of
HNO; on sea salt aerosols and is treated as a separate tracer than the
fine mode p-NOs . The adsorption of HNO; on dust was not included
in this study because of its limited impact within the dust outflow
regions of the mid-latitude'® and a lack of high-latitude dust sources in
the model®** (see SN 9).

The primary sources of NO3™ to the Arctic region are Eastern
North America (ENA) and Western Europe (WE). NO, emissions were
extracted over ENA (- 90° to — 60°E, 30° to 60°N, n=56), WE (-15°
to 40°E, 40° to 70°N, n=72), and TRAJ (- 90° to 30°E and 45° to
90°N, n=300) (Fig. 4a) based on computed 10-d back trajectories
according to a previous study®®. NO5~ deposition, including both dry
and wet depositions, was extracted from the SE-Dome grid (- 37.5°
to —32.5°E, 62° to 66°N, n=1) and converted to ice core [NO3] by
dividing by annual total precipitation. The modelled normalised
[NO57] in the SE-Dome grid and NO, emissions from source regions
were calculated in the same manner as those for ice core observa-
tions (see section above). To do this for the modelled [NO57] and
NO, emissions, 220 annual values throughout the 1800-2019 period
were calculated by interpolating the model results of the 13
discrete years.

GR from the model was calculated as (INH4]+ [NH5] - 2[SO421)/
([p-NO5 7]+ [HNOs]), with considering gas and aerosol species sepa-
rately unlike the ice core data, using the annual mean tropospheric
concentrations over TRAJ region. Fine particle pH (recorded as

Chem_phSav in the model) was also extracted for the TRAJ region and
averaged over the boundary layer. The ratio of p-NO;3™ to t-NO3 (¢) was
calculated as € =[p-NO57]1/ ([p-NO571 + [HNOs]) for the surface layer in
the model. The atmospheric lifetime of t-NO5™ (Tyo3) was calculated in
each horizontal grid by dividing the tropospheric column t-NO5~
amount by the t-NO5™ deposition flux.

Data availability

The ice core and model data generated in this study have been
deposited in  Figshare’®  (https://doi.org/10.6084/m9.figshare.
25941562) and the Hokkaido University Collection of Scholarly and
Academic papers, HUSCAP (http://hdl.handle.net/2115/94521). Source
data are provided with this paper. Physical and chemical data,
including ion concentration and flux of the SE-Dome I ice core, are
available from HUSCAP (https://eprints.lib.nokudai.ac.jp/dspace/
handle/2115/67127). The other ice core data supporting the findings
of this study are publicly available online as follows: Summit, NEEM,
and EGRIP data were cited from https://doi.org/10.1073/pnas.
1319441111, https://doi.org/10.1594/PANGAEA.940553, and https://
doi.org/10.1594/PANGAEA.945291, respectively. CEDS21 emissions
data was from https://doi.org/10.5281/zenod0.4509372.

Code availability
The GEOS-Chem model version used in this study is available at https://
doi.org/10.5281/zenodo.5500717. The Python codes and associated
raw model outputs used for analyses are available upon request to the
corresponding authors.
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