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Abstract. Nitrate (NO3'), an abundant aerosol in polar snow, is a complex environmental proxy to interpret owing to the variety
of its sources and its susceptibility to post-depositional processes. During the last glacial period, when the dust level in the
Antarctic atmosphere was higher than today by a factor up to ~25, mineral dust appears to have a stabilizing effect on the NO5’
concentration. However, the exact mechanism remains unclear. Here, we present new and highly resolved records of NO;™ and
non-sea salt calcium (nssCa”", a proxy for mineral dust) from the Roosevelt Island Climate Evolution (RICE) ice core for the
period 26 - 40 kilo years Before Present (ka BP). This interval includes seven millennial-scale Antarctic Isotope Maxima
(AIM) events, against the background of a glacial climate state. We observe a significant correlation between NO5™ and nssCa”"
over this period and especially during AIM events. We put our observation into a spatial context by comparing the records to
existing data from east Antarctic cores of EPICA Dome C (EDC), Vostok and central Dome Fuji. The data suggest that nssCa”"
is contributing to the effective scavenging of NO;™ from the atmosphere through the formation of Ca(NO;),. The geographic
pattern implies that the process of Ca(NO;), formation occurs during the long-distance transport of mineral dust from the mid-
latitude source regions by Southern Hemisphere Westerly Winds (SHWW) and most likely over the Southern Ocean. Since
NOjs™ is dust-bound and the level of dust mobilized through AIM events is mainly regulated by the latitudinal position of
SHWW, we suggest that NO;” may also have the potential to provide insights into paleo-westerly wind pattern during the

events.

1. Introduction

Nitrate (NO53), the end product of oxidation of nitrogen oxides (NOx = NO+NO,) in the atmosphere, is one of the anions widely
measured in Antarctic ice cores (Legrand and Mayewski, 1997; Wolff, 2013). A range of sources relevant to Antarctica has

been identified for the production and release of NO, species, such as a) oxidation of N,O and the photo-dissociation and
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photoionization of N, in the stratosphere (Calisto et al., 2011; Savarino et al., 2007; Traversi et al., 2016) b) thunderstorm
lightning in the lower latitudes (Lee et al., 2014; Schumann and Huntriser, 2007), ¢) combustion of fossil fuels and biomass
(Lee et al., 2014; Schumann and Huntriser, 2007), d) oceanic-sourced organic NO;™ (Beyersdorf et al., 2010; Wolff, 2013),
and d) soil denitrification (Lee et al., 2014; Legrand et al., 1999; Schumann and Huntriser, 2007; Wolff, 2013). This variety
of sources makes the interpretation of NO; as an environmental proxy very interesting and highly complex. In addition, post-
depositional losses through photolysis of NO;3", which involves its dissociation into NO, NO, and HCHO compounds (Erbland
et al., 2013; Grannas et al., 2007; Shi et al., 2015) and volatilization of nitric acid (HNOs3) can also alter the original nitrate
concentration preserved in the snow (Rothlisberger et al., 2002; Shi et al., 2019). The relative contribution of photolysis vs.
volatilization also depends on the site characteristics, as the leakage through the photolytic process could be critical for the
high elevation inland sites where the snow accumulation rate is low (Erbland et al., 2013; Shi et al., 2015) and the light
attenuation depth is deeper (Winton et al., 2020), whereas volatilization is found play a greater role in the warmer locations,
with temperatures higher than ~ -24°C (Shi et al., 2019).

In general, the concentration of NOj™ is observed to be strongly influenced by temperature and accumulation rate,
with NOs™ concentration found to be increasing with decreasing temperature (Rothlisberger et al., 2000; Rothlisberger et al.,
2002). This may be due to a higher uptake of HNOj into the snow with lower temperatures (Rothlisberger et al., 2000) or due
to a higher stratospheric input associated with the sedimentation of polar stratospheric clouds (Grannas et al., 2007; Mayewski
and Legrand, 1990). The role of accumulation rate in controlling the concentration of NO;3™ can be difficult to decipher, as
temperature and accumulation rate are interlinked (Rothlisberger et al., 2000). Nevertheless, an increase in the mean
concentration of NOj;™ is to be expected with higher accumulation rates because of reduced post-depositional leakage
(Rothlisberger et al., 2002; Zatko et al., 2016).

Interestingly, the concentration of NOj5 is instead observed to be higher during glacial times when the accumulation
rate is low, a physical scenario where NO;™ loss is expected to aggravate due to enhanced post-depositional leakages
(Rothlisberger et al., 2000; Wolff et al., 2010). Although the lower temperature can explain this relationship to some extent, it
also necessitates additional mechanisms. This is because NO;  shows significant millennial-scale variability within the glacial
period, as documented in the Vostok NO;™ record, when the temperature changes were minimal (~1 - 3°C) (Legrand et al.,
1999; Rothlisberger et al., 2000). A recent ground-based study from Halley station, a site in coastal East Antarctica, shows
only ~ 4 parts per trillion (ppt) variation in HNO; over a temperature change of ~10°C (Jones et al., 2014), suggesting that to
have substantial adsorption or desorption of HNOj; onto/out-of-the snow surface require a large temperature gradient, several
times higher than what is observed during the glacial period.

Correlation of non-sea salt calcium (nssCa’"), a proxy for mineral dust, and NOj;™ over the glacial period in the cores
EPICA Dome C (EDC), Vostok and Dome Fuji indicate that nssCa”" from dust particles react to form Ca(NO3), and stabilizes
the NO5™ concentration (Legrand et al., 1999; Rothlisberger et al., 2000; Rothlisberger et al., 2002; Watanabe et al., 1999;
Wolff et al., 2010). Whether this process primarily takes place in the atmosphere or the snow pack is still subject to much

debate. If the reaction occurs in the snow, then mineral dust may be preventing the post-depositional loss of NO5". If it takes
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place in the atmosphere, then dust most likely enhances NO;™ scavenging (Rothlisberger et al., 2000). Rothlisberger et al.
(2000) recommended that additional records for both mineral dust and NO; are required to resolve the role of dust in the
accumulation of NO;3™ during the glacial.

In this context, we present a new, well-dated and highly resolved glacial record of NO; and Ca®" from Roosevelt
Island Climate Evolution (RICE) ice core, a record from Roosevelt Island, located in the eastern Ross Ice Shelf, West
Antarctica (Fig. 1). We focus on the temporal evolution of NO; and nssCa®* between 26 - 40 kilo years before present (ka BP),
a time interval also characterized by millennial-scale climate oscillations in Antarctica, known as ‘Antarctic Isotope Maxima’
(AIM). We examine the response of the high-resolution record of NO3 and nssCa”" in relation to AIM events, and on a range

of time scales, and evaluate the implications of their association.

2. Materials and Methods

2.1 Site description

The RICE project is a 9-nation collaborative project that retrieved a deep ice core from Roosevelt Island, a local ice rise in
Ross Ice shelf, West Antarctica (Bertler et al., 2018) (Fig. 1). The bedrock surface of the rise lies ~214 m below the sea level.
The locally accumulated ice creates a dome of elevation of ~550 m above sea level and with a total thickness of about 764 m
at the crest. The drilling site (79°.364 S, 161°.706 W; annual mean temperature — 23.5°C) was chosen close to the dome
summit. Annual average snow accumulation rates range between 2244 cm.w.e.a’ close to the drill site from 2010 - 2013

(Bertler et al., 2018; Winstrup et al., 2019).

2.2 RICE 17 Age Model

The RICE 17 chronology is a combination of annual layer counting for the top 343 m, covering the past 2700 years (Winstrup
et al., 2019) and gas synchronization for the remaining section of the core (Lee et al., 2020). For the time interval between
1971 CE to 30.6 ka BP, RICE CH, and 530, profiles are matched to those of West Antarctic Ice Sheet (WAIS) Divide ice
core (WDC) using an automated algorithm, and for the interval between 30.6 and 40 ka BP, a set of CH4 and 5"%0,m profiles
in RICE were instead visually matched (Lee et al., 2020). A dynamic version of the Herron—Langway model has been used to

simulate the A age and the RICE 17 ice-age scale is derived by adding the Aage to gas ages.

2.3 Sample Analyses

Major ions, such as NOjy', Ca*", Na', CI', methane sulphonic acid (MSA), SO.*, K" and Mg2+ were measured using reagent-
free Dionex ion chromatography (IC) system—5000, with a 2mm column, and a flow rate of 0.25 ml/min. Core processing and
sample collection for IC and continuous flow analysis (CFA) of Ca®" is discussed in detail in Winstrup et al. (2019) and is
based on a modified version of the Copenhagen CFA system (Bigler et al., 2011). For CFA calcium record, a three-point
calibration is used. The precision of the major ions analysed by IC is calculated based on the internal standards run regularly
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between the samples on a ratio of 5:1 (sample: standard) The analytical precision is better than ~5 % for Ca®* and better than
~10% for NOj3™ for the IC samples measured within the bracketing time period (26 - 40ka BP). A likely reason for the reduced
precision observed for NO;3™ could be due to the influence of extremely small contamination from drill fluid, a mixture of
Estisol-240 and Coasol (Bertler et al., 2018), as the section of the core lies in the brittle ice zone (500 - 764m) that is susceptible

to internal fractures (Pyne et al., 2018).

2.4 Sample Analyses

Non sea salt fraction of calcium (nssCa”") is calculated using the linear equation (1)
nssCa?t =R+ ([Ca?]—R ,(INa*D*(R;—R,) ¢ D

where R.and R, are the crustal and marine ratio of Ca*"/Na* (Lambert et al., 2012) and with Ca*" and Na' measured from IC.
We have used the traditional values of R, and R,, which are 1.78 and 0.038, respectively (Bowen 1979), instead of 1.06 and
0.043 as used for nssCa®" calculation in EDC (Lambert et al., 2012). This is because sea salt acrosols deposited at RICE
originate from open-ocean sources and are formed through mechanisms like bubble-bursting (Winstrup et al., 2019), as
opposed to sites in central East Antarctica (e.g. EDC), where sea ice surfaces are identified as the major source of such aerosols
(Wolff et al., 2006). Hence, traditional R, value shall be more appropriate. Also, the trajectory modelling for dust transport to
RICE shows a mixture of sources such as south of South America, Australia and New Zealand (Neff and Bertler, 2015), which
suggests using a general value of R,, may better represent the crustal ratio. However, it is also to be noted that changing R, and
R, from traditional values has only a very minimal effect on nssCa”" calculation (mean difference of ~0.5ppb), as documented

in numerous other studies (Bigler et al., 2006; Lambert et al., 2012).

2.5 Statistical Analyses
2.5.1 Principal Component Analysis

Principal Component Analysis (PCA) is a multi-variate statistical technique used for data reduction and development of multi—
parameter proxies of climate indicators (Buizert et al., 2018; Lambert et al., 2012). PCA analysis has been performed on the
whole data set and is carried out using MATLAB algorithm, pca. Prior to the analysis, outliers are removed, data are averaged

to 50-years to achieve equal sample spacing and are then detrended.

2.5.2 Wavelet Coherence and Cross Spectrum Analyses

Wavelet coherence is a measure of correlation between two variables ( NO;™ and nssCa®* here) in a time-frequency plane and
is computed using analytic Morelet wavelet in MATLAB (Grinsted et al., 2004). The computed coherence is expressed as
magnitude-squared coherence (msc). Wavelet cross spectrum (WCS) analysis is performed to identify the relative lead/lag

between NO5™ and nssCa”" and the phase of WCS is provided for the values higher than 0.6 msc.
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3. Results

3.1 Temporal Variability of nssCa** and NO5~

We compare the changes in nssCa®"and NO5™ to RICE 8D, a proxy for isotope temperature reconstructions (Dansgaard, 1964),

between 26-40 ka BP (Fig. 2). Temperature records for the last glacial period, especially for marine isotope stage (MIS) 3 in
130  Antarctica are characterized by millennial-scale AIM events (Buizert et al., 2015; EPICA Community Members, 2006). RICE

SD record also captures these oscillations and AIM events 3, 4, 5.1, 5.2, 6, 7, 8 are identified during this period (Fig. 2d).

Among them, AIM 8 and AIM 4 are considered to be large events, in terms of both their duration (~ 2000 years) and degree

of warming (~ 3°C) (EPICA Community Members, 2006).

RICE Ca®" has been measured independently using both CFA (Fig. 2a) and IC. The significant correlation between

135  both the Ca®* records (1=0.77, p<0.01; 50-yr averaged data), despite having been produced from two different analytical set up

indicates the reproducibility of the data. Since the CFA system did not measure Na®, we are not able to determine nssCa”" from

CFA. Henceforth, here we use CFA Ca®' to complement the nssCa”" derived from IC, as Ca®" during this period is dominated

by crustal inputs (average enrichment by a factor of ~2.7 from the marine ratio: Fig. S1).

The nssCa”" record shows a significant increasing trend towards MIS 2/last glacial maximum (LGM), with an increase

140 in mean concentration after 31.5 ka BP (~7.9 to 9.4 ppb) (grey line on Fig. 2b). During AIM events, nssCa”" signature broadly
shows a characteristic response in the form of its fall in concentration (Fischer et al., 2007a; Lambert et al., 2012). However,
during events AIM 6 and AIM 3, after the initial fall, the evolution involves a sharp rise in the concentration of approximately
twice the magnitude of the fall, followed by a drop to the earlier level. This attributes a distinct signature to the dust signals of
these events. In addition, the record also shows two large centennial-scale peaks around ~33.3 ka BP and 31.5 ka BP, which

145  coincide with the end of AIM events 6 and 5.2, respectively (black circles on Fig. 2b).

Similarly, NO;™ displays concentration decrease during AIM events (Fig. 2¢). However, during AIM 6, we also
observe a brief rise in the NO;™ concentration after the first drop, followed by its decline. Likewise in nssCa”", NO5™ record
also includes two large peaks of centennial duration around 33.3 ka BP and 31.5 ka BP, respectively (black circles on Fig. 2¢).
The evolution of NOj;™ over this period also showcase a shift to higher concentration after 31.5 ka BP (~ 22.5 to 24.4 ppb) (grey

150 line on Fig. 2¢), which imparts a significant increasing trend to the record towards MIS2/LGM.

3.2 Wavelet coherence and cross spectral analysis of NO3™ and nssCa”"

The statistically significant coupling between NO3™ and nssCa”" observed in their respective time series on millennial and

centennial scales are also evident in the wavelet coherence and WCS analysis (Fig. 3a, b). A significant correlation is observed
155 in the frequency band of ~1500 - 3000 years between ~39 - 28 ka BP and within ~500 - 700 years between 30 - 35 ka BP. In

the latter, centennial frequency band, WCS analysis also reveals an in-phase relationship (Fig. 3b).

3.3 Nature of association as revealed from Principal Component Analysis.
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To understand the complex relationship between NOs™ and nssCa’*, a principal component analysis is performed. The full data
set consists of Na™, CI, Mg2+, nssCa>", K, SO,%, NO5 and MSA concentrations. The first three principal components together
explain ~95 % variance of the considered ions (Table 1). The first principal component (PC1) is dominated by the most
common sea salt species, Na" and CI', and accounts for 77.67 % variance of the data. The higher variability of sea salt acrosols
in RICE is not a surprise as it is a low-elevation coastal site and, as such, will be very sensitive to any changes in the spatial
configuration of the open ocean, especially Ross Sea (Bertler et al., 2018). The second principal component (PC2) explains
12.26 % variance of the data and is almost solely represented by SO,4* (factor loadings=0.95). SO,* inputs to RICE can be a
combination of biogenic contributions from Ross Sea (Winstrup et al., 2019) and volcanic emissions. Winstrup et al. (2019)
have reported strong seasonality in SO~ signals in the top section of the RICE core (0-343m), with maximum concentration
in summer when the phytoplankton activity increases, and minimum concentration in winter when the biological productivity
in the Ross Sea is reduced. Volcanic SO,” has been widely used in Antarctic cores for developing common age scales (Parrenin
et al., 2012; Severi et al., 2012) and reconstructing the past volcanic aerosol forcing (Sigl et al., 2014). The third principal
component (PC3), which represents 4.94 % variance of the data, is characterized by the co-occurrence of NO;™ and nssCa”"
with high factor loadings (0.84 and 0.45, respectively). Most of the variance of these two species are explained in this PC. As

NO; and nssCa®" has completely different sources, this PC is most likely representing identical depositional mechanisms.

4. Discussion

4.1 Role of mineral dust in the NO3;™ accumulation during the glacial period

Mineral dust, represented by the nssCa’", mostly originates from continents outside of Antarctica and is introduced into the
Antarctic atmosphere by SHWW (Fischer et al., 2007b; Lambert et al., 2012; Rothlisberger et al., 2002). The strong association
of nssCa’" and NOs™ observed in the time series, wavelet coherence and through their covariance in PC3, raises the question:
Is nssCa”" an effective scavenging agent for the deposition of NO; or is the prevention of post-depositional leakage of NO5~
from the snowpack is the dominant influence? Rothlisberger et al. (2000) noted that if NO;™ formation takes place in the
atmosphere, a strong correlation between nssCa®* and NO; is expected and is to be observed across the continent, as extra-
continental dust is well-mixed in the Antarctic atmosphere by SHWW.

To test this hypothesis, we compare glacial nssCa”" and NOj records from other Antarctic locations (Fig. 1). Just as
it is the case at our west Antarctic site RICE, EDC (Rothlisberger et al., 2000), Vostok (Legrand et al., 1999) and Dome Fuji
(Watanabe et al., 1999), three east Antarctic sites, also document a similar close association between NO;™ and nssCa®" (Fig.
4). Glacial accumulation rate is relatively higher at RICE (~1 lcmyr") (Lee et al., 2020), in comparison to the East Antarctic
sites, where the rate of accumulation is understood to be very low during the glacial period (~1.4 cmyr™") (EPICA Community
Members, 2006). Based on a global chemical transport modelling, Zatko et al. (2016) examined the impact of the snow
accumulation rate on NOj’ loss, recycling and redistribution across Antarctica. Modelled NOj;™ loss and recycling is very
significant (up to ~ 95% and factor of 8, respectively) in the low accumulation polar plateau due to photolysis. This suggests

that at Antarctic locations such as EDC, Vostok and Dome F, HNO; deposited on the snow surface are most likely to be lost
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witout diffusing into the snow and reacting with nssCa”" present inside. Whereas, the photolytic NO5™ loss is minimal at the
coastal Antarctic locations like RICE (5 - 55 %). Thus, as the NO5™ and nssCa®" association is found active at sites both in East
and West Antarctica that are spatially well-dispersed, with different rates of accumulation and hence preservation potentials,
we propose that nssCa®" is scavenging NO;™ from the atmosphere and depositing it as Ca(NOs), in the snowpack.

We also note that overall during the glacial period, the hydrological cycle was weaker, continental shelves were more
exposed and glacier discharges into outwash plains were higher, providing conditions conducive to increased dispersion of
dust from the source regions (Fischer et al., 2007a; Lambert et al., 2012). Such dustier conditions can lead to more efficient
scavenging of NOs". Studies have also shown that the lifetime of HNO; in the atmosphere through the dust removal can be
well limited to just two days during dustier periods like glacial times (Hanish and Crowley, 2001), re-affirming its effectiveness

in the scavenging process.

4.2 Environmental implications of nssCa’" and NOj; association for the glacial

4.2.1 Mineral dust as proxy for SHWW during AIM events
Mineral dust, measured in the form of nssCa”", has been commonly used as a proxy to infer the latitudinal displacement of
SHWW during the last glacial period, and particularly during AIM events (Lambert et al., 2012), where each event was
accompanied by a poleward shift in the SHWW (Buizert et al., 2018; Markle et al., 2017). Southern South America is often
identified as the most important source for continental dust to Antarctic ice cores, especially to East Antarctica during the
glacial period (Delmonte et al., 2008; Fischer et al., 2007b). However, some studies also indicate a possible contribution from
Australia (De Deckker et al., 2010). Air mass trajectory and provenance studies analysis suggests Australia and New Zealand
dust sources might contribute significantly to west Antarctic sites like RICE along with South American dust (Neff and Bertler,
2015; Winton et al., 2016). Evidence of widespread formation of loess deposits in New Zealand from glacier erosion in the
Southern Alps during the last glacial (Eden, 2003) would also contribute to strengthening the importance of this source area.
As SHWW shift southward, away from these source regions in the mid-latitudes, AIM events are characterized by a
reduced nssCa®" concentration in the Antarctic ice core records (Fischer et al., 2007a; Lambert et al., 2012). The southward
displacement of SHWW may also change the precipitation pattern in the predominant source regions such as Patagonia by
reducing its strength (Boex et al., 2013; Moreno et al., 2012). Furthermore, in response to the atmospheric reorganization,
oceanic fronts re-arrange and shift southwards during AIM events, bringing warmer subtropical waters to the mid-latitudes
(Barker et al., 2009; De Deckker et al., 2012). This causes sea surface temperature in the mid-latitudes to rise (Barker et al.,
2009; Lamy et al., 2007), which then could trigger regional warming (Boex et al., 2013). This warming when combined with
reduced precipitation in prominent source areas like Patagonia, can possibly lead to glacier melting (Boex et al., 2013) and
formation of pro-glacial lakes which can act as dust-traps in such areas (Sugden et al., 2009), and also facilitate the vegetation
growth on surfaces previously covered by snow, thereby stabilizing them. Hence, these feedback processes can further reduce

the dust-mobilization during the events.
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RICE also captures a decrease in nssCa®" level broadly during all AIM events. However, during AIM 6 and AIM 3, we also
observe centennial-scale peaks within the drop. To put our data into a wider context, we compared our records to the available
EDC and EPICA Dronning Maud Land (EDML) data (Fig. S2). And during AIM 3, we observe a similar pattern at both the
sites. The increase in nssCa”" flux after the initial drop is observed to be approximately twice the magnitude of the fall at both
the locations. Fogwill et al. (2015) suggest that the obliquity minimum around ~28.5 ka BP may have resulted in circum-
Antarctic sea ice growth, influencing SHWW and forcing it to shift northward with higher speed. This might explain the
centennial-scale jump in nssCa’" concentration after the early drop during AIM 3. SHWW is likely to re-adjust later as the
stadial conditions continue to be prevalent in the North Atlantic (Buizert et al., 2018) forcing SHWW to shift poleward, which
could describe the following fall back in the concentration. During AIM 6, the pattern of the rise in concentration after the
initial reduction observed in RICE is not visible at EDC or EDML. This questions the continent-wide representation of this

dust signal and perhaps even suggest that its appearance is limited only to the Ross Sea region/West Antarctica.

4.2.2 Potential of NO;™ as an additional paleo-westerly wind proxy?

Experimental studies show that amongst calcium-containing minerals, carbonates such as calcite (CaCOs) and dolomite
(CaMg(CO3),) are the most reactive in the presence of nitric acid (HNOs) in the atmosphere (Gibson et al., 2006; Krueger et
al., 2004; Vlasenko et al., 2006). The reaction can lead to the formation of calcium nitrate (Ca(NOs),) following reactions (2)
and (3) below (Gibson et al., 2006; Krueger et al., 2004). In addition to the reaction with HNO;, CaCO; and CaMg(CO3), can
also react with nitrogen pentoxide (N,Os) to form Ca(NOs), given by reactions (4) and (5) (Gibson et al., 2006)

CaC0; + 2HNO; — Ca(N03), + CO, + H, )
CaMg(COs), + 4HNO; —» Ca(NO3), + 2C0, + H,0 + Mg 3)
CaC0s + N,Os > Ca(NO3), + CO, “)
CaMg(CO0s), + 2N,05 - Ca(N03), + 2C0, + Mg(NO,), ®)

The mineral composition of both southern South American and Australian dust aerosols show the presence of calcium-
containing minerals such as calcite and Ca-rich plagioclase (Radhi et al., 2011; Zarate, 2003), and thus the reactions (2)-(5)
could occur in the atmosphere. Furthermore, the reactions (2)-(5) accelerate when the relative humidity increases, encouraging
preferentially Ca(NOs), formation because of the hygroscopic nature of Ca(NO;), (Krueger et al., 2004; Mahalinganathan and
Thamban, 2016; Vlasenko et al., 2006). Due to Antarctic’s characteristic low relative humidity and shallow atmospheric
boundary layer, it is less likely for neutralization reactions to occur locally (Mahalinganathan and Thamban, 2016).

Investigation of nssCa>"/ NO5™ association in the snow pit samples of coastal and inland East Antarctica suggests that binding

8
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reactions most likely occur over the Southern Ocean during the long-range transport of nssCa’>" due to a higher relative
humidity over the region (Mahalinganathan and Thamban, 2016). During the glacial period, a time when relative humidity in
the Antarctic atmosphere is significantly decreased compared to present day, we propose that neutralization reactions between
mineral dust and NO;” most likely occurred over the Southern Ocean. This suggests a possible link to long-range transport of
nssCa”" and NO; by SHWW and also implies that the NO5™ signal preserved through the glacial period is the dust-bound NO5~
dispersed by the westerly winds to the Antarctic atmosphere.

The amount of extra-Antarctic dust reaching Antarctica from the mid-latitude source regions during AIM events is
primarily controlled by the zonal position of SHWW (Lambert et al., 2012). As NOs™ is dust bound and the variability of the
dust concentrations across AIM events depends on the latitudinal movement of SHWW, it implies that NO;™ concentration is
indirectly regulated by SHWW. This opens-up the possibility of utilizing NO;™ as a westerly wind proxy for the AIM events.
During AIM events, NO5~ exhibits a reduction in concentration similar to that of nssCa®" (Fig. 2b, c). In addition to the
congruent response we observe in the time series, the wavelet analysis also reveals statistically significant coherence among
these species in the periodicity of AIM events (~2000 years) (Fig. 3a, b). To our observation into wider context, we assessed
NO; and nssCa®" records from EDC and Dome F across AIM events (numbered in Fig. 4). The identical response of both
species is evident in both the cores during large events (AIM 4 and AIM 8) (Fig. 4c-f). The relationship can also be identified
for smaller events (AIM 3, 5.1, 5.2, 6,7) in EDC (Fig. 4c, d). However, at Dome F, lower temporal resolution (~200 years) act
as a hindrance to identify the smaller events (duration ~1000 years). Moreover, the wavelet analysis also shows significant
coherence between NO5™ and nssCa®" in the frequency domain of AIM events at both the locations (Fig. 5a, b). This shows that
dust- NO;™ coupling identified during AIM events can also equally be observed in other regions of Antarctica which are located
distantly from RICE (e.g. EDC, Dome F). This indicates a continent-wide validity for this relationship, which also strengthens
our argument of using NO5" as a westerly wind proxy during AIM events.

To investigate the phasing between nssCa>” and NOs records at different sites, we performed WCS analysis. In RICE,
the nssCa”" shows a lead of ~100 - 200 years in the frequency window of AIM events (~2000 years) over the whole period
(~28 - 39 ka BP) (Fig. 3b). Whereas at Dome F, the records are in-phase from ~39 - 34 ka BP (Fig. 5b). While, starting from
~34 ka BP, NO;3" shows a lead of ~100 - 250 years. On the other hand, at EDC, both the records show an in-phase relationship
over the whole interval (~26 - 39 ka BP) (Fig. 5a). This observation of spatially-varying phase relationship is intriguing.
However, resolving it would require more detailed investigation perhaps on the of site characteristics, such as distance between
the site and dust source and therefore the transport time for the aerosols or difference in the residence time along the transport

route.

5. Conclusion
The correlation between NOs™ and nssCa”" in the RICE record provides additional evidence of the role of calcium-containing
mineral dust on the scavenging of NO;™ through the formation of Ca(NOs),. This process is particularly important during the

glacial period when the dust load is higher by a factor of up to ~25 than today. This association has been observed previously
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in the east Antarctic cores of EDC (Rothlisberger et al., 2000), Vostok (Legrand et al., 1999) and central Dome Fuji (Watanabe
et al., 1999). Here, we show the same relationship for the first time for a coastal site in West Antarctica, thereby showing it is
an Antarctic-wide phenomenon during the glacial. We conclude that NO;™ scavenging by mineral dust in the atmosphere is the
dominant mechanism for the NO;/nssCa®" correlation observed in ice cores and binding reactions most likely occur during
the long-range transport from mid-latitudes to Antarctica by SHWW. During AIM events, the NO;" variability depends on the
level of mineral dust mobilized from mid-latitude source regions, which inturn influenced by the latitudinal position of SHWW.

For this reason, we also suggest that NO;” may be a useful paleo-westerly proxy for the AIM events of the glacial period.

Data Availability
The following data are available in the supplementary material of the manuscript. RICE Ca®" (CFA), NO5™ (IC), nssCa®" (IC)
and the other Antarctic ice core data sets used. The RICE data will also be made available at PANGEA Data Publisher

(ww.pangea.de) upon the acceptance for publication.

Author contributions
A.U.V and N.A.N.B. designed the project. R.L.P helped with the major ion measurements. H.A.K produced the CFA data.
A.U.V led the manuscript preparation and all the authors contributed to the conceptual discussions and the interpretations of

the data.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgments

This work is a contribution towards the Roosevelt Island Climate Evolution (RICE) program, funded by national contributions
from New Zealand, Australia, Denmark, Germany, Italy, the People’s Republic of China, Sweden and the United States of
America. The main logistic support was provided by Antarctica New Zealand (K049) and the U.S. Antarctic program. This
work has been funded by Ministry of Business, Innovation and Employment Grants through Victoria University of Wellington
(RDF-VUW-1103, 15-VUW-131) and GNS Science (540GCT32, 540GCT12). A.U.V would like to thank the RICE drilling
team of 2011 - 2013 for making the samples available for the study and GNS RICE PhD scholarship (2016 — 2019) for
supporting the work. V.H.L.W was supported by a Rutherford Foundation Post Doctoral Fellowship administered by the Royal
Society Te Aparangi.The Danish contribution to RICE was funded by the Carlsberg Foundation’s North—South Climate
Connections project grant. The research also received funding from the European Research Council under the European
Community’s Seventh Framework Programme (FP7/2007-2013) ERC grant agreement 610055 as part of the Ice2Ice project
and the European Union’s Horizon 2020 research and innovation programme under grant agreement No 820970 and is TiPES

contribution #54.

10



https://doi.org/10.5194/cp-2020-151 Climate
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

References

330 Barker, S., Diz, P., Vautravers, M.J., Pike, J., Knorr, G., Hall, I.R., Broecker, W.S.: Interhemispheric Atlantic seesaw response
during the last deglaciation. Nature 457, 1097-1102, 2009.

Bertler, N.A.N., Conway, H., Dahl-Jensen, D., Emanuelsson, D.B., Winstrup, M., Vallelonga, P.T., Lee, J.E., Brook, E.J.,
Severinghaus, J.P., Fudge, T.J., Keller, E.D., Baisden, W.T., Hindmarsh, R.C.A., Neff, P.D., Blunier, T., Edwards, R.,
335 Mayewski, P.A., Kipfstuhl, S., Buizert, C., Canessa, S., Dadic, R., Kjer, H.A., Kurbatov, A., Zhang, D., Waddington, E.D.,
Baccolo, G., Beers, T., Brightley, H.J., Carter, L., Clemens-Sewall, D., Ciobanu, V.G., Delmonte, B., Eling, L., Ellis, A.,
Ganesh, S., Golledge, N.R., Haines, S., Handley, M., Hawley, R.L., Hogan, C.M., Johnson, K.M., Korotkikh, E., Lowry, D.P.,
Mandeno, D., McKay, R.M., Menking, J.A., Naish, T.R., Noerling, C., Ollive, A., Orsi, A., Proemse, B.C., Pyne, A.R., Pyne,
R.L., Renwick, J., Scherer, R.P., Semper, S., Simonsen, M., Sneed, S.B., Steig, E.J., Tuohy, A., Venugopal, A.U., Valero-
340 Delgado, F., Venkatesh, J., Wang, F., Wang, S., Winski, D.A., Winton, V.H.L., Whiteford, A., Xiao, C., Yang, J., and Zhang,
X.: The Ross Sea Dipole — temperature, snow accumulation and sea ice variability in the Ross Sea region, Antarctica, over the

past 2700 years. Climate of the Past 14, 193-214, 2018.

Beyersdorf, A.J., Blake, D.R., Swanson, A., Meinardi, S., Rowland, F.S., and Davis, D.: Abundances and variability of
345 tropospheric volatile organic compounds at the South Pole and other Antarctic locations. Atmospheric Environment 44, 4565-

4574, 2010.

Bigler, M., Rothlisberger, R., Lambert, F., Stocker, T.F., and Wagenbach, D.: Aerosol deposited in East Antarctica over the

last glacial cycle: Detailed apportionment of continental and sea-salt contributions. Journal of Geophysical Research 111, 2006
350

Bigler, M., Svensson, A., Kettner, E., Vallelonga, P., Nielsen, M.E., and Steffensen, J.P.: Optimization of High-Resolution

Continuous Flow Analysis for Transient Climate Signals in Ice Cores. Environmental Science & Technology 45, 4483-4489,

2011.

355 Boex, J., Fogwill, C., Harrison, S., Glasser, N.F., Hein, A., Schnabel, C., and Xu, S.: Rapid thinning of the late Pleistocene
Patagonian Ice Sheet followed migration of the Southern Westerlies. Scientific Reports 3, 2013.

Buizert, C., Adrian, B., Ahn, J., Albert, M., Alley, R.B., Baggenstos, D., Bauska, T.K., Bay, R.C., Bencivengo, B.B., Bentley,
C.R., Brook, E.J., Chellamn, N.J., Clow, G.D., Cole- Dai, J., Conway, H., Cravens, E., Cuffey, K.M., Dunbar, N.-W., Edwards,
360 J.S., Fegyversei, J.M., Ferris, D.G., Fitzpatrik, J.J., Fudge, T.J., Gibson, C.J., Gkinis, V., Goetz, J.J., Gregory, S., Hargreaves,
G.M., Iverson, N., Johnson, J.A., Jones, T.R., Kalk, M.L., Kippenhan, M.J., Koffman, B.G., Kreutz, K., Kuhl, T.W., Lehar,

11



https://doi.org/10.5194/cp-2020-151 Climate
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

365

370

375

380

385

390

Discussions

D.A., Lee, J.E., Marcott, S.A., Markle, B.R., Maselli, O.J., McConnel, J.R., McGwire, K.C., Mitchell, L.E., Mortensen, N.B.,
Neff, PD., Nishiizumi, K., Nunn, R.M., Orsi, A.J., Pasteris, D.R., Pedro, J.B., Petit, E.C., Price, B., Priscu, J.C., Rhodes, R.H.,
Rosen, J.L., Schauer, A.J., Schoenemmann, S.W., Sendlebach, P.L., Severinghaus, J.F., Shturmakov, A.J., Aigl, M., Slwany,
K.R., Souney, J.M., Sowers, T.A., Spencer, M.K., Steig, E.J., Taylor, K.C., Twickler, M.S., Vaughn, B.H., Voigt, D.E.,
Waddington, E.D., Welten, K.C., Wendricks, A.W., White, J.W.C., Winstrup, W., Wong, G.J. and Woodruff, T.E.: Precise
interpolar phasing of abrupt climate change during the last ice age. Nature, 520(7549): 661-5, 2015.

Buizert, C., Sigl, M., Severi, M., Markle, B.R., Wettstein, J.J., McConnell, J.R., Pedro, J.B., Sodemann, H., Goto-Azuma, K.,
Kawamura, K., Fujita, S., Motoyama, H., Hirabayashi, M., Uemura, R., Stenni, B., Parrenin, F., He, F., Fudge, T.J., and Steig,
E.J.: Abrupt ice-age shifts in southern westerly winds and Antarctic climate forced from the north. Nature 563, 681-685, 2018.

Calisto, M., Usoskin, I., Rozanov, E., and Peter, T.: Influence of Galactic Cosmic Rays on atmospheric composition and

dynamics. Atmospheric Chemistry and Physics 11, 4547-4556, 2011.

Dansgaard, W.: Stable isotopes in precipitation. Tellus XVI, 1964.

De Deckker, P., Moros, M., Perner, K., and Jansen, E.: Influence of the tropics and southern westerlies on glacial

interhemispheric asymmetry. Nature Geoscience 5, 266-269, 2012.

De Deckker, P., Norman, M., Goodwin, I.D., Wain, A., and Gingele, F.X.: Lead isotopic evidence for an Australian source of
aeolian dust to Antarctica at times over the last 170,000years. Palacogeography, Palaecoclimatology, Palacoecology 285, 205-
223,2010.

Delmonte, B., Andersson, P.S., Hansson, M., Schéberg, H., Petit, J.R., Basile-Doelsch, 1., and Maggi, V.: Aeolian dust in East
Antarctica (EPICA-Dome C and Vostok): Provenance during glacial ages over the last 800 kyr. Geophysical Research Letters

35, 2008.

Eden, D.: Dust accumulation in the New Zealand region since the last glacial maximum. Quaternary Science Reviews 22,
2037-2052, 2003.

EPICA Community Members: One-to-one coupling of glacial climate variability in Greenland and Antarctica. Nature 444,

195-198, 2006.

12



https://doi.org/10.5194/cp-2020-151 Climate
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Erbland, J., Vicars, W.C., Savarino, J., Morin, S., Frey, M.M., Frosini, D., Vince, E., and Martins, J.M.F.: Air—snow transfer
395 of nitrate on the East Antarctic Plateau Part 1: Isotopic evidence for a photolytically driven dynamic equilibrium in summer.

Atmospheric Chemistry and Physics 13, 6403-6419, 2013.

Fischer, H., Fundel, F., Ruth, U., Twarloh, B., Wegner, A., Udisti, R., Becagli, S., Castellano, E., Morganti, A., Severi, M.,
Wolff, E., Littot, G., Rothlisberger, R., Mulvaney, R., Hutterli, M.A., Kaufmann, P., Federer, U., Lambert, F., Bigler, M.,
400 Hansson, M., Jonsell, U., de Angelis, M., Boutron, C., Siggaard-Andersen, M.-L., Steffensen, J.P., Barbante, C., Gaspari, V.,
Gabrielli, P., and Wagenbach, D.: Reconstruction of millennial changes in dust emission, transport and regional sea ice
coverage using the deep EPICA ice cores from the Atlantic and Indian Ocean sector of Antarctica. Earth and Planetary Science

Letters 260, 340-354, 2007a.

405 Fischer, H., Siggaard-Andersen, M.-L., Ruth, U., Réthlisberger, R., and Wolff, E.: Glacial/interglacial changes in mineral dust

and sea-salt records in polar ice cores: Sources, transport, and deposition. Reviews of Geophysics 45, 2007b.

Fogwill, C.J., Turney, C.S.M., Hutchinson, D.K., Taschetto, A.S., and England, M.H.: Obliquity control on Southern
Hemisphere climate during the last glacial. Sci Rep, 11673, 2015.

410
Gibson, E.R., Hudson, P.K., and Grassian, V.H. Physiochemical properties of nitrate aersols. J.Phys.Chem 105, 29053-29064,
2006.

Goto-Azuma, K., Hirabayashi, M., Motoyama, H., Miyake, T., Kuramoto, T., Uemura, R., Igarashi, M., lizuka, Y., Sakurai,
415 T., Horikawa, S., Suzuki, K., Suzuki, T., Fujita, K., Kondo, Y., Hattori, S., and Fujii, Y.: Reduced marine phytoplankton

sulphur emissions in the Southern Ocean during the past seven glacials. Nature Communications 10, 2019.

Grannas, A.M., Jones, A.E., Dibb, J., Amman, M., Anastasio, C., Beine, H.J., Bergin, M., Bottenheim, J., Boxe, C.S., Carver,
G., Chen, G., Crawford, J.H., Domine, F., Frey, M.M., Guzman, M.1., Heard, D.E., Helming, D., Hoffman, M.R., Honrath,
420 R.E., Huey, L.G., Hutterli, M., Jacobi, H.W., Klan, P., Lefer, B., McConnell, J., Plane, J., Sander, R., Savarino, J., Shepson,
P.B., Simpson, W.R., Sodeau, J.R., Vonglasow, R., Weller, R., Wolff, EEW., and Zhu, T., An overview of snow
photochemistry: evidence, mechanisms and impacts. Atmospheric Chemistry and Physics 7, 43296-44373, 2007.

Greene, C.A., Gwyther, D.E., and Blankenship, D.D.: Antarctic Mapping Tools for Matlab. Computers & Geosciences 104,
425 151-157,2017.

13



https://doi.org/10.5194/cp-2020-151 Climate
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Grinsted, A., Moore, J.C., and Jevrejeva, S.: Application of the cross wavelet transform and wavelet coherence to geophsyical

time series. Nonlinear Processes in Geophysics 11, 561-566, 2004.

430 Hanish, F., Crowley, J.N., 2001. Heterogenous reactivity of gaseous nitric acid on Al203, CaCO3, and atmospheric dust
samples: a knudsen cell study. J.Phys.Chem 105, 3096-3106.

Jones, A.E., Brough, N., Anderson, P.S., and Wolff, E.W.: HO2NO2 and HNO3 in the coastal Antarctic winter night: a "lab-
in-the-field" experiment. Atmospheric Chemistry and Physics 14, 11843-11851, 2014.

435
Kawamura, K., Parrenin, F., Lisiecki, L., Uemura, R., Vimeux, F., Severinghaus, J.P., Hutterli, M.A., Nakazawa, T., Aoki, S.,
Jouzel, J., Raymo, M.E., Matsumoto, K., Nakata, H., Motoyama, H., Fujita, S., Goto-Azuma, K., Fujii, Y., and Watanabe, O.:
Northern Hemisphere forcing of climatic cycles in Antarctica over the past 360,000 years. Nature 448, 912-916, 2007.

440 Krueger, B.J., Grassian, V.H., Cowin, J.P., and Laskin, A.: Heterogeneous chemistry of individual mineral dust particles from

different dust source regions: the importance of particle mineralogy. Atmospheric Environment 38, 6253-6261, 2004.

Lambert, F., Bigler, M., Steffensen, J.P., Hutterli, M., and Fischer, H.: Centennial mineral dust variability in high-resolution
ice core data from Dome C, Antarctica. Climate of the Past 8, 609-623, 2012.

445
Lamy, F., Kaiser, J., Arz, H.W., Hebbeln, D., Ninnemann, U., Timm, O., Timmermann, A., and Toggweiler, J.R.: Modulation
of the bipolar seesaw in the Southeast Pacific during Termination 1. Earth and Planetary Science Letters 259, 400-413, 2007.

Lee, H.-M., Henze, D.K., Alexander, B., and Murray, L.T.: Investigating the sensitivity of surface-level nitrate seasonality in

450 Antarctica to primary sources using a global model. Atmospheric Environment 89, 757-767, 2014.

Lee, J.E., Brook, E.J., Bertler, N.A.N., Buizert, C., Baisden, T., Blunier, T., Ciobanu, V.G., Conway, H., Dahl-Jensen, D.,
Fudge, T.J., Hindmarsh, R., Keller, E.D., Parrenin, F., Severinghaus, J.P., Vallelonga, P., Waddington, E.D., and Winstrup,
M.: An 83 000-year-old ice core from Roosevelt Island, Ross Sea, Antarctica. Climate of the Past 16, 1691-1713, 2020.

455
Legrand, M., and Mayewski, P.: Glaciochemistry of polar ice cores: A review. Reviews of Geophysics 35, 219-243, 1997.
Legrand, M., Wolff, E., and Wagenbach, D.: Antarctic aerosol and snowfall chemistry: implications for deep Antarctic ice
core chemistry. Annals of glaciology 29, 66-72,1999.

460

14



https://doi.org/10.5194/cp-2020-151 Climate
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Mahalinganathan, K., and Thamban, M.: Potential genesis and implications of calcium nitrate in Antarctic snow. The

Cryosphere 10, 825-836,2016.

Markle, B.R., Steig, E.J., Buizert, C., Schoenemann, S.W., Bitz, C.M., Fudge, T.J., Pedro, J.B., Ding, Q., Jones, T.R., White,
465 J.W.C., and Sowers, T.: Global atmospheric teleconnections during Dansgaard - Oeschger events. Nature Geoscience 10, 36 -

40, 2017.

Moreno, P.I., Villa-Martinez, R., Cardenas, M.L., and Sagredo, E.A.: Deglacial changes of the southern margin of the southern
westerly winds revealed by terrestrial records from SW Patagonia (52°S). Quaternary Science Reviews 41, 1-21, 2012.

470
Neff, P.D., and Bertler, N.A.N.: Trajectory modeling of modern dust transport to the Southern Ocean and Antarctica. Journal
of Geophysical Research: Atmospheres 120, 9303-9322., 2015.

Parrenin, F., Petit, J.R., Masson-Delmotte, V., Wolff, E., Basile-Doelsch, 1., Jouzel, J., Lipenkov, V., Rasmussen, S.O.,
475 Schwander, J., Severi, M., Udisti, R., Veres, D., and Vinther, B.M.: Volcanic synchronisation between the EPICA Dome C
and Vostok ice cores (Antarctica) 0-145 kyr BP. Climate of the Past 8, 1031-1045, 2012.

Pyne, R.L., Keller, E.D., Canessa, S., Bertler, N.A.N., Pyne, A.R., Mandeno, D., Vallelonga, P., Semper, S., Kj£R, H.A.,
Hutchinson, E.D., and Baisden, W.T.: A novel approach to process brittle ice for continuous flow analysis of stable water

480 isotopes. Journal of Glaciology 64, 289-299, 2018.

Radhi, M., Box, M.A., Box, G.P., Keywood, M.D., Cohen, D.D., Stelcer, E., and Mitchell, R.M.: Size-resolved chemical

composition of Australian dust aerosol during winter. Environmental Chemistry 8, 248., 2011.

485 Rothlisberger, R., Hutterli, M.A., Sommer, S., Wolff, E.W., and Mulvaney, R.: Factors controlling nitrate in ice cores:
Evidence from Dome C deep ice core. Journal of Geophysical Research 105, 20565-20572, 2000.

Rothlisberger, R., Hutterli, M.A., Wolff, E.-W., Mulvaney, R., Fischer, H., Bigler, M., Goto-Azuma, K., Hansson, M.E., Ruth,
U., Siggaard-Andersen, M.L., and Steffensen, J.P.: Nitrate in Greenland and Antarctic ice cores: a detailed description of post

490 - depositional processes. Annals of glaciology 35, 209-216, 2002.

Savarino, J., Kaiser, J., Morin, S., Sigman, D.M., and Thiemens, M.H.: Nitrogen and oxygen isotopic constrints on the origin

of atmospheric nitrate in coastal Antarctica. Atmospheric Chemistry and Physics 7, 1925-1945, 2007.

15



https://doi.org/10.5194/cp-2020-151 Climate
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

495

500

505

510

515

520

525

Discussions

Schumann, M., and Huntriser, H.: The global lightning - induced nitrogen oxide source. Atmospheric Chemistry and Physics

7,3823-3907, 2007.

Severi, M., Udisti, R., Becagli, S., Stenni, B., and Traversi, R.: Volcanic synchronisation of the EPICA-DC and TALDICE ice
cores for the last 42 kyr BP. Climate of the Past 8, 509-517, 2012.

Shi, G., Buffen, A.M., Hastings, M.G., Li, C., Ma, H., Li, Y., Sun, B., An, C., and Jiang, S.: Investigation of post-depositional
processing of nitrate in East Antarctic snow: isotopic constraints on photolytic loss, re-oxidation, and source inputs.

Atmospheric Chemistry and Physics 15, 9435-9453, 2015.

Shi, G., Chai, J., Zhu, Z., Hu, Z., Chen, Z., Yu, J., Ma, T., Ma, H., An, C., Jiang, S., Tang, X., and Hastings, M.G.: Isotope
Fractionation of Nitrate During Volatilization in Snow: A Field Investigation in Antarctica. Geophysical Research Letters 46,

3287-3297, 2019.

Sigl, M., McConnell, J.R., Toohey, M., Curran, M., Das, S.B., Edwards, R., Isaksson, E., Kawamura, K., Kipfstuhl, S., Kriiger,
K., Layman, L., Maselli, O.J., Motizuki, Y., Motoyama, H., Pasteris, D.R., and Severi, M.: Insights from Antarctica on
volcanic forcing during the Common Era. Nature Climate Change 4, 693-697, 2014.

Sugden, D.E., McCulloch, R.D., Bory, A.J.M., and Hein, A.S.: Influence of Patagonian glaciers on Antarctic dust deposition
during the last glacial period. Nature Geoscience 2, 281-285, 2009.

Traversi, R., Becagli, S., Poluianov, S., Severi, M., Solanki, S.K., Usoskin, I.G., and Udisti, R.: The Laschamp geomagnetic
excursion featured in nitrate record from EPICA-Dome C ice core. Sci Rep 6, 20235, 2016.

Veres, D., Bazin, L., Landais, A., Toyé Mahamadou Kele, H., Lemieux-Dudon, B., Parrenin, F., Martinerie, P., Blayo, E.,
Blunier, T., Capron, E., Chappellaz, J., Rasmussen, S.O., Severi, M., Svensson, A., Vinther, B., and Wolff, E.W.: The Antarctic
ice core chronology (AICC2012): an optimized multi-parameter and multi-site dating approach for the last 120 thousand years.

Climate of the Past 9, 1733-1748, 2013.

Vlasenko, A., Sjorgen, A., Weingartner, E., Stemmler, K., Gaggeler, H.W., and Amman, M.: Effect of humidity on nitric acid
uptake to mineral dust aerosol particles. Atmospheric Chemistry and Physics 6, 2147-2160, 2006.

Watanabe, O., Kamiyama, K., Motoyama, H., Fuji, Y., Shoji, H., and Satow, K.: The Paleoclimate record in the ice core at

Dome Fuji station, East Antarctica. Annals of glaciology 29, 176-178, 1999.

16



https://doi.org/10.5194/cp-2020-151 Climate
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

530

535

540

545

550

555

560

Discussions

Winstrup, M., Vallelonga, P., Kjer, H.A., Fudge, T.J., Lee, J.E., Riis, M.H., Edwards, R., Bertler, N.A.N., Blunier, T., Brook,
E.J., Buizert, C., Ciobanu, G., Conway, H., Dahl-Jensen, D., Ellis, A., Emanuelsson, B.D., Hindmarsh, R.C.A., Keller, E.D.,
Kurbatov, A.V., Mayewski, P.A., Neff, P.D., Pyne, R.L., Simonsen, M.F., Svensson, A., Tuohy, A., Waddington, E.D.,
Wheatley, S.: A 2700-year annual timescale and accumulation history for an ice core from Roosevelt Island, West Antarctica.

Climate of the Past 15, 751-779, 2019.

Wolff, E., Barbante, C., Becagli, S., Bigler, M., Boutron, C., Castellano, E., de Angelis, M., Federer, U., Fischer, H., Fundel,
F., Hansson, M., Hutterli, M., Jonsell, U., Karlin, T., Kaufmann, P., Lambert, F., Littot, G., Mulvaney, R., Rothlisberger, R.,
Ruth, U., Severi, M., Siggaard-Andersen, M.L., Sime, L.C., Steffensen, J.P., Stocker, T., Traversi, R., Twarloh, B., Udisti, R.,
Wagenbach, D., and Wegner, A.: Changes in enviornment over the last 800000 years from chemical analysis of the EPICA
Dome C ice core. Quaternary Science Reviews 29, 285-295, 2010.

Wolff, E.W.: Ice sheets and nitrogen. Philos Trans R Soc Lond B Biol Sci 368, 20130127, 2013.

Wolff, E.W., Fischer, H., Fundel, F., Ruth, U., Twarloh, B., Littot, G.C., Mulvaney, R., Rothlisberger, R., de Angelis, M.,
Boutron, C.F., Hansson, M., Jonsell, U., Hutterli, M.A., Lambert, F., Kaufmann, P., Stauffer, B., Stocker, T.F., Steffensen,
J.P., Bigler, M., Siggaard-Andersen, M.L., Udisti, R., Becagli, S., Castellano, E., Severi, M., Wagenbach, D., Barbante, C.,
Gabrielli, P., and Gaspari, V.: Southern Ocean sea-ice extent, productivity and iron flux over the past eight glacial cycles.

Nature 440, 491-496, 2006.

Zarate, M.: Loess of southern South America. Quaternary Science Reviews 22, 1987-2006., 2003.

Zatko, M., Geng, L., Alexander, B., Sofen, E., and Klein, K.: The impact of snow nitrate photolysis on boundary layer

chemistry and the recycling and redistribution of reactive nitrogen across Antarctica and Greenland in a global chemical

transport model. Atmospheric Chemistry and Physics 16, 2819-2842, 2016.

17



https://doi.org/10.5194/cp-2020-151
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions
oY

Climate

Figures

surface elevation (m)

oooy —

565 Figure 1. Location Map of Roosevelt Island (RICE) on a Surface Elevation Map of Antarctica. Deep cores where mineral dust and
NO; correlation has been already documented are also shown - EPICA Dome C (EDC) (Rothlisberger et al., 2000; Wolff et al., 2010),
Vostok (Legrand et al., 1999) and Dome Fuji (Watanabe et al., 1999). Map produced using Antarctic mapping tool box (Greene et al., 2017).
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Figure 2. Temporal Changes in RICE a) Continuous Flow Analysis (CFA) Ca™ b) nssCa”* ¢) NOj;™ d) 6D, between 26 - 40 ka BP.
AIM events identified in RICE 8D are shown in blue bars and are labelled at the bottom. Arrows pointing downwards indicate the lowering
of the concentration in nssCa’" and NOjs during AIM events. Black dashed lines in nssCa’" and NOj indicate the mean before and after the
shift, demarcated by a grey line. Two large peaks in both the records are highlighted using black circles. Location of Roosevelt Island is
shown in the inserted map, top right. Solid brown and pink lines indicates 50-yr average of the original nssCa®* and NO;” data. 8D record

shown here is smoothed with a 500-yr box average (Lee et al., 2020). The latitudinal position of Southern Hemisphere Westerly Winds

19



https://doi.org/10.5194/cp-2020-151 Climate
Preprint. Discussion started: 10 December 2020 of the Past
(© Author(s) 2020. CC BY 4.0 License.

Discussions

575 (SHWW) based on nssCa’" concentration is indicated using an arrow on the left side, adjacent to nssCa®* plot. Marine isotope stages (MIS)

covered by this time period are shown in green bars at the top.
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Figure 3. Wavelet Coherence (a) and Cross Spectrum Analysis (b) of NO;™ and nssCa”". The colours indicate the coherence values. The
580  cone of influence, where edge effect occurs, is shown in white dashed lines. Arrows in the cross-spectrum indicate the relative phasing
between nssCa’” and NO* time series. A right pointing arrow corresponds to zero degree, i.e. both the series are in phase. An upward arrow

indicates a quarter cycle of lead of nssCa®" and a downward pointing arrow corresponds to a quarter cycle of lead of NO5".
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Figure 4. Mid MIS 3 to MIS 2 Evolution of a) RICE nssCa”(this study) b) RICE NOj(this study) ¢) EPICA Dome C (EDC) nssCa”*
(Fischer et al., 2007a; Rothlisberger et al., 2000b; Réthlisberger et al., 2002; Wolff et al., 2010) d) EDC NO;™ (Rothlisberger et al.,
2000b; Wolff et al., 2010) ¢) Dome Fuji (Dome F) nssCa?* (Goto-Azuma et al., 2019; Watanabe et al., 1999) and f) Dome F NO;y
(Goto-Azuma et al., 2019; Watanabe et al., 1999). NO;™ and nssCa”" show close association at these locations. Blue bars indicate AIM
events in RICE nssCa’®'record. Events are identified in the nssCa®‘records of all the three cores and are labelled. Due to a lower temporal
resolution, only larger events are marked in Dome F. Geographic locations of the sites are shown in the inserted map. EDC data are plotted

on Antarctic ice core chronology (AICC) 2012 age scale (Veres et al., 2013) and Dome F records are on DFO-2006 time scale (Kawamura
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et al., 2007). Vostok is another core where NO;™-nssCa*" relationship has been previously documented, but not shown in the figure. Because

of different age models, the timing of the events varies between the three sites.
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585  Figure 5. Wavelet Cross Spectrum Analysis of a) EDC NO; and nssCa”" b) Dome F NO;™ and nssCa”". Descriptions are same as in
that of Fig. 3. Prior to the analysis, data sets are sampled to equal intervals (50 - yr in EDC and 200 - yr in Dome F).
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Tables
Tons PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8
Cr 0.84 -0.06 -0.13 -0.49 0.02 0.04 -0.08 -0.01
NOj 0.03 0.06 0.84 -0.14 -0.36 0.33 -0.02 -0.10
SO~ 0.12 0.95 -0.05 0.11 -0.11 -0.15 -0.11 0.002
MSA 0.05 0.11 -0.07 0.24 0.49 0.78 -0.25 0.009
Na+ 0.50 -0.17 0.16 0.80 -0.07 -0.15 0.12 -0.009
K* 0.01 0.0004 0.15 -0.02 0.04 -0.03 -0.05 0.98
Mg” 0.04 0.17 0.07 -0.09 0.29 0.12 0.92 0.02
nssCa’" 0.003 0.01 0.45 -0.07 0.71 -0.45 -0.21 -0.13

% YVariance 71.67% 12.26% 4.94% 2.74%  1.17% 0.70% 0.42%  0.05%

Table 1. Results of the Principal Component Analysis. The first three principal components (PC1, PC2 and PC3) are identified as
significant and their variance is highlighted in bold. Factor loading of dominant species in PC1, PC2 and PC3 are highlighted in bold italic.
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