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This paper presents the results of a comparative wavelet coherence analysis of a multimillennial nitrate
record with a number of climatic and solar activity proxies. Distinguishing between these factors is
important in the view of a possibility of nitrate deposited in a polar region to represent galactic cosmic
ray ﬂux and, consequently, solar activity. We used the data from the TALDICE drilling project (Talos
Dome, Antarctica), which covers the age range 12,000–700 BP (years before present, i.e. before 1950) and
includes records of nitrate as well as climatic proxies, such as Na þ , Ca2 þ , MSA (methanesulphonic acid),
δ18O, SO24ℬ. The solar activity series is represented by reconstructions of the heliospheric modulation
parameter from the 14C and 10Be data. We found (1) a conﬁrmation of multimillennial relation between
nitrate and galactic cosmic ray ﬂux; (2) no clear signature of long-term variations of nitrate transport
from lower latitudes. We suggest that variations in the nitrate record in the time scale of hundreds–
thousands years are most likely caused by local production, deposition and post-deposition processes.
& Elsevier Ltd. All rights reserved.
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1. Introduction
It is important for many reasons to reconstruct the variability of
solar activity on the long-term scale extending over centennia and
millennia. The only established quantitative way to reconstruct
solar activity in the past, before direct solar observations, is related
to the use of a proxy which corresponds to the ﬂux of galactic
cosmic rays impinging the Earth. Galactic cosmic ray ﬂux is
modulated by solar activity in the heliosphere and is roughly
inversely proportional to it. The intensity of cosmic rays is
recorded in concentration of the so-called cosmogenic isotopes,
primarily 14C and 10Be, measured in natural independently dated
archives, such as tree trunks or ice cores (e.g., Beer et al., 2012;
Usoskin, 2013). In addition to these well-established cosmogenic
nuclear proxies of solar activity, a chemical tracer was recently
proposed (Traversi et al., 2012; Soon et al., 2014) — nitrate (NOℬ
3)
measured in an Antarctic ice core. In particular, it was shown that
the nitrate record from the TALDICE ice core depicts signiﬁcant
coherence with the cosmogenic radiocarbon 14C on the time scale
of ten millennia, which was interpreted as an evidence for a
dominant solar signal in the nitrate production. Accordingly, the
polar nitrate was proposed as a potential proxy for solar activity on
n
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different timescales (from decadal to multi-millennial). We note
that the relation between nitrate and solar activity proposed by
Traversi et al. (2012) is caused by the variability of galactic cosmic
rays which is different from the disputable response of polar
nitrate to major solar energetic particle events (McCracken et al.,
2001; Palmer et al., 2001; Kepko et al., 2009; Wolff et al., 2008,
2012). This is a new feature as typically nitrate is used as a tracer of
natural and anthropogenic nitrogen species emissions (e.g.,
Mayewski et al., 1986, 1990; Legrand and Mayewski, 1997).
If proven to be a reliable proxy, the new chemical tracer would
be a useful addition to the traditional cosmogenic radionuclide
proxies. Nitrate, in contrast to cosmogenic radionuclides, is not
purely cosmogenic — it is appreciably controlled by a number of
terrestrial sources and processes not related to solar activity. Here
we try to disentangle production and transport effects in the
nitrate using an empirical analysis of the mutual relations between
NOℬ
3 and other chemical tracers, measured in the same TALDICE
core.

2. Data and method
Nitrate ions (NOℬ
3 ) in Antarctic snow/ice represent mainly
deposited gaseous acid HNO3, the ultimate product of reactions
with nitrogen oxides (NOx ) in the atmosphere (e.g., Legrand and
Kirchner, 1990; Delmas, 1992). The sources of nitrate and/or its
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precursors include (1) the photochemical dissociation of N2O
occurring in the stratosphere, that is mainly responsible for
production of reactive NOx in the stratosphere and their further
downwelling to the troposphere (e.g., Legrand and Kirchner, 1990);
(2) production of several nitrogen species (NOx , peroxyacetyl
nitrates) in the low and middle latitude areas by lightnings (e.g.,
Wolff, 1995), (3) biomass burning and recent (4) anthropogenic
activity (and references therein Grannas et al., 2007), and, ﬁnally,
(5) the re-emission from the snowpack of volatile HNO3 (e.g.,
Weller and Wagenbach, 2007) or through photolysis-emission of
NOx and subsequent oxidation in the atmosphere (Grannas et al.,
2007). As concerning the NOx production in the stratosphere, a
very important source is related to interactions of high-energy
particles, namely galactic cosmic rays and solar energetic particles
with the ambient air (e.g., Vitt and Jackman, 1996). In contrast to
the lightning-related source this one is stronger in polar regions
with weaker or no geomagnetic shielding. Here we focus on the
south polar region where the local production of NOℬ
3 by lightnings
is negligible but its inﬂuence can be still important due to
transport of NOℬ
3 from lower latitudes.
In order to study the climate inﬂuence on NOℬ
3 we compare it
with a number of available data series which are strongly
subjected to various climatic factors (temperature, air transport,
etc.). We use the data that were obtained in the framework of the
Talos Dome Ice Core drilling project (TALDICE), where an ice core
covering a hundred of thousands of years was obtained. The
drilling site is located in Central Antarctica (72†49νS, 159†11νE ,
2315 m above sea level). The data represent age-concentration
series that cover the age range from 12,000 to 700 BP (years before
present, i.e. before 1950) with dating uncertainties keeping below
150 years in the late Holocene, back to 4500 BP (Bazin et al., 2013).
Since the dominant type of NOℬ
3 deposition at Talos Dome is dry
(Traversi et al., 2012), the deposition ﬂux (i.e. concentration times
snow accumulation rate) is generally more suitable than the
concentration to derive the quantity of each component actually
deposited onto the ice sheet, as usually accomplished when dry
deposition is dominant with respect to wet deposition (e.g., EPICA
Community Members, 2004). Nonetheless, introducing a parameter (deposition ﬂux) which is not directly measured but
calculated from the measured concentration by applying a suitable
ﬂow model and absolute temporal horizons (Bazin et al., 2013)
carries an additional uncertainty which has to be taken into
account when discussing the variability of the chemical data
series. The choice between a data series obtained by direct
measurements (concentrations) but not directly related to atmospheric depositions and a data series directly related to depositions (ﬂux) but obtained by introducing another calculated parameter, not measured parameter (accumulation rate), is not
straightforward. In such a case, considering that this work focuses
on the relative variability, rather than on the absolute atmospheric
concentrations, and keeping in mind that the accumulation rate
was nearly constant during the Holocene, we chose to consider the
concentration series as more robust. Moreover, the possible tuning
effect of different accumulation rates on concentrations might be
signiﬁcant when these series are compared with an “external”
series with independent dating, but not for different tracers
obtained from the same ice core.
We consider the following substances whose strong relations
with some climatic parameters make them useful markers of
aerosol production and/or transport processes:

 sodium Na þ is a tracer of sea salt supply to the deposition site;
 calcium Ca2 þ generally reﬂects dust aerosol transported from
areas with open soil;

 methanesulphonic acid CH3SOℬ
3 (MSA henceforth) represents
phytoplankton activity in the ocean;
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 relative concentration of


18
O isotope (δ18O henceforth) is an
index of the air temperature at the deposition site;
non-sea-salt sulphate nssSO24ℬ is mainly driven by the phytoplankton activity in the ocean as well as by volcanic activity
and anthropogenic SO2 emissions with a small contribution
from mineral dust (e.g., gypsum).

In order to exclude the inﬂuence of sea spray on the measured
SO24ℬ we calculate the non-sea-salt value using the following
equation (Traversi et al., 2004):

[nssSO24ℬ] = [SO24ℬ] ℬ 0.253[Na+],

(1)

where all the values represent mass concentrations in the unit of
ʨg/L .
Since many of those substances are produced outside of the
Antarctic ice sheet, their concentrations in the TALDICE ice core
are strongly inﬂuenced by the air transport factor.
As an index of cosmic ray variability we use heliospheric
modulation parameter ϕ (see Usoskin et al., 2005 for deﬁnition).
Because of the inverse relation between ϕ and the cosmogenic
production rate in the atmosphere, for convenience we use inverse
values of modulation parameter, denoted henceforth as ℬɒ . Thus,
an increase of the inverse modulation parameter ℬɒ corresponds
to an increase of the cosmic ray ﬂux and, consequently, an increase
of the cosmogenic production rate. The series of ϕ is based on the
globally averaged ʁ 14C data (INTCAL09 project, see Reimer et al.,
2009) and is converted into the cosmic ray modulation using a
model by Kovaltsov et al. (2012). This series covers the same time
range as the TALDICE series. The other one is based on measurements of 10Be in a Greenland ice core in the framework of GRIP
project (Yiou et al., 1997) and converted into the cosmic rays
modulation by Steinhilber et al. (2008). This series is somewhat
shorter, covering the period from 9300 to 700 BP.
Since the data series are essentially non-stationary and varying
on different time scales, the conventional bivariate correlation
analysis is not appropriate. Accordingly, we study relations between series using the method of wavelet coherence (e.g.,
Torrence and Compo, 1998; Lachaux et al., 2002) which allows
one to disentangle the relation between data series in both
temporal and frequency domains. Namely, we apply the Matlabbased software package originally developed by Grinsted et al.
(2004). The original package estimates the signiﬁcance of coherence using an assumption of a red noise model of the signal, which
may essentially overestimate the signiﬁcance (Usoskin et al., 2006;
Poluianov and Usoskin, 2014). In order to be on a safe side, we
apply a more conservative Monte-Carlo non-parametric randomphase method (Ebisuzaki, 1997) for the estimate of signiﬁcance. Its
application to the wavelet coherence procedure is described, e.g.,
by Traversi et al. (2012). The original code by Grinsted et al. (2004)
was modiﬁed accordingly. Before the analysis, all data series were
standardized, viz. normalized to the mean, and divided by the
standard deviation, and additionally low-pass ﬁltered by the
rectangular window in frequency domain with the cutoff frequency 0.01 year  1. We used the following parameters of the
wavelet coherence computation: the Morlet wavelet basis with
Ǻ 0 = 3; statistical signiﬁcance of the results was calculated for
1000 Monte-Carlo runs using the non-parametric random-phase
method. In addition to the conventional 2D coherence (in time and
frequency domains) we also computed the time-averaged coherence, considering also the relative phase of the signals (see details
in Traversi et al., 2012).
All the plots are arranged in the same manner as described in
the caption of Fig. 1.
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Fig. 1. Comparison of inverse modulation parameters  ϕ reconstructed from the records of cosmogenic isotopes 14C and 10Be. The top-left panel shows the wavelet
coherence between the series. Colours represent the coherence value (see the colour bar). Arrows indicate the phase difference (right-pointing arrows correspond to 0°, uppointing arrows — 90°, etc.). Black contours bound areas with the statistical signiﬁcance of the coherence better than 5%. The white lines in the wavelet coherence plot
indicate a cone of inﬂuence, an area subjected to the edge effect. The top-right panel shows the time-averaged coherence and the corresponding 5% signiﬁcance estimated by
the non-parametric random-phase method (Ebisuzaki, 1997). The bottom panel depicts time variations of the series. (For interpretation of the references to colour in this
ﬁgure caption, the reader is referred to the web version of this paper.)

3. Results and discussion

3.1. Nitrate and cosmic ray ﬂux

In this section we discuss the results of comparisons between
NOℬ
3 and the substances/proxies that are described in Section 2.
First, we denote the following local terms: the short-period range
is 128–512 years, the mid-period range is 512–2048 years, and the
long-period range is 2048 years and longer. We do not consider
variations with periods shorter than 128 years because of dating
errors in the data sets.

Firstly, we intercompare the two series of the heliospheric
modulation parameter ϕ based on 14C and 10Be in order to check
their ability to represent cosmic ray ﬂux as a common production
factor (Fig. 1).
A visual inspection of the two time series (the bottom panel)
conﬁrms a good agreement between them except for the interval
of 675–2500 BP. Short- and mid-term variations are generally also

Fig. 2. Similar to Fig. 1 but for the concentration of NOℬ
3 and inverse modulation parameter  ϕ reconstructed from the records of cosmogenic isotope
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coincident. Both series have a number of strong dips, e.g., at 8320,
5570, 4840, 2750 BP, corresponding to Grand Minima (cf. Usoskin
et al., 2007). The top panels present patterns of coherence
between the series. Overall, the good agreement between the data
is conﬁrmed by a relatively high coherence, but its distribution in
the time-period space is nonuniform. The high and statistically
signiﬁcant coherence is observed at short- and mid-period ranges
but not at long-period range (cf. Usoskin et al., 2009). One can see
that while the mid- and long-period coherence is low at the
interval 5000–675 BP there are two “spots” of very high shortperiod coherence. The disagreement between the ℬɒ 14C and ℬɒ 10Be
series in long-time scale was found earlier (e.g., Vonmoos et al.,
2006; Usoskin et al., 2009).
We ascribe the high coherence found in short- and mid-period
ranges by cosmic ray ﬂux that drives production of both isotopes.
The disagreement at long-time scale can be caused by variation of
some parameters in the production–transport–deposition chain of
14
C and/or 10Be.
Because of the weak relation in long-time scale either ℬɒ 14C
and/or ℬɒ 10Be series can be distorted in the sense of the long-term
cosmic rays variability, and the extraction of the true cosmic ray
behaviour from those data series is not trivial (Steinhilber et al.,
2012). Therefore, we compare nitrate with each of cosmogenic
isotopes separately assuming that each of them is mainly driven
by cosmic ray ﬂux but may also contain a climate-related signal.
The next pair to compare is NOℬ
3 and ℬɒ 14C (Fig. 2). The main
feature here is a statistically signiﬁcant very high (up to 0.99, see
the right panel of Fig. 2) and in-phase coherence at long-period
range. In contrast, at the short- and mid-periods, there are only a
few signiﬁcant “spots” of high coherence: at 9000–8000 BP for
periods about 1024 years, at 7100–6600 BP, and at 6000–5800 BP
for periods about 256 years. They are short-term and look like
coincidences of variations even with a good signiﬁcance.
Overall, the coherence at short- and mid-periods is low and it
can probably be explained by climatic inﬂuence, while highly
coherent long-period variations of NOℬ
3 and ℬɒ 14C are most likely
caused by cosmic ray ﬂux, directly affecting their production.
This result is in quantitative agreement with the same comparison done earlier by Traversi et al. (2012). A minor difference can
be explained by the discrepancy in details of the computation
procedure.
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Comparison of NOℬ
3 and ℬɒ 10Be is presented in Fig. 3. Unlike the
previous case with ℬɒ 14C , NOℬ
3 and ℬɒ 10Be are weakly coherent at all
ranges of periods. Nevertheless, one can see an interval of
common long-period behaviour of the two series ca. 9400–7000
BP. During the rest of the time the long-period coherence is very
low. At short- and mid-period ranges there are a few small “spots”
of relatively high coherence. Their phases have values near þ 90°
or  90° and are strongly variable. Detailed examination of the
time series suggests that these “spots” cannot indicate any real
relation between the data sets, but are accidental.
Thus, the result of the wavelet coherence analysis in Fig. 3 leads
to the conclusion that there is no signiﬁcant relation between NOℬ
3
and ℬɒ 10Be . This distinction can be probably caused by local
features of transport and/or deposition of 10Be in Greenland. The
lack of short- and mid-period relation in the NOℬ
3 vs. ℬɒ 10Be pair as
14
vs.
pair
on
the
one
hand,
and the good
well as in the NOℬ
ℬ
ɒ
3
C
short- and mid-period coherence between ℬɒ 14C and ℬɒ 10Be on the
other hand suggests that the NOℬ
3 series may be affected by
noncosmogenic factors, most likely of climatic nature.
In an attempt to understand the inﬂuence of that kind of
process on NOℬ
3 deposition we compare it with a number of
climatic markers described in Section 2.
2ℬ
3.2. NOℬ
3 vs. nssSO4 and MSA
2ℬ
The comparison of NOℬ
3 and nssSO4 is shown in Fig. 4. The
wavelet analysis shows signiﬁcant coherence for long- and midperiod variations of the series. However, the phase shift of about
 45° at long-period range and visual inspection of the two series
point to the lack of real long-term relation between NOℬ
3 and
nssSO24ℬ. On the contrary, the mid-period range has three “spots” of
high and in-phase coherence (ca. 10,500–8500, 8000–7000 and
3000–2000 BP). This indicates sporadic relation between the
series. A number of coincident peaks (in the bottom panel),
reﬂected as small “spots” of high coherence (in the top-left panel),
are likely due to a random occurring co-variability and not to a
common driver in production and/or transport, as suggested by
their short duration and random relative phase.
2ℬ
The discrepancy between NOℬ
3 and nssSO4 at periods longer
than 4000 years can be explained in the view that NOℬ
3 production
is dominated by galactic cosmic rays at long period range (see
Section 3.1), while nssSO24ℬ is totally independent on it. The

Fig. 3. Similar to Fig. 1 but for the concentration of NOℬ
3 and inverse modulation parameter  ϕ reconstructed from the records of cosmogenic isotope

10

Be.
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2ℬ
Fig. 4. Similar to Fig. 1 but for the concentrations of NOℬ
3 and no-sea-salt SO4 .

signiﬁcant coherence at other period ranges can be caused by
common formation processes from already present precursors in
gas-phase (NOx and SO2 or dimethyl sulphoxide (DMSO) for NOℬ
3
and nssSO24ℬ, respectively), or by common transport processes from
the middle and low latitudes. Concerning the ﬁrst option, it is
reasonable to assume that the efﬁciency of atmospheric oxidation
2ℬ
of NOℬ
3 and nssSO4 precursors is somewhat higher in conditions of
higher solar irradiation, and this may provide a link between the
two parameters. For instance, a common behaviour at seasonal
scale has been found in several Antarctic sites by the analysis of
snow pits and ﬁrn cores, even allowing us to perform a relative
dating on the basis of a clear seasonal pattern (e.g., Severi et al.,
2009). The seasonality of nssSO24ℬ has always been ascribed to the
annual variations of biogenic productivity (blooming in summer)
whereas the seasonality of NOℬ
3 has been so far overlooked and not
clearly explained despite being used in several works for ice dating

via annual layer counting of single parameters or via a multiparametric approach (Wolff, 1995; Traufetter et al., 2004; Severi
2ℬ
et al., 2009). The dependence of NOℬ
3 and nssSO4 on the solar
irradiation can be analysed by intercomparison with MSA, a proxy
of biogenic productivity (e.g., Saltzman et al., 2006) and, indirectly,
of solar irradiation. Here we should note that other climatic factors
such as sea-ice extent and atmospheric circulation modes (e.g.,
South Oscillation Index (SOI) and Southern Annual Mode (SAM))
might affect MSA budget and temporal trends in Antarctic sites
relatively close to the coast, like Talos Dome (Becagli et al., 2009;
Curran et al., 2003).
The wavelet coherence and the time variations of NOℬ
3 and MSA
are presented in Fig. 5. There are several relatively large areas of
statistically signiﬁcant high coherence in long-, mid- and shortperiod ranges. However the relative phases of the “spots” vary
signiﬁcantly. The area of high coherence at the long-period range

Fig. 5. Similar to Fig. 1 but for the concentrations of NOℬ
3 and MSA.
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Fig. 6. Similar to Fig. 1 but for the concentrations of no-sea-salt SO24ℬ and MSA.

is localised at 8000–5500 BP and can be divided into two intervals:
ca. 2500 BP and ca. 5000 BP. The relative phase is about þ 90°. One
can see in the bottom panel that the increase of NOℬ
3 at 8000–5000
BP can produce an effect of phase shift against the similar increase
of MSA at 10,000–6500 BP. At the mid-period range there are two
“spots” (ca. 10,000–8000 and 2500–700 BP) with the opposite
phases 0° and 180°. They indicate in- and anti-phase behaviours of
the series for the period of about 1200 years. This suggests a lack
of the real causal relation between them. Finally, at the shortperiod range there are a number of short-term “spots” with very
variable phases. The pattern of coherence between NOℬ
3 and MSA
does not allow us to conclude that there is any appreciable relation
between them. MSA is related to the factors driving the marine
biogenic production, likely to be a combination of solar insolation,
sea ice extent and favourable atmospheric circulation delivering
MSA to the deposition site from the highly productive oceanic
areas. Therefore the lack of relation suggests possibly weak, if any,
inﬂuence of these factors on the NOℬ
3 -record.
Fig. 6 shows a comparison of the nssSO24ℬ and MSA series. The
result is very close to that for the NOℬ
3 vs. MSA comparison. There
are three signiﬁcant “spots” of coherence: one is at long periods at
ca. 7500–4000 BP with the relative phase of about 90°, two at
middle periods at ca. 10,500–7500 and 3000–2000 BP with phases
being about 0° and 180°, respectively. As in the case of the NOℬ
3 vs.
MSA comparison, we conclude that the nssSO24ℬ and MSA series are
most likely not related to each other. It can be explained by
production through different oxidation mechanisms, involving
different intermediates of oxidation (Preunkert et al., 2008). Such
a difference is likely to be responsible for their different seasonal
temporal pattern, still showing summer maxima and winter
minima but exhibiting multiple maxima and a much more variable
pattern for MSA with respect to nssSO24ℬ. This could be a reason
2ℬ
why NOℬ
3 shows a high and signiﬁcant coherence with nssSO4 all
through the examined period at long periods and in several areas
in mid-period range whereas the coherence with MSA (Fig. 5) is
more ﬂuctuating and intermittent.
2ℬ
There is one more important reason to consider NOℬ
3 , nssSO4
and MSA — transport of air masses from low and middle latitudes.
As mentioned above, transport processes may play a signiﬁcant
role by connecting regions with high NOℬ
3 productivity in lower

latitudes with a polar site of deposition. Since both nssSO24ℬ and
MSA are expected to be well connected to each other because they
are mainly related to the same origin (phytoplankton activity in
the ocean, which represents the only source for MSA and the
dominant one for nssSO24ℬ except for the sporadic volcanic inputs,
negligible in terms of the nssSO24ℬ budget for timescales of
hundreds years and longer) (e.g., Saltzman et al., 1985), one would
expect to observe good relation between them in assumption of
good air transport from lower latitudes (the ocean surface).
However, as one can see in Fig. 5, this is not the case, and we
cannot recognize any sign of a stable transport process from this
result. In this regard, it has to be noticed that MSA records along
the whole TALDICE core show a poor correlation with nssSO24ℬ
(unpublished data) and also a scarce correlation was found
between atmospheric MSA and nssSO24ℬ levels over the course of
spring–summer–fall found in inner Antarctica (Dome C) by
Preunkert et al. (2008). Such a lack of signiﬁcant correlation is
likely to be due to different oxidation pathways producing MSA
over marine and inland regions. This greatly complicates the
relationship between MSA and its gaseous precursor (DMS) and
challenges a direct link of MSA in Antarctic ice cores with the
biogenic production in the Southern Ocean.
3.3. NOℬ
3 vs.

δ18O

18
Comparison of NOℬ
3 and δ O series is shown in Fig. 7. The longperiod coherence between them is about 0.6 but statistically
insigniﬁcant and in anti-phase. Therefore, the series do not have
any considerable long-period relation. The area of the mid- and
partly short-period range has three ”spots” of high and signiﬁcant
coherence at ages 10,500–9000, 7000–6000 and 4000–3500 BP,
with the relative phases varying between 0° and 45°. The “spots”
with phases close to 0° are situated near the period of 700 years. It
18
implies a common factor for NOℬ
3 and δ O whose inﬂuence
strongly varies in time. There is also a small “spot” of relatively
high coherence at the period of ↗1500 years at the age of 4500 BP.
But since it is very short-term and its phase is about þ90° (i.e.
delay between the series is about 375 years), this “spot” hardly
indicates any real relation. Thus the analysis does not show a
18
consistent correlation between NOℬ
3 and δ O.
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18
Fig. 7. Similar to Fig. 1 but for the concentration of NOℬ
3 and δ O.

Since δ18O represents the temperature at the site of deposition
and is generally related to snow accumulation rate (e.g., Parrenin
et al., 2001), its low coherence with NOℬ
3 suggests that nitrate
concentration at Talos Dome during the Holocene is not signiﬁcantly affected by snow accumulation rate on relatively long (at
least decadal, which is the temporal resolution of the samples)
timescales.

þ
and Ca2 þ
3.4. NOℬ
3 vs. Na
þ
2þ
The results of comparisons NOℬ
and NOℬ
are
3 vs. Na
3 vs. Ca
presented in Figs. 8 and 9, respectively. Pairwise coherence is low

and insigniﬁcant for all period and age ranges except for several
small “spots” at the short-period range with ﬂoating phase.
The results can be explained by signiﬁcant differences in
processes responsible for generation, transport and deposition of
þ
and Ca2 þ . Na þ is a component of sea salt aerosol,
NOℬ
3 , Na
produced directly above the ocean surface, or via frost ﬂowers
formation (Rankin et al., 2000; Schüpbach et al., 2013), or
delivered to the deposition site via saline blowing snow (Yang
et al., 2008). Calcium ion generally represents dust aerosol
travelled from areas with open soil. During Holocene the TALDICE
ice core archived dust particles originated not only from Patagonia,
South America, but also from regional ice-free areas, namely
Northern Victoria Land, East Antarctica (Sala et al., 2008;

þ
Fig. 8. Similar to Fig. 1 but for the concentrations of NOℬ
3 and Na .
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2þ
Fig. 9. Similar to Fig. 1 but for the concentrations of NOℬ
.
3 and Ca

Table 1
Summary of suggested relations between the series. Three signs in each cell are
related to the short, middle and long-term period ranges (see the deﬁnitions in
Section 3). “ þ” indicates the presence of signiﬁcant positive relation between
series during the whole time range, “7 ” indicates the sporadic relation between
series, and “ ” indicates the lack of any positive relation for a given period range.

NOℬ
3
ℬɒ 14C

ℬɒ 14C

ℬɒ 10Be

nssSO24ℬ

MSA

δ18O

Na þ

Ca2 þ

ℬℬ+

ℬℬℬ

ℬ‡ ℬ

ℬℬℬ

ℬ‡ ℬ

ℬℬℬ

ℬℬℬ

nssSO24ℬ

not related to the long-range transport of NOℬ
3 precursors play a
crucial role in its formation in the TALDICE ice core.
This hypothesis needs quantitative estimation of possible
effects, thus the further study of NOℬ
3 in polar regions should be
continued by modeling of global and local processes that can
inﬂuence on it.
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