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Abstract. The seasonal and annual representativeness of Introduction
ionic aerosol proxies (among others, calcium, sodium, am-
monium and nitrate) in various firn cores in the vicinity of Ice cores provide a valuable archive for past climate and envi-
the NEEM drill site in northwest Greenland have been as-ronmental changes, not only through gases and isotopes, but
sessed. Seasonal representativeness is very high as one c@tgo through aerosol-derived chemical constituents. Chem-
explains more than 60 % of the variability within the area. istry measurements on ice cores provide information about
The inter-annual representativeness, however, can be sufpast climatic conditions for the drilling region as well as for
stantially lower (depending on the species) making repli-the source regions and give insight into past changes of large-
cate coring indispensable to derive the atmospheric variabilscale circulation patterns (elgegrand and Mayewski997,
ity of aerosol species. A single core at the NEEM site recordgrischer et al.2007).
only 30 % of the inter-annual atmospheric variability in some ~ Chemical constituents in ice cores are regarded as repre-
species, while five replicate cores are already needed to cov&entative on inter-annual and seasonal timescales. However,
approximately 70 % of the inter-annual atmospheric variabil-it is well known that they also contain noise introduced by
ity in all species. glaciological processes, arising from the movement of sur-
The spatial representativeness is very high within 60 cmface snow by wind scouring and ablation or atmospheric
rapidly decorrelates within 10 m but does not diminish fur- processes such as unevenly distributed deposition. Remov-
ther within 3km. We attribute this to wind reworking of the ing the noise is essential to acquire climatic signals (with the
show pack leading to sastrugi formation. highest possible temporal resolution), which are representa-
Due to the high resolution and seasonal representativetive within a given areaKarlof et al, 2006. Glaciological
ness of the records we can derive accurate seasonalities dpise processes were modelled and quantified for accumula-
the measured species for modern (AD 1990-2010) times ation ands*80 by means of standard Fourier spectral meth-
well as for pre-industrial (AD 1623-1750) times. Sodium 0ds in the mid-1980s blisher et al(1985. In 2006, Karlof
and calcium show similar seasonality (peaking in Februaryet al.(2009 used wavelet analysis to decompose signal from
and March respectively) for modern and pre-industrial imes,noise on Electrical Conductivity Measurements (ECM) and
whereas ammonium and nitrate are influenced by anthro$'8O time series from Antarctic firn cores, separated by dis-
pogenic activities. Nitrate and ammonium both peak in Maytances between 3.5 and 7 km, coming to the conclusion that
during modern times, whereas during pre-industrial timesECM shows a significant common signal if averaged over

ammonium peaked during July—August and nitrate duringtimescales from 1 to 3years, wherga80 showed no statis-
June-July. tically significant common signal.

Here we investigate how well monthly and annual aver-
ages of Greenland ice core chemistry measurements in the
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region of the NEEM deep ice core drill site reflect a common
atmospheric signal on different spatial scales.

To this end chemical constituents and conductivity have
been measured on eight cores, drilled close to NEEM camp
(Dahl-Jensen et al.2013 and analysed using the Bern
CFA system Réthlisberger et al.200Q Kaufmann et al.

(o}

N

2008) allowing us to resolve monthly variations. The results
are compared to other Greenland ice cores drilled close to

8

o, Huinboldt
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NEEM camp.

Using the approach divigley et al.(1984 (see Sect2.6)
we are able to give a measure of representativeness of ice
core aerosol proxy time series from one single core in
terms of atmospheric variations not only on inter-annual and
monthly timescales, but also on different spatial scales. 70°N

Based on our representativeness study and the collection
of firn cores, we are also able to retrieve regional represen-
tative information on the seasonal variation in atmospheric
concentrations of chemical aerosol traces. The monthly
means enable us to assess seasonal variations of chemical
constituents which is indispensable to interpret the CFA mea-
surements performed on the NEEM deep ice core and to ob-
tain a precise age-to-depth scataitamoto et al.2011).

Timing of the seasonality is constrained by assuming dif-
ferent accumulation scenarios. By means of one core which 60°N
reaches back into pre-industrial times we can also compare
modern seasonal variations in chemical constituents with
variations from pre-industrial times. The results are com-

pared to seasonality derived from daily snow measurementsigure 1. Location map of Greenland with zoom on NEEM camp
air measurements and various snow pits. and proximity.
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2 Data and methods arriving at NEEM are originating over northern North Amer-
ica and follow the Greenland coast to NEEM. Wind speeds
are largest during winter months and smallest during summer
months. Both, wind directions and wind speeds, are consis-
The drilling sites of the cores are located in the vicinity tent with the automated weather station measurements.

of the NEEM camp, Greenland (7270”N, 51°3'36" W,

2443+ 7masl.), see Fig.l. The mean annual temperature 2.2 Sampling and measurements

at NEEM is estimated to be28.9°C according to borehole

thermometry, and the present-day annual accumulation ratBive approximately 12 m long firn cores have been drilled

2.1 Glacio-meteorological characterisation

is estimated to be 0.216 m of ice equivaleBuizert et al,
2012.

According toSteen-Larsen et af2011), the recent winter
minimum in8180 and as such also in temperature at NEEM
is encountered during February, whereas the summer max
mum of§180 is found in July. Model evaluations of summer—

in the vicinity of NEEM camp at 72515’ N, 51°5'43" W,

i.e. about 3.5km upwind of the NEEM station. Four of the
cores have been drilled in a square with 10 m side length
and the fifth in the middle of the square. As this formation
looks much like the five on a dice, from now on we will refer
to those cores as the dice five cores. According to the geo-

winter accumulation ratio show consistently more accumula-graphic directions in which the cores have been drilled, we

tion during summer than during winteteen-Larsen et al.
2011). Accumulation data from the Greenland Climate Net-
work (GC-Net) Automated Weather Statior&téffen et al.

named them N, E, S, W and M for middle (see Fijy). As
the top 1-2 m of the firn cores were of bad quality due to the
low snow density which prevented CFA measurement from

1996 at NEEM and Humboldt (closest automated weatherthe surface downwards, a 2 m deep snow pit was sampled at
station to NEEM) show significant gaps due to power fail- 5 cm resolution, a few metres south of the five firn cores. The
ure but, nevertheless, they point to a more equal summer tgnow pit was sampled mainly for dating purposes and was
winter ratio than in the model. A 10-day back trajectory anal- not used for the representativeness analysis. The snow pit and
ysis over the last 30 years shows that most of the air parcelthe firn cores were sampled and drilled between 26 June and
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1 July 2011. For transport from the drilling site to the camp,

the ice cores were sealed in plastic bags and stored in ice ~ 14 T T T T T 100
core boxes. The snow pit samples were stored in pre-cleaned 'gg }(2) 18 &
beakers. Between 29 June and 3 July the samples were mea- £ (g T d 60 &
sured with the Bern CFA-system in the field. The following &, 0.6 |\ 140 &
chemical constituents were analysed continuously: sodium < 8:‘21 N _ 120 3
(Nat), calcium (C&"), ammonium (NH), nitrate (NG}), “ 00 0 1'0 _2'0_ ‘3'0_ _4'0 5'0 0
hydrogen peroxide ($0) and hydrogen (H). In addition,
the electrolytic conductivity of the sample water was mea- ~ ~ g T T 10
sured continuously. e 5 [J 8 8
Three additional firn cores are presented in this work: F2, 24 H 6 {;
F3 and NEEM-2008-S1. The firn cores F2 and F3 were both *:Zc % [\ 4 %
drilled in the same night from 6 to 7 August 2009 and mea- o 1 [ - 2 2
sured continuously with the CFA system during the follow- 00 0 18_0 Ts0 200 250 300 °
ing days. Cores F2 and F3 are about 12 m long, drilled within
60 cm of each other in a distance of about 1.5kmtothewest ~ ! T T T T 1T T T °
of NEEM camp (77270"N, 51°712" W) and about 3km ‘gg 5 1 14 Qj
distant from the dice five cores (see Fij. Components £ 4 r 13 5
measured are the same as for the other cores, except for Na S % B 122
in cores F2 and F3, where data were compromised due to E 1 F 112
measurement failure. Finally the firn core NEEM-2008-S1 s 5'0 1(')0 1;0 2(')0 2;0 3(')0 3;0 0
refers to the access hole of the NEEM main core, drilled dur-
ing the 2008 field season. On core NEEM-2008-S1, the same L2 F— 7 ' ' ' ' — 10 .
components were analysed as for the dice five cores. 2 oe b 18 &
Z o6 | ¢
. N L T 04 F 14 =z
Concentration error estimation and detection limits % 02 492 9
@ 00 l l l l l l 0
The error in concentration has been estimated by applying 0 20 4060 80100 120
a weighted linear (or in the case of Naion-linear) least = g [T T T T T T T A : R
square fit to the measured standards. The error of the photo- & 5 | 14
multiplier signal from the fluorescent or absorption measure- % 4r 13 o)
ments is much smaller than the pipetting error of the standard <, % [ 12
concentrations, which enables us to calculate confidence in- E (l) — ., !, ., ] (1) 3

tervals of the fit. The largest errors arise from mixing the 0 50 100 150 200 250 300 350 400
standard concentrations, i.e. by pipetting standards and dis-
pensing water. Pipetting volume measurements resulted in
a standard deviation of the volume of about 2 uL (for volumes
between 100 and 800 pL). The water dispenser has a starfrigure 2. Standard errors (SE) as derived by least square fits of
dard error of 0.1 mL. The errors of the pipetting and dispens-the calibration curves (see text for further details). The errors are
ing water volume in concentration valuas have been cal- shownin abso!ute_values in ng@(cont?nuous Iin_e) and relative to
culated using Gaussian error propagation and applied to thive concentration in percent (dashed line). Tkexis represents the _
weightsw in the fits asw = &- measuring range of the firn core data, whereas shaded areas depict
Note that during field seasons it is of high priority to be
able to perform measurements fast, therefore one-point cal-
ibrations were performed for those species, whose response
had been proven previously to be highly linear, such as forthe range 5 to 95 % of the measured firn core concentrations
NHj,rr and HO» (Sigg et al, 1994. However, to give an error  for all species are shown in Fig.
approximation for those species, an additional extended cali- The H" concentrations are only given in arbitrary units
bration series has been performed. For the species with moras the buffered solutions used to calibrate the electrode have
than one-point calibrations, i.e. &3 Nat and NG, the not been run through the system to avoid its contamina-
weighted least squares fits have been calculated for all calition. The set-up consists of a small flow-through cell and a
bration series performed during the NEEM 2011 field seasonpH-electrode as described@feller (2011, Sect. 3.4.2). Due
The mean values of all standard errors are given as measurés the very high electrolytic conductivity of Hthe measure-
ment errors. The errors over the entire measuring range andhents are very similar to the conductivity measurements and

conc. (ng gfl)

the 5 to 95 % inter-quantile ranges as given in Table 1.

www.the-cryosphere.net/8/1855/2014/ The Cryosphere, 8, 189870 2014



1858 G. Gfeller et al.: Representativeness of ions in firn cores

Table 1.The 5 to 95 % inter-quantile range (IQR5) of the firn core data, concentration errors and limits of detection.

Component IQR5innggt  Concentration errorinnggt  LODinnggt

ca&t 0.86-17.2 1.1 0.3
Nat 0.44-25.9 0.9 0.7
NO; 65.8-229.4 1.2-35 0.9
NH% 0.56-26.2 0.4 0.1
Ho0, 46.2-225.2 1.2-4 1.2

are therefore not shown here. The limits of detection (LOD)core 7653, closest to NEEM, although very short) point to the
of all species have been calculated as three times the staffact that HO, winter minima leads'80 by about 1 month.
dard deviation of ultrapure water (i.e. blank) measurementsdith the §180 seasonality determined for NEEM ISteen-
and are shown in Table Larsen et al(2011), this implies a HO> minimum in January
As illustrated in Fig.2, the relative concentration error is and a maximum in July. This is also supportedNigsley-
concentration dependent and can in some cases be as higihompson et ak2001) who state that the $O, minimum is
as 100 %. For the majority of the samples, however, the relin January, whereasj®, maxima are more variable.
ative concentration error is smaller than 10% (30% in the Density measurements have not been performed on our
case of C4&h) as also estimated by triplicate measurements cores. In order to get an estimate of the density and thus be
performed previously bRéthlisberger et al2000. able to calculate water equivalent depth scales and accumu-
Melting of the firn was performed at an average speed oflation rates, two different density profiles have been used.
6 cm per minute. The time required for the response of a stefrirst, an empirical fit to the density profile of the NEEM
function change in concentration to rise from 10 to 90 % of main core byBuizert et al.(2012 has been used and sec-
its final value, was smaller than 30 s in all parameters, resultond, a Herron—Langway modéférron and Langway1 980
ing in a depth resolution better than 3 cm of firn or better thanapplied to density measurements of the NEEMO07S3 core,
1.5cm in water equivalent. In the uppermost parts of the firn,drilled in the vicinity of NEEM camp $teen-Larsen et al.
the resolution might be slightly lower due to a small wicking 2011). As parameters for the Herron—Langway model we
effect, which causes the sample water to be sucked up intoased a mean temperature 6£8.9°C, an annual accumu-

the porous firn. lation rate of 0.2 m water equivalent, a surface snow density
of 0.34gcnT2 and an ice density of 0.92 g cTh.
2.3 Depth scale, dating and accumulation rate To refine the age scale to a sub-annual scale, two different

accumulation scenarios were taken into consideration. One
§cenario, where the accumulation rate does not vary through-
out the year (i.e. a linear age—depth relationship is assumed)

cores have been matched to the centre core by assigning t nd another, where the accumulation rate during winter is

points to characteristic peaks found in all cores. Peak char- alf the summer accumulation. The first scenario is sup-
acteristics are provided mostly bys8,, which shows a very ported by the scarce weather station measurements, whereas

distinctive winter to summer ratio, and ijHshowing some the second scenario is supported by several models shown in

high peaks in all cores. Small gaps in the data because O§t¢_arf]n-Lda_1rser;_ et af2011). hlv 20 12
breaks in the cores or air bubbles in the detector cells hav ?]I |é:e ve cores:[hcov%r] rodug t%/ yle?rs o¥e3r m
been interpolated. By using a simple algorithm, the tie points roughly 5cm per month) with a depth resolution of 3 cm or

have then been moved within a small range to achieve maxi—bsttfr' ;hll?nls S_:_J:'C'enr;to r? allgm?tf m?nthllglzm?]%nzé/v Iwr?imh
mum signal correlation between all cores. This step is neces orsampiing. the same nolds for cores a ' ¢

- : - also cover roughly 20 years.
sary to synchronise the cores in a more objective way. .
Since the firn pit and the cores are overlapping, it is pos- The NEEM-2008-S1 core has been dated using thé Na

sible to perform annual layer counting from the very top peak as time marker. The same technique, as for the five

of the cores. Using pD; as a metronome (assuming min- other firn cores, to refine the age sca}le has been applied.
ima in January and maxima in July) a half annual age—to—fg;ﬁggGM'ZOOS'Sl covers a time period of 373 years from
depth scale has been established for all cores. T dea- )

sonality is supported by several ice cores drilled within the

Program for Arctic Regional Climate Assessment (PARCA)

project in 1997 Kosley-Thompson et al.2001). In that

study,s180 and HO, were measured and the timing of the

winter minima analysed. Those measurements (especially

All dice five cores have been dated by counting annual layer
in our multi-component data set. In addition, the four outer

The Cryosphere, 8, 1855187Q 2014 www.the-cryosphere.net/8/1855/2014/
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2.4 Seasonality

normalised
The depth-to-age relationship enables us to calculate the av- histograms
erage seasonality for each species. The monthly average con- _ PEET
centrationX in the study area is given by d B _
o B _

(=]
- 11 % P .
Xp==> =Y Xiix 1 2 4

k N ; na ; i,j,k ( ) Ly

whereN stands for the number of cores, for the number
of years andc for the months.X; ; ; represents a regroup-
ing of the signal of each core in years and months. Note that
monthly concentratiorX; ; . is dependent on the age scale
and, thus, on the assumed seasonal variation in accumula-
tion. Accordingly, average seasonality have been calculated
for our two accumulation scenarios.

The mean seasonality has also been calculated for the time
series derived only from the NEEM-2008-S1 core which cov-
ers the pre-industrial time period of AD 1623-1750.

log,o[Na*]

log IO[NHZ]

2.5 Distribution of mean annual data . 2.20
= 02 /’_' %{(5)
o 01 [ .
In absence of any long-term trends, the annual mean data z oo [ /7 %.88
of the dice five cores follow in first order a log-normal dis- = —8-5 3 7o 195
tribution. However, as our time series are too shortto show £ 53 M- < 7o, % 1 199
a representative histogram, we use the data of NEEM-2008- 0.4 = ' . 1.80
S1 arguing that its distributions are the same as those of the 0.5 T T =~ 0.35
dice five cores, with the exception of the species showing an- Z 8:§ _ 1] 8:32
thropogenic trends which we treated separately. In¥Ftpe S 02 /.4 020
distribution of the logarithmised data of core NEEM-2008- =2 8'(1) P A 8'%(5)
S1 since 1750 is shown. To take into account the anthro- = 0.1 Fv 7\ /= =7 1 0.05
pogenic increase, a locally weighted scatter-plot smoothing 92 ' — 0.00
filter LOWESS) Cleveland 1979 with parameterf = 0.15 1650 1750 1850 1950
has been applied to NDand conductivity and subtracted Age b2k

. . 2_ ._
from the original datay -tests showed that at the 0.95 confi Figure 3. Histograms for annual logarithmised data from the

dence level the_ hypothesis that the (tre.nd corrected) data arIGEEM-ZOOS-Sl core since 1650. Anthropogenic trends (dashed
not nprmally distributed Ca'n'not b? rejeCteq for any of theIines with y-axis on the right side) in conductivity and NChave
species except for Co_nduct|V|ty. This essentially ftell_s us thatyeen removed using a LOWESS filter with paramete 0.15. The

the data can be considered to be log-normally distributed agpgarithmised data of all species, except conductivity, follow to first
a first approximation. order a hormal distribution (see text). Normalised histograms share

the samey-axis as the annual logarithmised data.
2.6 Representativeness estimate

All the species measured in the cores are subject to NON3hnual averages. Itis crucial to discuss monthly and annually

atmospheric processes (further referred to as noise) arismﬂasolved data separately, since the method we are going to

from secondary effects such as wind scouring, re-evaporatiofse ¢4 calculate the representativeness includes Pearson cor-

as well as the event-like character of wet aerosol derJOSItlor}elations whose coefficients are much higher for the monthly

by lnd(;v;(rj]uialtr;])reupltatlondet\_/ents. Ir_1 th? fOIIO\_N'ngb;( IS 88~ yesolved data set since the high-resolution time series are au-
sumed that the measured time series in an ice LOe) tocorrelated due to their seasonality.

cp_n&stg of.alcommo_n determ_|n|st|c_5|gmt?2 and some ad- If the variancer%?(t) is the same in all cores and time, the
ditional individual noise; (1) with varianceo; ). ) o 1 N
best estimate of(¢) is X (1) = 5 >_;_q Xi (1).

Xi(t) = u(t) + & (1), For most of the measured species, the noise depends on
the signal (see Figl), which practically forbids us to use the

wherer stands for either the months, if we are looking at the previous definitions. However, as shown in S&g, most

monthly resolved data set, or the years, if we only considerof our data follow to first order a log-normal distribution.

www.the-cryosphere.net/8/1855/2014/ The Cryosphere, 8, 183870 2014
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Table 2. Parameters for two-way analysis of variance (ANOVA).

Within-series sum of squares SSYN Zthl(Y(t) -X)2
Between-series sum of squares  SSC Y"1 ; (X; — X)?
4 Total sum of squares ssIY N S X -%)?
S Error sum of squares SSESST-SSY-SSC
Taking the logarithm of the data not only makes the data of
each core normally distributed (see F3)y, but also removes
the noise dependency on the signal. From now on we will
;2 therefore only use the logarithmised data which we will refer
to asy; (r) =log;o X; ().
To answer the question of how goddr) represents the
deterministic signalu(z), we follow the methodology of
Wigley et al.(1989) briefly summarised in the following.
We define representativeness as the square of the average
g o of the inter-series correlatioR, , which itself is defined as
& 6r > o i the Pearson correlation coefficient between two time series,
2 | 0oB: ,Jr8 o L 2007 the average of a—sgbset ofv cores?t,,, and the average of
) . ! . . all N coresY, y (Wigley et al, 1984:
0 5 10 15 20 25
35 F 2 osrs | ' o o' - . 1 S Ton = V) Fox V) -
5 25 o OOO = ’ SuSN
Z 15 b o 0co©& © o O .
5 o o wheren goes from 1 toN, the T depicts the length of the
SE %: 0.008 time series and,, andsy stand for the unbiased standard
Il 00 10 a0 160 1s0 deviation of the average of thesubset and the average of
80 : : : : the whole seiv ,.respEctlveI_y. The average valueRf y for
o L 20,503 ° o . all subsets of size (R, n) is a measure of the accuracy of
S o - an-subset average as an estimate of the whole set average.
g 40 - °o P go ] The Ei,zv is then the representativeness of the mean of all
20 | S Ogpo o 20068 subsets with size. To find out how representative one or
0 ? L L L several cores are for the given area weNego to infinity
80 100 120 140 160 180 representing a fictive infinite amount of cores drilled in the
04 [ 2. 0'286 ' ' T o ' ] given area, corresponding to the mean atmospheric signal.
503 F o o © - To do this we need to find an expressionl_q,@zf,\, depending
Soo L o © g ~ only on the variables andN.
© o S 3} Wigley et al. (1984 showed that such an expression is
01 F —g=—" 970 o 20054 - . = . \ Iess
0.0 , , , , , , , given by R; \, where the tilde depicts an approximation of

08 1.0 12 14 16 18 20 22 R\
mean values "

. . . ~ n[l+ (N —Dal —
Figure 4. Between-series standard deviation}for each year plot- RiN = M ~ RiN, 3)
ted against the between-series mean. Full lines depict the fit of the N[1+(n—1a]
measured concentration data (in uSnfor conductivity and in — \peos depicts the unbiased fractional variance
ngg - for all other species), whereas dashed lines depict the fit
of the logarithmised data. Coefficient of determination are given in SSy_ SSE
the upper left corner and lower right corner for normal data and; — N-1 (4)
logarithmised data respectively. Dark shaded areas show the 95% SSY+ SSE
confidence intervals for the normal data fit whereas light shaded ar- . .
eas show the 95 % prediction intervals for a linear regression of theanq SSE and SSY a_re te_rms used in the two-way analysis of
measured concentration data. Confidence and prediction intervai¥@fiance (ANOVA) given in Tabl@.
are not shown for logarithmised data.

The Cryosphere, 8, 1855187Q 2014 www.the-cryosphere.net/8/1855/2014/
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Figure 5. Monthly and annual representativeness of the different species of the dice five firn cores depending on the number. of cores

To see how well one or several cores of our data set rep2.7 Relationship between distance and
resent the time series population meaf), we use Eq.3) representativeness
and letN go to infinity, which gives us
In the previous chapter we only quantified the representative-
1%5 = (5) ness within the dice five formation, here we want to look at

’ 1+ —Da representativeness on different spatial scales. Since we have
as a measurement of the representativeness on a subsettafo other cores, i.e. cores F2 and F3, which have been drilled
n cores for the entire region. The? . have been calcu- Wwithin 60 cm of each other, but about 3 km away from the five
lated for the monthly as well as the annual time series forother cores, itis possible to estimate representativeness of the
subsets with size 1 to 5. To estimate the influence of thecores on a smaller spatial scale as well as on a larger one.
accumulation rateﬁ’,f v Wwas also computed for the annual To get an estimate of how the representativeness changes
fluxes, i.e. the concentration multiplied by the accumulationwith distance,RiOO has been calculated and averaged for
rate: F; (t, A) = X; (1)A; (t), where A; (r) depicts the annual all subsets of two cores, which have approximately the same
accumulation of coré. The representativeness of a single distance to each other, i.e. cores F2 and F3 in short range
core and of all five cores (monthly and annual resolution)(60cm), cores M, N, E, S, W in medium range (roughly
are listed in Tablé. An overview of]?,fyoo forn=1,...,5 10 m) and F2, F3 with M, N, E, S, W in large distance (3 km).
is given in Fig.5. Note the much higher representativenessDue to missing data in core F3 the data set is reduced to only
of the monthly time series arising from the autocorrelation12 years.
induced by the seasonality. In a dice five, there are three different distances between

To get rid of the autocorrelation but still be able to use the cores, diagonal, side distance and distance to the centre.
the monthly resolution we divide the time series into single As an attempt to get information about representativeness
monthsX; ,, wherek stands for an individual month, i.e we and distance on such a short rangéy,oo values have been
only look at all Januaries, Februaries etc. From now on wecalculated for each of those distances as well.
will refer to this kind of representativeness as “single month
representativeness”.

To be able to give an error estimate for the annual and theéd Results
single month representativeness we performed a bootstrap-
ping analysisna (length ofz, i.e. number of years) values 3.1 High-resolution firn core records

are drawn 10000 times from the original data set (e.g. all o o . .
February values from the first cor& ,,) with repetitions, The dice five cores show similar signals in all components

i.e. itis possible to draw the same value multiple times. This(S€€ Fig.7). Mean values and annual variability are shown
procedure has been performed for all cores, generating nei Table3. The C&*, Na* and NH; show low concentra-
data sets from the original ones. For each new data set, théons around 6 ngg' whereas N@ and HO, show higher
representativeness has been calculated following the Wiglegoncentrations around 130 ng'g For C&+, Na* and NH},
method described above. In Figithe mean representative- the annual variability is around the same as the annual mean
ness and the 95% confidence intervals of the bootstrappedalues, whereas for NDand HO; it is relatively lower,
data are shown. around 40 ngg’. Core M exhibits a large variability in Na

na
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in the field, but transported and stored for some time before

10 { }f I‘I/I /I* 1\./[ f { /I\ ? (.) ITI ]? afg}ﬂal being measured in the laboratory. On core B26-iCala',
&, 08} 4k - NHI and NG; have been measured, whereas B29 comprises
© f 1 only cat, NHjlr and HO, measurements. The snowpit of

Kuramoto et al(2011) covers C&", Na" and NG; . IC mea-
surements on core B26 yield yearly resolution, whereas the
other data show monthly or better resolved data. All the data
are shown in Fig7.

The measurements #furamoto et al(2011) agree very
well with our data, both in concentration and in timing. Core
B26 agrees well in C&, Na* and NG, but less in NI{,
whose concentration is considerably higher in B26 than in
the cores presented in this work. The high ;[\IHaIues mea-
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E 06 I 60 9 9 ¢ JL%] sured by IC are mainly due to the rather large error arising
8 04f © & ? ° s ¢ 1 from the measurement itself, where liquid samples in the lab-

e 8.3 I S 2 e | oratory are exposed to elevated levels of gaseous (Fis-

cher, 1997 Hausbrand1998. Core B29 shows higher con-
centrations in C&" than our new cores which might be due

_|

Len
S 82 i SO 100 to the fact that the porous firn core has not been measured
8 041 © ? 0 oo I o 1% in the field, and thus may be subject to contamination dur-
w02} ? ? J14 ing transportation or storage. Nghowever, agrees well with
0.0 ——"A———tt A our data. Other than the mentioned discrepancies the annual
B I e e e e e R E s R means agree within the error bars, as shown in Table
Q 08 r Also the annual accumulation values have been derived
= 0.6 PR B A o ° [ 7 from the dated ice cores after correction for densification. On
2 04F o o © 4L lon |
o 02k o o © |9l average the mean annual accumulation is about 0.25eq w
e oolb——u v vy 1 in our firn cores independent of the density profile used (see
1.0 Table4). Kuramoto et al(2017) calculated a mean accumu-
. . T 1 1 1 1 1 1 T T T 1 [T ] . . . . .
0.8 |- H b I . I w pit, which i
= lation rate of 0.176 mweq for their 2 m snow pit, which is
S 06F o o 6 % 0 o0 $ 14 © o o substantially less than what we calculated (see Big.how-
N§, 8-‘2‘ i o 100 ever, not statistically significant, as their measurements only
ool v 1 cover three years$teen-Larsen et a2011) calculated accu-
JFMAMIJI J A S ON D annual mulation rates from core NEEM07S3 and derived a value of

. ) 0.22mieq, which corresponds to about 0.2 meg. Simi-
Figure 6. Average of bootstrapped representativeness values as dqérly Buizert et al (2012 gives a value of 0.227 m | eq’é,

rived from the dice five firn core (coloured full circles). Error bars . : . o
depict 95 % bootstrapped confidence intervals. The left plot shows"e' 0.209 mw. eq.al. This value is about 20 % lower than

the single month representativeness, whereas the right plot shov@e. dl(;g f'Ye cores and m,ay point to Slgnlflcant small-scale
the representativeness of inter-annual variations. variability in snow deposition for example induced by dune

formation within a few kilometres. As shown in a study of
West Central Greenland Hyunse et al(2008, accumula-
tion in this area is representative only over several hundred

(roughly twice the variability of the other cores) due to a very metres with variation of about 15 % around the spatial mean.
high peak in 1994. The cores F2, F3 and NEEM-2008-S1

show overall a little bit higher concentrations than the dice3.2 Representativeness of the dice five cores
five cores but agree very well in timing.

Here, the cores and the snow pit presented in this workThe representativeness values of one core and of five cores
are compared to other data available in the literature, i.e. af each chemical species in monthly and annual resolution
approximately 2m deep snow pit dug in 2009 (2.6 km Eastare listed in Tablés. In addition, the representativeness of
from NEEM camp) byKuramoto et al.(2011), lon Chro-  the annual flux is shown. The representativeness values of
matography (IC) measurements of firn core BR&gsbrand  the monthly resolved data are much higher than those of the
1998 and CFA measurements on core BS@nmey 1996, annual mean data since the monthly resolution includes the
both cores drilled during the North Greenland Traverse (B26autocorrelation of the seasonality in each species.
about 50 km southeast from NEEM camp, B29 further south- Including the seasonal variation in the aerosol chemistry
east, about 250 km from NEEM camp). Contrary to the coresdata, one core is able to explain more than 60 % of the total
presented in this work, B26 and B29 have not been measuredariance in each measured species whereas five cores even
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Figure 7. Coloured lines: dice five firn cores (this work); dark coloured lines: cores F2 and F34ih @dy core F3 is shown); coloured
dots: core B26; black dots: Kuramoto pit; black line: core S1. Purple Iines?r‘fﬂ*z&hH;lL and HO,: B29.

Table 3. Annual mean concentrations and standard deviations (both imhgnith the exception of conductivity where means and standard
deviations are given in uS c_n%) over the intervals shown in Fig.

Species M N E S W

cat 47+4.7 6.9+5.2 57+4.4 58+57 6.3+5.6

Nat 9.7+141 95476 6.946.0 6.1+5.7 81487

NHI 55457 75+81 56+5.1 81+85 6.4+6.6

NO3 1282+36.1 1310+390 1278+383 1418+482 14194419

HoOo 1091+348 1160+£394 13204431 16994550 921+327

Cond. 16+0.5 16+0.5 16+0.5 16+0.5 17+05

Species F2 F3 NEEM-2008-S1 B26 B29 Kuramoto pit
cat - 55+44 74+54 107+5.1 174489 6.1+57
Nat - 1244117 1294119 178+149 - 1124109
NHX 8.7+119 70+99 75+4.3 164+114 7.0+ 3.9 -

NOg 1538+500 1626+51.0 14614323 11904+241 - 1384+ 55.3
H>O» 20004£593 19214501 11574177 - 1435+311 -

Cond. 18+0.5 21+06 20+06 - - -
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Table 4. Accumulation of the dice five cores in m w. eq. subset (i.e. F2 and F3), it is not possible to calculate a stan-
dard deviation. To provide an estimate of uncertainty, the
Cores Buizertdensity = SD  HerronLangway  SD data have been bootstrapped. Standard deviations of the boot-

Density strapped representativeness values are shown as vertical error
M 0.246 0.049 0.252 0.051 bars. In Fig.8 the mean of the bootstrapped representative-
N 0.252 0.048 0.259 0.049  hess values is shown in black. For the other species, repre-
E 0.259 0.077 0.265 0.077 sentativeness values between cores F2, F3and M, N, E, S, W
S 0.257 0.059 0.264 0.061  and non-bootstrapped standard deviations are shown.
W 0.244 0.053 0.250 0.055 The representativeness values for the different distances
Mean 0251 0057 0258 0.059 within the dice five formation of the cores are of low statisti-

cal significance due to the low population size. Nevertheless,
the representativeness generally slightly decreases?h,Ca
] . ] Na', NH:{ and HO; for increasing distances. Considering
explain more than 85 % in all species. For the annual meary|y the mean values of the dice five formation, the repre-
data, however, the representativeness of one core i Na genativeness of the longest distance is always the smallest.
Ca* and RO is low, around 30 %, and higher for NH However, the overlap of the variability within the five cores
NO; and conductivity (around 60 %). For five cores the an- and the values for long-distance representativeness point to
nual representativeness is never below 68 %. the fact that the representativeness does not change much
The similarity of the representativeness values of concenmore between 10m and 3km. On the other hand, for the
trations and fluxes pOintS to the fact that the annual aCCUmUStep in distance from 0.6 m to |arger distances, the |argest
lation plays a minor role in influencing the representative- decrease in representativeness values is observed.
ness. Only for N& and HO, do the fluxes appear to be more  The representativeness of annually resolved data results in
representative by about 20 %. very similar results, albeit the representativeness is consid-
In Fig. 6 the single month representativeness is shown. Theérab|y smaller in C&, Na*, H,O, and conductivity, and
vertical bars show the 95 % confidence intervals as retrieveghe standard deviations considerably larger due to the smaller

by the bootstrap analysis. On the right-hand side, the repreamount of data points available (see Fadiottom).
sentativeness of the annual data (see also Tl shown

again. If the inter-annual variability in means of individual )

months is considered (e.g. the inter-annual variability of all3-4 Modern seasonality

January values) then the representativeness values drops to

values similar to those of annual mean values. Seasonality for pre-industrial and modern times are shown
Note that we need to take into account the fact @,  for both accumulation scenarios in F&g.where scenario 1

is only an approximation. The quality of this approximation refers to a constant accumulation rate throughout the year,

has been verified by comparin@f,N with ﬁiN for n = While_ sce_nario 2 refers to twice the accumulation in summer

(1,....4 and N =5 (for n =5, RZg =1 for all species). than in W(;nter' 4 i q e

The differences in the approximation and the real representa]- Regar INg MO Ce?;[] seasonfcufcy and considering accumu-

tiveness fom = 4 range from 0.01 to 0.2 % for the monthly ation scenario L peaks distinctively in March, shortly

time series and from 0.22 to 1.24 % for the annual time seriesa‘fter Nat', which peaks in February. The NGand NI—Q’ both

peak in May. Whereas for other species seasonality does not
3.3 Representativeness on different spatial scales change when computing the median instead of the mean, it
is crucial to compute the median for IS[I—Bmce there are
In Fig. 8 the representativeness between two cores with simimany extremely high NEI peaks during summer, biasing
lar distances is shown for monthly resolution which includesthe mean value. This is best seen in the shaded area depicting
the seasonal variation (top) and annual resolution (bottomjhe mean absolute deviation, showing highest variability dur-
on the different spatial scales (see S&c). The representa- ing late spring and summer followed by a sudden decline in
tiveness of the dice five cores (long horizontal bars in 8jg. September and almost no variability for the rest of the year.
is subdivided according to the different distances within theThe H" measurements (not shown) show exactly the same
dice five. The error bars depict the standard deviation of theseasonality as conductivity, which is an indicator of conduc-
representativeness of all subsets of two cores — e.g. for thévity being driven mostly by H.
side distance of the dice five we have four subsets: (N,E), Considering accumulation scenario 2, maxima ofCa
(N,w), (E,S) and (S,W). and Na are generally broader than in scenario 1, whereas
The representativeness for distances involving cores Famaxima in NG, NH, and HO, become narrower. Small
and F3 cannot be shown for €aand Na since the mea- temporal shifts in maxima are observed for’Cawhich
surements were corrupted to some extent leaving not enougis shifted towards April, and ND which is shifted to-
years to test for the representativeness. As there is only oneards June. Nevertheless, the use of different accumulation
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Table 5. Representativeness of the dice five data. winter and early spring, the concentrations are about 5Ag g
higher.
Monthly Annual Annual Pre-industrial C&" concentration peaked in March, sim-
resolution resolution flux ilar to modern seasonality, but less distinct. Pre-industrial
. ~5 ~5 -5 =2 =2 =2 concentrations are generally higher in summer months, but
Species Riow Rooo Riw oo Riw Rio lower in winter months compared to modern seasonality.
cat 073 093 035 073 037 075 In contrast to the maximum in May during modern times,
Na’ 061 089 030 068 046 081 median NI—]{ monthly values peaked in July—August during
NH; 065 09 073 093 078 095 pre-industrial times. The pre-industrial seasonality is more
NO3 061 087 057 087 059 088 symmetric than the modern one, which is skewed towards

HO0, 063 089 035 073 067 091  the beginning of the year for median monthly values. Look-
Cond. ~ 0.65 090 063 090 059 088 jyqat mean monthly values which are dominated by singular
summer events, we note a shift from autumn towards summer
from pre-industrial to modern times.
NO; shows its maximum in May and its minimum
September—October during modern times. During pre-
industrial times its maximum is substantially shifted to June—
July and its minimum to December—January. Generally, the
pre-industrial NQ seasonality is more flat and in the order
of 100 ng g ! lower compared to modern seasonality.

scenarios has only a small influence on the derived seasonailﬁ
ity in all components.

Daily samples of surface snow at Summit, Greenland from
June 1997 to April 1998 and from August 2000 to Au-
gust 2002 show high C& concentrations during Aprilfibb

et al, 2007). This is consistent with our data, assuming ac- At larger depths we observe thas®, follows the inverse

cumulation scenario 2 to be more realistic. Forj\ll—ﬂ)lbb concentration of dust and €a This is believed to be due to
et al.(2007 found a broad mean summer enhancement from

catalytic effects with MA* or other heavy-metal ions (corre-

#“';;;2 C;I?Jlézt. Sg ?ﬁled:r:?/?a% :ei[eerxtr?i?)irl ?SQ;;”ZL;T ]:po(r)nurlating with dust and C&) which strengthens the decompos-
' P ing of H,O» into H,O and Q, as described ilVeiss(1935.

June to August in both accumulation scenarios. The peak.. . - .
) Y . ) c b l%mce HO, is heavily affected by those effects, it does not
in the mean values from scenario 2 is much more distinct, ‘ . .

represent its atmospheric seasonality.

and very similar to the measurementsiibb et al.(2007). . . .
) . T Whitlow et al. (1992 showed maxima timing of yD>,
Also similar toDibb et al.(2007), although less distinctive, rNO’u:' NHj{, C+ and Na- relative 105180 from AD 1259

NOj; peaks in June in scenario 2. In addition to the summe ) ) , 8 _
to 1900 in Summit. Assuming th&80 minimum to occur in

peak,Dibb et al. (2007 find a distinctive peak in January. - . . .
This peak cannot be seen distinctively in our mean seasorppanuary, all data agree within 1 month with our pre-industrial

ality data; however, the variability (shaded area in my. Seasonalities.
shows an increase during December—January indicating that
some of the years show a December—January peak. This is
also supported by looking at the individual records in FAig.
which show a tendency to secondary peaks or shoulders dur- .
. . 4.1 Representativeness
ing that time of the year.

Seasonalities of chemical tracers frifalcin et al.(2006
for four snow pits at Eclipse ice field, Canada (dug during
May and June 2002) with respect 4420 agrees well with

+ — - - .
moderp Ca*, T803 a_“‘?' NH{ concerltratlons In scenario 2, higher representativeness in the annually resolved data, if
assuming theé*0 minimum to be in January. In contrast, ,n|y one core is considered. The overall lower representa-
Na" from Yalcin et al.(2009 leads with respect to our data jeness of the annual data is to be expected since most of

by about two months, showing that there are regional differ-e yariance resides in the common seasonal cycle in each
ences in the sea salt aerosol supply to Arctic ice core sites. .o

In the particular case of N]fl the higher representative-

3.5 Pre-industrial seasonality ness of the annual data comes from the singular summer

peaks which dominate the variance in the annual data. From
The pre-industrial seasonality has been calculated on théhe high representativeness and the low confidence intervals
NEEM-2008-S1 core using Naas a time marker for Febru- in NH; during summer months we can also see that the com-
ary implying that the timing of N& deposition has not mon variance in the different cores is dominated by excep-
changed over time. Interestingly, in contrast to modern seationally large summer peaks in individual years.
sonality, Na peaks more distinctively during pre-industrial ~ Looking at the single month representativeness in
times. It shows similar concentrations except that duringFig. 6 we note that C& and Na show rather low

Discussion

The representativeness of the monthly resolved dice five firn
core data is always larger or equal to the representativeness
of the annually resolved data, except for Nihich shows
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Figure 8. The 1?%.00 values of the seasonal (left) and annual (right) variations, calculated for each two cores dependent on their distances
(d =0.6m: cores F2 and F3[ =7.1m,d = 10m andd = 14.1 m: dice five cores andél= 3000 m dice five cores and F2, F3). Horizontal

bars represenl?iOO of all subsets of two of the dice five cores. Variability in tﬁ%,oo estimates is given as the standard deviation. Black
indicators show where the standard deviation is derived from bootstrapping the representativeness values.

representativeness values during the month with highest corAccordingly, the gain of representativeness, if having five
centration. This could be due to the higher wind speeds dureores instead of just one, is considerably larger in the an-
ing winter months. However, looking at the rather large con-nually resolved data than in the monthly resolved. It is there-
fidence intervals, those results should not be over-interpretedore especially worthwhile to drill more than just one core if
In contrast to those two species, fl@nd KO, show high-  one is interested in more than the seasonality. A minimum
est single month representativeness during the months duringequirement to use ice core chemistry data to reconstruct the
which the seasonal concentration is highest. The high conatmospheric inter-annual variability is that the variance in the
centrations in N@ and HO; are therefore very robust. In inter-annual data is dominated by the atmospheric signal and
addition to the lower wind speeds during the months of highnot by depositional noise. That implies that the representa-

NO3 and HO; concentrations, one could speculate that ativenessk- . should be at least 0.5. As illustrated in Table
reason for the high representativeness could be the diffusiog,;q would’only be the case for '\I{H NOj3 and conductiv-
of H20, in the ice and the post-depositional loss of NO v For all other species replicate coring is required. A truly
which might both be enhanced during warmer months. reliable reconstruction of the atmospheric inter-annual vari-

Looking at species N, NO; and HO; in Fig. 8, we de- ability should, from our point of view, have a signal-to-noise

duce that most of their spatial decorrelation takes place be-_.. ) . N
tween 60 cm and about 7m and then stays rather constarﬁ?tlo of at least 4:1K, o, > 0.8) which would require five

up to 3km. We attribute this to wind-blown sastrugis which or more r_ephcate cores for most of the species. N_ote that
. .. such replicate coring has to take place on a spatial scale
have a lateral extent typically larger than 60 cm, resulting in

4 X . of about 10 m to efficiently quantify the depositional noise.
very good representativeness values on centimetre dISt‘fjmcels'eplicate coring on the lower than 1 m scale will lead to erro-

The dice five formation then would cover more than just one . . C :
o ) o : L neously high representativeness which is not reflecting the at-
sastrugi with wind redistribution occurring within the sas- ) : o
mospheric homogeneity but the homogeneity in the snow re-

trugi field, resulting in considerably smaller representative- . - . ) .
ness. The fact that the representativeness does not chanwé)rkmg within a single sastrugi. On the other hand, replicate

significantly between the dice five and the about 3km dis-, oring on the 1km scale does not prov!dg much addmonal
information compared to cores drilled within 10 m distance.

tant cores F2 and F3 shows that small-scale wind-driven sasg . L
. o : . his result has strong implications for the use of aerosol
trugis are the driving noise mechanism and not larger-scale

. . S . _Chemistry data to reconstruct for example the variability in
dune formation or bedrock topography induced variations in . .
: atmospheric teleconnection patterns such as the North At-

confirms that the atmospheric aerosol concentration does n%mtic Oscillation (NAQ) or the El Nifio Southern Oscilla-
lon (ENSO), which are dominated by multi-annual variabil-

change significantly on this spatial scale, as expected. . . . )
The values in Tablé show that a large part of the atmo- !ty. Here, substantially better reconstructions can be achieved

spheric aerosol information is lost for the inter-annual vari- n the future, using re_zp_llcate coring within several metres
o . distance between individual cores. Note that the represen-
ability if only one core is used. In contrast, seasonal cy-

. . tativeness values in Tabke are only applicable to climate
cles can be reliably reconstructed on only one single core.
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tentatively attributed to the predominantly wet deposition of
0 AMJ JASONDJ FMAMIJ JASOND these two aerosol species. As the variations in deposition
fluxes of mainly wet-deposited aerosol species are controlled
by both the inter-annual atmospheric aerosol concentration
and the accumulation, a higher covariance is expected be-
tween different cores in the NEEM area when looking at flux
values of these two species.

4.2 Seasonality and anthropogenic influence

[Na*] (ng/g) [Ca®*] (ng/g)

The better agreement of the seasonality of the dice five firn
cores from scenario 2 with the seasonality from snow pits and
firn cores indicates that there is more accumulation during
summer than during winter at NEEM. Nevertheless, we are
not completely sure about the accumulation ratio between
summer and winter.

The difference between pre-industrial and modern” Na
seasonality could be explained by either lower sea ice extent
(if Na* originates from sea ice production as is suggested
for Antarctica byWolff et al., 2003 or wind speed changes
for recent conditions, as wind speed is controlling the sea
salt flux from the open ocean into the atmosphere. Similar to
this explanation, the differences of pre-industrial and modern
Cé&* seasonality could be driven by changes in atmospheric
circulations or by a change in storm frequency in the central

mean

[NH;] (ng/g) [NHj] (ng/g)
median

122 Asian deserts where &his mostly originating Bory et al,

ﬁg 2003. However, the origin and transport of Nand C&"

116 are still subjects of further investigation.

%11421 The high values of conductivity and*Hn late winter and

110 early spring are attributed to anthropogenic aerosol species

and the well known Arctic haze phenomenon. The Arctic
haze phenomenon arises due to the slow removal processes
in the dry and stable Arctic atmosphere during winter (e.g.
Law and Stohl 2007 Shaw 1995, which causes the an-

Cond. (uS/cm) [H20,] (ng/g) [NO3] (ng/g)

> AMJ JASOND J FMAMJ J ASOND thropogenic pollution to build up. The most dominant an-
thropogenic acid in the Arctic atmosphere 3304 due to
SO, emissions I(aj et al, 1992. Unfortunately we were

Figure 9. Average seasonality of the five firn cores (coloured step- not able to measure

plots). The average pre-industrial seasonality as derived from cor with our CFA system — how-
S1 for the years AD 1623-1750 are shown as black step-plots. F(;éver, the high BSQ; values are imprinted in high Hcon-

NHjlr both median and mean values are shown. Line plots and scat(-:entr"’mons and due to the high molar conductivity of H

ter plots represent the accumulation scenarios 1 and 2, respectivel§1.349'8 Scrf mol—l)' ?ISO In conductlwty. . )
Shaded areas represent the variability of the seasonality of each of One of the additional constituents of the Arctic haze is
the dice five cores. Note that the pre-industrial values@pi(right ~ NO3. As derived from several shallow firn cores during
axis) do not represent atmospheric values (see text for more detailsjhe North Greenland Traverse Wischer et al.(1998D,
anthropogenic maximum NDfirn concentration are 100-
130ng g higher than the pre-industrial background. Con-
conditions (mean annual accumulation, wind speed) at thesidering Fig9we can confirm this finding also for the NEEM
NEEM site. Regions with higher accumulations and lower region. However, according feischer et al(19983, the re-
wind speeds are expected to provide higher representativeeent NO; seasonality is only weakly defined in northeast
ness values as the depositional noise due to sastrugi formareenland with only slightly higher levels in summer and
tion is expected to be relatively lower. Such regions would possibly spring. The reason for the lower variability is at
then be preferable for reconstruction of atmospheric teleconteast partly post-depositional NOloss in this low accu-
nection patterns and would require less replicate coring.  mulation region. While we can confirm the higher summer
The representativeness of annual fluxes is only highetevels (only during early summer) in the NEEM region, we
than that of concentrations for Naand HO,. This can be  see a rather distinct seasonality with an amplitude of more
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than 50ng gl. Goto-Azuma and Koerng200]) state that  between—0.48 and—0.81 over the time period from 1980 to
for some sites, two distinct ND peaks are measured (an- 2003. The S(ﬁf measurements at Alert station show similar
thropogenic winter to early spring peak and natural summerresults, with negative trends for November, June and Septem-
peak), whereas for other sites those two peaks are combinetber with » between—0.45 and—0.83. Accordingly, the de-
forming one single peak. The combination of the two peakscreasing trend in H most likely reflects the reduced an-
could be an explanation for the rather early summer peakhropogenic S@‘ aerosol load in the Arctic as evidenced in
in the modern NQ seasonality derived from the dice five many deeper ice core studies in Greenland (&sgher et al.
cores. However, considering the pre-industrial seasonality td 9984 Bigler et al, 2002. In addition, this is supported by
be 100ng g lower and overall flatter than the modern sea- the decrease of sulfur dioxide ($J®missions since the mid-
sonality, we can say that a natural summer peak is completel970s as described I8mith et al.(2011), and supported by
obscured in the modern seasonality at NEEM. Law and Stoh[(2007) who state S@‘ to exhibit significant
Langford et al.(1992 state that the fixation of the ubig- downward trends at most Arctic stations.
uitous product of biological activities ammonia (MHin
the atmosphere happens primarily through irreversible pro-
cesses with SOy to form NHgHSO4 and(NH4)2S0;4. This 5 Conclusions
could explain the increase in l\IHconcentration in Febru-
ary to April for recent conditions, when biological activity The firn cores and the snow pit analysed in this work agree
is still low. Due to the phenomenon of the Arctic haze a lot well with data available in the literature from other firn cores
of HoSOy is present during this time which could turn even and snow pits.
a small amount of ammonia into l\]{H— an effect that was The seasonalities derived from different firn cores agree
certainly not that strong during pre-industrial times, exceptvery well with each other enabling us to give accurate max-
during times of volcanic eruptions. In addition, enhanced an-ima and minima timings in monthly resolution. Compari-
thropogenic NH emissions during spring preferentially from son with Dibb et al. (2007 showed that accumulation sce-
farming may contribute to the recent spring maximum in nario 2 (summer accumulation of two times the winter ac-
NHj{. In contrast, the later N]{:I maximum for pre-industrial cumulation) is more likely than scenario 1 (same accumu-
conditions is most likely controlled by high biological pro- lation throughout the year) although it is possible that even
ductivity during summer. a larger summer to winter accumulation ratio thari2Znight
Alternatively it is imaginable that the assumptions on be more adequate.
scenario 2 might only to some extent reflect the reality. One of the main goals of this study was to investigate how
A larger summer—winter accumulation ratio than12would representative aerosol chemistry records in the NEEM region
stretch the winter signal even more, shifting the increase ofare in terms of atmospheric concentration variability and how
NHj,rr towards the seasonality of biological activity. A higher strongly the depositional noise affects ice core variations.
summer—winter accumulation ratio would also shift the pre- A single core is representative of more than 60 % of vari-
industrial and modern mean seasonality closer together -ability within a square with 10 m side length in all species in
however, that would also affect the seasonality of all the othetterms of seasonal cycles (monthly resolution), thus counting

species. of annual layers using seasonal cycles in chemistry records
can be reliably achieved using a single ice core at NEEM.
4.3 Trends Considering annually resolved data, the representativeness

drops significantly in C&", Na+, H,O, and Hf whereas it
Core NEEM-2008-S1 shows an increasing trend in the antemains high in Nlﬂ, NOj and conductivity.
nual data in N@ and conductivity since the late 19th cen-  Accordingly, the inter-annual variability in atmospheric
tury (see Fig.3) corresponding to the beginning of the in- aerosol concentrations (for example linked to variations in at-
dustrial revolution. Since the mid-1970s NQlattens out ~ mospheric teleconnection patterns) cannot be reliably recon-
whereas conductivity even decreases. In the other speciestructed from a single ice core at NEEM. Replicate coring of
such as C&", Nat and NH; , core NEEM-2008-S1 does not ice cores within several metres distance, however, can pro-
show any significant increase over the industrial period. Thevide ice core records reliable for inter-annual variability in
species analysed in the dice five firn cores do not show anyhis region. Therefore, replicate coring is highly desirable for
significant trend in the annual means over the short time pereconstructions of teleconnection patterns in future studies.
riod covered, but some components show significant trend&Ve suggest that a reliable reconstruction of the inter-annual
in some monthly values. Hand conductivity show similar variability in aerosol concentrations at NEEM requires at
significant decreases in winter months witgenerally lower  least five replicate cores. This number is most likely smaller
than 0.5, continuing the decrease observed in core NEEM¢higher) in higher (lower) accumulation areas on the Green-
2008-S1. The decrease in"Hn winter months is also con- land ice sheet.
firmed by air measurements at Alert station which show sig- The representativeness of cores only several tens of cen-
nificant negative trends between November and April with timetres apart is higher than for cores that are drilled within
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a few metres distance. The representativeness does notT., Kéhler, P., Laepple, T., Landais, A., Langen, P., Larsen,

diminish further if the firn cores are compared with a dis-
tance of a few kilometres. This implies that most likely sas-
trugis can explain the depositional noise. The higher repre-
sentativeness of cores within a few tens of centimetre thus
only reflects the common signal within one sastrugi, but not
a higher representativeness for atmospheric variability.

AcknowledgementdNEEM is directed and organised by the Centre
of Ice and Climate at the Niels Bohr Institute and US NSF, Office of
Polar Programs. It is supported by funding agencies and institutions
in Belgium (FNRS-CFB and FWO), Canada (NRCan/GSC),
China (CAS), Denmark (FIST), France (IPEV, CNRS/INSU, CEA
and ANR), Germany (AWI), Iceland (Rannls), Japan (NIPR),
Korea (KOPRI), the Netherlands (NWO/ALW), Sweden (VR),
Switzerland (SNF), UK (NERC) and the USA (US NSF, Office of

L., Leuenberger, D., Leuenberger, M., Leuschen, C., Li, J,,
Lipenkov, V., Martinerie, P., Maselli, O., Masson-Delmotte, V.,
McConnell, J., Miller, H., Mini, O., Miyamoto, A., Montagnat-
Rentier, M., Mulvaney, R., Muscheler, R., Orsi, A., Paden, J.,
Panton, C., Pattyn, F., Petit, J.-R., Pol, K., Popp, T., Possnert,
G., Prié, F., Prokopiou, M., Quiquet, A., Rasmussen, S., Ray-
naud, D., Ren, J., Reutenauer, C., Ritz, C., Rockmann, T., Rosen,
J., Rubino, M., Rybak, O., Samyn, D., Sapart, C., Schilt, A.,
Schmidt, A., Schwander, J., Schupbach, S., Seierstad, I., Sev-
eringhaus, J., Sheldon, S., Simonsen, S., Sjolte, J., Solgaard,
A., Sowers, T., Sperlich, P., Steen-Larsen, H., Steffen, K., Stef-
fensen, J., Steinhage, D., Stocker, T., Stowasser, C., Sturevik,
A., Sturges, W., Sveinbjornsdottir, A., Svensson, A., Tison, J.-
L., Uetake, J., Vallelonga, P., van de Wal, R., van der Wel, G.,
Vaughn, B., Vinther, B., Waddington, E., Wegner, A., Weikusat,
I., White, J., Wilhelms, F., Winstrup, M., Witrant, E., Wolff, E.,
Xiao, C., and Zheng, J.: Eemian interglacial reconstructed from

Polar Programs). We thank the Swiss National Science Foundation 5 Greenland folded ice core, Nature, 493, 489-494, 2013.
(SNSF) for financial support and the four anonymous reviewerspipp, 3. E., Whitlow, S. I., and Arsenault, M.: Seasonal variations

for improving the paper with their constructive comments. All
figures were generated using the matplotlib library in the Python
programming language.

Edited by: F. Dominé

References

Bigler, M., Wagenbach, D., Fischer, H., Kipfstuhl, J., Miller,
H., Sommer, S., and Stauffer, B.: Sulphate record from a

in the soluble ion content of snow at Summit. Greenland: con-
straints from three years of daily surface snow samples, Atmos.
Environ., 41, 5007-5019, recent Investigations of Snow Photo-
chemistry and Air-Snow Exchange at Summit, Greenland, 2007.

Dunse, T., Eisen, O., Helm, V., Rack, W., Steinhage, D.,

and Parry, V.. Characteristics and small-scale variability
of GPR signals and their relation to snow accumulation
in Greenland’s percolation zone, J. Glaciol., 54, 333-342,
d0i:10.3189/0022143087848862(008.

Fischer, H.: Raumliche Variabilitat in Eiskernzeitreihen Nordost-

grénlands, Ph.D. thesis, Ruprecht-Karls-Universitat Heidelberg,

northeast Greenland ice core over the last 1200 years based 1997.
on continuous flow analysis, Ann. Glaciol., 35, 250-256, Fischer, H., Wagenbach, D., and Kipfstuhl, J.: Sulfate and nitrate

doi:10.3189/17275640278181715802.
Bory, A. J.-M., Biscaye, P. E., and Grousset, F. E.: Two dis-

firn concentrations on the Greenland ice sheet: 1. Large-scale
geographical deposition changes, J. Geophys. Res.-Atmos., 103,

tinct seasonal Asian source regions for mineral dust deposited 21927-21934, dal0.1029/98JD01883.998a.
in Greenland (NorthGRIP), Geophys. Res. Lett.,, 30, 1176,Fischer, H., Wagenbach, D., and Kipfstuhl, J.: Sulfate and nitrate

doi:10.1029/2002GL01644&003.
Buizert, C., Martinerie, P., Petrenko, V. V., Severinghaus, J. P.,
Trudinger, C. M., Witrant, E., Rosen, J. L., Orsi, A. J., Rubino,

firn concentrations on the Greenland ice sheet: 2. Temporal an-
thropogenic deposition changes, J. Geophys. Res.-Atmos., 103,
21935-21942, dal0.1029/98JD01886.998b.

M., Etheridge, D. M., Steele, L. P., Hogan, C., Laube, J. C., Fischer, H., Siggaard-Andersen, M.-L., Ruth, U., Réthlisberger, R.,

Sturges, W. T., Levchenko, V. A., Smith, A. M., Levin, I., Con-

way, T. J., Dlugokencky, E. J., Lang, P. M., Kawamura, K., Jenk,
T. M., White, J. W. C., Sowers, T., Schwander, J., and Blunier, T.:
Gas transport in firn: multiple-tracer characterisation and model

and Wolff, E.: Glacial/interglacial changes in mineral dust and
sea-salt records in polar ice cores: Sources, transport, and deposi-
tion, Rev. Geophys., 45, RG1002, d):1029/2005RG000192
2007.

intercomparison for NEEM, Northern Greenland, Atmos. Chem. Fisher, D., Reeh, N., and Clausen, H.: Stratigraphic noise in time

Phys., 12, 4259-4277, dtD.5194/acp-12-4259-2012012.

series derived from ice cores, Ann. Glaciol., 7, 76—83, 1985.

Cleveland, W. S.. Robust Locally Weighted Regression andGfeller, G.: Continuous acidity measurements on polar ice cores,

Smoothing Scatterplots, J. Am Stat. Assoc., 74, 829-836, 1979.

Master’s thesis, University of Bern, Switzerland, 2011.

Dahl-Jensen, D., Albert, M., Aldahan, A., Azuma, N., Balslev- Goto-Azuma, K. and Koerner, R. M.: Ice core studies of anthro-

Clausen, D., Baumgartner, M., Berggren, A.-M., Bigler, M.,
Binder, T., Blunier, T., Bourgeois, J., Brook, E., Buchardt, S.,

pogenic sulfate and nitrate trends in the Arctic, J. Geophys. Res.-
Atmos., 106, 4959-4969, d&D.1029/2000JD900632001.

Buizert, C., Capron, E., Chappellaz, J., Chung, J., Clausen, H.Hausbrand, R.: Direct measurement of the acidity in an ice core

Cvijanovic, I., Davies, S. M., Ditlevsen, P., Eicher, O., Fischer,
H., Fisher, D., Fleet, L., Gfeller, G., Gkinis, V., Gogineni, S.,

from northwest Greenland, Master’s thesis, Ruprecht-Karls-
Universitat Heidelberg, 1998.

Goto-Azuma, K., Grinsted, A., Gudlaugsdottir, H., Guillevic, Herron, M. M. and Langway, C. C.: Firn densification: an empirical

M., Hansen, S., Hansson, M., Hirabayashi, M., Hong, S., Hur,
S., Huybrechts, P., Hvidberg, C., lizuka, Y., Jenk, T., Johnsen,

S., Jones, T., Jouzel, J., Karlsson, N., Kawamura, K., Keegan,

K., Kettner, E., Kipfstuhl, S., Kjeer, H., Koutnik, M., Kuramoto,

www.the-cryosphere.net/8/1855/2014/

model, J. Glaciol., 25, 373-385, 1980.

The Cryosphere, 8, 189870 2014


http://dx.doi.org/10.3189/172756402781817158
http://dx.doi.org/10.1029/2002GL016446
http://dx.doi.org/10.5194/acp-12-4259-2012
http://dx.doi.org/10.3189/002214308784886207
http://dx.doi.org/10.1029/98JD01885
http://dx.doi.org/10.1029/98JD01886
http://dx.doi.org/10.1029/2005RG000192
http://dx.doi.org/10.1029/2000JD900635

1870 G. Gfeller et al.: Representativeness of ions in firn cores

Karlof, L., Winebrenner, D. P., and Percival, D. B.: How rep- Smith, S. J., van Aardenne, J., Klimont, Z., Andres, R. J.,,
resentative is a time series derived from a firn core? A \olke, A., and Delgado Arias, S.: Anthropogenic sulfur diox-
study at a low-accumulation site on the Antarctic plateau, ide emissions: 1850-2005, Atmos. Chem. Phys., 11, 1101-11186,
Journal of Geophysical Research: Earth Surface, 111, F04001, doi:10.5194/acp-11-1101-2012011.
doi:10.1029/2006JF000552006. Sommer, S.: Hochauflésende spurenstoffuntersuchung an eisbohrk-

Kaufmann, P. R., Federer, U., Hutterli, M. A., Bigler, M., Schiip- ernen aus Nord-Grénland, Master’s thesis, University of Bern,
bach, S., Ruth, U., Schmitt, J., and Stocker, T. F.: An improved 1996.

Continuous Flow Analysis system for high-resolution field Mea- Steen-Larsen, H. C., Masson-Delmotte, V., Sjolte, J., Johnsen, S. J.,
surements on ice cores, Environ. Sci. Technol., 42, 8044-8050, Vinther, B. M., Bréon, F.-M., Clausen, H. B., Dahl-Jensen, D.,
doi:10.1021/es8007722008. Falourd, S., Fettweis, X., Gallée, H., Jouzel, J., Kageyama, M.,

Kuramoto, T., Goto-Azuma, K., Hirabayashi, M., Miyake, T., Mo- Lerche, H., Minster, B., Picard, G., Punge, H. J., Risi, C., Salas,
toyama, H., Dahl-Jensen, D., and Steffensen, J. P.: Seasonal vari- D., Schwander, J., Steffen, K., Sveinbjornsdottir, A. E., Svens-
ations of snow chemistry at NEEM, Greenland, Ann. Glaciol.,  son, A., and White, J.: Understanding the climatic signal in the
52,193-200, doit:0.3189/17275641179725236%)11. water stable isotope records from the NEEM shallow firn/ice

Laj, P., Palais, J. M., and Sigurdsson, H.: Changing sources of im- cores in Northwest Greenland, J. Geophys. Res.-Atmos., 116,
purities to the Greenland ice sheet over the last 250 years, Atmos. D06108, doii0.1029/2010JD014312011.

Environ., 26, 2627 — 2640, 1992. Steffen, K., Box, J. E., and Abdalati, W.: Greenland Climate Net-

Langford, A. O., Fehsenfeld, F. C., Zachariassen, J., and Schimel, work: GC-Net, Colbeck, S. C. Ed. CRREL 96-27 Special Report
D. S.. Gaseous ammonia fluxes and background concentra- on Glaciers, Ice Sheets and Volcanoes, trib. to M. Meier, 98—-103,
tions in terrestrial ecosystems of the United States, Global Bio- 1996.

geochem. Cy., 6, 459-483, db.1029/92GB02123.992. Weiss, J.: The catalytic decomposition of hydrogen peroxide
Law, K. S. and Stohl, A.: Arctic air pollution: origins and impacts, on different metals, Trans. Faraday Soc., 31, 1547-1557,
Science, 315, 1537-1540, dif.1126/science.113769%007. doi:10.1039/TF9353101541935.
Legrand, M. and Mayewski, P.: Glaciochemistry of polar ice cores: Whitlow, S., Mayewski, P. A., and Dibb, J. E.: A comparison of
areview, Rev. Geophys., 35, 219-243, #6i1029/96RG03527 major chemical species seasonal concentration and accumulation
1997. at the South Pole and Summit, Greenland, Atmos. Environ., 26A,

Mosley-Thompson, E., McConnell, J. R., Bales, R. C., Li, Z., Lin, 2045-2054, 1992.
P.-N., Steffen, K., Thompson, L. G., Edwards, R., and Bathke,Wigley, T. M. L., Briffa, K. R., and Jones, P. D.: On
D.: Local to regional-scale variability of annual net accumulation  the average value of correlated time series, with ap-
on the Greenland ice sheet from PARCA cores, J. Geophys. Res.- plications in dendroclimatology and hydrometeorology, J.
Atmos., 106, 3383933851, db0.1029/2001JD900062001. Climate Appl. Meteorol., 23, 201-213, dbd.1175/1520-
Rothlisberger, R., Bigler, M., Hutterli, M., Sommer, S., Stauffer, B.,  0450(1984)023<0201:0OTAVOC>2.0.CQ084.
Junghans, H. B., and Wagenbach, D.: Technique for continuoudNolff, E. W., Rankin, A. M., and Rdthlisberger, R.: An ice core
high-resolution snalysis of trace substances in firn and ice cores, indicator of Antarctic sea ice production?, Geophys. Res. Lett.,
Environ. Sci. Technol., 34, 338-342, d).1021/es9907055 30, 2158, doil0.1029/2003GL018452003.

2000. Yalcin, K., Wake, C. P., Kang, S., Kreutz, K. J., and Whitlow,

Shaw, G. E.: The arctic haze phenomenon, Bulletin of the Ameri- S. |.: Seasonal and spatial variability in snow chemistry at
can Meteorological Society, 76, 2403-2413, #6i1175/1520- Eclipse Icefield, Yukon, Canada, Ann. Glaciol., 43, 230-238,
0477(1995)076<2403: TAHP>2.0.CQ1995. doi:10.3189/17275640678181199806.

Sigg, A., Fuhrer, K., Anklin, M., Staffelbach, T., and Zurmuhle, D.:
A continuous analysis technique for trace species in ice cores,
Environ. Sci. Technol., 28, 204—-209, d3.1021/es00051a004
1994.

The Cryosphere, 8, 1855187Q 2014 www.the-cryosphere.net/8/1855/2014/


http://dx.doi.org/10.1029/2006JF000552
http://dx.doi.org/10.1021/es8007722
http://dx.doi.org/10.3189/172756411797252365
http://dx.doi.org/10.1029/92GB02123
http://dx.doi.org/10.1126/science.1137695
http://dx.doi.org/10.1029/96RG03527
http://dx.doi.org/10.1029/2001JD900067
http://dx.doi.org/10.1021/es9907055
http://dx.doi.org/10.1175/1520-0477(1995)076%3C2403:TAHP%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1995)076%3C2403:TAHP%3E2.0.CO;2
http://dx.doi.org/10.1021/es00051a004
http://dx.doi.org/10.5194/acp-11-1101-2011
http://dx.doi.org/10.1029/2010JD014311
http://dx.doi.org/10.1039/TF9353101547
http://dx.doi.org/10.1175/1520-0450(1984)023%3C0201:OTAVOC%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0450(1984)023%3C0201:OTAVOC%3E2.0.CO;2
http://dx.doi.org/10.1029/2003GL018454
http://dx.doi.org/10.3189/172756406781811998

