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Abstract Statistical analysis of reanalysis and observed data reveals that high dust surface mass
concentration in northern Greenland is associated with a Pacific Decadal Oscillation like pattern in its negative
phase in the North Pacific as well as with La Nifia conditions in the tropical Pacific region. The sea surface
temperature anomalies in the Pacific realm resemble the Interdecadal Pacific Oscillation (IPO). The associated
atmospheric circulation pattern, in the form of a wave-train from the North Pacific to the Eurasian continent,
favors enhanced dust uptake and transport toward the northern Greenland. Similar patterns are associated with a
low-resolution stacked record of five Ca?* ice cores, that is, ngt03C93.2 (B16), ngt14C93.2 (B18), ngt27C94.2
(B21), GISP2-B, and NEEM-2011-S1, from northern Greenland, a proxy for regional dust concentration,
during the last 400 years. We argue that northern Greenland ice core dust records could be used as proxies for
the PO and related teleconnections.

Plain Language Summary Observational and modeling studies show that, during the observational
period, interannual to multidecadal dust concentration variability is related to the dominant modes of climate
variability at these time scales. Here we show that Interdecadal Pacific Oscillation (IPO) signal is robustly
recorded in low-resolution dust ice core records from the northern Greenland during the last 400 years.

We argue that northern Greenland ice core dust records could be used to put the IPO activity and related
teleconnections during the observational period into a long-term perspective.

1. Introduction

The concentration of mineral dust aerosol, a suspension of tiny soil particles in the atmosphere, is highly sensi-
tive to climate and environmental changes. Recent studies report significant interannual to decadal variability in
observed and proxy dust concentration records from Greenland (Bullard & Mockford, 2018; Kjaer et al., 2022;
Nagatsuka et al., 2021), Europe (Clifford et al., 2019) or Middle-East (Notaro et al., 2015; Yu et al., 2015) during
the observational period. Strong variability in the dust concentration at longer time scales, that is, centennial to
millennial, are detected in ice core records from the Arctic region (Fuhrer et al., 1999; Legrand & Mayewski, 1997;
Rasmussen et al., 2014). Overall, the variability and change in the dust concentration have been related both with
natural and anthropogenic forcing (e.g., IPCC, 2007).

Analysis of observational data and model experiments reveal that large-scale climatic patterns modulate the
dust up-take and transport pathways. The African dust transport, for example, is modulated by the position and
strength of the Azores High, which is related to the North Atlantic Oscillation (e.g., Chiapello et al., 2005). The
Arctic Oscillation was related to East Asia dust activity and associated weather disturbances (Gong et al., 2006).
The dust export rate toward the subtropical North Atlantic is significantly correlated with the North African
dipole index (Rodriguez et al., 2015), a quantity which reflects the meridional pressure gradient across North
Africa. The dust activity over the US was related to the phase of the relevant modes of climate variability like El
Nifio-Southern Oscillation (ENSO) or Pacific Decadal Oscillation (PDO) (Hand et al., 2016). Furthermore, the
PDO was related to dust activity in the Middle-East during the spring (Pu & Ginoux, 2016). Recently, reanalysis
aerosol products have been used to investigate the impact of the climate modes, like ENSO and PDO, in dust
concentration variability on regional and global scale (e.g., Shi et al., 2022). In line with these studies, here we
investigate the large-scale climate anomalies associated with northern Greenland dust concentration variability
using various observational, reanalysis and ice core dust records. The focus is in the teleconnections of north-
ern Greenland dust concentration variability with Pacific decadal to multidecadal variability, in particular on
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Interdecadal Pacific Oscillation (IPO). Understanding the northern Greenland surface dust concentration vari-
ability during the observational period is useful for a proper interpretation of northern Greenland ice core dust
proxy record variability and its teleconnections during the past.

Ice core records from northern Greenland are a rich source of information about dust concentration variability in
the region from interannual to multi-millennial time scales (e.g., Fuhrer et al., 1999; Steffensen, 1997). Previous
studies (Bory et al., 2002; Fischer et al., 2007; Rasmussen et al., 2014) indicate that the Ca?* in polar ice cores
is a good proxy for the terrestrial dust source. We therefore treat the Ca?* from northern Greenland ice core
records analyzed here as a proxy for the amount of terrestrial dust, while realizing that the sea salt may also be
present (Legrand & Mayewski, 1997). We combine the ice core records with paleo-reanalysis data to identify the
global-scale climate anomalies associated with the ice core variability.

The main goal of our study is to put the relationships between the northern Greenland dust concentration varia-
bility and large-scale modes of interannual to decadal variability during the observational period into a long-term
perspective using long-term observational, proxy as well as paleo-reanalysis data. We will show that interannual
to multidecadal northern Greenland dust variability, as recorded in five ice cores from the region, is related to a
global-scale sea surface temperature anomaly pattern having a strong imprint of the IPO in the Pacific Ocean. We
argue that dust records from northern Greenland ice cores could be used not only to improve but also to extend
back in time the existing IPO reconstructions, as described in recent studies (e.g., Porter et al., 2021).

2. Data and Methods

Modern-Era Retrospective Analysis for Research and Applications version 2 (MERRA-2) is a long-term atmos-
pheric reanalysis since 1980 (e.g., Gelaro et al., 2017). The MERRA-2 data is often used for investigation the
aerosol variability and related large-scale teleconnections (e.g., Shi et al., 2022). Here we use monthly mean dust
surface mass concentration (DUSMASS) field retrieved from MERRA-2 web page (https://gmao.gsfc.nasa.gov/
reanalysissMERRA-2/), contained in the tavgM_2d_aer_Nx (M2TMNXAER; https://doi.org/10.5067/FH9AOM-
LJPC7N) data set. The monthly mean fields of the 500 hPa geopotential height (Z500) and wind fields for the
1980-2018 period were retrieved also from the MERRA-2 database. Our study is focused on the interannual to
decadal variability of the northern Greenland spring ((March-April-May (MAM)) dust surface mass concentra-
tion and its global teleconnections from 1980 to 2018. The centennial in situ observation-based estimates (COBE)
sea surface temperature (SST) data set (e.g., Ishii et al., 2005) provided by NOAA/OAR/ESRL PSL, Boulder,
Colorado, USA (https://psl.noaa.gov/), is used to derive global SST anomaly patterns associated with northern
Greenland surface mass concentration variability during this period, that is, from 1980 to 2018.

The IPO index used in this study is defined as the difference between normalized SST anomalies over a central
equatorial Pacific region, that is, (170°E—90°W; 10°S—10°N) and the average of normalized SST anomalies in
the northwest (25°N—-45°N; 140°E—145°W) and southwest (150°E—160°W; 50°S—15°S) Pacific. This index,
defined by Henley et al. (2015), was calculated using the COBE SST data set (e.g., Ishii et al., 2005). We also
made use of the long-term (back to 1891) monthly Nifio34 and PDO indices, which are calculated also using the
COBE SST data set (Ishii et al., 2005). The Nifio34 index is defined as the average of SST anomalies within the
region 170°W-120°W and 5°S-5°N, while the PDO index is defined as the first principal component (PC1) of
the SST anomalies over the North Pacific Ocean. The Z500 and wind fields, retrieved from 20CRv2c reanalysis
(Compo et al., 2011), are used to derive the atmospheric circulation patterns associated with ice core record back
to 1891.

Five Ca?* records from northern Greenland (Figure Sla in Supporting Information S1) are used in this study.
The ngt03C93.2 (B16) (Fischer, 2000a), ngt14C93.2(B18) (Fischer, 2003), ngt27C94.2 (B21) (Fischer, 2000b)
and GISP2—-B (Mayewski, 1999) were downloaded from the environmental database PANGAEA (www.pangaea.
de). The NEEM-2011-S1 record (McConell, 2013) was downloaded from the Arctic Data Center (https://arctic-
data.io/). These records will be referred hereafter as B16, B18, B21, GISP2 and NEEM-S1. The B21 (80.00°N;
41.14°W, 2185 masl) extends from 1397 AD to 1991 AD, B18 (76.61°N; 36.40°W, 2508 masl) from 1442 AD
to 1991 AD and B16 (73.94°N; 37.63°W, 3040 masl) from 1481 AD to 1991 AD. All these three records have
a 3-year temporal resolution. The GISP2b record (72.58°N; 38.45°W, 3203 masl) covers the period 1271 AD
to 1987 AD with a bi-yearly resolution. The NEEM-S1 Ca?* record (77.45°N, 51.06°W, 2450 masl) covers the
period 77 AD to 1997 AD with higher than seasonal resolution. We choose these records not only because of
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their availability, but also because they are well established records for dust concentration in northern Greenland
ice cores. Our analysis is limited to the period covered by all these records and paleo-reanalysis data used here
(Valler et al., 2021), which is 1603 AD to 1992 AD. These ice core records are weakly positively correlated
each other (r ~ 0. 1), over this period, suggesting a possible common climate forcing on northern Greenland
dust concentration variability during the last 400 years. The 3-year resolution time series as well as the stacked
(average) record over this period shows pronounced decadal to multidecadal variations (Figure S1b in Supporting
Information S1).

Paleo-proxy data assimilation systems use climate models and multi-proxy networks to produce gridded data sets
of climate variables (hereafter paleo-reanalysis). Here we use the 2 m temperature (T) and Z500 fields from the
recently published EKF400v2 paleo-reanalysis data set (Valler et al., 2021). The EKF4000v2 covers the period
1602 AD to 2003 AD with monthly resolution. From monthly mean data, we calculate the average of spring data
as the average of March, April, and May (MAM) for each year. Furthermore, the averages of three consecutive
springs are used in a composite analysis. The linear trend was removed from data prior to any statistical analysis.
The reconstructed IPO index over the last centuries (Porter et al., 2021), is used to test the robustness of the IPO
signal in our ice core records during the last four centuries.

The climate anomaly patterns are derived through composite and analysis (e.g., von Storch & Zwiers, 1999).
Climate anomaly maps corresponding to the time when a certain index is higher (lower) than +0.5 (—0.5) stand-
ard deviation are averaged. The difference between high and low averaged maps are referred to as composite map
and the difference values as anomalies. The significance of the anomalies is based on a simple #-test (e.g., von
Storch & Zwiers, 1999).

3. Results
3.1. Northern Greenland Dust Teleconnections in MERRA-2 Reanalysis

First, we investigate the large-scale teleconnections of the northern Greenland dust variability during 1980-2018,
using present-day dust concentration data from the MERRA-2 reanalysis data set (Gelaro et al., 2017) as well as
observed global SST and climate indices. The analysis focuses on the spring season (MAM), when the dust depo-
sition is peaking in Greenland ice cores (Bory et al., 2002; Hamilton & Langway, 1967) and the Northern Hemi-
sphere dust activity is the highest (e.g., Prospero et al., 2002). Note, that 3-year resolution data, that is, the average
over three consecutive springs, are used in the statistical analysis, to have the same resolution as ice-core data.

To analyze the relationship between the dust variability over Greenland and the large-scale atmospheric and
oceanic circulation, we define an index as the average of spring dust surface mass concentration, that is, the
DUSMASS variable from MERRA-2 data set, for all grid-points within the region (55°W-20°W; 70°N-85°N)
(Figure 1a; rectangle box). All the five ice cores considered here are located within this region (Figure Sla in
Supporting Information S1). The SST composite map associated with this index shows large-scale structures
reminiscent of pre-defined teleconnection patterns. Highly significant positive SST anomalies are recorded in
the North Atlantic region, south of Greenland. The global SST anomaly pattern contains also elements of the
PDO in its negative phase, in the North Pacific, as well as elements of the negative phase of ENSO, that is, La
Nifia phase, in the tropical Pacific (Figure 1a). This suggests that both ENSO and PDO control part of northern
Greenland interannual to decadal dust concentration variability. A simple visual inspection of Nifio34 and PDO
indices during this period (Figure S2 in Supporting Information S1) reveals that high (low) surface mass dust
concentration is recorded frequently during La Nifia (El Nifio) years, that is, 1985, 1989, 2001, and 2008 (1983,
1992, 2015, and 2016). Consistent with this, the spring mean time series of dust concentration and the Nifio34
and the PDO indices, are significantly negatively correlated (r = —0.43 and —0.52 respectively, p < 0.01) over the
period 1980-2018 (Figure S2 in Supporting Information S1). Over the Pacific Ocean, the SST anomaly pattern
associated with northern Greenland dust concentration variability has a basin wide horseshoe shape reminiscent
to the negative phase of the IPO (Figure 1a). This is consistent with significant negative correlation (r = —0.62)
between northern Greenland dust concentration and IPO indices at decadal time scales (Figure S3 in Supporting
Information S1).

Consistent with the SST composite map (Figure 1a), the 500 hPa atmospheric circulation anomaly pattern
associated with the northern Greenland surface dust mass concentration index shows also large-scale features
(Figure 1b). Negative Z500 anomalies prevail in the tropical region, consistent with La Nifia conditions in the
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Figure 1. (a) The composite map (High—Low) of the SST associated with high and low values of the northern Greenland
dust index (see text for definition). The rectangle box represents the dust index region and (b) The corresponding Z500 (color)
and wind (vector) anomalies. Regions where the SST anomalies are significant at the 90% level (based on a two-tail ¢-test) are
dotted. 3-year resolution spring data are used in the analysis. Units: SST (°C) and Z500 (m).

tropical Pacific. A wave-train pattern, with positive anomalies over the North Pacific and Florida region and
negative over North America, dominates the Pacific North American (PNA) sector. It contains elements of clas-
sical PNA pattern (e.g., Wallace & Gutzler, 1981) in its negative phase, which is enhanced during La Nifia years.
The structure of Z500 anomalies over the Eurasian continent (Figure 1b) shows negative anomalies over the
Eastern Europe—western Russia and South East Asia, suggesting enhanced cyclonic activity in these regions
during high dust concentration periods in northern Greenland. For example, spring dust storms in the Gobi desert
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are generated by cold air outbreaks associated with strong low-pressure systems during the passage of cold fronts
(e.g., Huang et al., 2015). The negative Z500 anomalies over East Asia (Figure 1b) suggest an enhanced East
Asian Trough (EAT) during high dust surface mass concentration in northern Greenland. It was shown that an
enhanced EAT favors the transport of dust by the cyclones toward the Arctic region (Huang et al., 2015). Further-
more, the intensity of EAT, in a specific atmospheric circulation context, is strongly modulated by ENSO (Yu
& Sun, 2020). To sum up, the structure of the Z500 anomalies in the Eurasian region (Figure 1b) suggests that
enhanced dust transport to northern Greenland from the main Northern Hemisphere dust source regions, that is,
northern Africa, Middle East, and Central and East Asia regions, occurs both via North Atlantic or via North
Pacific. Both paths were identified as possible routes of Saharan or Central Asia dust in the Arctic region at the
synoptic scale (Francis et al., 2019; Huang et al., 2015).

3.2. Teleconnections in Proxy Data Records

Statistical analysis of observational and reanalysis data, presented above, reveals that northern Greenland dust
surface mass concentration is relatively high (low) during the negative (positive) IPO phase. In the following we
want to see if this relationship could be identified also over longer timescales by employing low-resolution ice
core dust records from northern Greenland and global paleo-reanalysis data.

The ice core records considered in our study have higher than seasonal (NEEM-S1), ~bi-yearly (GISP2) and
three-yearly (B16, B18, and B21) resolutions. We calculate the average of NEEM-S1 and GISP2 values in 3-year
bins centered on the B16 time points to have 3-year resolution records. A simple visual inspection of these records
(Figure S1b in Supporting Information S1) reveals some common signals in all records, like a negative trend and
enhanced multidecadal variability after the 1850s. Also, periods when low (high) values prevail in all ice core
records, like 1620's and 1850's (1650's and 1940's), can be identified. These five records were averaged (stacked)
to improve signal-to-noise ratio. The resulted time series (Figure S1b (thick line) in Supporting Information S1)
shows pronounced decadal to multidecadal variations during the last four hundred years. Note a decreasing trend
in the averaged record since the 1850s. Interestingly, a positive trend since 1850s was identified in a reconstruc-
tion of the IPO index (Porter et al., 2021).

The composite map of the SST (Figure 2a), based on the stacked record for the period 1891 to 1992, shows that
high dust concentration in Greenland ice cores is associated with an IPO like pattern in its negative phase in the
Pacific, similar to observations (Figure 1a). Consistent with this, the IPO index is significantly negatively corre-
lated (r = —0.56; p < 0.01) with the ice core record (Figure S4 in Supporting Information S1). The composite
map of Z500 (Figure 2b) shows a negative phase PNA-like pattern in the north Pacific, like in observations
(Figure 1b). Similar to observations (Figure 1b) the Arctic region of the Eurasian continent is dominated by
positive anomalies. Two negative centers of Z500 over the central north Atlantic and western Europe are also
recorded (Figure 2b). The negative anomalies over East Asia suggests an enhanced EAT (Figure 2b). The Z500
anomaly pattern (Figure 2b), similar to observations, suggests also enhanced cyclonic activity over the North
Africa and Middle-East, that is, strong dust uptake from these regions, as well as enhanced dust transport toward
Greenland, both via North Atlantic and North Pacific routes.

Similar Pacific temperature (Figure 3a) and Z500 (Figure 3b) patterns emerge from a composite analysis of
the ice core and paleo-reanalysis data (Valler et al., 2021) for the period 1603 AD to 1992 AD. The IPO index,
calculated based on paleo-reanalysis temperature data (Valler et al., 2021) is significantly negatively correlated
(r = —0.31) with dust ice core record (Figure 4), consistent with the composite map of the temperature for this
period (Figure 3a). Note, relatively strong multidecadal variations after 1750's in both time series with clear out
of phase variations during persistent [PO events. Before 1750's the multidecadal variability is relatively absent
(Figure 4). A similar behavior is reported for a recent IPO reconstruction (Porter et al., 2021). The correlation
map of Ca?* time series and global 2 m temperature field over the entire 1603-1992 period shows a clear IPO
pattern in the Pacific realm (Figure S5a in Supporting Information S1). Similar patterns are obtained for the
period 1603-1782 and 1813-1992 (Figures S5b and S5c¢ in Supporting Information S1), when the Ca?* stacked
record was dominated by interannual to decadal and respectively multidecadal variability (Figure 4). This shows
that the IPO signal in our ice core records is robust during the analyzed period.
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Figure 2. (a) The composite map (High—Low) of the SST associated with high and low values of the northern Greenland
Ca®* ice core record (see text for details) during 1891-1992 and (b) The corresponding Z500 (color) and wind (vector)
anomaly patterns. Regions where the SST anomalies are significant at the 90% level (based on a two-tail ¢-test) are dotted.
3-year resolution spring data are used in the analysis. Units: SST (°C) and Z500 (m).

4. Discussions and Conclusions

In this study, we have investigated the global atmospheric teleconnections associated with the variability of
northern Greenland dust concentration during the instrumental and pre-instrumental periods. We have shown that
during 1980-2018 period, high dust surface mass concentration in northern Greenland is associated with signif-
icant positive SST anomalies south of Greenland, La Nifia conditions in the tropical region as well as a negative
PDO SST like pattern in the North Pacific. The corresponding atmospheric circulations show a wave-train pattern
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Figure 3. (a) The composite map (High—Low) of the air temperature associated with high and low values of the northern
Greenland Ca?* ice core record (see text for details) during 1602-1992. (b) The corresponding Z500 anomaly pattern.
Regions where the anomalies are significant at the 90% level (based on a two-tail #-test) are dotted. 3-year resolution spring
data are used in the analysis. Units: T (°C) and Z500 (m).

in the PNA region and more regional and variable features in the Eurasian region. These anomalous atmos-
pheric circulations are consistent with enhanced dust uptake and long-range transport of dust from the Northern
Hemisphere main sources to the Arctic during the negative phase of the [PO. The Pacific SST pattern remains
qualitatively the same from interannual to multidecadal variability both in observed and paleo-reanalysis data.

Model studies (Kok et al., 2021) suggest a large variety of dust sources for the Greenland dust deposition
flux. Important contributors to northern Greenland dust are North Africa, East Asia and North America. Dust
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Figure 4. Time series of northern Greenland stacked ice core dust record an important pattern for dust transp()rt from East Asia to the Arctic region

(black) and the Interdecadal Pacific Oscillation (IPO) index (red) during
1602-1992. The IPO index has a 3-year resolution (average over three

consecutive springs).

(Huang et al., 2015), which is enhanced during high dust concentration in
northern Greenland, is related to ENSO activity in the tropical Pacific (Yu
& Sun, 2020).

The strength of ENSO-EAT relationship depends on the phase of the North

Pacific Oscillation and Asian Polar Vortex (Yu & Sun, 2020). The atmos-
pheric circulation patterns associated with northern Greenland dust concentration variability (Figure 1b) and dust
ice core records (Figure 2b) are consistent with ENSO-EAT teleconnections during the observational period.
Although our results suggest that changes in atmospheric circulation play an important role, we do not exclude
that other processes, like an increase in aerosol lifetime in the atmosphere due to change of the hydrological cycle
during negative IPO phase, could be responsible for part of the IPO signal in Greenland ice cores.

The air temperature and atmospheric circulation patterns associated with ice core Ca’* records from northern
Greenland during the last 400 years resemble the corresponding observational patterns. Also, in this case, the most
stable pattern is recorded in the Pacific realm. Negative (positive) IPO phase is associated with higher (lower)
probability of relatively high (low) dust, concentration in northern Greenland. This result is supported also by
the negative correlation between our dust record and a recent ice-core based IPO reconstruction (Figure S6 in
Supporting Information S1). The agreement with the IPO reconstruction of Porter et al. (2021) alleviates concerns
regarding possible time scale errors in our ice core dust records. Furthermore, the results remain unchanged if
revised scale ages of B16, B18, and B21 records, as presented in recent studies (Weisbach et al., 2016) are consid-
ered in the analysis (not shown).

In this study, we report a robust IPO signal in low resolution ice core dust concentration records from northern
Greenland during the last 400 years. This conclusion is based on a limited number of ice core records from
northern Greenland. It needs further observational and modeling studies to disentangle the physical mechanisms
behind this statistical link. Understanding the changes in dust uptake, transport and deposition patterns in north-
ern Greenland is significant for the interpretation of ice core dust records in terms of climate variability as well
as for the reconstruction of the IPO index using long ice core records from this region.

Data Availability Statement

The data that support the findings of this study are openly available. The relevant papers associated with these
datasets are indicated in the text. The data links are as follows:

1. Ice cores:

B16 https://doi.org/10.1594/PANGAEA.57092.

B21 https://doi.org/10.1594/PANGAEA.57294.

B18 https://doi.org/10.1594/PANGAEA.107285.

GISP2 https://doi.org/10.1594/PANGAEA.55536.

NEEM-2011-S1 https://arcticdata.io/catalog/view/doi%3A10.18739%2FA2ST7DX9N.
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2. Dust mass concentration (Dusmass) and 500 hPa geopotential height (Z500) https://disc.gstc.nasa.gov/
datasets?project=MERRA-2.

3. Sea Surface Temperature (SST) https://psl.noaa.gov/data/gridded/data.cobe.html.

4. 20CRv2c reanalysis (2500 and wind) https://psl.noaa.gov/data/gridded/data.20thC_ReanV2c.html.

5. IPO reconstruction (Porter et al., 2021) https://www.ncdc.noaa.gov/paleo-search/study/33092.

6. EKF400v2 (Valler et al., 2021) https://www.wdc-climate.de/ui/entry 2acronym=EKF400_v2.0.
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