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Abstract Differences between '°Be records from Greenland and Antarctica over the last 100 years
have led to different conclusions about past changes in solar activity. The reasons for this disagreement
remain unresolved. We analyze a seasonally resolved '°Be record from a firn core (North Greenland
Eemian Ice Drilling [NEEM] ice core project) in Northwestern Greenland for 1887-2002. By comparing
the NEEM data to °Be data from the NGRIP and Dye3 ice cores, we find that the Dye3 data after 1958
are significantly lower. These low values lead to a normalization problem in solar reconstructions when
connecting '°Be variations to modern observations. Excluding these data strongly reduces the differences
between solar reconstructions over the last 2,000 years based on Greenland and Antarctic '°Be data.
Furthermore, °Be records from polar regions and group sunspot numbers do not support a substantial
increase in solar activity for the 1937-1950 period as proposed by previous extensions of the neutron
monitor data.

1. Introduction

Cosmogenic radionuclide records (e.g., "°Be in ice cores) have commonly been used as proxies for past solar
and geomagnetic variations prior to the direct observational period. Due to its cosmic ray origin, the pro-
duction rate of '’Be is modulated by the solar and geomagnetic shielding, hence providing a physical link to
past changes in solar activity. After production, '’Be attaches to aerosols then resides about 1-2 years in the
stratosphere and a few days to weeks in the troposphere (e.g., Heikkild, 2007; McHargue & Damon, 1991).
Subsequently, it gets scavenged from the air by wet and dry depositions. Therefore, the interpretation of '*Be
data from natural archives, such as ice cores, is complicated by the transport and scavenging processes of
'“Be. These climate effects on '*Be add significant uncertainties to solar activity reconstructions, leading to
different results (e.g., Bard et al., 2000; Muscheler et al., 2007; Usoskin et al., 2003). Muscheler et al. (2016)
illustrated the disagreements between solar activity reconstructions depending on the use of Antarctic or
Greenland "Be data for the last 2,000 years. They suggested that this most likely reflects different climate/
weather influences on these records for the past 100 years. As the most recent decades are important for
normalizing the radionuclide records to modern observations, such differences affect the estimates of solar
activity levels further back in time.

To assess the atmospheric circulation and depositional influences on '°Be, one approach is to study
high-resolution (subannual) '’Be data, which permits the understanding of the seasonal influence of dif-
ferent climatic conditions on '’Be. For example, Zheng et al. (2020) found different meteorological influ-
ences on summer and winter '°Be records from a North Greenland Eemian Ice Drilling (NEEM) firn core
in Northwestern Greenland for the period 1951-2002. They also suggested that the tropopause over the
mid-latitudes in Northern Hemisphere plays an essential role in '°Be deposition in Greenland. Besides,
multiple '°Be records are helpful to detect discrepancies between records and reduce uncertainties arising
from climate influences or data quality issues. There are two existing annually resolved '°Be records from
Greenland covering the last several hundred years: the North Greenland Ice Core Project (NGRIP) record
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Figure 1. (a) "’Be concentrations for 1887-2002 together with their measurement uncertainties. '’Be concentrations
for 1951-2002 are from Zheng et al. (2020). Summer values are indicated in red, while winter concentrations are shown
in blue. (b) Box-whisker-plots of '°Be data. The box encompasses quartiles from 25% to 75%, and the central horizontal
line indicates the median. Whiskers indicate the upper and lower limits excluding outliers shown by crosses (greater
than 1.5 times the interquartile range). (c) Histograms of winter and summer 'Be data.

from Berggren et al. (2009) and the Dye3 record from Beer et al. (1990). These records, however, do not agree
well. The Dye3 '°Be concentrations show a decrease of 53% from the year 1885 to 1985, while the NGRIP
data exhibit only a decrease of 29%. This difference can lead to different conclusions regarding the present
solar activity level compared to the past. The reason for this difference has not been resolved yet. Additional
'°Be records covering this period could contribute to identifying the underlying reasons for the difference
and help improve reconstructions of past solar activity.

In this study, we analyze a seasonally resolved '°Be record from a NEEM firn core covering the period 1887
2002 (77.45°N, 51.06°W, 2450 m.a.s.l., Figure S1), extending the previously published record (1951-2002)
from the same core (Zheng et al., 2020). We discuss the production influences on the '°Be record. Subse-
quently, we compare the NEEM '°Be record with (bi-)annually resolved data from other Greenland ice cores
and investigate the reasons for different trends of NGRIP and Dye3 '°Be records over the last 100 years, as
well as the possible implications for solar reconstructions over the last 100 years and the last 2,000 years. Fi-
nally, together with available '°Be records from Greenland and Antarctica and group sunspot numbers, we
further discuss solar activity changes for the period 1937-1950, where the extension of the neutron monitor
data suggest a substantial increase in solar modulation (McCracken & Beer, 2007).

2. Data and Analytical Methods

The °Be data used here arise from a firn core (NEEM07S1) drilled at the NEEM site in Northwestern Green-
land covering the period 1887-2002 (Figure 1a). '°Be measurements of the top part core (1951-2002) were
published (Zheng et al., 2020), and the rest (1887-1950) are new measurements. Seasonal layers in the firn
core are identified using the analysis of NEEM §'*0 measurements in the same core (Zheng et al., 2018).
The winter season is defined from November to April and summer from May to October. The annual ‘*Be
concentration is calculated using the accumulation weighted average of the seasonal '°Be data. The year is
defined starting from November to October of the subsequent year (e.g., November 1887-October 1888, for
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the year 1888). The °Be preparation at the Lund University and the accelerator mass spectrometry measure-
ment at the Uppsala University were conducted following procedures given in Sturevik-Storm et al. (2014).
Standard errors of '*Be concentrations (1887-1950) range from 3.2% to 11.8% with a median of 4.8%. Un-
fortunately, samples of the year 1931-1933 and 1938-1942 were missing and could not be found at the ice
storage facility at the Copenhagen University. The '°Be flux is calculated using '°Be concentration times the
corresponding ice equivalent accumulation rate and ice density (Figure S2b). The ice equivalent accumula-
tion rates in the firn core are calculated as defined by Steen-Larsen et al. (2011).

Spearman rank correlation is used to quantify the strength of the relationship between datasets since it is
less sensitive to outliers and the distribution of the investigated datasets compared to Pearson correlation
coefficients.

3. Results

The results indicate significant correlations between seasonal %Be concentrations and fluxes (R > 0.7,
p < 0.05, Figure S3) and between fluxes and respective accumulation rates on seasonal and annual scales
(R > 0.5, p < 0.05, Figure S4b), but insignificant correlations between seasonal and annual YBe concentra-
tions and snow accumulation rates (p > 0.05, Figure S4a). Furthermore, we calculate the residual record
by linearly detrending the accumulation dependency from the °Be flux record, and the resulting residual
record is highly correlated with the NEEM '°Be concentration (R = 0.9, Figure S2c). Therefore, the calcu-
lation of 'Be fluxes likely introduces a spurious signal via the multiplication of '°Be concentrations with
local snow accumulation rates. This result supports a previous study suggesting NEEM '°Be concentrations
on such time scales and during a relatively stable climate are independent of the local accumulation rates
while the flux is not (Zheng et al., 2020). In addition, YBe concentration is the parameter directly measured
in the ice. Consequently, we mainly focus on '°Be concentrations rather than fluxes in the subsequent data
analysis and discussion.

Winter NEEM 'Be concentrations range between 0.45 X 10* and 2.16 x 10* atoms/g with a mean of
0.99 x 10* atoms/g, summer concentrations range between 0.54 x 10* and 2.72 x 10* atoms/g with a mean
of 1.25 x 10" atoms/g, and the annual range is between 0.55 x 10* and 2.47 x 10* atoms/g with a mean of
1.16 x 10* atoms/g (Table S1 and Figures 1b and 1c). The winter '°Be concentration is significantly corre-
lated with the summer '°Be concentration (R = 0.35, p < 0.05). The summer YBe concentrations are, on
average, about 26% (p < 0.05, t-test, Figure 1a and Table S1) higher than the winter values. Note that the
accumulation rates are about twice as high in summer than in winter, which again supports that '°Be con-
centrations are little influenced by varying dilution effects due to changing accumulation rates during the
investigated period. The higher '°Be values during summer could be attributed to the intrusions of strato-
spheric air enriched with °Be, therefore elevating '°Be concentrations. Beer et al. (1991) found two peaks
in subseasonally resolved Dye3 '°Be data for late spring and mid-autumn. The first peak is attributed to the
local stratospheric intrusion, while the second peak is proposed to arise from the delayed transport of '’Be
from mid-latitude stratospheric intrusions. Here, the summer for NEEM '°Be is defined from May to Octo-
ber. Therefore, the high NEEM '°Be values during summer could be the combined influence of local strat-
ospheric intrusions and the delayed transport of '°Be from mid-latitude stratospheric intrusions. Higher
19Be values in austral summer were also noticed in Antarctic records and linked to enhanced stratospheric
input (Heikkild & Smith, 2013; Pedro et al., 2011). Both winter and summer YBe records show a significant
decreasing trend for 1887-2002 (Figure S5; p < 0.05, tested by Mann-Kendall method, Gilbert, 1987). The
winter '°Be data (—2.8%/decade) shows a similar decreasing trend as the summer '°Be (—2.9 %/decade).

4. Discussion
4.1. Periodicity Analysis

To evaluate the solar signal in the '°Be data, we compare the '°Be data with the periodicities found in the
group sunspot number (GSN; Svalgaard & Schatten, 2016). The GSN record is reconstructed by a reas-
sessment of historical and modern sunspot observation data and does not depend on other proxies (e.g.,
cosmogenic radionuclides). Bandpass filtering shows that summer and winter '°Be records exhibit the solar
11-year cycle as known from the group sunspot number record (Figure 2), although the phases are shifted
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Figure 2. (a) Bandpass filtered (1/8-1/15 year™") winter and summer NEEM '°Be concentrations compared to the
group sunspot numbers focusing on the Schwabe 11-year cycle. (b and c) Fourier spectrums of the detrended winter
and summer NEEM '°Be with the 90% and 95% red-noise false-alarm levels.

in the early 1900s. This is supported by the FFT-spectra showing significant (summer = 95%, winter = 90%,
chi-square test) peaks at around 10.5 years. The NEEM '°Be records are significantly correlated with group
sunspot numbers with and without a 1-year lag that could be expected from atmospheric transport and mix-
ing (Table S2). The significant correlations agree well with the correlations to '*Be production rates based
on neutron monitor data for 1951-2002 in our previous study (Zheng et al., 2020).

4.2. Greenland "Be Records for the Period 1887-2002

Now, we compare the annually resolved NEEM data with two annually resolved °Be records from the
NGRIP (Berggren et al., 2009) and Dye3 ice-cores (denoted as Dye3),ng; Beer et al., 1990) and a bi-annually
resolved Dye3 '°Be record from the Dye3 site (denoted as Dye3q,.r record; Beer et al., 1985) (Figure 3). It
should be noted that Dye3),, and Dye3g,o are from two separate cores from the same site in southern
Greenland. The data are normalized to their common period (1900-1977) before comparison. We found the
'“Be records agree well with each other for the period 1887-1957, while after 1958, the Dye3,on, '*Be record
shows unusually lower ’Be concentrations compared to the other three records (Figure 3a). It should be
noted that the Dye3 accumulation rates do not change significantly after 1958 and, therefore, the too low
1°Be values after 1958 cannot be explained by a dilution effect due to increased accumulation rates (Fig-
ure S6a). Most importantly, the Dye3jo,, 1°Be concentrations after 1958 are also lower than the Dye3ghort
record (Figure S7). The average ratio of Dye3)ong/Dye3ghor is 0.99 for the period 1900-1957, but 0.66 for the
period 1958-1977. The Dye3,o,, '°Be record also shows higher correlations to Dye3g,o '*Be for the period
1900-1957 (R = 0.48, p < 0.05) and their root mean square error is lower (RMSE = 0.18) than between
1958 and 1977 (R = 0.38, p > 0.05; RMSE = 0.47). Since those two '°Be records are from the same location,
it is unlikely that the unusually low values of Dye3)q,, OBe after 1958 can be attributed to meteorological
influences. Indeed, we have compared Dye3)o,, 19Be concentrations with snow accumulation rates and the
North Atlantic Oscillation (NAO) circulation pattern, a major mode of atmospheric variability that can
influence the '°Be transport and deposition processes in Southern Greenland (e.g., Hurrell & Deser, 2009;
Pedro et al., 2012). The NAO index is derived as the leading principal component of the pressure anoma-
lies (500 hPa) over the Atlantic sector (20-80°N, 90°W-40°E) from the 20th-century reanalysis V3 data set
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Figure 3. (a) Normalized '°Be concentrations from Greenland ice cores (normalized to the overlap period of 1900~
1977). The dashed line indicates the annual data, while the solid line indicates the 11-year running average data. (b)
11-year running averaged solar modulation function based on neutron monitor data and its extension (NM; Herbst

et al., 2017), group sunspot numbers (GSN) and solar modulation based on 11-year running averaged '’Be records
(normalized to 1951 to 1977). Details of the group sunspot number-based solar modulation calculation are described in
supplementary. The black dashed line indicates the modulation reconstructed by the extension of the neutron monitor
data. The shaded area indicates the period after 1958.

(Slivinski et al., 2019). We do not find any significant correlations or changes for meteorological data after
1958 (Figure S6). Therefore, we suggest that the unusually low Dye3,,,, '*Be values after 1958 are likely
connected to a data quality issue instead of being related to production or meteorological changes. This
data issue could be due to the fact that '°Be measurements were in its infancy when the Dye3 samples were
prepared and measured in the 1980s. For example, the isobar background ('°B) could be less well separated
with the AMS machines at that time and its correction was challenging. However, it is hard to pin down the
actual reason for this potential data problem (Jiirg Beer, personal communication).

4.3. Implication for Past Solar Reconstructions

It should be stressed that an accurate estimation of the '°Be-production rate after 1951 is crucial for so-
lar reconstruction. This period forms the direct overlap to modern neutron monitor measurements and
is crucial for connecting (normalizing) paleo-cosmogenic radionuclide records to direct measurements of
the galactic cosmic ray flux into the atmosphere (Muscheler et al., 2016). Here we calculate the solar mod-
ulation function from °Be following Muscheler et al. (2016). All °Be data are normalized to the overlap
period with the neutron monitor period (1951-1977). In this calculation, we assume that the °Be con-
centrations reflect the globally averaged relative changes in °Be production rates. Records are calculated
with the production rate model from Poluianov et al. (2016) using the local interstellar spectra by Herbst
et al. (2017). The geomagnetic field changes are small on annual to decadal timescales and are ignored for
the solar reconstruction over the last 100 years (e.g., Muscheler et al., 2007). Since we focus on decadal var-
iations, '°Be records are smoothed by an 11-year running average first. We compared the '°Be-based solar
modulation to solar modulation based on neutron monitors (adopted from Herbst et al., 2017) and group
sunspot numbers (Figure 3b). We convert the group sunspot numbers (Svalgaard & Schatten, 2016) to solar
modulation based on the method by Solanki et al. (2000) and Usoskin et al. (2002). The details of solar
modulation calculation based on group sunspot number data are described in the supplementary (Text S1).
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Figure 4. Solar modulation reconstructions over the last 2,000 years based on polar '°Be data. Records are calculated
with the geomagnetic-field model result from Nilsson et al. (2014) and the production-rate calculation from Poluianov
et al. (2016). For details, see Muscheler et al. (2016) and supporting information. The horizontal-thick dotted line shows
the average solar modulation inferred from the instrumental data from 1951 to 2000 AD.

NEEM "“Be-based and NGRIP '°Be-based solar modulations show good agreement with the GSN-based so-
lar modulation (RMSE = 145 MeV for NGRIP for 1887-1994 and 110 MeV for NEEM for 1887-2002). While
Dye3jong-based and Dye3g,o-based solar reconstructions show less agreement with GSN-based solar mod-
ulation (RMSE = 240 MeV for Dye3,,, for 1887-1985 and RMSE = 268 MeV for Dye3g,r for 1900-1977).
The unusually large decrease in Dye3)o, 19Be data after 1958 leads to a strong increase in solar modulation
toward today. In consequence, the solar modulation potential derived from Dye3),y, is much lower before
1958 compared to NEEM, NGRIP, and group sunspot numbers (even negative values in the early 1890s).
The reconstruction based on Dye3gort 1°Be, however, shows much higher values for 1900-1940 compared to
the solar modulation based on group sunspot numbers.

The Dye3)o,, and NGRIP records are commonly used for long-term solar reconstructions. They are usually
the only two records used to connect Greenland '°Be records to absolute solar modulation estimated from
the neutron monitor data (e.g., Muscheler et al., 2016). To investigate how the above-discussed Dye3)o,, data
quality issue can affect solar reconstructions, we reconstruct the solar modulation based on Greenland and
Antarctic "Be (denoted as "Begecntana and "*Be antarciica) OVer the last 2,000 years following the same proce-
dure as Muscheler et al. (2016). We use the production-rate calculation from Poluianov et al. (2016) and
the geomagnetic data from Muscheler et al. (2016), which combines the geomagnetic model result (Nilsson
et al., 2014) with the modern values (Jackson et al., 2000; Thébault et al., 2015). Details of reconstructions
are described in the supplementary (Text S2) and Muscheler et al. (2016). We further create a “correct-
ed solar modulation” based on Greenland '°Be records by excluding the Dye3)one data after 1958 (denoted

10
BeGreenlandﬁc)'

The "*Begreentand -based reconstruction shows a better agreement (smaller RMSE value) with the "Be s pntarctica
reconstruction compared to "*Begeentana (Figure 4). The averaged value of *Begreeniand ¢ (414 MeV on aver-
age) for the whole period is much closer to *Beanearciica (447 MeV on average) than "*Begrecniand (305 MeV
on average). The 1°Be(;reenlmu—based reconstruction shows fewer negative values compared to 1Be 6 reentand:
The low Dye3,,n; data after 1958 lead to a relatively higher normalization value of Greenland 1Be data and,
thus, a too low inferred solar modulation in the past. Therefore, differences in solar modulation recon-
structions from Greenland and Antarctica can be, at least partly, attributed to the low Dye3jq,, 1%Be values
after 1958. Furthermore, after removing the suspected problematic Dye3jo,, data, the reconstruction from
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Greenland '°Be does not support earlier claims of unusually high recent solar activity over the last 100 years
(e.g., Solanki et al., 2004; Usoskin et al., 2003), but it supports the conclusions based on Antarctic Be data
(e.g., Raisbeck & Yiou, 2004) and *C (e.g., Muscheler et al., 2005). This also suggests that previous studies
that mainly rely on the Dye3 data for the past 100 years (e.g., Solanki et al., 2004; Usoskin et al., 2003) are
influenced by this data problem. However, it should be noted that sporadic differences between reconstruc-
tions (e.g., the 1800s) still exist that could be attributed to regional climate influences on '°Be transport and
deposition or data quality issues.

4.4. Comparison With Neutron Monitor Extension for the Period 1937-1950

Another interesting point is that the reconstructed solar modulations based on the group sunspot num-
ber and '°Be records do not show a strong increase for the period 1937-1950, as suggested by the neutron
monitor extension data by McCracken and Beer (2007) (Figure 3b). This pre-1951 extension of the neutron
monitor data is crucial because it is commonly used to connect **C records for solar reconstructions, since
1C after 1951 cannot be linked to neutron monitor data due to the influence of anthropogenic activities on
atmospheric **C. To further investigate the solar trend from 1937 to 1950, we include all available annually
resolved '°Be records from Greenland covering this period: NGRIP (Berggren et al., 2009), NEEM (this pro-
ject), Das2 (Pedro et al., 2012), Renland (Aldahan et al., 1998) and Dye3,,,, (Beer et al., 1990). The Dye3)on,
data after 1958 are excluded due to the above-discussed data quality issue. To reduce site-specific noise, we
averaged all Greenland 9Be records (referred to Greenland “Beg,q) after normalizing the data over the
overlap period (Figure S8a). To further reduce the weather noise, the Greenland YBe .k record is smoothed
by a 3-year running average before calculating the solar modulation. The Greenland '°Beg,q based solar
modulation shows higher values (926 MeV on average) than the one based on the extension of the neutron
monitor (476 MeV on average) for the period 1937-1950 and does not suggest the same strong increase (Fig-
ure S8b). We further look at the only available annually resolved °Be record from the Antarctic ice core for
this period, the DSS °Be record (Figure S8a) (Pedro et al., 2012). Influences of atmospheric circulation and
precipitation on °Be differ between Greenland and Antarctica due to their geographical location, hence,
we separately discuss °Be records from these two regions. The DSS '°Be based solar modulation also shows
no strong increase for the period 1937-1950, although lower (606 MeV on average) values than Greenland
Be .k based reconstruction (Figure S8b). Overall, polar Be and group sunspot number records do not
support the strong increase of solar activity, as indicated by the extension of the neutron monitor data.
Investigating the reasons for the strong trend in the neutron-monitor data extension is beyond the scope
of the paper. However, this analysis and the sunspot-based solar modulation reconstruction imply that the
previous extension of the neutron monitor data probably underestimates solar modulation before 1951 AD.

5. Conclusion

We present and analyze a long time series of seasonally resolved °Be for the period 1887-2002 from the
NEEMO7S1 firn core. We observe a seasonal cycle in the NEEM '°Be record with high concentrations during
summer and low concentrations during winter. The high '°Be values during summer could be due to the
local stratospheric intrusions and delayed transport of '°Be from mid-latitude stratospheric intrusions. Both
summer and winter NEEM '°Be records are significantly correlated with group sunspot numbers, reflecting
the solar modulation of cosmic rays. Summer and winter '°Be show a similar significant decreasing trend
for the period 1887-2002. By comparing the NEEM "’Be record to two '°Be records from Dye3 (Dye3jong and
Dye3gpor records) and one from NGRIP, we find that the Dye3jqg 19Be data after 1958 are unusually low. By
comparing to another '’Be record from the same location, we suggest that this low Dye3,,, data can likely
be attributed to a data quality issue, not local meteorological influences. By excluding the Dye3,, '’Be data
after 1958, differences in solar reconstructions based on Greenland and Antarctic '’Be data are significantly
reduced. Furthermore, together with all available annually resolved 9Be records for the 1937-1950 period,
we observe that '°Be records from polar ice cores and group sunspot numbers do not suggest a strong in-
crease in solar activity, as seen in the previous extension of the neutron monitor data. We propose that fu-
ture solar activity reconstructions should carefully assess the systematic differences between different '’Be
records, especially when connecting radionuclide variations to modern neutron monitor data.
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