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Industrial-era decline in subarctic Atlantic
productivity
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Marine phytoplankton have a crucial role in the modulation of
marine-based food webs1, fishery yields2 and the global drawdown
of atmospheric carbon dioxide 3. However, owing to sparse
measurements before satellite monitoring in the twenty-first
century, the long-term response of planktonic stocks to climate
forcing is unknown. Here, using a continuous, multi-century record
of subarctic Atlantic marine productivity, we show that a marked
10 ± 7% decline in net primary productivity has occurred across
this highly productive ocean basin over the past two centuries.
We support this conclusion by the application of a marineproductivity proxy, established using the signal of the planktonicderived aerosol methanesulfonic acid, which is commonly identified
across an array of Greenlandic ice cores. Using contemporaneous
satellite-era observations, we demonstrate the use of this signal as
a robust and high-resolution proxy for past variations in spatially
integrated marine productivity. We show that the initiation of
declining subarctic Atlantic productivity broadly coincides with the
onset of Arctic surface warming4, and that productivity strongly
covaries with regional sea-surface temperatures and basin-wide
gyre circulation strength over recent decades. Taken together,
our results suggest that the decline in industrial-era productivity
may be evidence of the predicted5 collapse of northern Atlantic
planktonic stocks in response to a weakened Atlantic Meridional
Overturning Circulation6–8. Continued weakening of this Atlantic
Meridional Overturning Circulation, as projected for the twentyfirst century9,10, may therefore result in further productivity declines
across this globally relevant region.
The subarctic Atlantic (50–65° N, 60–10° W) comprises one of
the world’s most biologically productive seasonal phytoplankton
blooms11–14. Bloom magnitude varies annually, in response to controls
such as the timing and abundance of light and nutrients in the upper
ocean12,13, and predator–prey coupling dynamics14. These biophysical
controls, in turn, vary in response to underlying physical drivers that
are sensitive to long-term changes in upper-ocean climatic forcing,
such as the depth of the mixed layer, sea-surface temperature (SST),
baroclinicity and wind.
Over the preceding 200 years (that is, the industrial era), the northern Atlantic has undergone numerous climatic perturbations outside the range of naturally forced variability, resulting in widespread
surface warming4, slowdown of the Atlantic Meridional Overturning
Circulation (AMOC) 6–8, declines in sea ice 15 and accelerating
Greenland Ice Sheet (GrIS) runoff16. Contemporaneous estimates
of primary productivity are less well resolved. Satellite-derived concentrations of planktonic biomass, extending back only to late 1997
(and intermittently to 1979)11,12, do not reveal significant decadal-scale
trends, but rather, modest productivity variability over the first two
decades of monitoring during the twenty-first century (Extended Data
Figs. 1, 2 and Supplementary Information). Previous spatiotemporally

sparse sources, including ship-based ocean colour11 and planktonic
abundance observations17 (Extended Data Fig. 3 and Supplementary
Information), however, hint at a longer-term decline during the
twentieth century. To our knowledge, no spatially reconciled, temporally resolved reconstruction of basin-scale primary productivity
currently exists that includes the pre- to post-industrial transition. This
limits our ability to quantify climatic impacts on subarctic Atlantic
ecosystems and contextualize model-based predictions of future
ecologic responses to anthropogenic forcing9.
Here we use records of a marine-derived biogenic aerosol (the concentration of methanesulfonic acid ([MSA])) from GrIS ice cores to
reconstruct annual variability in productivity across the subarctic
Atlantic over the preceding two and a half centuries. At high latitudes, MSA is solely produced as an oxidative byproduct from oceanic
dimethylsulfide (DMS) emissions18. DMS, in turn, is linked to several
planktonic life-cycle processes that involve assemblages of dinoflagellates, haptophytes (including coccolithophores) and, to a lesser extent,
diatoms, chrysophytes and prasinophytes19. Notwithstanding uncertainties in the long-term feedback effects between DMS emissions and
climate20, we demonstrate that GrIS [MSA] records provide a firstorder proxy for regional ocean–atmosphere fluxes of DMS18 (Methods),
which are tightly coupled to changes in nearby marine productivity21.
We combine 12 high-resolution [MSA] records (Methods) to examine the covariation of [MSA] across the GrIS (Extended Data Table 1).
To physically constrain potential source regions of DMS emissions
across the 12 ice core sites, we conduct daily atmospheric backtrajectory analyses during the time of the MSA summertime maximum,
June–July–August (JJA; Extended Data Table 1), over a multidecadal
time-frame (ad 1948–2013; Methods). A conspicuous multi-century
decline in [MSA] is evident in nearly all records (Fig. 1a), irrespective
of their GrIS locations and primary summertime airmass-trajectory
pathways—trending from a predominantly southeasterly dominated
atmospheric influence (originating in the Irminger Sea) at southern
GrIS sites to a southwesterly dominated influence (originating in the
Labrador Sea) at northern sites (Fig. 1b and Extended Data Figs. 4,
5). Moreover, when averaging the 12 records into either Irminger
Sea-dominated constituents (n = 7 sites; Fig. 1b) or Labrador Seadominated constituents (n = 5 sites), we find significant GrIS [MSA]
covariation down to annual timescales (P < 0.0001; Extended Data
Fig. 6 and Supplementary Information).
This strong coherence suggests that time variability of MSA deposition across the GrIS is dominated by a common, large-scale mode
of DMS production and emissions across the North Atlantic. Using
a probabilistic principal component analysis, we extract this common signal of GrIS [MSA] variability over the period ad 1767–2013
(Methods). The leading principal component ([MSA] PC1) robustly
captures the multi-century decline in the industrial-era [MSA] that is
observed across the individual records, while significantly (P = 0.002)
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Fig. 1 | Strong covariability between Greenlandic [MSA] records.
a, The 12 individual [MSA] time series, plotted from most southerly
situated (bottom; 20D) to most northerly situated (top; NGT-B21). All
series are standardized relative to ad 1821–1985 (the period of common
overlap; in z-units) with linear [MSA] trends computed for the overlapping
ad 1821–1985 period. Shaded red envelopes denote the 90% confidence
intervals of the regressions during the period of common overlap and the
dotted lines show extension of the regressions beyond this period. Note the
site identification numbers to the right of the time series. b, Communality
scores for the hybrid single-particle Lagrangian integrated trajectory
(HYSPLIT)-derived airmass transport density maps of the 12 sites
(see Methods; Fig. 2 and Extended Data Fig. 4) following factor analysis
with varimax rotation (Supplementary Information). Sites are grouped
by whether their incoming marine airmasses are derived predominantly
from the Irminger Sea (factor 1; x axis) or Labrador Sea (factor 2; y axis).
Locations of the 12 sites on the GrIS are provided in the inset, with each
site identifier colour-coded with respect to its factor 1 communality score
(that is, relative influence of the Irminger Sea). Ice core sites influenced
predominantly by airmasses originating from the Irminger Sea are denoted
using red hues (n = 7) and sites that are predominantly influenced by the
Labrador Sea are denoted using blue hues (n = 5; Extended Data Fig. 6).

explaining nearly half of the GrIS [MSA] variability (median or mode at
around 44%; Fig. 2a). Correlation of the [MSA] records to the resultant
[MSA] PC1 signal furthermore reveals each record to be significantly
N A t U r e | www.nature.com/nature

and positively related (P < 0.1; Methods and Extended Data Table 1),
with centrally situated GrIS sites exhibiting the strongest covariation
with [MSA] PC1 (Fig. 2a). Exploiting this spatial-loading pattern,
we statistically combine the back-trajectory results for the 12 sites
(Methods; Extended Data Figs. 4, 5) and find that the west-central to
northeastern subarctic Atlantic basin is the most probable source of
GrIS-deposited MSA (Fig. 2b, c). Notably, this MSA source region,
centred over the highly productive1,12,17 and climatically sensitive1,6–8,22
Irminger and Labrador Seas proximal to the upwind Greenland coast,
overlaps with the greatest Atlantic-sector surface JJA DMS seawater
concentrations23 ([DMSSW]) and, relatedly, DMS emissions (Fig. 3a).
Furthermore, strong spatial coherence exists between summertime
[DMSSW] and satellite-derived estimates of net primary productivity (NPP) from the chlorophyll-α-dependent Vertically Generalized
Production Model12 (VGPM; Supplementary Information) across
the northern Atlantic sector, despite differences in the collection and
spatial scalability of these two data sources (Fig. 3a and Methods). The
observed similarity suggests that past variations in northern Atlantic
DMS production, as inferred from [MSA] PC1, also provide a signal
of past productivity variations across this sector, given time-averaged
scalability in the ocean–atmosphere emission rate of DMS to DMSSW
production23. Indeed, correlations between VGPM-derived NPP and
[DMSSW] measurements from the NOAA Global Surface Seawater
DMS database23 (Methods) support a strong spatiotemporal association
(r = 0.75) between subarctic Atlantic productivity and the magnitude
of DMS production (Fig. 3b), a relationship well above globally integrated values (Extended Data Fig. 7c and Supplementary Information).
A similar regression analysis against independently derived counts of
DMS-producing diatom, dinoflagellate and coccolithophore abundance
from the Continuous Plankton Recorder (CPR) ship survey (Methods)
also yields significant relationships with [DMSSW] in all three functional groups (P < 0.005; Extended Data Fig. 7d–f), indicating that
variations in DMS production and emissions across the subarctic
Atlantic are representative of contemporaneous broad-scale changes
in planktonic biomass and productivity.
The above back-trajectory and correlation analyses are connected
through an empirical orthogonal function (EOF) analysis of satellite NPP, which reveals the leading mode of summertime and annual
NPP variability (NPP PC1; around 20% and 24% explained variance,
respectively) to be closely aligned with [MSA] PC1 over multiannual
timescales (Fig. 3d and Methods), while also remaining notably consistent with spatially integrated summertime and annual NPP yields
(r = 0.75 and 0.91, respectively; Extended Data Fig. 2). This latter similarity is underscored (Fig. 3c) by the broadly coherent loading pattern
of NPP PC1 (EOF1), which spatially links marine productivity across
a broad portion of the Irminger, Labrador and western-Icelandic Seas
(Fig. 3c). Notably, the analysis also reveals the extrema of NPP EOF1
to directly overlap with the [MSA] PC1 airmass density maxima and
altitude minima (Fig. 2b, c). Given moderate stability in the spatial
character of productivity variability during the past (and the underlying phytoplankton assemblages that comprise it), this independently
confirms that DMS emissions from this region—once converted to
MSA in the atmosphere and deposited atop the GrIS—are suitable for
reconstructing broad-scale subarctic Atlantic productivity variations.
Results from our combined back-trajectory (Fig. 2b, c), correlation
(Fig. 3b and Extended Data Fig. 7) and EOF (Fig. 3c) analyses support our use of the [MSA] PC1 signal (Fig. 2a) as an index for past
variations in marine productivity across the subarctic Atlantic basin.
Our ice-core-based productivity index is remarkably consistent with
the twentieth century decline in (basin-scale) North Atlantic planktonic stocks that has previously been reported11 (P < 0.0001; Extended
Data Fig. 8a), as well as broadly congruent with several CPR-based
indices of subarctic Atlantic planktonic abundance (Fig. 4a, Methods
and Extended Data Fig. 3). Notably, all records show a pronounced
decline over the second half of the twentieth century, followed by recent
intermittent (probably natural-decadal) variability in productivity that
has thus far characterized the contemporary satellite era (Fig. 4a and
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Fig. 2 | [MSA] PC1 and atmospheric back-trajectory modelling
of probable MSA source regions. a, Top, time series of [MSA] PC1.
The black and red lines show the 1-year and 10-year low-pass-filtered
resolutions, respectively, with bootstrap-based 95% confidence interval
(n = 10,000; see Methods). Units (z) denote standard variance. Bottom,
normalized probability histogram illustrating the variance explained by
[MSA] PC1 following 10,000 bootstrap-sampling principal-component
tests (red; Methods). Also shown is the null distribution of PC1-explained
variance (grey) following 10,000 principal component analyses conducted
upon pseudo-random surrogate [MSA] datasets, revealing the [MSA]
PC1 series to be significantly different from noise at the P = 0.002 level
(one-sided, two-sample Kolmogorov–Smirnov test). The inset map shows

the position of each site on the GrIS and its homogenous correlation with
[MSA] PC1 over the period ad 1821–1985 (see Extended Data Table 1 for
values). b, Site-weighted [MSA] PC1 JJA marine-airmass transport density
map—representing the relative probability of an oceanic airmass passing
through a given atmospheric column en route to the GrIS (Methods)—
normalized on a 0–1 (least to most probable) scale. c, Site-weighted [MSA]
PC1 median atmospheric altitude for all ocean-situated JJA hourly
trajectory locations over the period ad 1948–2013. The primary source
of GrIS [MSA] is assumed to overlap with regions representing high
airmass transport densities and (or) low median atmospheric altitudes
(see also Extended Data Figs. 4, 5).

Extended Data Fig. 2). Moreover, our multi-century productivity record
markedly extends prior spatiotemporally limited ship-based observations beyond the mid-twentieth century11, suggesting that the decline
seen in the twentieth century is part of a much longer-term trend.
The additional temporal context of our productivity index allows
us to investigate subarctic Atlantic productivity responses to changes
in atmospheric and oceanic forcing over recent decades, here characterized by indices of the North Atlantic Oscillation24,25 (NAO) and
Subpolar Gyre (SPG) circulation strength22. Using correlation analysis (Extended Data Fig. 8a and Methods), we find that the NAO is
only weakly related to our reconstructed bioproductivity variations,
whereas SPG strength shows a significant negative influence over
decadal timescales as has previously been shown by sparse ship-based
colour data17. Modelling studies suggest that during weakened26,27 and
(or) contracted22 SPG states, the wintertime depth of the mixed layer
deepens across the central-northeastern subarctic Atlantic and shoals

across the Labrador Sea27. Thus, in addition to its first-order inverse
effect on northeastern Atlantic SST variability22 (Fig. 4a), this could
explain how a weak SPG, by enhancing wintertime deep-water nutrient
replenishment to the euphotic zone1,5,9,13, or by delaying the seasonal
onset of predatorial grazing cycles14 across the ecologically productive
central-northeastern Atlantic17 (Fig. 3a), could lead to the increases
in NPP observed in our results.
Differential change-point analysis4,16 of our [MSA] PC1 record suggests that the decline in subarctic Atlantic productivity began in ad
1816 ± 11 years (Fig. 4a and Methods), which is broadly consistent
with the onset of regional surface temperature warming4. Applying
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Fig. 3 | Strong agreement between subarctic Atlantic NPP, [DMSSW]
and [MSA] PC1. a, North Atlantic mean (log-transformed) satellite JJA
VGPM NPP rates (Methods; display data smoothed using a 3° × 3° boxcar
filter). Black contours show JJA [DMSSW] isopleths (nM) reproduced
from a previously published study23. Right, North Atlantic zonal NPP
and [DMSSW] averages. b, Weighted (green; n = 184 degrees of freedom)
and ordinary (grey; n = 222 degrees of freedom; Methods) least squares
regression analysis of subarctic Atlantic [DMSSW] versus NPP rate; both
regressions are significant (P < 0.0001), using a two-tailed Student’s
t-distribution with a t-statistic representing n − 2 degrees of freedom.
Regression values (r) represent Pearson product–moment coefficients.
Shaded bands show the 95% confidence interval of the regression.
The diameter of the green circles represents the relative weighting
attributed to [DMSSW] (Methods). c, Leading EOF (20% of variance
explained) of subarctic Atlantic summertime-integrated VGPM NPP
yields (ad 1998–2017; 50–65° N, 60°–10° W), showing strong overlap with
the 95th-percentile [MSA] PC1 airmass transport density (white bold
line; Fig. 2b) and 5th-percentile [MSA] PC1 median trajectory altitude
isopleths (black dotted-dashed line; Fig. 2c). d, PC1-based projection
of summertime VGPM NPP yields (green) alongside the subarctic
Atlantic-integrated NPP yield time series (yellow), overlaid by [MSA] PC1
(with grey bootstrap-based 95% confidence interval); all time series are
smoothed using a 5-year running mean. Individual (5-year smoothed)
[MSA] records that overlap the satellite era are shown for comparison as
light-grey lines. The yellow box in a indicates the area shown in c.
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Continuous Plankton Recorder (CPR)-based diatom, dinoflagellate and
coccolithophore abundances (Methods). b, North Atlantic [chlorophyll-α]
reconstruction11, limited to the period of annually contiguous data
availability (ad 1944–2006). c, [MSA] PC1 productivity index and 5-year
smoothed NPP PC1 (relative scale; Fig. 3c). The onset range shows
the estimated industrial-era initiation (1816 ± 11 years; Methods) of
declining productivity. d, Reconstructed6 and observed8 AMOC index
and 5-year averaged subarctic Atlantic freshwater storage anomalies28
(±2σ; anomalies relative to ad 1955). e, Subarctic Atlantic warming hole
SST anomalies30, mean-centred relative to ad 1870–2016 (Extended
Data Fig. 9) and an extended SPG index22 (relative scale; Supplementary
Information). f, Observed24 and reconstructed25 NAO index. All thin
and bold lines show the 1-year and 10-year low-pass-filtered resolution,

respectively, unless otherwise noted. g, Weighted least squares calibration
of 5-year smoothed [MSA] PC1 and NPP PC1 (n = 12 years; r2 = 0.63;
P = 0.07 after adjusting for reduced degrees of freedom; Methods).
The regression weights are the inverse standard deviation of [MSA] PC1
values (see also Fig. 3d). Blue and red distributions show the range of
industrial-era onset and satellite-era [MSA] PC1 values following 10,000
bootstrap tests (both distributions are normalized to their respective
modes, with bold and dashed vertical lines denoting the 50th and
2.5–97.5th percentiles, respectively). The grey-shaded region shows the
95% confidence interval of the regression parameters. The corresponding
95% confidence ranges of industrial-era onset and satellite-era annual
NPP yields are projected as vertical bands to the right, suggesting a
mean decline of approximately 10 ± 7% NPP (mean ± 2σ) over the
industrial era.

a calibration derived from the relationship between [MSA] PC1 and
the leading mode of twenty-first century satellite-derived NPP (Fig. 3d
and Extended Data Fig. 2), we calculate an estimated 10 ± 7% decline
(mean ± 2σ; Fig. 4b) in contemporary subarctic Atlantic NPP yields
since the onset of the industrial era. Despite the uncertainties of
this estimate, arising from the short time span of satellite-derived
NPP estimation (Fig. 4a) and limited availability of GrIS [MSA]
data during this period (Fig. 3d and Methods), the onset of declining subarctic Atlantic productivity appears temporally consistent
with the (approximately 15%) decline in industrial-era Atlantic
thermohaline overturning strength (that is, AMOC) that has recently
been inferred from marine sediments in the Labrador and Irminger
basins8. We similarly observe strong multidecadal to centennial scale
correspondence (P < 0.0001) between our productivity index and a
separate, high-resolution terrestrial proxy-based reconstruction6 of
AMOC based on northeastern Atlantic upper-ocean heating anomalies
(Fig. 4a, Extended Data Fig. 9 and Supplementary Information). These
results, which suggest a positive relationship between productivity,
subarctic Atlantic SSTs and large-scale thermohaline variability across
decadal-scale and longer timescales, contrast model-based contentions

of a positive (that is, reinforcing) influence of SPG-circulation
strength on both subarctic Atlantic overturning26 and, by extension,
productivity.
The strong observed coherence between productivity and AMOC
strength, moreover, supports a previous model-based hypothesis5
that a sustained, industrial-era slowdown of AMOC6–8 would lead
to markedly reduced planktonic yields across the northern Atlantic.
In particular, both [MSA] PC1 and AMOC exhibit corresponding
multi-century-scale6,8 lows during the 1980s to 1990s. This time
period coincides with a massive accumulation of freshwater (around
15,000 km3 from 1965 to 1990) into the subarctic Atlantic basin following the great salinity anomaly28 of the late 1960s (Fig. 4a). According to
the relationships that we found, the decrease in upper-ocean densities
associated with this event, which has been hypothesized to have weakened deep-water formation across the Labrador and Irminger Seas6,28,
may also have led to a diminishing of northern Atlantic planktonic
stocks, presumably either through long-term shoaling of the wintertime
depth of the mixed layer and the gradual diminishing of euphotic nutrient concentrations1,5,9, or through first-order thermal influences1,12.
Furthermore, the onset of industrial-era declines in Arctic sea ice
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and elevated GrIS runoff, which started several decades after our
productivity decline and are currently accelerating15,16, suggests that a
long-term influx of fresh water into (that is, a freshening of) northeastern subarctic Atlantic surface waters—similarly implicated in driving
the industrial-era AMOC decline1,6–8—may have contributed in sustaining the industrial-era productivity decline over the late nineteenth
and twentieth centuries. However, more work is needed to understand
these complex relationships.
Our ice-core-based index of subarctic Atlantic bioproductivity
highlights the sensitivity of marine-based autotrophic ecosystems to
industrial-era forcing and provides context for projected future ecological changes6. Although previous ship-based11,17 and satellite-derived
reconstructions suggested an early twenty-first century reversal in the
twentieth century decline in subarctic Atlantic productivity (Fig. 4a),
results from our [MSA] PC1 proxy show that the decline on which
this intermittent twenty-first century increase is superimposed is much
longer than previously observed11 and may still be ongoing. Monitoring
of the AMOC at 26.5° N since 2004 has shown a decade-long decline in
meridional heat transport, decreasing as much as 10 times faster than
model-predicted slowdowns29. Given the multiyear time lag required
of Atlantic-wide mixing13,22, as well as the ongoing, nonlinear rise in
Greenland runoff16 believed to contribute to subarctic Atlantic freshening and AMOC slowdown over multidecadal to centennial timescales6,8,10, we speculate that declining subarctic Atlantic productivity
will characterize the coming decades with important implications
for future atmospheric carbon drawdown3 and northern Atlantic
fisheries2.
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Methods

Data reporting. No statistical methods were used to predetermine sample size.
The experiments were not randomized.
[MSA] record collection, analysis and preprocessing. Twelve MSA (CH3SO3H)
concentration ([MSA]) ice core records were compiled from sites situated on the
GrIS (n = 12 records). MSA is measured at trace concentrations in polar ice using
its constituent anion, methanesulfonate31,32 (CH3SO3−). The five previously published [MSA] records used in this compilation were measured using either conventional ion-chromatography (IC) techniques (20D31, NGRIP33 and GRIP93a18) or
electrospray ionization with triple quadrupole mass spectrometry (Summit2010
and TUNU)34. Specific details on the measurement techniques can be found in
the original studies (Extended Data Table 1). Six out of seven of the remaining
(previously unpublished) [MSA] records were measured using ion chromatography. Measurement of methanesulfonate in the Greenland Central (GC) record16
was conducted at Wheaton College with analytical and core-sampling procedures
identical to those described previously35. Records derived from the Northern
Greenland Traverse (NGT-B16, NGT-B18, NGT-B20, NGT-B21 and NGT-B26)
were analysed at the Alfred-Wegener-Institute following the previously published
methodology36. The remaining unpublished [MSA] record, D4, was also analysed
using electrospray ionization with triple quadrupole mass spectrometry at the
Desert Research Institute following previously published methods34.
Records were selected using the following criteria. The records must be of
moderate to high temporal resolution (measured at ≤3 years per sample; note
10/12 records exist at ≤1 year resolution; Fig. 1a), be well-dated (<5 year estimated uncertainty at the deepest portions of the records presented) and represent
>100 years of continuous length within the period ad 1767–2013. Aspects of all
ice cores have been previously published, such that information on the dating
methodology of each ice core can be found within references listed in Extended
Data Table 1. Before analysis of the [MSA] records, each was linearly interpolated
to a resolution of one year. The period of common overlap for all 12 records is
ad 1821–1985. It is assumed that dating uncertainties among records are approximately normally distributed, such that dating inconsistencies are effectively averaged out during dimensional reduction. Similarly, although interior Greenlandic
ice core [MSA] records are known to experience post-depositional vertical
migration, migration directionality is not systematic and may occur in either the
(atmosphere-oriented) up or down direction depending primarily on local cationic soluble impurity concentration gradients37. As such, we assume that potential
migration-based ‘skewing’ of the original [MSA] signal is largely minimized during
data reduction. Finally, although contentions of post-depositional volatile losses of
MSA have been reported at high-acidity and low accumulation sites in Antarctica
(nominally, <100 kg m−2 year−1)38, such losses are likely largely inhibited across
the GrIS, where relatively high accumulation rates, as well as low acidity summertime layers, prevail (Extended Data Table 1).
Note that a decision was made not to analyse MSA fluxes. This was primarily
because of a lack of high-resolution accumulation data for all 12 sites. However,
recent century-scale reconstructions of the GrIS accumulation rate, derived from
both inland39,40 and near-coastal41 ice cores, do not generally support evidence for
spatiotemporally synchronous shifts in accumulation across Greenland nor, to our
knowledge, the regional multi-century accumulation increases that are necessary to
promote (by dilution) the multi-century decreases in the [MSA] records presented
here. Similarly, although MSA is highly hygroscopic and thus generally believed
to be primarily wet-deposited on the GrIS31, owing to the lack of high-resolution
accumulation data, we are prevented from quantitatively discerning the precise
partitioning of [MSA] between wet and dry deposition at most (11/12, void 20D)
sites. Nonetheless, our necessary assumption of negligible long-term changes in
MSA depositional partitioning when spatially averaged across the GrIS appears
valid, given—in particular—the strong temporal covariation in [MSA] across
differing GrIS moisture source regions (Extended Data Fig. 6 and Extended Data
Table 1).
Extraction of [MSA] PC1 and uncertainty estimation. We used an EOF-based
data-infilling routine42 to infill missing values in the [MSA] records before signal
extraction. In our study, missing values occurred at the extremities of the records,
and thus represent records that either were collected before ad 2013 or did not
extend as deep as ad 1767. Under the criterion that the oldest PC1 age (that is,
ad 1767) represents the oldest age for which >75% of Greenlandic [MSA] records
remain, <8% of data points among the 12 records required infilling. For the more
recent portion of the PC1 series, we relaxed our 75% record-retention criterion
to enable greater temporal overlap with satellite observations (around 1998).
Although this relaxation did—in general—invoke a trade-off with declining precision in the [MSA] signal extraction for satellite-interval years (as encapsulated by
slightly enlarged widths of the [MSA] PC1 confidence intervals; Figs. 2a, 3d), we
nonetheless expect our PC1 extraction to be robust given the strong satellite-era
coverage of the Summit2010 record, the largest variance contributor to [MSA]
PC1 (Extended Data Table 1).

The EOF-based data-infilling procedure42 accounts for covariability between,
as well as autocovariance within, individual MSA records, such that strong covariability between two records during a period of common overlap should result in
imputed values of comparable covariance between the two records, should one
of the records require infilling during a time period for which data exists in the
other. Similarly, the autocovariance structure of imputed values within that record
should jointly reflect the autocovariance of the measured (that is, non-missing)
values of that record. The data-infilling procedure42 was conducted as follows: all
records were standardized to unit variance and centred to mean zero over their
period of common overlap, ad 1821–1985. Missing values were set to zero (an
unbiased a priori value) and the resultant matrix decomposed into left (temporal
EOFs) and right (spatial EOFs) singular vectors using the method of singular value
decomposition. The missing (zero) values were then recovered by replacing the
zero values with infilled values of the reconstructed [MSA] data matrix, following
truncation of both EOF vector spaces. The number of EOFs retained for data
infilling was obtained using a Monte Carlo cross-validation approach, in which 5%
of the [MSA] data points were withheld at random and iteratively reconstructed
with a progressively less-truncated EOF vector space until a specified convergence
criterion was met42 (root mean square error of prediction (RMSE) < 10−8).
We tested the sensitivity of the cross-validation procedure across a large number of data-infilling procedures using the [MSA] Greenlandic array and found
that EOF-based data infilling42 routinely and robustly reproduced much of the
low-frequency variance of the [MSA] dataset across separate tests. However,
slight variations in the magnitude of imputed values could occur between tests,
an expected result due to the finite size of the [MSA] dataset used for crossvalidation. More specifically, variations in the optimal number of EOFs retained
for the imputation of missing values could lead to small differences in the fraction
of the original variance restored in the imputed [MSA] values between tests. In our
case, the number of retained EOFs varied most often between 2 and 4, representing
around 50–65% of the [MSA] variance. Because the amount of variance restored
back into the imputed data will always be less than the original data, a method
was required to restore the remaining variance. To do so, we adopted an approach
similar to a previously described method15, in which—for each test—we divided
the infilled [MSA] data matrix into signal and noise components. The signal represents the retained [MSA] data matrix, constructed by applying the inverse EOF
transform to the [MSA] dataset using only as many EOFs as were determined
to optimally construct the imputed values. Conversely, the noise represents the
residual [MSA] data matrix constructed by applying the inverse EOF transform
with the remaining EOFs. We applied the method of Cholesky factorization to
the noise component of each record, in order to produce pseudo-random noise
vectors—that is, randomized vectors with autocorrelation identical to the noise
component of each record—that could be added back to the imputed values in
sequence and restore variance to the solution. In practice, our pseudo-random
variance-restoration routine encourages enlarged uncertainty attribution in portions of the [MSA] PC1 record that required data infilling (that is, the extremities
of the dataset; see Figs. 2a, 3d).
We incorporated a probabilistic principal component analysis in order to
reduce noise among the 12 [MSA] records and better extract a meaningful mode
of common variability, as well as to provide insight into the spatial distribution
of homogenous [MSA] signals across the GrIS (Fig. 1c, Extended Data Fig. 3 and
Supplementary Information). Extraction of the Greenlandic [MSA] PC1 signal,
including estimation of its confidence intervals, was conducted using the following
procedure. First, the [MSA] dataset, Xi, was centred to mean zero and standardized
to unit variance, with missing values in Xi set to 0. Second, missing values in Xi were
statistically infilled following a previously published method42, with pseudo-random variance restoration in the imputed values enforced. Third, this second step
was repeated for an additional 99 realizations (n = 100 realizations total), with each
Xi = X1, X2, … Xn stored for later use. Fourth, for each i = 1, 2, … n imputed [MSA]
datasets, j = 1, 2, … n surrogate [MSA] datasets of equal dimension were created
using uniform-random sampling with replacement of the [MSA] records (that
is, a bootstrap approach)43. Fifth, principal component analysis was performed
on each Xi,j (n2 = 104) surrogate [MSA] dataset, transformed using orthogonal
Procrustes rotation in order to correct for (Eigen-transform) rotational ambiguity43 and the PC1 was extracted and stored. Finally, the confidence intervals were
computed using the 2.5–97.5th percentiles of the PC1 distribution (representing all
n2 tests). The ‘best-fit’ PC1 signal represents the median fit (50th percentile) of the
distribution. For a comparison with alternate methods of missing data estimation
and [MSA] PC1 extraction, see Supplementary Information.
Attribution of probable MSA source regions. Changes in atmospheric circulation and windiness can affect aerosol transport and deposition across the GrIS,
affecting the fidelity of ice core climate records across various timescales32–34,44–49.
Heterogeneous signals existing across our 12 GrIS [MSA] records, owing to
localized productivity and (or) atmospheric variations that are particularly
salient across interannual to subdecadal timescales44–46, are largely suppressed by
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dimensional reduction of the 12 [MSA] records into [MSA] PC1 and through multiyear smoothing of the PC1 series thereafter (Fig. 2a and Extended Data Fig. 6).
Over longer, multidecadal to centennial timescales, current evidence25,26
does not generally support significant shifts in recent internally driven, regional
lower-atmospheric dynamics, suggesting that the primary emission source
should underlie the most probable (mean state) trajectory pathway taken by
low-lying Greenland-bound air parcels when integrated across several decades
(see also Supplementary Information). To support this latter suggestion, we used
the National Oceanic and Atmospheric Administration (NOAA) Air Resources
Laboratory’s hybrid single-particle Lagrangian integrated trajectory (HYSPLIT)
model, version 4.950 to enable estimates of probable marine source regions of MSA
at each site. HYSPLIT uses a joint Lagrangian–Eulerian approach, in which numerical singularities, or atmospheric ‘particles’, are subjected to a time-variant, spatially
fixed three-dimensional gridded wind field across a time-invariant land-surface
field and tracked backwards in time at hourly time steps.
Particle trajectories were forced using atmospheric wind data from the National
Centers for Environmental Protection and Atmospheric Research (NCEP/NCAR)
global atmospheric reanalysis dataset51, gridded at 2.5° × 2.5° resolution over
17 pressure levels (1,000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70,
50, 30, 20 and 10 hPa). The HYSPLIT model forced using the NCEP/NCAR wind
reanalysis has been shown to provide comparable results to HYSPLIT trajectories
forced using higher-resolution (for example, 1°-gridded) wind reanalysis products
from the European centre for medium-range weather forecasts44.
Because position errors of an individual air mass back trajectory are estimated
to upwards of 30% of distance travelled45,46, a probabilistic approach was taken
here, in which a large number of trajectories were computed and integrated into
airmass transport density maps. In order to focus on low elevation air masses
(around 0–1,000 m), which are assumed to be more representative of regional
marine-derived moisture and aerosol sources, all particle back trajectories were
initialized from a height of 500 m above ground level and released daily during the
months June–July–August from ad 1948 to 2013. In total, 6,121 trajectories were
released above each ice core site (that is, 73,452 total) and tracked hourly for 7 days
before the particle release date, coinciding with the approximate atmospheric lifetime of MSA46. At the end of each model trajectory simulation, all hourly trajectory locations situated over the ocean were summed in discrete 1° × 1° bins and
area-normalized to produce the marine-airmass transport density grids, nominally
representing the relative probability that any given trajectory end-point would be
situated over a given grid cell at any point along a trajectory. Owing to the inherent
concentric partitioning of trajectory end-points around the trajectory release point,
each grid cell within the transport density grid was then normalized by its inverse
radial distance from the trajectory release point to remove its central tendency49.
Finally, all airmass transport density grids were normalized on a 0–1 (least to most
probable) relative scale. In addition, the median particle trajectory height for each
grid box was computed to target regions that consisted of predominantly low-lying
oceanic airmasses and thus those originating within the marine boundary layer.
In order to achieve an airmass transport density (and median atmospheric elevation) grid statistically representative of the [MSA] PC1 series, we composited
the airmass transport density grids (and median atmospheric elevation grids) of
the 12 sites into a single map. This was achieved by weighting the 12 individual
airmass transport density grids (and median atmospheric elevation grids) by the
squared correlation of each site (that is, the fraction of variance shared) with the
[MSA] PC1 signal over the common-overlap period ad 1821–1985 (Extended
Data Table 1) before compositing. Note that the inferred source region, situated
over the central-northeast subarctic Atlantic in the vicinity of the Irminger and
Icelandic Basins (Fig. 2c, d), is also considerably removed from the summertime
sea ice marginal front where GrIS-deposited MSA origination has previously been
attributed34. For a more in-depth analysis of the possible maritime source regions
of Greenlandic MSA on a per-site basis, see Supplementary Information (see also
Extended Data Figs. 4, 5).
Correlation analysis of subarctic Atlantic [DMSSW] measurements to
satellite NPP. We compared surface [DMSSW] to satellite-derived NPP estimates
(Fig. 2b) using measurements of [DMSSW] compiled within the NOAA Global
Surface Seawater DMS Database23,52 for the period 1 January 1998 to 31 December
2016. This period was chosen in order to overlap with ocean colour measurements from leading satellite sensors (for example, SeaWIFS, late 1997–2009, and
MODIS-AQUA, mid 2002–present; Supplementary Information). It is important
to note that no quality control on the [DMSSW] measurements compiled in the
database currently exists, due to the lack of [DMSSW] measurement protocols,
or inter-calibration methodologies23. Rather, in order to remove anomalous
[DMSSW] values, measurements that represent the middle 95% of concentrations
were retained for analysis. This resulted in 30,047 measurements. As [DMSSW]
values archived within the database are most often clustered in space and time,
values were binned monthly at 1° × 1°-gridded resolution, log-transformed to
achieve normality and heteroscedasticity and averaged. This procedure resulted in

a reduction from 30,047 global measurements to 3,045 unique global data points,
a much smaller subset of which (n = 224) derives from the subarctic Atlantic
(50–65° N; 60–10° W). We then upscaled (using two-dimensional linear interpolation) the 1/6° × 1/6°-gridded estimates of log-transformed ocean NPP, taken from
the VGPM12, onto a centred 1° × 1° spatial grid. All unique [DMSSW] data points
were regressed against the corresponding (log-transformed and standardized) NPP
1° × 1° ×1-month grid point using ordinary least squares. For [DMSSW] grid
points in the subarctic Atlantic with more than one observation (n = 186 out of
224 total measurements), linear regression analysis was conducted using weighted
least squares (WLS; where weights represent the inverse standard error of each
average [DMSSW] value measured within a given 1° × 1° ×1-month bin) against
the corresponding NPP value. An analysis of the relationship between global versus
subarctic Atlantic [DMSSW] and NPP can be found in Extended Data Fig. 7 (see
also Supplementary Information).
Processing of continuous phytoplankton recorder survey data. For inferences of
subarctic Atlantic phytoplankton abundance changes that have occurred since the
mid-twentieth century, we use data from the Continuous Phytoplankton Recorder
(CPR) survey. As reviewed previously53, the CPR remains the most extensive
(in spatial scale, taxonomic scope and time period covered) independent oceanbiological monitoring program in current existence, having recorded the abundance of nearly 700 unique taxa since ad 1931. The sampling methodology consists
of towing a filtering device at approximately 10-m depth along standard shipping
routes using ships of opportunity; each sample corresponds to 10 nautical miles
(approximately 18 km) or around 3 m3 of filtered water. Phytoplankton are collected on a 270-μm mesh, a size originally chosen to provide broad representation of planktonic species, including both larger predatorial functional groups
(for example, copepods, pteropods and small crustaceans) and large-diameter
autotrophic phytoplankton. Despite this mesh size, smaller planktonic species—including coccolithophores (approximately 10 μm) and diatoms (around
10–200 μm)—are also consistently captured on the silk mesh and recorded for
abundance. Notably, because the sampling methodology has remained relatively
unchanged since the inception of the survey, consistency of planktonic time
series has been correspondingly maintained and relative changes in planktonic
abundance are considered to be generally robust irrespective of size and (or)
functional group53. On the other hand, given the host of complicating factors
that pertain to the collection and counting of differently sized microorganisms
in a given measurement (for example, planktonic active avoidance or escape,
mesh-clogging, cell visibility)53, as well as the associated challenge therein of converting relative abundance measurements to absolute abundance, CPR measurements must nonetheless be cautioned as semi-quantitative by nature.
Here we assess CPR products of monthly total diatom (1958–2016), dinoflagellate (1958–2016) and coccolithophore (1993–2016) abundances within preexisting CPR standard regions situated over the subarctic Atlantic (that is,
50–65° N, 60–10° W, 14/41 CPR standard regions: A6, A8, B5–B8, C5–C8 and
D5–D8; see Extended Data Fig. 3 and a previously published study53). We included
coccolithophore, dinoflagellate and diatom relative abundances, as these functional
groups share both a known association to DMS production19 and, collectively, are
believed to comprise the bulk of abundance of autotrophic biomass in the subarctic
Atlantic regions17,53. Towards this latter point, the decision to analyse each group
was also of pragmatic intent, as each provided adequate CPR spatiotemporal coverage in most of the subarctic Atlantic regions over recent decades53 (Extended
Data Fig. 3). Conversely, because larger-diameter heterotrophs, such as copepods
and other zooplankton, are not directly linked to DMS production (voiding their
indirect association via sloppy grazing and excretion19) and furthermore raise
additional issues of systematic sampling bias due to, for example, CPR inlet active
avoidance and escape53, we did not directly consider these higher-order functional
groups within our assessments17.
As noted previously53, a potential bias in decadal time series of CPR data arises
from the gradual increase in Atlantic shipping speeds since the mid-twentieth
century. This shipping-speed increase is believed to have had a systematic, and
near-linear, negative effect on the amount of water filtered through CPR devices,
thus (negatively) biasing long-term relative abundance trends54. As such, we correct for this potential bias using conservative (that is, extreme case) empirical
relationships that have been established previously54 between increasing mean
northeastern-Atlantic shipping-speed trends (0.09 knots year−1 since 1958) and
volume of water filtered (−0.26 m3 knot−1; all corrections made relative to a mean
filtered-water volume of 3.16 m3 in ad 1990). As shown in Extended Data Fig. 3c, d,
this ship-speed bias adjustment imparts only minor adjustments to the ‘raw’ CPR
abundance data over the considered time period.
WLS regressions of CPR abundance against [DMSSW] (Extended Data Fig. 7)
were conducted following the procedure described for [DMSSW] versus NPP
(see above), the primary difference being that monthly [DMSSW] values were
instead averaged within entire CPR standard regions (as opposed to degree
latitude–longitude bins) before regression. Relationships between [DMSSW] and
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CPR abundance were not found to be significantly different when using either the
ship-speed bias-adjusted or raw CPR data (Extended Data Fig. 3).
Time series of annual subarctic Atlantic phytoplankton abundance (shown in
Fig. 4a) were estimated by first calculating annual means in each CPR standard
region containing ≥8 months of data (Supplementary Information). We report
CPR time series as the simple area-weighted average of the CPR abundance data for
each standard region across the subarctic Atlantic (which vary substantially in size).
A comparison of subarctic Atlantic CPR time series—for both summertime- and
annual-based measurements—to alternative probabilistic and deterministic data
infilling and compositing techniques that better account for regional-sampling
biases is provided in Extended Data Fig. 3 (see also Supplementary Information
for an extended discussion).
Time series statistical significance testing. Statistical significance levels for all
reported time series correlations (Pearson’s r in all instances) were computed using
a nonparametric Monte Carlo-based method55, unless noted otherwise. We created n = 10,000 pseudo-random surrogate series of the first series by computing
its Fourier transform, randomly varying the phase of its Fourier modes between
0 and 2π, and then computing the inverse transform, thus retaining the exact autocorrelative properties (that is, power spectrum preservation) of the original series.
Statistical significance was then estimated by computing n pseudo-random correlations with the original second series and by calculating the exceedance probability
(that is, inverse percentile) of achieving a correlation magnitude greater than the
original by chance alone. Note that the maximum degree of significance that can
be achieved using this method is P < n−1, such that a value reported as P < 0.0001
represents an observed correlation magnitude greater than all n pseudo-random
correlations (Extended Data Table 1).
Productivity-decline onset timing. The onset timing of the industrial-era productivity decline was estimated using the SiZer (significant zero crossings of derivatives) methodology56, conducted in a manner similar to the previously described
methods14,16. In brief, we calculated the median significant (P < 0.1) onset of
sustained (that is, requiring the sign of the trend to persist into the present) [MSA]
PC1 decline following prefiltering of the series across a range of Gaussian kernel
filters. We assessed 26 filters incrementally distributed with 15–40-year bandwidths. To alleviate edge-effect biases stemming from our comparably short14,16
time series, we mandated each productivity-decline onset age to be at least one
filter-width greater (that is, more recent than) the oldest age of our time series
(that is, ad 1767). As such, our estimated industrial-era productivity-decline onset,
ad 1816 ± 11 years (±2 median absolute deviations), represents the SiZer solution
using a smaller subset (14/26) of the originally filtered [MSA] PC1 series.
Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this paper.

Data availability

Previously unpublished ice core [MSA] data used in this study (D4, NGT-B16,
NGT-B18, NGT-B20, NGT-B21 and NGT–B26) are available via the National
Oceanic and Atmospheric Administration (NOAA) Paleoclimatology Data Archive
(https://www.ncdc.noaa.gov/paleo/study/26691). TUNU, Summit2010, 20D and
GC [MSA] data are available via the NSF Arctic Data Center (http://arcticdata.
io). NGRIP [MSA] data are from ref. 15. GRIP93a data are from ref. 18. All [MSA]
data are available upon request from the corresponding author. Source Data for
Figs. 1, 2, 4 are available in the online version of this paper. Availability of CPR
plankton-abundance data is made possible by the Marine Biological Association
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Extended Data Fig. 1 | Comparison of NPP products. a, Monthly
integrated NPP (g C) across the subarctic Atlantic (50–65° N, 60–10° W,
see also yellow boxed region in Fig. 3a) for the SeaWiFS-VGPM and
MODIS-VGPM NPP products12, as well as an independently derived
SeaWiFS-carbon-based productivity model57 (CbPM) (Supplementary
Information) and MODIS-CbPM NPP products. b, c, SeaWiFS- and
MODIS-derived NPP mean seasonality (±2σ; n = 20 years; January
1998–December 2017) for the VGPM (b) and CbPM (c) datasets. Note

that four months—November–December–January–February—experience
partial polar darkness over the subarctic Atlantic latitude bands
(50–65° N), leading to systematic underestimates of productivity
during these months. d, e, VGPM-based (d) and CbPM-based (e) linear
regressions with ship-based [DMSSW] measurements (similar to Fig. 3b;
see Methods) using the MODIS and SeaWiFS NPP datasets. Shaded bands
show the 95% confidence interval of the regression. Regression values (r2)
represent the squared Pearson product–moment coefficients.
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Extended Data Fig. 2 | Seasonal representativeness of subarctic Atlantic
VGPM NPP satellite-era trends and sensitivity to satellite sensor used.
a, Comparison of summertime-integrated (JJA) subarctic Atlantic VGPM
NPP yields for three different sensor estimates: a SeaWiFS-dominant
estimate (red; 1998–2007 NPP estimates derived from the SeaWiFS
sensor and 2008–2017 NPP estimates from the MODIS sensor),
a MODIS-dominant estimate (blue; SeaWiFS-based data for 1998–2002
and MODIS-based data for 2003–2017), and the composite stack
(dark grey; comprising the average of SeaWiFS- and MODIS-derived
summertime VGPM NPP estimates over their period of common annual

overlap, 2003–2007). b, Differential linear trend analysis of the composite
summertime subarctic Atlantic NPP time series from a. No decadal-scale
linear trends were found to be significant at P < 0.05, using a two-sided
Student’s t-test with n − 2 degrees of freedom (where n represents the
varying trend length in years). c, d, EOF1 (c) and PC1 (d) of summertime
VGPM NPP using the MODIS-dominant dataset, similar to Fig. 3c, d,
respectively. e, f, As in c, d, but showing EOF results from the SeaWiFSdominant summertime VGPM NPP dataset. g–l, As in a–f, but showing
annually integrated VGPM NPP estimates. All regression values
(r) represent Pearson product–moment coefficients.
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Extended Data Fig. 3 | Comparison of subarctic Atlantic CPR
compositing techniques. a, b, Data availability (ad 1958–2016) by CPR
standard region (Methods) for annually derived (a; ≥8 out of 12 months
per year of data required) and summertime-derived (b; ≥4 out of 6
months per year during April–May–June–July–August–September)
data. c, d, Three approaches for compositing time series of CPR-based
planktonic abundance, for both annual (c) and summertime (d) data42

(see Supplementary Information). AWA, area-weighted averaging; ISD,
inverse-squared distance-based data infilling; EOF, EOF-based data
infilling. Thin dashed lines show standardized (z-score units relative to
ad 1958-2016) raw annual relative abundances of plankton; bold lines
show adjusted relative abundances, to correct for potential long-term
biases in the volume of water sampled by CPR devices53,54. Note that the
annual area-weighted averaged series is reproduced from Fig. 4a.
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Extended Data Fig. 4 | HYSPLIT-computed summertime (JJA) airmass
transport probability densities for each ice core site. Site-specific
JJA marine-airmass transport density maps, representing the relative
probability of an oceanic airmass passing through a given atmospheric
column before its arrival at each site. All marine-airmass transport density
maps are computed over the period ad 1 January 1948 to 31 December

2013 (that is, 6,121 JJA trajectories per site) and normalized on a
0–1 relative scale with 1 and 0 indicating the most and least probable
airmass trajectory grid point, respectively. Sites are shown anticlockwise
from most southerly (20D; top left) to most northerly (NGT-B21;
top right) situated on the GrIS.
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Extended Data Fig. 5 | HYSPLIT-computed summertime (JJA) airmass
median elevation maps for each ice core site. Site-specific median
atmospheric altitudes (m above sea level) for all ocean-situated JJA
hourly trajectory locations over the period ad 1948–2013. All maps were

computed over the period ad 1 January 1948 to 31 December 2013
(that is, 6,121 JJA trajectories per site). Sites are shown anticlockwise from
most southerly (20D; top left) to most northerly (NGT-B21; top right)
situated on the GrIS.
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Extended Data Fig. 6 | Strong covariation between two [MSA]
source–trajectory regions. Top, the 12 Greenland [MSA] records from
Fig. 1a annually averaged across the two airmass-trajectory factor analysis
groupings from Fig. 1b (r = 0.63, P < 0.0001); the r value represents the
Pearson product–moment coefficient. All records have been standardized

(z units) relative to their period of common overlap (ad 1821–1985).
The shaded bands show ±1 s.e.m. about the stack means. The grey line
shows the composite (12-site) mean. Bottom, [MSA] record availability
over time.
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Extended Data Fig. 7 | Relation between [DMSSW], NPP and CPR
planktonic abundance. a, Reproduced from Fig. 3b. b, As in a, but for
globally regressed values. The diameter of the circles represents the
root of the relative weighting (inverse standard error of the [DMSSW]
measurement) used in the weighted least squares (WLS) regressions
(nWLS,subarctic = 184; nWLS,global = 2,219 degrees of freedom). Grey circles
represent points used in the ordinary least squares (OLS) regression
(nOLS,subarctic = 222; nOLS,global = 3,043). c, Probability density of global
r values over i = 1, 2, …, 10,000 degrees-of-freedom preserving (that is,
ni = 184) bootstrap WLS regressions (Supplementary Information).

d–f, Linear regression analyses of subarctic Atlantic [DMSSW] versus
CPR-based abundances of diatoms (d), dinoflagellates (e) and
coccolithophores (f). In all regressions, the coloured or grey shaded regions
denote the 95% confidence intervals around the regression parameters for
the WLS or OLS regressions, respectively. All WLS and OLS regressions
were significant at P < 0.005 and P < 0.05, respectively, assuming a twotailed Student’s t-distribution with a t-statistic representing n − 2 degrees
of freedom. Regression values (r) represent Pearson product–moment
coefficients.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Industrial-era decline in subarctic Atlantic
NPP and climatic influence. a, Correlation matrix (Pearson product–
moment coefficients, r) of planktonic and observed-climatic indices
from Fig. 4a. Integers represent n, the years of overlap between paired
series. Bold n values represent significance at the 90% confidence level
(P < 0.1; assuming a two-tailed Student’s t-distribution with a t-statistic
representing n − 2 degrees of freedom). Bold n values with an asterisk
represent significance using a Monte Carlo-based Fourier phaserandomization procedure, a more stringent test to account for serial
correlation (and hence varying degrees of freedom) among paired series
(Methods). All 10-year low-pass-filtered (bottom left of diagonal), and
linearly detrended 10-year low-pass-filtered (top right of diagonal), series
convolved using a Gaussian filter. Paired series with less than 20 years of

overlap are denoted missing with an ‘x’. b, WLS model of 5-year smoothed
[MSA] PC1 and summertime NPP PC1 (n = 12 years; r2 = 0.72; P = 0.04
after adjusting for reduced degrees of freedom; Methods). The regression
weights are the inverse 1σ of [MSA] PC1 values. Histogram distributions
denote the range of industrial-era onset and satellite-era [MSA] PC1
values following 10,000 bootstrap tests (distributions normalized to their
maximum). The shaded band shows the 95% confidence interval of the
WLS regression parameters. The corresponding 95% confidence ranges
of NPP rates (g C per JJA) over the industrial-era onset and satellite
era are shown to the right. The analysis suggests an average decline of
approximately 14 ± 11% (mean ± 2σ) in summertime-integrated NPP
yields since the industrial-era onset.
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Extended Data Fig. 9 | Subarctic Atlantic SST analysis. a, b, Annual SST
linear trends in the ERSST v.530 (a) and HadISST v.1.158 (b) reanalyses.
Grid points exhibiting a 147-year (ad 1870–2016) cooling trend within
the subarctic Atlantic (50–65° N; 60–10° W; bold blue outline) are
outlined by black isopleths and defined to encompass the Atlantic
warming hole59. c, ERSST and HadISST anomalies (mean-centred relative

to ad 1870–2016; n = 147 years) for the Northern Hemisphere (top;
±σ), the Atlantic warming hole (middle; ±σ) and the difference between
warming hole and Northern Hemisphere SSTs, representing the AMOC
index as approximately defined previously6,7 (bottom; ±σ). Bold
AMOC time series are 10-year (Butterworth) low-pass-filtered data.
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Extended Data Table 1 | Geographical, physical and glaciological information pertaining to each ice core [MSA] record

The annual site mean ± σ [MSA] values for the period of common overlap between records are shown as indicated for ad 1821–1985 (n = 165 years). The homogenous correlations (Pearson r) and
significance level55 (p) between [MSA] PC1 and the 12 GrIS [MSA] records comprising it are shown, computed over the period of common overlap. Note that correlation values are reproduced from
colour-coded values shown in the inset map of Fig. 2a. This table cites refs 15,16,18,31,33,34,60,61 from this study.
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Data collection

No software was used for data collection.

Data analysis

All MATLAB (tested up to R2015a) code used for methanesulfonic acid data reduction and Monte Carlo correlation analysis is available
from M.B.O. upon request. MATLAB code for SiZer change-point analysis was modified after ref. 4 (https://www.nature.com/articles/
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

Annual ice core [MSA] data used in this study are being made available via the NSF Arctic Data Center (http://arcticdata.io). Additionally, source data for Figures 1,
2, and 4 are available in the online version of this paper. Code used for [MSA] signal extraction, Monte Carlo correlation analysis, and CPR analysis is available from
M.B.O. upon request. Code for SiZer change-point analysis was modified after ref. 4 (https://www.nature.com/articles/nature19082) and is available from M.B.O.
upon request. Availability of CPR plankton-abundance data is made possible by the Sir Alistar Hardy Foundation for Ocean Science (https://www.cprsurvey.org/;
doi:10.7487/2018.29.1.1109 and doi:10.7487/2018.53.1.1118). Ocean productivity data are publicly available from https://www.science.oregonstate.edu/
ocean.productivity/. Ocean [DMSSW] data can be accessed via https://saga.pmel.noaa.gov/dms/. The HYSPLIT source-code and NCAR-NCEP reanalysis data can be
downloaded at https://www.ready.noaa.gov/HYSPLIT.php.
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.
Study description

We reconstruct oceanic primary productivity variations across the subarctic Atlantic basin over the last 250 years using twelve
methanesulfonic acid concentration (MSA) ice core records from sites situated across the Greenland Ice Sheet.

Research sample

Five of the twelve MSA records are previously published (Extended Data Table 1 and references therein). Analytical procedures and
dating methodologies used to produce the remaining seven MSA records are listed in Extended Data Table 1 and references therein.
Supporting ship- and satellite-based planktonic data sources, each publicly-available, are listed in the “Data” section above.

Sampling strategy

Greenland Ice Sheet MSA records were selected under the criterion that each record i) be of moderate to high temporal resolution
(measured at <3 years per sample), ii) come from well-dated ice cores (<5 year estimated uncertainty at the oldest portions of the
core), and iii) represent >100 years of continuous length.

Data collection

No ice cores used in our study are novel (see also “Research sample”, above). Specific details on the collection of each core can be
found within the references listed in Extended Data Table 1.
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Field-specific reporting

Timing and spatial scale The 12 ice core MSA records used to generate our ice core productivity index span the Greenland Ice Sheet, with specific geographic
and time-coverage information on each provided in Extended Data Table 1. Each record was analyzed for MSA using well-established
trace-chemistry methods at high temporal resolution (generally less than one year per sample) with details included in the Methods
and references therein.

Data exclusions

No ice core MSA or CPR-survey planktonic abundance data were excluded. Rationale behind the exclusion of extreme-percentile
(i.e., <2.5th and >97.5th percentiles) ocean DMS concentration data is provided in the Methods section.

Reproducibility

All MSA measurements and software used in developing our ice core-based productivity index are being made public and (or)
available upon request from the corresponding author. All supporting-data (as well as software-used to analyze these data) are
derived from publicly-available sources (see “Software and code” and “Data” sections, above).

Randomization

This study does not include experimental groups. Random sampling with replacement of the 12 MSA records (i.e., “bootstrap”
sampling; n = 10,000 iterations) was used for characterizing confidence limits in our ice core productivity index (see Methods).

Blinding

Blinding experiments were not applicable for our study. Ice core data reported are based on quantitative trace-chemistry
measurements (see Methods).

Did the study involve field work?
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Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Methods
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