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Marine phytoplankton play a critical role in modulating marine-based food webs1, fishery 17 

yields2, and the global drawdown of atmospheric CO2 (ref. 3). Due to sparse measurements 18 

prior to 21st century satellite monitoring, however, little is known of the long-term response 19 

of planktonic stocks to climate forcing. Here we produce the first continuous, multi-century 20 

record of subarctic Atlantic marine productivity, showing a marked 10 ± 7% decline has 21 

occurred across this highly-productive ocean basin over the last two centuries. We support 22 

this conclusion through the application of a novel marine-productivity proxy, established 23 

using a unique signal of planktonic-derived aerosol commonly identified across an array of 24 

Greenlandic ice cores. Utilizing contemporaneous satellite-era observations, we demonstrate 25 

this signal’s use as a robust and high-resolution proxy for spatially-integrated marine 26 

productivity variations. We show that the initiation of declining subarctic Atlantic 27 

productivity broadly coincides with the onset of Arctic surface warming4, and that 28 

productivity strongly covaries with regional sea-surface temperatures and basin-wide gyre 29 

circulation strength over recent decades. Taken together, our results suggest the industrial-30 

era productivity decline may be evidence of the predicted5 collapse of northern Atlantic 31 

planktonic stocks in response to a weakened Atlantic Meridional Overturning Circulation 32 
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(AMOC)6-8. Continued AMOC weakening, as projected for the 21st century9,10, may 33 

therefore result in further productivity declines across this globally-relevant region. 34 

The subarctic Atlantic (50-65˚N, 60-10˚W) comprises one of the world’s most biologically 35 

productive seasonal phytoplankton blooms11-14. Bloom magnitude varies annually, in response to 36 

controls such as the timing and abundance of light and nutrients in the upper ocean12-13, and 37 

predator-prey coupling dynamics14. These biophysical controls, in turn, vary in response to 38 

underlying physical drivers that are sensitive to long-term changes in upper-ocean climatic forcing, 39 

such as the mixed layer depth (MLD), sea-surface temperature (SST), baroclinicity, and wind.  40 

Over the preceding ~200 years (i.e. the industrial-era) the northern Atlantic has undergone 41 

numerous climatic perturbations outside the range of naturally forced variability, resulting in 42 

widespread surface warming4, AMOC slowdown6-8, sea ice decline15, and accelerating Greenland 43 

Ice Sheet (GrIS) runoff16. Contemporaneous estimates of primary productivity are less well 44 

resolved. Satellite-derived planktonic biomass concentrations, extending back only to late-1997 45 

(and intermittently to 1979; ref. 11-12), do not reveal significant decadal-scale trends, but rather, 46 

modest productivity variability over the first two decades of 21st century monitoring (Extended 47 

Data Fig.’s 1 and 2; Supplementary). Earlier spatiotemporally sparse sources, including ship-based 48 

ocean color11 and planktonic abundance observations17 (Extended Data Fig. 3; Supplementary), 49 

however, hint at a longer-term, 20th century decline. To date, no spatially-reconciled, temporally-50 

resolved reconstruction of basin-scale primary productivity exists over the pre- to post-industrial 51 

transition. This limits our ability to quantify climatic impacts on subarctic Atlantic ecosystems, 52 

and contextualize model-based predictions of future ecologic responses to anthropogenic forcing9. 53 

Here we use records of a marine-derived biogenic aerosol (methanesulfonic acid 54 

concentration, [MSA]) from GrIS ice cores to reconstruct annual subarctic Atlantic productivity 55 
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variability over the preceding ~two and a half centuries. At high latitudes, MSA is solely produced 56 

as an oxidative byproduct from oceanic dimethylsulfide (DMS) emissions18. DMS, in turn, is 57 

linked to several planktonic life-cycle processes involving dinoflagellate, haptophyte (including 58 

coccolithophores) and, to a lesser extent, diatom, chrysophyte, and prasinophyte assemblages19. 59 

Notwithstanding uncertainties in the long-term feedbacks between DMS emissions and climate20, 60 

we demonstrate that GrIS-[MSA] records provide a first order proxy for regional ocean-61 

atmosphere fluxes of DMS18 (Methods), which are tightly coupled to changes in nearby marine 62 

productivity21. 63 

We combine 12 high-resolution [MSA] records (Methods) to examine the covariation of 64 

[MSA] across the GrIS (Extended Data Table 1). To physically constrain potential DMS emission 65 

source regions across the 12 ice core sites, we conduct daily atmospheric back-trajectory analyses 66 

during the time of MSA summertime maximum, June-July-August (JJA; Extended Data Table 1), 67 

over a multi-decadal time-frame (AD 1948-2013; Methods). A conspicuous multi-century decline 68 

in [MSA] is evident in nearly all records (Fig. 1a), irrespective of their GrIS locations and primary 69 

summertime airmass-trajectory pathways – trending from predominantly southeasterly-dominated 70 

(Irminger Sea origin) atmospheric influence at southern-situated GrIS sites to southwesterly-71 

dominated (Labrador Sea origin) influence at northern-situated sites (Fig. 1b; Extended Data 72 

Figures 4-5). Moreover, when averaging the 12 records into either Irminger Sea- (n = 7 sites; Fig. 73 

1b) or Labrador Sea-dominated constituents (n = 5 sites), we find significant GrIS-[MSA] 74 

covariation down to annual-timescales (p < 0.0001; Extended Data Figure 6; Supplementary). 75 

This strong coherence suggests that time-variability of MSA deposition across the GrIS is 76 

dominated by a common, large-scale mode of North Atlantic DMS production and emissions. 77 

Using a probabilistic principal component analysis (PCA) methodology, we extract this common 78 
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signal of GrIS-[MSA] variability over the period A.D. 1767-2013 (Methods). The leading principal 79 

component, [MSA]-PC1, robustly captures the multi-century decline in industrial-era [MSA] 80 

observed across the individual records, while significantly (p = 0.002) explaining nearly half of 81 

the GrIS-[MSA] variability (median/mode at ~44%; Fig. 2a). Correlation of the [MSA] records to 82 

the resultant [MSA]-PC1 signal furthermore reveals each record to be significantly and positively 83 

related (p < 0.1; Methods; Extended Data Table 1), with centrally-situated GrIS sites exhibiting 84 

the strongest covariation with [MSA]-PC1 (Fig. 2a). Exploiting this spatial-loading pattern, we 85 

statistically-composite the 12 sites’ back-trajectory results (Methods; Extended Data Figures 4-5) 86 

underscoring the west-central to northeastern (NE) subarctic Atlantic basin as the most probable 87 

source of GrIS-deposited MSA (Fig. 2b-c). Significantly, this MSA source region, centered over 88 

the highly-productive1,12,17 and climatically-sensitive1,6-8,22 Irminger and Labrador Seas proximal 89 

to the upwind Greenland coast, overlaps with the greatest Atlantic-sector surface JJA DMS 90 

seawater concentrations23, [DMSSW] (and, relatedly, DMS-emissions; Fig 3a). 91 

Strong spatial coherence further exists between summertime [DMSSW] and satellite-92 

derived estimates of net primary productivity (NPP) from the chlorophyll-α (Chl-α) dependent 93 

Vertically Generalized Production Model12 (VGPM; Supplementary) across the northern Atlantic 94 

sector, despite differences in the collection and spatial scalability of these two data sources 95 

(Methods; Fig. 3a).  The observed similarity suggests that past variations in northern Atlantic DMS 96 

production, as inferred from [MSA]-PC1, also provide a signal of past productivity variations 97 

across this sector, given time-averaged scalability in the ocean-atmosphere emission rate of DMS 98 

to DMSSW production23. Indeed, correlation of VGPM-derived NPP against [DMSSW] 99 

measurements from the NOAA Global Surface Seawater DMS Database23 (Methods) supports a 100 

strong spatiotemporal association (r = 0.75) between subarctic Atlantic productivity and the 101 
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magnitude of DMS production (Fig. 3b), a relationship well-above globally-integrated values 102 

(Extended Data Fig. 7c; Supplementary). A similar regression analysis against independently-103 

derived counts of DMS-producing diatom, dinoflagellate, and coccolithophore relative abundance 104 

from the Continuous Plankton Recorder (CPR) ship-survey (Methods) also yields significant 105 

relationships with [DMSSW] in all three functional groups (p < 0.005; Extended Data Fig. 7d-f), 106 

implying that variations in DMS production and emissions across the subarctic Atlantic are well 107 

representative of contemporaneous broad-scale changes in planktonic biomass and productivity. 108 

The above back-trajectory and correlation analyses are connected through an empirical 109 

orthogonal function (EOF) analysis of satellite NPP, which reveals the leading mode of 110 

summertime and annual NPP-variability (NPP-PC1; ~20% and 24% explained-variance, 111 

respectively) to be closely-aligned with [MSA]-PC1 over multiannual timescales (Fig. 3d; 112 

Methods), while also remaining notably consistent with spatially-integrated summertime and 113 

annual NPP yields (r = 0.75 and 0.91, respectively; Extended Data Fig. 2). This latter similarity is 114 

underscored in Figure 3c by the broadly-coherent loading pattern of NPP-PC1 (EOF1), spatially-115 

linking marine productivity across a broad portion of the Irminger, Labrador, as well as western-116 

Icelandic Seas (Fig. 3c). Importantly, the analysis also reveals the extrema of NPP-EOF1 to 117 

directly overlie the [MSA]-PC1 airmass density maxima and altitude minima of Figures 2b and 118 

2c, respectively. Provided moderate stability in the spatial character of productivity variability 119 

during the past (and the underlying phytoplankton assemblages comprising it), this independently 120 

confirms that DMS-emissions from this region, once converted to MSA in the atmosphere and 121 

deposited atop the GrIS, are ideally suited for reconstructing broad-scale subarctic Atlantic 122 

productivity variations. 123 
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Results from our combined back-trajectory (Fig. 2b-c), correlation (Fig. 3b; Extended Data 124 

Fig. 7), and EOF (Fig. 3c) analyses support our use of the [MSA]-PC1 signal (Fig. 2a) as an index 125 

for past marine productivity variations across the subarctic Atlantic basin. Our ice core-based 126 

productivity index is remarkably consistent with the 20th century decline in (basin-scale) North 127 

Atlantic planktonic stocks previously reported by ref. 11 (p < 0.0001; Extended Data Figure 8a), 128 

as well as broadly congruent with several CPR-based indices of subarctic Atlantic planktonic 129 

abundance (Fig. 4a; Methods; Extended Data Fig. 3). Notably, all records show a pronounced 130 

decline over the second half of the 20th century, followed by recent intermittent (likely natural-131 

decadal) productivity variability that has so-far characterized the contemporary satellite-era (Fig. 132 

4a; Extended Data Fig. 2). Moreover, our new multi-century productivity record significantly 133 

extends prior spatiotemporally-limited ship-based observations beyond the mid-20th century11, 134 

suggesting the 20th century decline is part of a much longer-term trend.  135 

The additional temporal context of our productivity index allows us to investigate subarctic 136 

Atlantic productivity responses to changes in atmospheric and oceanic forcing over recent decades, 137 

here characterized by indices of the North Atlantic Oscillation24-25 (NAO) and Subpolar Gyre 138 

(SPG) circulation strength22. Using correlation analysis (Extended Data Figure 8a; Methods), we 139 

find the NAO is only weakly related to our reconstructed bioproductivity variations while, in 140 

contrast, SPG strength indicates significant negative influence over decadal timescales as 141 

previously indicated from sparse ship-based color data17. Modeling studies suggest that during 142 

weakened26-27 and (or) contracted22 SPG states, wintertime MLD’s deepen across the central-NE 143 

subarctic Atlantic and shoal across the Labrador Seas27. Thus, in addition to its first-order inverse 144 

effect on NE Atlantic SST variability22 (Fig. 4a), this could explain how a weak SPG, by enhancing 145 

wintertime deep-water nutrient replenishment to the euphotic zone1,5,9,13, or by delaying the 146 
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seasonal-onset of predatorial grazing cycles14 across the ecologically-productive central-NE 147 

Atlantic17 (Fig. 3a), could lead to increases in NPP as observed by our results. 148 

Differential change-point analysis4,16 of our [MSA]-PC1 record suggests declining 149 

subarctic Atlantic productivity began in A.D. 1816 ± 11 years (Fig. 4a; Methods), broadly 150 

consistent with the onset of regional surface temperature warming4. Applying a calibration derived 151 

from the relationship between [MSA]-PC1 and the leading mode of 21st century satellite NPP (Fig. 152 

3d; Extended Data Fig. 2), we calculate an estimated ~10 ± 7% decline (±2σ; Fig. 4b) in 153 

contemporary subarctic Atlantic NPP yields since the industrial-era onset. Despite the 154 

uncertainties of this estimate, arising from the short time-span of satellite NPP estimation (Fig. 4a) 155 

and limited GrIS-[MSA] data-availability during this period (Fig. 3d; Methods), the onset of 156 

declining subarctic Atlantic productivity appears temporally-consistent with the (~15%) decline in 157 

industrial-era Atlantic thermohaline overturning strength (i.e., AMOC) recently inferred from 158 

Labrador and Irminger basin marine sediments8. We similarly observe strong multidecadal- to 159 

centennial-scale correspondence (p < 0.0001) between our productivity index and a separate, high-160 

resolution terrestrial proxy-based reconstruction6 of AMOC predicated upon NE Atlantic upper 161 

ocean heating anomalies (Fig. 4a; Extended Data Fig. 9; Supplementary). These results, suggesting 162 

a positive relationship between productivity, subarctic Atlantic SSTs and large-scale thermohaline 163 

variability across decadal-scale and longer timescales, contrast model-based contentions of a 164 

positive (i.e., reinforcing) influence of SPG-circulation strength on both subarctic Atlantic 165 

overturning26 and, by extension, productivity. 166 

The strong observed coherence between productivity and AMOC strength, moreover, 167 

supports a previous model-based hypothesis5 that a sustained, industrial-era slowdown of AMOC6-168 

8 would lead to dramatically reduced planktonic yields across the northern Atlantic. In particular, 169 
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both [MSA]-PC1 and AMOC exhibit corresponding multicentury-scale6,8 lows during the 1980’s 170 

to 1990’s. This time period coincides with a massive accumulation of freshwater (~15,000 km3 171 

from 1965-1990) into the subarctic Atlantic basin following the Great Salinity Anomaly of the 172 

late-1960’s (ref. 28; Fig. 4a). According to the relationships illuminated by our results, the decrease 173 

in upper-ocean densities associated with this event, hypothesized to have weakened deep-water 174 

formation across the Labrador and Irminger Seas6,28, may also have led to a diminishing of northern 175 

Atlantic planktonic stocks, presumably either through long-term shoaling of wintertime MLDs and 176 

the gradual diminishing of euphotic nutrient concentrations1,5,9, or through first-order thermal 177 

influences1,12. Further, the onset of industrial-era Arctic sea ice decline and elevated GrIS runoff, 178 

commencing several decades after our productivity decline and accelerating into present15,16, 179 

suggests that a long-term freshening of NE subarctic Atlantic surface waters – similarly implicated 180 

in driving the industrial-era AMOC decline1,6-8 – may have contributed in sustaining the industrial-181 

era productivity decline over the late 19th and 20th centuries. Clearly, more work is needed to 182 

understand these complex relationships. 183 

Our ice core based index of subarctic Atlantic bioproductivity highlights the sensitivity of 184 

marine-based autotrophic-ecosystems to industrial-era forcing and provides context for projected 185 

future ecologic changes6. Although previous ship-based11,17 and satellite-derived reconstructions 186 

suggested an early 21st century reversal in the 20th century subarctic Atlantic productivity decline 187 

(Fig. 4a), results from our [MSA]-PC1 proxy show the decline on which this intermittent 21st 188 

century increase is superimposed is much longer than previously observed11, and may still be 189 

ongoing. Monitoring of the AMOC at 26.5˚N since 2004 has shown a decade-long decline in 190 

meridional heat transport, decreasing as much as 10 times faster than model-predicted 191 

slowdowns29. Given the multiyear time-lag required of Atlantic-wide mixing13,22, as well as the 192 
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ongoing, nonlinear rise in Greenland runoff16 believed to contribute to subarctic Atlantic 193 

freshening and AMOC slowdown over multidecadal to centennial timescales6,8,10, we speculate 194 

declining subarctic Atlantic productivity will characterize the coming decades with important 195 

implications on future atmospheric carbon drawdown3 and northern Atlantic fisheries2. 196 

  197 
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Figure legends 294 

Figure 1: Strong covariability between Greenlandic [MSA] records (a) The twelve individual [MSA] 295 
time series, plotted from most southerly- (bottom; 20D) to most northerly-situated (top; NGT-B21). All 296 
series are standardized relative to A.D. 1821-1985 (period of common overlap; z-units) with linear [MSA] 297 
trends computed for the overlapping A.D. 1821-1985 period. Shaded red envelopes denote the regressions’ 298 
90% confidence intervals during the period of common overlap, while dotted lines show extension of the 299 
regressions beyond this period. Note the site identification (“ID”) numbers to the right of the time series. 300 
(b) Communality scores for the 12 sites’ HYSPLIT-derived “airmass transport density” maps (Methods; 301 
see also Fig. 2 and Extended Data Figure 4) following factor analysis with varimax rotation 302 
(Supplementary). Sites are grouped by whether their incoming marine airmasses are derived predominantly 303 
from the Irminger (factor #1; x-axis) or Labrador Seas (factor #2; y-axis).  Locations of the 12 sites on the 304 
GrIS are provided in the inset, with each site-ID color coded with respect to its factor #1 communality score 305 
(i.e., Irminger Sea relative influence).  Ice core sites influenced predominantly by airmasses of Irminger 306 
Sea origin are denoted using red hues (n = 7), while the predominantly Labrador Sea-influenced sites are 307 
denoted using blue hues (n = 5; see also Extended Data Figure 6). 308 
 309 
Figure 2: [MSA]-PC1 and atmospheric back-trajectory modeling of probable MSA source regions a) 310 
Top panel: Time series of [MSA]-PC1 (black (red) line at 1-yr (10-yr lowpass-filtered) resolution with 311 
bootstrap-based 95% confidence interval; n = 10,000; Methods). Units (z) denote standard-variance. 312 
Bottom panel: Normalized probability histogram illustrating the variance explained by [MSA]-PC1 313 
following 10,000 bootstrap-sampling principal component-tests (red; Methods). Also shown is the null-314 
distribution of PC1-explained variance (grey) following 10,000 PCA tests conducted upon pseudo-random 315 
surrogate [MSA] datasets, revealing the [MSA]-PC1 series to be significantly different from noise at the p 316 
= 0.002 level (one-sided two-sample Kolmogorov-Smirnov test). The inset map shows each site’s position 317 
on the GrIS and its homogenous correlation with [MSA]-PC1 over the period A.D. 1821-1985 (see 318 
Extended Data Table 1 for values). b) Site-weighted [MSA]-PC1 JJA marine-airmass transport density map 319 
(representing the relative probability of an oceanic airmass passing through a given atmospheric column en 320 
route to the GrIS; Methods), normalized on a 0-1 (least to most probable) scale. c) Site-weighted [MSA]-321 
PC1 median atmospheric altitude for all ocean-situated JJA hourly trajectory locations over the period AD 322 
1948-2013. The primary source of GrIS-[MSA] is assumed to overlap with regions representing high (low) 323 
airmass transport densities (atmospheric elevations; see also Extended Data Figures 4 and 5). 324 
 325 
Figure 3: Strong agreement between subarctic Atlantic NPP, [DMSSW], and [MSA]-PC1 (a) North 326 
Atlantic mean (log-transformed) satellite JJA VGPM-NPP rates (Methods; display data smoothed using a 327 
3˚x3˚ boxcar filter). Black contours show JJA [DMSSW]-isopleths (nM) reproduced from ref. 23. Right 328 
panel denotes North Atlantic zonal NPP and [DMSSW] averages. (b) Weighted (green; n = 184 degrees of 329 
freedom) and ordinary (grey; n = 222 degrees of freedom; Methods) least squares regression analysis of 330 
subarctic Atlantic [DMSSW] vs. NPP rate; both regressions are highly significant (p < 0.0001), assuming a 331 
two-tailed Student’s t-distribution with a t-statistic representing n-2 degrees of freedom. Regression values 332 
(r) represent Pearson product-moment coefficients. Shaded bands show the 95% confidence interval of the 333 
regression. Green circle diameter represents the relative weighting attributed to [DMSSW] (Methods). (c) 334 
Leading EOF (20% of variance explained) of subarctic Atlantic summertime-integrated VGPM-NPP yields 335 
(A.D. 1998-2017; 50-65˚N, 60˚-10˚W), showing strong overlap with the 95th-percentile [MSA]-PC1 336 
airmass transport density (black bold line; Fig. 2b) and 5th-percentile [MSA]-PC1 median trajectory altitude 337 
isopleths (black dotted-dashed line; see Fig. 2c). (d) PC1-based projection of summertime VGPM-NPP 338 
yields (green) alongside the subarctic Atlantic-integrated NPP yield time series (yellow), overlain by 339 
[MSA]-PC1 (with grey bootstrap-based 95% confidence interval); all time-series are smoothed using a 5-340 
year running mean. Individual (5-year smoothed) [MSA] records overlapping the satellite era are shown 341 
for comparison as light-grey lines.  The yellow box in panel-c indicates the area shown in panel-a. 342 
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 343 
Figure 4: Multi-century decline of subarctic Atlantic productivity. (a) i. Observed24 and reconstructed25 344 
NAO index. ii. Subarctic Atlantic “warming hole” SST anomalies30, mean-centered relative to A.D. 1870-345 
2016 (Extended Data Fig. 9) overlain with an extended SPG-index22 (relative scale; Supplementary). iii. 346 
Reconstructed6 and observed8 AMOC index, overlain with 5-year averaged subarctic Atlantic freshwater 347 
storage anomalies28 (±2σ; anomalies relative to A.D. 1955). iv. MSA]-PC1 productivity index (this study) 348 
overlain by 5-year smoothed NPP-PC1 (relative scale; Fig. 3c). The “Onset” range shows the estimated 349 
industrial-era initiation (1816 ± 11 yrs; Methods) of declining productivity. v. North Atlantic [Chl-α] 350 
reconstruction11 (limited to the period of annually-contiguous data-availability, A.D. 1944-2006). vi. 351 
Standardized (z-score units relative to A.D. 1958-2016) indices of CPR-based diatom, dinoflagellate, and 352 
coccolithophore abundance (Methods). All thin (bolded) lines shown at 1-yr (10-yr lowpass-filtered) 353 
resolution, unless otherwise noted. (b) Weighted least squares calibration of 5-year smoothed [MSA]-PC1 354 
and NPP-PC1 (n = 12 years; r2 = 0.63; p = 0.07 after adjusting for reduced degrees of freedom; Methods). 355 
The regression weights are the inverse standard deviation of [MSA]-PC1 values (see also Fig. 3d). Blue 356 
and red distributions show the range of industrial-era onset and satellite-era [MSA]-PC1 values following 357 
10,000 bootstrap tests (both distributions are normalized to their respective modes, with bold (dashed) 358 
vertical lines denoting the 50th (2.5/97.5th) percentiles). The grey-shaded region shows the 95% confidence 359 
interval of the regression parameters. The corresponding 95% confidence ranges of industrial-era onset and 360 
satellite-era annual NPP-yields are projected as vertical bands to the right, suggesting a mean ~10 ± 7% 361 
NPP decline (±2σ) over the industrial-era. 362 
 363 
  364 
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Methods 365 

[MSA] record collection, analysis, and preprocessing  366 

Twelve methanesulfonic acid (MSA; CH3SO3H) concentration ([MSA]) ice core records were 367 

compiled from sites situated on the Greenland Ice Sheet (GrIS; n = 12 records). MSA is measured 368 

at trace concentrations in polar ice via its constituent anion, methanesulfonate31-32 (MS-; CH3SO3-369 

). The five previously published [MSA] records used in this compilation were measured using 370 

either conventional ion-chromatography (IC) techniques (20D, ref. 31; NGRIP, ref. 33; GRIP93a, 371 

ref. 18) or electrospray ionization with triple quadrupole mass spectrometry (ESI–MS–MS; 372 

Summit2010 and TUNU; ref. 34). Specific details on the measurement techniques can be found in 373 

the original studies (Extended Data Table 1). Six out of seven of the remaining (previously 374 

unpublished) [MSA] records were measured using IC. Measurement of MS- in the GC record16 375 

was conducted at Wheaton College (MA, USA) with analytical and core-sampling procedures 376 

identical to those described in ref. 35. Records derived from the Northern Greenland Traverse 377 

(NGT-B16, -B18, -B20, -B21, and -B26) were analyzed at the Alfred-Wegener-Institute following 378 

the methodology of ref. 36. The remaining unpublished [MSA] record, D4, was also analyzed via 379 

ESI–MS–MS at the Desert Research Institute following ref. 34. 380 

 Records were selected with the criterion that the records must i) be of moderate to high 381 

temporal resolution (measured at ≤3 years sample-1; note 10/12 records exist at ≤1 year resolution; 382 

Fig. 1a), ii) be well-dated (<5 year estimated uncertainty at the deepest portions of the records 383 

presented), and iii) represent >100 years of continuous length within the period A.D. 1767-2013. 384 

Aspects of all ice cores have been previously published, such that information on each ice core’s 385 

dating methodology can be found within references listed in Extended Data Table 1. Prior to 386 

analysis of the [MSA] records, each was linearly interpolated to a resolution of one year. The 387 
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period of common overlap for all 12 records is A.D. 1821 – 1985. It is assumed that dating 388 

uncertainties amongst records are approximately normally distributed, such that dating 389 

inconsistencies are effectively averaged out during dimensional reduction. Similarly, although 390 

interior Greenlandic ice core [MSA] records are known to experience post-depositional vertical 391 

migration, migration directionality is not systematic and may occur in either the (atmosphere-392 

oriented) up or down direction depending primarily on local cationic soluble impurity 393 

concentration gradients; ref. 37). As such, we assume that potential migration-based “skewing” of 394 

the original [MSA]-signal is largely minimized during data reduction. Finally, while contentions 395 

of post-depositional volatile losses of MSA have been reported at high-acidity and low 396 

accumulation sites in Antarctica (nominally, <0.10 kg m-2 yr-1; ref. 38), such losses are likely 397 

largely inhibited across the GrIS, where relatively high accumulation rates, as well as low acidity 398 

summertime layers, prevail (Extended Data Table 1). 399 

Note that a decision was made not to analyze MSA fluxes. This was due primarily to the 400 

lack of high-resolution accumulation data for all 12 sites. However, recent century-scale 401 

reconstructions of GrIS accumulation rate, derived from both inland39-40 and near-coastal41 ice 402 

cores, do not generally support evidence for spatiotemporally-synchronous shifts in accumulation 403 

across Greenland, nor to our knowledge regional multicentury accumulation increases necessary 404 

to promote (via dilution) the multi-century decreases in the [MSA] records presented here. 405 

Similarly, although MSA is highly hygroscopic and thus generally believed to be primarily wet-406 

deposited on the GrIS31, due to the lack of high-resolution accumulation data we are inhibited from 407 

quantitatively discerning the precise partitioning of [MSA] between wet and dry deposition at most 408 

(11/12, void 20D) sites. Nonetheless, our necessary assumption of negligible long-term changes 409 

in MSA depositional partitioning when spatially-averaged across the GrIS appears valid, given in 410 
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particular the strong temporal covariation in [MSA] across differing GrIS moisture source regions 411 

(Extended Data Figure 6; Extended Data Table 1). 412 

Extraction of [MSA]-PC1 and uncertainty estimation 413 

We used an Empirical Orthogonal Function- (EOF) based data infilling routine42 to infill missing 414 

values in the [MSA] records prior to signal extraction. In our study, missing values occur at the 415 

extremities of the records, and thus represent records that either i) were collected prior to A.D. 416 

2013, or ii) did not extend as deep as A.D. 1767. Under the criterion that the oldest PC1 age (i.e., 417 

A.D. 1767) represents the oldest age where >75% of Greenlandic [MSA] records remain, <8% of 418 

data points amongst the 12 records required infilling. For the more recent portion of the PC1 series, 419 

we relaxed our 75% record-retention criterion to enable greater temporal-overlap with satellite 420 

observations (c. 1998). While this relaxation did, in general, invoke a trade-off with declining 421 

precision in the [MSA] signal extraction for satellite-interval years (as encapsulated by slightly 422 

enlarged [MSA]-PC1 confidence interval widths; Fig.’s 2a and 3d), we nonetheless expect our 423 

PC1 extraction to be robust given the strong satellite-era coverage of the Summit2010 record, the 424 

largest variance-contributor to [MSA]-PC1 (Table 1).  425 

The EOF data infilling procedure42 accounts for covariability between, as well as 426 

autocovariance within, individual MSA records, such that strong covariability between two records 427 

during a period of common overlap should result in imputed values of comparable covariance 428 

between the two records, should one of the records require infilling during a time period where 429 

data exists in the other. By such, the autocovariance structure of imputed values within that record 430 

should jointly reflect the autocovariance of that record’s measured (that is, non-missing) values. 431 

The data infilling procedure42 was conducted as follows: all records were standardized to unit 432 

variance and centered to mean zero over their period of common overlap, 1821 – 1985 A.D. 433 
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Missing values were set to zero (an unbiased a priori value), and the resultant matrix decomposed 434 

into left (temporal EOFs) and right (spatial EOFs) singular vectors using the method of Singular 435 

Value Decomposition (SVD). The missing (zero) values were then recovered by replacing the zero 436 

values with infilled values of the reconstructed [MSA] data matrix, following truncation of both 437 

EOF vector spaces. The number of EOFs retained for data infilling was obtained using a Monte 438 

Carlo cross-validation approach, whereby 5% of the [MSA] data points were withheld at random 439 

and iteratively reconstructed with a progressively less truncated EOF vector space until a specified 440 

convergence criterion was met (RMSE < 10-8; ref. 42). 441 

We tested the sensitivity of the cross-validation procedure across a large number of data 442 

infilling procedures using the [MSA] Greenlandic array, and found that EOF-based data infilling42 443 

routinely and robustly reproduced much of the low frequency variance of the [MSA] dataset across 444 

separate tests. However, slight variations in the magnitude of imputed values could occur between 445 

tests, an expected result due to the finite size of the [MSA] dataset used for cross validation. More 446 

specifically, variations in the optimal number of EOFs retained for the imputation of missing 447 

values could lead to small differences in the fraction of the original variance restored in the imputed 448 

[MSA] values between tests. In our case, the number of retained EOF’s varied most often between 449 

2 – 4, representing ~50-65% of the [MSA] variance. Since the amount of variance restored back 450 

into the imputed data will always be less than the original data, a method was required to restore 451 

remaining variance. To do so, we adopted an approach similar to ref. 15, whereby for each test we 452 

divided the infilled [MSA] data matrix into “signal” and “noise” components. The signal 453 

represents the “retained” [MSA] data matrix, constructed by applying the inverse EOF transform 454 

to the [MSA] dataset using only as many EOF’s as was determined to optimally construct the 455 

imputed values. Conversely, the noise represents the “residual” [MSA] data matrix constructed by 456 
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applying the inverse EOF transform with the remaining EOF’s. We applied the method of 457 

Cholesky factorization to the noise component of each record, in order to produce pseudo-random 458 

noise vectors, i.e., randomized vectors with autocorrelation identical to each record’s noise 459 

component, that could be added back to the imputed values in sequence and restore variance to the 460 

solution. In practice, our pseudo-random variance-restoration routine encourages enlarged 461 

uncertainty attribution in portions of the [MSA]-PC1 record requiring data-infilling (i.e., its 462 

extremities; see Figures 2a and 3d). 463 

 We incorporated a probabilistic principal component analysis in order to reduce “noise” 464 

amongst the 12 [MSA] records and better extract a meaningful mode of common variability, as 465 

well as to provide insight into the spatial distribution of homogenous [MSA] signals across the 466 

GrIS (e.g., Fig. 1c; Extended Data Figure 3; Supplementary). Extraction of the Greenlandic 467 

[MSA]-PC1 signal, including estimation of its confidence intervals, was conducted via the 468 

following procedure: i) The [MSA] dataset, Xi, was centered to mean zero and standardized to unit 469 

variance, with missing values in Xi set to 0. ii) Missing values in Xi were statistically infilled 470 

following ref. 42, with pseudo-random variance restoration in the imputed values enforced. iii) 471 

Step 2) was repeated for an additional 99 realizations (n = 100 realizations total), with each Xi = 472 

X1, X2, … Xn stored for later use. iv) For each i = 1, 2, … n imputed [MSA] datasets, j = 1, 2, … 473 

n surrogate [MSA] datasets of equal dimension were created using uniform-random sampling with 474 

replacement of the [MSA] records (i.e., a “bootstrap” approach; ref. 43). v) PCA was performed 475 

on each Xi,j (n2 = 104) surrogate [MSA] dataset, transformed using orthogonal Procrustes rotation 476 

in order to correct for (Eigen-transform) rotational ambiguity43, and the PC1 extracted and stored. 477 

vi) The confidence intervals were computed using the 2.5th – 97.5th percentiles of the PC1 478 

distribution (representing all n2 tests). The “best-fit” PC1 signal represents the median fit (50th 479 
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percentile) of the distribution. For a comparison with alternate methods of missing data estimation 480 

and [MSA]-PC1 extraction, the reader is referred to the Supplementary.  481 

Attribution of probable MSA source regions  482 

Changes in atmospheric circulation and windiness can affect aerosol transport and 483 

deposition across the GrIS, impacting the fidelity of ice core climate records across various 484 

timescales32-34,44-49. Heterogeneous signals existing across our 12 GrIS-[MSA] records, due to 485 

localized productivity and (or) atmospheric variations that are particularly salient across 486 

interannual to subdecadal timescales44-46, are largely suppressed by dimensional reduction of the 487 

12 [MSA] records into [MSA]-PC1 (Extended Data Fig. 3) and through multiyear smoothing of 488 

the PC1-series thereafter (i.e., 5-year smoothing; Fig. 2d; Extended Data Fig. 7). 489 

Over longer, multidecadal to centennial timescales, current evidence25-26 does not generally 490 

support significant shifts in recent internally-driven, regional lower-atmospheric dynamics, 491 

suggesting the primary emission source should underlie the most probable (“mean state”) 492 

trajectory pathway taken by low-lying Greenland-bound air parcels when integrated across several 493 

decades (see also Supplementary 1c). To support this latter suggestion, we used the National 494 

Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory’s Hybrid Single-495 

Particle Lagrangian Integrated Trajectory (HYSPLIT) model, version 4.9 (ref. 50) to enable 496 

estimates of probable marine source regions of MSA at each site. HYSPLIT employs a joint 497 

Lagrangian-Eulerian approach, in which numerical singularities, or atmospheric “particles”, are 498 

subjected to a time-variant, spatially fixed 3-dimensional gridded wind field across a time-499 

invariant land-surface field, and tracked backwards in time at hourly-time steps.  500 

Particle trajectories were forced atmospheric wind data from the National Centers for 501 

Environmental Protection and Atmospheric Research (NCEP/NCAR) global atmospheric 502 
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reanalysis dataset51, gridded at 2.5˚x2.5˚ resolution over 17 pressure levels (1000, 925, 850, 700, 503 

600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 hPa). The HYSPLIT model forced 504 

using the NCEP/NCAR wind-reanalysis has been shown to provide comparable results to 505 

HYSPLIT trajectories forced using higher-resolution (e.g., 1˚-gridded) wind reanalysis products 506 

from the European Centre for Medium-Range Weather Forecasts (ref. 44).  507 

 Since position errors of an individual air mass back-trajectory are estimated to upwards of 508 

30% of distance travelled45-46, a probabilistic approach was taken here, in which a large-number 509 

of trajectories were computed and integrated into “airmass transport density maps”. In order to 510 

focus on low elevation air masses (~0–1000 m), which are assumed to be more representative of 511 

regional marine-derived moisture and aerosol sources, all particle back-trajectories were initialized 512 

from a height of 500 meters above ground level and released daily during the months June-July-513 

August from A.D. 1948-2013. In total, 6,121 trajectories were released above each ice core site 514 

(i.e., 73,452 total), and tracked hourly for 7 days prior to the particle release date, coinciding with 515 

the approximate atmospheric lifetime of MSA46.  At the end of each model trajectory simulation, 516 

all hourly trajectory locations situated over ocean were summed in discrete 1˚x1˚ bins and area-517 

normalized to produce the marine-airmass transport density grids, nominally representing the 518 

relative probability that any given trajectory endpoint would be situated over a given grid-cell at 519 

any point along a trajectory. Due to the inherent concentric partitioning of trajectory end-points 520 

around the trajectory release point, each grid-cell within the transport density grid was then 521 

normalized by its inverse radial distance from the trajectory release point to remove its central 522 

tendency49. Finally, all airmass transport density grids were normalized on a 0 – 1 (least to most 523 

probable) relative scale. In addition, the median particle trajectory height for each grid box was 524 

computed, in order to target regions consisting of predominantly low-lying oceanic airmasses, and 525 
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thus those originating within the marine boundary layer.  526 

 In order to achieve an airmass transport density (and median atmospheric elevation) grid 527 

statistically representative of the [MSA]-PC1 series, we composited the 12 sites airmass transport 528 

density grids (and median atmospheric elevation grids) into a single map. This was achieved by 529 

weighting the 12 individual airmass transport density grids (and median atmospheric elevation 530 

grids) by each site’s squared correlation (i.e., fraction of variance shared) with the [MSA]-PC1 531 

signal over the common-overlap period A.D. 1821-1985 (Extended Data Table 2) prior to 532 

compositing. Note that the inferred source region, situated over the central-NE subarctic Atlantic 533 

in the vicinity of the Irminger and Icelandic Basins (Fig. 2c-d), is also considerably removed from 534 

the summertime sea ice marginal front where GrIS-deposited MSA origination has previously been 535 

attributed (ref. 34). For a more in-depth analysis of the possible maritime source regions of 536 

Greenlandic MSA on a per-site basis, the reader is referred to the Supplementary (see also 537 

Extended Data Figure 5). 538 

Correlation analysis of subarctic Atlantic [DMSSW] measurements to satellite-NPP  539 

We compared surface seawater DMS concentrations ([DMSSW]) to satellite derived net primary 540 

productivity (NPP) estimates (Fig. 2b) using measurements of [DMSSW] compiled within the 541 

NOAA Global Surface Seawater DMS Database23,52 for the period Jan 1 1998 to Dec 31 2016. 542 

This period was chosen in order to overlap with ocean color measurements from leading satellite 543 

sensors (e.g., SeaWIFS: late 1997 – 2009, and MODIS-AQUA: mid 2002 – present; 544 

Supplementary). It is important to note that no quality control on the [DMSSW] measurements 545 

compiled in the database currently exist, due to the lack of [DMSSW] measurement protocols, or 546 

inter-calibration methodologies23. Rather, in order to remove anomalous [DMSSW] values, 547 

measurements representing the middle 95% of concentrations were retained for analysis. This 548 
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resulted in 30,047 measurements. As [DMSSW] values archived within the database are most often 549 

clustered in space and time, values were binned monthly at 1˚x1˚ gridded resolution, log 550 

transformed to achieve normality and heteroscedasticity, and averaged. This procedure resulted in 551 

a reduction from 30,047 global measurements to 3045 unique global data points, a much smaller 552 

subset of which (n = 224) derives from the subarctic Atlantic (50-65˚N; 60-10˚W). We then 553 

upscaled (via 2-dimensional linear interpolation) the 1/6˚x1/6˚ gridded estimates of log-554 

transformed ocean Net Primary Productivity (NPP), taken from the popular Vertically Generalized 555 

Production Model (VGPM; ref. 12), onto a centered 1˚x1˚ spatial grid. All unique [DMSSW] data 556 

points were regressed against the corresponding (log-transformed and standardized) NPP 1˚x1˚x1-557 

month grid point using ordinary least squares. For [DMSSW] grid points in the subarctic Atlantic 558 

with more than one observation (n = 186 out of 224 total measurements), linear regression analysis 559 

was conducted via weighted least squares (WLS; where weights represent the inverse standard 560 

error of each average [DMSSW] value measured within a given 1˚x1˚x1-month bin) against the 561 

corresponding NPP value. An analysis of the relationship between global vs. subarctic Atlantic 562 

[DMSSW] and NPP can be found in Extended Data Figure 6 (see also the Supplementary). 563 

Processing of Continuous Phytoplankton Recorder (CPR) survey data 564 

For inferences of subarctic Atlantic phytoplankton abundance changes occurring since the mid-565 

20th century, we use data from the Continuous Phytoplankton Recorder (CPR) survey. As reviewed 566 

by ref. 53, the CPR remains the most extensive (in spatial scale, taxonomic scope, and time period 567 

covered) independent ocean-biological monitoring program in current existence, having recorded 568 

the abundance of nearly 700 unique taxa since A.D. 1931. The sampling methodology consists of 569 

towing a filtering device at ~10 m depth along standard shipping routes using ships of opportunity, 570 

where each sample corresponds to 10 nautical miles (~18 km), or ~3m3 of filtered water. 571 
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Phytoplankton are collected on a 270 µm mesh, a size originally chosen to provide broad 572 

representation of planktonic species, including both larger predatorial functional groups (e.g., 573 

copepods, pteropods, and small crustaceans) and large-diameter autotrophic phytoplankton. 574 

Despite this mesh size, smaller planktonic species – including coccolithophores (~10 µm) and 575 

diatoms (~10-200 µm) – are also consistently captured on the silk mesh and recorded for 576 

abundance. Importantly, because the sampling methodology has remained relatively unchanged 577 

since the survey’s inception, consistency of planktonic time series has been correspondingly 578 

maintained, and relative changes in planktonic abundance are considered to be generally robust 579 

irrespective of size and (or) functional group53. On the other hand, given the host of complicating 580 

factors pertaining to the collection and counting of different sized microorganisms in a given 581 

measurement (e.g., planktonic active avoidance or escape, mesh-clogging, cell visibility; see ref. 582 

53), as well as the associated challenge therein of converting relative abundance measurements to 583 

absolute abundance, CPR measurements must nonetheless be cautioned as semi-quantitative by 584 

nature. 585 

Here, we assess CPR products of monthly total diatom (1958-2016), dinoflagellate (1958-586 

2016), and coccolithophore (1993-2016) abundance within preexisting CPR standard regions 587 

situated over the subarctic Atlantic (i.e., 50-65˚N, 60-10˚W, 14/41 CPR standard regions: A6, A8, 588 

B5-8, C5-8, D5-8; see Extended Data Fig. 3 or ref. 53). We targeted coccolithophore, 589 

dinoflagellate, as well as diatom relative abundances as these functional groups share both a known 590 

association to DMS production19 and, collectively, are believed to comprise the bulk-abundance 591 

of autotrophic biomass in the subarctic Atlantic regions (e.g., ref.’s 17, 53). Towards this latter 592 

point, the decision to analyze each group was also of pragmatic intent, with each providing 593 

adequate CPR spatiotemporal coverage in most subarctic Atlantic regions over recent decades53 594 
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(Extended Data Figure 3). Conversely, since larger-diameter heterotrophs such as copepods and 595 

other zooplankton are not directly linked to DMS production (voiding their indirect association 596 

via sloppy-grazing and excretion19), and furthermore raise additional issues of systematic sampling 597 

bias due to, e.g., CPR inlet active-avoidance and escape53, we did not directly consider these 598 

higher-order functional groups within our assessments (see also ref. 17). 599 

As noted in ref. 53, a potential bias in decadal time-series of CPR data arises from the 600 

gradual increase in Atlantic shipping speeds since the mid-20th century. This shipping speed 601 

increase is believed to have had a systematic, and near-linear, negative effect on the amount of 602 

water filtered through CPR devices, thereby (negatively) biasing long term relative abundance 603 

trends54. As such, we correct for this potential bias using conservative (i.e., extreme case) empirical 604 

relationships established by ref. 54 between increasing mean northeastern-Atlantic shipping speed 605 

trends (0.09 knots year-1 since 1958) and volume water filtered (-0.26 m3 knot-1; all corrections 606 

made relative a mean filtered-water volume of 3.16 m3 in AD 1990). As shown in Extended Data 607 

Figures 3c-d, this ship-speed bias adjustment imparts only minor adjustments on the “raw” CPR 608 

abundance data over the time period considered. 609 

 WLS regressions of CPR abundance against [DMSSW] (Extended Data Fig. 6) were 610 

conducted following the procedure described for [DMSSW] vs. NPP (above), the primary 611 

difference being that monthly [DMSSW] values were instead averaged within entire CPR standard 612 

regions (as opposed to degree latitude-longitude bins), prior to regression. Relationships between 613 

[DMSSW] and CPR-abundance were not found to be significantly different when using either the 614 

(ship-speed) bias-adjusted or raw CPR data (Extended Data Figure 3). 615 

Time series of annual subarctic Atlantic phytoplankton abundance (shown in Fig. 4a) were 616 

estimated by first calculating annual means in each CPR standard region containing ≥8 months of 617 
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data (Supplementary). We report CPR time series as the simple area weighted average of each 618 

standard regions’ CPR abundance data across the subarctic Atlantic (which vary substantially in 619 

size). A comparison of subarctic Atlantic CPR time series – for both summertime- and annual-620 

based measurements – to alternative probabilistic and deterministic data infilling and compositing 621 

techniques that better-account for regional-sampling biases are provided in Extended Data Fig. 3 622 

(see also the Supplementary for an extended discussion).  623 

Time series statistical significance testing 624 

Statistical significance levels for all reported time series correlations (Pearson’s r in all instances) 625 

were computed using the nonparametric Monte Carlo-based method of ref. 55, unless noted 626 

otherwise. We created N = 10,000 pseudo-random surrogate series of the first series by computing 627 

its Fourier transform, randomly varying the phase of its Fourier modes between 0 and 2π, and then 628 

computing the inverse transform, thereby retaining the exact autocorrelative properties (i.e., power 629 

spectrum preservation) of the original series. Statistical significance was then estimated by 630 

computing N psuedo-random correlations with the original second series, and by calculating the 631 

exceedance probability (i.e., inverse percentile) of achieving a correlation-magnitude greater than 632 

the original by chance alone.  Note that the maximum degree of significance that can be achieved 633 

using this method is p < N -1, i.e., p < 0.0001 represents an observed correlation-magnitude greater 634 

than all N pseudo-random correlations (e.g., Extended Data Table 1). 635 

Productivity decline onset timing 636 

The onset timing of the industrial-era productivity decline was estimated using the SiZer 637 

(SIgnificant ZERo crossings of derivatives) methodology56, conducted in a manner similar to that 638 

described in ref.’s 14 and 16. Namely, we calculated the median significant (p < 0.1) onset of 639 

sustained (i.e., requiring the sign of the trend to persist into present) [MSA]-PC1 decline following 640 
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pre-filtering of the series across a range of Gaussian kernel filters. We assessed 26 filters 641 

incrementally distributed from 15-40 year bandwidths. To alleviate edge-effect biases stemming 642 

from our comparably short14,16 time series, we mandated each productivity-decline onset age to be 643 

at least one filter-width greater (i.e., more recent than) the oldest age of our time series (i.e., A.D. 644 

1767). As such, our estimated industrial-era productivity-decline onset, A.D. 1816 ± 11 years (±2 645 

median absolute deviations), represents the SiZer solution using a smaller subset (14/26) of the 646 

originally-filtered [MSA]-PC1 series. 647 

  648 
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Data and code availability 718 
Annual ice core [MSA] data used in this study are available via the NSF Arctic Data Center 719 
(http://arcticdata.io).  Additionally, source data for Figures 1, 2, and 4 are available in the online 720 
version of this paper. Code used for [MSA] signal extraction, Monte Carlo correlation analysis, 721 
HYSPLIT analysis, and CPR analysis is available from M.B.O. upon request. Code for SiZer 722 
change-point analysis was modified after ref. 4 (https://www.nature.com/articles/nature19082) 723 
and is available from M.B.O. upon request. Availability of CPR plankton-abundance data is made 724 
possible by the Sir Alistar Hardy Foundation for Ocean Science (https://www.cprsurvey.org/; 725 
doi:10.7487/2018.29.1.1109 and doi:10.7487/2018.53.1.1118). Ocean productivity data are 726 
publicly available from https://www.science.oregonstate.edu/ocean.productivity/. Ocean 727 
[DMSSW] data can be accessed via https://saga.pmel.noaa.gov/dms/. The HYSPLIT source-code 728 
and NCAR-NCEP reanalysis data can be downloaded at 729 
https://www.ready.noaa.gov/HYSPLIT.php.   730 
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Extended data legends 731 

Extended Data Figure 1: Comparison of net primary productivity products. (a) Monthly integrated 732 
NPP (g C) across the subarctic Atlantic (50-65˚N, 60-10˚W, region highlighted as the yellow boxed region 733 
in a-d) for the SeaWiFS-VGPM and MODIS-VGPM NPP products (ref. 12; as shown in the main text), as 734 
well as independently-derived SeaWiFS- Carbon-based Productivity Model (i.e., CbPM; ref. 57; 735 
Supplementary) and MODIS-CbPM NPP products. (b) SeaWiFS and MODIS-derived NPP mean-736 
seasonality (±2σ; n = 20 years; Jan. 1998- Dec. 2017) for the VGPM and (c) CbPM datasets. Note that four 737 
months – Nov-Dec-Jan-Feb – experience partial polar darkness over the subarctic Atlantic latitude bands 738 
(50-65˚N), leading to systematic underestimates of productivity during these months. (d) VGPM and (e) 739 
CbPM based linear-regressions with ship-based [DMSSW] measurements (reminiscent of Fig. 3b of the main 740 
text; see Methods) using the MODIS- and SeaWiFS-NPP datasets.  Shaded bands show the 95% confidence 741 
interval of the regression. Regression values (r2) represent the squared Pearson product-moment 742 
coefficients. 743 
 744 
Extended Data Figure 2: Seasonal representativeness of subarctic Atlantic VGPM-NPP satellite-era 745 
trends, and sensitivity to satellite sensor used. (a) Comparison of summertime-integrated (JJA) subarctic 746 
Atlantic VGPM-NPP yields for three different sensor estimates: a “SeaWiFS-dominant” estimate (red; 747 
1998-2007 NPP estimates derived from the SeaWiFS sensor; 2008-2017 NPP estimates from the MODIS 748 
sensor), a MODIS-dominant estimate (blue; SeaWiFS-based data from 1998-2002, MODIS-based data 749 
from 2003-2017) and the composite stack (dark-grey; comprising the average of SeaWiFS- and MODIS-750 
derived summertime VGPM-NPP estimates over their period of common annual overlap, 2003-2007). (b) 751 
Differential linear trend analysis of the composite summertime subarctic Atlantic NPP time-series from (a). 752 
No decadal-scale linear trends were found to be significant at p < 0.05, using a two-sided Student’s t-test 753 
with n-2 degrees of freedom (where n represents the varying trend length in years). (c) EOF1 and (d) PC1 754 
of summertime VGPM-NPP using the MODIS-dominant dataset, reminiscent of Fig. 2c-d from the main 755 
text. (e-f) as in (c) and (d), but showing EOF-results from the SeaWiFS-dominant summertime VGPM-756 
NPP dataset. (g-l) As in (a-h), but showing annually-integrated VGPM-NPP estimates. All regression 757 
values (r) represent Pearson product-moment coefficients. 758 
 759 
Extended Data Figure 3: Comparison of subarctic Atlantic CPR compositing techniques. (a-b) Data 760 
availability (A.D. 1958-2016) by CPR standard region (Methods) for (a) annually- (≥8/12 months/year of 761 
data required) and (b) summertime- (≥4/12 months/year of data during Apr-May-June-Jul-Aug-Sept) 762 
considered data. (c-d) Three approaches for compositing time series of CPR-based planktonic abundance, 763 
for both (c) annual- and (d) summertime-based data: AWA = Area Weighted Averaging; ISD = Inverse-764 
Squared Distance-based data-infilling; EOF = Empirical Orthogonal Function-based data-infilling (ref. 42; 765 
see Supplementary). Thin dashed lines show raw annual relative abundance plankton concentrations, while 766 
bolded lines show “adjusted” relative abundances, to correct for potential long-term biases in the volume 767 
of water sampled by CPR devices53-54. Note that the annual AWA series is reproduced from Fig. 4a. 768 
 769 
Extended Data Figure 4: HYSPLIT-computed summertime (JJA) airmass transport probability 770 
densities for each ice core site. Site-specific JJA marine-airmass transport density maps, representing the 771 
relative probability of an oceanic airmass passing through a given atmospheric column prior to its arrival 772 
at each site.  All marine-airmass transport density maps are computed over the period A.D. Jan. 1st, 1948 to 773 
Dec. 31st, 2013 (i.e., 6121 JJA trajectories per site), and normalized on a 0-1 relative scale with 1 (0) 774 
indicating the most (least) probable airmass trajectory grid-point. Sites are shown counter-clockwise from 775 
most southerly- (20D; upper left) to most northerly- (NGT-B21; upper right) situated on the GrIS. 776 
 777 
Extended Data Figure 5: HYSPLIT-computed summertime (JJA) airmass median elevation maps 778 
for each ice core site. Site-specific median atmospheric altitudes (meters above sea level) for all ocean-779 
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situated JJA hourly trajectory locations over the period AD 1948-2013. All maps were computed over the 780 
period A.D. Jan. 1st, 1948 to Dec. 31st, 2013 (i.e., 6121 JJA trajectories per site). Sites are shown counter-781 
clockwise from most southerly- (20D; upper left) to most northerly- (NGT-B21; upper right) situated on 782 
the GrIS. 783 
 784 
Extended Data Figure 6: Strong covariation between two [MSA] source-trajectory regions. Top panel: 785 
The twelve Greenland [MSA] records from Figure 1a annually-averaged across the two airmass-trajectory 786 
factor analysis-groupings from Figure 1b (r = 0.63, p < 0.0001; ref. 55); the r-value represents the Pearson 787 
product-moment coefficient. All records have been standardized (z-units) relative to their period of common 788 
overlap (A.D. 1821-1985). The shaded bands show ±1 standard error about the stack means. The grey line 789 
shows the composite (12-site) mean. Bottom panel: [MSA] record availability over time.  790 
 791 
Extended Data Figure 7: Relation between [DMSSW], NPP, and CPR planktonic abundance. (a) 792 
Reproduced from Fig. 3b. (b) As in (a), but for globally regressed values. Diameter of circles represent the 793 
root of the relative weighting (inverse standard error of [DMSSW] measurement) used in the weighted least 794 
squares (WLS) regressions (nWLS,subarctic = 184; nWLS,global = 2219 degrees of freedom). Grey circles represent 795 
points used in the ordinary least squares (OLS) regression (nOLS,subarctic = 222; nOLS,global = 3043). (c) 796 
Probability density of global r values over i = 1, 2, …, 10,000 degrees-of-freedom preserving (i.e., ni = 184) 797 
bootstrap WLS regressions (Supplementary). (d-f) Linear regression analyses of subarctic Atlantic 798 
[DMSSW] vs. CPR-based (d) diatom, (e) dinoflagellate, and (f) coccolithophore abundance. In all 799 
regressions, the colored (grey) shaded region denotes the 95% confidence interval about the regression 800 
parameters for the WLS (OLS) regression. All WLS (OLS) regressions significant at p < 0.005 (<0.05), 801 
assuming a two-tailed Student’s t-distribution with a t-statistic representing n-2 degrees of freedom.  802 
Regression values (r) represent Pearson product-moment coefficients. 803 
 804 
Extended Data Figure 8: Industrial-era decline in subarctic Atlantic NPP and climatic influence. (a) 805 
Correlation matrix (Pearson product-moment coefficients, r) of planktonic and observed-climatic indices 806 
from Fig. 4a. Integers represent n, the years of overlap between paired series. Bold n-values represent 807 
significance at the 90% confidence level (p < 0.1; assuming a two-tailed Student’s t-distribution with a t-808 
statistic representing n-2 degrees of freedom). Bold n-values with an asterisk represent significance using 809 
a Monte Carlo-based Fourier phase-randomization procedure, a more stringent test to account for serial 810 
correlation (and hence varying degrees of freedom) amongst paired series (Methods). All 10-yr lowpass-811 
filtered (bottom-left of diagonal), and linearly-detrended 10-yr lowpass-filtered (top-right of diagonal), 812 
series convolved using a Gaussian filter. Paired series with less than 20 years of overlap are denoted missing 813 
by “x”. (b) WLS model of 5-year smoothed [MSA]-PC1 and summertime NPP-PC1 (n = 12 yrs; r2 = 0.72; 814 
p = 0.04; significance estimated via the method of ref. 55, to adjust for the reduced degrees of freedom 815 
introduced from multiyear averaging). The regression weights are the inverse standard deviation of [MSA]-816 
PC1 values. Histogram distributions denotes the range of industrial-era onset and satellite-era [MSA]-PC1 817 
values following 10,000 bootstrap tests (distributions normalized to their maximum). The shaded band 818 
shows the 95% confidence interval of the WLS-regression parameters. The corresponding 95% confidence 819 
range of NPP rates (g C JJA-1) over the industrial-era onset and satellite-era are shown to the right. The 820 
analysis suggests an average ~14 ± 11% decline (±2σ) in summertime-integrated NPP yields since the 821 
industrial-era onset. 822 
 823 
Extended Data Figure 9: Subarctic Atlantic sea-surface temperature (SST) analysis. Annual SST 824 
linear-trends in the (a) ERSST (v5; ref. 30) and (b) HadISST (v1.1; ref. 58) reanalyses. Grid points 825 
exhibiting a 147-year (A.D. 1870-2016) cooling trend within the subarctic Atlantic (50-65˚N; 60-10˚W; 826 
bolded blue outline) are outlined by black isopleths, and defined to encompass the Atlantic “Warming Hole” 827 
(ref. 59). (c) ERSST and HadISST anomalies (mean-centered relative to A.D. 1870-2016; n = 147 years) 828 
for the Northern Hemisphere (NH, top; ±1σ), the Atlantic Warming Hole (middle; ±1σ), and the difference 829 
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between Warming Hole and Northern Hemisphere SSTs, representing the AMOC index as approximately 830 
defined in ref.’s 6 and 7 (bottom; ±1σ). Bolded AMOC time series are 10-yr (Butterworth) lowpass-filtered.   831 
 832 
Extended Data Table 1: Geographical, physical, and glaciological information pertaining to each ice 833 
core [MSA] record. The third to last column provides the annual site-mean and standard deviation [MSA] 834 
values for the period of common overlap between records, A.D. 1821-1985 (n = 165 years). The second to 835 
last column provides the homogenous correlations (Pearson r) and significance level (p; ref. 55) between 836 
[MSA]-PC1 and the 12 GrIS-[MSA] records comprising it, computed over the period of common overlap. 837 
Note that correlation values are reproduced from color-coded values shown on the Figure 2a inset map. 838 
 839 
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