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1. Supplementary Methods

la. Spatial Aliasing defined: We analyze sparse data collected over large regions by a

variety of ships, some commercial and some scientific. Thus, locations of data collection
vary significantly in space and time. There is a potential for spatial aliasing of this data
because the long-term mean pCO, **“*" varies in space, with values typically higher at
lower latitudes in the North Atlantic. Consider a hypothetical situation where there is no
change in pCO, **“" from month 1 to month 2 at any point across a biome. If data in
month 1 was taken in the south (higher pCO, ****") and data in month 2 was taken in the
north (lower pCO, ****™"), there would erroneously appear to be a negative change in pCO,
et for the biome from month 1 to month 2 simply because the data was taken at
different points in space in each month. This is spatial aliasing. In our analysis, spatial
aliasing is addressed by removing the long-term background mean pCO, *****", i.e. the
large-scale, long-term mean north/south gradient, from the 1x1 degree data before

collapsing the data onto a single timeseries for each biome.

1b. Alternative approaches to estimating trends: We also estimated trends by

deseasonalizing the pCO, " using the pCO,"****" climatology and applying a linear fit.
Results for the biomes are indistinguishable from the use of the harmonic fit. In
SURATLANT, results for pCO,*****" trends are also very similar and interpretations do
not change. However, we do not have reliable climatologies for the seasonal cycles of

DIC and ALK with which to calculate seasonal cycles of pCO,-sDIC and pCO,-sALK for



deseasonalizing these data. Thus, we elect to use the fit to the harmonic as our standard

analysis approach.

Through our testing of a variety of trend estimation techniques, we found that use of
spatially binned monthly data’ as opposed to spatially averaged monthly data has the
largest impact on estimated trends. When data are binned within a large region’, each
data point at higher resolution is assumed to be independent and is preserved as an unique
observations in the timeseries. This contrasts to our approach of spatial averaging where
all high resolution data is averaged to make a single datapoint representing the entire
large region. In SURATLANT, the use of binned data gives substantially larger positive
trends in pCO,"***" (larger by 1-3 pnatm/yr for the subregions, and larger by 1.5 uatm/yr
for the aggregated region). Additionally, binning gives smaller 10 confidence intervals

because the approach suggests substantially more degrees of freedom.

Ic. Sensitivity to biome definition: Particularly for short timespans, slightly different

biome selection criteria in terms of temperature or chlorophyll can impact some
p phy p
pCO,™****" trend estimates and the model/sampled model validation. However, the

conclusions drawn from this work are robust to these differences.
2. Double-checkof approachwith a numerical model

2a. Model validation: The seasonal cycles of the model compare well with the

observations of pCO, ****" in the biomes (Supplementary Figure 1). In Supplementary
Figure 2, we compare modeled pCO," ", DIC, ALK, salinity and SST to SURATLANT
observations. It has previously been shown that observations of surface ocean pCO,, SST
and DIC at Bermuda and in the SURATLANT region are well captured by the model',
and also that the seasonal cycle of pCO, ****", as well as bloom timing and chlorophyll
concentrations, compare well to observations in the subpolar gyre*. These comparisons
indicate the model is a reasonable tool to use in evaluation of analysis methodologies for

trends in pCO," ™,

2b. Evaluation of analysis methodology with sampled model compared to full model.:

Trends estimated by our methodology (see Methods) benefit from additional scrutiny

because of the sparse data and the large regions of interest. How representative are these



trends of true pCO," " trends at the biome-scale? The data do not exist for a precise
determination. However, we can use the “alternative reality” of a physical-
biogeochemical numerical model to address exactly this question. To do so, we sample
the numerical model at the same times and locations where the actual data were collected
and estimate trends using our methodology. We compare this result to trends calculated
for the biomes using every modeled point in space and time. As with our comparisons of
pCO, *** to pCO,"™ in the main text, we use the overlap of the 10 uncertainty bounds as
a test for indistinguishability. An example of this evaluation is shown in Supplementary
Figure 3 for 1993-2005. For each biome and SUR, the 10 uncertainty bounds of the
sampled model do overlap the 10 uncertainty bounds of the trend estimated using all
points. This indicates that when we analyze the actual data with our methodology, we
should be able to recover, with 10 uncertainty, the biome-integrated pCO,™****" trends that
occurred in the real ocean. In Figure 2 of the main text, we only show pCO,"***" trends
for periods where the model to sampled model comparison confirms that sampled trends
are indistinguishable from the full model at the 10 level. The white space in Figure 2
indicates that the sampled model trend does not capture the full model trend at the 1o

level.
3. Supplementary Rsults

For the biomes (Supplementary Figure 4), the aggregated SURATLANT region
(Supplementary Figure 5), we show the monthly average data (after step iii in the
analysis) and the full harmonic fit to the data. We also show these data with the harmonic
estimate of the seasonal cycle removed (data - c*cos(2mt + d)) and the estimate of the
linear trend with its confidence intervals. In the Supplementary Tables 4 and 5, we
provide results from the harmonic fits for pCO,"***", pCO,-T, pCO,-nonT in the biomes
and the aggregated SURATLANT.

3a. SURATLANT subregion analysis: For the SUR subregions, we also estimate trends in
pCO,* " pCO,-T, pCO,-nonT, as well as pCO,-SST, pCO,-sDIC, pCO,-sALK, pCO,-

SSS for 1993-2005 (Supplementary Figure 6). Results are consistent with the aggregated
SUR region, with pCO,-T driving most of the positive trends in pCO, ", and pCO,-



nonT trends being indistinguishable from zero (Supplementary Figure 6a). The one
exception is subregion B, where the pCO,-T trend is indistinguishable from zero and the
pCO,-nonT is greater than zero. In Supplementary Figure 6b, we show the trends of
pCO,-SST, pCO,-sDIC, pCO,-sALK, pCO,-SSS for the subregions. Consistent with the
aggregated SUR region (inset to Figure 1d), trends in pCO,-nonT are largely driven by
pCO,-SSS and pCO,-sALK, with changes in pCO,-sDIC generally acting in the opposite
direction. Again, subregion B is somewhat different, with pCO,-sDIC largely driving the
positive trend in pCO,-nonT. As in the SUR/SP-SS comparison presented in the main

text, we see here that trends vary substantially at smaller scales.

Previous analyses of these SURATLANT data for the same timeframe’ used an ALK-
SSS relationship derived from only 2001-2002 data which gives higher ALK for the same
SSS. The new relationship from 2001-2006 data (ALK =43.857 * SSS + 773.8) reduces
pCO,™****" trend estimates by about 0.5 patm/yr in SURATLANT and its subregions.

3b. Varying the endyear for the trend estimate: In Supplementary Figure 7, pCO, ",

pCO,-T and pCO,-nonT trends calculated with 1981 as the beginning year and varying
the endyear from 2001-2009. This demonstrates how trend calculations change dependent
upon the years used. This same information is given in the top line of the grid for each
biome in Figure 2. For example, for SP-SS, Figure 2a, the red boxes in the top row
indicate that the pCO," " trend is greater than the pCO,"™" trend (endyears 2003-2005),
and the stippling indicates where the pCO,-T trend is significantly greater than zero
(endyears 2002-2008). Figure 2 illustrates the impact of both varying startyears and

varying endyears.
4. Warming sea surface temperatures

In Supplementary Figure 8, SST anomalies for 1982-2009 for the biomes are presented.
All biomes exhibit warming trends, consistent with mean pCO,-T trends greater than
zero, with few exceptions, throughout our analysis (Figure 1c,d, Supplementary Figure

7).



Supplementary Figures
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Supplementary Figurel: Comparison of model to climatological seasonal cycles of
pCO, " * and all monthly data’ for (a) SP-SS, (b) ST-SS, and (c) ST-PS. Red points in
(a) are SURATLANT data.
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Supplementary Figure2: Comparison of model to climatological seasonal cycles and
SURATLANT monthly data: (a) pCO,***", (b) DIC, (c) ALK, (d) SSS, (e) SST. The
climatology seasonal cycle for pCO, " *, SST® and SSS’ are also shown. The seasonal
cycle of ALK is estimated from the SSS cycle with the ALK-SSS relationship for
SURATLANT data for 2001-2005. Years are 1992-2006 for both model and data.



True vs. Sampled trends: North Atlantic Model 1993-2005
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Supplementary Figure 3:Evaluation of the method to estimate trends for the biomes
and SUR. Circles are the mean trends from the full and sampled model for 1993-2005,
and the colored boxes around them are the 10 uncertainty regions. If this area intersects

the 1:1 line (dashed), the two estimates indistinguishable from each other.
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Supplementary Figure4: For each biome (a) SP-SS, (b) ST-SS, and (c) ST-PS,
pCO,*****" data from the pCO," " database (x), the full harmonic fit (light black line), the
data with the harmonic estimate of the seasonal cycle removed (data - c*cos(2mt + d),
blue o), the linear trend (thick blue line) and the 68.3% (10) confidence intervals for the
trend (dashed blue line) for 1980-2009. Trends were calculated based on anomalies of
pCO,* " as discussed in Methods; for these plots, the biome-wide average was added to

all points.
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Supplementary Figure5: pCO,* " in the aggregated SURATLANT region (x), the full
harmonic fit (light black line), the data with the harmonic estimate of the seasonal cycle

removed (0), the linear trend (thick blue line) and the 68.3% (10) confidence intervals for
the trend (dashed blue line) for 1993-2005. Trends were calculated based on anomalies of
pCO, " as discussed in Methods; for these plots, the SURATLANT average was added

to all points.
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Supplementary Figure6: Bar plots for the decompositions of the pCO,*****" trends in the
subregions: (a) pCO,™ ", pCO,-T, pCO,-nonT; (b) pCO,-SST, pCO,-sDIC, pCO,-sALK,
pCO,-SSS. The trends in pCO,-T and pCO,-SST are very similar, but they are not exactly
the same because the pCO,-SST calculation uses the full equations for carbonate

chemistry in seawater.
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Supplementary Figure7: Trends in pCO,****" (black, with gray 10), pCO,-T (blue, light

atm

blue 10), pCO,-nonT (green, light green 10), and pCO,™™ (dashed red) calculated from

1981 to each year between 2001 and 2009 for (a) SP-SS, (b) ST-SS, and (c) ST-PS.
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Supplementary Figure8: SST anomalies (1980-2009) for (a) SP-SS, (b) ST-SS, and (c)

ST-PS, relative to 1982-2009 baseline mean. Data are from reference 8.



Supplementary Tables

Supplementary Tablel. Number of points (number of months with observations = N)
from the pCO," ****" database’ and SURATLANT (1993-2007) used for biome analysis by

5-year segments.

SP-SS ST-SS ST-PS
81-85 3395(36) | 1468 (27) | 4,636(22)
86-90 212 (24) 209 (9) 539 (6)
91-95 16912 (39) | 16,886 (34) | 25,697 (39)
96-00 26,206 (26) | 23,039 (33) | 30,134 (25)
01-05 84,881 (45) | 74,761 (31) | 366,179 (46)
06-09 50,866 (28) | 63,540 (32) | 337,776 (43)
Total 81-09 172,472 179,903 764,961
(198) (166) (181)

Supplementary Table2: Definition of SURATLANT subregions. The aggregate region

combines A-F.

A B C D E F
Lat (°N) 50-55 50-55 55-60 55-60 60-64 60-64
Lon (°W) | 50-45 45-40 40-35 35-30 35-30 30-25

Supplementary Table3. Number of observations (number of months with observations
= N) for the SURATLANT subregions and the aggregate SUR region for 1993-97, 2001-

05, and total

A B C D E F Aggregate
93-97 38(11) | 53(12) | 55(12) 45 (11) | 19(10) | 50 (12) | 260 (13)
01-05 56 (15) | 61(18) | 79 (19) 33(12) | 50(15) | 68 (17) | 337 (20)
Total 94 114 134 78 59 118 597
93-05 (26) (30) (31) (23) (25) (29) (33)




Supplementary Table 4 Harmonic Fits for Biomes, 1981-2009 using y = a + b*t +

c*cos(2mt + d), where t = decimal year -1990, and y = pCO," ", pCO,-T, or pCO,-nonT.

a b C d RMSE

(uatm) | (uatm/yr) | (uatm) (yn) (uatm)
pCO,*> | SP-SS 303£3.9 | 1.52+022 | -20.8+2.7 | -0.54+0.02 26.3
ST-SS 311£2.8 | 1.67+0.15 | -15.8+1.8 | 0.80+0.02 159
ST-PS 327423 | 1.60.12 [ -17.8+1.3 | -0.16+0.01 125
pCO,-T SP-SS 322438 | 0.20+0.22 | -43.7+2.6 | -0.20+0.01 255
ST-SS 337427 | 0.12+0.15 | -47.8+1.7 | 0.79+0.01 15.6
ST-PS 35943.8 | 0.27+0.20 | -38.5+22 | -0.22+0.01 213
pCO,- SP-SS 315#50 | 1.20+0.29 | 58.9+3.5 | -0.16+0.01 334
nonT ST-SS 318430 | 1.53+0.17 | 32.3+1.9 | 0.79+0.01 174
ST-PS 345460 | 1.112031 | 24.7#3.5 | -0.26+0.02 334

Supplementary Table5. Harmonic Fits for Biomes and aggregated SURATLANT,

1993-2005 using y = a + b*t + c*cos(27t + d), where t = decimal year -1990, and y =
pCO,* ", pCO,-T, or pCO,-nonT.

a b c D RMSE

(uatm) (natm/yr) | (matm) (yr) (uatm)
pCO,* > |  SP-SS 296+7.3 | 2.17+041 | 21.9+2.5 | -0.08+0.00 16.6
SUR 323+6.9 | 2.06+0.61 | 242+3.8 | -0.18+0.00 14.6
ST-SS 206+6.7 | 2.64+036 |-17.0+2.0 | -0.20+0.02 134
ST-PS 330£6.2 | 1.52+0.32 | -16.6+19 | 0.83+0.02 134
pCO,-T SP-SS 3064£9.5 | 1.07+0.50 | -41.2+3.1 | 0.78+0.01 21.7
SUR 329+5.7 | 1.82+051 | 344+3.3 | 0.33x0.01 122
ST-SS 342483 | -0.12+0.45 | 46.7+24 | -0.7120.01 16.7
ST-PS 355482 | 0474042 | 369425 | 0.29+0.01 17.7
pCO,- SP-SS 323+8.6 | 0.94+0.62 | -59.1+3.8 | -0.68+0.01 26.4
nonT SUR 34374 | 0224066 | -573+42 | 0.69+0.01 15.8
ST-SS 205+8.5 | 2.88+0.46 | 30.7+2.5 | 0.78+0.01 172
ST-PS 350+8.0 | 091+042 | 21.4+2.5 | -0.24+0.02 174
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