Variape  GFDL-  GFDL-  CESM1- NorESM1 IPSL- cln:i: HadGEM2 HadGEM2 GISS-E2- GISS-E2- MPIESM- MPLESM- ME'SRSC' MR- CMCC-
ESMG ESM2M  BGC -ME  CMS5A-LR -cC -ES H-CC R-CC LR MR ESM1  CESM
MR CHEM
PB X X X X X X X X X X X X X NA X NA
pp X X X X X X X X X X X X X X X X
Nitrate X X X X X X X X X X X X X NA X X
MLD X X X X X X X X X X X X X X X X
Iron X X X X X X X X X X X X NA NA NA X
IPAR X X X X X X NA X NA NA X X X X X X
Cloud X X X X X X X X X X X X X X NA X
cover
Wind X X X X X X X X X X X X X X X X
stress
Sea ice X X X X X X X X X X X X X X X NA
cover
silicate X X X X X X X X X X X X X X NA X
SST X X X X X X X X X X X X X X X X
salinity X X X X X X X X X X X X X X X X

Table S1: Variables available across the CMIP5 models. An “X” denotes that a variable was available within the given model, while “NA” denotes that it was not available.



Model Scenario
CanESM2 hist

rcp8.5

delta

rel delta
CESM1-BGC hist

rcp8.5

delta

rel delta
GFDL-ESM2G hist

rcp8.5

delta

rel delta
GFDL-ESM2M hist

rcp8.5

delta

rel delta
HadGEM2-CC hist

rcp8.5

delta

rel delta
HadGEM2-ES hist

rcp8.5

delta

rel delta
IPSL-CM5A-LR hist

rcp8.5

delta

rel delta
IPSL-CM5A-MR hist

rcp8.5

delta

rel delta
MPI-ESM-LR hist

rcp8.5

delta

rel delta
MPI-ESM-MR hist

rcp8.5

delta

rel delta
MRI-ESM1 hist

rcp8.5

delta

rel delta
NorESM1-ME hist

rcp8.5

delta

rel delta
GISS-E2-H-CC hist

rcp8.5

delta

rel delta
GISS-E2-R-CC hist

rcp8.5

delta

rel delta
All-model means hist

rcp8.5

delta

rel delta

Table S2: Surface phytoplankton biomass concentrations (PB) across the CMIP5 models. PB spatially averaged over each zonal
band within each model for the historical (1980-99 average) and rcp8.5 (2080-99 average) simulations. Rows labeled “delta” list 100-
year absolute changes (rcp8.5 minus historical) in PB, while rows labeled “rel delta” list 100-year relative changes (absolute change
in PB over historical PB). Units are mmol m™ phytoplankton concentration.



Model Scenario
CanESM2 hist

rcp8.5

delta

rel delta
CESM1-BGC hist

rcp8.5

delta

rel delta
CMCC-CESM hist

rcp8.5

delta

rel delta
GFDL-ESM2G hist

rcp8.5

delta

rel delta
GFDL-ESM2M hist

rcp8.5

delta

rel delta
HadGEM2-CC hist

rcp8.5

delta

rel delta
HadGEM2-ES hist

rcp8.5

delta

rel delta
IPSL-CM5A-LR hist

rcp8.5

delta

rel delta
IPSL-CM5A-MR hist

rcp8.5

delta

rel delta
MIROC-ESM-CHEM hist

rcp8.5

delta

rel delta
MPI-ESM-LR hist

rcp8.5

delta

rel delta
MPI-ESM-MR hist

rcp8.5

delta

rel delta
MRI-ESM1 hist

rcp8.5

delta

rel delta
NorESM1-ME hist

rcp8.5

delta

rel delta
GISS-E2-H-CC hist

rcp8.5

delta

rel delta
GISS-E2-R-CC hist

rcp8.5

delta

rel delta
All-model means hist

rcp8.5

delta

rel delta

Table S3: 100-m vertically-integrated primary productivity rates (PP) across the CMIP5 models. PP spatially integrated over
each zonal band within each model for the historical (1980-99 average) and rcp8.5 (2080-99 average) simulations. Rows labeled
“delta” list 100-year absolute changes (rcp8.5 minus historical) in PP, while rows labeled “rel delta” list 100-year relative changes
(absolute change in PP over historical PP). Units are PgC yr™', or petagrams of carbon per year.



Data

Type of

Time Direction/magnitude of significant
Reference Studied area collection biomass . Trend calculation method /mag f signif Proposed driving mechanism
period trends
method measured
Summer krill
Southwest density,
Atkinson et al., UG pGIET Wh'f:h 'S 1976- Spatlo—t.emporal e a.t o . None offered to explain why chl concentrations should
of Southern from 9 positively each grid cell (SW Atlantic=10  -38% per decade in krill density
2004 (A2004) . 2003 R decrease
Ocean (~50- countries correlated grid cells)
65°S,~20-60°W) with chl
conc
Entire Southern ;/\i:rzbf; ‘;V:erf::::z:’lzhe 4 Poleward shift of surface westerly winds during positive
Lovenduski and Ocean, divided g Subantarctic zone (SAZ) south of Australia . Y .g p'
. . 1997- zones and then temporally N o 2 SAM - increased convergence and downwelling in the
Gruber, 2005 into 4 zones SeaWiFS Chl . (~50-60°S, ~110-140°E): -0.06 mg m™* per . K . S
(LG2005) defined b 2004 correlated/regressed with the standard deviation of SAM SAZ - deeper mixed layers and increased light limitation
fronts 4 SAM index; no actual temporal - decreased chl in the SAZ during positive SAM
trends were calculated
Pixel by pixel; clusters of pixels
Greze et al 1998- with significant trends were Small area just south of Australia (~35- Increase in chl accompanied by 0.56°C increase in
e ’ Global ocean SeaWiFS Chl then isolated as regions of 55°S,~110-150°E): +28.9% over time springtime SST; warmer SST > shallower mixed layer >
2005 (G2005) 2003 . . . . N o]
interest and data were then period of study in chl concentrations less light limitation
averaged over these regions
- Annual PP over the entire SO increased
Pri Variabl tiall significantly between 1998-2006 with
rimar ariables are spatia . .
) ‘mary. I patially, much of the increase confined to the - Jan and Feb are the months of minimum sea ice
Entire SO south production averaged over the entire SO X . . .
. ) . months of Jan and Feb concentrations, suggesting that the summer increases in
Smith and of 60°S, with caleulated south of 60°S or over each of -2 PP are not directly coupled to ice retreat
. more in-depth ) from 1998- the six small regions and - Annually over entire SO: +3.85gCm rectly coup )
Comiso, 2008 K SeaWiFS 1 decade™ - Instead PP increases are forced by decreasing summer
analysis for 6 remotely- 2006 temporally averaged both yr decade ) L )
(SC2008) specific small sensed monthly and annually: simple . . cloud cover, increased iron inputs, and/or increased
pe ¥ nuatly; simp - All Januaries over entire SO: +52.01 Mg\ ate column stratification, leading to enhanced
regions ocean color, Model I regression analysesto ¢ m? yr* decade™ irradiance availabilit
SST, PAR calculate trends . . Y
- All Februaries over entire SO: +32.78 mg
cm”yr*decade™
Entire Southern Primary
Ocean south of production iabl iall
50°S, divided calculated Varia e; dIC spatls c}/ff - Ross Sea sector (south of 50°S, 160°E to
] . >
Arrigo et al., into 5 ) from 1997- averaged over each different 130°W): +9 Tg Cyr
2008 (A2008) coeraphic SeaWiFS remotel 2006 sector; regression coefficient . N 5 None offered
fectgorspat o Y of production vs. year is then - SouEh Indian sect_olr (south of 50°S, 20°E
. computed for each sector t0 90°E): -4 Tg Cyr
specific ocean color,
longitudes SST, sea ice



Montes-Hugo et
al., 2009
(MH2009)

Johnston and
Gabric, 2011
(JG2011)

Takao et al.,
2012 (T2012)

Siegel et al.,
2013 (S2013)

SeaWiFs,
CZCS, in-
situ
shipboard
data

Western
Antarctic
Peninsula
(WAP)

Australian
sector of the
Southern
Ocean (40-
70°S, 110-
160°E), divided
latitudinally
into 5° zones

SeaWiFS

Indian sector of
the SO (south
of 30°S, 110-
150°E), broken
up into five
frontal zones

SeaWiFS

Global ocean
divided up into
3 zones
separated by
the two mean
15°C SST
isotherms

SeaWIFS

1978-
1986
Chl to
1998-
2006

Chl and
primary
production
calculated
from
remotely-
sensed
ocean color,
PAR, SST

1997-
2007

NPP
calculated
from
remotely-
sensed
ocean color,
PAR,
absorption

1997-
2007

Chl and
biomass
calculated
from
remotely-
sensed
ocean color,
particulate
backscatter,
PAR, SST

1997-
2010

Spatial average over the
northern and southern WAP
subregions of pixel-by-pixel
differences in monthly-
averaged chl concentration

between 1978-1986 and 1998-

2006

Variables are spatially
averaged over the 5° zones

and temporally averaged over

spring and summer months;
trends in seasonal (summer
and spring) time series are

then estimated using the non-
parametric seasonal Sen slope

Variables are spatially
averaged over the frontal
zones and temporally

averaged over seasons; trends
and their significance are then

estimated using the non-
parametric Sen slope and the
Mann-Kendall test

Variables were spatially
averaged over the 3 regions

and temporally averaged over

months; type 1 linear
regression to calculate trends

- Northern WAP subregion (61.8-64.5°S,
59.0-65.8°W): -1.36 (Dec), -5.43 (Jan), -
2.12 (Feb) mg m™

- Southern WAP subregion (63.8-67.8°S,
64.4-73.0°W): +1.25 (Dec), +0.49 (Jan),
+0.02 (Feb) mg m*

- 40-45°S: +1.2E-2 (spring) mg m™yr* and
+14.6 (summer) mg C m~ day™ yr*
- 45-50°S: +7.2E-3 (spring) mgm”>yr™

and +8.4 (summer) mg C m~> day™ yr’

- 55-60°S: -2.7E-3 (spring), -2.7E-3
(summer) mg m>yr*

Polar frontal zone (PFZ) (between ~45-

55°S, depending on the longitude): -2.91
-2 R

mg Cm™* day” yr (summer)

SO region where mean SST < 15°C
(significant only in regions ~100°E-0°E,
~40-50°S and ~112°E-45°W, ~65°S):

- Chl concentration (from classic band
ratio algorithm): +0.83% per yr

- Chl concentration (with dissolved
organic matter and detrital particulate
matter taken into account): +1.0981%
per yr

- Northern WAP subregion: cloudier skies, stronger
winds, decreased summer sea ice extent = deeper wind-
mixing and increased light limitation during months most
critical for phytoplankton growth (Dec and Jan); perhaps
also because of greater advection of chl-poor waters
from the Weddell Sea

- Southern WAP subregion: clearer skies, weaker winds,
decreased summer sea ice in areas that were previously
sea ice covered most of the year = more favorable light
conditions for phytoplankton growth

- 40-50°S: none offered

- 55-60°S: decreased Ekman transport of iron > lower
chl concs

-Decreasing trend in NPP pos. correlated with decreasing
diatom abundance

-Shifting of ACC fronts could’ve led to changes in iron
availability via alterations in meander-induced upwelling
and/or eddy mixing

-Decreasing trend in PFZ NPP and diatom abundance
could’ve been due to decrease in iron availability or

increase in zooplankton grazing pressure or complex
interactions between the two

- Migration of boundaries between bio-optical provinces
in response to regional changes in physical ocean climate

Table S4: Summary of previous studies looking at trends in phytoplankton biomass and productivity within the Southern Ocean (SO).



Figure S1: 100-year changes in maximum annual surface phytoplankton biomass (PB) for all the models with this data available.

Figure S2: 100-year changes in average annual primary production integrated to 100-m depth (PP) for all the models with this data
available.

Figure S3: 100-year changes in maximum annual surface NO; concentration for all the models with this data available. Shaded areas
are where PP increases.

Figure S4: 100-year changes in maximum annual MLD for all the models with this data available. In single model maps, shading
indicates PP increases. In the all-model mean change map, shading indicates that >80% of model realizations agree on the sign of the
trend.

Figure S5: 100-year changes in minimum annual MLD for all the models with this data available. Shaded areas are where PP
increases.

Figure S6: 100-year changes in maximum annual surface dissolved iron concentration for all the models with this data available.
Shaded areas are where PP increases.

Figure S7: 100-year changes in maximum annual IPAR for all the models with this data available. Shaded areas are where PP
increases.

Figure S8: 100-year changes in average summer total cloud fraction for all the models with this data available. In single model maps,
shading indicates PP increases. In the all-model mean change map, shading indicates that >80% of model realizations agree on the sign of the
trend.

Figure S9: 100-year changes in average annual sea ice area fraction for all the models with this data available. In single model maps, shading
indicates PP increases. In the all-model mean change map, shading indicates that >80% of model realizations agree on the sign of the trend

Figure S10: 100-year changes in average annual zonal wind stress for all the models with this data available. Shaded areas are where
PP increases.

Fig. S11: Time series of the normalized Southern Annular Mode (SAM) index from the historical (1870-2005) and rcp8.5 (2006-
2099) scenarios within each CMIP5 model studied here. The original SAM index time series is calculated as the difference between
monthly zonally-averaged sea level pressure at 40°S and 60°S. To normalize, the average monthly SAM index between 1870 and

1950 is subtracted from the original SAM index time series at each month; this difference is then divided by the standard deviation of
the SAM index between 1870 and 1950.

Fig. S12: Examples of temporal correlations between PB and variables which were not chosen for inclusion in Fig. 2, compared to
correlations between PB and the variable which was chosen (chosen plot indicated by a star). Here we plot correlations from model
HadGEM2-ES’s masked 30-40°S band, but other bands within other models show similar distinctively clear correlations between PB
and the chosen driving variable. Plot legend is the same as in Fig. 2.

Fig. S13: As in Fig. 2, but using all grid points (both masked and unmasked). Comparison to Fig. 2 suggests that masking does not
significantly alter any results. Plot legend is the same as in Fig. 2. *Wintertime MLD was also significant on all three timescales.
**Wintertime iron was also significant on at least 2 of the timescales. ***Wintertime MLD was also significant on at least 2 of the
timescales.

Fig. S14: Examples of spatial correlations between PB and variables which were not chosen for inclusion in Fig. 3, compared to
correlations between PB and the variable which was chosen (chosen plot indicated by a star). Here we plot correlations from model
GFDL-ESM2G’s masked 40-50°S band, but other bands within other models show similar distinctively clear correlations between PB
and the chosen driving variable. Plot legend is the same as in Fig. 3.

Fig. S15: As in Fig. 3, but using all grid points (both masked and unmasked) and showing HadGEM2-ES in the 30-40°S band with
absolute rather than relative changes. Comparison to Fig. 3 suggests that masking does not significantly alter any results. Plot legend
is the same as in Fig. 3.

Fig. S16: Normalized zonally-averaged 100-year changes in PP, PB, and other variables of interest (analogous to Fig. 6, but with plots
for each model individually). For each variable, normalization was achieved by first computing the mean zonally-averaged 100-year



change within each of the models at every latitude and then dividing these values by the absolute value of the largest of these changes
occurring south of 30°S. Some variables are omitted from some models due to lack of data. Plot colors are the same as in Fig. 6.

Fig. S17: Zonally-averaged all-model historical means and 100-year changes. Plot colors are the same as in Fig. 6.



