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S1 Protocol and Summary of Prior Darwin Sensitivity Experiments

We conducted a series of experiments with the diatoms size considered as 8 µm (default), 18 µm, 16 µm and 15 µm and,

respectively, changed the growth rate and nutrients uptake (maximum photosynthesis rate PC
max and nutrients half saturation

rate ksat, see Tables S1 – S4, Ward et al. 2017). A more accurate timing of the Southern Ocean diatom blooms was obtained

for the experiments with diatoms size being 18 µm. In this experiment, the spatial distribution of the phytoplankton dominance5

and diatoms Chla phenology also agreed better with the PFT dominance provided by PHYSAT satellite data product (http :

//log.cnrs.fr/Physat− 2?lang = fr) and satellite-based estimates of diatom phenological indices (Soppa et al., 2016).

However, the quality of the simulated diatom phenology degraded at lower latitudes. Finally, two size classes of diatoms (large

and small) have been introduced in the model, which led to further improvement of the model – observations agreement for the

Southern Ocean PFT phenology and spatial distribution (for instance along the Western Antarctica Peninsula and in the Drake10

Passage, Trimborn et al. 2015.

S1.1 Protocol

Below we provide a detailed protocol of the sensitivity experiments. It is worth commenting that due to computing limitation

these experiments were, sometimes, initialized at different time (but run over three – five model years), and the model outputs

are considered and evaluated in a climatological mean context.15

S1.1.1 The task: to obtain plausible co-existence of haptophytes in the Southern Ocean

Table S1 summarises the specified PFT traits. Initially, mortality of large phytoplankton was decreased by a factor of two in

comparison with the default value (0.1 day−1) used in Dutkiewicz et al. (2015).

Additional changes: palatability factors for coccolithophores (rj=6,k=1), other large non-diatoms (rj=2,k=1) and N-fixer.
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Table S1. Assumed size and photosynthesis parameters of the simulated PFTs

Param\PFTs diatom Phaeo small euk Prochlor Nfixer coccolitho

size(dm) 8 5 0.9 0.6 8 5

PC
max 2.42 1.67 1.15 1.09 0.31 1.34

ksatN 0.239 0.110 0.030 0.007 0.092

ksatP 0.015 0.007 0.002 0.0004 0.0029 0.006

mfunc silicified calcifier

with Phaeo for Phaeocystis-like ("other large"), small euk for small eukaryotes, Prochlor for Prochlorococcus,

Nfixer for nitrogen fixing PFT and coccolith for coccolithophores

Figure S1. The Southern Ocean PFT dominance simulated with Darwin-MITgcm for June-July-August.

Results: in winter – early spring (June-July-August) diatoms distribute too much to the north (Figure S1); too early diatom

bloom.

S1.1.2 “Large diatoms” series

The task: to test the hypothesis that the model deficiencies in correct representation of diatom phenology and dominance result

from the discrepancies between the assumed size of model diatom (8 µm) and size of diatoms observed in the Southern Ocean5

(> 20 µm, see Table S2)

Additional changes: palatability factors for coccolithophores (rj=6,k=1), other large non-diatoms (rj=2,k=1) and N-fixer.

Results: diatom phenology is better simulated at high latitudes, however not at lower latitudes; other large eukaryotes are

underestimated, while coccolithophores are highly overestimated (overgrow all other PFTs). The spatial distribution of small

eukaryotes shows some patterns observed for Phaeocystis (Figure S2, central panel). The Southern Ocean phytoplankton10
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Table S2. Assumed size and photosynthesis parameters of the simulated PFTs

Param\PFTs diatom Phaeo small euk Prochlor Nfixer coccolitho

size(dm) 18 5 2 0.6 11 5

PC
max 1.79 1.67 1.15 1.09 0.30 1.34

ksatN 0.451 0.11 0.03 0.007 0.093

ksatP 0.028 0.007 0.002 0.0004 0.036 0.006

rj,k=1 0.79

mfunc silicified calcifier

Nomenclature as in Table S1

Figure S2. The Southern Ocean PFT dominance simulated with Darwin-MITgcm for July 2002, December 2002 and January 2003.

dominance (Figure S2) agrees better with PHYSAT satellite retrievals in comparison with results presented in the study by

Dutkiewicz et al. (2015) However, simulated diatom blooms still start earlier in comparison with what is observed.

S1.1.3 “Small eukaryotes" - not silicified, including Phaeocystis singular cell” series

The main assumption: based on previous series, small eukaryotes (“other pico”) represent Phaeocystis ant. solitory cells

(Table S3).5

The task: to decrease the abundance of coccolithophores and improve Phaeocystis simulations; sensitivity to the size of large

diatoms.

Changes relative to “Large diatoms”: size of diatoms – 15 µm;

Results: distribution of pico eukaryotes reveals some features and patterns observed for Phaeocystis ant. (Alvain et al., 2008)

as before (Figure S3); "other large" (nano-) overcompete coccolithophores;10
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Table S3. Assumed size and photosynthesis parameters of the simulated PFTs

Param\PFTs diatom Phaeo small euk Prochlor Nfixer coccolitho

size(dm) 15 5 2 0.6 11 5

PC
max 1.93 1.67 1.15 1.09 0.30 1.34

ksatN 0.393 0.11 0.03 0.007 0.093

ksatP 0.025 0.007 0.002 0.0004 0.036 0.006

mfunc silicified calcifier

Nomenclature as in Table S1

Figure S3. The Southern Ocean PFT dominance simulated with Darwin-MITgcm for December 2002 and January 2003.

Recommendations: to adjust mortality of coccolithophores (decrease); rj=2,k=1 – 0.79; size of diatoms – 16 µm (or larger,

later consider large and small diatoms!).

S1.1.4 “Small eukaryotes" - diatoms series

The main assumption: small eukaryotes (“other pico”) represent Phaeocystic ant. solitary cells and small diatoms.

The task: to investigate whether the considering small diatoms would improve PFT phenology and composition at lower5

latitudes in the Southern Ocean.

Changes: size of large diatoms – 16 µm, size of smaller eukaryotes – 1.8 µm but they include silicifiers (diatoms); Prochloroc-

cus is not photoinhibitted (β = 0), coccolithophores mortality is increased by 0.96 relative to default value;

Results: Prochloroccus overcompetes other small diatoms and haptophytes, coccos are overestimated, coccolithophores still

overcompete Phaeocystis, phenology of large diatoms becomes worse.10

Prochlorococcus is one of species of prochlorophytes (prokaryotes) type that might be photoinhibited. The changed pho-

toinhibition parameter (varied from 0 to 3) did not affect stoichiometry Chl:C ratios but impacted the spatial distribution of
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the PFTs. Figure S4 depicts the December 2003 spatial distribution of prochlorophytes Chla obtained for two experimental

runs with different values of the photoinhibition (β) parameter. To simulate accurately prochlorophytes, this PFT should be

photoinhibited (recommended parameter β 1.2)

Figure S4. Sensitivity to assumed photoacclimation (photoinhibition parameter): December 2003 prochlorophytes (Prochlorococcus) Chla:

β = 0 (left); β = 0.9 (right).

Recommendation: Prochloroccus should be photoinhibited, decrease palatability of "other large", increase size of large diatoms,

increase coccolithophores mortality.5

Table S4. Assumed size and photosynthesis parameters of the simulated PFTs

Param\PFTs diatom Phaeo small euk Prochlor Nfixer coccolitho

size(dm) 18 5 2.2 0.6 11 5

PC
max 1.79 1.67 1.73 1.09 0.31 1.11

ksatN 0.451 0.11 0.047 0.007 0.079

ksatP 0.028 0.007 0.003 0.0004 0.076 0.005

mfunc silicified silicified calcifier

β 1.2

Nomenclature as in Table S1. Small eukaryotes are small diatoms

RunB Changes: size of large diatoms – 18 µm.

Results: Improved large diatom phenology and dominance (more plausible winter distribution, see Figure S5), just slightly

improved other large, small diatoms and coccolithophores.
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Figure S5. The Southern Ocean PFT dominance simulated with Darwin-MITgcm for December 2003, January 2004 and February 2004.

Recommendation: to keep size of large diatoms – 18 µm (Table S4); to increase slightly coccolithophores mortality.

Figure S6. PFT dominance simulated with Darwin-MITgcm for 2003/2004, which is in a good agreement with the PFT dominance provided

by PHYSAT satellite data product (http://log.cnrs.fr/Physat-2?lang=fr; Alvain et al. 2008). Pico – represents prochlorophytes. The solution

is masked by the area with sea ice concentration > 75%.
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RunC Changes: rj,k=1 = 0.76; coccolithophores mortality increased by 0.95; β(Prochlor) = 1.2; changed for “other pico”

PC
max and ksat.

Recommendation: to further adjustPC
max and ksatN for small diatoms; decrease grazing pressure for coccolithophores; decrease

"large diatoms" mortality by 1.25 to prolong "large diatom" bloom.

Final Results: When introducing two distinct size classes for diatoms (as two different model variables) we are able to improve5

the spatial distribution and phenology of the simulated diatoms and Phaeocystis ant.: later start and longer duration of the large

phytoplankton bloom (Figure S5, S6); patterns of Phaeocystis ant. distribution along the Polar frontal zone in Summer (Alvain

et al., 2008; Deppeler and Davidson, 2017).

S2 Hyperspectral satellite-based DOAS coccolithophores fits for the Great Calcite Belt

Figure S7 depicts diatom Chla retrived with PhytoDOAS applied to hyperspectral information measured by the Scanning10

Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) averaged over March 2012 (Bracher et al.,

2017). The figure illustrates the sparsity of the information available for the Great Calcite Belt and Chla overestimation in

comparison with OC-PFT and SynSenPFT estimates.

Figure S7. The SCIAMACHY-based PhytoDOAS diatoms Chla retrievals distributed over the domain shown by Smith et al. (2017) for

March 2012.

S3 PFT seasonal composition

Figure S8 shows seasonal variation of the meridional distribution of zonally averaged phytoplankton composition for four15

sections of the Southern Ocean.
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Figure S8. Meridional (from 75◦S to 30◦S) distribution of zonally averaged phytoplankton composition for the Atlantic Ocean sector (AOS,

60◦W – 18◦E), the Indian Ocean sector (IOS, 18◦E – 120◦E), Australian sector (AST, 120◦E – 180◦E) and the Pacific Ocean sector (POS,

180◦E – 60◦W) for experiment PHAEO on 10 July 2007, 8 October 2007, 6 January 2008 and 5 April 2008. The red dashed curve represents

the upper mixed layer depth (zonally averaged, m). The blue curve represents zonally averaged zooplankton concentration (mgC m−3).
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S4 Phytoplankton traits based on in situ measurements

Table S5 and S6 review the information on the photophysiological parameters of diatoms and Phaeocystis ant. available from

in situ and laboratory observations.

Table S5. Measurement-based diatom photosynthesis parameters

Parameter Units Parameter value References

PB
max mgC(mgChla)−1h−1 0.44 ± 0.02 – 0.54 ± 0.5 Arrigo et al. 2010

0.12 ± 0.01 – 0.21 ± 0.001 Kropuenske et al. 2009

0.87 ± 0.17 – 1.52 ± 0.22 Kropuenske et al. 2009

1.23 ± 0.29 (5.84 ± 1.89) Alderkamp et al. 2012

PC
max day−1 0.15 ± 0.06 – 0.41 ± 0.37 Arrigo et al. 2010

0.41 – 0.81 Arrigo et al. (2003)

0.20 ± 0.06 (0.79 ± 0.22) Alderkamp et al. 2012

α mgC(mgChla)−1h−1(mmolphotonsm−2s−1)−1 0.014 ± 0.005 – 0.043 ± 0.015 Arrigo et al. 2010

0.008 – 0.016 Arrigo et al. 2003

0.058 ± 0.009 (0.149 ± 0.066) Alderkamp et al. 2012

Growth rate µ day−1 0.04 – 0.47 Strzepek et al. 2002

0.06 ± 0.01 – 0.11 ± 0.06 Arrigo et al. (2010)

0.2 – 1.0 Trimborn et al. 2017

0.05 ± 0.001 – 0.16 ± 0.46 Alderkamp et al. (2012)

µ:µmax 0.25 – 1.0 Strzepek et al. 2012

a∗ m2mgChla−1 0.006 – 0.011 Arrigo et al. 2003

0.012 ± 0.002 – 0.014 ± 0.002 Arrigo et al. 2010

0.027 ± 0.003 – 0.031 ± 0.008 Alderkamp et al. 2012
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Table S6. Measurement-based Phaeocystis ant. photosynthesis parameters

Parameter Units Parameter value References

solitary (colonial)

PB
max mgC(mgChla)−1h−1 1.1 – 3.2 (0.5 – 3) Shields and Smith 2009

0.3 – 0.55 (0.1 – 1.45)

decrease with increase of

percentage of colonial

1.4 ± 0.3 – 6.4 ± 0.3 Arrigo et al. 2010

1.16 ± 0.08 – 1.54 ± 0.06 Kropuenske et al. 2009

0.79 ± 0.56 – 3.07 ± 0.64 Kropuenske et al. 2009

4.63 ± 0.43 (7.77 ± 0.71) Alderkamp et al. 2012

PC
max day−1 0.57 ± 0.08 – 0.85 ± 0.23 Arrigo et al. 2010

0.63 ± 0.1 (1.15 ± 0.20) Alderkamp et al. 2012

α mgC(mgChla)−1h−1... 0.01 – 0.08 (0.01 – 0.17) Shields and Smith 2009

(mmolphotonsm−2s−1)−1 0.038 ± 0.008 – 0.11 ± 0.019 Arrigo et al. 2010

0.062 ± 0.01 (0.136 ± 0.01) Alderkamp et al. 2012

Growth rate µ day−1 0.13 (0.38) Shields and Smith 2009

0.15 – 0.7 Luxem et al. 2017

0.49(0.55) van Leeuwe and Stefels 2007

0.20 – 0.53 Strzepek et al. 2011, 2012

0.07 ± 0.01 – 0.35 ± 0.13 Arrigo et al. 2010

0.17 Tang et al. 2009

0.41 Walker O. Smith 1999

0.21 – 0.27 Sedwick et al. 2007

0.35 – 0.48 Trimborn et al. 2017

0.19 ± 0.006 (0.38 ± 0.025) Alderkamp et al. 2012

µ:µmax 0.54 – 1.0 Strzepek et al. 2011

Specific growth rate day−1 0.05 – 0.4 Moisan and Mitchell 2018

T -1.5◦C to 4 ◦C

at low T photoinhibit

after 100(mmolquantam−2s−1)

a∗ m2mgChla−1 0.009 – 0.0181 Arrigo et al. 2010

0.057 ± 0.023 (0.030 ± 0.022) van Leeuwe and Stefels 2007

0.024 ± 0.002 (0.029 ± 0.0041) Alderkamp et al. 2012
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S5 Additional information on model evaluation against in situ

There are three video files additionally provided via AV-Portal of the German National Library of Science and Technology (TIB,

Hannover): https://doi.org/10.5446/42871; https://doi.org/10.5446/42873; https://doi.org/10.5446/42872. The movies depict

distribution of diatoms, haptophytes and prokaryotes Chla for model snapshots over the time period from August 2002 to April

2012. These simulated Chla distributions are shown with in situ observations available within the time window ± 1 weeks5

around the date of the snapshot. Table S7 and S8 present the statistics of goodness of model to data fit for log-transformed

diatoms and haptophytes Chla. Table S9 shows the statistics with respect to physical values of Chla at specific sections of

Longhurst’s bgc provinces. Figures S9 – S11 show frequency distributions of observed and simulated Chla as well as their

differences for diatom, haptophytes and prokaryotes, respectively.

Table S7. Diatom Chla: model vs. in situ log-transformed statistics at Longhurst’s provinces

criteria\bioms APLR ANTA SANT SSTC FKLD EAFR AUSW AUSE

MAE 0.65 0.62 0.54 0.48 0.40 0.72 0.27 0.29

RMSE 0.82 0.75 0.64 0.55 0.48 0.85 0.33 0.39

RMSE unbiased 0.82 0.59 0.64 0.45 0.45 0.82 0.33 0.39

bias -0.004 0.45 0.01 0.32 -0.17 0.20 -0.08 -0.06

MAE – mean absolute error; RMSE — root mean squared error; bioms are the Longhurst’s biogeochemical provinces

Longhurst (1998): Austral Polar Province (APLR), Antarctic Province (ANTA), Subantarctic Water Ring Province (SANT),

South Subtropical Convergence Province (SSTC), Southwest Atlantic Shelves Province (FKLD), Eastern Africa Coastal

Province (EAFR), Australia-Indonesia Coastal Province (AUSW), East Australian Coastal Province (AUSE).

Table S8. Haptophytes Chla: model vs. in situ log-transformed statistics at Longhurst’s provinces

criteria\bioms APLR ANTA SANT SSTC FKLD EAFR AUSW AUSE

MAE 0.43 0.58 0.32 0.25 0.22 0.96 0.56 1.01

RMSE 0.56 0.67 0.39 0.34 0.28 1.01 0.67 1.06

RMSE unbiased 0.50 0.64 0.39 0.34 0.26 0.32 0.39 0.30

bias 0.25 0.21 0.08 0.00 -0.11 0.96 0.54 1.01

Same as in Table S7
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Table S9. Diatom|haptophytes: model vs. in situ statistics (mgChlam−3) for specific sections of Longhurst’s provinces

bioms\criteria MAE RMSE RMSE unbiased bias N

APLR1 ]180◦W – 150◦W[ 0.66|0.19 1.41|0.26 1.41| 0.20 -0.08 |0.17 54|53

APLR2 [150◦W – 110◦W[ 0.81|0.08 1.30|0.11 1.18|0.11 -0.5|0.02 40|40

APLR3 [110◦W – 65◦W[ 1.13|0.21 2.13| 0.41 2.08|0.39 -0.47|0.12 803|812

APLR1-3 [180◦W – 65◦W[ 1.1| 2.07| 2.02| -0.45| 897|

APLR4 [65◦W – 25◦W[ 0.45|0.34 0.95|0.58 0.93|0.58 -0.17|0.03 293|295

APLR5 [25◦W – 110◦E[ 1.45|0.27 1.97|0.51 1.57|0.50 1.19|-0.08 64|64

APLR6 [110◦E – 155◦E[ NaN|NaN

APLR7 [155◦E – 180◦E[ 2.87| 3.20| 3.19| 0.16| 33|NaN

APLR5-7 [25◦E – 180◦E[ 1.91| 2.46| 2.21| 0.84| 97|

ANTA1 ]180◦W – 150◦W[ 0.88|0.07 0.92|0.08 0.28|0.08 0.88| -0.02 26|22

ANTA2 [150◦W – 110◦W[ 0.20|0.34 0.23|0.34 0.12|0.06 0.19 |0.34 29|29

ANTA3 [110◦W – 65◦W[ 0.19|0.23 0.24|0.25 0.19|0.11 0.14|0.23 45|46

ANTA1-3 [180◦W – 65◦W[ 0.37| 0.51| 0.38| 0.35| 100|

ANTA4 [65◦W – 25◦E[ 1.48|0.22 2.41|0.27 2.26|0.26 0.84|-0.09 69 |67

ANTA5 [25◦W – 110◦E[ 0.62|0.19 1.04|0.30 0.91|0.26 0.51|0.16 55|54

ANTA6 [110◦E – 155◦E[ 0.14|0.22 0.15|0.23 0.04|0.06 0.14|-0.22 10|10

ANTA7 [155◦E – 180◦E[ 0.78| 1.01| 0.78| 0.66| 2|

ANTA5-7 [25◦E – 180◦E[ 0.55| 0.96| 0.84| 0.46| 67|

SANT1-3 [180◦W – 65◦W[ 0.26|0.23 0.32|0.28 0.19|0.17 0.26|0.23 9|13

SANT4 [65◦W – 25◦W[ 0.28|0.13 0.43|0.18 0.37|0.17 -0.21|0.05 316|330

SANT5 [25◦W – 110◦E[ 0.36|0.10 0.41|0.11 0.34|0.07 0.23|0.09 40|39

SANT6 [110◦E – 155◦E[ 0.12|0.32 0.13|0.36 0.05|0.22 0.12|-0.23 37|55

SANT5-7 [25◦E – 155◦E[ 0.24| 0.31| 0.26| 0.18| 77|

SSTC4 [65◦W – 25◦W[ 0.09|0.14 0.14|0.28 0.14|0.28 0|-0.05 72|1065

SSTC5 [25◦W – 110◦E[ 0.05|0.02 0.05|0.03 0.04|0.03 0.04|0.01 7|8

SSTC6 [110◦E – 155◦E[ 0.05|0.17 0.07|0.23 0.07|0.23 0.01|0.01 23|40

SSTC5-7 [25◦E – 155◦E[ 0.05| 0.06| 0.06| 0.02| 30|
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Figure S9. The frequency distribution of diatom Chla based on the in situ observations and model simulation, and frequency distribution of

differences between model and observations.
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Figure S10. Same as Figure S9 but for haptophytes.
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Figure S11. Same as Figures S9 and S10 but for pico-phytoplankton (prokaryotes).
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