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1. Model Description

1.1. MIROC

The MIROC version 3.2 is based on an atmospheric general circulation model with5

a horizontal spectral truncation T42 (which corresponds to about 2.8◦ resolution) and6

20 vertical sigma levels coupled to an ocean general circulation model with a horizontal7

resolution of 1.4◦ × 0.6◦−1.4◦ and 44 vertical levels.8

The MIROC Last Millennium simulation (LM-MIROC) uses external forcing of total9

solar irradiance anomalies derived from three different reconstructions [Crowley, 2000;10

Bard et al., 2000; Lean et al., 1995] (see description in Table S1 and Figure S1b), volcanic11

radiative forcing that was specified by using latitude-dependent aerosol optical depth12

(AOD) anomalies, and greenhouse gas concentrations [Crowley, 2000]. The diagnosed13

radiative forcing (Figure S1a) is obtained by multiplying AOD by −20 as stated in Gao14

et al. [2008].15

To quantify the marine biogeochemical response to simulated ocean anomalies in16

MIROC, we additionally use an offline three-dimensional marine biogeochemical model17
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with a homogenized atmospheric box [Chikamoto et al., 2012]. The box atmosphere in18

the offline model is only used for calculating the atmospheric carbon dioxide (CO2) level.19

The CO2 level is determined by variations of wind speed, sea surface temperature, sea20

ice coverage (gas exchange), and sea surface CO2 concentration (solubility). The bio-21

geochemical model is based on a simplified nutrient-phytoplankton-zooplankton-detritus22

(NPZD) type. Phytoplankton growth depends on the availability of nitrate concentration23

and insolation. Detail description of biogeochemical processes is shown in Chikamoto24

et al. [2012].25

The offline biogeochemical model uses daily physical data of ocean velocities, short-26

wave insolation, temperature, salinity, and sea-ice distribution interpolated fromMIROC’s27

monthly outputs. Since this offline method neglects an effect of high frequency physical28

variability (on timescale shorter than a month), the simulated marine ecosystem response29

may be slightly different with the simulation obtained from fully coupled Earth System30

model. However, this difference would be small, which doesn’t affect our conclusion on31

the basis of annual-mean analysis. In our offline approach we do not allow the prognostic32

atmospheric CO2 concentration to influence the atmospheric radiation.33

The ocean biogeochemical model is spun up for 5000 years using prescribed atmospheric34

CO2 of 278 ppmv (corresponding to the level in 850 C.E.) and using monthly physical35

fields corresponding to the 850 C.E. conditions from the LM-MIROC simulation. After36

5000-yr integration, the global-mean dissolved inorganic carbon concentration reaches a37

steady state, which suggests that the ocean carbon cycle reaches equilibrium. Starting38

from this steady-state biogeochemical field, we integrate the biogeochemical model with39

D R A F T January 26, 2016, 9:11am D R A F T



X - 4 MEGUMI O. CHIKAMOTO: VOLCANOES BOOST PRODUCTIVITY

fully prognostic atmospheric CO2 from 850 to 1850 C.E. using monthly climate output40

fields from LM-MIROC.41

1.2. CESM

The Community Earth System Model 1.0.1 (CESM; Hurrell et al. [2013]) includes fully-42

coupled components of the atmosphere, ocean, sea ice, and land surface. The atmosphere43

component (Community Atmosphere Model 4; Neale et al. [2010]) has a finite volume core44

with a horizontal resolution of 1.25◦×0.9◦ and 26 vertical levels. The ocean component45

is the Parallel Ocean Program version 2 (POP2; Smith et al. [2010]; Danabasoglu et al.46

[2012]) with a nominal 1◦ horizontal resolution and 60 levels. The horizontal resolution47

varies and is higher around the equator for an improved representation of equatorial up-48

welling. Embedded in POP2 is the Biogeochemical Elemental Cycle model (BEC; Moore49

et al. [2004]).50

The BEC biogeochemical model includes four nutrients (nitrate, phosphate, silicate,51

and dissolved iron), three phytoplankton functional groups (small phytoplankton, di-52

atoms, and diazotrophs), one zooplankton group, dissolved inorganic and organic carbon,53

alkalinity and oxygen [Moore et al., 2004; Moore and Braucher, 2008]. River discharge54

from Community Land Model version 4.0 (CLM4) does not carry dissolved tracers, but55

prescribed nitrogen deposition at the ocean surface is using the 1850 C.E. data [Lamarque56

et al., 2010]. In a preindustrial control run in CESM 1.0.3 version, small phytoplankton57

growth at the tropical Pacific region is determined by the availability of iron, nitrate,58

insolation, and temperature, while that of diatom is additionally affected by silicate con-59
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centrations [Chikamoto et al., 2015]. The detail biogeochemical process in the model is60

described in Moore et al. [2004]; Moore and Braucher [2008].61

The last millennium simulation LM-CESM is described in detail in Lehner et al. [2015].62

We calculated a 258-year-long 850 C.E. control simulation with CCSM4 [Gent et al., 2011].63

Using this steady-state field of the 850 C.E. control simulation, we additionally ran a long64

1850 C.E. control simulation. The applied transient forcing largely follows the protocols65

of PMIP3 [Schmidt et al., 2011]. In particular, we used the variations in AOD due to the66

volcanic forcing [Gao et al., 2008] (Figure S1a), land use changes [Pongratz et al., 2008],67

and fossil fuel emissions (post 1750 C.E., following Andres et al. [2012]) (Table S1). Total68

solar insolation is based on Vieira and Solanki [2010], but was scaled the amplitude of69

change from the Maunder Minimum to present day by 0.2 % [Keller et al., 2015]. Small70

drifts in deep-ocean carbon and temperature indicate the not-equilibrated nature of the71

control simulation. However, there are no detectable drifts in the top 150 meters.72

1.3. LOVECLIM

The intermediate complexity model LOVECLIM is based on the ECBilt atmosphere73

model with a T21 spectral truncation (corresponding to about 5.6◦ horizontal resolution)74

and three vertical levels coupled to the ocean-sea ice model CLIO with 3◦ × 3◦ hori-75

zontal resolution and 20 vertical levels, which is coupled to a thermodynamic-dynamic76

sea ice model [Goosse et al., 2010]. Allowing for shortwave feedbacks, our version of77

LOVECLIM adopts a new empirical cloud scheme, which calculates vertically integrated78

grid-box cloudiness as a function of vertical velocity at 500 hPa, surface temperature,79

relative humidity, and precipitation [Sriver et al., 2014]. Using annual-mean values of80
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temperature and precipitation, the vegetation model VECODE computes the evolution81

of vegetation once a year.82

In the three-dimensional global carbon cycle model LOCH, the biogeochemical compo-83

nents are phosphate, silicate, organic matters, and dissolved oxygen [Menviel et al., 2008].84

Phytoplankton growth is determined by the availability of phosphate concentration and85

insolation, and in polar region the growth rate additionally exhibits the temperature de-86

pendence. Further description of the biogeochemical model is available in Menviel et al.87

[2008].88

LOVECLIM is integrated for 5000 years with prescribed atmospheric CO2 of 278 ppmv89

until reaching a steady-state value, then by prognostic atmospheric CO2 for 2000 years.90

We added the forcing of global CO2 emission after 1751 C.E. due to fossil-fuel burning,91

cement manufacture and gas flaring from Carbon Dioxide Information Analysis Center92

(http://cdiac.ornl.gov/ftp/trends/co2_emis/vir.dat).93

We conducted a 10-member ensemble simulation starting 0 C.E. with different initial94

conditions until 2000 C.E.. The spin-up period is for 850 years from 0 to 850 C.E., which95

is enough to reach steady state of the surface dynamics and biogeochemistry. Then we96

analyzed 10 members of the last millennium simulation from 850 to 1850 C.E.. The97

ensemble mean provides a more robust estimation of the forced signal component.98
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Table S1. External forcing of the last millennium simulations182

Model Orbital Solar irradiance Trace gasses Volcanoes Land Use

MIROC PMIP31 PMIP3 PMIP31 Gao et al. [2008]4 –

(CBL∗)

CESM PMIP31 PMIP31 PMIP31 Gao et al. [2008]4 PMIP3

(Vieira and Solanki [2010]) (1751CE ∼) Andres et al. [2012] (Pongratz et al. [2008]5)

LOVECLIM PMIP31 PMIP3 (1751CE ∼) CDIAC6 Crowley [2000]8 (1850CE ∼)

(Muscheler et al. [2007]7) Houghton [2003]9

183

184

(∗) CBL is spliced data set of Crowley [2000]1, Bard et al. [2000]2, Lean et al. [1995]3. Since185

the Crowley data cover only after 1000 CE, we fit a spline to the data from the Crowley data to186

the Bard data. Then the resulting time series were scaled to the Lead data that cover only 1610187

CE onward. The final scaling was performed to become consistent with the solar forcing in the188

MIROC’s 20th century historical run submitted to CMIP3.189

190

Data are available at191

(1) http://www.ncdc.noaa.gov/paleo/pubs/crowley.html192

(2) ftp://ftp.ncdc.noaa.gov/pub/data/paleo/climate_forcing/solar_variability/bard_irradiance.txt193

(3) ftp://ftp.ncdc.noaa.gov/pub/data/paleo/climate_forcing/solar_variability/lean2000_irradiance.txt194

(4) http://climate.envsci.rutgers.edu/IVI2/195

(5) http://cera-www.dkrz.de/WDCC/ui/Compact.jsp?acronym=RECON_LAND_COVER_800-1992196

(6) http://cdiac.esd.ornl.gov/ftp/ndp030/global.1751_2008.ems197

(7) ftp://ftp.ncdc.noaa.gov/pub/data/paleo/climate_forcing/solar_variability/muscheler2007solar-mod.txt198

(8) ftp://ftp.ncdc.noaa.gov/pub/data/paleo/gcmoutput/crowley2000/199

(9) http://cdiac.ornl.gov/trends/landuse/houghton/houghton.html200

201
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Figure S1. Time series of monthly-mean (a) volcanic forcing of MIROC (blue) [Gao et al.,

2008], CESM (green) [Gao et al., 2008], and LOVECLIM (red) [Crowley, 2000], annual-mean

(b) solar irradiance forcing, and (c) atmospheric 2m temperature anomaly in the Northern

Hemisphere for the 1500 to 1850 reference periods, and the concentration of overlapping NH

temperature reconstructions for the 1500 to 1850 reference period (in Figure 5.8 by IPCC AR5

[Masson-Delmotte et al., 2013]) (grey shading).
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Figure S2. Scatter plots of volcanic forcing (− W m−2) and the anomaly of global SST (◦C)

with 0–2 years mean lag from the 1000-year mean in MIROC (blue circles), CESM (green circles)

and LOVECLIM ensemble mean (red circles). Black stars show the global-mean SST estimates

in another model [Church et al., 2005; Stenchikov et al., 2009] or historical SST analysis studies

[Rayner et al., 2003]. Grey lines are standard deviation of 10 ensemble members in LOVECLIM.

Blue, green and red lines are the regression between the volcanic forcing and the SST change in

each model.
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Figure S3. Scatter plots of the anomalies of global-mean atmospheric 2m temperature (◦C)

and of the tropical Pacific SST (◦C) (5◦S–5◦N, 120◦E–80◦W) with lag 0 and 2 years (for the

period from −2 to +5 years) after strong volcanic events (< −5 W m−2) in MIROC (blue),

CESM (green), and LOVECLIM (with all ensemble members, red). In the left figure with lag

0 year (for 8-year analysis), it exhibits 40 cases for 5 volcanic events (= 5 events × 8 years)

in MIROC, 88 cases for 11 volcanic events in CESM, and 240 cases for 3 volcanic events in

LOVECLIM. In the right figure with lag 2 years (for 6-year analysis), it includes 30 cases in

MIROC, 66 cases in CESM, and 180 cases in LOVECLIM.
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