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Schematic of ocean carbon cycle
Pumps transport carbon to deep ocean
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Schematic of ocean carbon cycle
Pumps transport carbon to deep ocean

1. solubility pump ! biological \‘

e = S .

CO:2 sink
surface Warm h ' . i cool
ocean p Otosyr;thesus

A g solubility
) CaCO; © _ soft pump

NOgdVvO

E tissue [
|+I I
O : : g

accumulation
of carbon

dee
ocedn

Low & Mid Latitudes High Latitudes




Schematic of ocean carbon cycle
Pumps transport carbon to deep ocean
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Time-of-Emergence Calculations

Signal = mean of 30 linear trends over given time period
Noise = standard deviation of 30 trends ( ~normally distributed)
SNR = Signal/Noise
Time-of-Emergence for anthropogenic trend is first year when SNR > 2. [95% Confidence]
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Time-of-Emergence Calculations

Signal = mean of 30 linear trends over given time period

Noise = standard deviation of 30 trends ( ~normally distributed)
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Large Ensemble Experiments from 4 Earth System Models
Changes in key ocean observables over the 21st century
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Changes in key ocean observables over the 21st century
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Time of Emergence for Local Trends
Mean of the 4 LEs, white hatching over areas of model-disagreement
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Time of Emergence for Local Trends
Mean of the 4 LEs, white hatching over areas of model-disagreement
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Partitioning Uncertainty (e.g. Hawkins and Sutton)
using multiple Large Ensembles
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Partitioning Uncertainty (e.g. Hawkins and Sutton)
using multiple Large Ensembles
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Partitioning Uncertainty (e.g. Hawkins and Sutton)
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Partitioning Uncertainty (e.g. Hawkins and Sutton)
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Partitioning Uncertainty (e.g. Hawkins and Sutton)
using multiple Large Ensembles
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Partitioning Projection Uncertainty in 4 ESM LEs

Urm(t) = Maxz{LE,g5(t, m=1:4)} — Min{LE,, g5(t,m =1:4)} (1)

Where t is the years between 1990 and 2100 and m denotes the 4 ESMs. We use the RCP8.5 LEs for two

reasons: (1) this is the scenario with the most ensemble members available, at least 30 members for each ESM

and (2) the larger forcing that persists through the century will reveal model differences more effectively than

will the moderate or declining forcing scenario.
We estimate Us by averaging across both ensemble members and ESMs,
Us(t) = Mean{LFEgs5(t, m =1:4)} — Mean{LE(t,m =1 :4)} (2)

where t is the years between 2006 and 2100 and m denotes the 4 ESMs.

Uv(m,t) = Max{LFE,,g5(t,e =1:30)}) — Min{LE,,s(t,e =1:30)} (3)

where t is the years between 1990 and 2100, m denotes the 4 ESMs, and e denotes the ensemble members in

each LE. We use the RCP8.5 LLEs as this is the scenario with the most ensemble members available for each of
the LEs.
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Sequence of Emerging Anthropogenic Signals in the Ocean
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Sequence of Emerging Anthropogenic Signals in the Ocean

Pumps (in bold) and ocean tracers and process to which the pumps are coupled
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Figure 3.2: Global and regional year of emergence
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Global and regional year of emergence(after 1990) for globally- and regionally-integrated anthro-
pogenic signals and 50% of local anthropogenic signals for the given biogeochemical variables. For
each domain a single domain-averaged or domain-integrated timeseries for each variable is used to
compute ToE. Color of each cell corresponds to the emergence year. Dashed boxes around the 3
ocean carbon pumps. Variables same as defined in caption of Figure 3.1




Figure 3.4: Seasonality of ApCO, ToE and Signals
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Time of Emergence for (5a.) annual (5c.) local summer and (5e.) local winter trends in sea-
air ApCO, and the corresponding trend (signals) in same order (5b, d, f). July-September and
January-March define summer and winter. Signals are the linear trend between 1990 and the ToE
for each grid-cell. Panel 5g. shows the ensemble mean seasonal cycle of ApCO4 at 3 locations along
160W (marked in 4f.) for year 1990 (solid) and year 2100 (dashed). The amplification of the seasonal

pCO, cycle is shown on the maps and on the diagram of the season cycle at the 3 locations.
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Figure 3.5: Tokk and Signal Maps for surface vs. depth-integrated chlorophyll
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ToE (a-b) and Signal Maps (d-e) for surface vs. depth-integrated chlorophyll. Surface trends are two

orders of magnitude greater than depth integrated (0-500m) trends, however emergence of integrated
chlorophyll is generally earlier due to the noise reduction that occurs with depth integration. The
maximum on the color scale for chlorophyll inventory signal is [4x10™ mmol m™ yr™!] and for surface
chlorophyll is [2.3x10% mmol™ yr~t]. [NOs] = 0.5 pmol kgt contours imposed on panel d.
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Figure A.1: Changes in ocean carbon pumps for the LE and sensitivity experiments
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Panel a. shows the physical pump (air-sea CO, fluxes) and panel b the biological pumps, where
POC is particulate organic carbon. Values from the sensitivity experiments are shown in different
colors. All forcings indicates a fully coupled, transient run in which the forcing follows a historical
to RCP&.5 pathway. In 1950, ensembles 2-29 branch from ensemble member 1, with the ensemble
mean shown in darker purple. The Rad-only run includes only the radiative impacts ot anthropogenic
forcings, and air-sea gas exchange is not affected by rising atmospheric CO,. The BGC-only run
has only the chemical impacts of anthropogenic warming (i.e. increased CO4y gas exchange, but no
warming). Prelnd indicates the pre-industrial control run. End of blue shading and dashed line
at 1990 indicates the beginning of the ocean observation era, and the reference state from which
emergence is defined for this paper.
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Figure A.2: Change in surface ocean pCO, due to biological export of carbon
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The export of soft tissue and calcium carbonate impacts surface ocean pCO, through changes in
the concentration of alkalinity (ALK) and dissolved inorganic carbon (DIC). The impacts are not
explicitly diagnosed in ESM2M, however we do offline calculations with CO2SYS (van Heuven et al.,
2011) to estimate the impact of changing export on surface pCO,. This is done by first computing
pCO, using monthly output from the year 2100, then adjusting the concentration of DIC and ALK
to account for changes in the pumps relative to 1990, and recalculating surface pCO, with the
export-adjusted DIC and ALK concentrations. The difference between the pCO5 at 2100 and the
pCO5 at 2100 if the pumps were stationary since 1990, is shown below. The annual mean is taken
after the computations of pCO, are done monthly. For reference, the total pCO5 changes by ~550
uatm over this same time period, due to rising atmospheric pCO, and a warming surface ocean.
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Figure A.7: Error for ToE calculation with Pre-Industrial noise.
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Error for ToE calculation when using Pre-Industrial noise instead of contemporary noise derrived
from the LE. (a), (b), and (c¢) show the maximum difference between emergence times calculated
for air-sea CO, fluxes between using the full ensemble for both signal and noise estimates (ToELE)
and using pre-industrial noise (ToEpr) and 3, 10 and all 30 ensemble members to estimate the
anthropogenic signal. (d) shows the fractional ocean area with a difference between ToFE g and
ToEpr greater than 20%. Increasing the number of ensemble members reduces error, however
persistent error remains (~15-30% of the globe), due to the inaccuracy of pre-industrial noise.
Dashed lines are the maximum error in ToE estimates, solid lines are mean (expected) error, for the
given number of ensemble used to estimate the anthropogenic signal.
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Figure 6.1: Noise and Emergence for HadiSST and the GFDL-LE
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Figure 6.2: Time of Emergence using ESM Signals and HadiSST Noise
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Global and regional emergence times for the mean of the 4 LEs using method presented in Chapter
2 (row 1), for the case in which HadiSST noise is used for each LE in place of model-generated noise
(row 2) and the difference between the model-only vs. model-obs ToE estimates (row 3). For each
LE, ToE is first computed separately before the multi-model mean is taken.
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