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About 4C

Climate-Carbon Interactions in the Current Century (4C) is an EU-funded H2020 project that addresses
the crucial knowledge gap in the climate sensitivity to carbon dioxide emissions, by reducing the uncertainty in
our quantitative understanding of carbon-climate interactions and feedbacks. This will be achieved through
innovative integration of models and observations, providing new constraints on modelled carbon-climate
interactions and climate projections, and supporting Intergovernmental Panel on Climate Change (IPCC)
assessments and policy objectives.

Executive Summary

The objective of WP2 of 4C is to develop the capability of 3 European ESMs (IPSL-ESM, MPI-ESM, EC-
Earth) to predict the near-term evolution of carbon sinks, atmospheric CO2, and climate in response to future
emissions. To do so, IPSL-ENS, MPG and BSC have produced reconstructions of the recent past that will be
used as initial conditions for retrospective near-term predictions. This deliverable (1) describes the standard
procedures adopted by each group to initialise their coupled climate-carbon simulations over the last decades,
(2) presents a brief evaluation of the reconstructed ocean-atmosphere and land-atmosphere fluxes against
data-based estimates, and (3) summarises some of the alternative or improved initialisation techniques on

which the modelling groups are still working.

Keywords

Earth System Models, Initialization, Carbon fluxes reconstructions
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1 Methodological aspects of initialisation in 4C
Earth System Models

As detailed in llyina et al. (subm.), we recall here the main technical aspects of the initialisation techniques or

data assimilation methods that have been used by the 4C climate modelling groups (Table 1). Following the

DCPP philosophy, i.e. not specifying a unique technique for initialising the prediction model systems, these

techniques strongly differ among the 4C groups.

Note, however, that in all model systems, the carbon cycle components are only indirectly initialised with

initialisation/assimilation techniques directly affecting the physical variables of the Earth System Models. Note

also that all simulations discussed here are all forced by imposed atmospheric concentrations and land-use

changes over the historical period.

Table 1: Overview of 4C prediction systems and initialisation techniques.

MODEL

Resolution
Atmosphere

Resolution
Ocean
Initialisation
Atmosphere

Initialisation

Ocean

Ensemble Size
References

IPSL-CM6A-LR
2.5°x1.3°,
79 levels

1°, 75 levels

N/A

EN4 SST and Atlantic
SSS anomalies

Boucher et al. (2020)

____MPLESM1.2-HR EC-EARTH3-CC

T127, 95 levels T255, 91 levels

0.4, 40 levels 1°, 75 levels

ERA-40 and ERAInterim: ERA-Interim/ERA5

Vorticity, divergence, Full field

log(p), T; full field

ORAS4 3D T-S anomalies, = Reconstruction nudged to ORAS4 T-S

sea-ice concentration using the same 3D nudging protocol
anomalies from NSIDC as in Sanchez-Gomez et al (2016)
Full field
10 members

Mauritsen et al. (2019) Sanchez-Gomez et al (2016)

D2.2 Initial conditions for retrospective predictions | 6



1.1 IPSL-CM6A-LR

Retrospective predictions based on the IPSL-CM6A-LR climate model are initialised from a global century-
long simulation in which anomalies of global EN4 sea surface temperature and Atlantic sea surface salinity
presented by Reverdin et al. (2019) have been nudged into the climate model. The nudging procedure is
described by Estella-Perez et al. (2020).

It includes, in particular, a variable nudging strength depending on the upper mixed layer depth, as described
in Ortega et al. 2016. Furthermore, the low-frequency modulation of sea surface salinity anomalies as

reconstructed by Reverdin et al. (2019) are combined to the climatology of SSS from EN4.

There is no assimilation of subsurface ocean, sea ice, biogeochemistry or atmospheric observations. Note
that two flavours of this initialisation procedure have been tested, and described further down in section 4. 3
assimilation simulations, starting from 3 different historical simulations, have been integrated from 1900 to

2016. The initialised retrospective predictions are launched from only 1 member.
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1.2 MPI-ESM1.2-HR

MPI-ESM1.2-HR retrospective predictions are initialised from a separate reconstruction/assimilation run, in
which observation and reanalysis data are nudged into the Earth system model (Li et al. 2019, Pohlmann et
al. 2019, llyina et al. 2020).

HR refers to high resolution with atmosphere ~100km in the horizontal and 95 vertical levels and ocean
~40km in horizontal and 40 vertical levels. We nudge atmospheric 3D full-field temperature, vorticity,
divergence, and surface pressure from the European Centre for Medium-Range Weather Forecasts (ECMWF)
Re-Analysis ERA40 (Uppala et al. 2005) for the period 1958-1979 and ERA-Interim (Dee et al. 2011) for the
period from 1980-2018. For the ocean component, anomalous 3D temperature and salinity from the ECMWF
Ocean Reanalysis System 4 (ORAS4) (Balmaseda et al. 2013) and sea-ice concentration from the National

Snow and Ice Data Center (NSIDC) satellite observations (as described in Bunzel et al. 2016) are nudged.

The sea-ice concentration is a combination of a climatology before 1979 without satellite data and anomalies
from 1979 when satellite observations are available. This assimilation run is under CMIP6 forcings with
prescribed atmospheric CO2 concentration. As the ocean biogeochemical processes adjust to the assimilated
physical climate states slowly, we perform a pre-assimilation of about 50 years. Each year of assimilation
starts from November to October in the next year, and the restart files on October 31st are saved yearly for

initialised retrospective prediction runs.
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1.3 EC-Earth3-CC

Initial conditions (ICs) for retrospective predictions with EC-Earth3-CC are obtained from three different
procedures for ocean, land vegetation and atmosphere. For the ocean, the procedure includes restoring of
SST and SSS as well as 3D temperature and salinity Newtonian dumping below the mixed layer. We use the
restoring timescale distribution of Sanchez-Gomez et al. (2016). At the surface SST is restored using a
feedback coefficient between flux and temperature of -40 W/m2/K while the feedback parameter for
freshwater fluxes is set at -167 mm/day. Below the mixed layer, the restoring timescale varies between 10
days (up to 800m) and 360 days (below 800m). The reference dataset used for surface restoring and 3D
nudging is the ECMWF Ocean Reanalysis System 4 (ORAS4) (Balmaseda et al. 2013), while the atmospheric
forcing used is the DRAKKAR forcing set DFS5.2 (Dussin et al. 2016) which is based on the ERA-40 and Era-
Interim reanalyses. As in Sanchez-Gomez et al. (2016), we decided to use a configuration that leaves a no-
nudging band between 15°S-15°N. Sea Ice, as well as ocean biogeochemistry, are let free to evolve in

response to the constrained ocean physics.

The atmospheric initial conditions are obtained from the ERA5 (or ERA-Interim) reanalysis from ECMWF,
which have been interpolated to the EC-Earth3 Standard Resolution configuration of T255/N128 in the

horizontal and 91 vertical levels, using full-pos from openlIFS cycle 40r1.

The land vegetation ICs are done using the EC-Earth LSM (Land Surface Model) forced by reanalysis
datasets. The EC-Earth LSM couples the OSM (Offline Surface Model), an offline version of H-TESSEL which
is the land surface component of the IFS (Integrated Forecast System), to the LPJ-Guess dynamic vegetation
model. This coupling has been done to facilitate development and testing of the coupling between IFS/H-
TESSEL and LPJ-Guess and also to perform observationally-forced reconstructions in which the partitioning
of land surface fluxes and albedo are consistent with the fully-coupled model. The EC-Earth LSM uses the
same CMIP6 forcings for land-use, nitrogen and greenhouse gases as the coupled ESM version EC-Earth-
CC, thus allowing it to perform Pl (Pre-industrial) spinups and historical simulations up to the present day. The
LPJ-Guess version used in EC-Earth-CC model has been improved for C4MIP to smooth the fluxes to the
atmosphere and also for 4C to be able to start/stop the model in any date of the calendar year, which is

necessary to produce ICs on Nov. 1st required for decadal predictions.

The atmospheric forcing used is the ERA-20C reanalysis for the period prior to 1979 and ERA-Interim/ERAS
from 1979-2018, for consistency with the ORAS4/ORASS5 ocean reanalyses used for generating the Ocean
ICs. The use of bias-corrected reanalyses such as GSWP3 for the period prior to 1979 is currently being
investigated, as the transition from ERA-20C to ERA-Interim/ERAS forcings in 1979 generates a shift in
carbon stock and NPP/GPP compared to a reconstruction with only ERA-20C The official land vegetation
initial conditions produced for 4C have been done using ERA-Interim, and an alternate dataset has been

produced using ERA5 forcings, which will be used to initialise near-term predictions in Task 2.4.

D2.2 Initial conditions for retrospective predictions | 9



The procedure used to generate the ICs is as follows:

1. LPJG offline spinup of 500 years with constant 1850 CMIP6 forcings and repeating 1901-1910

atmospheric forcings which have been processed by the OSM.

2. OSM+LPJG run with transient CMIP6 forcings from 1850-1901 by repeating the 1901-1920
atmospheric forcings, following the TRENDY protocol.

3. Continue the transient run up to 1979, saving the LPJ-Guess restarts on Nov. 1st and Jan. 1st from

1950 onwards.

4. Perform a similar transient run from 1979-present day using ERA-Interim/ERAS5 forcings.
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2 Evaluation of ocean-atmosphere and land-
atmosphere carbon fluxes in the initialisation
simulations

Here we assess the variability of the ocean-atmosphere and land-atmosphere carbon fluxes (hereafter
referred to as carbon sinks) by comparing the simulated fluxes from the reconstruction/assimilation
simulations to observatio-based estimates and to the carbon sinks estimates from the global carbon budget
(Friedlingstein et al. 2019) over the last decades (1982-2013; Fig. 1).

These reconstructed sinks for initialisation are also compared to the simulated sinks from classical historical
simulations (hereafter referred to as uninitialised) following CMIP6 forcing in which the model physics evolves
freely (and does not match necessarily the observed variability). The reconstructions capture multi-year
variations of the carbon sinks as represented by the SOM-FFN observation-based estimates of the ocean
carbon sink (Landschutzer et al. 2015) and the carbon sinks from the global carbon budget (GCB2019,
Friedlingstein et al. 2019).

The uninitialised historical simulations show much smaller variations as they mainly capture the trends of
carbon sinks in response to rising carbon emissions. The results from 4C models together with other models
suggest that the reconstructions, in which the observations are assimilated into the Earth system models,
outperform the uninitialised historical simulations in capturing multi-year variations of the ocean and land

carbon sinks. Therefore, the reconstructions will be used for initialising the retrospective predictions.
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Figure 1: Time series of the global anomalous CO2 flux relative to the climatological mean in each modeling
system into the ocean (left) and land (right) from reconstruction / initialisation (top) and uninitialised
simulations (bottom). The long-term linear trends are removed for all the time-series. Left panels include
available observation-based estimates from SOM-FFN (Landschutzer et al. 2016). Numbers on the legends
show the correlations relative to GCB2019 and correlations relative to SOM-FFN data-based estimates of the
CO2 flux into the ocean (shown in brackets). (Figure is redrawn based on llyina et al. submitted to GRL,
updated with output from EC-Earth3).
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3 Additional initialised simulations as performed
with the 4C Earth System Models

3.1 IPSL-CM6A-LR

The preliminary analysis of initial conditions in IPSL-CM6A-LR highlighted the fact that salinity variability is
particularly high (and probably overestimated) in IPSL-CM6A-LR, while it is damped due to a 3-yrs running
filtering process in the SSS dataset. This discrepancy may have induced a damping of the model's variability
and therefore led to artificially smooth reconstructions (old-assim), at least in terms of large scale oceanic

circulation, and in particular Atlantic overturning circulation (AMOC).

For this reason, IPSL/ENS group is currently working on an updated version (new assim) of the reconstruction
methodology in which the low-frequency variability of the salinity data used for the nudging has been inflated
to better fit the model's internal variability. Figure 2 shows the reconstruction of the globally averaged CO2 flux
into the ocean over the 20" century in both assimilation ensemble means (3 members), as well as non-

initialised historical simulations and reconstructed observations (MPM).

This figure confirms that both assimilation simulations are relatively consistent among each other, at least
over the early part of the century. They also show some signs of synchronisation with the observations,
although with a strongly underestimated variance. Yet even forced oceanic simulations do not achieve to

reproduce the observed variance.
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Figure 2: Time series of the global CO2 flux into the ocean in various configurations of the IPSL-CM6A-LR
climate model as compared to an ocean-forced simulation with NEMO-PISCES and to various data-based
estimates. The black line shows the data-based estimate, resulting from the average of the MPI-SOMFFN
(Landschutzer et al. 2016), Jena-MLS (Roedenbeck et al. 2014) and CMEMS (Denvil-Sommer et al. 2019)
products. The grey shading indicates the maximum and minimum value reached by these three data sets at
each time step. The blue curve shows the average of the three standard assimilation runs performed at IPSL
for the DCPP project, and also used in llyina et al. (subm). The red curve shows the average of three new
assimilation runs performed at IPSL with an alternative assimilation procedure (see text). The green curve
shows the average the 3 historical simulations (uninitialised). The black-dash line shows the ocean forced
simulation with NEMO-PISCES used for the Global Carbon Budget 2019 (Friedlingstein et al. 2019).
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3.2 MPI-ESM1.2-LR

In addition to the MPI-ESM1.2-HR assimilation with prescribed atmospheric CO2 concentration forcing, for the
first time, we perform assimilation with prognostic atmospheric CO2 under emission-driven configuration. This
is based on MPI-ESM1.2-LR. LR refers to low resolution with atmosphere ~200km in horizontal and 47
vertical levels and ocean ~150km in horizontal and 40 vertical levels. The new framework of emission-driven
simulations with interactive carbon cycle enables reconstruction and predictions of atmospheric CO2

concentration.

The nudging schemes are the same as the assimilation with prescribed atmospheric CO2 concentration. In
this assimilation, we leave out ocean nudging for the equatorial band of 5S-5N to avoid spurious upwelling
there due to nudging. New features are the CO2 emission forcing and the interactive carbon cycle. Our first
results from the assimilation show comparable evolution of the atmospheric carbon increment and carbon
fluxes with the GCB2019 (Fig. 3).

Atmospheric carbon growth 5 Net carbon flux info the Ocean ) o Netcarbon fluxino the Land, )

«=GCB2019 «=GCB2019 ~, «=GCB2019
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Figure 3: Time series of atmospheric carbon increment (left), net carbon flux into the ocean (middle) and the
land (right) from MPI-ESM1.2 emission-driven assimilation together with the global carbon budget
(GCB2019) data. The GCB2019 carbon fluxes are from multi-model ocean and land stand-alone simulations;
the thick blue curves show multi-model mean and the thin blue curves show individual model results. The

numbers in legend show correlation coefficients between assimilation and GCB2019.
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3.3 EC-Earth3-CC

For the ocean initial conditions, we tested several combinations of spatial distribution and strength of the 3D
nudging using ECMWF Ocean Reanalysis System 4 (ORAS4) as our reference dataset. A latitudinal band
with no 3D nudging was included in all cases to avoid spurious vertical velocities and instabilities at low

latitudes as in Sanchez-Gomez et al. (2016; Table 2).

Table 2: Configurations tested to produce the ocean reconstructions with EC-Earth3.

. Surface restoring .
m 3D nudging T&S (SST&SSS) No 3D nudging

alyp Default: Default: 3°S-3°N
(baseline configuration T (z=1.5m) = 3 days yr=-40 W/m2/K
in EC-Earth3.3) T(z=14m) = 3.1 days Vs=-167 mm/day

T (z=61m) = 3.2 days

T (z=180m) = 3.8 days

T (z=500m) = 5.6 days

T (z=950m) = 9.2 days

T (z=1390m) = 15.4 days

T (z=3000m) = 84 days

T (z=4900m) = 329 days
alz8 T(M.L. < z < 800m) = 10 Default 15°S-15°N
(to test the impact of the = days
vertical profile for the 30 T(z > 800m) = 360 days

nudging)
Same as in Sanchez-Gomez
etal (2016)
alz2 Default yr=-600 W/m2/K 3°S-3°N
(to test the impact of Ys=-2250 mm/day
surface nudging)
a20w Default Default 6.4°S-6.4°N

(to test the impact of the
buffer zone without 3D
nudging)

To validate these tests, we used remote sensing surface chlorophyll in various regions of the ocean (Fig. 4).
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Figure 4: Validation of surface chlorophyll in ocean reconstructions using MODIS-Aqua. Here is shown the
example of the Equatorial Pacific region. Experiment a1z8 with a no-nudging band between 15°S-15°N and a

different vertical 3D nudging profile showed overall the best performance.

These reconstructions, however, cannot be used for the envisaged retrospective decadal predictions because
ORAS4 has been discontinued and replaced by the new Ocean Reanalysis System 5 (ORASS5) which is
maintained and updated. For this reason, to keep our prediction modelling system working, we had to modify
our procedure so it can assimilate ORAS5 (which is produced at a higher horizontal and vertical resolution
than ORAS4 and EC-Earth3-CC). However, ORAS5 presents significant differences from ORAS4, in
particular a problematic non-stationary bias over the North Atlantic, causing a loss of skill over this region in
the fifth operational version of ECMWF's seasonal prediction system (Tietsche et al., 2020). A problem that
also affects two EC-Earth seasonal predictions initialised from ORAS5-based reconstructions (Fig. 5) and that

is expected to degrade the skill of the decadal predictions if the same approaches are used.

To overcome this problem, we started performing extensive tests using ORASS as well as other observation-
based products to identify the best configuration (surface restoring and 3D nudging strength/distribution) to
circumvent the non-stationary bias problem. At the moment, three strategies have been selected because of

their encouraging preliminary results:
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1- Nudging towards ORAS5 at the surface (as Tietsche et al.,, 2020 demonstrates that the non-
stationarity bias is linked to the subsurface) and towards EN4 (Good et al., 2013) in the subsurface.

2- The same as the previous one, but using two datasets for the subsurface nudging: EN4 in a box
extending from the Labrador Sea to the Grand Banks, and ORASS5 elsewhere.

3- Reconstruction reproducing the OMIP2 protocol but including surface nudging of SST towards COBE-

SST (Hirahara et al., 2014; the same product used to produce the JRA5S5 reanalysis, which is used as

the atmospheric forcing).

Tests (2) and (3) have been completed and are now being analysed while test (1) is ongoing.
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Figure 5: Anomaly Correlation Coefficient (ACC) of SST in two November initialised seasonal forecast
system based on EC-Earth3. ACC values are computed against EN4 observations (Good et al. 2013). The
two figures refer to two tests performed using ORASS5 as the reference product for the ocean data
assimilation in the generation of ocean initial conditions. The dramatic loss of predictive skill over the North

Atlantic is visible as a region of negative correlation southeast of the Labrador Sea area.
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4 Conclusions

The initialisation simulations performed with the standard versions of the 4C earth system models (IPSL-CM,
MPI-ESM and EC-Earth) show interesting performances when compared to estimates based on observations
of oceanic and biospheric carbon sinks. In particular, this comparison reveals that these reconstructions

outperform the uninitialised historical simulations in capturing multi-year variations.

These models are therefore used subsequently for producing retrospective predictions (llyina et al. subm) to

estimate the possibilities of CO2 prediction within a few years.

In parallel, several avenues are explored to improve the score of the initialised simulations (modifications of
the assimilation procedure, use of other data sets) — these avenues will be further exploited in the coming
months. A first evaluation of an initialisation simulation with a forced-emission model for which the simulated
atmospheric CO2 growth rate can be directly compared to observations is also presented with very promising

Scores.
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