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Abstract. This paper provides a comprehensive description of OSCAR v2.2, a simple Earth system model. The general philos-
ophy of development is first explained, it is then followed by a complete description of the model’s drivers and various modules.
All components of the Earth system necessary to simulate future climate change are represented in the model: the oceanic and
terrestrial carbon-cycles — including a book-keeping module to endogenously estimate land-use change emissions — so as to
simulate the change in atmospheric carbon dioxide; the tropospheric OH chemistry and the natural wetlands, to simulate that
of methane; the stratospheric chemistry, for nitrous oxide; thirty-seven halogenated compounds; changing tropospheric and
stratospheric ozone; the direct and indirect effects of aerosols; changes in surface albedo caused by black carbon deposition
on snow and land-cover change; and the global and regional response of climate — in terms of temperatures and precipitations
— to all these climate forcers. Following the probabilistic framework of the model, an ensemble of simulations is made over
the historical period (1750-2010). We show that the model performs well in reproducing observed past changes in the Earth

system such as increased atmospheric concentration of greenhouse gases or increased global mean surface temperature.

1 Introduction

Simple biogeochemistry-climate models, also qualified as compact or reduced-form models, are widely used in the climate
change research community. These models share several features. First, they are not spatially resolved and as such they can be
refered to as box models, although the number of boxes — and therefore of state variables — may vary greatly: from a couple to
several hundreds. This limited number of state variables make them relatively intelligible, when compared to complex three-
dimensional models. Second, the time-step of analysis and of numerical solving is about one year, which implies they usually
cannot include representations of seasonal processes. One consequence of these two features is their very high computing
efficiency: one simulation typically takes about one minute on a laptop. Compact models can therefore be used in a variety
of setups, for instance: to translate a large number of pathways of greenhouse gases emissions into projected climate change

(e.g. Clarke et al., 2014); to complement a study by a process-based model (e.g. Schneider von Deimling et al., 2012) or an
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economic model (e.g. Rogelj et al., 2013); to extend a given experiment or assess its uncertainty with a Monte-Carlo analysis
(e.g. Gasser et al., 2015); to attribute changes in a variable of the climate system to physical processes (e.g. Raupach et al.,
2014) or to emitting countries (e.g. Hohne et al., 2011); or to easily discuss theoretical frameworks (e.g. Raupach, 2013) or
policy-relevant indicators (e.g. Huntingford et al., 2012). Because they are simple models of complex phenomena, these models
can hardly be process-based. Quite the opposite, they usually consist of ad hoc parametric laws which require to be calibrated
or optimized using either observations (e.g. Ricciuto et al., 2008) or more complex models (e.g. Meinshausen et al., 2011).
Here, we present an important update of a simple Earth system model that has already been used for some time. The model is
named OSCAR, and this paper provides a comprehensive description of version 2.2. This model has a relatively large number of
parameters which are almost all calibrated on complex models. Section 2 provides the details of the mathematical formulation
of the model, and it describes how the parameters are calibrated or derived. The first subsection provides general information
about the model. The second subsection describes the forcings of the model: anthropogenic emissions of greenhouse gases,
ozone precursors, aerosols and aerosols precursors, land-use and land-cover change, and some additional anthropogenic and
natural radiative forcings. The next subsections describe the model’s various modules dedicated to the prediction of carbon
dioxide, methane, nitrous oxide, halogenated compounds, ozone, aerosols, surface albedo, and the climate reponse. The last
subsection describes the numerical solving method. Section 3 then provides first results from OSCAR v2.2 in the case of a
simulation over the historical period from 1750 to 2010, as well as a brief discussion of these results. Section 4 provides some

preliminary conclusions regarding the model, its performance and interest, and future potential development.

2 Description
2.1 General points

Since version 2.0 (see appendix A for an overview of the model’s history), the development of OSCAR is driven by three
principles. First, we aim to embed in OSCAR as many components and processes of the actual Earth system as possible, with
the overall idea of favoring the amount of processes, interactions and feedbacks implemented over the modelling complexity
of each of these elements. Second, OSCAR is built as a meta-model capable of emulating the sensitivities of models of higher
resolutation or superior complexity. To do so, in order to calibrate those sensitivities, we use outputs from complex models that
participated to intercomparison projects whenever possible. Consequently, OSCAR is designed to be used in a probabilistic
framework. Third, the model is developed as a dynamic model of the Earth system with an assumed equilibrium corresponding
to the preindustrial era. The reason for this is the original purpose of the model to perform studies attributing the anthropogenic
component of climate change (e.g. Ciais et al., 2013a; Gasser, 2014; Li et al., 2016).

This last point also is the reason why all the following equations are expressed as a difference to our so-called preindustrial
equilibrium. In the model, all variables Z are therefore formulated as a constant term Zj, being the preindustrial value of the
variable, to which a time-varying perturbation term AZ is added, so that we always have: Z = Zy + AZ. Only the forcings,
described in the following subsection, are expressed without this A-term, since per construction their constant term is zero.

This A-term is the actual state variable of the model, and it is consequently the one used to discuss the performance of OSCAR



10

15

20

25

30

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016-149, 2016
Manuscript under review for journal Geosci. Model Dev.
Published: 23 June 2016

(© Author(s) 2016. CC-BY 3.0 License.

in section 3. Also, all these state variables are nil at the beginning of the simulation (i.e. at ¢ = 0). Because of this modelling
approach, one may better describe OSCAR as being a "climate change" or "Earth system change" model. A diagram of the
model’s simplified structure is shown in figure 1.

Let us now introduce some of the main notations that are used throughout the description sections. The variables of the
model are written with Roman letters, whereas its parameters are with Greek letters. Among the variables, some letters are
consistently dedicated to a specific kind of variable: F' for fluxes of matter; F for emissions, i.e. positive fluxes towards the
atmosphere; C for carbon pools; A for surface areas; 7" for temperature; P for precipitations. Similarly, among the parameters:
« for proportionality factors, and therefore also conversion factors; ~ for relative sensitivities to a climate variable; I" for
absolute sensitivities to a climate variable; £ for chemical sensitivities; 7 for time constants; v for rate constants, i.e. the inverse
of time constants; ~ for dimensionless constants; 7 for fractions, i.e. dimensionless constants within [0, 1]; w for weights, i.e.
dimensionless constants whose reference value is 1. A few variables or parameters, however, do not follow these general rules.
Additionally, we use the notation F for mathematical functions whose arguments are given in square brackets. Superscripts are
used either to refer to a given atmospheric species or to denote the subdivision of a given variable or parameter along a given

axis (e.g. a regional axis). The time variable ¢ is kept implicit for legibility, unless it is required.
2.2 Forcings
2.2.1 Anthropogenic emissions

Anthropogenic emissions of various active gases are the main drivers of climate change, and thus of OSCAR. In this version
of the model, the anthropogenically emitted species directly prescribed as emissions over the 1750-2010 period are, for green-
house gases: carbon dioxide from fossil-fuel burning and cement production (Err); methane (Ec4); nitrous oxide (En20);
many halogenated compounds (F'x; see list in section 2.7); for ozone precursors: nitrogen oxides (Enxox); carbon monoxide
(Eco); non-methane volatile organic compounds (Evoc); for aerosols and aerosol precursors: sulfur dioxide (Egp2); ammo-
nia (Enps); organic carbon (Eoc); black carbon (Epc).

Because most of these anthropogenic drivers are actually poorly known, especially when going backward in time, we use
various established inventories in order to introduce variation in our model’s results, and thus explore the uncertainty in climate
change reconstruction and projection. The historical emissions of fossil-based CO5 can be based on the CDIAC dataset (Boden
et al., 2013) or on EDGAR v4.2 (EC-JRC/PBL, 2011). Those of CH4 can be based on EDGAR, ACCMIP (Lamarque et al.,
2010) or EPA (2012). Those of N2O can be based on EDGAR or EPA. Those of all hydrofluorocarbons (HFCs), perfluorocar-
bons (PFCs), sulfur hexafluoride (SFg) and nitrogen trifluoride (NF3) are based on EDGAR, while those of ozone depleting
substances (ODSs) are taken from Meinshausen et al. (2011). The emissions of NO,, CO, VOCs, SO, and NH3 can be based
on EDGAR or ACCMIP - this being set independently for each species. Those of OC and BC are based on ACCMIP. Note
that the biomass burning emissions are removed from these datasets, since those emissions are endogenous to the OSCAR
model (see section 2.4.1), but all other sectors provided by the inventories are accounted for, included notably agricultural

waste burning.
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Similarly to what is done by Li et al. (2016, supplementary information section B.1), the time-series of anthropogenic
emissions are constructed as follows. First, we choose one of the datasets above as the reference dataset whose absolute values
are taken as they are over its period of definition. Second, if needed, we extend the reference dataset beyond its period of
definition by following the relative year-to-year variation of other datasets. The extension forward is needed in two cases: with
the EDGAR dataset as reference, in which case the extension covers 2008—2010 and is made with the EDGAR-FT v4.2 dataset
(EC-JRC/PBL, 2013) for greenhouse gases and the EDGAR-HTAP v2 dataset (EC-JRC/PBL, 2014) for other species; and with
the ACCMIP dataset, in which case the extension covers 2000—2010 and is made with EDGAR first and then EDGAR-FT or
EDGAR-HTAP. The extension backward is also needed in almost all cases. It is done with CDIAC for fossil-fuel CO5 based
on EDGAR; with EDGAR-HYDE v1.4 (van Aardenne et al., 2001) for N;O based on EDGAR or EPA; and with ACCMIP
for any other species based on EDGAR or EPA. For N,O, however, given that the EDGAR-HYDE dataset has global values
that differ significantly from more recent estimates, the dataset is rescaled to the global estimates by Davidson (2009) before
being used for extension. For non-CO; species, the obtained time-series are then linearly extrapolated from 1850, or 1860 in
the case of NO: to be zero in 1500 for biogenic emissions, and in 1750 for fossil-related emissions. The year 1500 is taken to
be consistent with the dataset we use for land-use change (see section 2.2.2). For the HFCs and PFCs whose emissions are not
zero in 1970 (first year of the EDGAR inventory) the backward extrapolation is slightly different. From 1970, their emissions
are extrapolated backward following a quadratic function of the time, to reach zero in a year taken from Meinshausen et al.
(2011): 1930 for HFC-23, 1950 for SFg, 1922 for CF4 and 1889 for CyFg.

Finally, because of our assumption of a preindustrial equilibrium occuring before 1750, we have to offset the full time-series
of anthropogenic emissions obtained thus far by the level of emissions of 1750, thus assuming that everything before that point
in time is part of the natural cycle — or at least negligible as an anthropogenic perturbation of this natural cycle. The obtained
time-series of anthropogenic emissions for all species are shown in figure 2, except for the halogenated compounds which are

shown in figure S1 in the supplement.
2.2.2 Land-use and land-cover change

As OSCAR embeds a book-keeping module to endogenously calculate CO; emissions from land-use change, it needs a specific
type of drivers related to land-use and land-cover change (LULCC). These are threefold. The first driver is for land-cover
change itself (6 AP1 =02 an area per unit time), it is the human-induced transitions from one biome b; to another b-. The second
driver is for wood harvest (§H”; a mass of carbon per unit time), it is the extraction of woody biomass from a given biome b
but without changing the land-cover, and it can be seen as a coarse forestry driver. The third driver is for shifting cultivation
(6S%1b2; an area per unit time), it is the transitions from one natural biome b; to another anthropogenic bs which occurs
simultaneously with the reciprocal transitions. The latter driver is therefore a triangular matrix on the (by,bs) axes, and it is
typical of — but not exclusive to — the agricultural practice happening in the tropics and known as "slash-and-burn".

In this version of OSCAR, only one LULCC dataset is available: the LUH v1.1 dataset (Hurtt et al., 2011) updated for the last
TRENDY exercise (Sitch et al., 2015). Given that this dataset provides information only for an aggregated "natural vegetation"

biome, whereas OSCAR considers different natural biomes, we need to combine the dataset with the natural vegetation maps
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used for the terrestrial carbon-cycle in section 2.3.2, so as to disaggregate further the natural vegetation provided by the LUH

project. Other than that, the dataset is used as is over the 1750-2010 period; it is shown in figure S2.
2.2.3 Radiative forcings

Finally, some remaining known climate forcings are prescribed to OSCAR directly as radiative forcings. This is the case of one
anthropogenic forcing: aviation contrails and induced cirrus (RF .y, ); and of two natural forcings: volcanic aerosols (RF,1c)
and solar irradiance (RFgo1ar). Those drivers are directly taken from IPCC (2013), except that we offset the volcanic forcing

by its value averaged over 1750-2011, thus assuming this value to be representative of volcanic preindustrial conditions.
2.3 Carbon dioxide
2.3.1 Ocean carbon-cycle

The ocean carbon-cycle module is based on the mixed-layer impulse response developed by Joos et al. (1996), widely used
among compact models (e.g. Meinshausen et al., 2011; Raupach et al., 2011), albeit with three important modifications. First,
the convolution with the impulse response function is written as its equivalent box-model, similarly to what Harman et al.
(2011) did. Second, the ad hoc function used to emulate the carbonate chemistry is updated (Harman et al., 2011) and it now
includes a dependency on sea surface temperature. Third, we extend the initial formulation to include a varying mixed layer
depth, assumed to vary with global sea surface temperature in order to represent the stratification of the upper ocean induced
by global warming (e.g. Capotondi et al., 2012). With the last two modifications, key mechanisms of the global ocean uptake
— such as carbonate saturation, warming-driven changes in solubility and impact of ocean stratification (Ciais et al., 2013b) —
are better accounted for in OSCAR.

Following Joos et al. (1996), we explicitly represent only one oceanic carbon pool which corresponds to the surface ocean
(Cisurt); other oceanic carbon pools are only implicitly considered. The two carbon fluxes — in and out — between this surface

ocean and the atmosphere are then calculated separately. They both are proportional to the gaz exchange rate (v¢;) and to the

CO2

atmospheric conversion factor for CO2 (o

). The latter is only used to express a partial pressure of COs — in ppm — into a

quantity of carbon — in GtC. The in-going flux (F},) is a linear function of the atmospheric partial pressure in CO5 (CO2):

AF, = vy a$o? ACO2; (D

atm

and the out-going flux (F,y¢) is also a linear function of the sea surface partial pressure in CO5. This partial pressure is
calculated thanks to an ad-hoc function (F,co,) designed to emulate the non-linear oceanic carbonate chemistry. It depends

on dissolved inorganic carbon concentration in the surface ocean (dic) and sea surface temperature (7s):

CO2 Foco2 [Adic, Ts g + ATs] . )

AFOUt = l/fg aatm
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The dissolved inorganic carbon is deduced from the total carbon stored in the surface layer via a conversion factor (cy)), the

global area of the ocean (Aqcean), and the mixed layer depth (Ap1q):

sol a0 Ahu,
Adic = ol Zmid0 (1+ =

2
Stcr)n Ao cean hrnld ,0

-1
) AC'surf; (3)

where the mixed layer depth is assumed to vary according to the following law, parameterized by the maximum relative

intensity of the stratification (myq € [0,1]) and its sensitivity to sea surface temperature change (ym1q < 0):
Ahmid = hmid,0 Tmid (€Xp [Ymia ATs] —1). “4)

We then represent the net effect of the oceanic circulation and mixing fluxes as a unique flux of carbon that goes from the

surface ocean to an implict deep ocean (F¢i.c). To do so, the surface ocean is subdivided into several boxes (superscript ©).

Each box contains a fraction of the total surface carbon and is assigned an areal fraction (7Z,.; ) 7%, = 1) and a turnover
time (75,..), so that it works as a first order model. So we have:
7—(?irc A (?irc =A gurf' (5)

Note that this subdivision of the surface ocean is not geographical: it only corresponds to the different turnover times of
mixing between the surface and deep oceans, accounted for by the response function of Joos et al. (1996); and the boxes
are not distinguished otherwise as they e.g. share the same carbonate chemistry. Finally, the global perturbation of the ocean

carbon-cycle is obtained by summing over the o-boxes:
AC'surf = Zo Acsurf; (6)
and by solving the carbon budget in each of the boxes:

LNCE, ¢ =70 AFy — 70 AFoy — AFS,.. (7)

surf — “'circ circ

Note that this model implictly assumes no change in the biological pump — change that could be induced e.g. by changes in
climate or nutrient availability (Ciais et al., 2013b).

The atmospheric conversion factor is calculated following Prather et al. (2012, table S2): a value of 0.1765 Tmol ppb~—! of

X
atm*

dry air is assumed, and it is multiplied by the molecular mass of any species X to obtain « The conversion factor o is
set to 1.722 1017 pmol m3 ppm~! kg=! (Joos et al., 1996). The function F,,co2 can be either one of the two formulations
(Pade-approximant or Power-law fits) given by Harman et al. (2011). The parameters ¢y, Aoceans Pmld,0, Teire and Teire, as
well as the preindustrial sea surface temperature T’s o, are taken from Joos et al. (1996) who provide four sets of values derived
from four ocean models of various complexity.

We use the latter study in a way very close to what is done by Harman et al. (2011). We take the long-term response functions
of Joos et al. (1996) which, analytically, are a weighted sum of exponential terms: 7;,. are taken as the weights and 7;,. as

the time constants. The number of o-boxes is thus equal to the number of exponential terms. To ensure that the response is
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consistent in the short-term, however, we add to these another box whose 7. is taken as the complementary fraction so that
the sum of all fractions gives one, and whose 7., is arbitrarily set to 1/3 year in the case of the "HILDA" and "Box-diffusion”
models, and 1/2 year in the case of the "2D-Princeton" model. In the case of the "3D-Princeton" model, however, because the
sum of the fractions provided by Joos et al. (1996) is greater than one, we do not add that other box, we simply reduce the
fraction of the fastest box so that the sum of the fractions is one.

The two parameters related to the mixed layer depth, i.e. my,1q and vm1g, can be calibrated on three CMIPS5 Earth system
models (see appendix B for a list of the models used to calibrate OSCAR). To do so, we use the CMIP5 output variable named
"omlmax" which corresponds to the maximum depth of the mixed layer over a given period of time. We then fit the parameters,
on the basis of equation (4), using the relative variation of the "omlmax" variable over the historical period and the RCP8.5 up
to 2300 with respect to the control simulation, and the sea surface temperature change. This fit is made with yearly data. Since
for the "CESMI1-BGC" model no value is available over 2100-2300, we use outputs from Randerson et al. (2015, data from
figure 6b) instead. The CMIPS fits are shown in figure S3.

2.3.2 Land carbon-cycle: intensive perturbation

Before considering the extensive perturbation of the terrestrial carbon-cycle, driven by land-use and land-cover changes, we
first focus on its intensive perturbation, i.e. the perturbation that changes the areal properties of the terrestrial ecosystems.
This intensive perturbation is driven by changes in environmental conditions such as atmospheric CO-, climate or nutrient
deposition — albeit the latter not in this version of OSCAR. Since only the areal properties of the terrestrial biosphere are
affected, this section only describes the evolution of OSCAR’s state variables per unit area. The intensive variables, i.e. the
variables per unit area, are thereafter written in lowercase; in opposition to the extensive variables, written in uppercase, that
we use in the next section.

The terrestrial carbon-cycle module is an upgrade of the previous versions (e.g. Gitz and Ciais, 2003; Gasser, 2014). The
terrestrial biosphere is aggregated into several regions (superscript *) and further divided into various biomes (superscript *) in
each region. Here, we note that the exact regional aggregation (both the number of regions and their definition), and to a lesser
extent the way biomes are aggregated, can be chosen before every simulation, thus altering the numerical values of the related
parameters. For this description paper, we set the regional aggregation to the nine broad world regions used by (Houghton and
Hackler, 2001, see also our figure S4), and the biome list to: bare soil, forests, mix of grasslands and shrublands, croplands, and
pastures. Each doublet (4,b) represents the "average" biome b of the i-th region with assumed homogeneous biogeochemical
characteristics. Each doublet (4,b) is then represented as a three-box model where each box exchanges carbon with the others
and/or the atmosphere.

Contrarily to complex models that simulate separately the gross primary productivity, our terrestrial carbon-cycle starts
directly with the net primary productivity (NPP). The areal net productivity (npp) depends on a preindustrial intensity (1), and

it responds to changes in atmospheric CO2 via a fertilization function (Fi), and changes in local surface temperature (77)
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and local yearly precipitation (Pr,) with assumed linear sensitivities (Ynpp, 7 and Ynpp, P, respectively). This gives:

Anppi’b =

1" (Far [ACO2 (1475, 2 ATL +740, p APE) 1), N

The functional form of F%.,+ can be either logarithmic or hyperbolic (Friedlingstein et al., 1995). If logarithmic, it is a function

with one parameter that describes the intensity of the fertilization effect (Bnpp > 0):

A R {1 + )

ACO2]
co2, |’

and if hyperbolic, it is a function with two parameters: one also describing the intensity of the fertilization effect (Bnpp >1)

and the other being the compensation point (CO2.p,), i.e. the value of atmospheric CO, below which there is no NPP at all:

1 ACO2
Fib + C020—CO02%° (10)
fert — A o2 1 2C02,-CO2° 1)+ 1'
CO20 \ gif, CO2,—CO2}°

NPP fills a first carbon pool that corresponds to the vegetation’s living biomass (cyeg). This biomass is partly oxidized by
wildfires, creating a flux to the atmosphere (eg,e). This flux is proportional to the biomass available to be burnt and also

depends on the preindustrial fire intensity () and a function representing the variation of this fire intensity (Figni):

b
Aeﬁrc -

o Acib .
el o <<1+ ii)“) Fimi [ACO2, AT}, AP;] —1). (11)

Cyeg,0
The change in fire intensity is a function of changes in atmospheric CO5 —used as a proxy variable to encompass various effects
such as change in leaf area index that would help wildfires to spread, or change in evapotranspiration and thus in soil moisture
that would reduce their intensity — in local surface temperature, and in local yearly precipitation. We arbitrarily choose a linear
sensitivity for each of the three environmental factors (Yigni,c» Vigni,7 > 0 and vigni,p < 0, respectively). Here we note that
our formulation implictly assumes that there is no direct human intervention to e.g. limit and control natural wildfires. So the
function Figy; is formulated as:

Fiomi =140 o ACO2+ 400 1 AT} +740, » AP} (12)

i igni, T igni, P
The living biomass also partly dies at a fixed rate (1), which generates a flux we call "mortality" (fuort). The mortality rate
does not depend on environmental conditions such as climate, but the lack of detailed outputs from complex models motivates
this modelling choice. Thus:

Afiign = 1" Ay (13)

ort = veg"*
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The mortality flux goes into the litter carbon pool (¢);¢1), where heterotrophic respiration (rhy;y) occurs at a rate that depends

on its own preindustrial value (pii¢¢) and a specific function of local climate conditions (Fresp):

ib
Arhyy, =

. . Aciib . . .

ib i,b litt ,b

Pritt Ciitt,0 ((1 + =t | Fep [ATL, PL] - 1. (14)
Clitt,0

The functional form of F..s}, can be either exponential or Gaussian (Tuomi et al., 2008) regarding its sensitivity to temperature.

It is always linear regarding that to precipitations. If exponential, it is therefore a function with two parameters (Vyesp,7 > 0)

and precipitations (Vyesp, P):
i @b i i, i\ .
frél;p = exp |:’Vresp,T A11L:| (1 + ’Yresp,P APL) ) (15)

and if Gaussian, it is a function with three parameters, two of which being the sensitivity to temperature split between a first-

order term (Yresp, 7, > 0) and a second-order term (7yesp, 7, < 0), and the third being the sensitivity to precipitations (Yresp, P):

Fib

resp

i i i i 2 ~, i
exXp ,yr,el;p,Tl AT‘L + fyrel;p7T2 AT‘L i| (1 + ’yrel;p,P APE) : (16)

Part of the litter carbon is metabolized into soil organic carbon. This flux (fuyet) is taken proportional to the heterotrophic

respiration of the litter carbon pool (by a factor Kyet):

AfEb = kes Arh? (17)

met — litt*

Heterotrophic respiration (rhge;j ) also occurs in the soil carbon pool (csoi)). It is a function of its preindustrial value (psoi1) and

of the same function F ¢, as for the litter:

Arh(j, =
ib i Acht . o
psfil Cs:)bil,O ((1 + 1[;5011> fﬁégp [ATEJP},:I - 1) . (18)
so0il,0

And finally, the terrestrial carbon cycle of a given doublet (,b) follows:

S Al = Anpp™? — A — Afio; (19)
SOl = Ao — Athify — Afpe: (20)
drAcih = Afid — Arh. @)
The equation system described above by equations (19), (20) and (21) implies that our preindustrial equilibrium is:
nppg” = xirigrt,o + egfe,o
Faort.0 = hitt o+ fiico (22)
I Iirllét,o = rhzfil,o
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which, in terms of flux parameters and preindustrial carbon stocks, is equivalent to:

ib_ (ib b\ b
Ui - (,u +e ) cveg,O
ib b ib b
17 Cleg0 = (14 Kmet) Pricy Clite.o0 * (23)

ib ib b b
Kmet Prigt Citt,0 = Psoil Csoil,0

Note that to obtain the global preindustrial terrestrial carbon-cycle equilibrium one needs to multiply the above equilibrum
by the preindustrial biome area extents (Ag), for instance: NPP%lObaI = Zi,b NPPB’b = th nppé’b Aé’b. Note also that the
extensive perturbation, described in the next section, alters the biome area extents so that we actually have Abb = Aé’b +AAY,

The parameters for the preindustrial fluxes (i.e. 77, 1, piity and psoi1) can be calibrated on nine TRENDY v2 dynamic global
vegetation models (Le Quéré et al., 2014; Sitch et al., 2015). To do so, we use the first thirty years of the so-called "S2"
simulation, in which changing climate and COs are prescribed to the models but no land-use change happens. We assume the
average fluxes and pools over that period are at equilibrium, so that we can deduce the parameters from equation (23), taking
Kmet = 0.3/0.7 (Foley, 1995). For the few models that do not report separately the litter pool, we assume the total reported
soil carbon pool is made at 5% of litter carbon and 95% of soil carbon. Also, to account for the harvest of croplands, we
alter the parameters of this biome following some arbitrary rules: NPP is reduced by 80%, thus we assume this fraction of

the crops’ productivity is harvested and oxidized within a year; and the mortality rate is set to 1 yr—!

, which corresponds to a
yearly harvest. Also, because the assumed preindustrial equilibrium based on TRENDY is 1901-1930 and not 1750, we scale
down the NPP parameter 1 by a factor equal to the ratio of our preindustrial atmospheric CO5 over the one for the TRENDY
preindustrial period i.e. by a factor of about 0.92.

The parameters for the transient response of NPP and hetetrotrophic respiration (i.e. Bupp> Bupps CO2ep» Yupp.T> Yapp.Ps
Vresp,T>Vresp,Th » Yresp, Tz » Yresp, P) €an be calibrated on seven CMIP5 Earth system models (see e.g. Arora et al., 2013). To do so,
we use the outputs from three CMIP5 simulations: "1pctCO2", "esmFixClim", "esmFdbk1" which correspond to simulations

with an increase of atmospheric COy of +1% yr—!

in the case of a fully coupled configuration, a fixed climate, or a fixed
carbon-cycle, respectively. Depending on the functional form chosen, the fit for NPP is done on the basis of equations (8)+(9)
or (8)+(10). That of the heterotrophic respiration rate is done on the basis of equation (15) or (16). The calibration is done
in two steps. A first fit is made with decadal averages of the relevant variables and for which the parameter related to local
precipitations is set to zero. A second fit is then made with annual values to find the remaining parameter. This approach is
used to avoid over-fitting. The fit is made over the three simulations at the same time, using the "piControl’ values to define
the preindustrial equilibrium. In the case of the respiration rate, we also add a new term to equation (15) or (16) to calibrate

the parameters. We multiply F,sp, by the term (1 + ﬂ;’rbim N 2L

input/ input 0), where Bprim i a new sensitivity and Fi,pyg is

the input carbon flux from the vegetation pool to the soil pool, so as to account for the "false priming" effect observed in
CMIP5 models (Koven et al., 2015) — that is, the effect of an increased respiration not because of increased respiration rate
per se, but because of new carbon falling into a pool with faster turnover time than the average turnover time of the soil. This

additional term is only used for calibration purpose and thus it is not added to OSCAR’s formulation because the two soil
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boxes of OSCAR are expected to provide this "false priming" effect. The CMIPS fits are shown in figures S5 to S11 for NPP,
and figures S12 to S18 for heterotrophic respiration.

The fire-related parameters are similarly calibrated on TRENDY (for ¢) and CMIP5 (for ~igni,c'» Vigni,T» Yigni,p) but this is
done independently from the other parameters. Six models with wildfire emissions are available to calibrate on TRENDY, and
four models are to calibrate on CMIP5. As previously, we alter the parameters obtained for croplands: we assume there is no
wildfire at all within that biome. The CMIPS5 fits are shown in figures S19 to S22 for fire intensity. Given how experimental it
is to include fire processes in a model as simple as OSCAR, we also keep an option to turn off the preindustrial wildfire flux
and/or its transient response.

Regarding the TRENDY and CMIP5 data processing, it has to be noted that none of the models provide biome-specific
outputs. So we choose to deduce biome-specific data by weighting the biome-aggregated outputs of a model by its biome area
fraction map, taken to the power 3. This approach is used to give more importance — in a given region — to the gridcells in
which biomes are purer, without taking the risk of having too few of those gridcells if we were to set a threshold of biome area
fraction instead. Also, some of the complex models used to calibrate OSCAR are lacking some of the biomes implemented
in our model. Thus, we need rules to establish parameters for the lacking biomes on the basis of the available ones. When
croplands are not in a model, we assume they have the same biogeochemical properties as grasslands, before any harvest or
other human intervention. When pastures are not in a model, we assume their biogeochemical parameters are a mix of those
of grasslands and bare soil, at 60% and 40% respectively. In a configuration of OSCAR in which shrublands are separated
from grasslands — which is not the case in this paper — and shrublands are not in a model, we assume they are made at 85% of
grasslands and 15% of forests.

The preindustrial area extents A, are obtained by combining the preindustrial land-use map consistent with the LULCC
drivers (see section 2.2.2) for the anthropogenic biomes and one of thirteen vegetation maps to distinguish between the natural
biomes. The first map is used to know the fractions of water/ice, croplands and pastures, in a given gridcell. The remaining
fraction corresponds to natural vegetation, and this fraction is then subdivided into our different natural biomes following their
proportions in each gridcell of the second map. Of the thirteen possible vegetation maps, two are recent observations of land-
cover, MODIS (Channan et al., 2014) and ESA-CCI (2015), two are potential natural vegetation maps (Ramankutty and Foley,
1999; Levavasseur et al., 2012), and the other ones are the land-cover map of the same TRENDY models used to calibrate the
preindustrial carbon fluxes and pools. In the first four cases, given that the maps provide land-cover as ’land-cover classes’
and not as ’plant functional types’ — as used by TRENDY models — we use the cross-walking table developed by Poulter et al.

(2011) to convert the former into the latter.
2.3.3 Land carbon-cycle: extensive perturbation

Now we consider the extensive perturbation of the terrestrial carbon-cycle, i.e. the one driven by changes in land-use and land-
cover. This perturbation has a first-order effect that originates from the human-induced disturbance of a given biome which
then transition from its disturbed state to a new equilibrium state. When both extensive — change in biome extent — and intensive

— change in areal properties — perturbations occur at the same time, their interaction creates a second-order effect, which is
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also included in the following equations. Here, we also note that in theory another extensive perturbation affects the terrestrial
ecosystems: the migration of natural biomes caused by changes in environmental conditions (e.g. Jones et al., 2009). This is
however not included in this version of OSCAR.

The book-keeping module used to estimate the carbon fluxes induced by the land-use drivers is very close to that of the
previous version of OSCAR (Gasser, 2014). It is built on the approach developed by Gitz and Ciais (2003), although it now
includes algorithms to treat not only land-cover change but also wood harvest and shifting cultivation. See section 2.2.2 for
a description of those drivers. Following the discussion and recommendation by Gasser and Ciais (2013), the book-keeping
is written so as to follow exactly the carbon fluxes and pools of transitioning ecosystems with regard to their expected but
yet-to-be-reached new equilibrium, so that the effect of the LUC perturbation tends toward zero in the case of infinitely old
land-use disturbances. This corresponds to "definition 3" of Gasser and Ciais (2013) and to "definition B" of Pongratz et al.
(2014).

For the book-keeping itself, we need to define a new series of extensive state variables for the terrestrial biosphere affected
by LULCC (subscript 1,c). These variables are defined following three axes: the region ¢ axis, the biome b axis, and a new
age-class a axis; so that the triplet (¢,b,a) represents the "average" biome b of the i-th region that was originally disturbed at
t = a. This implies that at any given time ¢, all the variables with a > ¢ are nil.

The initialization of the book-keeping sequence, i.e. the initial disturbed state of a given triplet (i,b,a), depends on the kind
of land-use disturbance. When land-cover change occurs, i.e. when there is conversion of a given land area from one biome
by to another biome by (5Ab1%b2), we assume that all the living biomass of by is taken away, and the living biomass of by
has yet to grow. When harvest occurs, we assume that the total amount of harvested biomass (6 H %) is taken from the living
biomass pool of b, and this biomass will regrow in time. When shifting cultivation occurs, we assume it can be approximated
by the harvest of all the living biomass over the shifting area (5Sb1Hb2) of both biomes b; and by, except that the biomes are
considered not to be fully grown. Their age is assumed to be equal to the shifting cultivation turnover rate (Tgnif ), and thus their
living biomass pool is taken equal to that of their fully grown counterpart multiplied by a factor Trbhlft =1 —exp[—p"® Tunife -

So, the initialization of the LUC-disturbed living biomass (Cyeg,luc) is:

i,ba,a=t __
ACyveg luc —
i,b2 i,bo i,b1—bo
- ( Cyeg,0 + ACVeg) Zbl 6A
— SHWb2
i,ba i,b 2,b1 7 b1<—>b2
- ( veg 0 + ACvegz) T shift Zbl 05" (24)

In the case of land-cover change and shifting cultivation, the above-ground fraction (7,41,) of the biomass of the original biome
by is partly harvested and allocated to three harvested wood product pools (Chwp,1uc), following allocation coefficients (7w ).
Each wood product pool (supercript ') has a specific decay time (7, ) that corresponds to a specific use (w = 1 is fuelwood,

w = 2 is pulp-based products, w = 3 is hardwood-based products). In the case of harvest, all the harvested biomass follows the
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same allocation coefficients. It gives the following initialization of the harvested wood products:

w,t,b1,a=t __
AChwp,luC -
w,i,by __i,by i,b1 i,b1 i,b1—ba
+ 7T'hvvp 7Ta»gb (Cveg,O + ACveg; sz 0A
w7i,b1 i,bl
+ Thwp 0H
w,i,b1 _%,b1 i,b1 i,b1 1,b1 i,b1 by
+ Trhwp Tragb (Cveg,O + ACveg T shift ZbQ 68 . (25)

For all three kinds of land-use disturbance, the remaining fraction of the living biomass of the original biome b; is added to
the litter carbon pool (Ciitt,1uc) of the new biome by. This fraction is usually called "slash". Also, in the case of land-cover
change, the soil carbon pool of b; has yet to transition to that of by. This transition will lead to additional carbon fluxes. The

initialization of the LUC-disturbed litter carbon variable is thus:

Aci7b2aa:t _

litt,luc
i,b1 7,b1 7,b2 i,ba i,b1 —bo
b, (clitt,o +Ac *Clm,o*ACmt) 0A
i,b1 w,i,b1 i,b1 ib i,by—bo
+Zb1 (1_7Tagb Zw 7Thwp ) (cveg,O_'—ACvcg1 dA
+ 1_2 qui,bz 5Hi,b2
w " hwp

i,b1 w,i,by i,by i1\ b1 s by by
50, (L= S mio) (lba g+ Ackty ) miihs, a5™0 =2, (26)

Only in the case of land-cover change is the LUC-disturbed soil carbon pool (Csoir 1uc) initialized by the difference in soil
carbon density between the original and the new biomes. Therefore we assume harvest and shifting cultivation do not directly

—1i.e. at the initialization step — disturbe the soil carbon pool. So, it simply gives:

i,bz,a:t _
ACvsoil,luc -
i,b1 i,b1 i,bo i,ba i,b1 —ba
+ 2, (Csoil,o + Acgpil = Conito — ACSOil) 0A : (27)

Here, it should be outlined that the initialization round is carbon-neutral to the atmosphere: carbon is moved between the three
biospheric pools and the wood product pools, but none of it is emitted yet. And finally, the change in biome area extents is also

calculated. It is per definition:

%AAi’b _ Zbl 5Ai,blab o Zb2 5Ai7bab2. (28)
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Once the initialization round is done, the LUC-disturbed biospheric pools follow the same carbon-cycle as the one described

in the previous section for undisturbed biomes:

d i,b,a
EAcveg,luc -

_ Li,b fi,b ACi,b,a _ ’ui,b Aci,b,a . (29)

igni veg,luc veg,luc’

d i,ba
EAC =

litt,luc

1 ACY e = (L Funet) Py Fridp AT S (30)

veg,luc

iACi,b,a _

dt soil,luc

+ Fmet Pty Fravp Akt tue — Piot From ACLHS 31)

resp litt,luc resp soil,luc*

Note that these equations are affected by environmental conditions through the Fig,i and Fresp functions, but the arguments of
these functions are not shown for legibility. There is no term for NPP in equation (29) because the cycle described here is the
LUC-disturbed cycle (see Gasser and Ciais, 2013). And therefore, because in this version of OSCAR there is no difference of
NPP between a disturbed biome and its undisturbed counterpart, the LUC-disturbed NPP is zero.

As for the harvested wood products, they are oxidized at a varying rate that depends on the characteristic time of the pool

(i.e. on Thyp) and also on a function (F,wp) of the time passed since they were harvested (i.e. a function of ¢t — a):

w d ACw,i,b,a - _ fﬁ;vp [t _ a] Acw,i,b,a (32)

Tth dt hwp,luc hwp,luc*

The function Fy,yp, is introduced to allow choice of the temporal profile of the wood product oxidation. For instance, if Fwp =
1 the products are oxidized following an exponential profile (e.g. Houghton and Hackler, 2001). Alternatively to the exponential
option, the profile can be linear (McGuire et al., 2001) or it can follow a gamma-function (Earles et al., 2012). The oxidation
profiles and the corresponding functions Fi,y, are shown in figure 3.

The 7ypig; parameter is set to 15 years (Hurtt et al., 2011). The above-ground biomass fractions 7,41, can be calibrated on three
TRENDY models, exactly as other preindustrial carbon-cycle parameters are (see section 2.3.2). The allocation coefficients of
the harvested wood products 7y, come from the work by Earles et al. (2012, table S1). Those being national, however, they
are aggregated to obtain regional values by weighting them with the national estimates of above-ground biomass in forests
assessed by FAO (2010, table 2). To introduce more variation in our modelling, we have two options for processing the data. In
the ’low’ biomass burning option, we assume all the "non-merchandable" biomass of Earles et al. (2012) becomes slash; while
in the "high’ biomass burning option, we assume 50% of it is added to the fuelwood pool (w = 1). Finally, the time constants
of oxidation of the wood products 7y, can come either from Earles et al. (2012) — which is based on the IPCC guidelines —
with values of 0.5, 2 and 30 years for w = 1, 2 and 3, respectively; or from Houghton and Hackler (2001) with values of 1, 10

and 100 years, respectively.
2.3.4 Atmospheric CO; and RF

The incremental change in atmospheric CO5 can be written as the balance between two sources: fossil-fuel and cement emis-

sions (Err; see section 2.2.1) and land-use change emissions (Er,yc); and two sinks: the ocean sink (Focean) and the land
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sink (F|1ana). Note that despite being usually called "source" and "sink", since it is their historical role, each term of the budget

can theoretically be of the opposite sign, thus changing from a source to a sink or vice versa. Mathematically:

alO? A ACO2 = Err + AFELuc + AF | ocoan + AF | jand; (33)

atm d¢

where, on the basis of the three previous sections, we have:

AF|ocean = AFous — AFy; (34)
AF|land =
5o (Al + Atk +Ach, —Anpp' ) (A" +A40): (35)
AEpuc =
e A e A S H ACL e+ 2 ACT i (36)

The radiative forcing (RF) induced by the increase in atmospheric CO5 follows the logarithmic formula by Myhre et al.
(1998):

ACOQ] ; 37)

ARFCO2: COQI 1
w502,

where a§°? = 5.35 W m~2 is given by Myhre et al. (2013b, table 8.SM.1). For the preindustrial atmospheric concentration,
we take CO2y = 278 ppm (IPCC, 2013, table AIl.1.1a).

2.4 Non-CO- species

This intermediary section is dedicated to two elements which will be needed hereafter for non-CO- species: first, the endoge-
nous estimate of the emission of a given species from biomass burning; and second, the estimate of the lagged concentration

of a given species, assumed to be a proxy of its mid-stratospheric concentration.
2.4.1 Biomass burning

The atmospheric CO5 budget above does not isolate the fluxes caused by biomass burning from those caused by all other
sources of oxidation. But the biomass burning emissions are needed for non-COs species in the next sections. Biomass burning
emissions are altered by two aspects of the carbon-cycle: one that relates to the land sink F)},,4, and one that relates to the land-
use change emissions Er,yc. The former can be isolated in equation (35) as being induced by changes in areal fire intensities
and in land-cover. The latter can be isolated in equation (36) as being induced by change in living biomass stocks — itself
induced by LULCC - and by the oxidation of the harvested wood product pool corresponding to fuelwood (w = 1). From these

two COs fluxes, we deduce the non-CO4 ones by assuming that the emission of a species X from biomass burning (Eg(b) is
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proportional (by a factor oy, to that of CO2, which gives:

X, _
AEbb -
X,ib i ib b Aib ib ib
+ 225 %p (eﬁrep AAY + Aeg Ay + Aeg, AA )
X,i,b i,b pi,b i,b,a d w=1,i,b,a
+ Zb,a pp, (LO fig;ni AC*veg;,luc - EAChwp,luc ) : (38)

The a1, parameters come from the GFED v3.1 database (van der Werf et al., 2010). The biomass burning emissions of all
species are averaged over the whole available time-period, and to each vegetation type — or sector — of GFED is associated a
biome of OSCAR: ’def’ and *for’ are forests, *'woo’ is shrublands, ’sav’ is grasslands, ’agr’ is croplands; ’pea’, i.e. peatlands,
are left alone. As in section 2.3.2, pastures are assumed to be 60% grasslands and 40% bare soil. The parameters are then

obtained by simply taking the ratio of the emissions of a given species over those of COs.
2.4.2 Lagged concentrations

In the next sections, we need an estimate of the stratospheric concentration change of some species. For relatively long-lived
species, we assume the stratospheric concentration change of this species can be approximated by its change in atmospheric

concentration (X), albeit with a time-lag (7,,). This change in "lagged" concentration (X,s) is formulated as:
Tlag  Xiag = AX — AXyg. (39)

This formula is a linearized form of the usual equation written with a delay (e.g. Newman et al., 2007): AXaq [t] = AX[t—Tiag].
We opt for the linearized form because it is easier to implement in a numerical model, and because it allows the time-lag to
vary with time — although, it is not the case in this version of OSCAR.

We set Ti,g to a value of 3 yr. That value corresponds broadly to the mean age of air in the mid-latitudes of the stratosphere
(e.g. Newman et al., 2007). We also note that this approach to model stratospheric concentration, without an explicit represen-
tation of the stratosphere-troposphere exchange, does not hold for too short-lived species, i.e. for species with a lifetime lower

than the time-lag parameter. This is one of the reasons why another approach is used for ozone in section 2.8.
2.5 Methane
2.5.1 Atmospheric sinks

The oxidation of atmospheric methane follows the same modelling approach as that of the previous version (Gasser, 2014)
or of other simple models (e.g. Meinshausen et al., 2011). It is represented by a one-box model with one specific lifetime
associated to each oxidative process. Those lifetimes may vary with time so that the resulting model is not linear.

The flux of oxidized CHy (FEH4) is caused by four processes (e.g. Prather et al., 2012): tropospheric oxidation by the
hydroxyl radical (preindustrial lifetime 7'834), stratospheric oxidation (T}?VH4), oxidation in dry soils (7CH4

soil
the oceanic boundary layer (7CH4

), and oxidation in
). Transient change in the availability of hydroxyl radicals in the troposphere is a function

(Fon) of external factors: the atmospheric CH4 concentration itself (CH4); the stratospheric ozone concentration (O3s) which

16



10

15

20

25

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016-149, 2016
Manuscript under review for journal Geosci. Model Dev.
Published: 23 June 2016

(© Author(s) 2016. CC-BY 3.0 License.

drives the actinic flux partially generating OH; global surface temperature (Tz) which is used to estimate changes in global
atmospheric temperature and relative humidity; and emission of the three ozone precursors, represented in the form of another
function (Fprec) for now. For the stratospheric sink, the lagged CH4 concentration is used instead of the atmospheric one,
and its actual lifetime is also a function (Fy,,,) which rationale and formulation are detailed in section 2.6.1. Using also the

atmospheric conversion factor a4 defined in section 2.3.1, we can write:

CH4~ 1AFCH4

atm

_ CHag ((H%glfx) Fou [ACH4, AO3s, ATg, Fprec| — 1)

TOH

(&%

— Sl ((1+ Aggg;ag) Fiw [AN20,,,, AEESC, ATg] —1)

— (3w + zchr ) ACH4. (40)

Tsoil ocean

The function Fop mostly follows the formulation by Holmes et al. (2013). It is parameterized with chemical sensitivites of OH
to: atmospheric CHy (¢ oH ) stratospheric O3 (fO:Ii) global atmospheric temperature (5 H) "and global atmospheric relative
humidity (§Q >1)- The absolute change in global atmospheric temperature (1'4) is assumed to be proportional (by a factor £, ) to
that in global surface temperature. The relative change in global atmospheric relative humidity is assumed to be propotional (by
a factor k¢ ,) to that in saturation vapor pressure. The latter follows an empirical function of global atmospheric temperature

change with two parameters (xgvp and Ti,p,). So far:

In[Foul =
ACH4
£CH4 {1 + CH4, }
[ AQO3s
1
+§O3S + 0380 :|
[ AT,
+&28 I 1+L*‘ G]
L Tao
on . | Ksvp by ATg
In|1 — = -1
+&0. n_ +KQ. (exp{ Tao+ Ty } )]
+ Forec [ENoxs MBS, Eco, AESY , Evoc, AEy C] . (41)

The functional form of .. can be either linear (Ehhalt et al., 2001) or logarithmic (Holmes et al., 2013). In the linear case,
it is a function parameterized with three absolute chemical sensitivities of OH to the ozone precursors: nitrogen oxides (§Nox

carbon monoxide (£28) and non-methane volatile organic compounds (£98):

Foee= > R (Bx+ X, 0. 42)
Xe{NOx,
CO,VOC}
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In the logarithmic case, it is parameterized by three relative chemical sensitivities (£Qa, , 98, €98.), and the preindustrial

NOx ECO EVOC

natural emissions of the three ozone precursors (F ). This gives:

nat nat > nat
. Bx+ Y, AEy
o= Y0 &m |14 EXEL0E @3)
Xe{NOx, nat
CO,vOoC}

The four lifetimes of methane are taken as the present-day lifetimes given by Prather et al. (2012, tables Al & A2): 11.2,
120, 150 and 200 years for 7SH4, 75H4, 7COH4 and B2 respectively. The lifetime with regard to OH is then scaled down
by an arbitrary factor of 0.80. We note that this does not follow the rescaling made by Prather et al. (2012) which was based
on preliminary results from the ACCMIP models (Naik et al., 2013). The ACCMIP study is inconclusive about the change in
methane lifetime between the preindustrial and present days: some models predict an increase while others predict a decrease.
Because our function Foy; is based on a subset of the ACCMIP models (see below) which all find the methane-OH lifetime
increased, we scale down the preindustrial value of this lifetime, so that it roughly meets its present-day value during the
simulation. Also, to introduce variation in this important parameter, we propose alternative values based on the ACCMIP
chemistry-tranport models (Naik et al., 2013, table 1): optionally, the default lifetime can be rescaled by a factor equal to any
of the sixteen model’s estimate of the lifetime over the multi-model mean estimate. Finally, the stratospheric lifetime is also
scaled up by a factor 1.06, following Prather et al. (2015) (see also section 2.6.1).

All the chemical sensitivities of the OH sink (i.e. £, €981, €2H, ¢9H, ¢QB | ¢QH. €08, £08,. €88 and £08,) are taken
as one of the four sets of values from the study by Holmes et al. (2013, table 2). Alternatively, for backward compatibility, these
parameters can also be taken as the mutli-model mean estimates from the Ox-Comp project (Ehhalt et al., 2001, table 4.11),
in which case the sensitivities to temperature, humidity and ozone are nil. The preindustrial global atmospheric temperature
T'a,0 is set to 251 K, and the proportionnality coefficients are k7, =0.94 and kg, = 1.5 (Holmes et al., 2013). The saturation
vapor pressure parameters are obtained from Jacobson (2005, equation 2.62) for which a small temperature perturbation is
assumed, giving: Kgyp = 17.67 and Ty,, = —29.65 K. The preindustrial stratospheric ozone burden O3sy is set to 280 DU,
roughly following Cionni et al. (2011). The values of ENO*, E€Q and EVQC are from Skeie et al. (2011, table 1).

nat ° ““nat nat

2.5.2 Wetlands emissions

Natural wetlands are the largest natural source of methane (Ciais et al., 2013b), and the future variation of this source could be
significant for future climate change (e.g. O’Connor et al., 2010). We thus decided, since version 2.1 of OSCAR, to include a
simple module describing the variation of this source of CH,4. The current version is very close to the previous one (Gasser,
2014), except that a larger variety of parameterizations is now available.

First, we estimate the regional change in CH, emission per unit area of wetlands (ey.t) as being proportional to its prein-
dustrial value and to the relative change in heterotrophic respiration of the litter carbon pool in the same region. To this end,
wetlands are considered to be a mix of the other biomes, with partition coefficients (75,.,; Y-, 7%, = 1) having a non-zero
value only for natural biomes. We note that this is an ad hoc assumption that we make because we lack detailed outputs from

complex wetlands models. The litter pool is chosen as a proxy of the changes in wetlands induced by more general changes
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in the carbon-cycle. Therefore, here we implicitly assume that the sensitivity of areal wetlands emissions to environmental

conditions — e.g. CO or temperature — is the same as that of heterotrophic respiration. So we have:

@b @b

Zb Twet Ath
i,b hi,b :

Zb T wet r F,0

Second, we assume that the regional change in wetlands area extent (Ay.¢) depends on linear sensitivities to: atmospheric

i i
Aewet - ewet,O

(44)

CO2 (Ywet, ), local surface temperatures (Ywet, ), local yearly precipitations (7wet, p). This formulation is similar to that used
for wildfire intensity in equation (12), and CO,, is used as a proxy of changes in e.g. evapotranspiration or vegetation species

distribution. Mathematically:

AA

wet —

Aivet,o (’sz;vet,C ACO2 + 73vet,T AT[Z/ + rY\Z;vet,P APi) . (45)
Consequently, the change in regional emission of methane by wetlands (E\y.¢) is calculated as:

AE\l;vet = eévet,() AAf}vet + Aei Aévet,() + Aeévet A"élévet' (46)

wet

We calibrate two sets of parameters for wetlands. First, the preindustrial equilibrium of the wetlands can be calibrated on
seven WETCHIMP models (Melton et al., 2013). We deduce the . parameters by combining the wetlands map from the
"exp 1" simulation, that is the equilibrium experiment of the WETCHIMP exercise, and the land-cover map used in section
2.3.2 for natural vegetation. The preindustrial areal emissions eyet,o are also taken from this "exp 1" simulation, but they are
scaled down by a factor equal to the ratio of our preindustrial atmospheric CO5 over the one used in WETCHIMP i.e. by a
factor of about 0.92, as we did with NPP in section 2.3.2. Second, the parameters for the transient response of wetlands extent
(i.€. Ywet,C'» Ywet, T Ywet,c) can be calibrated on six WETCHIMP models (reminder: see appendix B for a list of those models).
To do so, we use "exp4", "exp5" and "exp6": factorial simulations that separate the effect of temperature, precipitations and
atmospheric CO-, respectively. For the same reasons as with wildfires, we also keep an option to turn off the preindustrial

wetlands flux and/or its transient response.
2.5.3 Atmospheric CH4 and RF
On the basis of the previous sections, the incremental change in atmospheric CH,4 follows the mass-balance equation:

agit L ACHA = Ecpy + AESH + Y, AEL  + AFPH4, (47)

atm d¢

This implicitly assumes that all the natural sources of methane but natural wetlands remain unchanged since the preindustrial.
Here, we also note that the anthropogenic emissions Ecyy do include emissions from rice paddies — i.e. from anthropogenic
wetlands.

The radiative forcing induced by the increase in atmospheric CH4 follows a square-root formula to which an ad hoc function

(Fover) is added to account for the overlap between the absorption bands of methane and nitrous oxide (N20), following Myhre
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et al. (1998). It gives:

ARFO™ =

+a§H \/CH4, 1+ ACH4 1
CH4,

— (Fover [ACH4, AN20] — Foer [ACH4 = 0, AN20)) ; (48)

where aCH4 0.036 W m~—2 ppb~95 and the analytical expression of Foyc, are given by Myhre et al. (2013a, table 8.SM.1).
In addition to the RF induced by methane itself, we have to account for the RF induced by the increase in stratospheric water
vapor caused by the oxidation of methane. To do so, as others (e.g. Meinshausen et al., 2011), we assume it is equal to 15% of

the direct methane RF, but calculated with its lagged concentration:

ARFHQOS _ H20s /CH40 ( 14+ % _ 1) ; 49)
0

where QEQOS =0.15 x ach4 =0.0054 W m~2 ppb~-. For the preindustrial atmospheric concentration, we take CH4g = 722

ppb (IPCC, 2013, table All.1.1a).
2.6 Nitrous oxide
2.6.1 Stratospheric sink

The oxidation of nitrous oxide follows the same modelling approach as that of methane, with only one sink in the stratosphere
that has a varying lifetime. The law used to make the stratospheric lifetime vary, however, is recent and different from the
previous version of the model.

The flux of oxidized NyO (F on) is driven by the preindustrial lifetime of nitrous oxide with regard to stratospheric oxida-
tion (TN2O) The transient change in this stratospheric lifetime is a function (Fy,,,) of: the lagged N2O concentration (N20,,);
the equivalent effective stratospheric chlorine (EESC; see section 2.8.2); and global surface temperature change (7). The
dependency on N2O and the EESC is meant to model the impact of a change in stratospheric ozone that changes the actinic

flux, which in turn changes the stratospheric sink (e.g. Prather, 1998). We have:

N20— IAFNQO

Qatm

20, ((1+ ANZOug ) Fin [AN201ag, AEESC, ATg] — 1) . (50)

hv

The formulation of F3,, is inspired by that used for methane and the study by Prather et al. (2015). It has three chemical
sensitivities (szo» 5}5%50 and Qge). This last parameter represent the sensitivity of the sink to a change in stratospheric age
of air. This age-of-air change is itself driven by a changing Brewer-Dobson circulation which is induced by a changing climate
(e.g. Butchart, 2014). In the following, we consider that the inverse of the relative change in age of air is a linear function of

the absolute change in global surface temperature (parameterized by 7,ge; see also figure S23). This leads to the following
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formula:

In[F,, | =
AN20),
N20,
AEESC
EESC,

+ &% In {1 +
hy
+&Ensc In {1 +
+ &b L (51)
n|l————————-.
ase 1+ Vage AT1G

The preindustrial stratospheric lifetime T}I:LQO is taken as 123 years (Prather et al., 2015). As we do with methane, we

introduce variation in the N5O lifetime by having the option to rescale the default value by a factor equal to the lifetime
simulated by any of the eight models of Prather et al. (2015, table 2) over the multi-model mean estimate. The first two
chemical sensitivities of the stratospheric sink (i.e. &%, and 2% ) are taken as one of the four sets of values from the study
by Prather et al. (2015). Three sets of value are given in their table 3, and the fourth is the recommandation in their text. Also,
to translate their table 3 into our parameters, we assume that the preindustrial EESC in the models were 420 ppt — from IPCC
(2013, table AII.1.1b) and Newman et al. (2007, table 1). Alternatively, for backward compatibility, these parameters can also
follow (Prather et al., 2012, table A1), in which case the sensitivity to EESC is zero.

Regarding the chemical sensitivity to the age of air, we assume it is not zero only when the other sensitivities are deduced
from the "G2d" model, therefore following the results by Prather et al. (2015, table 3) and their discussion pointing out the

experimental aspect of such a parameterization. Nevertheless, in this specific case we need further information about the "G2d"

model which we take from Fleming et al. (2011, figure 12) where one can see that the age of air at an altitude of 25 km changed

hv
age

from about 4.5 to 4.0 between the preindustrial and present-day periods. This is enough to deduce the £,'¥. parameter. And then,
the yage parameter can be calibrated on seven CCMVal2 chemistry-transport models (Morgenstern et al., 2010). To do so, we
use outputs from the "REF-B2" experiment which is a fully transient simulation over 1961-2099: we use the "mean_age"
output at a pressure-level of 25 hPa (~25 km) and the temperature at the surface level. We then fit the parameter following
our inversed linear relationship, defining the preindustrial conditions as the averaged first ten years of the simulations. The

CCM Val2 fits are shown in figure S23.

2.6.2 Atmospheric N2O and RF

The incremental change in atmospheric N5 O follows:

apy & AN20 = Engo + AENZO + AFN20; (52)

atm dt¢

noting again that this implicitly assumes natural emissions remain unchanged since the preindustrial.
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Similarly to methane, the radiative forcing induced by the increase in atmospheric NoO follows a square-root formula to

which the ad hoc overlap function is added:

ARFN?0 =

+al?9 /N20g [ 1/1+ AN20
N20,

— (Fover [ACH4, AN20] — Foyer [ACH4, AN20 = 0]) ; (53)

where a}?© = 0.12 W m~2 ppb~=%% and Fy., are given by Myhre et al. (2013b, table 8.SM.1). For the preindustrial atmo-
spheric concentration, we take N20, =270 ppb (IPCC, 2013, table All.1.1a).

2.7 Halogenated compounds

OSCAR accounts for many halogenated species. These are grouped into three categories: eleven hydrofluorocarbons (HFC-23,
HFC-32, HFC-125, HFC-134a, HFC-143a, HFC-152a, HFC-227ea, HFC-236fa, HFC-245fa, HFC-365mfc, HFC-43-10mee)
noted together {HFC}; eight perfluorocarbons (CFy, CoFg, C3Fg, ¢-C4Fg, C4F1g, C5F12, CgF14, C7F16) to which we add
SFg and NF3, and noted together {PFC}; and sixteen ozone depleting substances (CFC-11, CFC-12, CFC-113, CFC-114,
CFC-115, CCly, CH3CCl3, HCFC-22, HCFC-141b, HCFC-142b, Halon-1211, Halon-1202, Halon-1301, Halon-2402, CH3Br,
CH;Cl) noted together {ODS}. These are the same as in previous version 2.1.

2.7.1 Atmospheric sinks

Conceptually, the modelling approach of the halogenated compounds’ sinks is similar to that used for methane. Each of these
species X is affected by three sinks, each sink with its specific preindustrial lifetime: a tropospheric oxidation by the hydroxyl
radical (T(})(H), a stratospheric oxidation (Tﬁf,), and another sink which encloses all other processes such as oxidation in dry soils
or in the oceanic boundary layer (Ti%hr). Note that a given oxidation process may not actually affect a given species; in this
case the associated lifetime is set to a value of infinity (co0). Mathematically, similarly to equation (40), we have for any species
X being a HFC, PFC or ODS:

atm

o> -t AFlX =

— =+ ((AX +Xg) Fou [ACH4,AO3s, AT, Fprec] — Xo)

TOH

— % ((AX]ag + Xo) Fw [AN?Olag, AEESC, ATg] — Xo)

— T)%] AX; (54)

where the functions Fon, Fprec and Fy,,, are the same as in sections 2.5.1 and 2.6.1.
The lifetimes T())<H, T}Efj and chihr are taken from the compilation by Montzka et al. (2011, table 1-3). However, the lifetimes
with respect to the OH sink are rescaled using the same scaling factor as for methane (see section 2.5.1), for consistency.

Similarly, the lifetimes with respect to the stratospheric sink are scaled up by a factor 1.06, as done by Prather et al. (2015).
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2.7.2 Atmospheric concentrations and RF's
The incremental change in atmospheric concentration of any species X being a HFC, PFC or ODS is:

O P AX = Ex + AFF. (55)

atm dt

With the exception of CF,, CH3Br and CH;3Cl, all the halogenated compounds are anthropogenic in nature, thus no other
natural fluxes need to be considered. For the three former species, however, their natural emissions are assumed to remain
constant through time.

The radiative forcing induced by the increase in atmospheric concentration of any of those species X is assumed to be

propotionnal:
ARF* = o} AX; (56)

where the values of aﬁc are taken from Myhre et al. (2013b, table 8.A.1). In the following, all these RFs will be combined into

one:
ARFPalo — Z ARFX. (57
Xe{HFC}U
{PFC}U{OFC}

Finally, only the three species cited hereabove have non-zero preindustrial atmospheric concentration: CF44 = 35 ppt (IPCC,
2013, table AIl.1.1a), CH3Br(y = 5.8 ppt and CH3Cl, = 480 ppt (Meinshausen et al., 2011).

2.8 Ozone
2.8.1 Tropospheric O3 and RF

In OSCAR, as it is common in simple models (e.g. Meinshausen et al., 2011), short-lived species are not predicted using a
dynamic model like long-lived species are. Rather, at each time-step, the short-lived species are supposed to be at chemical
equilibrium with their drivers of change. For tropospheric ozone, we use a formulation close to that of the previous version of
OSCAR, which was the formulation by Ehhalt et al. (2001). In version 2.2, however, the chemical sensitivities are updated and
regionalized, and a sensitivitiy to climate change is added.

The change in global tropospheric ozone burden (O3t) is a function of: atmospheric methane, with a logarithmic sensitivity
(581?’[2); global surface temperature, with a linear sensitivity (I'o3¢); and the three ozone precursors, with linear global sensi-
tivities (fg%tx, (C)gt, \C}%tc) that are regionalized thanks to region-specific weights (wxox, wco, wyvoc). Here, we introduce a
new regional axis (superscript ") that is de facto different from the biospheric one (superscript *). The regional axes are linked

Tyt ri =1). So we finally

through parameters describing what fraction of a region i is actually included in a region 7 (7253 ), Tyag
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have:
AO3t =
ACH4
03t

+ £CH4 ln |:1 7CH40 :|
+Tost AT
Y @Yk (Bk+ ARY). (58)

Xe{NOx,

CO,VOC}

The global chemical sensitivities (i.e. 955, £Qer., £98F, £98) can be calibrated on four ACCMIP chemistry-transport mod-

els (Stevenson et al., 2013). To do so, we use their reference simulations for the year 2000, as well as the factorial simulations
which were made so as to isolate each of the four drivers of the change in tropospheric ozone (namely "1850CH4", "1850NOx",
"1850CO" and "1850NMVOC"). However, since we also have access to a simulation in which all of the four drivers vary at
the same time — i.e. the difference between the experiments for 1850s and the 2000s — we can estimate the non-linearity of
this chemical system. We account for this non-linearity by rescaling the individual sensitivities by a factor equal to the ratio
of the ozone change in the all-varying simulation over the sum of the ozone changes in each of the factorial simulations. The
sensitivity to global climate change I'o3; can be calibrated on eight models which participated to the same ACCMIP exercise
and made simulations in which only climate varies. A simple linear fit is made over these simulations; and we also keep an
option to set this sensitivity to zero. The latter ACCMIP fits are shown in figure S24.

The regional weights wx can be deduced from the results of eleven HTAP chemistry-transport models (Fiore et al., 2009).
To do so, we calculate regional ozone changes in the four HTAP regions thanks to table S5 from Fry et al. (2012) and regional
precursors emissions thanks to table S1 from Fiore et al. (2009). Our weighting parameters are then deduced as the ratio of
the regional ozone changes normalized by the precursors changes over the globally averaged normalized ozone change. A fifth
region is then added, to account for areas of the globe that are not within the four HTAP regions, and for which the weighting
parameter is set to exactly 1. The 7, parameters are logically defined as the fraction of the area of a region i that is inside a
region r. Also, we keep an option to turn off that regionalization, i.e. setting all regional weights to 1.

Finally, the radiative forcing induced by the change in tropospheric ozone burden is assumed to be linear:

ARFO% = 93 AO3t; (59)
where the value of ozg:“ is not unique — contrarily to what we do with greenhouse gases. This radiative efficiency can be: 0.042

Wm2DU L, as reported by (Myhre et al., 2013b); 0.032 W m—2DU !, as reported by (Forster et al., 2007); or one of the
fifteen radiative efficiencies given by the ACCMIP chemistry-transport models (Stevenson et al., 2013, table 3).
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2.8.2 Stratospheric O3 and RF

In OSCAR, as in other simple models (e.g. Meinshausen et al., 2011), stratospheric ozone is estimated apart from tropospheric
ozone. As with tropospheric ozone, we assume that each year stratospheric ozone is at equibrium with its drivers of change.
Compared to the previous version, this module now has two additional drivers: nitrous oxide and climate change.

The first step to model stratospheric ozone is to estimate its first driver of change: the stratospheric chlorine and bromine
available from the presence of the ODSs in the stratosphere. Those compounds release their chorine and/or bromine atoms at
various rates and thus interact differently with ozone. A proxy variable is thus created to lump together these various effects,
namely the equivalent effective stratospheric chlorine (EESC). The EESC is calculated following Newman et al. (2007), on the
basis of: the fractional release of each ODS (7¢1); its numbers of chlorine atoms (n¢) and bromine atoms (np,); a parameter
measuring the efficiency in destroying ozone of bromine relative to that of chlorine (af); and the lagged concentration of the
ODS. That is:

AEESC= Y X (n&+adinf,) AXiag. (60)
Xe{ODs}

Then, a change in stratospheric ozone burden (O3s) is assumed to happen with a change in EESC, with a linear sensitivity

(fgéssc). To the effect of ODSs, we add the effect of nitrous oxide following the simple formulation by Daniel et al. (2010)

which needs two additional parameters: one to quantify the linear sensitivity of stratospheric ozone to nitrous oxide ({ggf‘)),

and one to account for the non-linear interaction between chlorine and nitrogen chemistries (EESCy ). As per tropospheric

ozone, a linear sensitivity to global surface temperature change (I'o3s) is also added, which sums up to:
AQO3s =
+ €955 4 AEESC

. (. AEESC

+Toss ATg. 61)

) AN201,4

Regarding the EESC parameterization, Newman et al. (2006, tables A1 & A2) provide values of fractional release 7. for all
our ODSs, assuming a mean age-of-air of 3 years taken equal to the time-lag of section 2.4.2. To introduce other possibilities of
parameterization in the model, we can alternatively take fractional release values from Laube et al. (2013), either the values for
the mid-latitudes or those for the high latitudes. In this case, if a value is missing for a given ODS we take that from Newman
et al. (2006). The chemical formula of each ODS gives nc; and np,. And we take agf = 60 (Newman et al., 2007).

The chemical sensitivity of stratospheric ozone to EESC and that to global climate change (i.e. 583%0 and T'psg) can be
calibrated on eleven CCMVal2 chemistry-transport models studied by Douglass et al. (2014), using the results from their

multi-linear regression. The sensitivity to nitrous oxide is calculated using the formula by Daniel et al. (2010): 518238 =

}%)]%SSC agg(s)c wrcelfcu; where QEIS(S)C is a parameter measuring the relative strength importance of N»O and chlorine. Val-

ues for the parameters are given by Daniel et al. (2010) and based on Ravishankara et al. (2009): agg}gc ~ 10.4 ppt ppb~! and

EESCy ~ 2642 ppt. Also, we keep an option to turn off this response of stratospheric ozone to nitrous oxide.
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Finally, the radiative forcing induced by the change in stratospheric ozone burden is assumed to be linear:
ARFO% = 09% AO3s; (62)

where the radiative efficiency ag?’s can be: 0.004 W m~2 DU, as reported by (Forster et al., 2007); or one of the four
radiative efficiencies given by the ACCENT models (Gauss et al., 2006, tables 4 & 6).

2.9 Aerosols
2.9.1 Direct effect

The direct effect of aerosols refers to the direct radiative forcing caused by the aerosol-radiation interactions, i.e. without con-
sideration of any short-term adjustment of the climate system (Boucher et al., 2013). This section describes how tropospheric
burdens and the resulting RF of five anthropogenic aerosols, namely sulphate aerosols, primary organic aerosols, black carbon,
nitrate aerosols and secondary organic aerosols, are calculated within our model. Because these aerosols are short-lived, it is
assumed that their global atmospheric burden is in equilibrium with their respective drivers of change at each time-step of the
model.

It must be noted that here we purposefully limit the number of these drivers of change: only two precursors are considered
for each aerosol, to avoid overfitting on data that does not allow us to clearly separate the effect of each precursor; and we add
the global surface temperature, used as a proxy of a changing climate. For the same reason — because of the calibration data —
we keep the modelling simple with linear sensitivities. Note also that in this section every lifetime is said "apparent”, because
it corresponds to a globally averaged chemical sensitivity that has dimensions of time, and which results from several physical
and/or chemical processes not explicitly modelled in OSCAR.

In the case of sulphate aerosols, their change in burden (SO4) is parameterized by the apparent lifetime of sulfur dioxide
(Tso2) — with a regionalized weighting (wsp2) analogous to that used for tropospheric ozone in section 2.8.1 — the apparent

lifetime of dimethyl sulfide (Tpns), and their sensitivity to global surface temperature (I'sp4). So we have:

ASO4 =

T i 4 SO2,i
+ 7502 D WE02 D Mroe (Esm +AE, )
+ mpms AEpuMs

+g04 ATq. (63)

The change in burden of primary organic aerosols (POA) is parameterized by the apparent lifetime of fossil-based organic

matter (Tow, ) — also regionally weighted (wown) — the apparent lifetime of pyrogenic organic matter (Towm,bb ), their sensitivity
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to global surface temperature (I'poa ), as well as a factor used to convert organic carbon to organic matter (aglé/[):

APOA =

+ oM, Q08 2 Wou 2; Trag Boc

+Tombb @081 2 ABg

+T'poa AGST. (64)
The change in burden of black carbon (BC) is parameterized by the apparent lifetime of fossil-based black carbon (7gc #)

— also regionally weighted (wpc) — the apparent lifetime of pyrogenic black carbon (7c,p1,), and their sensitivity to global

surface temperature (I'gc):

ABC =

+TBC.f 2oy Whe i The Phc

+TRCpb S AEDS

+T'gc ATg. (65)
In the case of nitrate aerosols, inspired by Shindell et al. (2009), we assume their formation is driven by nitrogen oxides and
ammonia emissions, and therefore we uncouple the nitrate and sulphate chemistries while they are coupled in reality (Boucher
et al., 2013). Hence, the change in burden of nitrate acrosols (NO3) is parameterized by the apparent lifetime of nitrogen oxides
(Tnox), the apparent lifetime of ammonia (7n13), and their sensitivity to global surface temperature (I'vo3). So we have:
ANO3 =

+ ™Nox (ENOX + Zz AEEbOX7i)

+ TNH3 (ENHS +> AEbNbH&i)

+'nos ATG. (66)
And finally, the change in burden of secondary organic aerosols (SOA) is parameterized by the apparent lifetime of anthro-
pogenic NMVOCs (1yvoc), the apparent lifetime of biogenic NMVOCs (1pyoc), and their sensitivity to global surface tem-
perature (I'spa). Here, the dependency of SOA on other factors such as atmospheric NOy or POA (Boucher et al., 2013) is
neglected. So we have:

ASOA =

+Tvoc (Evoc +> AEQZSCJ)

+ mBvoc AEBvoc

+T'soa ATg. (67)
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Finally, here it must be noted that, despite being used for the calibration (see below) and being shown in equations (63) and
(67), DMS and BVOC emissions are constant in this version of OSCAR. In other words, in any simulation with OSCAR v2.2
we have AFEpys = 0 and AEgyoc = 0. Also in this version, we do not model any change in natural aerosols, i.e. in mineral
dust and sea salt.

For SO4, POA and BC, the apparent global lifetimes 7x and the climate sensitivities I'x can be calibrated on four CMIP5 or
ACCMIP chemistry-climate models. To do so, we use the yearly outputs from the historical and RCPs simulations, assuming
the average of the first ten years is our preindustrial equilibrium. We then fit the parameters on the basis of equation (63),
(64) or (65), and over all the simulations at the same time. For SOA, it is done in the same way, except that only two models
are available. Additionnally, because of our very low confidence in the SOA modelling, we also keep an option to turn it off.
For NO3 we use other simulations and models: we do the exact same fit with the input and output data from either Bellouin
et al. (2011) or Hauglustaine et al. (2014). In the latter case, I'nog is set to zero because climate does not vary in the available
simulations. The conversion factor 0481\0/[ — which is the same here for fossil-based and biomass burning emissions — can take
three values: a default and widely used value of 1.4; 1.3 (Koch et al., 2009); or 1.6 (Rotstayn et al., 2012). The CMIP5/ACCMIP
fits are shown in figures S25 to S28.

The regional weights wx can be deduced from the results of seven HTAP chemistry-transport models (Yu et al., 2013). To do
so, for the four HTAP regions, we take the normalized aerosol-induced RF data from the detail of their table 6. Our weighting
parameters are then deduced as the ratio of the regional normalized RF over the globally averaged normalized RF. A fifth
region is then added, to account for areas of the globe that are not within the four HTAP regions, and for which the weighting
parameter is set to exactly 1. The 7., parameters are the same as in section 2.8.1. Also, we keep an option to turn off that
regionalization, i.e. setting all regional weights to 1.

For any of the five aerosols X described in this section, the direct radiative forcing induced by a change in atmospheric

burden is assumed to be linear:
ARF* = o AX; (68)

where the radiative efficiencies o@% are taken from the AeroCom II intercomparison (Myhre et al., 2013a). This leads to fifteen
possible parameters for SO, (their table 4), fifteen for POA (their table 6), fifteen for BC (their table 5), eight for NOg (their
table 8) and five for SOA (their table 7).

2.9.2 Cloud effects

Under this term, we group the so-called semi-direct and indirect effects — that is, the rapid adjustements in the atmospheric
system induced by aerosol-radiation interactions and the adjusted aerosol-cloud interactions, according to the terminology by
Boucher et al. (2013) (see also Sherwood et al., 2015). The formulation we propose here is new to the model.

For the semi-direct effect, the modelling approach is straightforward. According to Boucher et al. (2013) this effect can
largely be attributed to absorbing aerosols, i.e. to BC in our model. We thus account for this effect simply by adding a RF term

that is proportional (by a factor HE(S) to the direct RF of BC. For the aerosol-cloud interactions, the modelling is done in two
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steps. First, we estimate the change in tropospheric burden of soluble aerosols (AER1) thanks to soluble fractions specific to

each type of anthropogenic and natural aerosol (7;35)1). It gives:

AAER = Y myAX (69)

Xe{S04,POA,
BC,NO3,SOA}

Second, inspired by several studies (Boucher and Pham, 2002; Hansen et al., 2005; Carslaw et al., 2013; Stevens, 2015), we
assume the aerosol-cloud interaction effective RF varies with the logarithm of the change in this soluble aerosols burden,
parameterized by the intensity of the effect (®) and the preindustrial soluble aerosols burden. This logarithmic functional form
represents a saturating yet not bounded capacity of the emitted hydrophilic aerosols to alter the clouds’ albedo (see e.g. Carslaw

et al., 2013, figure 3). Finally, in OSCAR the RF of the two combined cloud effects is therefore formulated as:

ARFUd — BCARFBC 4 ¢ In [1 + (70)

AAERg,
adj .

AERgo1,0
One possible value for the coefficient used to account for the semi-direct effect is based on the fifth IPCC report (Boucher
et al., 2013): ngg- = —0.1/0.6. However, so as to introduce variation around this effect, we also add parameterizations based
on the study by Lohmann et al. (2010). Using data from their figure 2, we multiply the IPCC-based value by one of the five
models’ estimate of the effect and divide it by the multi-model mean estimate, thus obtaining five alternative parameterizations.
The derivation of the parameters for the aerosol-cloud interaction is done in three steps. First, we need the soluble aerosol
fractions 7X: they are taken either from the study by Hansen et al. (2005) or from that by Lamarque et al. (2011). When
taken from Hansen et al. (2005, section 3.3.1), we assume that the soluble fraction of BC is a mix in equal shares of that of
fossil BC and biomass burning BC, SOA has the same solubble fraction as POA, and mineral dust — not modelled by OSCAR
but necessary here to deduce AERg,1 o — has a soluble fraction of zero. When taken from Lamarque et al. (2011), all soluble
fractions are equal to one, except for POA and BC whose solubility is taken as the percentage of hydrophilic aerosol provided
by the study, and for mineral dust and sea salt whose solubility is taken as the percentage of aerosol with a diameter <1 pm.
Second, we calculate the intensity parameter ¢ and a preliminary value of AERg1 o using results from ACCMIP and CMIP5
models presented by Shindell et al. (2013). Using their table 7, we can base our parameters on one of seven ACCMIP/CMIP5
estimates of the indirect aerosol RF over 1850-2000, or on their multi-model mean. However, because these estimates are far
from the IPCC best guess (Boucher et al., 2013), the chosen ACCMIP/CMIPS5 value is rescaled by a factor equal to the IPCC
best guess divided by the multi-model mean. We then extract from the ACCMIP or CMIP5 outputs the atmospheric burden
of each aerosol type simulated by the chosen model. These burdens are then combined using our own solubility fractions to
calculate the soluble aerosols burden in the years 1850 and 2000. These two points in time, combined with the previously
rescaled RF estimate, are enough to deduce ® through the logarithmic formula. The soluble aerosols burden in 1850 is our
preliminary value of AERg 0.
Third, because this preliminary value of AER1 ¢ is for the year 1850 and not the year 1750, we rescale it by a given factor
from the study by Carslaw et al. (2013) and adapted to the logarithmic formula; its value is exp[(1.42 — 1.30)/®] and it is

named the "median" option. Again, in order to introduce variation in our modelling of the indirect effect, we also propose two
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other arbitrary rescaling options: one with actually no rescale, named "high"; and one with the rescale factor applied twice,
named "low". With these three steps, we expect to introduce enough variation for the model to cover a wide range of possible
future evolution of the aerosol-cloud interactions, i.e. to span a large domain of the figure 3 of Carslaw et al. (2013) as it is

illustrated in our figure 5.
2.10 Surface albedo

Anthropogenic perturbations of the Earth’s energy budget through surface albedo change are difficult to model in a simple way,
because they are local phenomena with significant seasonal variability. Moreover, they can involve non-radiative processes that
are almost impossible to capture with simple models. The two OSCAR modules presented hereafter are first order models of
two surface albedo perturbations: black carbon deposition on snow, and land-cover change. As such, they are not coupled with

one another, nor are they with the climate module.
2.10.1 Black carbon on snow

The radiative forcing induced by BC deposition on snow is taken directly propotionnal to the regional BC emissions. It is
parameterized by a global radiative efficiency with respect to emissions («51°%), and further regionalized by region-specific

weights (Wpcsnow). Mathematically:

ARFBCSHOW _

BCsnow r’ i i BC,i ) .
Qp Zr’ WBCsnow Zz ﬂ—rcg (EBC + AEbb ) ’ (71)

where the regionalization (superscript ™) is specific to this module, and therefore different from the regionalization based on
HTAP seen in previous atmospheric chemistry modules (sections 2.8.1 and 2.9.1).

The global radiative efficiency with respect to emissions a3°*%°% can be taken from eight ACCMIP models (Lee et al.,
2013, table 3 & figure 15). The regional weights wpcsnow are obtained from the study by Reddy and Boucher (2007, table 1).
As in section 2.9.1, the weighting parameters are deduced as the ratio of the regional radiative efficiencies over the globally
averaged radiative efficiency. And a tenth region is added, to account for areas of the globe that are not within the nine regions
of Reddy and Boucher (2007), and for which the weighting parameter is set to exactly 1. The 7., parameters are logically

defined as the fraction of the area of a region 4 that is inside a region 7.
2.10.2 Land-cover change

The radiative forcing induced by changes in land-cover is modelled following the first order equation of Bright and Kvalevag
(2013). It is parameterized by: the yearly averaged albedo at the biome and regional scale (a1 ); the regional radiative short-
wave and downward flux at the surface (¢,5q5); and the global short-wave and upward transmittance (7yans). Here we note that

both the drivers and the regional disaggregation are the same as those of the terrestrial carbon-cycle, which implies the ¢-axis
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is the same as in sections 2.3.2 and 2.3.3. So we have:

ib AAi,b

LCC _ i
ARF = —Ttrans Ez Prsds Zb Qa1 A ’
Earth

(72)

where Ag,,;, designates the surface area of the Earth.

The upward transmittance is set to mans = 0.854 (Lenton and Vaughan, 2009). The radiation fluxes 445 are taken from
one of three climatologies: GEWEX (2010) over the 1984-2007 period, CERES (2015) over 2000-2014, or MERRA (2015)
over 1979-2014. The albedoes a,j, are based on one of two climatologies: either GlobAlbedo (Muller et al., 2012) over the
1998-2011 period, or MODIS (LPDAAC, 2011) over 2001-2010. We calculate the yearly averaged biome-specific albedoes by
weighting the albedo climatology by one of two land-cover climatologies — either MODIS (Channan et al., 2014) or ESA-CCI
(2015) — and by the radiation climatology used for (<45, in a similar fashion as He et al. (2014) do. This approach ensures that
the yearly averaged albedo accounts for the local seasonality, and especially that of snow-cover. Also, regarding the deduction
of biome-specific albedoes, three more assumptions are made: we apply the same weighting method of the land-cover fraction
as in section 2.3.2; we remove the gridcells that see less than 1% of their area changing over the historical period and the RCPs
according to our LULCC dataset (Hurtt et al., 2011); and pastures are assumed to be made at 60% of grasslands and 40% of

bare soils.
2.11 Climate
2.11.1 Radiative forcings

The first step to calculate global warming is to calculate global radiative forcing. So as to ease the notations, following Myhre
et al. (2013b), we introduce two groups of anthropogenic forcings: the well-mixed greenhouse gases (WMGHGs) which radia-

tive forcing is defined as:

ARFWMAHG = %" ARF* + ARF™; (73)
Xe{CO02,
CH4,N20}

and the near-term climate forcers (NTCFs) which radiative forcing is defined as:

ARFNTOF = %" ARF* 4+ ARF?". (74)

Xe{H20s,03t,
03s,504,POA,
BC,NO3,S0A}

Then, the global radiative forcing easily comes as:

ARF =
—I-ARFWMGHG +ARFNTCF +ARFBCSH0W +ARFLCC

+ RFcon + 1%Fvolc + RFsolar; (75)

where the last three terms are the three drivers directly prescribed to OSCAR as radiative forcing and detailed in section 2.2.3.
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To estimate global warming, however, we have to account for the so-called "efficacy" of these forcings, i.e. we have to

X

introduce new parameters (K, m

) that measure the relative efficiency at warming the Earth of a given RF when compared to
the RF of COs, (see e.g. Hansen et al., 2005; Forster et al., 2007). In OSCAR, we assume all efficacies are equal to 1 — although
accounting for the semi-direct effect of BC could be defined as using an efficacy — except for the two surface albedo forcings

and for volcanic aerosols. Therefore, the RF used to calculate warming (RF ) is:

AR/Fwaurm =
+ ARFWMGHG + ARFNTCF + RFcon + RFsolar
_|_HBCsnow ARFBCSHOW+I{LCC ARFLCC _|_Kvolc RFvolc- (76)

warm warm warm

Here, kBE2W can take three values: a median value of 3.0, a low value of 2.0, and a high value of 4.0, all from Boucher et al.

warm

(2013, section 7.5.2.3); kLCC  can take one of the four values given by Bright et al. (2015, table 7); and kYole is set to an

warm warm
arbitrary value of 0.6 based on Gregory et al. (2016). However, regarding volcanic aerosols, we note that since the forcing is
normalized to zero over the historical period in section 2.2.3, its efficacy only influences the variability of our results and not
the trend.

Now, to estimate global precipitations change, we also need to estimate how much of this top-of-the-atmosphere RF is
actually occuring within the atmosphere — thus creating a local energy imbalance — by opposition to the RF occuring at the

Earth’s surface. To do so, we introduce new parameters that quantify this atmospheric fraction for several groups of forcers:

CcO2

carbon dioxide alone (7 ;)

noCO2
atm

); all the other long-lived greenhouse gases, i.e. methane, nitrous oxide and the halogenated com-

O3t

pounds (7 Pyl

); tropospheric ozone alone (7,3,:); stratospheric greenhouse gases, i.e. stratospheric water vapor and ozone

(Tl'ztt];ﬁt); scattering aerosols, i.e. sulphate, primary organic, nitrate, secondary organic and volcanic aerosols (ﬁjﬁﬁfﬁer); absorb-

cloud
atm

absorb

abs ); forcings from surface albedo change (72> ); and the

ing aerosols, i.e. black carbon (7 atm

); cloud-related forcings (7

solar

solar forcing (7593

). The atmospheric radiative forcing (RF,,) consequently is:

A11Fatm =

+7G02 ARFOO2 4 mioCO2 (ARFOM £ ARFN20 4 ARF™)

atm

atm

+7r03t ARFOSt +7r;tt£§t (ARFHZOS +ARFOBS)
+7T;(t:;111:ter (ARFSO4+ARFPOA+ARFN03+ARFSOA+RFVOIC)
b ARFPC 4 mclond (ARF™ 4 RF o)

+ralh (ARFPOOY 4 ARFYOC) 475008 RF g1 (77)

atm

We base our grouping of the forcers on Allan et al. (2013). This grouping assumes that the atmospheric fraction 7,4y, of CHy
applies for all non-CO4 long-lived greenhouse gases and that of SO, applies for all scattering aerosols. Additionally, we assume
that cloud, albedo-based and stratospheric forcers have a nil atmospheric fraction. Other than that, the atmospheric fractions
are taken from Andrews et al. (2010, table 3) or Kvalevag et al. (2013, table 2, case of highest perturbation), although in the

latter case tropospheric ozone is also given a nil fraction.
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2.11.2 Surface temperatures

Similarly to what is done in other simple models — e.g. Raupach et al. (2011), but not MAGICC (Meinshausen et al., 2011) —
in OSCAR, the global surface temperature change is based on an impulse response function (IRF) calibrated on more complex
global circulation models. The impulse response function, however, is hereby coded as a two-box model, but theoretically
speaking it is strictly equivalent (see Geoffroy et al., 2013). And for regional temperatures, we use a simple linear approach —
equivalent to pattern scaling.

The two-box model used to model the global surface temperature change has two state variables: the global surface tempera-
ture itself (T¢z), and the temperature of the deep ocean (Tp). It is parameterized by: the climate sensitivity (A); the time-inertia
of the surface box (7r,); that of the deep box (77,,); and a coefficient describing the exchange of energy between the surface

and deep boxes (#). Mathematically, it is formulated as:

Tre S ATG = AARF yarm — AT — 0 (AT — ATp); (78)
T, S AT =0 (AT — ATp). (79)

So as to deduce the change in sea surface temperature (7's) and in local surface temperatures (77, ) for each of our land regions

(the? axis from section 2.3.2), we use regional weighting coefficients (wr, and wr, , respectively), so that:

ATS = WTyg AT(;; (80)
AT} = wh ATg. (81)

The first set of parameters of this module, for global temperature, can be calibrated on twenty-five CMIP5 global circulation
models. First, using outputs from the "abrupt4xCO2" and "piControl" experiments, we estimate the equilibrium temperature
change at quadrupled CO, (T4y) following the methodology by Gregory et al. (2004). Second, we fit the temporal response
of global surface temperature to this quadrupled CO5 experiment using the typical formula for a two-box model: Ty, (1 —
7 exp[—t/71] — (1 — ) exp[—t/72]), where m, 71 and 75 are temporary parameters used for the calibration only. Third, we
deduce our three dynamical parameters (i.e. 77, 77, and ) by using the correspondence between the temporary parameters
and ours, given by Geoffroy et al. (2013, table 1). Fourth, we deduce the climate sensitivity A of the model by normalizing T
by the RF caused by a quadrupled CO» as quantified by the IPCC logarithmic formula given in equation (37).

The second set of parameters, for the pattern scaling, are calibrated on the same CMIP5 model chosen for the global tem-
perature response. This pattern scaling can be based on the quadrupled CO5 experiments, in which case the pattern is solely
due to COs-induced warming — although, depending on the CMIPS model, part of the regional response may come from the
physiological effect of CO5 (Sellers et al., 1996). Alternatively, it can be based on the transient historical and RCP experiments
— when those RCPs are available — in which case the pattern is induced by all anthropogenic and natural perturbations, and it is
thus expected to be more "realistic" but without a clear distinction of the role of each forcing. The parameter wr is calibrated
thanks to a linear fit between yearly values of global and sea surface temperatures, whereas in the case of wy, the linear fit is

made with decadal averages of global and local surface temperatures. The CMIPS fits are shown in figures S29 to S39.
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2.11.3 Precipitations

Changes in global yearly precipitations (Pg) — actually used as another climate change indicator and to deduce changes in
local yearly precipitations — are calculated following the simple model of Allan et al. (2013) (see also Shine et al., 2015). In
this model, global precipitations vary with global temperature change and with the atmospheric fraction of RF. Two parameters
are thus needed: one for the first term (g, > 0) that describes the long-term response of the hydrological cycle to global
warming, and one for the second term (8¢, < 0) that describes its short-term response to the local energy imbalance induced

by radiatively active species. Hence:
APG = Qpg, ATG -+ ﬂpc ARFatm. (82)

As per surface temperature, we use a pattern scaling approach to deduce the local yearly precipitations (Pr,) for each of our

land regions, parameterized with regional weights (wp, ):
AP} =wp, APg. (83)

The first set of parameters of this module, for global precipitations, can be calibrated on twenty-five CMIP5 global circu-
lation models, chosen independently from the one used for the calibration of the temperature module. Using outputs from the
"abrupt4xCO2" and "piControl" experiments, we calibrate the two parameters of equation (82) thanks to a linear fit with a con-
stant term made between the global surface temperature and global precipitations. The constant term is assumed to correspond
to the RF-term, since the radiative forcing is actually constant in the quadrupled CO5 experiment. oz, is the slope of the fit,
and B¢, is the y-intercept, albeit the latter needs to be divided by the RF of a quadrupled CO4 as per the IPCC formula of
equation (37), and by the value of Wﬁgf from section 2.11.1.

The second set of parameters, for the pattern scaling, are also calibrated on the same CMIP5 model as the global precipita-
tions response. The wp, are fitted in the exact same way the wr, are in the previous section, but logically using the precipitation
CMIPS5 variable this time. These CMIPS fits are shown in figures S40 to S49.

2.11.4 Ocean heat content

The ocean heat content (OHC) — a third climate change indicator — is simply deduced from the two-box model used for the
temperature. However, we need to introduce a coefficient (7,1c) to account for the extra energy received by the planet but that

is taken up to heat the continents, the atmosphere and to melt the ice. We have:

AT,
4 AOHC = Tone Agart (ARF - ;’) ; (84)

where we set mone = 0.94 (Otto et al., 2013, supplementary information section S1). Note also that by using RF instead of
RFwarm, we implictly assume that the warming efficacies from section 2.11.1 originate from non-radiative processes only,

which is not fully the case for the volcanic forcing (Gregory et al., 2016).
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2.12 Numerical solving

When put together, all previous equations from (1) to (84) form a system of ordinary differential equations of first order, for a
subset of the variables of the model. These variables are the state variables of the dynamical system described by the differential
equations. They are compiled in table 1, along with the drivers of the model. Per definition, knowledge of both the drivers and
the state variables, at any time-step, gives knowledge of all the other variables of the system, at that time-step. These other —
secondary — variables are compiled in table 2. The differential system is solved with the forward Euler method (Euler, 1768)
with a time-step (dt) that can be chosen before any simulation with OSCAR - although time-steps greater than a quarter of
year systematically make the model diverge. This time-step is usually set to ¢ = 1/6 yr. We note that despite having a time-step
for solving that is less than one year, the model’s results cannot be interpreted at a time-scale shorter than the year, primarily

because no seasonal process is implemented in the model.

3 First simulations
3.1 Experimental setup

We make two series of historical simulations, with the goal of evaluating the performance of each module of OSCAR v2.2
separately and of the fully coupled model itself. The simulations are realized within a probabilistic framework: a set a drivers
and parameters is drawn randomly, with equiprobability, from the pool of potential driving datasets and parameterizations that
is summarized in table 3. With the given drivers and parameters two simulations are made: one in which the atmospheric con-
centrations of well-mixed greenhouse gases, the total and per component radiative forcings, and the various climate variables
are prescribed to the model; and another in which nothing more than the drivers is prescribed. The first simulation is called
"offline", and the second "online". The offline simulation has the interest of uncoupling the different modules of OSCAR, thus
separating them from each other and allowing an easier diagnosis of any potential issue or bias in each module. The online
simulation is meant to diagnose the behavior of OSCAR when it is used as a proper Earth system model, i.e. when it is driven
only by the anthropogenic perturbations of the system. The Monte Carlo ensemble size is 10,000 simulations which are drawn
from a pool of more than 10*3 potential combinations of parameters.

As described in section 2.3.2, the disaggregation of the terrestrial biosphere follows the nine regions of Houghton and Hack-
ler (2001) and six biomes. The time-step of solving is one-sixth of a year. For the atmospheric concentrations of well-mixed
greenhouse gases, the forcing data used for the offline simulation is from the IPCC (2013, tables AIl.1.1a & AII.1.1b). For the
component-based radiative forcings, the data is also from the IPCC (2013, table AIIL.1.2), altough we need a way to subdivide
the two RFs that are kept aggregated by the IPCC: the one from non-COy WMGHGS, and the one from aerosols (all effects).
Regarding the former, we use the [IPCC atmospheric concentrations which we combine with the data from Myhre et al. (2013b,
tables 8.A.1 & 8.SM.1) to have component-based RFs. Regarding the latter, we take the timeseries from Meinshausen et al.
(2011) for each individual aerosol direct effect and for the indirect effect. To ensure consistency, we rescale the component-

based RFs so that: first, their value in 2010 meets the value provided by Myhre et al. (2013b); and then, their sum meets the
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IPCC aggregated value every year. And finally, for the climate data used to force the offline simulation, we use the HadCRUT4
data for global surface temperature (Morice et al., 2012), the HadISST1 for sea surface temperature (Rayner et al., 2003), and
the CRU TS3.23 dataset for local temperature and precipitations (Harris et al., 2014). For these three datasets, we assume the

preindustrial equilibrium is their average over the 1901-1930 period.
3.2 Results

The following sections are dedicated to discussing the results of the historical simulations for the main variables of the model.
Each section refers to one of figures 5 to 12. In the case of the offline simulation, we show and discuss the "reconstructed"
timeseries of those variables that are prescribed to the model. In other words, in the following, the offline atmospheric growth
rate and concentration of a given WMGHG are recontructed as the balance of the prescribed emissions and the simulated
fluxes. The offline RFs are reconstructed on the basis of the reconstructed atmospheric concentrations. The climate variables,
however, are reconstructed on the basis of the prescribed RFs, so that we can discuss the performance of the climate module

alone, i.e. when it is not coupled to any other module.
3.2.1 Carbon dioxide (figure 5)

The median land-use change emissions simulated by the book-keeping module of OSCAR are of the same order of magnitude
— though smaller than — the values reported by the global carbon project (Le Quéré et al., 2015) over the 1959-2010 period, be
it for the online or offline simulations. The 90% range of our simulated emissions, however, is much larger than the uncertainty
range reported by Le Quéré et al. (2015), and its distribution is far from a regular distribution. It can be shown (see Gasser and
Ciais, 2013, appendix A) that these two results are a consequence of the biome-specific preindustrial carbon densities which
are calibrated in section 2.3.2 on the TRENDY models. The large differences in carbon densities is a feature of the dynamic
vegetation models themselves, altough it is possible that our way of processing their output data exacerbates this discrepancy.
More investigation in the matter is required, for instance using observed biomass densities as contraints, especially as the non-
constrained setup leads to negative emissions under some parameterizations. We also note that the offline and online land-use
change emissions are almost the same, as a direct consequence of our choice of definition that makes the land-use flux only
slightly sensitive to environmental changes such as atmospheric CO or climate (Gasser and Ciais, 2013).

The median land sink we simulate in the offline simulation is slightly smaller (in absolute value) than the estimate by
Le Quéré et al. (2015), more importantly smaller in the online simulation. The slightly smaller median value in the offline case
can be explained by the weight of the four (out of thirteen) preindustrial land-covers for which we use the cross-walking table
of Poulter et al. (2011) to translate biomes into plant functional types (see section 2.3.2). Using this table indeed gives a more
important fraction of land covered by bare soil than it is the case in most of the TRENDY models. As for the online simulation,
the reduced land sink is also a consequence of the warmer tropical climate simulated by OSCAR than the one prescribed with
the CRU dataset in the offline simulation (see below). The interannual variability of the land sink simulated by OSCAR in
the offline case does not match that from Le Quéré et al. (2015), but we do not expect our crude and aggregated approach to

model the terrestrial biosphere’s response to climate to be able to reproduce this variability, especially as some factors such
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as volcanoes do not directly influence the terrestrial carbon-cycle of our model while they seem to do in reality (e.g. Raupach
etal., 2014). The large spread in our estimated land sink has the same origin as that in our estimated land-use change emissions,
although this time the distribution appears more regular.

The median ocean sink OSCAR simulates matches relatively well the estimate by Le Quéré et al. (2015), albeit it is slighty
stronger (in absolute value) in the online case. The discontinuous probability distribution of the ocean sink in the offline case
reflects the fact that we only have twelve possible parameterizations for this module, when climate is fixed. In the online case,
it also seems to be overestimated prior to the period over which we have data to compare it to.

In both the online and offline simulations, the simulated atmospheric growth rate is very close, on average, to the one reported
by NOAA/ESRL (Tans and Keeling, 2015). In the online case, this happens in spite of the relatively small land sink discussed
above, owing to the compensation of the reduced land sink by an enhanced ocean sink. This shows that there is a negative
feedback loop occuring in the online setup. This loop occurs through the oceanic carbon-cycle: when the land sink is too low,
atmospheric carbon dioxide increases faster, which in turn increases the ocean sink. This kind of anti-correlation between two
of the global carbon budget’s fluxes is also found between the land sink and land-use change emissions: a high productivity
configuration of the model simulates high emissions of land-use change — because of high carbon density biomes — but also
high terrestrial carbon sink.

Finally, regarding excess atmospheric COq, both median simulations follow fairly well the observations since 1959, with
a slight positive offset for the online case and a slight negative one for the offline one, of ~5 ppm in both cases. In the
online case, however, the simulated atmospheric CO4 prior to the direct observations is very close to the estimates derived
from ice-cores (Etheridge et al., 1996; MacFarling Meure et al., 2006), at least until the simulation reaches the atmospheric
plateau of the 1940s. Therefore, the offset we simulate over the recent period is a consequence of the model "missing" the
plateau, as all complex models do (Bastos et al., 2016). The spread in the results from the two setups is high, but the spread
in the offline simulation is much higher than in the online case, owing mainly to the spread in our simulated land sink. Some
parameterizations in the offline setup even lead to negative atmospheric COs, resulting from combined negative land-use
emissions and strong land sink. This unrealistic behavior of the model puts forward the need to use observational constraints

to select only a subset of the parameterizations in future works.
3.2.2 Methane (figure 6)

The emissions from biomass burning are shown and discussed here, despite being mainly a product of the carbon-cycle in OS-
CAR, since they are part of the atmospheric balance of methane. One can see that our approach of calculating these emissions
endogenously gives values of the same order of magnitude than that of Lamarque et al. (2010), albeit with a different temporal
profile. This different profile of ours follow closely that of land-use change emissions in figure 5, which indicates that our
emissions from biomass burning are mainly the product of land-use and land-cover change; or in other words that the second
term of equation (38) dominates. In the offline simulation, however, there is a noticeable interannual variability, showing that
the environmental conditions — and especially climate — also affect our biomass burning emissions; or in other words that the

first term of equation (38) is not negligible.
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When compared to the multi-model mean of WETCHIMP (Melton et al., 2013), our offline predicted change in the emis-
sion of methane by natural wetlands is of the right order of magnitude, albeit without a good reproduction of the interannual
variability simulated by complex models. We see this relatively good performance for the offline simulation, i.e. for an exper-
imental protocol with OSCAR that is very close to the one used in WETCHIMP. For the online simulation, however, one can
see that our simulated wetlands emissions are much lower — by a factor 2 — to that simulated in the offline case. This come
from the inability of OSCAR to simulate a regional climate change — and especially precipitations (see below) — close to the
forcing data we use in the offline simulation, therefore affecting the wetlands area extent predicted by the model.

The median lifetime of methane with regard to the OH sink which we simulate is very close to the best guess value of
Prather et al. (2012) for present days. This is an ex-post justification to our arbitrary rescaling of the preindustrial lifetime ng“
in section 2.5.1. Here, we also note that our 90% spread in methane’s lifetime is greater than the correponding uncertainty
range provided by Prather et al. (2012), particularly in the online simulation. This stems from the large spread in our simulated
emissions of biomass burning — which itself is a consequence of the spread in land-use change emissions — as the biomass
burning emissions of NOy, CO and VOCs impact the OH sink capacity.

In the online simulation, the median atmospheric growth rate of methane we simulate is close to the observed one, over
the short period of observation we have at our disposal. OSCAR manages to reproduce the slowdown of atmospheric increase
around the year 2000; this slowdown is mainly driven by anthropogenic emissions in our model. After 2005, however, the
atmospheric growth resumption is too fast when compared to observations. In the offline simulation, the picture is completely
different: the reconstructed atmospheric growth rate is systematically higher than in the online case, by 10 to 20 MtC yr— 1.
If our wetlands emissions can explain 5 MtC, the rest must come from the anthropogenic emissions of methane we use for
reconstructing the growth rate. The remaining 5 to 15 MtC represent between 5% (around 2000) and 30% (in 1900) of the
anthropogenic emissions. These relatively small percentages stress how sensitive to anthropogenic emissions predicted atmo-
spheric methane is: the annual growth rate of ~10 MtC yr—! results from the balance between source or sink fluxes of ~250
MtC yr~!, and any small error in one of the two fluxes can have marked impact on the growth rate. In the online configu-
ration, there is an obvious negative feedback loop that reduces the importance of this: the sink is directly proportional to the
atmospheric concentration; but this feedback loop is cut off in the offline configuration.

Regarding atmospheric CHy4, in the online configuration we simulate a concentration that is close to recent observations
albeit slightly lower. The distance between the median of our ensemble and AGAGE (Prinn et al., 2013) is ~40 ppb over
1987-2005 and then decreases to be virtually zero in 2010. Before that, however, when compared to ice-cores data (Etheridge
et al., 1998; MacFarling Meure et al., 2006) the simulated atmospheric CHy is systematically higher by ~100 ppb. With the
offline configuration, as a direct consequence of the systematic overestimate of the reconstructed atmospheric growth rate, the
reconstructed atmospheric concentration we simulate is completely offtrack. This could be solved by using our own estimates
of compatible methane emissions (see e.g. Gasser et al., 2015) which would be 5% to 30% lower than those used here (and
described in section 2.2.1), as explained above; but also by using constraints to exclude unrealistic realisations of the Monte

Carlo ensemble.
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3.2.3 Nitrous oxide (figure 7)

The nitrous oxide emissions from biomass burning as shown here mainly to point out that they are strictly similar to that of
methane in figure 6. This is true for all non-COs species in OSCAR: given our modelling approach, their biomass burning
emissions roughly proportional by a factor equal to the ratio of two affb (see section 2.4.1).

The median lifetime of nitrous oxide with regard to the stratospheric sink which we simulate is very close to the best guess
value of Prather et al. (2015) for present days. Its distribution, however, is asymmetrical and somewhat discontinuous. Both
features are direct consequences of the distribution in the model’s estimates of the lifetime which we base our parameter on;
but the latter one also indicates that we do not have enough available parameterizations to produce a proper uncertainty range.

On average, the median atmospheric growth rate we simulate is close to the observed one over 1979-2010, although slightly
smaller for the offline simulation. The observed variability, however, is not reproduced by our model, be it in the online
or offline setup. This suggests that a biological process related to nitrous oxide is missing in our model. Processes such as
biological production in terrestrial or aquatic systems are viable candidates (Ciais et al., 2013b).

In the online simulation, the excess atmospheric concentration we simulate is lower than the one observed: the median is
actually parallel to the observations with a distance of ~4 ppb. This feature indicates that the growth rate simulated over the
recent period is good — as we explained above — and thus that the difference between simulation and observation originates from
the earlier period. This is confirmed by the comparison with ice-cores data (MacFarling Meure et al., 2006). Assuming that
our estimate of the nitrous oxide sink is right, the difference could be explained by any phenomenon that would imply higher
emissions in the past than we use as input here, be they anthropogenic or of natural origin. As for the offline configuration, the
simulated atmospheric N5O is even lower, owing to the lower growth rate mentioned above, and its spread is larger because of

the same reasons as for atmospheric CHy.
3.2.4 Halogenated compounds (figure 8)

While other species are shown in figure S50, here we show only the first compound of each group of halogenated compounds
(i.e. HFC-23 for HFCs, CF,4 for PFCs and CFC-11 for ODSs) to illustrate two points. First, OSCAR is able to reproduce rela-
tively well the past evolution of the atmospheric concentration of these compounds, although not with very good performance
in all cases. Second, the fact that we only have one set of preindustrial lifetimes and one dataset of anthropogenic emissions
hampers our ability to produce a proper distribution of results with OSCAR. Hence, if one or the other data is wrong, the
simulation with OSCAR will also be wrong. Alternative parameters and/or input data should be used in future versions of the
model, or — more importantly — in any future study that would focus on those compounds.

If we look at the variables that summerize the two effects of the halogenated compounds within the climate system, that is
effective equivalent stratospheric chlorine and radiative forcing, we can have an overview of the performance of this module.
Regarding the EESC simulated by our model, it is lower than the one calculated on the basis of the IPCC (2013) atmospheric
concentrations and the fractional release parameters from Newman et al. (2007) used by the WMO (Montzka et al., 2011).

Note, however, that in OSCAR those fractional release factors can also take alternative values, as illustrated by the three lines
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in the distribution of the offline EESC. Regarding the combined radiative forcing of all halogenated compounds, the offline
simulation gives a slightly higher value than the IPCC’s (Myhre et al., 2013b), whereas the online simulation gives a slightly

lower one. In both cases, the values remain within the 90% uncertainty range assessed by the IPCC.
3.2.5 Ozone (figure 9)

Regarding tropospheric ozone, the median change in burden simulated by OSCAR is very close to the only point in time we
have from the IPCC (2013, table AII.5.2) which is for the change in burden over 1850-2000. The corresponding RF, however,
is higher in our simulation than the one provided by the IPCC (Myhre et al., 2013b) for the year 2010. Given that OSCAR
seems to perform well over 1850-2000, the cause of the discrepancy between the IPCC RF estimate and ours can be a different
estimate of change in burden before or after that period and/or a different radiative efficiency of tropospheric ozone. In any
case, our estimate remains within the IPCC uncertainty range, but it must be noted that our 90% range is almost systematically
higher than the IPCC best guess.

Regarding stratospheric ozone, our slightly underestimated EESC induces a slightly underestimated change in column bur-
den (in absolute value), again over the reference period 1850-2000. Nonetheless, the estimate by the IPCC (2013) is well
within our 90% range — a range that is discontinuous in the offline configuration, as could be expected from the discontinuity
of the EESC seen in figure 8. The corresponding median RF we estimate is close to the IPCC best guess and its spread is also

close to the uncertainty range provided by the IPCC, except that it does not go into the positive value domain.
3.2.6 Aerosols (figure 10)

Regarding the direct effect of aerosols, OSCAR’s ability to match the IPCC best guess (Myhre et al., 2013b) in 2010 varies with
the aerosol considered. In the case of sulphates, the median RF we simulate is slightly smaller (in absolute value) than the IPCC
reference, while the spread is larger than the reference and has a non-regular distribution. The cases of POA and BC are very
comparable: our median RFs are significantly smaller (in absolute value) than the IPCC references, and the distributions are
close to a log-normal one and with a relatively consistent spread. With both aerosols, however, if we remove the contribution
of biomass burning aerosols to the IPCC best guesses, our median estimates are much closer. This odd feature does not affect
much the overall performance of the model (see next section), as the IPCC best guess estimate for combined biomass burning
POA and BC is zero. It strongly suggests, however, that the way these biomass burning aerosols are treated is OSCAR can be
improved. In the case of nitrate, our median RF is relatively close to the IPCC best guess, whereas our distribution does not go
as far in the negative values as the IPCC uncertainty range. In the case of SOA, our median RF is very small — owing to the fact
that one out of three simulations has the SOA turned off — and the distribution clearly show that we only have three possible
paramererizations for this aerosol. Also, because all the radiative efficencies of SOA available to OSCAR are negative, the only
way it could go into the negative value domain would be to have varying biogenic emissions of NMVOCs, which is nit the case
in this version.

Regarding the cloud effect of aerosols, which includes both the so-called semi-direct and indirect effects, OSCAR performs

well and its median estimate meets the IPCC best guess in 2010. This is mostly due to the way this effect is calculated in our
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model, as the main sensitivity parameter of the module (i.e. @) is rescaled using the IPCC estimate. Nonetheless, this and the
shape of the distribution, that is close to a log-normal one, show that our simple formulation of the cloud effect is consistent.
Note also that the online and offline simulations are very close, both for the direct and cloud effects, because of the limited role

of climate in our aerosol module.
3.2.7 Radiative forcing (figure 11)

When we combine together the RF induced by all well-mixed greenhouse gases, we see that the median of both our online and
offline simulations are slightly higher in 2010 than the estimate by Myhre et al. (2013b), albeit with a larger spread than the
reference in the online case, and a much larger spread in the offline one. The latter feature is a direct consequence of the large
spread in the offline simulations of atmospheric CO; and CHy discussed above. When the RF induced by all near-term climate
forcers is combined, we see similarly that the median of both our online and offline simulations is close to the [PCC estimate
for 2010. This time, however, our simulated spread is relatively consistent with the IPCC uncertainty range.

Regarding the two RFs induced by surface albedo, one can see that our two simple modules simulate values that meet the
IPCC estimate for the year 2010. For black carbon deposition on snow, this could be expected from our rescaling of the global
sensitivity parameter a2“52°%  although the spread in our results is smaller than the IPCC uncertainty. For land-cover change,
however, no parameter was rescaled to meet the IPCC best guess, and the distribution of our simulated RF shows that this
median result is actually the product of several parameterizations with very contrasted results. We also note that the offline and
online simulations of this RF from land-cover change are strictly equal because the module is driven only by LULCC drivers,
and it is therefore not coupled to any other module.

All in all, the total RF simulated by OSCAR — which is the sum of the above four RFs and the three drivers prescribed
directly as radiative forcing — has a median value in the year 2010 close to the IPCC best guess, but slightly higher. In the

online case it has a relatively consistent spread, whereas in the offline one the spread is much larger.
3.2.8 Climate (figure 12)

Global mean surface temperature, which is our prime proxy of climate change, is relatively well simulated by OSCAR over
the 1900-2010 period. We note, however, that the 1940s warmer period is not reproduced, and during the last ten years of
simulation the simulated temperature tends to be higher than the observations. Interestingly, OSCAR simulates a slowdown of
the warming during these last ten years — the so-called hiatus period. The fact that the slowdown is simulated in both the offline
and online setups suggests it is a feature our climate module alone. However, the lack of interannual variability in OSCAR
makes any further investigation on the topic virtually impossible. Note also that the offline simulation gives a narrower range
than the online one because only one set of radiative forcings is prescribed in the former case.

As for the global sea surface, one can see here the limits of our pattern scaling approach: the single proportionality parameter
makes the timeseries of sea surface temperature homothetic to that of global surface temperature. If the simulated temperature
follows relatively well the observations over 1900-2010, the simulated temporal variability does not match the observed one.

Similarly, the simulated local surface temperatures, shown in figure S51, are proportional to the global one, which gives
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temperature changes consistent with the CRU dataset (Harris et al., 2014) in most regions, with the notable exception of
tropical regions. This suggests regional processes should be accounted for, especially as some anthropogenic activities such
as emission of short-lived species and land-use change can have important regional impacts. This is discussed hereafter in
conclusion.

Although we cannot compare our global yearly precipitations with a long enough timeseries of observation, we can note
that OSCAR simulates a wide range of precipitation changes, with a non-negligible difference between the offline and online
configurations. This is mostly caused by the difference between the simulated RF of aerosols in the online setup and the
prescribed RF in the offline one. Regarding local yearly precipitations, shown in figure S52, OSCAR does not manage to
capture the past variation of this variable, in any of our regions. This has limited impact on the model’s results, since in section
2.3.2 we calibrate the sensitivity parameters of NPP and heterotrophic respiration in two steps, the first of which being driven
by temperature alone. It does, however, impact our simulated methane emissions from wetlands (see above). More work is
needed to improve that aspect of the model.

Finally, the ocean heat content simulated with our model is of the right order of magnitude, owing to the good simulated
RF and temperature. It follows relatively well the variations of the observations for both online and offline simulations, except
over the last 10 years of simulation. This could be explained by our choice of a single value for 7}, while this parameter
should ideally be calibrated on each of the CMIP5 climate models we emulate. Alternatively, another explanation could be that
our reference from NOAA/NODC (Levitus et al., 2012) actually estimates the ocean heat content down to a 2000-meter depth,

potentially creating a slight bias in our comparison.

4 Conclusions

In this paper, we provided a complete description of the compact Earth system model OSCAR v2.2, and we presented the
model’s results in the case of an historical simulation. Overall, despite some caveats discussed in the previous section, we
conclude that the model performance is good, especially given its level of complexity. OSCAR manages to satisfactorily
reproduce most of the past changes in the global Earth system, with an even better performance over the recent period when
better driving data is available. However, we note that a good performance of a simple model over the historical period does
not warrant a good performance in any other simulation. In the case of OSCAR, since its parameters are generally calibrated
on simulations that go relatively far from the historical conditions (e.g. under quadrupled COs, or following the RCPs), we
expect the model to provide reliable results over the plausible range of future climate change, in other words to cover all
scenarios by Clarke et al. (2014). OSCAR’s domain of validity is not as broad as that of complex models, however, and we
would not recommend using the model e.g. to perform paleoclimate studies. Ultimately, OSCAR’s domain of validity should
be investigated in future studies.

The fact that OSCAR has been developed to be used in a probabilistic setup is an additional strength of the model, although
the spread in the model’s results for some components may greatly differ from the uncertainty range assessed by studies based

on more complex models and/or observations. In addition to the reasons discussed in the sections above, there are two more
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general causes to that feature, owing to the principles underpinning OSCAR’s development (expounded in section 2.1). First,
because all the modules of OSCAR interact with each other, the model’s overall causal chain is fairly complex (as illustrated
in figure 1) and it has many degrees of freedom — actually more than most CMIP5 complex Earth system models. These many
degrees of freedom increase the odds of seeing a given simulation diverge, or at least depart unreasonably from the plausible
range of results. Second, OSCAR is not designed to emulate a given complex Earth system model as a whole: each of its
modules is per se an emulator, and OSCAR is the combination of these emulators. Consequently, in a given parameterization,
two modules could emulate the sensitivities of two complex models that are physically inconsistent with one another (e.g.
the implicit ocean transport of the climate module could be inconsistent with that of the carbon-cycle module), therefore
potentially leading to unreasonable results. These two elements explain why OSCAR’s average or median simulation can
differ from the average of a model intercomparison exercise we used for calibration, and why the model’s results can show
very large spreads. A way to solve this and improve the probabilistic setup is to use observational constraints, either to rate a
given parameterization and therefore give it a lower weight if its too far from the observations (e.g. Steinacher et al., 2013), or
more abruptly to remove from the pool of the Monte Carlo experiment the parameterizations that lead to unrealistic results (e.g.
Gasser, 2014). In any case, the observational constraints must be relevant to the study: for global climate change projections,
atmospheric concentrations of greenhouse gases and global surface temperature could suffice; while for a study focusing e.g.
on land carbon-cycle, additional constraints on NPP and carbon densities might be required.

To conclude, we want to suggest a few tracks for future development of the model. Despite its overall good performance,
the model can indeed be improved, especially in terms of consistency of modelling. We see three broad aspects of the model
for doing so. First, the carbon-cycle can be improved by inclusion of nutrient limitations for the land carbon-cycle, and of the
biological pump for the ocean carbon-cycle. Inclusion of the nitrogen-cycle would couple the carbon-cycle and the atmospheric
chemistry, as the carbon sinks would be affected by deposition of active nitrogen that would be induced by NO, and NHg
emissions (e.g. Ciais et al., 2013b). This would also allow to compute endogenously some of the biogenic emissions of N,O,
NOy or NH3, which would probably change our estimated past evolution of atmospheric nitrous oxide, e.g. by giving it more
annual variability in the offline simulation. Second, the whole of OSCAR’s atmospheric chemistry can be improved by making
it consistent. In OSCAR v2.2, the atmospheric chemistry is a patchwork of many sensitivity studies. When we choose the
parameters for e.g. the stratospheric N»O sink, it should actually be coupled to the ozone stratospheric chemistry (e.g. Prather,
1998). Also, coupling of the tropospheric and stratospheric chemistries would be an improvement, especially for ozone, as
would a finer regionalization be. We note however that a tremendous amount of factorial simulations by complex chemistry-
transport models would be needed to make such an improvement. Third, the climate module can be improved, especially as it
performs poorly at the regional scale. This would need to be done, however, by accounting for regional processes that affect
temperature or precipitations, such as the physiological effect of CO; (e.g. Sellers et al., 1996) and thus the biophysical effect
of land-use and land-cover change (e.g. Feddema et al., 2005), or the local effects of atmospheric pollution (e.g. Ramanathan
et al., 2001). Implementing this in OSCAR would also require an important amount of factorial simulations, so as to be able to
apply forcing-dependent patterns of climate change, or alternatively a complete rewriting of the climate module to explicitly

model the local energy imbalance and water-cycle. In addition to these three huge undertakings, we acknowledge that many
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smaller improvements could be made. But ultimately, the future development of OSCAR will depend on the data from complex

models that will be made available.

5 Code availability

The source code of this version of OSCAR will be made available upon release of the final version of this description paper. A

brief user manual will be provided with the code.

Appendix A: Changelog
Al OSCARv2.1

Version 2.1 of OSCAR is completely described by Gasser (2014), although in French. Partial descriptions can be found in other
studies (Cherubini et al., 2014; Li et al., 2016).

Main changes between v2.1 and v2.2 are the following: development of the ocean carbon-cycle module to include the
stratification effect calibrated on CMIP5 models; extension of the terrestrial carbon-cycle module to be calibrated on many
TRENDY and CMIP5 models; creation of a wildfire module; extension of the wetlands module to be calibrated on many
WETCHIMP models; development of the stratospheric sink module to include the effect of ozone depleting substances and
age-of-air change; development of the tropospheric ozone module to include a regionalization and the effect of climate change;
development of the stratospheric ozone module to include the effect of nitrous oxide and climate change; development of the
aerosols module to have explicit and regionalized parameterizations; creation of the surface albedo modules; development of
the climate module to include a global precipitation response.

Many other small and specific changes were also made during the development of the latest version.
A2 OSCAR v2.0

Version 2.0 of OSCAR is exactly the same as version 2.1 with two significant exceptions. First, non-CO, species were not
modelled at all, which means that v2.0 was a carbon-climate model. Second, only one climate response was available, that
developed by Hooss et al., instead of the CMIP5 responses available now. Version 2.0 was used by Gasser and Ciais (2013)
and very briefly described therein.

It can also be noted that the main change between the previous versions of OSCAR and v2.0 is the computing language
used to code the model. While previous versions were coded in Scilab, the next versions (i.e. from v2.0 onward) are coded in

Python.
A3 OSCARVv1.1

Version 1.1 of OSCAR is an update of version 1.0, described by Gitz (2004). The update is limited to the inclusion of a basic

climate response and of a simple climate-carbon feedback, for the terrestrial carbon-cycle only.
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A4 OSCARV1.0

Version 1.0 of OSCAR is described by Gitz and Ciais (2003). At that time, it was a simple carbon-cycle model designed to
specifically focus on land-use change issues, as the book-keeping module was already included in the model (albeit not exactly

coded in the way it is now).

Appendix B: Complex models used for calibration

These models are those whose outputs we use to calibrate some of OSCAR’s parameters. In other words, we do not list here
the models for which we simply read OSCAR’s parameter value in e.g. a table of another study. Note that here we give the
models’ name as given by the study we base our calibration on. These names may vary across studies and from the official

name itself.
B1 CMIP5

For the ocean carbon-cycle, stratification effect (section 2.3.1): CESM1-BGC, IPSL-CMS5A-LR and MPI-ESM-LR.

For the land carbon-cycle, transient response of net primary productivity and heterotrophic respiration (section 2.3.2): BCC-
CSM1.1, CESM1-BGC, CanESM2, HadGEM2-ES, IPSL-CM5A-LR, MPI-ESM-LR and NorESM1-ME.

For the land carbon-cycle, transient response of wildfires (section 2.3.2): CESM1-BGC, IPSL-CM5A-LR, MPI-ESM-LR
and NorESM1-ME.

For the atmospheric burden of sulphate, primary organic and black carbon aerosols (section 2.9.1): CSIRO-Mk3.6.0, GDFL-
CM3 and MIROC-CHEM.

For the atmospheric burden of secondary organic aerosols (section 2.9.1): GFDL-CM3.

For the indirect effect of aerosols (section 2.9.2): CSIRO-Mk3.6.0, and IPSL-CM5A-LR.

For the climate module, both the temperatures and the precipitations (sections 2.11.2 and 2.11.3): ACCESS1.0, ACCESS1.3,
BCC-CSM1.1, BCC-CSM1.1m, CanESM2, CCSM4, CNRM-CM5, CNRM-CM5.2, CSIRO-Mk3.6.0, GFDL-CM3, GFDL-
ESM2G, GFDL-ESM2M, GISS-E2-H, GISS-E2-R, HadGEM2-ES, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-CM5B-LR,
MIROCS, MIROC-ESM, MPI-ESM-LR, MPI-ESM-MR, MPI-ESM-P, MRI-CGCM3 and NorESM1-M.

B2 TRENDY v2

For the terrestrial carbon-cycle, preindustrial net primary productivity and heterotrophic respiration (section 2.3.2): CLM4.5,
JSBACH, JULES, LPJ, LPJ-GUESS, LPX-Bern, OCN, ORCHIDEE and VISIT.

For the terrestrial carbon-cycle, preindustrial wildfires (section 2.3.2): CLM4.5, JSBACH, LPJ, LPJ-GUESS, ORCHIDEE
and VISIT.
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B3 WETCHIMP

For the natural wetlands, preindustrial state (section 2.5.2): CLM4-Me, DLEM, IAP-RAS, LPJ-Bern, LPJ-WSL, ORCHIDEE
and SDGVM.

For the natural wetlands, transient reponse of the area extent (section 2.5.2): CLM4-Me, DLEM, LPJ-Bern, ORCHIDEE,
SDGVM and UVic-ESCM.

B4 CCMVal2

For the stratospheric sink, transient response of the age of air (section 2.6.1): AMTRAC3, CAM3.5, CMAM, Niwa-SOCOL,
SOCOL, ULAQ and UMUKCA-UCAM.

For the stratospheric ozone, transient response to chlorine and climate change (section 2.8.2): AMTRAC3, CCSRNIES,
CMAM, CNRM-ACM, LMDZrepro, MRI, Niwa-SOCOL, SOCOL, ULAQ, UMSLIMCAT and UMUKCA-UCAM.

B5 ACCMIP

For the tropospheric ozone, transient response to precursors emissions (section 2.8.1): CICERO-OsloCTM2, NCAR-CAM3.5,
STOC-HadAM3 and UM-CAM.

For the tropospheric ozone, transient response to climate change (section 2.8.1): CESM-CAM-superfast, GFDLAM3, GISS-
E2-R, MIROC-CHEM, MOCAGE, NCARCAM3.5, STOC-HadAM3 and UM-CAM.

For the atmospheric burden of sulphate, primary organic and black carbon aerosols (section 2.9.1): GISS-E2-R.

For the atmospheric burden of secondary organic aerosols (section 2.9.1): GISS-E2-R.

For the indirect effect of acrosols (section 2.9.2): GFDL-AM3, GISS-E2-R, HadGEM2, MIROC-CHEM and NCARCAMS. 1.
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Table 1. List of drivers and state variables of the model.

Notation Name Section
Drivers
Err Anthropogenic emissions of carbon dioxide from fossil-fuel burning and cement production. 221
Ex Anthropogenic emissions of a species X; X being any species but carbon dioxide. 221
§A®P1=b2  Yearly land-cover change from biome by to biome bo; in region 3. 222
SH® Yearly harvest of biomass from biome b; in region . 222
§8%P1=%2  Yearly shifting cultivation between biomes b; and bo; in region 4. 222
RFcon Radiative forcing induced by aviation contrails and induced cirrus. 223
RFyo1c Radiative forcing induced by volcanic aerosols. 223
RFso1ar Radiative forcing induced by solar irradiance. 223
State variables

et Carbon pool of the surface ocean; in subdivided box o. 2.3.1
Acf,’ebg Areal carbon pool of the vegetation; in region ¢ and biome b. 232
Acfi’tbt Areal carbon pool of the litter; in region ¢ and biome b. 232
Acifil Areal carbon pool of the soil; in region ¢ and biome b. 232
ACi’el;iuC Carbon pool of the LUC-disturbed vegetation; in region ¢, biome b and age-class a. 233
ACf‘“V’Vi;ﬁfC Carbon pool of the harvested wood products; of type w, in region ¢, biome b and age-class a. 233
ACfi’:fﬁ’y‘fuC Carbon pool of the LUC-disturbed litter; in region 7, biome b and age-class a. 233
AC;?SUC Carbon pool of the LUC-disturbed soil; in region ¢, biome b and age-class a. 233
AAB Area of a biome b; in region i. 223
ACO2 Atmospheric concentration of carbon dioxide. 234
AXiag Lagged concentration of a species X; X being methane, nitrous oxide or any HFC, PFC or ODS. 242
ACH4 Atmospheric concentration of methane. 253
AN20 Atmospheric concentration of nitrous oxide. 2.6.2
AX Atmospheric concentration of a species X; X being any HFC, PFC or ODS. 2.7.2
ATg Global mean surface temperature. 2.11.2
ATp Temperature of the deep ocean. 2.11.2
AOHC Ocean heat content. 2.11.4
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Table 2. List of secondary variables of the model.

Notation Name Section
Secondary variables
AF Flux of carbon going in the surface ocean. 2.3.1
AFut Flux of carbon going out the surface ocean. 2.3.1
Adic Dissolved inorganic carbon in the surface ocean. 23.1
Ahmid Mixing layer depth of the surface ocean. 2.3.1
AFS.. Flux of carbon going from the surface ocean to the deep ocean. 23.1
Anpp™? Areal net primary productivity; in region ¢ and biome b. 232
Aegfe Areal wildfire flux; in region ¢ and biome b. 232
Afé;grt Areal mortality flux; in region ¢ and biome b. 232
Arhfi’ft Areal heterotrophic respiration from the litter carbon pool; in region 7 and biome b. 232
A ffr;zt Areal flux of carbon going from the litter to the soil carbon pool; in region ¢ and biome b. 232
Arhi;bﬂ Areal heterotrophic respiration from the soil carbon pool; in region ¢ and biome b. 232
AF|ocean So-called "ocean sink" of carbon dioxide. 234
AF|1and So-called "land sink" of carbon dioxide. 234
AEruc So-called carbon dioxide "emissions from land-use and land-cover change". 234
ARFC9?  Radiative forcing induced by atmospheric carbon dioxide. 234
AE&;Z Emissions of a species X from biomass burning; X being any species but a HFC, PFC or ODS. 24.1
AFLCH4 Total atmospheric sink of methane. 2.5.1
Aél o Areal emissions of methane by wetlands; in region . 2.5.2
AAL Wetlands area extent; in region i. 252
AE: . Emissions of methane by wetlands; in region <. 2.5.2
ARFCH*  Radiative forcing induced by atmospheric methane. 253
ARFH20%  Radiative forcing induced by stratospheric water vapor. 2.5.3
AFlNQO Total atmospheric sink of nitrous oxide. 2.6.1
ARFN?20 Radiative forcing induced by atmospheric nitrous oxide. 2.6.2
AF lX Total atmospheric sink of a species X; X being any HFC, PFC or ODS. 2.7.1
ARFX Radiative forcing induced by a species X; X being any HFC, PFC or ODS. 272
ARF"#° Radiative forcing induced by all the halogenated compounds combined. 272
AO3t Tropospheric ozone burden. 2.8.1
ARFO3¢ Radiative forcing induced by tropospheric ozone. 2.8.1
AEESC Equivalent effective stratospheric chlorine. 282
AO3s Stratospheric ozone burden. 282
ARF©3s Radiative forcing induced by stratospheric ozone. 282
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Table 2. (continued)

Notation Name Section
ASO4 Atmospheric burden of sulphate aerosols. 29.1
APOA Atmospheric burden of primary organic aerosols. 29.1
ABC Atmospheric burden of black carbon aerosols. 29.1
ANO3 Atmospheric burden of nitrate aerosols. 29.1
ASOA Atmospheric burden of secondary organic aerosols. 29.1
ARFY Direct radiative forcing induced by an aerosol Y; Y being SO4, POA, BC, NO3 or SOA. 29.1
AAERso1 Atmospheric burden of soluble aerosols. 2.9.2
ARFcloud Radiative forcing induced by the semi-direct and indirect effects of aerosols. 292
ARFBCsnow Radiative forcing induced by black carbon deposition on snow. 2.10.1
ARF™CC Radiative forcing induced by albedo change from land-cover change. 2.10.2
ARFWMGHG  Radiative forcing induced by all well-mixed greenhouse gases combined. 2.11.1
ARFNTCF Radiative forcing induced by all near-term climate forcers combined. 2.11.1
ARF Total radiative forcing. 2.11.1
ARFwarm Total radiative forcing accounting for the forcings’ efficacies. 2.11.1
ARFatm Total radiative forcing occuring within the atmosphere. 2.11.1
ATs Sea surface temperature. 2.11.2
AT} Local surface temperature; in region . 2.11.2
APg Global yearly precipitations. 2.11.3
AP} Local yearly precipitations; in region i. 2.11.3
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Table 3. List of driving datasets and parameterizations for the probabilistic setup of the model. The *#’ column shows how many options are

available for the given parameter or set of parameters. Superscripts are omitted for clarity.

Drivers Description #  Section
Err Emissions of carbon dioxide from fossil-fuel burning and industry. 2 22.1
Echa Emissions of methane. 3 22.1
EnN20 Emissions of nitrous oxide. 2 2.2.1
{Ex}xequrciu{prciu{ops} Emissions of halogenated compounds. 1 2.2.1
Enox Emissions of nitrogen oxides. 2 221
Eco Emissions of carbon monoxide. 2 221
Evoc Emissions of non-methane volatile organic compounds. 2 2.2.1
Esoo Emissions of sulfur dioxide. 2 2.2.1
EnNus Emissions of ammonia. 2 2.2.1
Foc Emissions of organic carbon. 1 2.2.1
Esc Emissions of black carbon. 1 2.2.1
0A;6H;6S; Ao Land-use and land-cover change drivers & preindustrial land-cover. 18 222
RFcon Additional anthropogenic radiative forcing. 1 223
RFoic; RFsotar Additional natural radiative forcings. 1 223
Parameters Description #  Section
Vtg; Aocean; Pmld,0; Teire; Teire; 15,0 Structural parameters of the oceanic carbon-cycle. 4 2.3.1
{aﬁm}XE{WMGHg} Atmospheric conversion factors for well-mixed greenhouse gases. 1 2.3.1%*
Fpco2 Ad hoc function to emulate the oceanic carbonate chemistry. 2 2.3.1
Qlsol Conversion factor for dissolved inorganic carbon. 1 2.3.1
Tmld; Ymld Transient response of the oceanic stratification. 3 23.1
75 15 Plitts Psoil Preindustrial equilibrium of the land carbon-cycle excluding wildfires. 9 232
Frert Functional form of the fertilisation function. 2 232
Bupp; Buapp; CO2ep; Yapp. T Yapp, P Transient response of the land carbon-cycle excluding wildfires. 7 232
Vresp,T'; Vresp, P} Yresp,Ty 5 Vresp, Ty ; Vresp, P

L Preindustrial intensity of wildfires. 7 232
Yigni,C'; Vigni, T; Yigni, P Transient response of the wildfires. 5 2.3.2
Fresp Functional form of the respiration function. 2 2.3.2
Kmet Factor for litter-to-soil carbon flux. 1 232
Ao Twet Preindustrial natural land-cover. 138l 232
Tshift ] Tshift Turnover time of shifting cultivation and associated biomass fraction. 1 233
Tagh Above-ground biomass fraction. 3 233
Thwp Allocation coefficients for the harvested wood products. 2 233
Thwp Turnover times of the harvested wood products. 2 233
.7-"hwp;(,g Functional form for the wood product oxidation and associated profile. 3 233
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Table 3. (continued)

Parameters Description #  Section
{Oéi(f}xg{WMGHG} Radiative efficiency of well-mixed greenhouse gases. 1 2.3.4%
{Xo}xeqwmanay Preindustrial atmospheric concentration of well-mixed greenhouse gases. 1 2.3.4%
Qpb Proportionnality factors for biomass burning. 1 24.1
Tlag Time-lag used to estimate the lagged concentrations. 1 242
rSHa Preindustrial lifetime of methane for the OH sink. 16 2.5.1
TEVH4 T TS Preindustrial lifetime of methane for other sinks. 1 2.5.1
CH4, 5035, Ta ,§Q i Transient response of the OH tropospheric chemistry. 5 2.5.1
£R6x: €003 600 ER0x: €863 6v0¢
Fpree Functional form of the OH sink response to ozone precursors function. 2 2.5.1
KTA3KQ 45 Ksvp; Tsvp; Ta03 Other parameters for the response of the OH atmospheric chemistry. 1 251
O3s0; Enat; Esar; Enac
Aset;05 €wet;0; Twet Preindustrial emissions and area extent of wetlands. gll 252
Ywet,C'; Ywet, T} Ywet, P Transient response of the wetlands area extent. 7 252
Fover Ad hoc function for the overlap of the absorption bands. 1 2.5.3*
20 Preindustrial lifetime of nitrous oxide for the stratospheric sink. 9 2.6.1
O R :ge Transient response of the stratospheric chemistry. 5 2.6.1
Yage Transient response of the stratospheric age of air. 7 2.6.1
{TSH ; Tﬁ(l,; gihr}XE{HFC}U{PFC}U{ODS} Preindustrial lifetimes of halogenated compounds for various sinks. 1 2.7.1
EQBE,, €98t 198 03¢, Transient response of tropospheric ozone to methane and its precursors. 5 2.8.1
WNOx; WCO;WVOC Regionalization of the tropospheric ozone chemistry. 12 2.8.1
Treg Matrix describing the overlap of the different regional aggregations. - 2.8.1%
Tost Transient response of tropospheric ozone to climate change. 9 2.8.1
a93t Radiative efficiency of tropospheric ozone. 17 2.8.1
{Tl'fél}xe{ODs ¥ Q58 Fractional release factors of each ozone depleting substance. 39 2.8.2
{ndy nﬁr}Xe{ODs} Number of chlorine and bromine atoms per ozone depleting substance. - 2.8.2
alr Relative efficiency in destroying ozone of bromine over chlorine. 1 2.8.2
038 1 ER58) Transient response of stratospheric ozone to stratospheric chlorine. 119 2.8.2
aBESC. EESC ;€958 Sensitivity of stratospheric ozone to nitrous oxide. 17 2.8.2
Toss Transient response of stratospheric ozone to climate change. 5 2.8.2
a9 Radiative efficiency of stratospheric ozone. 5 282
7502; ToMS; 'so4 Transient response of the sulphate aerosols chemistry. 4 2.9.1
wso02 Regionalization of the sulphate aerosols chemistry. 8 29.1
TOM,&; TOM,bb; L POA Transient response of the primary organic aerosols chemistry. 4 29.1
woM Regionalization of the primary organic aerosols chemistry. 8 29.1
aS$ Conversion factor for organic matter. 3 29.1
TBCH; TBC,bb; I BC Transient response of the black carbon aerosols chemistry. 4 2.9.1
WBC Regionalization of the black carbon aerosols chemistry. 8 29.1
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Table 3. (continued)

Parameters Description #  Section
TNOx; TNH3; I'No3 Transient response of the nitrate aerosols chemistry. 2 2.9.1
Tvoc;Tevoc;'soa Transient response of the secondary organic aerosols chemistry. 3 2.9.1
oS04 Radiative efficiency of sulphate aerosols. 15 29.1
aboA Radiative efficiency of primary organic aerosols. 15 29.1
aBC Radiative efficiency of black carbon aerosols. 15 29.1
o3 Radiative efficiency of nitrate aerosols. 8 29.1
aSPA Radiative efficiency of secondary organic aerosols. 5 2.9.1
naBde Factor of the semi-direct effect of black carbon. 6 292
{7'(';21}YE{SQ4’pOA’BC’N037SQA} Soluble fractions of each aerosol. 2 29.2
®; AERso1,0 Parameters to model the indirect effects of aerosols. 7t 29.2
AERso1,0 Preindustrial burden of soluble aerosols. 3t 29.2
WBCsnow Regionalization of the deposition of black carbon on snow. 1 2.10.1
aBCsnow Radiative efficiency of black carbon on snow with respect to emissions. 8 2.10.1
Ttrans Global short-wave and upward transmittance. 1 2.10.2
(Prsds; Qalb Climatology of radiative short-wave and downward flux at the surface. 2% 2.10.2
Qlalb Climatology of land surface albedo. 2% 2.10.2
Qalb Climatology of land-cover. 2t 2.10.2
AgRarth Surface area of the Earth. - 2.10.2%
B snow Warming efficacy of black carbon on snow. 3 2.11.1
KECC Warming efficacy of the albedo effect of land-cover change. 4 2.11.1
Kok Warming efficacy of volcanic aerosols. 1 2.11.1
7502, pnoCO2, O3t strat, Atmospheric fraction of radiative forcing for various forcers. 2 2.11.1
A bR meleu i, i

AN TTgs Trp 3 0 Climate sensitivity & global surface temperature dynamics. 25 2.11.2
WTg;WTy Pattern scaling of the temperature response. 2 2.11.2
apg; Bprg Global precipitations response. 25 2.11.3
wpy, Pattern scaling of the precipitations response. 2 2.11.3
Tohe Fraction of extra energy used to heat the ocean. 1 2114
Total available parameterizations

— excluding driving datasets > 10
—including driving datasets >10%3

* First mention of the parameter in this section.

§ The preindustrial land-cover (Ag) is determined by these two options.

I The wetlands partition coefficients (7t ) are determined by these two options.

0O3s

9 The sensitivity of stratospheric ozone to nitrous oxide (§x5¢,) is determined by these three options.

t The preindustrial burden of hydrophilic aerosols (AERo1,0) is determined by these two options.

¥ The land albedoes (aa1b) are determined by these three options.
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Figure 1. Simplified causal chain of OSCAR v2.2. Each node of the graph corresponds to a module described in the section whose number
is shown below the node’s name. Colored edges show the forcings of the model, black edges show the natural cause-effect chain, and dashed
edges show the climate feedbacks. "Halo" groups all the halogenated compounds; "Ocean" is the ocean carbon-cycle, "Land" is the land
carbon-cycle; "Albedo" groups the surface albedo effects; "hv" is the stratospheric chemistry; "OH" is the tropospheric chemistry; "Cloud"

is the indirect aerosol effect; "Climate" groups the surface temperatures and precipitations.
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Figure 2. Time-series of the main anthropogenic emissions used as potential inputs of OSCAR (section 2.2.1). Other drivers of the model,

i.e. emissions of halogenated compounds and LULCC, are shown in figure S1 and S2, respectively.
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Figure 3. Functional forms possible for the harvested wood products oxidation (section 2.3.3). They are shown as the oxidation profile of
a unit pool of wood product (left-hand panel) and as the corresponding normalized yearly oxidation rate (right-hand panel). The former is

noted C and the latter is exactly the function Fiwp,. They are linked by the following relationship: iy, = —Thep % ln[éw].
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Figure 4. Ensemble of possible parameterizations of the aerosol-cloud interactions in OSCAR (section 2.9.2). Here we show the simulated
radiative forcing as a function of the total burden of soluble aerosols (left-hand side) or of the change in that burden since preindustrial
(right-hand side). In the former case, the grey dotted lines show the preindustrial burden we calculate; in the latter, the red area shows the

90% range of RF provided by Myhre et al. (2013b), and therefore the associated change in burden implied by our formula.
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Figure 5. Results of our simulations with OSCAR, for carbon dioxide. The offline simulation is shown in blue, and the online simulation in
black. Other colors are references we compare our results to. The left-hand panels show the timeseries from 1900 to 2010, the thick colored
lines indicate the median of the ensemble of simulations, and the colored area its Sth to 95th percentiles. The right-hand panels show the
probability distribution function (PDF) from the ensemble of simulations, for the averaged last 10 years of simulation. Reference for the
first three fluxes is the GCP (Le Quéré et al., 2015), and the dashed red lines show the 90% uncertainty range (calculated as 1.645 times the

lo-uncertainty). Reference 1 for the atmospheric growth rate and concentration is NOAA/ESRL (Tans and Keeling, 2015). Reference 2 are

Law Dome ice-cores (Etheridge et al., 1996; MacFarling Meure et al., 2006).
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Figure 6. Results of our simulations with OSCAR, for methane; with the same format as per carbon dioxide. References are: ACCMIP

(Lamarque et al., 2010) for biomass burning; WETCHIMP (Melton et al., 2013) for wetlands; Prather et al. (2012) for the lifetime and

90% uncertainty range (calculated as 1.645 times the 1o uncertainty); and AGAGE (Prinn et al., 2013) for the atmospheric growth rate and

concentration. Reference 2 are Law Dome ice-cores (Etheridge et al., 1998; MacFarling Meure et al., 2006, using the NOAA04 scale).
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Figure 7. Results of our simulations with OSCAR, for nitrous oxide; with the same format as per carbon dioxide. References are: Prather

et al. (2015) for the lifetime and 90% uncertainty range (calculated as 1.645 times the 1o uncertainty); and AGAGE (Prinn et al., 2013) for

the atmospheric growth rate and concentration. Reference 2 are Law Dome ice-cores (MacFarling Meure et al., 2006).

69



Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016-149, 2016
Manuscript under review for journal Geosci. Model Dev.
Published: 23 June 2016

(© Author(s) 2016. CC-BY 3.0 License.

— offline = online +—+ reference

30 HFC-23 excess atmospheric concentration: AHFC23 PDF: 2001-2010
T T T T T T T T

T

(ppt)
=
ol

T

0 L . Il L
CF, excess atmospheric concentration: ACF4
T T T

T T T T T T

(ppt)
N
o

-10 ! ! ! ! |

300 CFC-11 excess atmospheric concentration: ACFC11
T T T

T T T T T T
250 F 5 ;

(ppt)
=
%
o

T

0 n n ! !

equivalent effective stratospheric chlorine: AEESC
T T T T T T T T T

1600
1400
1200
1000
800
600
400
200
0

(ppt)

RF by halogenated compounds: ARF!°
T T T

0.5 T

0af ]

0.3F 1F E

0.2 1t 1

(W m~2)

0.1f 1k 1

[ 1 I I L L L L
1900 1920 1080 1060 1080 ,000  0.00 0.05 010 0.15 0.20 0.25

Figure 8. Results of our simulations with OSCAR, for halogenated compounds; with the same format as per carbon dioxide. Reference for
the atmospheric concentrations is IPCC (2013); for the EESC it is the same concentrations combined with the fractional release values of

Newman et al. (2007); and for the radiative forcing and its 90% uncertainty range it is [PCC (Myhre et al., 2013b).
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Figure 9. Results of our simulations with OSCAR, for ozone; with the same format as per carbon dioxide. Reference for the global burden

is IPCC (2013); and for the radiative forcing and its 90% uncertainty range it is IPCC (Myhre et al., 2013b).
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Figure 10. Results of our simulations with OSCAR, for aerosols; with the same format as per carbon dioxide. Reference 1 for the radiative
forcing and its 90% uncertainty range is IPCC (Myhre et al., 2013b). Reference 2 is the same except that contribution from biomass burning

aerosols is removed. 72
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Figure 11. Results of our simulations with OSCAR, for radiative forcing; with the same format as per carbon dioxide. Reference for the

radiative forcing and its 90% uncertainty range is IPCC (Myhre et al., 2013b)
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Figure 12. Results of our simulations with OSCAR, for climate; with the same format as per carbon dioxide. Reference 1 is Had-
CRUT4 (Morice et al., 2012) for global surface temperature, and HadISST1 (Rayner et al., 2003) for sea surface temperature. Reference
2 is NOAA/NCDC (Smith et al., 2008) for global surface temperature, ERSST4 (Huang et al., 2015) for sea surface temperature, and
NOAA/NODC (Levitus et al., 2012) for ocean heat content. Reference 3 is GISTEMP (Hansen et al., 2010) for global surface temperature.
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