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Abstract: Commensuration of the radiative effects of different greenhouse gases (GHGs)
is crucial for understanding the effects of land cover and ecosystem changes on the global
climate. However, none of the current commensuration approaches are suitable for
addressing the current climatic effect of mire ecosystems as compared to the situation in
which such mires would not exist. The mire ecosystems have accumulated carbon for
millennia, creating a negative perturbation to the atmospheric carbon dioxide content,
but at the same time they emit methane into the atmosphere. Thus, the functioning of
mires involves GHG fluxes with opposing effects on Earth’s radiative balance. Here, based
on a simple radiative forcing (RF) model, we propose a new metric for commensuration
of the effects of accumulated carbon and methane emission (ACME) on Earth’s energy
balance. This ACME approach is applicable to natural mires with a significant part of their
carbon accumulated more than 1000 years ago and requires relatively few input data. We
demonstrate the feasibility of the ACME approach by applying it to a set of northern
mires. The ACME-based RF estimate indicates that these mires have a cooling effect on
the current climate, contrary to what a global warming potential-based calculation
suggests, since the climatic effect is dominated by the sustained carbon accumulation. By
applying the new metric with varying estimates of the total carbon storage and methane
emission of northern mires, we estimate the current RF of these mires to range from -

0.45to -0.23 W m-=2.
1. Introduction

By sequestering atmospheric carbon dioxide (COz), mire ecosystems have accumulated
vast amounts of carbon (C) over several millennia, thus naturally reducing the
atmospheric CO2z content. For example, northern (>45°N) mires contain 250-400 Pg of C
(Turunen et al,, 2002). At the same time, these ecosystems act as significant sources of
methane (CHa4) into the atmosphere, with current emission of 31-38 Tg(CH4) yr-1 (Peltola

et al., 2019). The ecosystem-atmosphere exchange of these two greenhouse gases
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(GHGs) has therefore created climate forcing components of opposing directions, CO2
uptake cooling and CH4 emission warming the global climate (e.g. Whiting and Chanton,

2001; Frolking et al., 2006).

The atmospheric concentration dynamics resulting from sustained surface fluxes follow
very different trajectories for CO2 and CH4. For CH4, with its atmospheric lifetime of about
10 years, a sustained emission will in a few decades create a steady state of a positive but
constant concentration perturbation, where the sinks, mainly atmospheric oxidation by
hydroxyl radical, are balancing the emission (Frolking et al., 2006). For CO2, however, no
steady state is established, and a sustained ecosystem sink generates an ever-increasing
negative concentration perturbation (Frolking et al., 2006). This is due to the very long
response times of some of the processes equilibrating a perturbance to the atmospheric
CO2 concentration (Joos et al, 2013). On the other hand, CH4 has a higher radiative
efficiency than COz, which means that a CH4 molecule added to the atmosphere will

induce a greater warming effect than an additional CO2 molecule (Shine et al., 1990).

While the actual effect of GHGs on climate can be simulated with comprehensive, process-
based Earth system models, various simplified approaches have been developed for
comparing the climate effects of different GHGs (Fuglestvedt et al., 2003; Balcombe et al.,
2018; Brandao et al., 2023). This can be accomplished via a metric that accounts for the
different lifetimes and radiative efficiencies of GHGs, typically calculated with a
parameterized radiative forcing (RF) model. These models can be used to dynamically
calculate the RF due to GHG fluxes, negative or positive, of different ecosystems over a
period ranging, for example, from a single forest rotation period (Lohila et al., 2010) to
the whole Holocene (Mathijssen etal., 2014, 2017, 2022). In applications of this kind, the
calculation of RF dynamics requires a reconstruction of the GHG flux history or a scenario

for future fluxes.

The modelled RF can be processed into the global warming potential (GWP) that provides
conversion to a unit of COz2 equivalent (CO2-eq), which is the most commonly used metric
for commensuration? of climatic effects of different GHGs (Shine et al., 1990; Fuglestvedt

et al.,, 2003). The practical usage of GWPs avoids an explicit calculation of RF, as GWP

' Commensuration is defined as the comparison of different entities according to a common metric
(Espeland and Stevens, 1998).



represents a constant equivalence factor between a non-COz GHG and CO2. This
coefficient is obtained by integrating the RF following a pulse emission of the GHG in
question, typically over 20, 100 or 500 years, and relating this to the integrated RF of a
similar mass pulse of CO2 (Shine et al., 1990). The GWP approach is most appropriate for
expressing anthropogenic emissions in commensurate units, in which case an annual
emission, for example, can be well expressed as an individual, short-term pulse. However,
GWPs continue to be used for the sustained GHG fluxes of natural ecosystems as well (e.g.
Nykdnen et al., 1995; Johansson et al., 2006; Rinne et al.,, 2007; Hugelius et al., 2023;
Virkkala et al., 2024) despite the justified criticism against this (Frolking et al., 2006;

Neubauer and Megonigal, 2015).

As an alternative to the GWP, Neubauer and Megonigal (2015, 2019) recommended the
so-called sustained global warming potential (SGWP), originally called the step-change
GWP (e.g. Johnson and Derwent, 1996), to be preferred if the GHG exchange should be
considered a continuous process rather than a short-term event. Obviously, this is the
case with natural ecosystems. Similarly to the GWP, the SGWP refers to a single number
per GHG and time horizon. However, it is important to note that also any SGWP-based
conversion to COz-eq implicitly or explicitly refers to a reference state, be it the GHG
exchange before a land use or land cover change, or a nominal zero GHG exchange. Hence,
such calculation corresponds to the climatic effect of a constant step change in GHG flux
rather than that of an actual long-term GHG flux, whether constant or variable, as such.
Similarly to the GWP-based approach, the SGWP has been used to answer questions for
which it is not fully applicable for (e.g. Yuan et al., 2021; Virkkala et al., 2024). Another
alternative to the GWP is its modification known as the GWP* (Allen et al., 2018; Lynch
et al., 2020), in which the cumulative CO2-eq exchange, calculated from CO2 and CHs
exchange with a 20-year time horizon, is used to quantify the climatic effect of the
changes in these GHG fluxes. However, this approach requires data or assumptions on the

temporal trajectories of the exchange of these GHGs.

In conclusion, neither the GWP- nor the SGWP-based conversion to CO2-eq adequately
represents the actual flux dynamics and related climate forcing in the case of sustained
GHG exchange of natural ecosystems. On the other hand, the use of GWP* requires long-
term trajectories for GHG fluxes, which are not often readily available, and explicit

calculation of RF additionally depends on modelling resources. Hence, our aim here is to
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present a simple metric for quantifying the current climatic effect that can be justifiably
attributed to the past and present GHG exchange of natural mire ecosystems. OQur
approach is based on the important notion that these ecosystems have accumulated
carbon for millennia, which should be accounted for when assessing their climatic effects.
It has been suggested that the current RF of natural mires depends mainly on the
accumulated C storage and the current CH4 emission rate and thus could be quantified
with these parameters with some information on peat initiation date (Frolking et al,,
2006; Mathijssen et al,, 2022). As some cryoturbated permafrost peatlands have been
observed to emit nitrous oxide (N20, Repo et al., 2009) we supplement the new metric

with this GHG for completeness’ sake.
2. Radiative forcing due to atmospheric GHG perturbations

The radiative forcing due to a perturbation to the atmospheric mixing ratio of a well-

mixed GHG, denoted by y, can be expressed as
ARF, = g,Acy, (D

where ¢, is the radiative efficiency and Ac, the mixing ratio change of y (Myhre et al,
2013). Assuming perfect mixing, ¢, is related to the atmospheric mass of y, m,, by ¢, =
(Ma/uMX)mX, where M, is the mean molar mass of air, u is the total mass of the
atmosphere and M, is the molar mass of y. We derived the radiative efficiencies from the
RF parameterization of Etminan et al. (2016) as &,, = dRF, /dc, at a fixed reference c, of

400 ppm, 1840 ppb and 330 ppb for y = CO2, CH4 and N20, respectively. For details, see
Supplement 1.

The dynamics of m, associated with the mass flux F, to the atmosphere can be modelled

as
m, () = my(0IR,(t) + [, F,(s)R,(t — s)ds, t >0, )

where t is time and R, the atmospheric impulse-response function of y (Oeschger and
Heimann, 1983; Enting, 2007). The impulse-response functions of GHGs can be described
by a series of exponential functions. For CH4 and N20, we adopted first-order decay with
atmospheric lifetimes of 7¢cy, = 12.4 yr and tyy0 = 121 yr (Myhre et al,, 2013). For COz,

the dynamics are more complex as there are processes acting in widely differing time



scales. Thus, we modelled the atmospheric CO2 mass, mcg,, affected by the net

atmosphere-ecosystem COz2 flux F¢q,, with the following impulse-response formulation:
MG02,i(t) = Mgy, (0)e~t/Tco2i + fot aiFeoa(s)e™ =9/ Tcozids, i = 0,..,n, (3)

Mco2(t) = Xizo Moz, (b), (4)

which shows that the total CO2 mass is divided into n + 1 compartments, each carrying a
mass of mcp,;. One of these compartments has a very long perturbation time scale
(Tcoz,0 = ), thus resulting in a permanent change, while in the others an atmospheric
mass pulse decays with a characteristic, finite time scale (t¢o2,;, i = 1, ...,n). The CO2 flux
is divided into these conceptual reservoirs according to the fractions «;. Here,n = 3, and
we parameterized the model according to Joos et al. (2013); for further details, see

Supplement 1.

Equation (2) can be numerically integrated in time, starting from an arbitrary initial mass
and assuming any temporal flux trajectory. Figure 1 shows examples for hypothetical flux
trajectories, for which it was assumed that Fq, corresponds to the carbon accumulation
rate (CAR) of the mire and Fcys = 0.2 X CAR in terms of C (e.g. Rinne et al,, 2018); for
further examples, see Supplement II. The model results for these flux scenarios, extending
well beyond the range of realistic cases, present a robust picture of the climate effect of
the CO2 exchange of a mire ecosystem: the perturbation to the current atmospheric CO2
concentration depends mostly on the total amount of C accumulated during the history
of the mire and is largely insensitive to any variations in the CAR trajectory followed more
than about 1000 years ago. This shows that the radiative effect of the carbon exchange of
a mire ecosystem can be estimated from its total carbon storage, as earlier suggested by

Frolking et al. (2006) and Mathijssen et al. (2022).

In addition to numerical simulation, we showed analytically that, with a set of
assumptions likely to be valid for many natural mire systems and consistent with the data
availability in practice, the current RF due to the development and functioning of a mire
can be expressed to a close approximation by its total C storage and recent net fluxes of
CO2 and CH4; see Supplement I for a full mathematical derivation. The specific CAR
trajectory before about 1000 years ago has no significant effect on the current RF.

Furthermore, this RF does not depend on the more recent CAR changes if these changes



are modest. In the case of constant CAR in recent years, we can express the atmospheric

perturbation to CO2 mass simply as:
Amcoz = —aoSc + BFeoz Q)

where S¢ is the present areal mass density (kg m-2) or the total mass (kg) of accumulated
C, or C storage, in the ecosystem, and f = Y;_, a;7; & 99.9 yr. Here, the SF¢g, term
represents the transient contribution of C fluxes related to CAR during the last ~1000 yr;

this term is generally small compared to the storage term (Supplement I).
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Figure 1: Radiative forcing created by C accumulation (mostly CO:2 exchange) and
methane emission of a mire ecosystem. A: A selection of hypothetical CAR trajectories
with the same total accumulated carbon over 10,000 years. B: CH+ emission rates per

assuming methane emission is 20% of CAR. C: RF caused by CAR. D: RF caused by CH4

emission.

In contrast to CO2, the RF due to the CH4 emission of a mire is independent of the total
CH4 balance since peat initiation and only depends on the flux during the past ~50 years

(Fig. 1). This is due to the short chemical lifetime of CH4 in the atmosphere, which



prevents a long-term or an accumulative concentration perturbation, as is the case with
CO2. The same applies to N20. Assuming constant CH4 and N20 flux for a period of multiple

times their respective lifetimes, we obtain a steady-state atmospheric perturbation:
Am, =1, F,, x = CHs, N20. (6)

As long as peat accumulation has initiated at least 1000 years ago, the present-day RF is
insensitive to the initiation date (Fig. 1). Even though the peat age does not directly affect
the current RF, some data or assumptions on the age distribution of the peat layers are
needed, as large recent changes in CAR can have a considerable transient effect on RF.
These changes cannot be reduced to the total C storage but would need to be treated
separately. Mostly, however, the differences in the current RF resulting from even recent

CAR variations are relatively minor for any mire with a deep peat layer (Supplement I).
3. ACME approach for radiative forcing

Based on the rationale developed above, we conclude that the current climate impact of
a mire ecosystem, expressed in terms of RF, can be justifiably approximated with data on
the total C storage of the ecosystem and its CH4 emission during the past 50 years. Thus,
we propose a new climate metric, Accumulated Carbon - Methane Emission (ACME),
which relates the C storage and CH4 fluxes to the current RF via simple coefficients akin
to GWP and SGWP (Eq. 7, Table 1). Also, N20 emission and recent C exchange (the S Fq»
term in Eq. 5) can be included in ACME.

The radiative forcing of an ecosystem, according to the ACME approach, is defined as
RFacme = —RFCs X Sc + RFCcpy X Fena + RFCeoz X Feoz + RFCnzo X Frzo, (7)

where RFCs and RFC, are the RF coefficients of C storage and GHG fluxes, respectively
(Table 1). In most cases, it is sufficient to evaluate the two first terms in the right-hand
side of Eq. (7), i.e., the terms that refer to the C storage and CH4 emission. The two last
terms can be added into the calculation if there are data on recent CO2 and N20 fluxes. It
is important to note that here F¢q, corresponds to the net change in the atmospheric CO2
mass and thus equals CAR, i.e., the balance formed by the atmosphere-ecosystem fluxes
of CO2 and CH4 and lateral C flow assuming that the C associated with CH4 and lateral flow

is oxidized to CO2 and rapidly returned to the atmosphere.



Table 1: Radiative Forcing Coefficients (RFC) for conversion of the densities of ecosystem

C storage and CHs, COz and N20 fluxes to ACME radiative forcing.

REC
C storage 1.35x 101> Wm2/(kg C m2)
CH4 flux 2.94 x 10-12W m2/(kg CH4 m2 yr1)
Net CO2 flux 1.69 X 1013 Wm-2/(kg CO2m2yr1)
N20 flux 4.53 x 10-11 W m-2/(kg N20 m2 yr1)

The ACME approach can be used to estimate the climatic effect of a mire system with a
minimal set of measurement data. The data needed for ACME include at least one peat
core from the mire surface to the mineral soil for determination of the C storage density,
and the annual CH4 emission, for example measured by an eddy covariance (EC) system
or a number of flux chambers (Bansal et al., 2023). Additionally, estimates of annual net
C and N20 fluxes can be introduced to elaborate the RF,cyg calculation. The flux data

should represent the last 40, 1000 and 400 years for CHs4, CO2 and N20, respectively.
4. Discussion

The appropriate method for quantification and commensuration of climatic effects of
different GHGs crucially depends on the question to be addressed. The traditional GWP
approach (Myhre et al., 2013), in which the mass of a non-CO2 GHG is simply converted
to a unit of COz-eq, is suitable for answering the question on the relative climatic effects
of different GHGs released in a pulse-like manner. Typically, anthropogenic emissions,
where the baseline is “no emission”, can be counted into this category. GWP can also be
used for commensuration of short-duration changes in sustained GHG emissions, such as
those due to temporary drought in wetland ecosystems (e.g. Rinne et al., 2020). In this
particular case, the net flux expressed as CO2-eq must be calculated from the difference
between the GHG exchange during the drought and a reference period. The SGWP
approach, on the other hand, is suitable for commensuration of step-like change in
sustained GHG emissions, such as those due to a land use change (Deshmukh et al., 2023).
In this case, the CO2-eq flux must be calculated from the difference in GHG exchange

before and after the land use change.



Neither the GWP nor the SGWP approach relate the climatic effect to any specific time but
average the effect over the given time horizon. For example, the climatic effect of a change
in GHG exchange of a mire due to a drought year, as analyzed by the GWP approach, may
indicate warming during the commonly used 100-year time horizon. However, this masks
the actual RF dynamics with an initial cooling effect during the first decades after the
drought and a warming effect thereafter (Rinne et al., 2020). The GWP coefficients also

ignore the dependency of radiative efficiency on atmospheric GHG concentrations.

The ACME approach presented here has been designed to answer the question of what is
the current climatic forcing of an existing mire ecosystem, compared to the situation that
there was no ecosystem with significant C storage or CH4 emission at the site, such as a
tundra-like ecosystem. If the mire has developed replacing an earlier forest ecosystem on
mineral soil, we should consider the difference in the C storage and CH4 emission between
these ecosystems. The C storage densities of boreal forest ecosystems on mineral soils
(ca. 10 kg m-%; Kauppi etal., 1997; llvesniemi and Liu, 2001; Liski et al.,, 2006) are typically
very small compared to the C storage densities of many boreal mires (100-200 kg m-2,
See Table SIII.1). Furthermore, the CH4 emission from such forest ecosystems is close to
zero (Matson et al, 2009, Gillespie et al, 2024). Thus, even in this case, the ACME
approach can provide a reasonable first approximation of the current climatic effect of

the mire ecosystem.

We need to acknowledge some practical challenges in using the ACME metric. First, the
CH4 emission should be estimated for the past 50 years, while the longest measurement
data series cover 10-20 years in length (e.g. Delwiche et al. 2021). Thus, we need to
extrapolate these data back in time, making assumptions on the temporal
representativeness of our data. This is even a more salient point for N20, which has a
much longer atmospheric lifetime and typically shorter flux time series. Second, the
available observations, both peat cores for C storage and flux chamber or EC
measurements for CH4 emission, may not be spatially representative of the whole mire
complex. This can be especially important in mires with a significant lateral expansion in
recent times. Also, deriving CAR from peat core-based C accumulation may result in

overestimation of the recent CAR (Young et al., 2019).
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The lateral expansion of mire ecosystems may complicate the derivation of CAR (e.g.
Mathijssen et al., 2022) and thus also the current RF of the whole mire. However, we can
apply the ACME metric as a simpler “bucket view” that includes only the vertical peat
growth, with the GHG exchange and C storage expressed per unit area, as indicated in
Table 1. A more comprehensive “whole mire view”, which in principle is equally
applicable with Eq. (7), would include considerations of the lateral peat expansion and

requires the C balance of the total mire area as input (Fig. 2).

Perturbations to atmospheric mixing ratios

Figure 2: Schematic of the ACME approach. The cylinder in the middle of the indication
the “bucket approach’, while “whole mire approach” takes into account also the lateral

expansion of the mire and the methane emission from whole mire surface.

Commonly, GHG exchange measurements are conducted within the central area of a mire
system, with peat depth and C storage also reported for this area. This is the case
especially for EC measurements due to their requirement of large horizontally
homogenous surface around the measurement tower. Thus, EC measurements may not
represent the full mire area ignoring the spatial flux variability especially in the vicinity
of the mire’s edges. In the same vein, the C storage reported with EC measurements
usually only represents the flux footprint. We can visualize this limited focus as a bucket
of peat in the middle of peatland; this bucket represents a specific area (square metre,
hectare, etc.) within the flux footprint and has a height of the average peat depth within

this area (Fig. 2). In this bucket, GHG exchange and C storage are laterally uniform, only

11



the vertical growth of peat is considered. Thus, the accumulated C storage density can be
obtained from even a single peat core extending from surface to the mineral soil below

the peat layer.

The lateral growth of mire ecosystems can be an important determinant of their recent
CAR and thus of their transient climatic effect. The variations of total CAR of mires depend
strongly on the topography of the underlying soil, determining the lateral growth rate
(Juselius-Rajamaki et al., 2023). In some mires, lateral growth has increased the total CAR
approximately linearly while in others the total CAR has accelerated over time
(Mathijssen et al.,, 2022). A higher (constant) CAR in recent times can be incorporated
into the Fco, term of Eq. (7), which in principle can be extended by assuming a
mathematically feasible lateral growth trajectory; a solution for linear growth of CAR is

provided in Supplement L.

With the caveats discussed above, we can use the ACME approach to estimate the climatic
effect of mires both for individual ecosystems and as aggregated regionally. For an
illustrative example, we used the EC measurement data from five northern mires
(Supplement III, Aurela et al., 2015, 2022, Heiskanen et al., 2023, Juutinen et al., 2013,
Larsson et al., 2016, Mathijssen et al., 2022, Nilsson et al., 2008, Piilo et al., 2020, Rinne et
al., 2018, Roulet et al., 2007; Yu et al., 2002) to calculate their climatic effect using the
ACME approach (Fig. 3). For comparison, we also show the GHG fluxes expressed as CO2-
eq and the RFs corresponding to this GWP-based conversion. The ACME approach results
in negative, i.e. cooling, RF for all the mires, as the effect of long-term C accumulation
outweighs the warming effect of the present-day CH4 emission. In contrast, the GWP
approach leads to positive RF, i.e. a warming effect, at all sites; this illogicality results from
the omission of the RF of sustained C sequestration from the atmosphere. The SGWP
approach would suggest an even stronger warming effect as the SGWP coefficient of CH4
is higher than the GWP of CH4 (Neubauer and Megonigal, 2019). It is noteworthy how the
(S)GWP-based results differ even qualitatively from those of the sounder ACME

approach.

Furthermore, adopting the estimate of 250-400 Pg C for the C storage in mires north of
45 °N (Turunen et al., 2002) and the estimate of 31-38 Tg CH4 yr-1 for CH4 emission from
these ecosystems (Peltola et al. 2019), we obtain an estimate of -0.45 to -0.23 W m-2 for
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the current RF due to the GHG dynamics of these mires. Thus, the formation of northern
mires during the Holocene has created a considerable cooling effect compared to a

situation without their GHG exchange.

le—13 A: ACME approach

RF [W m~2]

m AC

—-2.0{ B0 CAR
I CH4
—2.5| mmm TOTAL
Lompolbjénkké Siikaneva Kaamanen Degjeré Mer Bleue
le—13 B: GWP approach
e e e
L
>
)
1 E
(o))
=
g
-2~
—2.0/| mmm CO2 9
I CH4
~2.5| mmm TOTAL -3

Lompolbjénkké Siikaneva Kaamanen Degieré Mer Bleue

Figure 3. Radiative forcing of five northern mires, per m? of mire, calculated with the
ACME and GWP approaches. The ACME-based RF is calculated by Eq. (7) using data on
accumulated C (AC), current Caccumulation rate (CAR) and CH4 flux (CH4) densities. The
CAR is calculated as a difference between CO2-C uptake, and the sum of CHs-C emission
and lateral C flux. The RF corresponding to the 100-year GWP is calculated using data on
the current CO: flux (COZ2) and CH: flux (CH4) densities as detailed in Supplement II1.

The data used in calculation are presented in Table SIII. 1.

As already discussed above, other metrics are more suitable for commensuration of the
changes in GHG exchange caused by recent or planned land use changes. Especially useful

approaches for this would be the explicit modelling of RF, and GWP*- or SGWP-based
13



calculations. Finally, it should be noted that preservation of mires and other wetland
ecosystems, their restoration, or construction of new wetlands may serve other purposes
than climate change mitigation, such as biodiversity protection, flood risk and
eutrophication mitigation and recreative purposes. Thus, the cost-benefit analysis of

these action cannot be based solely on their climatic effects.
5. Concluding remarks

We propose here a new ACME metric to estimate the current climatic effect of mire
ecosystems, based on their accumulated carbon storage and recent methane emission
rate. The metric is suitable for natural mires with a large carbon storage established more
than 1000 years ago and requires only peat core data on accumulated carbon and
measurements on annual methane emissions. The ACME metric indicates a considerable
contemporary cooling effect by the northern mires formed during the Holocene, both for
a selection of individual mires and globally. For estimation of the current climatic effect
of mire systems, it would be beneficial that research reports on carbon accumulation in
mire systems would include also the total carbon storage densities from the peat cores

collected.
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Supplement I: Derivation of radiative forcing equations of ACME approach
Radiative forcing (RF) at time t due to exchange of long-lived greenhouse gases (GHGs) between
the atmosphere and an ecosystem was calculated as

ARF, (t) = &, (t)Ac, (1) (SL.1)
where ¢, is radiative efficiency, Ac, is the mixing ratio change of the well-mixed GHG denoted by
x (here, y = COz, CH4 or N20), and the concurrent change in other GHGs is ignored. Radiative
efficiency was derived from the parametrized RF functions (RFt,) of Etminan et al. (2016) as a
marginal RF change with respect to mixing ratio change at a reference mixing ratio c, o:

ORF;
g, = aCX" (SL.2)

Cx=cy0
The temporal variation of € indicated in Eq. (SI.1) results from its dependency on the atmospheric
mixing ratio of the perturbed GHG and the other GHGs that have spectral overlap effects (Etminan
et al, 2016). The adopted ¢, o and corresponding ¢, values are shown in Table 1. For methane,
&chs includes the contribution of an additional (53%), indirect RF induced by atmospheric
chemistry affecting tropospheric ozone and stratospheric water vapour; this value was derived
by scaling the estimate of Myhre et al. (2013) to account for the revision of the direct RF in the
parameterization of Etminan et al. (2016). Assuming perfect mixing, ¢, was related to the
atmospheric mass of y, Am,, as

Ac, = (Ma/uM,)Am,, (SL.3)
where M, = 28.97 g mol! is the mean molar mass of air, 4 = 5.135 X 1018 kg is the total mass of

the atmosphere (Trenberth and Smith, 2005), and M,, is the molar mass of y.

Table SI.1. Reference mixing ratiosc,, o and the radiative efficiencies ey, , = (M 2/ uM X)SX derived

from the RF parameterization of Etminan et al. (2016).

Gas y Cy0 (ppm) Em,y (Wm2kgt)
CO; 400 1.70x10-15
CH4 1.84 2.37x10-13
N0 0.33 3.75x10-13
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We modelled the mass balance of y with an impulse-response function, which models the linear

response to external perturbation (Oeschger and Heimann, 1983; Enting, 2007)
t

m, (t) = m, (0)R, () + L F,(s)Ry(t —s)ds, t>0 (S1.4)
where R, is the impulse-response function representing the dynamics of y in the atmosphere,
and F, is input to the system, here corresponding to carbon accumulation rate (CAR) resulting
from the atmosphere-ecosystem exchange. For CO;, we assumed that the mass flux Fcq, is
divided into non-interacting conceptual reservoirs with characteristic adjustment or
perturbation time scales. One of these reservoirs, with mass mcg; o, represents a cumulative
effect corresponding to very slow geological responses to atmospheric perturbation, and the
corresponding first-order time scale,7¢q; 0, is set to infinity; the CO2 mass of the other reservoirs,
Mcoz,i» L = 1,...,n, decay with the finite first-order time scales of 7¢g,; respectively, ie.,
Rcoz,i(t) = e~t/Tcozi, The contribution of the input flux to these reservoirs is expressed as
fractions a; with }}]-, @; = 1. Thus, the CO; mass balance dynamics for t > 0 can be written in a

general form as
t

Mco2,0(t) = Mco2,0(0) + Jo aoFeoz(s) ds (S1.5)
t
Meo2,i(£) = Mcog,(0)e~/Tcozi +J a;Fcoy(s)e"E=9/Tcozids, i =1,...,n (SL.6)
’ n
Mcoz = Z Mco2,i (SL.7)
i=0

We adopted the widely used parametrization of Joos et al. (2013), in which n = 3 (Table 2).

Table SI.2. Parametrization of the atmospheric inpulse-response model (Joos et al., 2013).

i 0 1 2 3
a 0.2173 0.2240 0.2824 0.2763
Teoz: (yr) 394.4 36.54 4304

In the present problem, we consider GHG exchange of an ecosystem starting at t = 0 (e.g., peat
initialization time) and thus the appropriate initial condition for Eqs. (SL5) and (S1.6) is
Mco2,:(0) = 0 (i.e, henceforth Am, = m, ). Thus, the solution of Eq. (SI.5) is

t
Mco2,0(t) = g -fo Fcoz(8)ds = —apSc(t) (S1.8)
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i.e, Mgz, (t) is proportional to the cumulative CAR, or the ecosystem carbon ‘storage’ Sc(t),
irrespective of temporal flux variations. For m¢g,;, i = 1,2,3, we first solve Eq. (S1.6) at t > ¢, to

obtain

Ly
Meoz,i(ty) = aif Feoz(s)e™tr=9)/tcozids (SL.9)
0

Taking this as a new initital state, we can write the solution for t > ¢, as

t
Me02,i () = Meog,i(tr)e~ ¢t/ mcoai 4 aif Feoz(s)e™(t=9)/Tcozids (S1.10)
tr

This intermedite step was introduced to demonstrate explicitly that

t
Mco2,i(t) = a’if Feoz(s)e™ )/ cozids (SI.11)
tr

if t — t, » max(tcoz;), i = 1,2,3, because e~ ((7t)/%co2i ~ 0, i.e,, only the ‘recent’ (t > t.) fluxes

significantly contribute to mcg, (t).

Next, we consider some simplified CAR trajectories for t > t., which may be possible to estimate
from observations in practice and which do not necessitate numerical solution of the convolution
integral (Eq. SI.11). First, we assume a constant CAR, F¢g,(t) = F,t > t.. Based on the above
derivation, the solution of Egs. (S1.5)-(S1.7) with m¢g,;(0) = Oand t > t, is

3 3
Moz () = —apSc(t) + Z Moz, (tr) e/ Teozi 4 Fz ;7 (1 — e~ (¢7t)/Tco2i)  (S1.12)

=1 =1

where mco; ;(t;) depends on Feoy(t) for 0 < ¢ < t,. 1f t — ¢, » max(t¢oy,;), i = 1,2,3, then

3
Meoz(t) ~ —agSc(t) + F Z a7 = —a Sc(t) + BF (SL13)
i=1

where g =3, @;Tcoz,; ~ 99.85 yr. The ‘recent’ time, t > ¢, can be defined by requiring, for

example, that Y7, a;7;(1 — e~(¢=t)/Tcozi) /B > 0.95, which equals t — ¢, = 1130 yr (= 37¢oz,4)-

If Feo,(t) = F fort > 0, then Sc(t) = —Ft, and we observe that —ay Sc/mco, > 95% if t = 8700
yr. Under such an assumption of constant CAR, the RF estimate based on m¢g,(t) = —aSc(t)
provides a good approximation; this can be improved with data on the length of peat

accumulation period as we can write mgg,(t) = —(ag + B/t)Sc(t).

As another example, we assume that CAR is again arbitrary for 0 < t < t, and for t > t, changes

linearly with time, i.e., Feoz(t) = Fpcozt + Frcoz t >t Then the solution for t — . > ¢z, is
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3
Mco2(t) = —apSc(t) + (Frcoat + Frcoz) z a;Tco2i — Fr.coz z a;iT¢02,i (SI.14)

i=1 i=1
= —aoSc() + B(Frcoat + Frcoz) — YErcoz

where y = Y3, a; ‘L'éoz,i ~ 35230 yr?. To estimate the contribution of the storage term in this

w

case, we assume that we can approximate the CAR trajectory by Feo,(t) = Ft for 0 < t < t,, and
that the slope changes by a factor of k at t =t,, i.e, Fcop(t) = kF(t —t.) + Ft, = kFt +
(1 — k)Ft, for t > t,. From this we obtain

Moz (t) = —aSc(t) + Bkt + (1 — k)t,) — yk]F (SI.15)
where Sc(t)/F = %t,.? + %k(t? — t?) + (1 — k)t.(t — t,). The dependence of the storage term
contribution on the slope multiplier and carbon accumulation period is shown in Figure 1. For
example, @y Sc/Mcoz = 92% att = 10,000 yr if the slope of flux remains constant (k = 1).If t =
10,000 yr, t —t, = 1000 yr and k < 5, the error due to calculating the mass change from the
carbon storage alone is less than 10%. Similar accuracy can be achieved for a shorter peat
accumulation period if the acceleration in the recent CAR is modest. Overall, this analysis shows
that the current atmospheric CO; mixing ratio change, and thus the related RF, can be
approximated by the total carbon storage of a mire, and the estimate can be improved with data

on the peat initialization date and recent changes in CAR.

[t is important to note that the mass balance considerations above apply to the atmospheric GHG
burden, and the CO; flux denoted by F¢g, does not equal the atmosphere-ecosystem flux. The
carbon emitted by the ecosystem into the atmosphere as CH, originates from the CO; sequestered
from the atmosphere and is predominantly oxidized back to CO;, thus not contributing to Amcg,
or ARF¢q,.In addition, the carbon storage of an ecosystem is affected by the lateral C flows, mainly
in the form of dissolved organic carbon (DOC). This means that, when deriving the C storage S¢
(Eqg. SL.8) directly from the C content of the sampled peatland soil cores, it is assumed that all C
removed from peat eventually returns to the atmospheric CO; pool. On the other hand, when
measurement data on atmosphere-ecosystem fluxes are used as input for the atmospheric mass
balance, Fcg, should be calculated as the sum of (typically opposite) CO; and CHs fluxes,
preferably corrected for with data on DOC flux.
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Figure S 1. The contribution of the storage term to the modelled mass change as a function of
multiplicative slope change in the assumed linear variation of CO- flux, with fixedt = 10,000 yr
(top) and as a function of time, with fixedt — t,. = 1000 yr (bottom). The slope change occurs at
t=t,.

For CHs4 and N20, we assumed a first-order exponential impulse-response function, R, (t) =

e~t/%x, y = CHa, N20, with Tcys = 12.4 yr and Ty,0 = 121 yr (Myhre et al,, 2013). Thus, their

mass change dynamics due to surface flux F, (t) can be expressed analogously to Eq. (SI.11):

t

m,(t) ~ J F,(s)e™/"xds, y = CH,,N,0 (S1. 16)
try

Ift —t., > 7, and F, changes linearly with time, i.e, F,(t) = I:"r,xt + K.y, t>t.,, then we can

write

25



m, (1) = 1, (K4t + Fy) — 13, x = CHy, N,0 (S1.17)
where the ‘recent’ period potentially affecting the current RF can be approximated as t — t. cys =
37cus ® 40 yr and t — ¢y n20 = 3Tnz0 & 360 yr. For a constant F, for t > ¢.,, we obtain the
simple steady-state solution att > t,, + 7,:

m, (t) = 7,F,, x = CHy, N0 (S1.18)

Finally, we note that the above formulations can be applied with data on both GHG fluxes (kg s1)
and flux densities (kg m-2 s-1). The former corresponds to the full mire area, for example, in which
case the lateral peatland expansion must be considered; the latter requires less information and
could be applicable to a limited area or an area considered representative of the ecosystem, for

example the central part of a mire complex.
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Supplement II: Hypothetical CAR trajectories and resulting RF

Hypothetical CAR trajectories (left-hand-side panels) and the resulting radiative forcing by CO>
(right-hand-side panels). The CAR trajectories follow the beta distribution with different shape
parameters and are normalized to result in the same total accumulated carbon at time = 0. In the
second and third set of trajectories, the CAR values after and before, respectively, the CAR
maximum of the original distribution are replaced by the maximum value.
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Supplement III: Resources for calculating the climatic effect of individual mires

SIII.1 Data for selected measurement sites for calculation of their climatic effect

The data in Table SIII.1 were collected from the cited papers, partly by digitizing their figures.

Table SIII.1. Peat core and contemporary flux data together with the calculated cumulative carbon

accumulation.
Site name | Peat C accum- | Current CHs | Current CO2 | Lateral C | References
and core ulation flux flux flux
location age (kgCm?2) [(g CH+ m?2| (g COz m2|g C m?

yrH yrH yrt

Lompolo- 10000 49 20 -150 13* Mathijssen et al., 2022;
jankka Aurela et al., 2015
(68°N,
23°E)
Siikaneva 11500 170 13 -200 17* Mathijssen et al., 2022;
(61°N, Rinne et al., 2018
24°E)
Kaamanen 9385 170 9.4 -68 41 Piilo et al., 2020;
(2 cores) (9270, (200, 139) Aurela et al., 2002;
(69°N, 9500) Juutinen et al., 2013
27°E) Heiskanen et al., 2023
Degero 8282 120 15 -190 182 Larsson et al., 2016;
(64°N, Nilsson et al., 2008
20°E)
Mer Bleue | 8000 170 (198, | 4.9 -150 153 Yueta.,, 2002
(2 cores) 142) Roulet et al., 2007
(45°N,
76°W)

1: Downstream loss of dissolved organic carbon (DOC), CO;, CHy 2: TOC (total organic carbon) in
precipitation; loss of TOG, dissolved inorganic carbon (DIC) and CH, through stream water runoft;
3: export of DOC. *For Lompolojiankkd and Sitkaneva no data on lateral C flux is available so we
assumed this to be 31% of CO: flux, based on average ratio of lateral C flux and CO; flux at the
other three mires.

SII1.2 Conversion between COz-eq and RF

The global warming potential of compound y (= CH4 or N;0) for conversion to COz-equivalents
was calculated according to its standard definition, i.e. as the ratio of the radiative forcing due to
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a pulse emission of y to the radiative forcing due to a corresponding CO, mass pulse, integrated
over the selected time horizon T. For our model detailed in Supplement I, this integration yields

T —t/T
[y €mymyoe ™ xdt
GWP,(T) = — 0 S
o €m,c02Mco2,0 Dico i

e~ t/Tcozi dt
-T
- Em My 0T, (1 —e” /™) (SIIL 1)
€c02Mco2,0 [a’oT +Y3, aifcoz,i(l — e—T/TCOz,i)]

where &, , and ey, o, are the radiative efficiencies of y and CO, respectively, m, , and mcoz

are the mass pulses to the atmosphere at time t = 0, 7, and 7¢o,,; are atmospheric perturbation
time scales, and the coefficients ; are the fractions of CO; allocation to the conceptual reservoirs
of the model. By dividing both the numerator and denominator of the right-hand side of Eq.
(SIL1) by T and settingm,, o = F, T and m¢g, o = FcoT, where F, and F¢q, are the current fluxes
of y and COy, respectively, we can define the average radiative forcing of y and CO corresponding
to Eq. (SIII.1) as

RE,(T) = e, F,1,, (1 — e /%) (SIL.2)
and
3
RFco2(T) = e€mcozFcoz |@oT + Z @iTcog,i(1 — e~ T/7cozi) (SIIL.3)
i=1

In Figure 3, the CH4 emission was converted to CO; equivalents by multiplying the mass flux of
CHs by GWPcy4(100 yr) = 33.16, and the corresponding radiative forcing components were
calculated using Eqgs. (SIIL.2) and (SIIL.3) and the parameter values presented in Supplement I.
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