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ABSTRACT

For decades, ecosystem scientists have used global
warming potentials (GWPs) to compare the radia-
tive forcing of various greenhouse gases to deter-
mine if ecosystems have a net warming or cooling
effect on climate. On a conceptual basis, the con-
tinued use of GWPs by the ecological community
may be untenable because the use of GWPs re-
quires the implicit assumption that greenhouse gas
emissions occur as a single pulse; this assumption is
rarely justified in ecosystem studies. We present
two alternate metrics—the sustained-flux global
warming potential (SGWP, for gas emissions) and
the sustained-flux global cooling potential (SGCP,
for gas uptake)—for use when gas fluxes persist
over time. The SGWP is generally larger than the
GWP (by up to ~40%) for both methane and ni-
trous oxide emissions, creating situations where
the GWP and SGWP metrics could provide oppos-
ing interpretations about the climatic role of an
ecosystem. Further, there is an asymmetry in me-
thane and nitrous oxide dynamics between persis-
tent emission and uptake situations, producing

very different values for the SGWP vs. SGCP and
leading to the conclusion that ecosystems that take
up these gases are very effective at reducing ra-
diative forcing. Although the new metrics are more
realistic than the GWP for ecosystem fluxes, we
further argue that even these metrics may be in-
sufficient in the context of trying to understand the
lifetime climatic role of an ecosystem. A dynamic
modeling approach that has the flexibility to ac-
count for temporally variable rates of greenhouse
gas exchange, and is not limited by a fixed time
frame, may be more informative than the SGWP,
SGCP, or GWP. Ultimately, we hope this article will
stimulate discussion within the ecosystem science
community about the most appropriate way(s) of
assessing the role of ecosystems as regulators of
global climate.
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INTRODUCTION

Ecosystems are a fundamental component of the
earth system that must be understood in order to
model and manage atmospheric greenhouse gas
concentrations and therefore global climate. Car-
bon dioxide (CO,) removed from the atmosphere
by primary producers can be stored for decades to
thousands of years in woody biomass and soil
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organic matter (Torn and others 1997; Gough and
others 2008; Hakkenberg and others 2008). Fur-
ther, ecosystems either add or remove the green-
house gases methane (CH4) and nitrous oxide
(N,0) from the atmosphere (Syakila and Kroeze
2011; Serrano-Silva and others 2014), which can
either offset (gas additions) or reinforce (gas re-
movals) the climatic benefits of carbon sequestra-
tion. Each greenhouse gas differs in its atmospheric
lifetime and radiative efficiency (that is, how ef-
fectively a gas absorbs and re-radiates infrared ra-
diation). The global warming potential (GWP) is
the most commonly used metric for comparing the
relative radiative forcing of gases with different
lifetimes, radiative characteristics, and cycling. Us-
ing the GWP, greenhouse gas fluxes are converted
to a common unit—CO, equivalents—and then
compared directly to one another to determine
whether an ecosystem has a net warming or cool-
ing effect on global climate. This approach of using
GWPs to examine greenhouse gas balances has
been used in the ecological community for over
two decades (for example, Gorham 1991; Robert-
son and others 2000; Whiting and Chanton 2001;
Shrestha and others 2009; Poffenbarger and others
2011; van Groenigen and others 2011; Weston and
others 2014). Far less common in the ecological
community is the approach of directly modeling
the atmospheric dynamics of greenhouse gases
(Frolking and others 2006; Frolking and Roulet
2007; Neubauer 2014).

By definition, the GWP is “the time-integrated
radiative forcing due to a pulse emission of a given
component, relative to a pulse emission of an equal
mass of CO,"" (Sect. 8.7.1.2 of Myhre and others
2013a). This definition contains several important
points. Firstly, the GWP is a time-integrated index
and thus its value changes depending on the time
scale of interest. Because ecosystem ecologists are
generally interested in the effects of a change in
emissions on near-term climate change, most
greenhouse gas source/sink calculations use a 100-
year time frame. However, it should be noted that
all time scales are arbitrary, and both shorter and
longer time scales are reported in the literature.
Secondly, to use GWPs as they are reported in the
literature, gas emissions should be in gas mass units
(for example, kg CO,), not carbon mass (kg CO,—C)
or molar units (mol C). Thirdly—this is one key
issue motivating this communication—the GWP is
a metric for dealing with the radiative forcing due
to a pulse (that is, one-time) emission of a green-
house gas. Is a metric designed for pulse emissions
appropriate for ecosystems where greenhouse gas
fluxes are sustained over time? Fourthly—this is

another key issue we address—the definition is
directed at greenhouse gas emissions. Is the GWP
metric appropriate for ecosystems that are green-
house gas sinks?

Given the frequency with which GWPs are ap-
plied to determine whether ecosystems are net
sources or sinks of greenhouse gases (that is, have a
positive or negative effect on radiative forcing), we
feel that it is informative to consider how the use of
GWPs affects the conclusions that ecologists draw
from greenhouse gas studies. We use a modeling
approach to demonstrate that applying a GWP
calculated from a single greenhouse gas pulse may
provide misleading conclusions about the climatic
role of different ecosystems because greenhouse gas
fluxes from all natural ecosystems are, in reality,
sustained over time. As an alternate metric, we
(re)introduce the ecological community to the
sustained-flux global warming potential (SGWP), a
metric that has also been called the step-change
global warming potential (Fuglestvedt and others
1996; Johnson and Derwent 1996; Berntsen and
others 2005) and that specifically treats gas emis-
sions as persistent—not one-time—events. Our
analyses indicated a large difference in greenhouse
gas dynamics depending on whether fluxes are
directed into or out of the atmosphere, so we also
present a new metric, the sustained-flux global
cooling potential (SGCP), for situations where
ecosystems remove greenhouse gases from the at-
mosphere. Both the SGWP and SGCP are similar to
the GWP in that they are metrics for comparing the
radiative forcing of different greenhouse gases, they
apply over a defined time period, and they are
mathematically easy to apply. However, we suggest
that the SGWP and SGCP are more appropriate
than the GWP when greenhouse gas fluxes are
persistent and not one-time events, and that using
GWPs can vyield quantitatively (and sometimes
qualitatively) different conclusions about the ef-
fects of an ecosystem on global radiative forcing
over defined time periods. We hope that this article
will stimulate discussion within the ecological
community about the wide variety of greenhouse
gas metrics, and lead to more appropriate ways of
assessing the role of ecosystems as sources/sinks of
greenhouse gases and regulators of global climate.

METHODS

The atmospheric perturbation model described be-
low follows the fate of atmospheric CO,, CH,4, and
N,O as these greenhouse gases are emitted from, or
sequestered by, ecosystems (Figure 1). The model
considers how an ecosystem changes (either by
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Figure 1. Conceptual structure of the atmospheric per-
turbation model used for calculating the radiative forcing
due to ecosystem C sequestration, and exchanges of CH,
and N,O between an ecosystem and the atmosphere. The
atmospheric inventories of CO,, CH,; and N,O were
calculated using equations (1)—(3). The soil inventories
of actively cycled organic C (that is, that which is not
sequestered), dissolved CO, (not shown), dissolved CH,,
and dissolved N,O were assumed to be at steady state
(inputs = outputs). When CH,4 or N,O fluxes are directed
into the ecosystem, there is no CH, oxidation (flux ®) or
N,O destruction (flux ®), respectively.

adding or removing) atmospheric greenhouse gas-
es, but does not consider background levels of at-
mospheric CO,, CH,, and N,O. Further, the model
assumes equal inputs and outputs to the actively
cycling pools of soil organic C and CO,/CH,4/N,0 in
soil pores (that is, these pools are in steady state).
The model is based on one that was originally
presented in Frolking and others (2006), as mod-
ified by Neubauer (2014) and described below.
After Neubauer (2014) went to press, the Inter-
governmental Panel on Climate Change (IPCC)
released a new synthesis report. Consequently, we
have updated the model with revised radiative ef-
ficiencies, atmospheric lifetime numbers, and
indirect radiative forcing effects (Myhre and others
2013a). Additionally, we updated the CO, portion
of the model to use the impulse response pa-

rameters from Joos and others (2013) instead of an
earlier parameterization.

The inventories of ecosystem-derived atmo-
spheric CH, and N,O (McH,-c, gC m~2 and
Mn,0-N, 8N m™?) are calculated similarly, where
the atmospheric inventory at time ¢ is a function of
the emission (or uptake) of CH4 or N,O (Fcp,—c,
gCm 2y " and Fy,on, gNm2y™'), the ex-
isting inventories of ecosystem-derived CH, and
N>O  (Mch,—c(-1), 8 Cm ™% and My,0-N—1)
g Nm?), and the first-order removal of these
gases from the atmosphere through processes such
as CH, oxidation and the photolysis of N,O with
ultraviolet light:

Mcu,—c () = Fcu,—cdt + {MCH4—C,(I—1) x e~/ TC““)}

(1)

Mn,0-N,() = FNn,0-NdE + [MNZO—N,(t—I) X e(fdt/TNzo)},
(2)

where tcy, and tn,0 are the atmospheric pertur-
bation lifetimes for CH,; and N,O (12.4 and
121 years, respectively; Myhre and others 2013a),
and dt is the time step of the model (0.2 years).
When the Mcu,—c and/or Mn,o-N terms are nega-
tive (that is, there has been net removal of CHy
and/or N>O from the atmosphere), the e(~4/ terms
in equations (1) or (2) are removed to reflect the
fact that the atmospheric processes of CH, oxida-
tion and N,O destruction cannot affect gases that
are no longer in the atmosphere. Dropping this
term results in model formulations that differ for
emissions and uptake.

Similar to the calculation of atmospheric inven-
tories of ecosystem-derived CH, and N,O, the in-
ventory of atmospheric CO, (Mco, ¢, g C m™?)
depends on the rate of ecosystem CO, flux (Fco,-c,
g Cm 2y "); this flux will have a negative sign
when the ecosystem is a net sink for atmospheric
CO,. The net flux of CO, between atmosphere and
ecosystem will depend on the gross rate of CO,
fixation (gross primary production), the rate of
autotrophic and heterotrophic CO, emissions
(ecosystem respiration), and the rate of CH, emis-
sions (Fch,-c). If we make the simplifying as-
sumption that non-atmospheric sources and sinks
of ecosystem C (for example, dissolved organic and
inorganic C, allochthonous carbon) are unimpor-
tant, then Fco,_c can be approximated as Fco,-c =
Feeqc — Fcn,—c (g Cm~ 2y~ '), or the balance be-
tween rates of ecosystem C sequestration (Fseq-c;
typically a negative number, representing CO, re-
moval from the atmosphere) and the C required to
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support CHy fluxes (Fcp,—c; a positive number for
CH,4 emissions, negative for CH, uptake). Atmo-
spheric CO, equilibrates with various non-atmo-
spheric reservoirs over a variety of time scales (for
example, short-term exchange with the surface
ocean, weathering of continental rocks over geo-
logical scales; Walker 1991; Siegenthaler and
Sarmiento 1993). These feedback processes result
in an exchange of CO, between external biological,
hydrological, and geological reservoirs and the at-
mosphere whenever CO, is added (or removed)
from the atmosphere, and thus buffer perturbations
in atmospheric CO, inventories. Mathematically,
this can be modeled as though the atmosphere
consists of four non-interacting reservoirs of CO,
(Joos and others 2013). Carbon dioxide can also be
added to the atmosphere due to the oxidation of
atmospheric CH, emitted from the ecosystem
(McH,-ox; € Cm™?). Thus, the inventory of
ecosystem-derived atmospheric CO, at any point ¢
can be calculated as follows:

4

Mco,—c,o) = Y _ fi( Fco,-cdt + Mci, —ox)
=1

+ [Mcorc_i,(zfl) X 6(7‘1[/@2“)}, (3)

where 7co, is the atmospheric perturbation lifetime
for each of the four CO, pools (4.3-394 years, with
one pool that stays permanently in the atmo-
sphere) and f; is the relative fractional size of pool i
(0.217-0.282; see Joos and others 2013). Mcp,—ox 1S
the |:‘]WCH4—C=(f—I) w e(=#/7en) | term  from equa-
tion (1); this entire term is femoved when there
has been a net removal of CH, from the atmo-
sphere (that is, Mcy,—-c < 0).

The model was run for periods of 500 years. At
each time step, the instantaneous radiative forcing
due to each gas n was calculated by multiplying
atmospheric inventories converted to kg CO,,
CH,4, or N,O (M, ) by the appropriate radiative
efficiency (1.75 x 100" Wm™ (kg CO,) "},
1.28 x 100" Wm™ (kg CHy) ', or 3.83 x
100 Wm™ (kg N,0)™') (Myhre and others
2013a). Following accepted practices, the radiative
efficiencies for CH4 and N,O were multiplied by fac-
tors of 1.65 and 0.93, respectively, to account for the
indirect effects of these gases on the global radiation
balance (Myhre and others 2013b). For each gas, the
time-integrated (that is, cuamulative) radiative forcing
over the model period was calculated as the sum of
the instantaneous radiative forcing values.

The model was run as follows to track the fate of
ecosystem-derived greenhouse gases under sce-
narios of (1) a one-time pulse emission of each gas,

and (2) continuous fluxes between ecosystem and
atmosphere, modeled as repeated pulses at 0.2-year
intervals. Scenario 1: In separate model runs, the
initial (time 0) atmospheric inventory of each
greenhouse gas was set at 1 kg m~? (representing a
one-time pulse), with inventories of the other gases
set at 0 kg m~2. There were no new inputs or re-
moval by the ecosystem (that is, F,,=0g C or
N m 2y '). Scenario 2: The initial atmospheric in-
ventory of each gas was set at 0 kg m 2. Indi-
vidually for each gas, emission or uptake rates of
CO,, CHy4, or N,O were set at 1 kg CO,, CH,, or
N,O m 2y~ !; the flux of one gas was sustained
over the entirety of each 500-year model run and
all other fluxes were set at zero. When running the
model, each annual emission rate was divided into
five equal increments (corresponding to the
0.2 year time step of the model). We also ran a
series of model runs where 80-100% of the fluxes
were concentrated during the middle three time
points of each year in order to approximate higher
biological activity during the growing season. The
cumulative radiative forcing over a range of time
frames, from 20 to 500 years, differed by trivial
amounts (<0.03%) relative to the baseline runs
where fluxes were constant throughout the entire
year.

In each scenario, the cumulative radiative forc-
ing of gas n was calculated over periods of 20, 100,
and 500 years. For CH,, the total radiative forcing
reflects contributions from ecosystem-derived at-
mospheric CH,, CO, that was produced from CH4
oxidation in the atmosphere, and fluxes of CO,
between the ecosystem and atmosphere that either
support CH, emissions or result from soil CH4
oxidation (Figure 1). The cumulative radiative
forcing of each gas over the time period of interest
was divided by the cumulative radiative forcing of
CO, over the same period to yield GWP (Scenario
1), SGWP (Scenario 2—emission), or SGCP (Sce-
nario 2—uptake) values. By definition, the GWP,
SGWP, and SGCP for CO, are 1.

REesuLTs AND DISCUSSION

The global warming potential (GWP) has become a
profoundly important tool for quantifying the role
of ecosystems in regulating climate and for in-
forming land use policies that mitigate climate
change. GWPs have motivated a great deal of
contemporary research on ecosystem sources and
sinks of greenhouse gases, including the plant and
microbial processes that regulate emissions of CHy
and N,O, gases that are otherwise a trivial com-
ponent of their respective elemental cycles (Ciais
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and others 2013). Adoption by the Kyoto Protocol
in 1997 elevated GWPs from a useful research tool
to a legal instrument, a trend that has continued
through subsequent adoption by voluntary carbon
markets such as the Verified Carbon Standard
(Couwenberg and others 2011; VCS 2013),
regulatory markets such as California’s cap and
trade program (Deshpande and others 2014), and
offset programs such as Reducing Emissions from
Deforestation and forest Degradation (REDD; Ca-
nadell and Schulze 2014; UNFCCC 2014). This
paper is motivated by the fact that GWPs are being
used to translate science into economic and
regulatory policy, and by our perception that GWPs
may not be the best way for ecologists to commu-
nicate research findings related to greenhouse gas
fluxes.

Pulse Greenhouse Gas Emissions

The Scenario 1 calculations followed the fates of
individual 1 kg pulses of CO,, CH,4, and N,O that
were emitted into the atmosphere at the beginning
of separate 500-year model runs. Because of the
different radiative efficiencies of each greenhouse
gases, the radiative forcing at the beginning of the
simulation ranged from 1.8 fW m™? for CO, to
355.8 fW m 2 for N,O (Figure 2A). The equilibra-
tion of atmospheric CO, with non-atmospheric
reservoirs happens over a variety of time scales so
the decay dynamics of a CO, pulse are complex. As
modeled, over 50% of the added CO, has an ef-
fective perturbation lifetime of no more than
37 years, whereas 22% will effectively remain in
the atmosphere forever. Over the course of the
500-year model simulation, the concentration and
radiative forcing of CO, decrease to 28% of their
initial values. In contrast, the atmospheric removal
of N,O is modeled as a first-order decay process
(lifetime = 121 years), with concentrations and
radiative forcing decreasing exponentially; the in-
stantaneous radiative forcing of 5.7 fW m™? after
500 years represents approximately 1.6% of the
initial forcing from this gas. With its short atmo-
spheric perturbation lifetime (12.4 years), the pulse
of CH,4 decayed rapidly such that 90% of the CH,4
was removed within the first 30 years of the
simulation and only 1% of the CH4 remained after
100 years. Despite the rapid atmospheric disap-
pearance of the CH4, the radiative forcing due to
the initial CH4 pulse never reached zero because
the oxidation of atmospheric CH4 produces CO,
that contributes radiative forcing and is governed
by the complex (and slower) CO, equilibrium dy-
namics described above. After 100 years, 97% of
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Figure 2. (A) Instantaneous radiative forcing of CO,,
CH,4, and N,O following a 1 kg pulse addition of each gas
at time 0 and the decay of each gas over a 500-year pe-
riod. Inset shows the fraction of each gas remaining over
time. The remainder of the figure shows radiative forcing
due to sustained emissions (B) or sustained uptake (C) of
CO,, CHy, and N,O throughout the model period. All
fluxes were 1kgm 2y . In all panels, the “CHy”
curves include any radiative forcing by CO, that was
produced from the oxidation of atmospheric CH,. Note
the logarithmic scale on the y axes. fwW = 107> W.

the instantaneous radiative forcing attributable to
the initial CH, pulse was due to this CO,. Re-
membering that GWP is a cumulative value, nearly
8% of methane’s cumulative radiative forcing at
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the 100-year point (and 24% after 500 years) was
attributable to CO, that was produced by atmo-
spheric CH4 oxidation.

The GWP values calculated from the Scenario 1
model simulations show that GWP varies as a non-
linear function of time (Figure 3), with these
temporal patterns due to the differing atmospheric
dynamics of each gas. Notwithstanding the com-
plexities associated with atmospheric CH, oxida-
tion, CH4 decays faster than CO, equilibrates with
external reservoirs so the GWP of CH, steadily
decreases from 120 at time O to 87 at 20 years, 32 at
100 years, and 11 at 500 years (Table 1). Recall
that the value of 120 at time 0 is the ratio of the
radiative efficiencies of CH, and CO, after ac-
counting for the indirect forcings associated with
CH4. In contrast, the GWP for N,O increases from
203 at time O (the ratio of the radiative efficiencies
of N,O and CO,, after indirect effects) to 260 at
20 years and a maximum of 273 at roughly
50 years before decreasing to 263 at 100 years, and
132 at 500 years (Figure 3; Table 1). These tem-
poral dynamics reflect the rapid initial disappear-
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Figure 3. Temporal variations in the global warming
potential (GWP) and sustained-flux global warming po-
tential (SGWP) of CH4 and N,O, calculated as the cu-
mulative (time-integrated) radiative forcing of each gas
(that is, the area under each curve in Figure 2) relative to
the cumulative radiative forcing of CO, over the same
time period. The GWP values were calculated following
the emission of a 1 kg pulse of each gas at the start of a
model run. The SGWP values assumed continuous
emissions of CH4 and N,O, thus representing the amount
of CO, (in kg CO, m™2 y~') that must be sequestered to
offset the emissions of 1 kg m~2 y~! of CH4 or N,O. The
GWPs and SGWPs for the commonly reported 20-, 100-,
and 500-year periods are summarized in Table 1. Black
symbols indicate the GWP values as reported in Myhre
and others (2013a), that latest IPCC report does not in-
clude 500-year GWPs.

ance of atmospheric CO, (relative to N,O;
Figure 2A inset) followed by more rapid N,O decay
(relative to CO,) during later stages.

For CH4, the modeled 20-year GWP of 87 is si-
milar to the value of 85 reported in the 2013 IPCC
report (value for ““fossil CH4,”” which includes CO,
from CH, oxidation; Myhre and others 2013a).
Similarly, the GWP at 100 years is also somewhat
larger than that from the latest IPCC report (32 vs.
30). For N,O, there is even better agreement
(within 2%) between our GWPs and those of the
IPCC. Given that GWPs summarized in the IPCC
reports are calculated with more advanced models
than used here and have an estimated uncertainty
of £30-40% (Myhre and others 2013b), we con-
sider that our simple atmospheric perturbation
model is sufficiently describing the atmospheric
dynamics of single pulses of CO,, CHy, and N,O and
thus turn our attention to the behavior of the
system when fluxes are sustained over time.

Sustained Ecosystem Greenhouse Gas
Fluxes

The second set of scenarios involved situations
where greenhouse gas fluxes (either uptake or
emission to the atmosphere) were sustained over
time; these scenarios produced very different time
series of radiative forcing than those following a
single pulse emission. When emissions are con-
tinuous from year-to-year, the atmospheric con-
centration and instantaneous radiative forcing of
ecosystem-derived CHy or N>,O will reach steady
state when the rates of atmospheric CH, oxidation
or N,O destruction are balanced by new inputs
from the ecosystem. This steady state is reached
after roughly four atmospheric lifetimes (~50 years
for CHy and ~480 years for N,O; Figure 2B). In
contrast, the atmospheric reservoir of CO, never
reaches steady state because one of the modeled
CO, pools remains in the atmosphere over the time
scales of the simulation; this is associated with the
geological scale weathering of continental rocks.
Thus, sustained ecosystem CO, emissions will
cause radiative forcing to steadily increase over
time, with climatic effects continuing long after the
impacts of CH; or N,O emissions have reached
steady state.

Many studies addressing the question of whether
an ecosystem is a net source or sink of greenhouse
gases have examined the balance between ecosys-
tem CO, sequestration (which contributes negative
radiative forcing) and emissions of CH4 and/or N,O
to the atmosphere (positive radiative forcing). Un-
der these conditions, the GWPs and SGWPs for CH,4
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Table 1. Global Warming Potentials (GWPs), Sustained-Flux Global Warming Potentials (SGWPs), and
Sustained-flux Global Cooling Potentials (SGCPs)
Gas (Years) (Emissions) (Uptake)
Time frame GWP SGWP SGCP
CO, any 1 1 1
CH,4 20 87 96 153
100 32 45 203
500 11 14 288
N,O 20 260 250 264
100 263 270 349
500 132 181 491

The GWP values were calculated from a single gas pulse that was allowed to decay for 20, 100, or 500 years (Figure 2A). The SGWP and SGCP values were calculated

assuming a sustained gas flux rate (emission or uptake, respectively) of 1 kg m™2 y~

over the relevant time period (Figure 2B and C). The SGWP indicates how many

kilograms of CO, must be sequestered to offset the emission of 1 kg of CH, or N,O; also see Figure 3. The SGCP indicates how many kilograms of CO, must be sequestered to

have the same cooling effect as the uptake of 1 kg of CH, or N,O.

and N,O follow similar temporal trajectories but
the SGWP is generally larger than the GWP; the
major exception to this pattern is for N,O at time
scales <70 years (Table 1; Figure 3). At the com-
monly used 100-year time horizon, the SGWP for
CH, is approximately 40% higher than the corre-
sponding GWP. Thus, when fluxes are sustained
over time, the emission of 1 kg CHy m™2 y~! would
be offset by the persistent sequestration of 45 kg
CO, m 2y~ ! (Table 1). An ecosystem with fluxes
in the ratio of 32 kg CO, sequestered per 1 kg CH4
emitted would not be greenhouse gas neutral, as
would be inferred if one used the 100-year GWP
value calculated herein, but would actually con-
tribute positive radiative forcing (that is, would
have a net warming effect). The situation is similar
for N,O, except that the 100-year SGWP for N,O
emissions is only a few percent greater than the
100-year GWP (Table 1).

It should be reiterated that the SGWP derived
from these sustained flux scenarios is conceptually
similar to the step-change global warming potential
that has been calculated for a variety of gases, in-
cluding CH,4, although we have not yet found a
previously calculated step-change GWP for N,O
(Harvey 1993; Fuglestvedt and others 1996; John-
son and Derwent 1996; Berntsen and others 2005).
The SGWP values that we report (Table 1) were
calculated using the latest estimates of atmospheric
lifetimes, radiative efficiencies, and indirect effects
of greenhouse gases on radiative forcing, so our
SGWP numbers are not directly comparable to
those from previous studies. Even so, our calcu-
lated GWP:SGWP ratios for emissions of CH, (life-
time 12.4 years) and N,O (121 years) were similar
to those for hypothetical gases with lifetimes of 10
and 100 years, respectively (Berntsen and others
2005). One important difference with previous

work is that our calculations explicitly consider the
uptake of greenhouse gases, and not emissions only.
This seemingly trivial difference has important
consequences for the application of greenhouse gas
metrics to ecosystems.

Greenhouse gas metrics like GWP typically deal
with emissions of gases to the atmosphere because
these metrics were developed in the context of
understanding, managing, and limiting the climatic
effects of anthropogenic greenhouse gas production
(Fuglestvedt and others 2003). However, ecosys-
tems can either emit greenhouse gases or remove
them from the atmosphere. Because the atmo-
spheric dynamics of CO, are controlled by first-
order equilibration with non-atmospheric reser-
voirs and not by the chemical destruction of CO,
(compare with chemical loss mechanisms for CH,
and N,0), the sustained removal (sequestration) of
atmospheric CO, produces a time course of radia-
tive forcing that is equal in magnitude, but opposite
in sign, to that produced by ecosystem CO, emis-
sions (compare Figure 2B and C). As noted above,
scenarios with CH4 or N,O emissions to the atmo-
sphere will approach steady state (Figure 2B) as
emissions of these gases are counterbalanced by
chemical destruction in the atmosphere. In contrast
to the atmosphere where concentrations are the
balance of two competing processes, the ecosystem
uptake of atmospheric CH, and N,O produces a
linear decrease in radiative forcing from these gases
(Figure 2C). Applying an emissions model to
uptake fluxes would mathematically imply that
removal from the atmosphere would trigger new
inputs to the atmosphere, but there are no impor-
tant processes that add these gases to the atmo-
sphere from other reservoirs once the gases have
been taken up by an ecosystem. Thus, atmospheric
CH4 and N,O exhibit very different trajectories over
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time depending on whether the gas fluxes are di-
rected into or out of the ecosystem. This asym-
metrical behavior has implications because it
means that greenhouse gas uptake has a larger
impact than emissions on net radiative forcing.
These profound differences in greenhouse gas be-
havior as a function of flux direction lead to our
suggestion that it would be more appropriate to use
different metrics when fluxes are directed into vs.
out of ecosystems (the SGCP and SGWP, respec-
tively) than to use a single metric for all fluxes.

The net uptake of CH4 and/or N, O is certainly not
a universal characteristic of ecosystems, but sites
that can remove these gases from the atmosphere
would be very effective at reducing radiative forc-
ing. A synthesis of carbon fluxes in North American
wetlands reported a net annual CH,4 uptake for only
5 of 113 sites (Bridgham and others 2006). In con-
trast, upland ecosystems including forests, agricul-
tural lands, and grasslands are considered global CH,
sinks (Le Mer and Roger 2001; Dutaur and Verchot
2007). On a global basis, terrestrial and aquatic
ecosystems are net sources of N,O, with higher N,O
emissions in systems that have higher availability of
reactive nitrogen (Ciais and others 2013). However,
a number of studies have measured N,O uptake in
ecosystems ranging from forests to pastures, with
N, O uptake being most common in soils with a high
water content and low inorganic N availability
(Chapuis-Lardy and others 2007). A recent syn-
thesis of wetland N, O fluxes supports these findings,
showing net N,O uptake primarily in low-nutrient
freshwater and coastal wetlands, and high emissions
in wetlands exposed to high nitrogen loading
(Moseman-Valtierra 2012). The removal of 1 kg
CH,m %y 'orlkgN,Om ?y ', sustained over a
100-year period, would be equivalent to removing
203 or 349 kg CO, m ™2y, respectively (Table 1);
these SGCPs are 350 and 30% greater (for CH, and
N,O, respectively) than the SGWPs for the same
time frame. Because of differences in the trajectories
of gases over time between emissions and uptake
(Figure 2B vs. C), there is a greater difference be-
tween the SGWP and SGCP at longer time frames
(Table 1).

The SGWP and SGCP values, like GWPs, are ad-
ditive when multiple greenhouse gases are consid-
ered. For example, over a 100-year time period, the
radiative forcing due to the continuous emission of
1 kg CH; m ?y 'and 1 kg N,O m 2 y~! would be
offset if CO, sequestration rates were 315 kg CO, m ™
2y~' (= SGWPcH, 100y + SGWPN,0,100y; Table 1).
Any reader who wishes to apply these SGWP and
SGCP values to determine whether a site is a source
or sink of greenhouse gases should be aware that

these ratios are based on rates of ecosystem CO, se-
questration, not net rates of CO, uptake. This deci-
sion was based on practicality, as our impression is
that more ecosystem scientists measure C seques-
tration (for example, by quantifying wood accu-
mulation and/or using '*’Cs and 2'°Pb radiodating
techniques in accreting soils) than develop robust
annual estimates of net ecosystem CO, exchange
(for example, by using flux chambers or eddy co-
variance methods).

Implications of Using GWP versus SGWP
and SGCP

The SGWP and SGCP are alternates to the com-
monly used GWP that can provide a more robust
estimate of the greenhouse gas source/sink status of
ecosystems over a defined time period (for exam-
ple, 100 years) because the calculations are based
on greenhouse gas fluxes that are sustained over
the entire period of interest. In contrast, the use of
GWPs requires the implicit assumption that these
fluxes occur as a single pulse and are not sustained
over time. For ecosystems, this assumption is
rarely, if ever, justified. An important question
then is as follows: How does the use of GWPs in-
stead of SGWPs or SGCPs affect interpretations of
whether an ecosystem is a net source or sink of
greenhouse gases (that is, radiative balance), or
how a management activity changes the radiative
balance of an ecosystem (that is, radiative forcing)?
At the commonly used 100-year time horizon, us-
ing the GWP instead of the SGWP when consider-
ing CH4; and N,O emissions would cause one to
quantitatively overestimate an ecosystem’s role as a
greenhouse gas sink or, conversely, underestimate
its role as a greenhouse gas source (Figure 3). If the
ecosystem ratio of CO, sequestration to CH4/N,O
emission rates was greater than both GWP and
SGWP, the qualitative conclusion that a site is a net
greenhouse gas sink would not change regardless of
whether GWP or SGWP were used (Figure 4).
However, the quantitative assessment of the
strength of the site’s source or sink status would
differ as a function of the metric used. Similarly, if
the ratio was less than both the GWP and SGWP,
the qualitative conclusion that the site is a net
greenhouse gas source would not change. A prob-
lem exists, however, if the ecosystem sequestra-
tion:emission ratio lies between the GWP and
SGWP. In this case, one metric would indicate that
the site or activity had a net cooling effect on the
climate, whereas the other would indicate a net
warming effect over the same time period. The
potential for conflicting conclusions from the two
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site is conflicting site is
GHG source information GHG sink

o O
GWP SGWP
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CO, sequestered : CH, or N,O emitted
(kg CO, : kg CH, or N,O)

Figure 4. Interpretation of an ecosystem’s status as a
source or sink of greenhouse gases can depend on whe-
ther one uses the GWP or SGWP. When a site’s ratio of
CO, sequestration to CH4 or N,O emissions lies between
the GWP and SGWP, these indices provide conflicting
information about the greenhouse gas status of the site.
Conversely, when the ratio of sequestration to emissions
is either greater than both indices (greenhouse gas sink)
or less than both (greenhouse gas source) one would
reach the same qualitative determination about the
source/sink status of a particular site regardless of which
index was used, but the GWP and SGWP would give
different quantitative assessments of the site’s strength as
a source or sink. GHG greenhouse gas.

metrics changes with time horizon; for the three
time horizons shown in Table 1, the proportional
difference between GWP and SGWP is greatest at
100 years for CH4 and at 500 years for N,O. The
same issue applies to comparisons of GWP with
other alternative metrics, illustrating that the
choice of a metric has the potential to influence
conclusions about how changes in ecosystem pro-
cesses will affect climate.

Using two separate global data compilations, we
illustrate how the choice of a greenhouse gas
metric can affect the calculated greenhouse gas
source/sink status of an ecosystem, with potential
management implications. First, we consider the
global exchanges of CH4 and N,O between upland
and wetland ecosystems and the atmosphere
(Table 2; Ciais and others 2013; GCP 2013). Col-
lectively, the fluxes of CH4 and N,O from upland
and wetland systems contribute 10.2-14.7 Pg CO,-
equivalents y~! to the atmosphere, with the range
reflecting use of the GWP, SGWP, and SGCP gas
metrics that have been discussed in this article
(there is considerable additional variability due to
scientific uncertainty in the flux estimates them-
selves). The effect of the different greenhouse gas
metrics is most apparent when examining upland
soils, where the uptake of CH4 has the same cooling
effect as the sequestration of 0.9-5.7 Pg CO, y '

(calculated using the 100-year GWPs and SGCPs,
respectively). This six-fold difference also reflects
the asymmetry in greenhouse gas behavior for
uptake and emissions (Figure 2B vs. 2C; Table 1),
and indicates how the estimate of the net cooling
effect of upland systems would be significantly af-
fected by the choice of metric. Note that applying
the SGWP values for both emissions and uptake
(the 'SGWP’ column of Table 2) produces a flux
value that is more similar to that calculated using
GWPs and consequently underestimates the sig-
nificant cooling that can result from greenhouse
gas uptake by ecosystems. The fact that greenhouse
gas metrics are markedly different depending on
the direction of gas transport (that is, emissions
versus uptake) has not been previously recognized
in the calculation or criticism of existing green-
house gas metrics. For ecosystems that emit CHy
and N,O to the atmosphere, the CO,-equivalent
fluxes vary by factors of 1.41 for CH4 and 1.03 for
N,O (Table 2), which are the ratios of the 100-year
SGWPs:GWPs for these gases (Table 1). In some
cases, the effect of using different greenhouse gas
metrics can be greater than the scientific uncer-
tainty in the flux estimates themselves. For exam-
ple, estimates of CH, emissions from rice paddies
range from 33 to 40 Tg CH, y ' (Table 2; GCP
2013). These emissions are equivalent to 1.5-1.8 Pg
CO5-eq vy~ ! (calculated using 100-year SGWP) or
1.1-1.3 Pg CO5-eq y ' (using 100-year GWP); note
that these ranges do not overlap. When considering
total fluxes to/from upland and wetland ecosys-
tems, there is a difference of 4.4 Pg CO5-eq y
between the low and high best estimates of the
ecosystem CH, and N,O fluxes (Table 2). For con-
text, this is larger than the annual emissions of CO,
due to land use change (4.0 Pg CO, y~; Ciais and
others 2013), further illustrating how the choice of
a metric can have significant effects on how one
interprets the importance of ecosystems as con-
tributors to global greenhouse gas budgets.

As a second example, we consider tidal marshes
where there is a general trend of decreasing CH4
emissions as one moves from freshwater toward
saline (oceanic) systems (Bartlett and others 1987;
Potfenbarger and others 2011). Using the GWP to
compare CH, emission rates with soil carbon se-
questration rates, Poffenbarger and others (2011)
estimated that there was at least a 95% chance that
tidal marshes at salinities of at least 18 sequester
enough carbon to offset CH4 emissions. More pre-
cisely, above a salinity of 18, the CO,-equivalent
CH, emissions of the 5% of marshes with the
highest CH, emissions were less than the CO,-
equivalent sequestration in the 5% of marshes
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Table 2. Global CH; and N,O Fluxes from Upland and Wetland Ecosystems (Ciais and others 2013; GCP

2013)
(Tgy™ ) (Pg COx-eqy )
CH,; and N,O flux SGWP/SGCP SGWP GWP
CH4
Natural wetlands 217 (177 to 284) 9.8 (8.0 to 12.8) 9.8 (8.0 to 12.8) 6.9 (5.7 t0 9.1)
Rice paddies 36 (33 to 40) 1.6 (1.5 to 1.8) 1.6 (1.5 to 1.8) 1.2 (1.1 to 1.3)

Upland soils
N,O
Upland soils: natural
Upland soils: agricultural
Total
Upland and wetland -

—28 (—47 to —9)

10.4 (5.2 to 14.1)
6.4 (2.7 t0 7.5)

—5.7 (=9.5 to —1.8)

2.8 (1.4 t0 3.8)
1.7 (0.7 to 2.0)

10.2 (2.0 to 18.6)

—13 (-2.1t0 —0.4) —0.9 (—=1.5to —0.3)

2.8 (1.4 t0 3.8)
1.7 (0.7 to 2.0)

2.7 (1.4 10 3.7)
1.7 (0.7 to 2.0)

14.7 (9.5 to 20.0) 11.6 (7.3 to 15.8)

Negative values indicate uptake by the ecosystem. In the **CHy and N,O flux’’ column, the reported best estimate flux is shown, with minimum and maximum flux estimates in
parentheses. This uncertainty is propagated through the other columns. For the 'SGWP/SGCP’’ column, we used SGWP or SGCP values to calculate CO,-equivalent fluxes, as
appropriate, depending on whether fluxes were directed into vs. out of the ecosystem. For the "'SGWP’’ column, we used SGWP values, regardless of the actual direction of the
flux. For the “GWP'’ column, we used GWP values calculated in this study. All calculations of CO,-equivalent fluxes use a 100-year time frame and metric values from

Table 1. CO5-eq = CO, equivalents, Tg = 10 g, Pg = 10" g.

with the lowest soil carbon accumulation rates,
making 18 a conservative delineation. Using the
SGWP to make the same comparison, a marsh
would require a higher carbon sequestration rate in
order for the system to be conservatively climate
neutral over a 100-year period; at a salinity of
about 18, the probability that C sequestration
would offset CH, emissions drops from 95 to 85%.
To keep a 95% level of certainty, the salinity
threshold would need to increase by roughly 4-5
salinity units. Thus, although both the GWP and
SGWP indicate that the cooling effect of carbon
sequestration in high-salinity tidal salt marshes
exceeds the warming effects from CH, emissions,
using GWP instead of SGWP to make this com-
parison adds a degree of uncertainty to the design
and implementation of wetland creation, restora-
tion, and protection activities (for example, ““blue
carbon’’ projects) that can affect project viability or
the value of carbon credits issued to the project.

Alternative Metrics and Other
Approaches

One of our main goals in this article is to begin a
discussion about whether the use of GWPs as
practiced by the ecological community is appro-
priate for determining whether natural or man-
agement-driven changes in greenhouse gas sources
or sinks have a net warming or cooling effect on
climate. Although we suggest that the SGWP and
SGCP are more appropriate than the GWP, it is not
clear that any single metric is appropriate to apply
across the full spectrum of ecological research be-
cause different study goals may require different

metrics. An advantage of the GWP, SGWP, and
SGCP is that they are relatively straightforward to
apply; one only needs to know rates of greenhouse
gas uptake/emission to assess the relative radiative
forcing due to each gas. This simplicity is one rea-
son why the GWP has been widely adopted (Myhre
and others 2013a). However, there are funda-
mental questions and issues associated with the
usage and interpretation of GWPs; this topic has
been covered extensively in the climate literature
(Harvey 1993; O’Neill 2000; Smith and Wigley
2000; Fuglestvedt and others 2003; Shine 2009;
Pierrehumbert 2014). At the risk of being redun-
dant, we briefly highlight some of the issues and
note that these concerns are generally applicable to
the SGWP and SGCP metrics as well. Although
ecosystem scientists and policy makers generally
apply GWPs over a 100-year time frame, it is not
clear what the correct time frame should be, or
even that there is a ““correct” time frame (Rodhe
1990; Shine and others 1990). Implicitly, neither
the GWP nor SGWP considers any gas that remains
in the atmosphere after the time period of interest
(O’Neill 2000), which can result in policies that
favor abatement of short-lived gases while delaying
mitigation of longer-lived gases whose climatic ef-
fects persist beyond the time frame of the green-
house gas metric (Pierrehumbert 2014). Because
these metrics were calculated over a defined time
period, they cannot deal with temporally variable
fluxes (Frolking and others 2006). Finally, these
metrics have ““warming” in their name (or ‘‘cool-
ing”” in the case of the SGCP) but deal only with
cumulative radiative forcing and not with tem-
perature change (Fuglestvedt and others 2003).
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Despite the many shortcomings, the GWP has
been widely adopted as a policy, regulatory, man-
agement, and research tool because it captures a
key driver of climate (radiative forcing) with
minimal uncertainty. The global temperature
change potential (GTP) is conceptually more useful
as a metric of ecosystem-climate feedbacks because
it computes global temperature as the product of
radiative forcing and a climate sensitivity pa-
rameter (Shine and others 2005). However, for a
given change in greenhouse gas emissions, there is
far more certainty about the processes that govern
radiative forcing than the processes that govern
climate sensitivity. Thus, GTP calculations have the
potential to produce a wider range of outcomes
than GWP depending on model structure and as-
sumptions, making GTP more value-laden, less
certain, and perhaps less appealing as an account-
ing and policy tool. A number of other metrics such
as the climate change impact potential (Kirsch-
baum 2014), cost-effective temperature potential
(Johansson 2012), global cost potential (Manne
and Richels 2001), and global damage potential
(Kandlikar 1995) go well beyond GTP by modeling
the impacts of greenhouse gas emissions on envi-
ronmental, economic, and social outcomes, all of
which are of immediate importance to policy
makers. The uncertainty of measurements and
metrics increases as one moves from considering
emissions (reasonably well constrained) to quanti-
fying radiative forcing (minimal uncertainty) to
calculating temperature change (greater uncer-
tainty) to forecasting actual impacts on social and
economic systems (highest uncertainty) (Fu-
glestvedt and others 2003; Prather and others
2009). In other words, the level of uncertainty in-
creases as the metric encompasses processes with
increasing relevance to ecological, social, or eco-
nomic outcomes. To date, ecosystem ecologists
have not debated the balance between certainty,
relevance, and time frame that is most appropriate
for advancing science as opposed to policy.

The effect any ecosystem has on global radiative
forcing (and by extension, climate) will be the
balance between cooling due to long-term C se-
questration plus any CH4 or N,O uptake that has
taken place over the lifetime of the site, and the
warming due to greenhouse gas emissions over
recent decades (for CH4) to centuries (for N,O).
Because of varying time frames over which
ecosystems affect climate, using a defined period
metric such as SGWP, GWP, GTP, or one of the
others mentioned above can yield misleading con-
clusions about the long-term climatic role of
ecosystems. Indeed, a site that has a warming effect

on climate over a defined 100 (or 20, or 500)-year
period may actually have a net cooling effect when
greenhouse gas uptake and emission are integrated
over the lifetime of the system (Frolking and Roulet
2007). Depending on the ratio of greenhouse gas
uptake to emissions, it can take decades to thou-
sands of years before cumulative radiative forcing
from a site switches from positive (net warming) to
negative (net cooling), a point known as the ra-
diative forcing switchover time (Frolking and oth-
ers 2006, Neubauer 2014). When the ratio of CO,
sequestration to either CH4 or N,O emissions is the
same as the SGWP, then the switchover time will
be the time frame over which the SGWP was cal-
culated. For example, an ecosystem that sequesters
45 kg CO, per kg CHy emitted (that is, a ratio
equivalent to the 100-year SGWP for CHy4, Table 1)
has a cumulative radiative forcing switchover time
of 100 years.

Unlike metrics such as the GWP, SGWP, or SGCP,
the modeling of switchover times does not require
one to use a fixed time frame (for example, 20 or 100
years). Using this approach on the previously dis-
cussed Poffenbarger and others (2011) CH4 emission
dataset (assuming a conservative carbon accumu-
lation rate of 44 g C m~? y~ ', which is the 5th per-
centile of the Chmura and others 2003 dataset), we
calculate that 9 of 10 marshes with salinity at least
18 had an immediate and a persistent net cooling
effect (switchover time = 0 years), whereas one site
had a switchover time of 195 years. In contrast, the
switchover times for tidal freshwater and brackish
marshes (salinity <18) were considerably higher
(median = 663 years; 5th-95th percentile range =
26-17,000 years). Modeling switchover times also
offers flexibility, as it is not necessary to assume a
constant flux over time (an implicit assumption
behind SGWP and SGCP values). Instead, one could,
for example, take into account temporal changes in
carbon sequestration as a forest matures (Gough and
others 2008) or in methanogenesis as a created
wetland develops (Liikanen and others 2006; Cor-
nell and others 2007). This type of modeling ap-
proach, therefore, has high potential to provide
valuable scientific insights into the climatic role of
ecosystems and is an example of a new approach
that the ecological community could adopt inde-
pendently of the needs of policy makers.

CoNcLUDING REMARKS

Although the GWP has been in use for decades, the
climate community is still developing new metrics
(for example, Kirschbaum 2014) and discussing
which metrics are most appropriate for addressing
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and mitigating the various environmental, social,
and economic impacts of climate change (Myhre
and others 2013a). There is no single “‘perfect”
metric. However, the analyses and arguments
presented herein indicate that the use of GWPs for
assessing the climatic impacts of ecosystems is
fundamentally untenable. We suggest that use of
the SGWP and SGCP is a more appropriate way of
understanding the greenhouse gas source/sink
status of ecosystems, but conclude that these met-
rics share many of the shortcomings of the GWP.
We propose that the ecological research commu-
nity should adopt a dynamic modeling approach
that provides insights into the lifetime climatic role
of an ecosystem (for example, by calculating
switchover times). From a research perspective, we
question whether the ecosystem science commu-
nity should be using metrics that were developed
for policy applications when other approaches
(modeling) are likely to provide more relevant
scientific insights. Ultimately, we hope that this
article will motivate the ecological community to
consider whether GWPs are being used correctly
and to begin a larger discussion about the most
appropriate way(s) of assessing and quantifying the
role of ecosystems as regulators of global climate.
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