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An efficient climate policy is based on cost-benefit analysis (CBA) and equates marginal abatement costs across
all forcing agents affecting climate change. In CBA, the agents' contributions to radiative forcing (RF)must be con-
sistently priced (i.e. the social cost of RF, occurring at a specific time, must be the same regardless of the agent
causing it). We present a concept that enables doing so. The Social Cost of Forcing (SCF) is the monetary value
of the social damage caused by marginal RF at a given instant (Wm−2). Any forcing agent whose temporal
decay profile and radiative efficiency are known can be priced based on it. Prices obtained for distinct agents
are consistent in CBA, as long as the same SCF and discounting assumptions are applied. Hence, the SCF is a con-
cise way to communicate social cost information: mutually consistent prices for any set of forcing agents can be
obtained based on a single Integrated Assessment Model output, the SCF. We explain the theoretical foundations
of the concept and illustrate its practical applicationswith two examples: (1) we derive SCF-based prices for CO2

and CH4, and (2) we estimate the social cost of albedo changes in a boreal forest stand.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Humans alter Earth's energy budget by changing the absorption and
reflectance of solar radiation through various mechanisms, e.g. chang-
ing the atmospheric concentrations of greenhouse gasses (GHGs) and
modifying Earth's surface albedo (IPCC, 2013). Eachmechanism is asso-
ciated with a particular set of forcing agents1 (hereafter forcers) that af-
fect the climate (for example, GHGs or aerosols). Radiative forcing2 (RF)
is a standard measure for quantifying the warming (or cooling) effects
of distinct forcers. Increased atmospheric CO2 is the largest individual
source of anthropogenic RF. However, also numerous other forcers con-
tribute to climate change (Myhre et al., 2013). Efficient climate policy
should therefore optimally regulate all forcers, rather than CO2 only
(van Vuuren et al., 2006). This is recognized in international climate
agreements that e.g. require the accounting of various non-CO2 GHGs
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(UN, 1992, 1998, 2015). Another key aspect of efficient climate policy
is optimizing the timing of mitigation measures, which is a form of eco-
nomic cost-benefit analysis (CBA):mitigation costs are weighed against
the benefit of avoided climate damage (e.g. Nordhaus (1992, 2014)).
When the costs and benefits of public projects are analyzed, the adverse
impact of CO2 emissions can be included by pricing the emissions ac-
cording to the Social Cost of Carbon (SCC) (e.g. Pizer et al., 2014). Includ-
ing other forcers in such analyses requires consistentmeasurement and
valuation of their harmfulness; climate damage of equal proportion, oc-
curring at the same time, must be equally valued, regardless of the forc-
er causing it. In this study we show how all forcers can be priced
consistently based on a single fundamental price: the Social Cost of Forc-
ing (SCF). We generalize and analyze the method previously proposed
for pricing albedo by Lutz and Howarth (2014).

Forcers can be divided to two main types: pulse forcers and transient
forcers.3 Pulse forcers are emitted into the atmosphere and contribute to
RF during their lifespan therein. That lifespan may be long or short.
Thus, pulse forcers include long-lived well-mixed GHGs, such as CO2,
but also short-lived pollutants (near-term climate forcers), such as
aerosols. Transient forcers, on the contrary, have only instantaneous ef-
fects. For example, the instantaneouswarming impact of surface albedo,
depends on the state of the planetary surface at that specific moment.
Another example of a transient forcer is the anthropogenic heat flux
from combustion. Notably, some forcers may be hybrids of the two
3 Note that this typology differs from the conventional division of forcers to short- and
long-lived forcing agents, applied in e.g. Shine et al. (2007). In our terminology, short- and
long-lived forcing agents are both pulse forcers (whose atmospheric lifespans differ). Only
forcers with truly instantaneous impacts are considered ‘transient forcers’.
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main types; black carbon is a pulse forcer (aerosol) in the atmosphere
but becomes a transient forcer (i.e. affects surface albedo) when depos-
ited on snow (Ramanathan and Carmichael, 2008).

Global Warming Potential (GWP) (Lashof and Ahuja, 1990) is per-
haps the best known metric for measuring relative climatic impacts of
pulse forcers. The Absolute Global Warming Potential (AGWP) of a
pulse forcer is the time-integrated radiative forcing caused by a 1 ton
pulse, emitted today, over a given timespan (e.g. 20, 100 or 500
years). The GWP of a forcer is the ratio of its AGWP to that of CO2. For
example, the GWP100 of fossil methane is 30 (Myhre et al., 2013),
which means that the over a hundred year timespan a ton of methane
emitted today causes cumulatively 30 times more RF than a ton of
CO2. Due to the popularity of the GWP as a metric for pulse forcers,
some attempts have also been made to derive GWP values for transient
forcers (see e.g. Bright et al., 2011 or Allen et al., 2016). Global Temper-
ature Potential (GTP) (Shine et al., 2005) is another commonly used
metric for comparing forcers. The Absolute Global Temperature Poten-
tial (AGTP) of a forcer is the change in global mean surface temperature
at a chosen point in time in response to a 1 ton pulse emitted today. The
GTP of a forcer is the ratio of its AGTP to that of CO2.

As metrics such as GWP and GTP are readily available, one might
consider applying them to derive relative prices for different forcers
(e.g. if the carbon price were known, one might attempt to obtain a
price for methane by multiplying the carbon price by methane's
GWP).4 Unfortunately, this approach produces prices that are not con-
sistent in cost-benefit analysis (CBA). The socially optimal price of an
externality (in this case a specific climatic impact caused by an econom-
ic activity) should reflect its social value (e.g. Pigou, 1932). For example,
the Social Cost of Carbon (SCC) is defined as the present value of the
damage caused by a 1 tonne CO2 emission pulse over its lifespan in
the atmosphere (see e.g. Pearce, 2003 or Pizer et al., 2014). However,
AGWP and AGTP are purely physical metrics: AGWPmeasures cumula-
tive RF, AGTP measures the lagged temperature response to RF. Neither
measures damage nor includes the regulator's time preference. As the
present value of the damage caused by the emission pulse does not nec-
essarily depend linearly on RF or warming, GWP and GTP do not indi-
cate the ratio of the damage caused by different forcers5 (Eckaus,
1992, Schmalensee, 1993). Thus, they cannot be –a priori– assumed
suitable for expressing the relative prices of different forcers. The link
between GWP, GTP and economic damage metrics is discussed in
more detail in Tol et al. (2012).

In this study, we show that there is a fundamental price, the SCF,
which can be used to value pulse forcers and transient forcers alike.
The SCF is the social value of the damage caused by a marginal unit of
RF (Wm−2) at a specific point in time. If a discount rate is chosen and
the resulting time trajectory of the SCF is known, a unit price (social
cost) for any forcer can be calculated based on the temporal profile of
its contribution to RF. Shadow prices derived in this manner for distinct
forcers are mutually consistent, if the same SCF and discounting as-
sumptions are applied across the board. Previously, such an approach
has been applied by Lutz and Howarth (2014) to derive a shadow
price for the warming impact of forest albedo (i.e. a price that is consis-
tent with the shadow price of carbon obtained from the DICE model).
We expand upon their work in two ways. First, while Lutz and
Howarth (2014) focus on pricing a specific (transient) forcer, i.e. albedo,
we show how the method can be flexibly applied to pricing all forcers
regardless of their type (pulse, transient or hybrid) and, therefore, the
4 Indeed such conversions are common: e.g. the EU emission trading system relies on
GWP-values in when converting N2O emissions into CO2 equivalents (European Commis-
sion, 2012). Also, numerous studies have considered the impact of the choice of metric on
abatement costs (e.g. Smith et al. (2013), Reisinger et al. (2013), van den Berg et al. (2015),
and Harmsen et al. (2016)).

5 As the GTP was not invented until 2005, Eckaus (1992) and Schmalensee (1993) dis-
cuss only GWP. However, the same critique applies to the GTP.
method has broad applications whenever there is a need to include
the social value of climatic impacts in CBA. Second, while Lutz and
Howarth (2014) explain their method in the context of a specific Inte-
grated Assessment Model, i.e. DICE (Nordhaus, 1992, 2014), we gener-
alize this explanation by deriving our results (i.e. explaining the SCF
concept and showing the structure of forcers' prices) using a general
model which embodies the basic characteristics of Integrated Assess-
mentModels (IAMs) in which economic growth is endogenous and op-
timal climate change mitigation over time is based on economic cost-
benefit-analysis.6 These results are presented in Section 2.

In Sections 3 and 4we provide numerical examples of pricing forcers
based on the SCF. The SCF trajectory utilized in the examples is derived
using the DICE2013Rmodel.7 Our first example illustrates the pricing of
pulse forcers. We calculate prices for carbon (SCC) and methane (SCM)
based on formulae derived in Section 2. We demonstrate how these
prices vary depending on assumptions made about discounting. Our
second example illustrates the pricing of a transient forcer, namely for-
est albedo. As albedo pricing has been previously considered by Lutz
and Howarth (2014) in the case of the White Mountain National Forest
(WMNF) in NewHampshire, USA, for a changewe provide our example
in a different geographical context.We simulate the development of the
albedo of a Norway Spruce (Picea abies) stand in Southern Finland over
a 66 year rotation and calculate the annual social cost of the albedo-in-
duced warming effect of the (changing) tree cover.

The idea of deriving socially optimal shadow prices for forcers is not
new. Previously, prices have been derived for pulse forcers, such as car-
bon (see Tol (2011) for a review) and methane (Hope, 2005, Hope,
2006), as well as at least one transient forcer, i.e. forest albedo (Lutz
and Howarth, 2014). However, what is new is the way in which these
prices are derived. Previously, the prices have been derived directly
using IAMs. We show how they can be derived from a single IAM out-
put: the SCF. This approach is useful, as it offers a concise way to com-
municate information between economists (who estimate the social
cost of RF) and end-users (who wish to apply shadow pricing to a
broad range of forcers in cost-benefit analyses which include the social
value of climatic impacts). Notably, the economists working with IAMs
do not know the full range applications that individual end-users have
in mind. Therefore, they cannot publish an exhaustive list of consistent
prices for all forcers. Likewise, the end-users are often not experts in in-
tegrated assessment modelling who would be capable of modifying an
IAM to derive the set of shadow prices required by their specific case
study. However, given an SCF trajectory, they can flexibly price any forc-
er theywish. The objective of this article is to explain the broad possibil-
ities of the applying this approach.

Notably, similar information cannot be efficiently communicated by
publishing the time trajectory of the social cost of a specific pulse forcer,
such as CO2. While the SCF is a ‘fundamental price’ that provides a basis
for pricing all forcers, the same cannot be done based on the SCC be-
cause traditional climatemetrics cannot be used to consistently convert
the carbon price to prices for other forcers. To illustrate this point, we
present the concept of Social Cost Ratio (SCR), which is the ratio of the
unit social cost of a given forcer to that of CO2 (Section 2). A similar con-
cept has been previously discussed by e.g. Tol et al. (2012). In a numer-
ical example, we compare the SCR and GWP for methane (Sections 3
and 4) and argue that, as the two metrics differ, a consistent price for
methane cannot be derived by multiplying SCC by the GWP for
methane. Pricing pulse forcers, such as methane, based on the SCF
is a better option. Alternatively, if the CO2 price is used as a bench-
mark, a price for methane can be obtained by multiplying the SCC
by the SCR of methane.
6 In this article, the term IAM specifically refers to this particular type ofmodels and not
IAMs in a more general context.

7 Notably, although our numerical examples utilize the DICE2013R model, the theoret-
ical content of the study is independent of the choice of IAM.
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2. Theory and Concepts

2.1. Climate Model

We followHasselmann et al. (1993), Boucher and Reddy (2008) and
Olivié et al. (2012) and present the current global mean temperature
change T(t) in kelvins (K) as a convolution of a history of radiative forc-
ing, F(t), measured in Wm−2, and impulse response of temperature to
transient unit forcing (a Green's function), φ(s), measured in K(Wm−2

yr)−1, as8

T tð Þ ¼ ∫t−∞ F sð Þφ t−sð Þds: ð1Þ

The temperature change in response to RF is usually approximated
using data from atmosphere-ocean general circulation models.

Pulse forcers and transient forcers cause RF through different mech-
anisms. The RF of pulse forcers is determined by their atmospheric
mixing-ratio, or equivalently, by the mass of their atmospheric stocks
Si(t). As the absorption bands may overlap (as in the case on CH4 and
N2O) the total RF caused by all pulse forcers (together) is best summa-
rized by a function FP(S(t)) which allows for interactions between sep-
arate forcers. The RF caused by transient forcers,X(t), is a result of direct
actions, such as input use in energy generation (which affects the
anthropogenic heat flux) or the allocation of land to different
uses (which affects surface). The total transient forcing is FT(X(t)). The
total RF, F(t), is a sum of contributions by pulse forcers and transient
forcers, i.e.

F tð Þ ¼ FP S tð Þð Þ þ FT X tð Þð Þ: ð2Þ

The direct summation of distinct forcers' impacts and their utilization in
(1) requires that all forcers have efficacies (Hansen et al., 2005) close to
unity. This requirement is satisfied when effective radiative forcing
(ERF) is used as a measure of forcing (Myhre et al., 2013).

Wemodel the dynamics of atmospheric pollutant stocks in the same
way as we model global temperature change (1). The net flow of
emissions, Ei(t), measured in tyr−1, feeds into the pollutant stock,
Si(t), measured in tons. We obtain the expression

Si tð Þ ¼ ∫t−∞Ei sð Þεi t−sð Þds; ð3Þ

where the function εi(s) depicts the atmospheric decay of an emission
pulse, as a fraction of the initially released quantity remaining in atmo-
sphere at time s. Thus, εi(s) is an impulse response function, describing
the reaction of the pollutant stock to a one-off shock perturbation
(a Green's function).9 The formulation is general and can be applied
to all pollutants, despite variation in the pollutants' decay profiles.

Unlike stock pollutants, which can be controlled through net emis-
sions only, transient forcers can be adjusted more directly. Land cover
is one example. Current land cover is determined by current land use
(and land use history). Current land cover directly determines the sur-
face albedo and its contribution to RF. Previous land cover10 has no last-
ing effects thatwould contribute to today's RF. Thus the name: transient
forcer.

2.2. Social Cost of Forcing

Climate change causes harm to ecosystems and human well-being
(IPCC, 2014). Here, we use global mean temperature T(t) as a proxy
for climate change, and a temperature dependent damage function,
8 The impulse response is often divided into a product of a scalar climate sensitivity pa-
rameter (K(Wm−2)−1) and a time profile (yr−1) whose integral from zero to infinity is
unity.

9 Impulse response is unitless.
10 Notably, current land cover may be affected by previous land use but not by previous
land cover.
D(T), as a proxy for the aggregate social damage caused by climate
change. The damages are measured in monetary terms ($yr−1). In Sup-
plement S1 we show how this monetary representation of damages
emerges from a utility-based welfare maximization problem. The social
welfare loss from temperature change is the net present value of future
climate damages

L tð Þ≔∫∞0D T t þ sð Þð Þe−R t;sð Þds; ð4Þ

where e−R(t,s) is a discount factor from time t to time t+s and

R t; sð Þ≔∫s0r t þ uð Þdu: ð5Þ

Future damages are discounted using a time-dependent real interest
rate r(t). The welfare loss can be understood as a weighted average of
future damages, in which the near-term damages have a higher weight
than the distant ones.Welfare loss (4) is a reduced form presentation of
a more complete description of economic welfare presented in Supple-
ment S1. The loss ofwelfare is drivenby rise in globalmean temperature
which in turn is caused by increased RF. The Social Cost of Forcing11 (SCF)
is a measure of the social harm (i.e. welfare loss) caused by an incre-
mental unit of RF (i.e. a small andmomentary increase in RF, see Supple-
ment S2), i.e.

SCF tð Þ≔∫∞0φ sð ÞD0 T t þ sð Þð Þe−R t;sð Þdu; ð6Þ

where discounting is determined by Eq. (5). The social cost of forcing is
the net present value of themarginal climate damage caused by the per-
turbation. The impulse response function,φ(s), links the current forcing
to future temperature change. The unit of SCF is $(Wm−2 yr)−1, but
since one Wm−2 change in RF causes notable changes in equilibrium
temperature, SCF obtains very large values. Therefore, it is more conve-
nient to use $(nWm−2 yr)−1, i.e. one billionth of $(Wm−2 yr)−1, as the
unit price of RF.

The SCF emerges naturally in economic climate policy optimization
models, as it is the Lagrange multiplier of the defining constraint for
RF. If the optimization is based on non-monetary utility functions, the
Lagrange multiplier needs to be transformed into monetary units by di-
viding it by current marginal consumption utility. This procedure is il-
lustrated with a stylistic economic model in Supplement S1. In
standard non-linear programming, the Lagrange multipliers are found
as the marginal values of relevant constraint equations.

The SCF depicts the social costs of global forcers. If one is interested
in local phenomena, such as pricing the warming impact of albedo
of a local forest stand, it is useful to define a social cost measure for
warming power, instead of RF. Such a measure is directly obtained
from SCF by dividing it by Earth's surface area, A. The measure
A−1SCF(t) has unit $(W yr)−1. It presents the social cost of warming
the climate with annual average power of 1 watt, or equivalently, by
producing one watt-year of heat. Since Earth's surface area is large
(roughly 5.10 · 1014 m2), it is often practical to express prices of local
warming power in $(MW yr)−1 (rather than $(W yr)−1).

2.3. Pricing Forcers

The SCC indicates the social cost of CO2 emissions, i.e. the marginal
social damage from emitting 1 tCO2. Given our climate model (1–3)
andwelfare lossmeasure (4), we can derive similar social costmeasures
for all other forcers as well.
11 Previously a similar concept has been utilized by Lutz and Howarth (2014) to derive a
price for the warming impact of forest albedo using the DICE model (Nordhaus, 1992,
Nordhaus, 2014). Here we present the concept in a more general context.
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The social cost of a pulse forcer j is (see Supplement S2)

SCS j
tð Þ≔ ∫

∞

0
ε j sð Þ ∂FP S t þ sð Þð Þ

∂Sj t þ sð Þ SCF t þ sð Þe−R t;sð Þds; ð7Þ

where εj(s) indicates the fraction of emissions still airborne after s years
and ∂FS/∂Sj is themarginal change in RF due to themarginal change in a
given pollutant stock. The RF caused at any future point in time is valued
according to the SCF. The price of the forcer is obtained by integrating
the present value of the damage over the infinite time horizon. If the
pollutant in question is CO2, (7) is the familiar SCC formula. However,
a price for any other pulse forcers can be derived similarly. Eq. (7) high-
lights that the damagemeasure, SCF, is a common component in the so-
cial cost measures for all pulse forcers.

The social cost of a transient forcer12 is

SCTi
tð Þ≔∂FT X tð Þð Þ

∂Xi tð Þ SCF tð Þ: ð8Þ

As the effect of transient forcing is instant, its social cost does not include
persisting effects from pulse decay. For the same reason, there is no
need for time discounting. From the mathematical point of view, tran-
sient forcers are instantly decaying special cases of pulse forcers. Their
decay profile εj(s) can also be described as a delta function. Notably, hy-
brid forcers (which affect RF through both transient and pulse-like
mechanisms) can also be priced by valuing both elements separately
and then summing them up to a single price.

The social costs (7, 8) can be interpreted as the socially optimal
prices for the forcers. They can also be used to measure the relative
harmfulness of different forcers. Since the prices are based on rigorous
cost-benefit analysis, the approach is theoretically consistent and en-
ables comparisons between pulse forcers and transient forcers.

We define a relative measure of harmfulness which we call the So-
cial Cost Ratio (SCR),

SCRa≔
SCa

SCCO2

: ð9Þ

In Eq. (9), the SCC (calculated using Eq. (7)) is the standard against
which other forcers' unit social costs (calculated using Eq. (7) or (8))
are compared to. This approach is in line with previous measures such
as GWP and GTP which also compare the impacts of other forcers to
CO2. However, while GWP and GTP measure the relative contributions
of distinct forcers from a physical standpoint, SCR measures their rela-
tive contributions to social damage. Reducing damage is the correct tar-
get for an effective climate policy. The SCR reduces to GWP if the present
value of SCF, e−R(t,s)SCF(t+s), is time-invariant13 and if the time hori-
zon used in the calculation of SCR (which is usually infinite) is artificially
truncated to the same length as the time horizon as in the calculation of
GWP.14 In general, the time-invariance assumption is not satisfied in
economic models.

3. Materials and Methods for Numerical Examples

3.1. Outputs From the DICE2013R Model

DICE2013R is a global integrated assessment model (IAM) designed
by William Nordhaus (see e.g. Nordhaus, 2014, Nordhaus and Sztorc,
12 Previously, the pricing of specific transient forcer, namely forest albedo, has been stud-
ied by Lutz and Howarth (2014). Here we present the concept in a more general context.
13 A time-invariant present value of the SCF means that the SCF increases at the same
rate atwhich future damages are discounted and, thus, the two effects cancel out. A special
case of this is the one in which the SCF is constant and zero-discounting is applied. How-
ever, applying zero-discounting does not necessarily imply that the SCR is close to GWP
(for the given time horizon), as the SCF may change over time.
14 The relation between cost-based measures and GWP is further discussed in Tol et al.
(2012).
2013). ‘DICE’ stands for Dynamic Integrated Climate-Economy model;
‘2013R’ is the newest version in a line of models extending back to the
early 1990′s (Nordhaus, 1992, 1993). In the model, the timing and in-
tensity of emission abatement is optimized over time to maximize ag-
gregate social welfare. The tradeoff between the damage caused by
climate change and the welfare loss caused by abatement (i.e. abate-
ment costs) is balanced in the optimization. The solution contains the
optimal SCF and SCC trajectories which can be used to outline an opti-
mal climate policy. The model is described in detail in Nordhaus and
Sztorc (2013). Below, we discuss how it was modified for the purposes
of this study and explain the model outputs that were derived.

In DICE, emission abatement controls the path of carbon emissions.
As the model is optimized over time, the trajectory of atmospheric
CO2 is determined endogenously. However, the RF trajectory of other
forcers, such as aerosols and non-CO2 GHGs, is assumed to be exoge-
nous. All RF that is not CO2-induced is lumped into a single variable
called ‘exogenous forcing’. The variable's default time path roughly co-
incides with non-CO2 RF in IPCC's RCP45.15 For the purposes of this
study, we substituted the default assumption16 with a trajectory that
exactly matches RCP45 as described in Meinshausen et al. (2011) with
cyclicality in solar RF smoothed out. The use of a specific RCP enables
distinguishing the mixing-ratios of exogenous GHGs (this information
is required in Section 3.2). Changing the exogenous RF scenario has little
impact on the SCC and SCF estimates derived using DICE (Supplement
S3).

ThemodifiedDICEmodelwas run for 200 periods (1000 years). Data
from the first 700–900 years of themodel run were used in our analysis
depending on the time preference rate. After that timeframe the vari-
able values become unreliable as numerical imprecision and end of
model horizon effects start to distort the results. Three outputswere ob-
tained: (1) a trajectory for atmospheric CO2 concentration under opti-
mal CO2 abatement policy, (2) a trajectory for the real interest rate
(used for discounting), and (3) a trajectory for SCF under optimal CO2

abatement policy. The derivation of the SCF trajectory is much like the
derivation of the SCC estimates, for which the model has been used
for previously (see e.g. Nordhaus, 2014, US Government, 2015). In
DICE, SCC is obtained as the shadow price of themarginal ton of CO2 re-
leased in a given period. Likewise, SCF can be derived as the shadow
price of the marginal unit of incremental RF in a given period (Lutz
and Howarth, 2014). The principle is outlined in Supplement S1. As
DICE has a five year time-step, the data for intervening years was inter-
polated linearly. The time-series were extended beyond the reliable
DICE time horizon by statistical fitting (Supplement S4).

To illustrate the effect of discounting we derived the results under
two distinct discounting schemes. In the first scheme, the pure rate of
time preference is 1.5%. Hence, the real interest rate (that is used for
discounting) starts at roughly 5.2% in 2010 and declines over time to-
wards 1.5%, as the economy converges to a steady state over the next
centuries. In the second scheme, the pure rate of time preference is
0.1% and the interest rate declines from roughly 4.4% to 0.1% over a sim-
ilar time horizon. The first scheme is in line with the default settings of
the DICE model which are based on a “descriptive approach” to
discounting. Advocates of this approach hold that the pure rate of
time preference should be inferred from decisions observed in the fi-
nancialmarkets (see e.g. Nordhaus (2007) or Arrowet al. (2012) for dis-
cussion). An alternative to the descriptive approach is the “prescriptive
approach”. Advocates of this approach hold that the choice of pure rate
of time preference should be based on ethical principles and argue that
15 The IPCC probes alternative climate scenarios using Representative Concentration
Pathways (RCPs). Each RCP consists of a set of time trajectories for RF caused by different
climatic forcers. The RCPs are named after their peak in aggregate RF. Thus, in RCP45, RF
peaks at roughly 4.5 Wm−2.Wm−2

16 Notably, however, we do not extend the model to include the optimization of other
climate forcers (which is a large modelling task that is well beyond the scope of this
study). We simply substitute one exogenous RF scenario in themodel, with an alternative
scenario inwhich the GHG-specific time trajectories are explicit (instead of total RF only).
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“it is ethically indefensible to discount the utility of future generations,
except possibly to take account of the fact that these generations may
not exist” (Arrow et al. (2012)). Our second discounting scheme is in
line with this prescriptive approach. The 0.1% rate of pure time prefer-
ence depicts the hazard rate of human extinction (per year), as assumed
in Stern et al. (2006). For easy reference, we name the first scheme
“higher discounting” and the second scheme “lower discounting”.

3.2. Pricing and Comparing the Harmfulness of CO2 and CH4 Emissions

The Social Cost of Carbon (SCC) and the Social Cost of Methane
(SCM) were calculated using a discrete-time analog Eq. (7), with a one
year time-step. We approximated the infinite time horizon by a
10,000-year time span.17 The real interest rate trajectory (calculated
using DICE and extended as described in Supplement S4) was applied
in discounting. Impulse response functions describing the atmospheric
decay of CO2 and CH4 pulses were obtained18 from Myhre et al.
(2013). The marginal RF caused by the fraction of each pulse remaining
in the atmosphere in a given year after emission depends on the atmo-
spheric mixing ratios of well-mixed GHGs; the marginal RF of CO2 de-
pends on the atmospheric CO2 concentration, whereas the marginal
RF of CH4 depends on the concentrations of CH4 and N2O (Myhre et
al., 1998, IPCC, 1990).19 In order to determine marginal RF in each
year, the future atmospheric CO2 concentration was projected using
17 Although a fraction of a CO2 pulse remains airborne indefinitely, the discounting of the
damages, and the fact that in the distant future SCF approaches zero, reduce the approxi-
mation error (caused by the use of 10,000 years as a proxy for the infinite time horizon) to
a negligible level.
18 Original source of CO2 impulse response function: Joos et al. 2013.
19 In our calculations the radiative efficiency ofmethanewas scaled to include the effects
of ozone and stratospheric water, as in Myhre et al. (2013) (page 8SM-17).
DICE (see previous section). Corresponding exogenous projections for
the atmospheric CH4 and N2O were obtained from RCP45
(Meinshausen et al., 2011). The value of the damage caused by RF in
each future time period, was calculated by pricing RF according to the
current SCF, obtained from DICE (see previous section).

To illustrate the difference between SCR and GWP as means of mea-
suring tradeoffs between GHGs, we calculated the SCR for methane
(price ratio of CH4 to CO2) and used the same data to calculate GWP,
as outlined in Lashof and Ahuja (1990).

3.3. Pricing the Warming Effect of Forest Albedo

To calculate the development of the social value of forest albedo-in-
duced RF with stand age, we simulated the growth and treatment of a
Norway spruce (Picea abies) stand over a single rotation in
Hämeenlinna, Southern Finland20 using MOTTI software (version 3.0).
MOTTI is a stand-level forest simulator, which can be used to study
the impacts of forest management on the development of stand-level
forest attributes in Finnish growth conditions (Hynynen et al., 2002,
Salminen et al., 2005). It has been statistically calibrated using historical
data from Finland and works most reliably when the applied manage-
ment coincides with the most common practices. Therefore, in our ex-
ample stand management is assumed to follow (national, voluntary)
good practice guidelines (Äijälä et al., 2014).

The development of the stand's growing stock volume (GSV) is
shown in Fig. 1 (Panel A). The stand is thinned twice (at ages 40 and
55) and is clear-cut at age 65. Total aboveground biomass is shown in
Panel B. Biomass (tha−1) was estimated fromGSV (m3 ha−1) according
20 Assumptions: (1) The stand is located on Mineral soil. (2) The stand is established by
planting 2000 seedlings (with a 100% survival rate),
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to the method outlined in Lehtonen et al. (2004). As GSV data were
not available for the first 18 years, the development biomass in
young stands was modelled assuming exponential growth, starting
from 2 tha−1 at age 0 and reaching 5.8 tha−1 at age 18.

A relationship between stand biomass and summer albedo21was es-
timated using data obtained from Lukeš et al. (2013). A nonlinear re-
gression was fit into the data (Supplement S6). The fit was used to
estimate albedo based on total aboveground biomass in the stand
(Fig.1, Panel C).

The top-of-the-atmosphere net shortwave (SW) flux (i.e. difference
between the downwelling flux and the upwelling flux) is a measure of
the energy transferred to Earth and its atmosphere from solar irradi-
ance. Earth's surface albedo affects the net SW flux. Values for the
mean annual net shortwave (SW) flux at the top of the atmosphere,
for open shrub (1.254 MW ha−1) and mature spruce forest (1.412
MW ha−1), were obtained from Bright et al. (2011). Flux values be-
tween the two extremes (open shrub and closed canopy) were interpo-
lated linearly based on change in summer albedo22 (Fig. 1, Panel D).

Using the SCF, we can define the Social Cost of (local) albedo-in-
duced warming (SCA), i.e. the value of the damage caused by the
warming effect of local surface albedo ($ha−1 yr−1). Stand properties
(here summarized by stand age, a, and calendar time t) determine the
albedo of a forest stand. Surface albedo influences the localmean annual
net shortwave flux at the top-of-the atmosphere,23 SW(a, t). This net
flux is measured in Wha−1. It can be directly priced according to its
21 Formally: Directional Hemispherical Reflectance (DHR) in midsummer with SZA =
40°.
22 Notably, forest albedo varies seasonally and hence the relationship the annual net SW
flux and summer albedo may not be perfectly linear. However, defining a more refined
model for the relationship is beyond the scope of this study.
23 See Bright et al., 2011 for specifics.
absolute warming power (for which the adequate price is A−1SCF(t),
see end of Section 2.2). Hence, we define

SCA a; tð Þ≔A−1SCF tð ÞSW a; tð Þ: ð10Þ

Notably, the social cost of local albedo-induced warming can be consid-
ered in absolute terms (as in (10)) or relative to a baseline by
subtracting the opportunity cost, which is the value of the albedo-in-
duced warming impact of an alternative land use (e.g. “the absolute
SCA of closed-canopy forest” minus “the absolute SCA of open shrub).

4. Results

The SCF, SCC and SCM trajectories for the next hundred years are
shown in Fig. 2. All three trajectories slope upwards. They indicate a cli-
mate policy that tightens over time. This feature is known as the climate
policy ramp. It is characteristic to SCC estimates derived using DICE and
other IAMs (e.g. Nordhaus, 1992). Notably, as the SCC and the SCM are
both based on the SCF,24 they both reflect the same tightening climate
policy trend. The underlying upward-sloping SCF trajectory indicates
increasing marginal damage of RF over time. In DICE, this increase is
driven by the increase in global mean temperature (which increases
the fraction of global GDP lost due to global warming) and economic
24 The SCF values used in the calculation of SCC and SCM are provided in Supplement S5.
25 The shown IPCC values include climate-carbon feedbacks. These values are consistent
with the approach applied in this study, as the impulse response function for carbon adopted
from Joos et al. (2013) also includes climate-carbon feedbacks. The difference between the
IPCCGWPand our own value is explained by the fact that IPCCGWP reference values are cal-
culated assuming constant atmospheric mixing ratios (Myhre et al., 2013), whereas in our
calculations themixing ratios changeover time. Previous studies have shown, that this causes
a roughly 10% difference in the magnitude of the estimates (Myhre et al., 2013).
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growth (which increases the global GDP and, thus, the absolute mone-
tary value of the fraction lost due to climate damage).

Although SCC and SCMare both upward-sloping, they do not change
in lockstep, because the impulse response functions for CO2 and CH4 dif-
fer. SCM increases faster than SCC and, therefore, their SCR also in-
creases (Fig. 3). Notably, in our example (Fig. 3, Panel A), the SCR is
always greater than GWP100 and always less than GWP20. The discrep-
ancy between GWP and SCR grows in the following decades. The differ-
ence between GWP and SCR illustrates the fact that the former is not
automatically an adequate proxy for the latter. However, with suitable
economic assumptions, the GWP (calculated for some arbitrary time
horizon) and SCR (calculated for the infinite time horizon)may be tem-
porarily (and coincidentally) close to each other, as in Panel B.

The SCA of one hectare of Norway spruce forest in Southern Finland is
shown in Fig. 4. Over the rotation, the absolute annual social cost ranges
from $880 (open shrub) to $990 (just before clear cut) with higher
discounting.26 Thus, the difference in the social cost of the warming im-
pact of an open shrub and a mature forest is $110 ha−1. The thinning of
the stand at ages 40 and55 (Fig. 1) has relatively little impact on the social
cost. Notably, in our example, the SCA is not taken into account in forest
management optimization. However, the SCA concept allows its inclusion
if/when albedo is included in the climate policy.

5. Discussion

5.1. Other Examples of Applying the SCF to Price Forcers

Above we have shown how all forcers, regardless of type, can be
flexibly priced based on the SCF (Section 2) and provided two examples
of how it can be done in practice. The pricing of pulse forcers is analo-
gous to the derivation of the SCCwhich is a well-established and broad-
ly understood concept. Hence, no further examples regarding their
pricing are needed. However, the idea of pricing transient or hybrid
forcers is not as broadly understood and attempts to price such forcers
have been rarer. Below, we provide two further examples of how the
SCF might be applied to these cases.

Anthropogenic Heat Flux (AHF) is a transient forcer (Washington,
1972, Flanner, 2009, Zhang and Caldeira, 2015). It is generated when
e.g. fossil fuels are combusted for heat or other energy forms (generally,
most of the generated non-heat energy, such as electricity, is also ulti-
mately dissipated as heat). This heat –temporarily– warms the atmo-
sphere. If the annual average power released as heat can be measured
(in watts), it can be priced in a way that is very similar to the way in
which albedo is priced in this study. In fact, the social cost of AHF is
26 The results for SCA derived using lower discounting are not shown, as changing the
price of warming power simply scales the results.
obtained directly as A−1SCF(t) (measured in $MW−1 yr−1) which, as
explained in Section 2.2, depicts the annual cost of generating heat
flux at annual average power of one megawatt.

Black carbon is a hybrid forcer (Ramanathan and Carmichael, 2008). It
is first emitted into the atmosphere as an aerosol but becomes a transient
forcerwhen it is deposited on snow(Hansen andNazrenko, 2004, Flanner
et al., 2007, Hadley and Kirchstetter, 2012). The warming impact27 of
black carbon in the atmosphere can be priced by treating it as a pulse forc-
er. Thewarming impact of black carbon on snow can be priced by valuing
its surface albedo impacts. Notably, the price of black carbon emissions
will vary according to geographic location, as atmospheric circulation af-
fects the atmospheric lifespan of the pulses as well as the chance of depo-
sition on snow and the duration of their effect on snow albedo.
5.2. Using and Improving the SCF

The SCF has two properties that make it useful in climate policy and
economics. First, it can be flexibly used to value forcers regardless of
their type. Second, it is a concise and effective way to communicate
information.

This capacity to communicate information in a flexible format facil-
itates a natural division of labor between economists and end-users.
Economists, who work with IAMs, can produce a single output that al-
lows pricing forcers consistently. As the same output can be used to
value any kind of forcer, economists can focus their efforts on refining
SCF estimates rather than deriving and refining prices for multiple dif-
ferent forcers. Economists do not need to know what kind of forcers
end-users are interested in pricing: end-users can price whatever
forcers they wish. In practical applications, the role of the SCF is to com-
plement rather than replace the SCC. As CO2 is by far the most common
forcer included in CBA, it is convenient to provide a price for carbon di-
rectly, rather than require it to be derived from SCF values every time a
price is needed. The SCF offers a complementary means for pricing
other, less common forcers for which prices are not readily available.
Therefore, we recommend that SCC and SCF estimates (based on the
same assumptions) should be published side-by side.

Another potential application for the concept, is for governments to
publish ‘official’ SCF trajectories and (the associated) discount rates that
can be used to harmonize climate policy across sectors. Given that cli-
mate policy is decreed democratically, it is not self-evident that such ‘of-
ficial’ values will reflect the recommendations of professional
economists or scientists. Rather, they aremore likely to reflect a political
compromise regarding the stringency of the policy. Nevertheless, such
values can be used to harmonize climate policy in away that is transpar-
ent and consistent across different climate forcers, given a politically de-
cided level of stringency. For example, a regulator can use its stated SCF
expectations to derive consistent taxes for carbon and methane, or to
tax/subsidize land use based on albedo so that it is in line with the tax-
ation of fossil emissions. A similar principle can also be applied in trad-
able emissions permit markets, where the CO2 price is used as a
benchmark for valuing other forcers. In the EU ETS, for example, the
prices of PFCs and N2O are currently obtained by multiplying the CO2

price by the GWP value of the respective forcer (European
Commission, 2012). The pricing consistency can be improved by replac-
ing GWP by an SCR value that is based on the official SCF trajectory.28

Furthermore, official SCF values could be used in CBAs conducted for
public projects, much like the official SCC values that are already pub-
lished by the US government (US Government, 2015, Johnson and
Hope, 2012). Providing similar SCF values would enable the inclusion
2

quotas. In this case, it might become possible to price all forcers based on the benchmark
price (whichwould be some variant of the SCF). However, as long as the CO2 price is used
as a benchmark, SCRs are needed as “exchange rates” between forcers prices.
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of non-carbon climate impacts in the analyses –if there is the political
will to do so. In some cases, the social value of these impacts may be
high, as our albedo example demonstrates.

Deriving SCF estimates is technically feasible. The same IAMs that
are used to estimate the SCC can also be used to estimate the SCF. We
demonstrate this by producing the SCF trajectories applied in our nu-
merical examples using DICE. Nevertheless, it should be noted that the
trajectories utilized in this study are based on single, deterministic
model runs. For comparison, the SCC estimates published by the Inter-
agency Working Group on Social Cost of Carbon are based on 10,000
probabilistic model runs each (US Government, 2010, US Government,
2015). The same rigor should be applied tomakingproper SCF estimates
for further use. Thus, the numerical examples provided in this study
should be considered mere examples of how the forcers' prices can be
calculated from a given SCF trajectory, rather than best estimates for
the price of carbon, methane or albedo. In the future improved SCF esti-
mates can be produced as a side-product of SCC estimates, as the same
models and estimation procedure are required for both. Naturally, due
to these methodological similarities, SCF estimates are also susceptible
to the same uncertainties as SCC estimates (e.g. regarding damages
see Tol (2012)).

The current SCC estimates published by the US Government extend
to the year 2050 (US Government, 2015). To be useful, the SCF trajecto-
ries published by economists or governments should spanmuch further
into the future to enable the pricing of long-lived pollutants (7). In Sup-
plement S5 we provide an example of what such data might look like.
Many economistsmay bewary of publishing estimates spanning centu-
ries into the future, knowing that no model can reliably project the de-
velopment of the global economy that far and that large uncertainties
are associated with damage estimates. However, two things should be
kept in mind. First, the value of distant future damage is already includ-
ed in the presently used SCC estimates (7), as CO2 is a long-lived pollut-
ant that contributes to RF over a long period. Publishing the SCF
trajectory used to value this RF simply means explicitly stating the un-
derlying assumptions regarding the valuation of future damages. In
otherwords, it does not affect the reliability of the SCC estimates but im-
proves their transparency. Similarly, valuing any other future climate
impacts based on the SCF is as reliable as valuing the future impacts of
a CO2 pulse emitted today. Second, future damages are discounted in
cost-benefit analysis, and the present value of distant future damage is
usually relatively small29 compared to that of more immediate effects.
Thus, although the damage is uncertain, it has only little impact on
today's prices for long-lived pollutants, and virtually no impact on
those of short-lived pollutants and transient forcers. Moreover, despite
the uncertainty, it is necessary to value future damages somehow if
we wish to derive prices for long-lived pollutants. SCF values from
IAMs are our best guess. Their reliability is tied to the general reliability
of the IAMs.

5.3. Notes on the Link Between SCR and GWP

Traditionally, the climatic impacts of forcers have been compared
using purely physical metrics, such as the GWP, which measure cumu-
lative radiative forcing rather than the relative harmfulness of the im-
pacts. Augmenting GWP with SCF and discounting creates the SCR
which is its economic analogue in the sense that it can be used to mea-
sure the relative harmfulness of different forcers compared to CO2. Pre-
viously, Tol et al. (2012) have shown that the GWP of forcer is a special
case of its SCR, in which the damages are linear, there is no discounting
and the time horizon is arbitrarily truncated to the same length as the
time horizon of the GWP factor.30 Our analysis shows that a
29 As long as the rate of increase in the SCF is sufficiently smaller than the rate of
discount.
30 Naturally, to match with the GWP, the SCR needs to be calculated for the same time
horizon as the GWP.
combination of linear damages and zero-discounting is not necessarily
required, as long as the present value of SCF remains constant and the
time-horizon is truncated. However, as our numerical results illustrate,
these conditions cannot be assumed to automatically hold in practice.
Therefore, GWP is not an adequate metric for deriving consistent rela-
tive prices for other forcers based on the price of carbon.

5.4. Notes on Pricing Albedo's Warming Impact

Recently, the joint-optimization of forest rotations for timber pro-
duction, carbon storage and albedo regulation has been considered by
e.g. Thompson et al. (2009), Sjølie et al. (2013), Lutz and Howarth
(2014), Lutz et al. (2016) and Matthies and Valsta (2016). A central
question in this literature is how albedo should be priced. Several
approaches have been proposed: e.g. converting the warming impact
of albedo into CO2 equivalents based on GWP or GTP metrics
(Cherubini et al., 2012, 2013) and using the DICE model to derive a
shadow price for albedo (Lutz and Howarth, 2014) –as is also done in
this study. Lutz and Howarth (2015) compare these approaches, and
show that conclusions regarding optimal stand management strongly
depend on which approach is adopted. Establishing the optimal rota-
tion therefore requires determining the correct way to price albedo.
However, Lutz and Howarth (2015) do not assert that any particular
pricing approach is more desirable than any other. In the light of this
study, we conclude that in terms of pricing consistency, the approach
proposed by Lutz and Howarth (2014) is better-suited for use in
intertemporal cost-benefit analysis (such as the question of optimizing
a themanagement of a forest stand) than the alternative GWP-based or
GTP-based approaches.

In our numerical example, we measure surface albedo's warming
impact based on the mean annual net SW flux at the top of the atmo-
sphere, as proposed by Bright et al. (2011). The samemethod is applied
in e.g. Lutz and Howarth (2014) and Lutz et al. (2016). Given that we
measure albedo-induced warming correctly, our results suggest that
the annual social cost of mature spruce stands' albedo effect is large in
Southern Finland. This observation is in line with Betts' (2000) concern
that, in some parts of the boreal zone, the warming impact of surface
albedo changesmay offset the benefits of increased carbon storage in
forests. Reoptimizing forest management, accounting for the value of
carbon storage and albedo, might therefore radically change the
treatment of forests. So far, only Sjølie et al. (2013) and Matthies
and Valsta (2016) have tackled this question in Nordic conditions.
Such analyses can be further refined by pricing albedo according to
the SCF rather than converting it into carbon equivalents using cli-
mate metrics. This calls for further study.

6. Conclusions

We have shown that the method, originally proposed by Lutz and
Howarth (2014) for pricing forest albedo, can be generalized to price
forcers of any kind. Lutz and Howarth (2015) call their approach the
DICE method, after the DICE model (Nordhaus, 1992, 2014) which
they utilize in their calculations. However, as we show in this study,
the method generalizes to other IAMs as well. We therefore suggest
that the shadow price of marginal radiative forcing should be called
the Social Cost of Forcing (SCF), as the concept is independent of any
specific IAM.

The SCF concept enables the consistent pricing of distinct forcers ac-
cording to the social cost of theirwarming impacts. It has twoproperties
that make it especially useful in climate policy and economics. First, it
can be flexibly used to value forcers regardless of their type. Second, it
is a concise, effective and transparent way to communicate information
between economists, working with IAMs, and end-users wanting to in-
corporate the social value of the climatic impacts of various forcers into
CBA or climate policy.
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