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Abstract
Improved understanding of the factors determining global precipitation response to climate
change is used to explore an emissions metric (akin to the global warming potential (GWP)
and global temperature-change potential (GTP)), which measures the effect of different
emissions on global-mean precipitation relative to CO2. The new index is named the Global
Precipitation-change Potential (GPP). Since precipitation changes are highly variable in size
and sign between different regions, global-mean precipitation change is not directly related to
impact of climate change. Nevertheless, the new index broadly indicates the relative ability
of different emissions to disturb the hydrological cycle. Results are reported for pulse
(subscript P) and sustained (subscript S) emissions for selected long- and short-lived forcing
agents using illustrative values of required parameters, a key one being the surfaceatmosphere partitioning of radiative forcing. The GPPP for N2O significantly exceeds its
GWP and GTPP, because N2O and CO2 likely differ in their surface-atmosphere partitioning
of forcing. For short-lived forcings, the GPPP is similar to the GTPP, but the GPPS is opposite
in sign to the GTPS for black carbon emissions. The choice of CO2 as a reference gas is
problematic, especially for the GPPS at short time horizons, because its size and sign are
sensitive to uncertainties in its calculation. The new framework presents an additional
perspective for comparing different forcings which is further down the cause-effect chain
from emissions to impacts than most other physically-based metrics. However, there is more
uncertainty in its quantification because few studies have presented results for the surfaceatmosphere partitioning of different forcings. It is not proposed that the GPP could replace
the GWP and GTP as a metric, but that it could be used in conjunction with these.
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1. Introduction
Emissions of greenhouse gases, aerosols or species that influence aerosol or ozone formation
can lead to climate change. There is utility in expressing the effect of emissions, in terms of
their future impact on the climate system, on some kind of common scale. Most notably, the
100-year time-horizon global warming potential (GWP (100)) is used by the Kyoto Protocol
to the United Nations’ Framework Convention on Climate Change to place emissions of
many relatively well-mixed non-CO2 greenhouse gases on a so-called “CO2-equivalent
scale”; this is necessary for the type of multi-gas treaty that the Kyoto Protocol represents. .
National emissions targets are often stated in terms of CO2-equivalence using the GWP(100).
Metrics such as the GWP can also be used for assessing possible mitigation strategies, for
example in particular economic sectors, and can extend beyond the gases included in the
Kyoto Protocol (see e.g., Fuglestvedt et al. 2010, Deuber et al. 2014).
The GWP characterises the radiative forcing (RF) in response to a pulse emission of a
substance, integrated over some specified time horizon. It is normally expressed relative to
the same quantity for an emission of CO2. The GWP has enabled the operation of the Kyoto
Protocol but has also been the subject of criticism for some applications (e.g., Myhre et al.
(2014), Pierrehumbert (2014) and references therein). This is partly because the use of timeintegrated RF does not clearly relate to an impact of climate change (such as temperature
change) and also because it contains value judgements (particularly the choice of time
horizon) that cannot be rigorously justified for any particular application (IPCC, 2014).
Metrics that extend beyond time-integrated forcing have also been proposed. The Global
Temperature-change Potential (GTP) (e.g., Shine et al. 2007; Myhre et al. 2014) characterises
the global-mean surface temperature change at some time after an emission. It may be more
applicable to policies that aim to restrict temperature change below a given target level. The
GTP is also subject to criticism and the need for value judgements when choosing time
horizons. Nevertheless it (and its variants, such as the mean global temperature-change
potential (e.g., Gillett and Matthews 2010, Deuber et al. 2014) and integrated temperature
potential (e.g., Peters et al. 2011, Azar and Johansson, 2012 ) do at least extend to a
parameter (temperature change) more obviously related to a climate change impact. Sterner et
al. (2014) also recently presented a metric for sea-level rise. Metrics can be extended to the
economic effects of an emission (for example the Global Cost Potential and Global Damage
Potential), by relating the metrics to costs and damages (e.g., Johansson 2012) and in certain
restrictive cases these can be shown to have equivalence to physically-based metrics such as
the GWP and GTP (e.g., Tol et al. 2012). One difficulty in such approaches is that the
economic damage has to be represented in a highly-idealised form, as some simple function
of, for example, temperature change. Conventional physical metrics can also be judged in an
economic context (e.g., Reisinger et al. 2012, Strefler et al. 2014)
Since the impact of climate change depends on more than just temperature change this paper
explores a new metric that exploits advances in understanding as to how RF and temperature
change relate to global precipitation change. Such a metric has the attraction that precipitation
change, like the GTP, is an impact of climate change on human and natural systems.
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However, in addition to the general difficulties in formulating metrics discussed above,
precipitation change is much less amenable to a global representation than temperature
change. Average surface temperature response to increased concentrations of greenhouse
gases is largely the same sign over the whole planet, the temperature changes are coherent on
large spatial scales, and climate models largely agree on the pattern of temperature change, if
not the absolute size (e.g. Knutti and Sendláček 2012). By contrast, precipitation changes
vary regionally in sign, are spatially much more variable and there is much less agreement
between climate models on the patterns of response (e.g. Knutti and Sendláček 2012).
Nevertheless, for increased concentrations of well-mixed greenhouse gases, there is a general
pattern of response embodied in the “the wet gets wetter and the dry gets drier” generalisation
of the projected future change in the hydrological cycle (IPCC 2014), which is superimposed
on a global-average increase in precipitation. We name the new metric the Global
Precipitation-change Potential (GPP). Such a global-mean metric can be regarded as at least
an indicator of the size of disturbance of the global hydrological cycle. At the very least, the
work presented here has pedagogical value in illustrating the response of the global
precipitation to an emission of a particular gas, aerosol or precursor, and for showing the
interplay between the time-dependence of the RF and the surface temperature response (and
how different climate forcing agents differ in this interplay).
Section 2 presents the simple conceptual model that is used to relate precipitation change to
RF and temperature change. Section 3 presents some illustrative examples of the GPP and
compares it with more conventional metrics (the GWP and GTP) drawing values of key
constants from the literature, assuming pulse and sustained emissions of a gas. Section 4
explores some aspects of the uncertainty in characterising the GPP. Section 5 presents a
discussion of future prospects for further developing the GPP.
2. Simple conceptual model
The simple conceptual model presented here originates from the analysis of simulated
precipitation changes in response to increases in CO2 presented by Mitchell et al. (1987). The
conceptual model has been further developed more recently, and extended to both multimodel assessments and other climate forcing (and feedback) mechanisms (e.g. Andrews et al.
2010, Kvalevåg et al. 2013, Allan et al. 2014, Takahashi 2009).
The framework starts with an expression of the global-mean atmospheric energy budget,
whereby the net emission of radiation by the atmosphere (i.e. the atmospheric radiative
divergence (Rd), which is the sum of the emission of longwave radiation by the atmosphere
minus the atmospheric absorption of longwave and shortwave radiation) is balanced by the
input of surface sensible (SH) and latent (LH) heat fluxes so that
Rd  LH  SH .

(1)

LH is directly related to the precipitation as, at the global-mean level, evaporation (and hence
hence LH fluxes) and precipitation approximately balance.
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In response to the imposition of an RF and subsequent changes in temperature, humidity and
clouds, Rd will change. The latent heat change ΔLH can then be written
LH  Rd  SH .

(2)

ΔLH in W m-2 can be converted to precipitation units of mm day-1 by multiplication by 0.034
(86400 seconds in a day divided by the latent heat of vaporisation, L (2.5 x 106 J kg-1 at
273.15 K)). There is some level of approximation in this conversion, as L is temperature
dependent and some precipitation falls as snow rather than rain. The precipitation change
could also be quoted in % of total global mean precipitation (about 2.6 mm day-1 (e.g. Adler
et al., 2003))
ΔRd has two components. First, the RF mechanism can directly influence Rd by changing the
absorption of shortwave radiation and/or the emission and absorption of longwave radiation.
The conventional top-of-atmosphere radiative forcing (RF) can be written as the sum of a
surface component (RFs) and an atmospheric component (RFa). Following Andrews et al.
(2010) we define a parameter f such that RFa=f RF. The parameter f can be derived directly
from RF calculations or else diagnosed from fixed-sea-surface-temperature climate model
simulations (e.g. Andrews et al. 2010, Kvalevåg et al 2103); these have the advantage that
they include rapid adjustments of, for example, clouds but also a disadvantage as the value of
f is derived from regression analyses and so has a statistical uncertainty that is particularly
large for small forcings. Second, the temperature change (and resulting changes in other
radiatively-important components such as cloud and water vapour) in response to this RF
contributes to ΔRd. Climate model simulations indicate that this term varies approximately
linearly with global-mean surface temperature Ts (e.g. Lambert and Webb, 2008, Previdi
2010, O’Gorman et al. 2012). These papers also indicate that while generally a smaller term,
ΔSH has a similar dependency. Hence it is convenient to combine the feedback-related
changes in Rd and SH into a single term and separate out the RF term. Equation (2) then
becomes
LH  k Ts  fRF .

(3)

Thorpe and Andrews (2014) show that this formulation does a reasonable job of simulating
the precipitation changes from a large number of climate models. We will refer to two terms
on the right-hand side as the “T-term” and “RF-term” respectively. Since the balance between
these two terms will vary between climate forcing mechanisms (and as will be shown, they
can act to either reinforce or oppose each other) the same ΔTs from two different forcing
mechanisms can result in a different ΔP.
Note the sign convention here. For the case of a positive RF, since k is positive, the effect of
the T-term is to increase Rd as temperature increases – the increased radiative divergence then
leads to a requirement for a greater latent heat flux (and hence an increase in precipitation) to
maintain the tropospheric energy balance; this term provides the direct link between surface
temperature change and precipitation change. If in this same case f (and hence RFa) is
positive, then the RF-term would oppose the T-term and act to suppress precipitation.
5

Physically, in this case, there is a positive RFa and hence less “demand” for latent heating to
balance the tropospheric energy budget.
As a simple example of the processes, consider the equilibrium response to a doubling of
carbon dioxide, and take k = 2.2 W m-2 K-1 (consistent with the multi-model means in Previdi
(2010) and Thorpe and Andrews (2014)), RF = 3.7 W m-2 (IPCC, 2014) and f = 0.8
(Andrews et al. 2010). Since in the equilibrium case ΔTS=λRF, where λ is the climate
sensitivity, and assuming f is independent of λ, Equation (3) becomes

LH  RF (k   f )

(4)

so that the offset between the T- and RF-terms depends strongly on λ. For a mid-range
climate sensitivity of 0.8 K (W m-2)-1, the T-term is 0.21 mm day-1, the RF-term is 0.095 mm
day-1 and hence the RF-term offsets about 50% of the precipitation change that would result
from the T-term alone. Considering the IPCC (2014) “likely” range for λ, which is 0.4 to 1.2
K (W m-2)-1, the RF-term offsets the T-term by about 90% for low λ and by 30% at high λ.
The overall hydrological sensitivity (ΔP/ΔTS) varies from 0.26 % K-1 to 2 % K-1 over this
range.
To transform the understanding encapsulated in Equation (3) into a metric-based form, we
consider first a pulse emission (indicated by a subscript P) of a unit mass of a gas at time t=0
and take the precipitation change a time H after the emission. Hence, this form of the metric
is an “end-point metric”: i.e. it gives the value at the time horizon, unlike the GWP, which is
integrated over time, up to H. A time-integrated form of the GPP could also be formulated
paralleling the time-integrated GTP discussed in the introduction.
GPPP can be considered as either an absolute metric (AGPPP), which is presented in units of
mm day-1 kg-1 here, or else as relative to an emission of some reference gas (in which case it
has no units, and is denoted as simply the GPPP following the convention for GWPs and
GTPs) . The T-term is k times the AGTPP. Assuming for small perturbations that RF is linear
in the concentration of the emitted species, x, and that the perturbation decays exponentially
with time constant τx, then for a unit emission, the F term is given by fxAxexp(-H/ τx), where A
is the specific RF (in W m-2 kg-1) of the emitted species. Hence the absolute GPP (in mm
day-1 kg-1) is given by

AGPPPx ( H )  0.034(kAGTPPx ( H )  f x Ax exp( H /  x )) .

(5)

Although there is no necessity to present the GPP as relative to a reference gas, this does have
some utility, and following the common practice for GWP and GTP, CO2 is used as a
reference gas here, although difficulties with this choice will be noted later. The GPPP,
relative to an equal mass emission of CO2, would then be given by

AGPPPx ( H )
GPP ( H ) 
AGPPPC ( H )
x
P

where the superscript C denotes CO2.
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(6)

Since a perturbation of CO2 does not decay following a simple exponential, the calculation of
AGPPPC ( H ) is slightly more involved – see the Appendix for details.
The effect of a sustained emission of a unit mass of gas per year, from time t=0 can also be
considered yielding a sustained GPP (subscript S). In this case, the (GTPS) (see Shine et al.
2005) can be used for the T-term and the RF-term is now proportional to the time variation of
the perturbation of the species to a step-perturbation so that the absolute GPPS is given by

ASGPPPx ( H )  0.034(kAGTPPx ( H )  f x Ax x (1  exp( H /  x )))

(7)

with an analogous expression to Equation (6) for the SGPP relative to CO2. The expression
for SGTPC is given in the Appendix. Since a sustained emission can be considered to be
equivalent to a succession of pulse emissions, GPPS can be directly related to the GPPP (see
e.g., the Appendix of Berntsen et al. (2005)).
3. Illustrative values for the Global Precipitation-change Potential
In this section, illustrative calculations of the AGPP and GPP are presented. The calculations
of GTP, gas lifetimes and Ax follow the methodology presented in Fuglestvedt et al. (2011).
The calculation of GTP uses a simple representation of the surface temperature response,
which depends on the climate sensitivity and rate of ocean heat uptake. The methodology
here is follows the simple impulse-response approach in Boucher and Reddy (2008) (and was
also used in Myhre et al. (2014) for GTP calculations), and is described in more detail in the
Appendix, although sensitivity tests are presented in Section 4. Values of f, which describe
the partitioning of the RF between surface and atmosphere are taken from Andrews et al.
(2010) – these will likely be quite strongly model dependent, but for the purposes of
illustration, they suffice. Some sensitivity tests are presented in Section 4.
3.1 Well-mixed greenhouse gases
Figure 1 shows the AGPPP for emissions of CO2, CH4 and N2O, for the total and the RF and
T terms individually, for a period up to 100 years after the pulse emission. In Andrews et al.
(2010), f is larger for CO2 (0.8) than for methane (0.5) and it is assumed here that f for N2O
is also 0.5. Hence the degree of offset between the RF- and T-terms is larger for CO2. Figure
1(a) for CO2 illustrates the general behaviour. For a pulse emission, the RF-term is
maximised at the time of emission, as this is when the forcing is largest, and then decays as
the perturbation decays. The T-term is dictated by the timescale of the response of the surface
temperature to the forcing. The characteristic temperature response to a pulse forcing (e.g.
Shine et al. 2005) is an initial increase in T, as the surface takes time to start to respond to the
forcing, reaching a maximum, followed by a decrease in temperature that is controlled by the
timescales of both the decay of the pulse and the temperature perturbation. For the first 5
years, the CO2 precipitation response is negative as the negative RF term dominates, after
which the T term dominates, but the total is approximately 50% of the T term. The long
perturbation timescales mean that the effect on precipitation persists for more than 100 years
after an emission, as does the competition between the T and RF terms.
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Because N2O is also long-lived, its AGPPP (Figure 1(b)) is qualitatively similar to CO2 but
the T-term dominates, because f is smaller. As CH4 is much shorter lived, its behaviour is
somewhat different. As the pulse, and the associated RF, has disappeared by about year 40,
after this time, the AGPPP is essentially solely the T-term.
Figure 2 shows the GPPP for the N2O and CH4; for comparison, the GTPP is also shown. Note
that the GPPP plots start at H=20 years, as the time at which the different AGPPP’s cross the
zero axis differs slightly amongst the gases, and this results in a singularity in Eq. (2). For
N2O, its impact is at least 350 times greater than CO2 on all timescales shown, and is about
30% more effective at modulating precipitation than temperature (as given by the GTPP),
compared to CO2 because the RF term is less effective at muting the T-term for N2O. For
CH4 the difference between the GPPP and GTPP is most marked at shorter time horizons,
when the RF-term effects the GPPP of methane most, but the GPPP and the absolute
difference with the GTP decline at longer time scales when it is entirely due to the difference
between the AGTPP and APGPP for CO2.
Table 1 presents the values of the GWP, GTPP and GPPP for H of 20 and 100 years; these
time horizons are chosen for illustrative purposes, rather than being indicative that they have
special significance, expect insofar as 100 years is used for the GWP within the Kyoto
Protocol. For CH4 this shows that for 20 years, the GPPP is about double that of the GWP and
GTP, although the time-integrated nature of the GWPP means that this index is much higher
than the GTP and GPPP at 100 years (although as shown in Figure 1, the actual impact of the
methane emissions is small at this H). The effectiveness of N2O at changing precipitation
(relative to CO2) is significantly higher than the GWP and GTPP at both values of H.
3.2 Short-lived species
The GPP is now illustrated for two short-lived species, sulphate and black carbon (BC)
aerosols. For both cases, the direct RFs used in Fuglestvedt et al. (2011) are used. In terms of
the surface-atmosphere partitioning of RF, these are two contrasting cases. For sulphate,
Andrews et al. (2010) model results indicate an f value of -0.06, indicating that most of the
top-of-the-atmosphere forcing reaches the surface, and RFa is small. By contrast, for BC, f is
2.5; the RFa is much greater than RF and the surface forcing is of opposite sign to RF and
RFa as the surface is deprived of energy, while the atmosphere gains energy. As will be
discussed further in Section 4, there is considerable uncertainty in these values, especially for
BC, where both RF and f depend significantly on the location of the BC. Nevertheless, the
values used here suffice to illustrate a number of important points.
Figure 3 shows the AGPPP for both black carbon and sulphate. As both are very short-lived
(weeks) compared to the greenhouse gases, their RF-term decays to zero within a year, and it
is only the thermal inertia of the climate system that enables them to influence temperature
beyond this time period. Hence, despite the radical difference in their values of f (2.5 for
black carbon, -0.06 for sulphate) this has no impact in a pulse-based view beyond very short
timescales. Because of this, in figure 4, which shows the GPPP and GTPP, the only difference
between the GPPP and GTPP comes from the influence of the RF term on the AGPPSC , and
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both short-lived species are, relative to CO2, more effective at changing precipitation than
temperature – this is also shown in Table 1.
An alternative perspective of the effect of sulphate and BC is provided for the sustainedemissions case. In this case, because the BC and sulphate perturbations persist, so does the
influence of the RF-term on precipitation. Figure 5 shows the AGPPP for CO2, BC and
sulphate. For CO2, the long-time scales of CO2 perturbation mean that both the RF term and
T term increase throughout the 100 year period shown. At short time-horizons, the RF-term
dominates, leading to suppression of precipitation, but by about 15 years, the T-term starts to
dominate, and the AGPPS becomes positive.
For BC, the impact of the large RF-term is dramatic. It is strongly negative and constant with
time (because of the short-life time), while the T term is positive and increases until the
temperature is almost in equilibrium with the RF. This mutes the impact of the RF term on
the total, but the total nevertheless remains negative throughout. For sulphate, with its small
value of f, the RF term is also small, but of the same sign as the T term, and hence the total
effect is slightly larger than the T term.
Figure 6 shows the GPPS, comparing it with the GTPS. For sulphate, the two hardly differ,
but they differ dramatically for black carbon – whilst both BC and CO2 cause a warming, so
that the GTPS is positive, their impact on precipitation is opposite, and the GPPS is negative.
Table 2 presents values of the GTPS and GPPS for H = 20 and 100 years, including the values
for CH4 and N2O for completeness. The GPPS values at 20 years are particularly influenced
by the fact that the AGPPS for CO2 is relatively small at this time, due to the almost
cancellation between the T and RF terms. At both value of H, the GPPS values are higher in
magnitude than the corresponding GTPS values.
4. Sensitivities and uncertainties
Two different sensitivities are explored here. First, the impulse-response model for surface
temperature change used here (see beginning of Section 3) is a fit to output from experiments
with one particular climate model with its own particular climate sensitivity. Olivié et al.
(2012) present similar fits derived from 17 different climate models, or model variants, from
the Coupled Model Intercomparison Project 3 database - the fits for the “gradual scenarios”
shown in Table 5 of Olivié et al. (2012) are used here, along with the Boucher and Reddy
(2008) fit used in Section 3. These fits are for models with a wide range of climate
sensitivities (0.49 to 1.06 K (W m-2)-1) and timescales of the fitted modes vary significantly
amongst the models. Olivie and Peters (2013) used these fits to explore the sensitivity of the
GTP to the impulse-response model for surface temperature change.
Table 3 shows the range of GTPP and GPPP values derived using these 18 different
representations. Considering first the values for the absolute CO2 it can be seen that the
AGTPP is only moderately sensitive (about a factor of 2) to model choice. By contrast the
GPPP(20) varies by over an order of magnitude and even the GPPP(100) varies by a factor of
3. This is because the T-term is highly sensitive to the model choice, whilst the RF-term is
9

independent, and hence the degree of compensation between these two terms varies amongst
the impulse-response models. The GTPP sensitivity is greatest for short-lived species (factors
of 3 to 4) and this uncertainty is only slightly amplified for the GPPP, because the dominance
of the T-term removes one element of the sensitivity. By contrast, the longer-lived species are
much more affected by uncertainty – for N2O, the spread in the GTPP values is only a few
percent, but it is factors of 2 to 4 for the GPPP, as both the numerator and denominator in the
PGPP expression are impacted by compensations in the T- and RF-terms to different degrees.
The GPPS(Table 4) is more problematical because even the sign of the CO2 GPPS is not well
constrained at 20 years (roughly half of the impulse-response models yield a positive value
and half a negative one, with two very close to zero) because of the differing degrees of
compensation between the T- and RF-terms. In these circumstances, it becomes essentially
pointless to compare the GPPS values as they vary wildly from model to model (from -15000
to 26000 for the GPPS(20) for N2O) and hence the AGPPS values are presented here. Even
the GPPS(100) for CO2 varies by over an order of magnitude.
The second sensitivity is the values of f used in the calculations. The values presented by
Andrews et al. (2010) are replaced by those from Kvalevåg et al (2103) – in all cases, it is the
larger perturbation values that are used from Kvalevåg et al (2103) as these give a clearer
signal. For CO2 f reduces from 0.8 to 0.6, for CH4 (and, it is assumed for N2O) it decreases
from 0.5 to 0.35 and for sulphate it decreases from -0.06 to -0.4 (which implies much greater
atmospheric absorption associated with sulphate forcing than found by Andrews et al. (2010).
For BC, Kvalevåg et al (2103) present a range of values, appropriate for perturbations at
different altitudes, which range from 6.2 to 13 (compared to the value of 2.5 used in Section
3).
Table 5 presents results for the GPPP and GPPS, and these should be compared with the
appropriate columns in Tables 1 and 2 (the GWP, GTPP and GTPS values are unchanged
when f is changed). For the GPPP (10-20%) the changes are rather modest, for CH4 and N2O;
these depend on the absolute values of CH4, N2O and CO2 and the changes in the 2
compensate to some extent. For BC and sulphate, changes are entirely dependent on the
change in AGPPPC, as the change in f factor has no influence – changes are correspondingly
larger (20-30%).
For the GPPS, the AGPPSC(20) is rather sensitive to the change in f because of the degree of
compensation between the T- and RF-terms, and increases by a factor of 2. This is the
dominant reason why the GPPS(20) for N2O and CH4 decrease by about a factor of 2. The
changes at 100 years are much smaller, nearer 10%. The short-lived species are now affected
by the change in f. Table 5 shows the effect on the sulphate GPPS(20) to be about a factor of
2, while the GPPS(100) is little affected. By contrast, the GPPS for black carbon at both time
horizons depends significantly on the altitude of the black carbon perturbation.
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5. Discussion and Conclusions
This paper has used a simple but powerful conceptual model of the drivers of global-mean
precipitation change in response to the imposition of a radiative forcing, to derive emission
metrics. The GPPP and GPPS metrics illustrate the interplay between the two drivers (the
atmospheric component of the radiative forcing, and the surface temperature change) for
different forcings, at different time horizons, and for both pulse and sustained emission
viewpoints.
It has been shown that N2O emissions are relatively more important than CO2 in their impact
on precipitation than they are on temperature and time-integrated forcing. Further, for black
carbon emissions, while they act to warm the climate system, they also act to reduce globalmean precipitation; while this has been clear from the modelling literature for some time, the
present work shows how the perspective is different for pulse and sustained emissions. The
reduction of precipitation is driven entirely by the radiative forcing component, and since, for
pulse emissions of short-lived species this falls away on time scales of weeks, it is only
apparent on longer time scales for the sustained perspective.
The evaluation of precipitation metrics assumes that the parameters required for the simple
conceptual model are available, and in particular the partitioning of radiative forcing between
surface and atmosphere. Only a rather limited number of model studies of this partitioning
are currently available, and there are differences amongst these. The ongoing Precipitation
Driver Response Model Intercomparison Project (PDRMIP) (http://cicero.uio.no/PDRMIP/ ) should
provide important information of the degree of robustness of this partitioning amongst a
range of climate models for a number of radiative forcing mechanisms.
It is not suggested that the new metrics could replace conventional emissions metrics such as
the GWP and GTP in a climate agreement or emission trading context, but they do provide a
useful additional perspective, and particularly help to emphasise where the impact on
precipitation differs significantly from that on temperature or forcing. One difficulty in its
application is that conventional metrics generally use CO2 as a reference gas. For
precipitation change, the forcing and surface temperature components oppose each other,
which means that the effect of CO2 emissions can be zero (at least in the global-mean) at
short time horizons for both pulse and sustained emissions. This is clearly undesirable for a
reference gas, and it has also been shown that this zero point is rather sensitive to the
particular parameters used in its calculation. Hence the absolute metric may be a more
instructive metric.
It has been stressed that use of global-mean precipitation change as a measure of impact has
difficulties, because predicted future changes vary in sign from region to region – the globalmean is a small residual of these opposing more localised changes and hence it only gives
rather general guidance on the effect of different drivers on the changing hydrological cycle.
The approach could be enhanced to a more regional level of response by either using a simple
pattern-scaling approach (whereby the pattern of predicted precipitation change scales with
the global-mean) or, better, to derive a regional variation that accounts for the different
11

effects of the forcing and temperature response on precipitation change (Good et al. 2012).
The patterns emerging from such an approach would likely vary significantly on which
climate model was used to derive them. In addition, such patterns would be needed for all
possible forcings.
For short-lived emissions, it is known that even global-mean metrics such as the GWP and
GTP depend on the emission location (e.g., Fuglestvedt et al. 2010) – this will also be true for
the precipitation metrics. Metrics can also be posed in terms of the regional response to
regional emissions, such as in the regional Global Temperature Potential proposed by
Shindell (2012) whereby a matrix is produced that characterises the effect of a emissions in a
set of given regions on the temperature change in a set of given regions. Regional versions of
the GPP could also be derived, and it is likely that the regional variation of the response
would be even larger for precipitation change than temperature change.
In spite of the difficulties in quantifying the precipitation metrics, given current
understanding, the framework presented here adds a useful extra dimension to simple tools
that are currently available for assessing the impact of emissions of different gases and
particulates.
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Appendix
The impulse response function, R(t), for a pulse emission of CO2 is assumed to be of the
form

 t 
R(t )  ao   ai exp   
i
 i 

(A1)

where the parameters are the same as those in Fuglestvedt et al. (2011), with ao=0.217,
a1=0.259, a2=0.338, a4=0.186 and α1= 172.9 years, α2= 18.51 years and α3= 1.186 years.
The impulse response function for global-mean surface temperature is taken from Boucher
and Reddy (2008) and is of the form
R(t )  
i

 t 
ci
exp   
di
 di 

(A2)

with c1=0.631 K (W m-2)-1, c2=0.429 K (W m-2)-1 and d1=8.4 years and d2=409.5 years. The
equilibrium climate sensitivity for a doubling of CO2 for this impulse response function is
1.06 K.
Using Equation (A2), the AGTPP for a species with a specific RF Ai and a lifetime τi is given
by
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2

ci
(exp(t /  i )  exp(t / di )) .
i 1  i  d i

AGTP  Ai i 
x
P

(A3)

Note that this equation would not apply in the case where τi = di; the appropriate expression is
given in Shine et al. (2005) for this case, which has to be modified for the two-term form of
Equation (A2).
For the case of CO2, where the decay of a pulse is given by Equation (A1), the AGTPP is
given by
2

AGTPPC (t )  AC (ao  ci (1  exp(
i 1

2
3
a
t
))   ci  j j (exp(t /  j )  exp(t / d i )) . (A4)
di
i 1
j 1  j  d i

For the case of CO2, the exponential in the second term on the right-hand side of Equation (5)
is replaced by Equation (A2).
For the GTPS for non-CO2 species is given by

 2


AGTPSx  Ai i  ci (1  exp(t / di )  i (exp(t /  i )  exp(t / di ))) 
 i  di
 i 1


(A5)

and again for the case where τi = di, the appropriate expression is given in Shine et al. (2005),
which has to be modified for the two-term form of Equation (A2).
For CO2 the GTPS is given by

ASGTPSC 
2

3

j

i 1

j 1

 j  di

 AC ci [ao (t  di (1  exp(t / di )))   j a j (1  exp(  t / di ) 

(exp(t /  i )  exp(t / di )))]
(A6)
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Table 1: The absolute GWP (in 10-14 W m-2 kg-1 year), absolute GTPP (in 10-16 K kg-1) and
absolute GPPP (in 10-17 mm day-1 kg-1) for a pulse emission of CO2 and the GWP, GTPP and
GPPP, relative to CO2, for pulse emissions of 4 other species at time horizons of 20 and 100
years.
Absolute CO2
CH4
N2O
Sulphate
Black carbon

GWP(20)

GWP(100)

GTPP(20)

GTPP(100)

GPPP(20)

GPPP(100)

2.47
72
290
-140
1600

8.70
25
300
-40
450

6.79
57
301
-41
460

5.07
3.8
263
-5.7
64

2.29
101
425
-91
1020

1.99
7.2
363
-10.9
121

Table 2. The absolute GTPS (in 10-14 K kg-1 year) and absolute GPPS (in 10-15 mm day-1 kg-1
year) for a sustained emission of CO2 and the GTPS and GPPS, relative to CO2, for sustained
emissions of 4 other species at time horizons of 20 and 100 years.
Absolute CO2
CH4
N2O
Sulphate
Black carbon

GTPS(20)
1.04
80
280
-201
2240

GTPS(100)
5.60
27.8
300
-45.5
506

GPPS(20)
0.103
311
939
-1590
-15600

GPPS(100)
1.82
43.6
449
-109
-667

Table 3: Spread in the AGTPP (in 10-16 K kg-1) and AGPPP (in 10-17 mm day-1 kg-1) for CO2
and the GTPP and GPPP, relative to CO2, for emissions of 4 other species at time horizons of
20 and 100 years, using alternative representations for the impulse-response function for
temperature change
Absolute CO2
CH4
N2O
Sulphate
Black carbon

GTPP(20)
4.52 to 8.33
43 to 61
297 to 311
-14 to -62
128 to 692

GTPP(100)
3.57 to 6.17
2.6 to 6.5
259 to 267
-3.9 to -9.4
39 to 105

GPPP(20)
0.30 to 3.45
85 to 322
425 to 1290
-47 to -271
524 to 3030
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GPPP(100)
0.86 to 2.82
5.3 to 19.3
333 to 703
-7.2 to -27.9
80.5 to 310

Table 4. The spread in AGTPS (in 10-14 K kg-1 year) and AGPPS (in 10-15 mm day-1 kg-1 year)
for CO2 and the GTPS relative to CO2 and AGPPS (in 10-15 mm day-1 kg-1 year) for emissions
of 4 other species at time horizons of 20 and 100 years, using alternative representations for
the impulse-response function for temperature change
CO2
CH4
N2O
Sulphate
Black carbon

GTPS(20)
0.67 to 1.29
76 to 81
280 to 284
-170 to -207
1830 to 2310

GTPS(100)
3.39 to 6.88
27.1 to 28.9
298 to 300
-44.2 to -47.4
492 to 528

AGPPS(20)
-1.69 to 2.90
1.17 to 4.68
0.20 to 1.49
1.05 to 1.99
1.19 to 2.24

AGPPS(100)
0.17 to 2.8
0.32 to 1.06
0.32 to 1.10
-1.20 to -2.40
-0.74 to -2.07

Table 5: The AGPPP (in 10-17 mm day-1 kg-1) and AGPPS (in 10-15 mm day-1 kg-1 year) for a
pulse emission of CO2 and the GPPP and GPPS, relative to CO2, for pulse 4 other species at
time horizons of 20 and 100 years, but using the values of surface-atmosphere partitioning of
radiative forcing from Kvalevåg et al. (2013). The range for black carbon is for different
altitudes of the placement of black carbon.
Absolute CO2
CH4
N2O
Sulphate
Black Carbon

GPPP(20)
2.99
83
382
-70
780

GPPP(100)
2.44
5.9
330
-8.9
99

GPPS(20)
0.271
151
490
-753
-24120 to -57610
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GPPS(100)
2.41
37.5
390
-98.8
-2540 to -6310

Figures

Figure 1: AGPPP for 1-kg pulse emissions of CO2, N2O and CH4. The T-term and RF-term
refer to the first and second terms on the right hand side of Eq. (5) respectively, and the Total
term is the sum of these.
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Figure 2: GPPP (in bold) and GTPP for 1-kg pulse emissions of N2O and CH4 relative to a 1kg pulse emission of CO2.
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Figure 3: AGPPP for 1-kg pulse emissions of black carbon (BC) and sulphate. Note that the
RF-term in Equation 5 is negligible for such short-lived gases, except at time horizons less
than a few weeks, and only the total is shown.
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Figure 4: GPPP (in bold) and GTPP for 1-kg pulse emissions of BC and sulphate relative to a
1-kg pulse emission of CO2.

21

Figure 5: AGPPS for 1 kg year-1 sustained emissions of CO2, BC and sulphate. The T-term
and RF-term refer to the first and second terms on the right hand side of Eq. (7) respectively,
and the Total term is the sum of these.
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Figure 6. GPPS (in bold) and GTPS for 1 kg year-1 sustained emissions of BC and sulphate
relative to a 1 kg year-1 sustained emission of CO2.
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