REGIONAL AND SECTORAL ESTIMATES OF THE SOCIAL COST OF CARBON: AN APPLICATION OF
FUND by David Anthoff, Steven Rose, Richard S.J. Tol, and Stephanie Waldhoff
I found this to be an extremely interesting and authoritative paper. However, I feel it would benefit
from a slightly expanded reporting of results and from clearer figures.
In response to the two questions asked.
(i)

Is the contribution of the paper potentially significant?

Yes, this is an important and timely contribution, providing information on the sectoral and
geographical split of SCC values.
(ii)

Is the analysis correct?

This is really a subjective question. I have tried to answer in two ways.
First, have the authors interpreted their own model output correctly?
This is unequivocally the case, though as in the detailed comments below, the paper would benefit
from some further clarification, and a more systematic reporting of results to allow the reader to
compare the results and sensitivity analysis.
Second, are the model outputs and results correct? I interpret this to mean do they align with the
sectoral and geographical literature, or provide sound reasoning for questioning the existing
literature? This is more difficult to answer. I highlight a few key areas that I think where the paper
would benefit from some further explanation.
1) The high importance of cooling demand?
FUND reports that cooling demand is all what matters most for climate change. It is by far and away
the dominant factor in the SCC values (followed by agriculture, at least under some prtp rates). I
think many commentators would find this result surprising and this does warrant some further
discussion – or at least some caveats to explain that this is the result for the impacts covered in the
model (noting the paper acknowledges omissions in the model towards the end). It might also
useful to highlight that this finding is different from the other main economic IAMs (DICE and PAGE)
which tend to find higher costs in non‐market sectors.
2) I think there is a need for further explanation of the results for the Middle East and Small island
states.
For example, on page 11…
For a 3% rate, some regions benefit from a marginal emission of carbon today. Of these regions,
Japan and South Korea have the largest share of benefits with 77% of estimated benefits, followed by
the Middle East with 11%.
I found it surprising that the Middle East is getting large benefits from climate change, even under a
higher discount rate. It is a hot and arid area, thus presumably above the optimal point for cooling,
water availability, even agriculture. It would be useful to explain the reasons for this finding.

I also think there is an issue with the result for small island states. I expected that as a % of GDP,
these countries would receive disproportionate impacts, yet this does not seem to be the case, and
even in the regional SCC results, the text argues that the main impacts for these countries will be to
agriculture. i.e.
Two regions stand out: the social cost of carbon for China and the Small Island States is consistently
more non‐linear than the global estimate, because in these regions agriculture is one of the larger
impacts (see below).
I would expect sea level rise to be the most important impact for SIS, and so this would benefit from
further explanation. I’m not sure if the impacts are reduced because of the inclusion of coastal
adaptation, or whether the assumption of migration as a viable adaptation response, but I think the
text would benefit from explaining this finding, and stressing that an economic modelling framework
does not need to consider the political and ethical issues associated with the loss of small island
states.
3) In places it would be useful to highlight the model is providing aggregated results, and underlying
relationships and results may vary over time and with region.
FUND undertakes aggregated assessment. However, in several cases, the aggregated global results
do not reflect the wider patterns that might occur at the regional level, or necessarily the pattern of
impacts over time, which for some impacts will be positive and negative.
This is explained adequately for many sectors, but I felt could be highlighted more in relation to
water and forestry, so that the reader is aware that there will be complex patterns of winners and
losers.
4) There is some discussion needed on what is the FUND best guess scenario represents, what
temperature profile this equates to, how this is derived, etc. At the moment there is no information
provided, which makes it difficult to interpret this scenario and compare to the SRES.
5) Unlike other models, FUND includes (some) adaptation directly. This reduces reported results
(relative to other models). It would be useful for the paper to highlight this and also discuss what is
included for adaptation and how this affects the results (especially by sector).
6) The final section of the paper highlights the caveats and omissions in the results
These results come with a number of caveats. Primary among them is the fact that SCC estimates are
only as good as the impacts research literature. To date there is limited knowledge regarding
potentially important impacts, such as with respect to biodiversity, air pollution, extreme weather
events, catastrophic events, ecosystem thresholds, variability, geophysical irreversibilities, non‐
market values, and interactions between sectors and regions…. In addition, it is important to be
reminded that the SCC is an estimate of marginal damages and therefore suitable for evaluating
marginal global emissions changes.
However, at the start, the paper states that the SCC can be considered the benefit for assessing
emission reductions. These caveats are rather important in considering the benefits of emission
reductions – at least in a policy context – so it might be worth the authors highlighting this point,
and also flagging up the caveats earlier in the paper.

I have specific comments by section/page.
Abstract
Line 1.
The SCC is defined as the benefit of reducing a tonne. The more traditional definition is included
later in the paper, i.e.
The SCC is an estimate of the marginal additional damages of additional carbon
I would maybe suggest that the paper should lead with this traditional definition, then highlighting
the SCC is also the potential benefit of reducing emissions after this.

Introduction
First paragraph, Line 1.
The SCC is an estimate of the marginal additional damages of additional carbon
As above.
Also it would be useful to define the social cost of carbon – is this the SCC in $/tC or the SSCO2, i.e.
$/tCO2.
First paragraph. Line 6.
This paper offers a sectoral and regional decomposition of newer and, we argue, better estimates.
The second half of this statement is really a subjective statement, and there is no discussion on this
issue later in the paper to justify this text, i.e. the paper does not compare to any other estimates, so
it I don’t see how the authors can argue their numbers are better. This should be amended.

Second paragraph, second sentence.
FUND has a more detailed representation of the impacts of climate change than other models
producing SCC estimates
This is true, but other models have other advantages over FUND, i.e. all models have strengths and
weaknesses. It would good to acknowledge this explicitly, e.g. while all models have strengths and
weaknesses, FUND has a more detailed representation……

Second paragraph, final sentence
FUND 3.5 offers a complete update of the impact estimates (Tol 2002a;Tol 2002b) and includes
additional impacts (Narita et al. 2009;Narita et al. 2010).
The Narita work specifically introduces storms, so maybe this point should be more explicitly stated.

Page 3, second paragraph.
The paper also disaggregates the social costs of carbon by impact “sector”. This reveals regional
patterns of marginal impacts and identifies the more vulnerable sectors (at the margin) as well as
priorities for research.
The work provides the regional patterns for the impacts covered in FUND, but the model does not
have complete coverage. Therefore, it would be more accurate to say

This reveals regional patterns of marginal impacts and identifies the more vulnerable sectors
assessed in the FUND model (at the margin) as well as priorities for research.

Third paragraph.
Although best guess are shown, the discussion focuses on the sensitivity analyses.
There is no information provided in the paper on what this ‘best guess’ is. Some discussion of this
should be included in the paper, e.g., what assumptions or literature these guesses are based on,
what level of temperature rise is associated with this scenario, if mitigation action is included, etc.
Further, it would be useful to have more clarity on the statement
discussion focuses on the sensitivity analyses.
FUND can run in a Monte Carlo mode, providing distributions of SCC values, but this does not appear
to be have used here (why not?). Sensitivity testing of key parameters is extremely useful, but this
does not reflect the wider uncertainty with the numbers which would be revealed through the
Monte Carlo analysis. It would be useful to highlight that the analysis in uncertainty mode would
change the numbers, and would include potentially much higher numbers.
Page 4. First full paragraph.
A minor point, but it would be good to clarify what Western Europe is. Is it EU15? Further, are
Western and Eastern Europe together broadly the EU27? As the EU27 is the negotiator block, it
would be useful if a footnote or end note could specify the European composition.

Page 4. Description of the model.
There is a general omission here in relation to adaptation, which is an important part of the model.
FUND includes both autonomous and some planned adaptation. This is important, because
adaptation reduces down the SCC values.
I would suggest a sentence or two is added to the second paragraph to make it explicit what
adaptation assumptions are included in FUND, and to make it clear that this reduces impacts,
particularly in impact sector where this is included (e.g. coastal).

Page 5. First paragraph, last two lines.
Climate‐induced migration between the regions of the world also causes the population sizes to
change. Immigrants are assumed to assimilate immediately and completely with the respective host
population.
It is not clear to me how the model adjusts population by region on the basis of migration. This
implies the model estimates the split of internal: external migration (noting most migration is within
countries), then allocates the population to a receiving region. Does FUND do this? This would
seem a highly complex calculation, subject to major uncertainties. Could the authors clarify if FUND

is really running such an analysis, and if so, what literature and assumptions are used on the flow of
migration within the model.

Page 6. First line
mean temperature rises in equilibrium by 3.0°C for a doubling of carbon dioxide
It would be useful for the reader to know how this relates to the IPCC climate sensitivity value ‐ I
think it lines up with the average value in AR4. It would also be useful to reference that there is a
considerable range.
“equilibrium climate sensitivity is likely to be in the range 2°C to 4.5°C, with a best estimate value of
about 3°C. It is very unlikely to be less than 1.5°C. Values substantially higher than 4.5°C cannot be
excluded, but agreement with observations is not as good for those values. Probability density
functions derived from different information and approaches generally tend to have a long tail
towards high values exceeding 4.5°C. Analysis of climate and forcing evolution over previous
centuries and model ensemble studies do not rule out climate sensitivity being as high as 6°C or
more.” (IPCC, 2007, TS4.5)

Page 6, impacts and damages
The climate impact module includes the following categories: agriculture, forestry, sea level rise,
cardiovascular and respiratory disorders related to cold and heat stress, malaria, dengue fever,
schistosomiasis, energy consumption, water resources, unmanaged ecosystems (Tol 2002a;Tol
2002b), diarrhoea (Link and Tol 2004), and tropical and extra tropical storms (Narita et al.
2009;Narita et al. 2010).
This sentence duplicates the sentence at the bottom of page 3
ie..
Modelled impacts include agriculture, forestry, sea level rise, cardiovascular and respiratory disorders
influenced by cold and heat stress, malaria, dengue fever, schistosomiasis, diarrhoea, energy
consumption, water resources, unmanaged ecosystems and tropical etc
I would suggest deleting one of these sentences – probably the first one on page 3.

Second paragraph, bottom of page 6, third sentence
The resulting value of a statistical life lies in the middle of the range of values in the literature (Cline
1992).
The VSL literature has changed since the early 1990s. Are the FUND values in the centre of the new
literature, rather than the historic Cline 1992 literature? The OECD recently undertook some
comparison work and it would be good to benchmark how this assumption compares to more recent
updates.

Page 7. First paragraph
Again, the values are benchmarked against older literature, though I know this is consistent with the
FUND 1995 benchmark year.
One issue, however, on
Wetland losses are valued at $2 million per square kilometre on average in the OECD in 1990
(Fankhauser 1994).
This predates the more recent environmental economics literature on ecosystem services
(Millennium Ecosystems Assessment). I think it might be useful to highlight this point, i.e. that the
numbers do not include valuation of ecosystem services.
Also
The level of coastal protection is based on an internal cost‐benefit analysis that includes the value of
additional wetland lost due to the construction of dikes and subsequent coastal squeeze.
It should be made clear that this is planned adaptation not autonomous adaptation, as in other parts
of the model, and that this reduces the relative impact of this category. This is particularly
important because adaptation is excluded in other IAM models, and it also has implications for the
sectoral comparison, i.e. SLR is so low in FUND because adaptation is assumed (or alternatively,
other sectors would also decrease if planned adaptation was included).

Page 7. Final paragraph
The impacts of climate change on coastal zones, forestry, tropical and extratropical storm damage,
unmanaged ecosystems, water resources, diarrhoea, malaria, dengue fever, and schistosomiasis are
modelled as power functions. Impacts are either negative or positive with greater climate change,
and they do not change sign (Tol 2002b).
Some of these impacts are not included in the 2002 paper cited (e.g. storms) so there is a need for
an additional reference. Furthermore, I would highlight the issue of water resources, which surely
do vary negatively or positively – at least when using sectoral impact assessment using CGM or RCM
analysis. The analysis of water impacts in an integrated framework like FUND is particularly
challenging, but it might be useful to note this is an issue for water and the approach masks regional
level changes that can vary in sign.

Page 8, section 2.3. Calculation of the SCC
We estimated the SCC cost of carbon by computing the difference between the projected total
monetised impact of climate change along a business as usual path and those along a path with an
incremental increase in emissions between 2010 and 2019.3
What is the business as usual pathway? Would it not be more accurate to say the difference from a
given scenario and with an incremental increase ?

Page 10. Core results and sensitivity analysis, second paragraph
The social cost of carbon rises as the pure rate of time preference falls: For a 3% rate, the SCC is
$1.33/tC; it is $30.3/tC for 1%; and $186/tC for 0.1%.
I really don’t think the model can be cited to two decimal places. I know you are trying to present to
equivalent significant figures, but for me this is misleading and I would suggest one decimal place
only.
Final sentence
The sectoral decomposition shows that these are primarily in agriculture due to carbon dioxide
fertilization (see below).
It should be made clear to the reader that this is talking about benefits, e.g.
The sectoral decomposition shows that these benefits are primarily in agriculture due to carbon
dioxide fertilization (see below).

Page 11,
I thought this was a very interesting section, but could do with greater discussion and explanation,
and would benefit from a bit more systematic structure. I thought a table of results would have
been a useful addition alongside the figures
Page 11, first paragraph, first two lines.
For a 3% rate, some regions benefit from a marginal emission of carbon today. Of these regions,
Japan and South Korea have the largest share of benefits with 77% of estimated benefits, followed by
the Middle East with 11%.
I think many would find it surprising that the Middle East would be getting large benefits from
climate change, even under a higher discount rate. It is a hot and arid area, thus presumably above
the optimal point for cooling, water availability, even agriculture. I think this finding needs to be
explained.
Also why are temperature regions not benefiting more in these cases, I thought from memory that
FUND predicted near zero or benefits in Canada for example?
I also think there is an issue with small island states. I expected that as a % of GDP, these countries
would receive disproportionate impacts, yet the graphs (which are hard to see clearly) do not seem
to indicate this. Is this because of adaptation, or because the model is assuming migration.
The final paragraph of the text starts to mention China and air conditioning, but presumably
agriculture is as important for China. It would be useful to clarify the major impacts that dominate
the values for China.

Page 11, Second paragraph, and Figure 2
Note Figure 2 is very hard to read, see later comment.
For a 0.1% pure rate of time preference, agriculture contributes 68% of the harmful marginal impact
and cooling energy another 27%. For a 1% rate, the roles are reversed, with cooling making up 64%
of the harmful marginal impact and agriculture 21%. For a 3% rate, agriculture and cooling are
roughly equal in size but opposite in sign: ‐$6.5/tC and $6.8/tC.
I found this a surprising result. I assumed this occurred as impact rise more in later time periods for
agriculture, and thus are higher at lower prtp rates. However, if this was the case, why do
agriculture and energy change back and forward twice. Could the authors explain this.

Page 11, third paragraph,
Cooling energy and agriculture are the two most important marginal impacts.
Minor point, but it would be useful to highlight these are the most important marginal impacts ‘in
the FUND model’ e.g.
Cooling energy and agriculture are the two most important marginal impacts in the FUND model.
This is because other models report different results, and as highlighted in a later section, FUND
does not include all impacts.

I think many readers will be a bit surprised by these results. In FUND, climate change essentially
comes down to a problem of cooling buildings, with some issues of agriculture under some prtp
rates. This seems at odds with the literature, or at least the balance of evidence in the literature. Of
course, FUND provides an evidence based analysis to examine just this very issue, but a key issue is
what is included or excluded in the model. I think this finding would benefit from some more
discussion.

Last sentence
The marginal impacts of sea level rise are relatively small because the level of the sea responds with
a lag to changes in temperature.
This is part of the reason, but surely the FUND adaptation assumptions for SLR are also important
here. Could the authors clarify, i.e. if one compares with coastal sectoral model results (e.g. DIVA,
see Nicholls 2009) these show that in the absence of adaptation, SLR damages are much higher (i.e.
they fall by an order of magnitude with adaptation).

Page 11/12 last/first line
For ecosystem impacts, the value of the impact (and hence per capita income) is more important
than the impact itself.

I wasn’t quite sure I understood this sentence. Could it be written a little more clearly?

Page 12, start of second paragraph
The impact of climate change on forestry and heating energy are always positive at the margin.
The AR4 was more cautious about forestry, highlighting a mix of positive and negative effects, that
meant it was difficult to say with certainty the direction of change, e.g. (WGII, Chapter 5, Easterling,
et al, 2007) reports
Globally, commercial forestry productivity rises modestly with climate change in the short and
medium term, with large regional variability around the global trend (medium confidence). The
change in the output of global forest products ranges from a modest increase to a slight decrease,
although regional and local changes will be large.
It would be useful for the authors to reference this uncertainty, even if the model assumptions
assume positive outcomes. Further, while the overall net change maybe positive, there will be
negative and positive differences by region.

3.2. Equity weighting, second paragraph
Global equity weights increase the global social cost of carbon by a factor of 3.0 to 4.5, depending on
the discount rate. Equity weights themselves are independent of the discount rate. The distribution of
regional social costs is not, however. As we first discount impacts to the present, and then aggregate
them, equity weights have a different effect depending on the discount rate.
Does FUND apply static or dynamic equity weighting, i.e. does it discount first, then apply current
day equity weights, or do these change over time with the underlying changes in regional per capita
income. It would be useful to clarify and to highlight the difference in the results if equity weighting
was applied dynamically.

Page 14. Scenarios, first paragraph, first line.
We use the FUND scenario as the baseline.
There is no information presented on the FUND scenario baseline, so it is difficult to interpret what
this represents. The paper would benefit from including this. Additional information, such as at the
global average temperature rise in this baseline, to allow comparison, would be extremely useful.

Second paragraph.
Again, I would argue that FUND should not be cited to two decimal places.

Final paragraph
Figure 6 again shows the social cost of carbon (assuming a 1% pure rate of time preference) for the
five scenarios, but now as a function of the size of the population in 2100, the average per capita

income in 2100, and the global mean surface air temperature in 2100.4 The social cost of carbon
increases with the temperature, but more so with the population. The dominant effect, however, is
per capita income:
There are no units here, or in Figure6, making this difficult to interpret. What are the temperature,
per capita and income ranges shown?
I also found the temperature results surprising, because previous FUND results have shown the SCC
varies with different scenarios. The results here imply that the SCC is rather insensitive to
temperature, but is changing due to the different growth and income levels associated with different
scenarios. Given that some impacts rise non‐linearly with temperature, I was surprised why there is
not more difference here?
This finding seems to be at odds with the later result that climate sensitivity is extremely important
to the SCC values. Climate sensitivity is (very crudely) a proxy for different temperature levels, so if
the SCC increases very significantly with this parameter, why is it not changing here with
temperature? I felt this needed some clarification.

Page 15. First paragraph
Second paragraph
For a 3% rate, the global social cost of carbon changes sign between scenarios. So does the regional
social cost of carbon …
There is no definition of the regional social cost of carbon in the paper. I think this should be added,
probably at the start of the paper and also at this point in the text.

the regional social cost of carbon for China, South America, Southeast Asia, Small Island
States and Western Europe. In these regions, negative and positive impacts are roughly
balanced, and different assumptions will change the sign of the aggregate impact.
I raise the issue of Small island states again. This result infers a slightly strange situation where small
island states might have small or even positive effects in the short‐term, before inundation in the
long‐term. In a global aggregated model, where there assumptions about migration, and full
substitutability between categories, this is the logical assumption. However, politically this involves
very different issues, not least of sovereignty, ethics, etc. It would be useful if the paper could at
least acknowledge these issues.
So does the regional social cost of carbon for China, South America, Southeast Asia, Small Island
States and Western Europe. In these regions, negative and positive impacts are roughly
balanced, and different assumptions will change the sign of the aggregate impact. The
regional social cost of carbon of Canada, former Soviet Union, North Africa, sub‐Saharan
Africa and USA is always positive independent of the chosen scenario;
I know this is assuming a 3% discount rate, but I found the benefits to the middle east and north
Africa surprising. A discussion of the reasons for the benefits in these regions would be useful.

This section would benefit from a discussion of the 1% discount rate – it jumps from 3% to 0.1%

Final paragraph of this section, penultimate sentence
Air conditioning is therefore less widespread, and infectious diseases more common.
The way this is written could imply that because AC is less widespread, therefore infectious disease
is more common. In FUND these are two completely separate issues. It would therefore be better to
be clear about this, e.g.
This leads to two separate effects that affect impacts: air conditioning is less widespread, and
infectious diseases more common.

Page 15. Climate Sensitivity
Figure 8 shows the social cost of carbon for three alternative climate sensitivities: 2.0°C equilibrium
warming for doubling of atmospheric carbon dioxide, 3.0°C (the value used
in the runs above) and 4.5°C.
It would be useful to relate this to the IPCC AR4 range (see above).
I also highlight the earlier point in this section, i.e. that climate sensitivity seems dominant in
affecting SCC outcomes, yet the earlier section reported that temperature was rather unimportant. I
found these two separate findings confusing, so would ask for some explanation.

Second paragraph
The same pattern is observed for the estimates of the regional social cost of carbon. Two
regions stand out: the social cost of carbon for China and the Small Island States is
consistently more non‐linear than the global estimate, because in these regions agriculture
is one of the larger impacts (see below).
Again, this reports that the biggest impact affecting small island states is agriculture. I assume this
is because FUND assumes adaptation to SLR, and that migration is an acceptable policy response. I
think it would be useful to highlight this is only a weak sustainability / economic perspective.

Third paragraph, middle sentence
Cooling energy dominates mortality for all but one combination of climate sensitivity and
pure rate of time preference
I would re‐write this sentence, along the lines that cooling energy leads to much higher impacts than
mortality, I just found it a little confusing.

Overall, I felt this section could do with a more systematic analysis of sensitivity. This can be done
with tornado diagrams, but even a simple table would be useful to indicate the scale of change and
the impacts of different assumptions. At the moment I felt this jumped around a lot and as a reader,
I had no way to systematically assess what was important.

Discussion and conclusions
First paragraph, middle sentence
Differences in economic growth are a key determinant to differences in the social cost of carbon
between scenarios
This relates to the earlier comparison of temperature, income and population, not the later
discussion of sensitivity, thus I found it a bit misleading. Further, it is clear that prtp and climate
sensitivity, as well as equity, are the dominant factors. I think there is a need for a more systematic
analysis of different factors in summarising the paper results.
next sentence
Slower income growth and greater income differences across regions, combined with higher
emissions, results in larger regional damages.
I am not sure I understand – is this referring to larger relative regional differences, or larger regional
SCC values. I assume the former, but I was not certain from this text.
next sentence
Agriculture and cooling energy are the largest impacts in the near‐ and long‐term (at the margin), as
It should really be highlighted that these are the largest impacts of those included in the model – it is
important to highlight that FUND does not capture all impacts – as acknowledged in the later
paragraph.

Bottom page 17/start Page 18.
There is no referencing here to a very wide and growing literature, notably on fat tails, major effects,
non‐linear impacts, tipping extremes and omissions, etc. (e.g Weitzman, Ackerman et al, etc)
It would be useful to include references in this section alongside these points.
Also, in relation to the caveats
These results come with a number of caveats. Primary among them is the fact that SCC estimates are
only as good as the impacts research literature. To date there is limited knowledge regarding
potentially important impacts, such as with respect to biodiversity, air pollution, extreme weather
events, catastrophic events, ecosystem thresholds, variability, geophysical irreversibilities, non‐
market values, and interactions between sectors and regions…. In addition, it is important to be
reminded that the SCC is an estimate of marginal damages and therefore suitable for evaluating
marginal global emissions changes.

Earlier the paper states that the SCC can be considered as the benefit for assessing emission
reductions, however, given this list of caveats, I would question this assumption. The fact the SCC
does not include these caveats to me would suggest that on its own, it cannot provide all the
information that a policy maker needs to set climate policy targets, or that a global policy agreement
would want to included. I would suggest that some discussion of this should be added, and that the
caveats (or at least a note of the caveats) might appear earlier in the paper.

Figures
All of these figures need to be significantly revised.
First, there is insufficient labelling (i.e. most figures show different prtp, but this is not labelled).
Second, there is no key to abbreviations.
Finally, the biggest problem is that it is impossible to read the graphs and distinguish the country or
sector splits, because the colour labelling is too similar, e.g. there are several blue and green
categories, which makes it impossible for the reader to interpret the figures.

